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Electron Capture by Solutes in the Radiolysis of Methanol and Ethanol

by E. Hayon and M . Moreau
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The yields of hydrogen produced on 7 -irradiation of air-free methanol and ethanol at lowest 
doses are G(H2) =  5.25 and G(H2) =  5.0, respectively. Addition of certain salts (NiCl2, 
C0SO4) has been used to determine the “ readily scavengeable”  yields of solvated electrons 
in methanol, G(e~) =  1.05, and ethanol, G(e~) =  0.90. Addition of nitrate and chloro- 
acetate ions, over a wide concentration range, gives rise to a decrease in hydrogen yields 
and an increase in yields of nitrite and chloride ions. Above a certain solute concentration, 
the sum of the yields of G(H2) +  (?(N02_) or G(H2) +  (r(Cl- ) increases with further in
crease in [S]. This increase has been shown to be proportional to the rate constant of 
the solute with solvated electrons and is attributed to electron capture by solutes in the 
spurs leading to a decrease of the combination reaction RCH2OH+ +  RCH2OH-  -► 
2RCH2OH. The “ total scavengeable”  yield of electrons is G(e~) =  1.85 in methanol 
and G(e~) =  1.65 in ethanol.

The action of ionizing radiations on simple aliphatic 
alcohols is in many ways quite similar to that on 
water, giving rise to solvated electrons and hydrogen 
atoms. In the radiation chemistry of water it has 
recently been shown,1 2 on addition of certain oxidizing 
agents, e.g., H+, N 0 3_ , and ClCH2COOH, that the yield 
of total reducing species increase, above a certain solute 
concentration, with further increase in solute concentra
tion finally reaching a maximum yield. This increase 
in radical yields was shown to be proportional to 
knsCs, where k-Rs is the rate constant for reaction 
of the solute with H20 ~  and Cs is the solute concentra
tion, and was attributed to the capture by solutes of 
electrons produced in regions of high radical concentra
tion, i.e., spurs. Such scavenging leads to a reduction 
of the combination reaction H20 -  +  OH —► H20  +  
OH-  to form water.

It seemed of interest to demonstrate that the same 
phenomenon took place in the radiolysis of simple 
aliphatic alcohols. With this view in mind, the 7 - 
irradiation of lithium nitrate and chloroacetate solutions 
was investigated.

Experimental Section
A 200-curie 60Co 7  source was used, and the dose 

rate in pure alcohols was 2.2 X  1016 e.v./g. min. based 
on the ferrous sulfate dosimeter, taking G(Fe3+) =
15.5. The ethanol was a Merck “ pro analysis”  
product and was used without further purification since 
it was found to give G(H2) =  4.85 ±  0.05, in good agree
ment with other recently published values.2-4 A

(1) E. Hayon, J. Phys. Chem., 68, 1242 (1964) ; Trans. Faraday Soc., 
61,723 (1965).
(2) E. Hayon and J. J. Weiss, J. Chem. Soc., 3262 (1961).
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later batch of Merck ethanol was found to give (?(H2) =
5.00 ±  0.05 (see below). The Merck “ pro analysis”  
methanol was found to contain aldehydes, and various 
ways of purifying it were tried. The best results were 
obtained by refluxing overnight under a nitrogen gas 
atmosphere about 800 ml. of methanol containing 
1 ml. of H2SO4 and 3 g. of 2,4-dinitrophenylhydrazine 
sulfate. The column having been cleaned by the 
reflux, this methanol was discarded. On the following 
morning a fresh quantity (with added H2S04 and hy
drazine) with N2 bubbling through the methanol was 
refluxed for 3 hr. The middle fraction was then 
collected in a receiver kept at 0°. All reagents used 
were analytical research grades supplied by Hopkin 
and Williams except LiN 03 which was supplied by 
Baker and Adamson. They were all dried in a desic
cator containing silica gel.

All irradiations were carried out in Pyrex ampoules 
of ca. 5-ml. capacity; the degassing procedure and gas 
analysis by chromatography have already been de
scribed.5 Nitrite ions were determined by the method 
of Shinn,6 using e 53,200 at 5400 A., and chloride ions 
determined7 as silver chloride.

Results

In all cases the alcohols were irradiated to low doses 
(7 X 1017 e.v./g.) so as to determine initial yields, and 
the maximum total dose given in the determination of 
low concentrations of chloride ions (<50 ¡iM) was 5 X 
1018 e.v./g. Linear yield-dose curves were obtained 
in all cases, and each G value given is the result of four 
or five measurements on the corresponding curve. 
The only products determined were hydrogen, nitrite 
(in LiNO;l solutions), and chloride ions (in chloroace- 
tate solutions).

Radiolysis of Ethanolic Solutions. The hydrogen 
yield obtained on 7 -irradiation of air-free ethanol 
was G(H2) =  4.85 ±  0.05. This value was obtained 
in all cases, except the batch used in the determi
nation of H2 yields in presence of Ni2+ and Co2+ salts 
(see below) when (?(H2) =  5.00 ±  0.05. These values 
are to be compared with recent (j(H2) values of 4.85 
obtained by Hayon and Weiss2 and Adams and Sedg
wick3 and 5.0 by Myron and Freeman.4

Most of the solutes which have been used in the radiol
ysis of alcohols react with both solvated electrons and 
H atoms, the two reducing species formed on irradia
tion. In order to determine accurately the yields of 
“ readily scavengeable”  electrons produced in these 
alcohols, it is important to use solutes where fc(e~ +
S) > >  &(H +  S). This condition was not usually 
observed in previous studies. The radiolysis in the 
presence of the divalent ions Ni2+ and Co2+ was there

fore examined since Baxendale and Dixon8 have indi
cated that these ions react very much more slowly 
with H atoms than with electrons in aqueous solutions, 
such that k(e~ +  M 2+)/A;(H +  M 2+) >  104A8 The 
H2 yields were determined as a function of solute con
centration of these divalent salts, and the results are 
shown in Figure 1(b) using NiCl2-6H20  and CoS04- 
7H20. A  plateau is obtained over almost a 40-fold 
change in the solute concentration to give (t(H2) =  
4.10 ±  0.05, as compared to (?(H2) =  5.0 ±  0.05 in 
pure ethanol from the same batch.

Addition of lithium nitrate, which is soluble in al
cohols, was found to reduce the H2 yield in the radiol
ysis of 2-propanol.9 A similar effect was observed in 
the irradiation of ethanol and methanol. The de
crease in H2 yields and the formation of N 02~ ions with 
increase in [LiN03] are shown in Figure 2. There 
appears to be an inflection in the curves in the region 
of 5 X  10-2 M  LiN03, and its significance is not clear. 
17total, that is, the sum of (x(H2) +  (7(N02~), seems to 
reach a plateau value of 5.6 at ~1 .0  M  LiN03. It is 
interesting to note that this increase of 0.75 G units 
over the yield in absence of LiN03 is reflected in the 
N 02_ yields which increase more rapidly than the cor
responding decrease in the H2 yields.

On addition of chloroacetic acid, the same effect is 
observed, as shown in Figure 3. At low solute con
centrations, the yields of H2 decrease more rapidly than 
with LiN 03, indicating a greater reactivity with the 
precursor of H2 in this region. Similarly, the yield of 
Cl-  increases more rapidly with concentration than 
that of N 02~. The sum of G(H2) +  (7(C1- ) is plotted 
in Figure 3, and one obtains a maximum G value of 
5.65. Again, the increase in 0.80 G units due to 
scavenging by the chloroacetate is to be seen in a greater 
yield in (7(C1- ) over and above the corresponding de
crease in (?(H2). Above 2 X 10-1 M  chloroacetate, 
the yield of H2 continues to decrease regularly, but the 
yield of Cl~ increases abruptly bearing no relation to 
the corresponding decrease in H2. Such a rapid in
crease in Cl-  yields seems to indicate the presence of a 
chain reaction. The yields of H2 in chloroacetate are 
somewhat different from those previously found2 and 
are closer to those recently reported.3 3 4 5 6 7 8 9

(3) G. E. Adams and R. D. Sedgwick, Trans. Faraday Soc., 60, 865
(1964) .
(4) J. J. J. Myron and G. R. Freeman, Can. J. Chem., 43, 381
(1965) .
(5) E. Hayon and M. Moreau, J. chim. phys., 62, 391 (1965).
(6) M . B. Shinn, Tnd. Eng. Chem., Anal. Ed., 13, 33 (1941).
(7) E. Hayon and A. O. Allen, J. Phys. Chem., 65, 2181 (1961).
(8) J. H. Baxendale and R. S. Dixon, Proc. Chem. Soc., 148 (1933).
(9) L. Gilles, private communication.
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Figure 1 . (a) Radiolysis of methanol in presence of NiCl2, •. 
(b) Radiolysis of ethanol in presence of NiCl2, O, 
and C0 SO4, 0 .

Figure 2 . 7 -Irradiation of air-free ethanolic solutions of LiN03. 
Yields of (?(H2), □, G(N02“ ), A , and the sum 
G(H2) +  ff(NOr), ©, are shown.

Radiolysis of Methanolic Solutions. Considerable 
attention was given to the purification of methanol. 
Making the assumption that the highest yields of hy
drogen obtainable are an indication of the absence of 
impurities capable of reacting with the solvated elec
trons and H atoms produced on irradiation, and hence 
of a higher degree of purity, we endeavored to vary our 
purification procedure with this end in mind. The 
method of purification found to give the highest (?(H2) 
yields has been described above. A mean of 12 ir-

Figure 3. 7 -Irradiation of air-free ethanolic solutions of 
chloroacetate. Yields of (?(H2), ■, (?(C1~), A, and the 
sum (?(H2) +  (?(C1“ ), •, are shown.

radiations gave 6r(H2) =  5.26 ±  0.1, on y-irradiation of 
deaerated methanol. This yield is to be compared 
with earlier values of 4.1,10-11 12 4.8,12a 4.99,12b and the 
high values of 5.3913 and 5.414 obtained after careful 
purification of the methanol.

As was done for ethanol, the yield of readily scavenge- 
able solvated electrons was determined by measuring the 
yield of hydrogen produced in the presence of NiCl2. 
A  plateau value of G(H2) =  4.2 ±  0.05 was obtained, 
Figure 1(a), indicating G (e~) =  1.05 ±  0.05. On 
addition of LiN 03, “he yields of (?(H2) and (?(N 02- ) 
were irreproducible, particularly in moderately dilute 
solutions. In concentrated solutions the results were 
better, e.g., in 1.0 M  L iN 03, (7(H2) =  1.82 and G (N 02~) 
=  4.18, giving Gt =  6.0. The results in this region 
of concentration independence correspond to the 
maximum yield obtained by Baxendale and Mellows14 
on addition of H + ions, (?(H2) =  6.05, and indicates 
that the total scavengeable yield of electrons produced 
in methanol is G (e~ )? = 1.85 ±  0.1.

Discussion
Chemical kinetic evidence,2’3’10’14 as well as spectral15

(10) E. Hayon and J. J. Weiss, J. Chem. Soc., 397C (1961).
(11) G. E. Adams and 7. H. Baxendale, J. Am. Chem. Soc., 80, 
4215 (1958).
(12) (a) M. Imamura, S. U. Choi, and N. N. Lichtin, ibid., 85, 3565 
(1963); (b) L. M. Theaid and M. Burton, J. Phys. Chem., 67, 59 
(1963).
(13) G. Meshitsuka and M. Burton, Radiation Res., 8, 285 (1958).
(14) J. H. Baxendale and F. W. Mellows, J. Am Chem. Soc., 83, 
4720 (1961).
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and e.s.r.15 16 evidence, has recently established the for
mation of solvated electrons in the radiolysis of simple 
aliphatic alcohols. The curves showing the variation 
of G(H2) with the concentrations of various solutes 
(ref. 2, 3, 10, 14 and Figures 1-3) show two regions 
which are sometimes separated by a range of solute 
concentration over which (7(H2) remains constant. 
These observations have been interpreted to indicate 
the presence of two precursors of hydrogen—the 
solvated electron and H atoms— each of which is 
capable of being scavenged by solutes, although 
with significantly different rate constants. From 
known reactivities of various solutes, the decrease of 
G(H2) down to the plateau region has been attributed 
to the reaction of the solute with solvated electrons, 
and the decrease of C?(H2) at higher solute concentra
tion to a competition between the solute and alcohol 
for H atoms.

Reactions 1-3 are considered to be the main processes 
occurring on y-irradiation.

2RCH2OH — >  RCH2OH+ +  RCH2O H - (1)

RCH2OH — ■> RCHOH +  H (2)

where RCH2O H - represents the solvated electron. 
Reaction 3 which could account for the formation of 
unscavengeable (molecular) hydrogen

RCH2OH — ► RCHO +  Ho (3)

is followed by

RCH2OH+ — ► RCHOH +  H+

RCH2O H - — >  RCH20 ~  +  H

H +  RCH2OH — ► H2 +  RCHOH

On using solutes known to be good reactants for elec
trons, such as nitrate ions and chloroacetic acid, one 
can explain the results obtained up to X  10~3 M  
solutions when C?total remains constant (Figures 2 and
3) as due to reactions 4 to 8

r c h 2o h -  +  n o 3-  —■>
N 02 +  RCH20 -  +  O H - (4) 

r c h 2o h -  +  ClCH2COOH — ►
C l- +  CH2COOH +  RCH2OH (5) 

H +  N 0 3-  — ► N 02 +  O H - (6)

H +  ClCH2COOH — ► l i 2 +  C1CHCOOH (7) 

H +  ClCH2COOH —-►
H+ +  C l- +  CH2COOH (8) 

The N 02 formed in reactions 4 and 6 reacts, as has been

Figure 4. Plot of Gtotai as a function of solute concentration 
normalized with respect to [H+]: [H+], ®, data from
ref. 3; [LiNO,], O, /  = VtJ [CICHjCOOH], • , /  = 1.
(/is  the normalization factor.)

shown in aqueous solutions,17 with RCHOH radicals 
to yield N 02-  ions and the corresponding aldehyde

RCHOH +  N 02 — ► N 02-  +  RCHO +  H+ (9)

In this way one reducing species leads to the formation 
of one N 0 2-  ion.

At solute concentrations above 5 X  10~3 M  one finds, 
however, that the sum of the H2 and N 02-  (or Cl- ) 
yields does not remain constant but increases with 
further increase in [S] finally reaching a plateau value. 
This increase is reflected in the yields of N 02_ and Cl~ 
ions which are greater than the corresponding decreases 
in the H2 yield. These results are interpreted to indi
cate a scavenging of electrons in the spurs by the sol
utes present in relatively high concentration, resulting 
in a decrease of the back reaction

RCH2OH+ +  RCH2O H - — *- 2RCH2OH (10)

As was done in the radiation chemistry of water,1-17 
the increase in total yields with increase in solute con
centration was normalized with respect to [H+] since 
the rate constant k (e~  +  H+) is known16: in ethanol 
k(e~ +  H+) =  2 X  1010 M _1 sec.-1 and in methanol 
k (e~  +  H+) =  4 X  1010 M ~ l sec.-1. Figure 4 shows 
the results normalized for LiN03 and ClCH2COOH 
solutions against [H+], using the results of Adams 
and Sedgwick3 of 6r(H2) vs. [H+], The normalization 
coincidence of the curves is not so good as that ob-

(15) I. A. Taub, M . C. Sauer, and L. M. Dorfman, Discussions 
Faraday Soc., 36, 206 (1963).
(16) C. Chaehaty and E. Hayon, Nature, 200, 59 (1963) ; J. chim. 
phys., 61, 1115 (1964).
(17) E. Hayon, Trans. Faraday Soc., 61, 734 (1965).
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tamed in aqueous systems. However, from the normali
zation factors, / ,  obtained one can calculate rate con
stants to better than ±40% . Thus, in ethanol, 
k(e~ +  N 0 3- ) =  2.9 ±  0.9 X 109 M -1 sec.-1 and k 
(e-  +  CICH2COOH) =  2.0 ±  0.7 X 1010 M -1 sec.-1. 
Such rate constant values are in support of the capture 
by these solutes of electrons since the rate constants 
for reaction with H atoms are much smaller (see, 
e.g., ref. 5).

It is seen, therefore, that in the radiolysis of ethanol 
the yield of readily scavengeable solvated electrons 
derived using Ni2+ or Co2+ salts is G(e~) =  0.90 ±  
0.10, and the yield of electrons scavengeable at rela
tively high concentrations of LiN03 or ClCH2COOH in 
the spurs is G(e~) =  0.75 ±  0.10. This total (?(e- )T = 
1.65 ±  0.20 obtained on irradiation of liquid ethanol 
at room temperature is to be compared with the yield 
of electrons G(e~) =  2.3 ±  0.7 as determined16 by e.s.r. 
in the radiolysis of glassy ethanol at 77°K. On y- 
irradiation of methanol, the yield of readily scavenge-

able electrons is 1.05 ±  0.05, and the maximum yield 
of electrons is G(e~) =  1.85 ±  0.1. The correspond
ing yield obtained16 by e.s.r. on irradiation of glassy 
methanol at 77°K. is G(e~) =  2.2 ±  0.7. The yields 
of readily scavengeable electrons given above can be 
compared with G(e~) =  0.953 and 0.94 for ethanol and 
G(e~) =  1.314 for methanol.

In conclusion, it would appear to be a general phe
nomenon in the radiation chemistry of liquid systems 
that some of the electrons, which are produced on ioni
zation of the medium and which normally return to the 
parent positive ions or react with other positive ions 
or radicals formed on irradiation, can be captured in 
the tracks or spurs by certain solutes present in rela
tively high concentrations provided the knsCa value is 
sufficiently high (where kRS is the rate constant for 
reaction of the solute with electrons and C& is the solute 
concentration). Such electron capture by solutes in 
the spurs leads to a higher yield of radical production 
and hence a higher net decomposition of the liquid.

Volume 69, Number 12 December 1965
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Reaction Mechanism Leading to the Formation of Molecular Hydrogen 

in the Radiation Chemistry of W ater

by E. Hayon and M . Moreau

Service de Chimie Physique, C.E.A. Saday (Seine et Oise), France (Received August SI, 1965)

The yields of “ molecular”  hydrogen produced in the 7 -radiolysis of air-free neutral solu
tions of potassium dichromate, potassium nitrite, and copper nitrate have been measured 
over a very wide range of concentrations, such that up to 99% of the hydrogen has been 
scavenged by these solutes. From a comparison of the scavenging efficiencies of the 
various solutes used, the results seem to indicate the presence of two precursors leading 
to the formation of “ molecular”  hydrogen. From a kinetic treatment of the data it is 
suggested that the precursors are electrons and H atoms, which react according to H20 ~  +  
H20 ~  — H2 +  20H ~ and H +  H20 ~  —*■ H2 +  OH ", with a small contribution from 
H +  H —► H2. On accounting for the different rate constants for reaction of the solutes 
with the two reducing species, it is possible to obtain better qualitative agreement between 
theoretical diffusion kinetics calculations and experiment.

The “ molecular”  yield of hydrogen produced on 7- 
irradiation of aqueous solutions, GH! =  0.45 ±  0.01, 
is known to be reduced in the presence of a number of 
solutes (e.g., N 02- , N 0 3_ , H20 2, Cu2+, acrylamide, 
Ce4+), the variation being dependent on the scavenger 
used and its concentration. It was suggested by Hayon 
and Weiss1 that the main precursor leading to the for
mation of “ molecular”  hydrogen is an electron, H20~, 
which on recombination in the “ spurs”  produces H2, 
according to the over-all reaction

H20 -  +  H20 -  — ■> H2 +  2 0 H - (1)

It was thus possible to explain the lowering2'3 of GSl 
in acid solutions compared to neutral solutions on the 
basis of a competition between H20 _ +  H+ H +  
H20  and reaction 1, resulting in an expansion of the 
dimensions of the spurs. Dorfman and Taub4 have 
recently confirmed the existence of reaction 1 .

Mahlman5 has shown that on irradiation of water 
with 7 -rays, using nitrate ions as scavenger for the 
precursor of hydrogen, a plot of C?(H2) vs. the cube root 
of [N 03_ ] X  activity coefficient showed two straight 
lines with different slopes, indicating two different 
modes of formation of “ molecular”  H2. The lower slope 
extrapolates to £?(H2) =  0.1 at “ infinite dilution.”  
This value seems to correspond to the yield of H2 ob

tained on irradiation of frozen aqueous solutions of 
N aN 035 or H20 26 at — ¡196°. The results of Anderson 
and Hart,7 using hydrogen peroxide as solute, were 
also shown8 9 to give two straight lines with different 
slopes when plotting (r(H2) vs. [H20 2]'/!. Since N 0 3~ 
ions and H20 2 are known to react efficiently with H20 _ 
(k =  1010 9’10 and 1.3 X 101010’11 M _1 sec.“ 1, respec
tively) and relatively slowly with H atoms (k =  2.4 X 
106 M ~x sec.- 1 12 and 4 X 107 M ~x sec.-1 ,13 respec

(1) E. Hayon and J. J. Weiss, Proc. 2nd Intern. Conf. Peaceful Uses 
At. Energy, Geneva, 29, 30 (1958).
(2) E. Hayon, J. Phys. Chem., 65, 1502 (1961).
(3) C. H. Cheek, V. J. Linnenbom, and J. W. Swinnerton, Radiation 
Res., 19, 636 (1963),
(4) L. M . Dorfman and I. A. Taub, J. Am. Chem. Soc., 85, 2370 
(1963).
(5) H. A. Mahlman, J. Chem. Phys., 32, 601 (1960).
(6) J. A. Ghormley and A. C. Stewart, J. Am. Chem. Soc., 78, 2934 
(1956).
(7) R. A. Anderson and E. J. Hart, J. Phys. Chem., 65, 804 (1961).
(8) E. Hayon, Nature, 194, 737 (1962).
(9) J. K. Thomas, S. Gordon, and E. J. Hart, J. Phys. Chem., 68, 
1524 (1964).
(10) J. H. Baxendale, E. M. Fielden, C. Capellos, J. M. Francis, 
J. V. Davies, M . Ebert, C. W. Gilbert, J. P. Keene, E. J. Land, and 
A. J. Swallow, Nature, 201, 468 (1964).
(11) S. Gordon, E. J. Hart, M . S. Matheson, J. Rabani, and J. K .
Thomas, Discussions Faraday Soc., 36, 193 (Î963).
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tively), it was proposed8 that the major portion of 
molecular hydrogen which can be readily reduced by 
the addition of these scavengers has as precursor 
H20~, while the remaining portion ((t(H2) ~  0.1), 
less susceptible to H20 2 and N 0 3~ ions, has H atoms as 
the precursor

H +  H20 -  — ► H2 +  O H - (2)

H +  H — > H2 (3)

To check this mechanism further, the variation of 
(7(H2) with the concentration of a number of selected 
solutes was examined: Cu(N03)2, K N 02, and Na2- 
Cr20 7. The solutes were chosen on the basis of in
creasing reactivity towards H atoms,12 with 7c (H +  
S) =  2.5 X 108, 6.1 X  108, and 5.6 X 109 M ~x sec.“ 1, 
where S =  Cu(N 03)2, K N 02, and Na2Cr20 7, respec
tively. The corresponding rate constants for reac
tion with H20 _ were 4.5 X 1010, 4.0 X 109,9-10 and
3.3 X lO ^ M - is e c . - 1.

Experimental Section

Copper nitrate and sodium dichromate supplied 
by Hopkin and Williams and potassium nitrite by Baker 
and Adamson were used without further purification. 
All other reagents were of analytical grade.

A  200-curie “ Co 7 -source was used with a dose rate 
of 6.5 X  1019 e.v./l. min. based on the Fricke dosimeter 
taking (?(Fe3+) =  15.5. Total doses given ranged 
from 4 X 1021 e.v./l. at low solute concentrations to 
3 X  1022 e.v./l. for the highest solute concentra
tions used. The water employed was purified as 
described elsewhere.14 The method used for de
gassing, filling the 10-ml. irradiation tubes, extracting 
the gaseous products, and measuring them by gas 
chromatography has already been given.12 The solu
tions containing Cu(N 03)2 and Na2Cr20 7 were irradiated 
in the presence of 10-8 M  KBr to protect the molecu
lar hydrogen from OH radical attack. Bromide was 
not added to solutions of nitrite since it is a good 
scavenger for OH radicals.

Direct interaction of the radiation with the solutes 
used in this work becomes important at the high solute 
concentrations used. The doses absorbed in these solu
tions was therefore corrected2'16 using the equation

where Ds is the corrected dose, D f„2+ is the dose as 
measured by the Fricke dosimeter, es and to are the 
electron density of the irradiated solutions and dosim
eter, respectively, and r is the correction for the photo
electric effect. The yields of H2 and 0 2 were corrected

as indicated above and are given on the basis of total 
energy absorbed by the solution. The correction 
factor used below represents the ratio D s/Dŷ *. 
Each G value measured is the result of five or six ir
radiations carried out at different times to give linear 
yield-dose curves, and are good to better than ± 3 %  
at the low solute concentrations and ±  5% at the high 
solute concentrations.

Results

The yields of hydrogen obtained on 7 -irradiation 
of air-free aqueous solutions of sodium dichromate, 
copper nitrate, and potassium nitrite were determined 
over a wide range of concentrations such that up to 
99% of the yield of H2 was scavenged by the solutes 
used. In all cases the decrease in (?(H2) is linear with
[S]1/s at low solute concentrations. Extrapolation 
of this linear portion of the curve to infinite dilution 
gives (tH! =  0.44. At higher solute concentrations 
the yields of H2 are no longer linear with [S ]1/3 and a 
smooth curve can be drawn through the experimental 
points.

Figure 1 presents the results according to the method 
used by Schwarz.16 Here the fractional lowering of the 
molecular H2 yield C (H2) /(rHi is plotted against the 
logarithm of the solute concentration and the resulting 
series of curves brought into coincidence by multipli
cation of the concentration by a normalization factor /. 
This factor is chosen to give the “ best”  coincidence 
of the curves in the low concentration regions, and was 
obtained relative to the nitrite system. Comparison of 
the /  values for the solutes used here shows that they 
are related to the reactivity of these solutes toward 
H20 _, as obtained by pulse radiolysis.

The full curve drawn in Figure 1 is theoretical and 
was calculated16 for the nitrite system on the basis of 
the one-radical diffusion model. The yields of H2 
in NaN03 solutions6 as well as those in H20 27’17 and 
acrylamide18 solutions have been included in Figure 1, 
and all have been plotted as a function of the solute 
concentration.

Oxygen is formed on irradiation of Na2Cr20 7 and 
Cu(N 03)2 (none is observed in NaN02 solutions), 
particularly at higher solute concentrations. These

(12) E. Hayon and M . Moreau, J. chim. phys., 62, 391 (1965).
(13) J. K. Thomas, J. Phys. Chem., 67, 2593 (1963).
(14) E. Hayon, Trans. Faraday Soc., 60, 1059 (1964).
(15) H. A. Mahlman and G. K. Schweitzer, J. Inorg. Nud. Chem., 
5, 213 (1958).
(16) H. A. Schwarz, J. Am. Chem. Soc., 77, 4960 (1955).
(17) J. A. Ghormley and C. J. Hochanadel, Radiation Res., 3, 227 
(1955).
(18) F. S. Dainton, Radiation Res. Suppl., 1, 25 (1959).
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[S] x  /.

Figure 1. G ( H 2) /G h 2 as a function of the logarithm of the solute concentration multiplied by normalization factor/;
KN02 (□, ■ ) /  = 1; NaN03 (+ , ref. 5), /  = 2.4; H20 2 (®, ref. 7, X, ref. 17), /  = 2.5; acrylamide (©, ref. 18),
/  = 4.0; Na2Cr20, (O) , /  = 8.2; Cu(N03)2 (A ), /  = 10.

yields were not too reproducible, and are probably a 
result of the “ direct effect”  of radiation on the solutes.
The results obtained are shown in Figure 2.

In all cases these yields increase with increase in the 
solute concentration but with a positive G(0 2) intercept.
Thus the intercept for Cu(N03)2 is approximately 
double that for NaN03.19 No explanation is offered 
for these intercepts.

Molecular H2 Yields in Alkaline Solutions. The 
variation of the yields of “ molecular”  hydrogen with 
[H+] having been shown,2-3 it seemed of interest to 
measure the yields of (?H, in alkaline solutions. Potas
sium nitrite was chosen as solute since it is stable in 
alkaline solutions and reacts efficiently with OH radicals 
or O-  ions, thus protecting the hydrogen that is formed.
The variation of (x(H2) with [KN 02] y 3 is shown in 
Figure 3. On extrapolation to infinite dilution, one 
obtains G values of 0.44, 0.43, and 0.37 at pH 6, 13.7, 
and 14.0, respectively.
Discussion

From a plot of G(H2) vs. [S]'/s, the slopes of the 
linear portions of the curves at the lower solute con
centrations have been found to be greatest for those 
solutes which react more efficiently with H20 _, 
and the order is Cu(N 03)2 ^ Cr20 72- >  N 02~ in accord 
with the rate constants fc(H20 ~  +  S). This is in 
agreement with the postulate1-8 that the precursors 
of the molecular hydrogen scavenged on this portion

of the curve are electrons, H20~. At higher solute 
concentrations, however, the decrease of (r(H2) with 
concentration is no longer proportional to the reac
tivity of the solutes toward H20~. This effect can 
be seen in Figure 1, where the relative lowering of the 
molecular yield (7(H2)/(7h, is plotted against the loga
rithm of the solute concentration, after normalizing 
the results obtained from Cr20 72", Cu(N0 3)2, N 0 3“ ,6 
H20 2,7-17 and acrylamide18 systems with respect to the 
nitrite system on the basis of the reactivity of these 
solutes toward H20 - . Thus at high solute concentra
tions the decrease of (t(H2)/(?h, follows the order Cr2- 
0 72- >  N 02~ >  Cu(N0 3)2 >  N 03~ >  H20 2 and acryl
amide. This order is different from the one shown to 
exist at the lower solute concentrations: Cu(N 03)2 ^ 
Cr20 72- >  acrylamide >  H20 2 >  N 03~ >  N 02~. 
With the exception of the NaN03 results, the order 
at high solute concentrations is in agreement with the 
reactivity of these solutes toward H atoms.12-13 

Diffusion kinetic computations16-20-21 can predict the 
variation of the yields of “ molecular”  hydrogen as a 
function of solute concentration, taking a certain value 
for the rate constant of the reaction of the solute

(19) H. A. Mahlman, J. Phys. Chem., 67, 1466 (1963).
(20) A. Kupperman and G. G. Belford, J. Chem. Phys., 36, 1427 
(1962); A. Kuppermann, “Action Chimique et Biologique des Radia
tions,”  Part 5, M. Haissinsky, Ed., Masson, Paris, 1961, p. 154.
(21) K. Shinohara, T. Shida, and N. Saito, J. Chem. Phys., 35, 1899 
(1961).
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Figure 2. G(02) yields as a junction of solute concentration: 
Na2Cr20, (o); Cu(N03)2 (A).

[KNOif/'.

Figure 3. Yield of molecular H2 in alkaline solutions:
©, neutral pH; 0, pH 13; A, pH 13.5;
+ , pH 13.7; ®, pH 14.0.

with the precursor of H2. No agreement has, however, 
been observed7'16.20.21 between the theoretical curve 
and experimental data over the whole concentration 
range investigated. This was the case whether one 
dealt with cube-root or logarithmic plots, and whether 
one used theoretical curves derived on the basis of the 
one-radical16 or two-radical model.20-21 It was found 
necessary to change one or more of the parameters7 
over some part of the curve to obtain agreement with 
the experimental results. This discrepancy between 
theory and experiment can now be explained as due 
to the fact that the solutes examined up to then 
happened to have been efficient reactants for H20~  
but rather poor ones for H atoms. On accounting 
for the presence of two precursors each reacting with 
the solutes with significantly different rate constants, 
a better qualitative agreement can be obtained be
tween theory and experiment, as can be seen in the 
case of potassium dichromate (Figure 1). Here the

yields are normalized relative to the nitrite system 
forfc(H20 -  +  S) =  4.5 X  109 M ~x sec.-1, and this 
happens to be very nearly the value for fc(H +  Cr20 72_) 
= 5.6 X 109 M _1 sec.-1. Since the values of fc(H +  
S) for all the other solutes used are lower than 4.5 X  
109 H f-1 sec.-1, one would expect to find a displace
ment to the right for the H2 yields at high solute con
centration. Such a displacement would be greater 
the lower the /c(H -j- S). This is what is observed 
(Figure 1), and qualitatively the displacement can 
be seen to be proportional to the scavenging efficiencies 
of the solutes for H atoms.

The disagreement with the NaN03 data is disturbing, 
particularly since no obvious explanation can be given 
at present. Nevertheless, it is our belief that the 
results obtained in the five other systems justifies 
the interpretation given to them.

Other mechanisms have recently been proposed to 
explain the formation of molecular H2. It was sug
gested22 that the H30  radical is the main precursor of 
hydrogen. It is not apparent from this brief communi
cation what is the evidence for introducing such a new 
species. Baxendale and Dixon23 have proposed that 
most of the molecular H2 is formed from H atom re
combination as a result of reaction 4 occurring in the 
spurs

H20 -  +  H+ — ► H +  H20  (4)

but that the decrease of GH, by solutes is due to their 
reaction with H20 _, the precursor of the H atom. 
If this mechanism prevailed, the decrease of ( ? h 2 by 
solutes should be independent of [H+]. In actual 
fact, it has been shown7-17.22 23 24 that the decrease of 
Gh, is pH dependent. Schwarz24 has suggested that 
some of the precursors of molecular H2 are H atoms 
formed via reaction 4 in the spurs, since the local con
centration of H+ is at least equal to that of H20~. 
For the reasons stated above, if reaction 4 occurs in 
the spurs, one would expect certain solutes present at 
high concentrations uo be capable of competing with 
H + for H20~. The results shown in Figure 1 indi
cate that such a competition does not take place.

It is concluded that H atoms as well as H20~  are 
the precursors leading to the formation of “ molecu
lar”  hydrogen

H20 -  +  H20 -  — ^ H2 +  2 0 H - (1)

H +  H20 -  — > II2 +  O H - (2)

(22) T . J. Sworski, J. Am. Chem. Soc., 86, 5034 (1964).
(23) J. H. Baxendale and R. S. Dixon, Z. physik. Chem. (Frankfurt), 
43, 11 (1964).
(24) H. A. Schwarz, Radiation Res. Suppl., 4, 89 (1964).
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H +  H — ► H2 (3)

The rate constants of reactions 1-3 are known: 2ki =  
1 X  1010 M ~l sec.-1 (ref. 11); h  =  2.5 X 1010 M ~x 
sec.-1 (ref. 25), and 2fc3 =  1.2 X 1010 sec.-1 (ref. 
13). Since the yield of H atoms is about one-fifth that 
of electrons in the radiolysis of neutral solutions,25 26 
taking the above rate constants the contribution 
from reaction 3 compared to reaction 2 becomes rather 
small. Thus the main reactions forming “ molecular” 
hydrogen are (1) and (2). The H atoms may originate 
from the dissociation of excited water molecules, as

has been proposed14’27 to explain the formation of H 
atoms in the bulk of the solutions.

H20* — > H +  OH (5)

The results obtained above would tend to favor such 
a mechanism, though one cannot dismiss entirely a 
small contribution from reaction 4.

(25) M. S. Matheson and J. Rabani, J. Phys. Chem., 69, 1324 
(1965).
(26) E. Hayon, ibid., 68, 1242 (1964).
(27) J. T. Allan and G. Scholes, Nature, 187, 218 (1960).

The Barrier to Internal Rotation in 2-Furanaldehyde

by Kjell-Ivar Dahlqvist and Sture Forsén

Research Group for N M R , Division of Physical Chemistry, The Royal Institute of Technology, 
Stockholm 70, Sweden (Received August SI, 1966)

The rotation barrier in 2-furanaldehyde has been studied by nuclear magnetic resonance 
(n.m.r.) at temperatures down to —115°. The rate of interconversion of the two rota
tional isomers, which are present in unequal amounts, has been calculated from the line 
shapes of the n.m.r. signal from both the aldehyde group and the ring proton in the 3- 
position. A small systematic difference in interconversion rates deduced from the line 
shape of the signals from the aldehyde proton and the H-3 proton is noted. The results 
are analyzed in terms of the theory of absolute reaction rates.

1. Introduction
The factors determining the barriers restricting rota

tion around carbon-carbon single bonds between sp2- 
type hybridized carbon atoms

\  /
C— C

/  \
are not well known. It seems likely, however, that 
the study of barriers to internal rotation in systems of 
this type should give increased insight into the signifi
cance of 7r-electron delocalization in conjugated mole
cules. However, comparatively few rotational barriers 
in systems of this nature have been reported.

The technique of ultrasonic relaxation has been used 
by de Groot and Lamb to study the unsymmetrical 
rotational barriers in acrolein and a few related un
saturated aldehydes.1'2 Their results are summarized 
in Table I. Nuclear magnetic resonance spectroscopy 
has recently been applied by Anet and Ahmad to esti
mate the free energy of activation for the symmetrical 
rotational barriers in benzaldehyde and two para- 
substituted benzaldehyde derivatives3 (c/. Table I). 
The rotational barriers in butadiene and styrene have

(1) M . S. de Groot and J. Lamb, Proc. Roy. Soc. (London), A242, 
36 (1957).
(2) J. Lamb, Z. Elektrochem., 64, 135 (1960).
(3) F. A. L. Anet and M. Ahmad, J. Am. Chem. Soc., 86, 119 (1964).
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\  /
Table I : Rotational Barriers Observed in Single Bonds of the Type C—C

/  \

AS0,
aEa . A H°, AH*, cal. AS*, AF°, A F*.

T, kcal./ kcal./ kcal./ mole -1 cal. mole-1 kcal./ kcal./
Compound ■K. mole mole mole deg. -1 deg. mole mole Ref.

Butadiene cis —*■ trans
2.6 4

trans —*■ cis
4.9

Styrene
Acrolein 248.6 to

2.2
2.06 cis —*■ trans cis —* trans cis —*■ trans

5

298.4 4.96 0.44 4.85“
trans —► cis 1

7.02
Crotonaldehyde 273.2 to cis —*■ trans cis —► trans cis —*• trans

323.3 1.93 5.51 -2 .15 6.10“ 1
trans —► cis

7.44
Cinnamaldéhyde 298.3 to cis —*• trans cis —> trans cis -*■ trans

349.0 1.5 5.62 3.05 4.71“ 1
trans —*■ cis

7.12
Methacrolein 248.4 to cis —*■ trans cis —*■ trans cis —> trans

298.1 3.07 5.31 0.475 5.19“ 1
trans -*■ cis

8.38
Furacrolein 333.1 to cis —► trans cis —► trans cis —* trans

373.0 1.2 5.10 -8 .6 7.96“ 1
trans —*• cis

6.30
Benzaldehyde 150 0 0 0 7.9 3
p-Methoxybenz- 174 0 0 0 9.2 3

aldehyde
p-Dimethylamino- 202 0 0 0 10.8 3

benzaldehyde

“ Calculated from the values of AH* and AS* at the lowest temperature in the interval given in the second column.

been calculated from infrared spectroscopic and 
thermodynamic data.4'5

In the study of rotational barriers the techniques of 
ultrasonic relaxation and nuclear magnetic resonance 
(n.m.r.) are largely complementary. With the ultra
sonic relaxation method, rotational barriers in a two- 
isomer system are most accurately measurable when the 
isomers are present in unequal amounts (AF°/RT ~
1-5).2 When the barrier is symmetrical and the isomers 
are present in equal amounts the ultrasonic relaxa
tion method cannot be used. In such a case the n.m.r. 
method may be employed. On the other hand, it is 
difficult to extend the n.m.r. method to two-isomer 
systems where the ratios of the two isomers are much 
smaller than ca. (AF°/RT 3). Detailed kinetic 
analysis of intramolecular interconversion processes

has, in fact, with few exceptions6 been devoted only to 
systems with the isomers present in equal amounts.

In the present work we have studied the barrier to 
internal rotation in 2-furanaldehyde. This compound 
may exist in two planar or nearly planar rotational 
isomers

isomer I isomer II

(4) J. G. Aston, G. Szasz, H. W. Woolley, and F. G. Brickwedde, 
J. Chem. Phys., 14, 67 (1946).
(5) K. Pitzer, L. Guttman, and E. F. Westrum, J. Am. Chem. Soc
68, 2209 (1946).
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The rotational barrier in this compound is not high 
enough to prevent a rapid interconversion of the two 
isomers at room temperature. At temperatures below 
ca. —80°, however, the interconversion is sufficiently 
slow to make separate n.m.r. signals from the two 
isomers observable. In an intermediate temperature 
region, the rate of interconversion has been calculated 
from the observed line shapes of the signals from the 
aldehyde proton and from the ring proton ffi 3-position 
(H-3).

Isomers I and II are present in unequal amounts, 
and their ratio varies with temperature; this has re
quired a detailed analysis of the interconversion process. 
Despite the comparatively complex line shapes ob
served, it has been found possible to fit theoretical 
and experimental line shapes very closely.

A preliminary value for the effective free energy of 
activation for the hindered rotation in 2-furanalde- 
hyde (calculated from the coalescence temperature of 
the aldehyde signal) has previously been given by the 
present authors in connection with a study of the 
stereospecificity of the long-range aldehyde spin
coupling to the ring protons.6 7

2. Experimental Methods

The sample of 2-furanaldehyde was of commercial 
quality (Fluka A.G.) and distilled under vacuum before 
use. The n.m.r. measurements were performed on a 
10% solution of 2-furanaldehyde in dimethyl ether with 
ca. 1% of tetramethylsilane added as internal reference. 
The solvent dimethyl ether was also of commercial 
quality (The Matheson Co., Inc.) and used without 
further purification.

The n.m.r. spectra were obtained at 60 Mc./sec. with 
a Varian A-60 spectrometer equipped with a Varian 
Y-6031 variable-temperature probe and temperature 
controller. Above —70° the spectra were run on a 
scale of expansion of the precalibrated recorder chart 
of 0.5 c.p.s./cm. and below —70° on a scale of expan- 
siln of 1 c.p.s./cm. The nonstandard scale expansion 
of 0.5 c.p.s./cm. was accomplished by introducing an 
additional resistor in series with the resistor network 
in the sweep circuits of the spectrometer.

The n.m.r. spectra were recorded at lowest possible 
sweep rate (0.05 or 0.10 c.p.s./sec.) at a low amplitude 
of the radiofrequency field (ca. 0.04 mgauss) so as to 
minimize saturation broadening of the signals. At 
each temperature of measurement five to ten spectra 
were recorded.

The chemical shift measurements were made by 
linear interpolation between reference side bands 
from the tetramethylsilane signal. The frequencies

of the side bands were measured with a Hewlett- 
Packard Model 5512 A  electronic counter.

In the Varían V-6031 temperature controller used to 
maintain a preset temperature of the gas cooling the 
sample the gas temperature is sensed at the inlet of 
the gas flow to the measuring volume. Since this 
temperature may differ from that inside the sample 
tube, the system was calibrated by the use of a copper- 
constantan thermocouple placed inside a dummy tube. 
The temperature readings inside the dummy tube 
were found to be affected by the flow rate of the cooling 
gas and by the rate of sample spinning. In the present 
investigation the sample temperature is estimated to be 
accurate to ±1°.

A large number of theoretical n.m.r. spectra based 
on the equations derived in section 4 were calculated 
using the Swedish high-speed electronic computer 
BESK.

3. Measurements of Isomer Ratio and 
Rate of Interconversion

3.1. The N.m.r. Spectrum of 2-Furanaldehyde. 
At room temperature (the data in the following refer 
to 303.7°K.) the spectrum of 2-furanaldehyde consists 
of four groups of signals.8 The signal from the alde
hyde group appears as a quartet at 6 =  9.61 p.p.m. 
The splitting of this signal is due to long-range coupling 
to the protons in the 4- and 5-positions (Jcho-4 =  
0.30 c.p.s. and Jcho- b =  0.77 c.p.s.). The signal from 
H-5 is found at b =  7.73 p.p.m. and is split owing to 
spin-coupling with the aldehyde proton and with the 
ring protons H-3 and H-4. The signal due to H-3 ap
pears at 5 =  7.23 p.p.m. and is split into a quartet due 
to spin-coupling with H-4 and H-5. Finally, the signal 
from H-4 is found at S =  6.58 p.p.m. and shows fine 
structure due to spin-coupling with the aldehyde proton 
and with the ring protons H-3 and H-5. The experi
mental shifts and spin-coupling constants are sum
marized in the upper part of Table II.

At about — 50° the n.m.r. signals due to the aldehyde 
proton and due to the ring proton in the 3-position 
become broadened. At still lower temperatures new 
signals appear; at —115.5° the signal from the alde
hyde group consists of two doublets with the intensity 
ratio ca. 1:10, and the signal due to H-3 also consists

(6) F. A. Rovey, F. P. Hood, III, E. W. Anderson, and R. I. Korne- 
gay, J. Chem. Phys., 4 1 ,  2041 (1964).
(7) K .-I. Dahlqvist and S. Forsén, J. Phys. Chem., 69, 1760 (1965).
(8) The room temperature spectrum of 2-furanaldehyde has been 
reported earlier by several authors; see, for example, N. S. Bhacca,
L. F. Johnson, and J. N. Shoolery, “ N M R Spectra Catalog,”  Varian 
Associates, Palo Alto, Calif., 1961. In this work, however, the 
assignment of the signals due to the ring protons in the 3- and 4- 
position should be interchanged (cf. R. A. Hoffman, B. Gestblom,
S. Gronowitz, and S. Forsén, J. Mol. Spectry., 1 1 ,  454 (1963)).
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Table II : Chemical Shifts and Spin-Coupling Constants in 
2-Furanaldehyde. The Shifts Are Given Relative to 
Tetramethylsilane as Internal Reference. The 
Subscripts I and II Refer to the Corresponding 
Rotational Isomers (See Text)

Shift, Spin-coupling constants,
Proton p.p.m. c.p.s.

-303.7 °K.
CHO
H-3
H-4
H-5

9.61
7.23
6.58
7.73

J m = 0.80; J34 = 3.70 
J¿s = 1.75; J  c h o - 4  — 0.30“ 

CHo-5 — 0.77“

1 7°TT _____________________

(CHO)! 9.56 1/35 — 0.80; J34 — 3.70
(C H O ) ii 9.74 j t 5 = 1 . 7 5

(H-3)i 7.57 P c h o -5  = 1.10; P c h o -4  < 0 .2
(H-3)h 7.42 «79 10 i i c h o -5  <0 .2 ;  J i i c h o -4  = 0.85
H-4 6.79
H-5 8.04

“ Weighted mean values (see text).

of two quartets with an integrated intensity ratio of 
ca. 1:10. The smaller of the aldehyde doublets is 
found at 5 =  9.74 p.p.m. and is split owing to spin
coupling with the ring proton H-4; the larger doublet 
is found at 6 =  9.56 p.p.m. and is split owing to spin
coupling with the ring proton H-5. The smaller 
of the two H-3 quartets occurs at 8 =  7.42 p.p.m. and 
the larger at 5 =  7.57 p.p.m. Shift data and spin
coupling constants obtained at —115.5° are given in 
the lower part of Table II.

The larger of the two signals from both the aldehyde 
group and from the ring proton H-3 are assigned to the 
rotational isomer I and the smaller signals to the isomer
II. The assignment is based upon the diamagnetic 
anisotropy effect of the carbonyl group which is known 
to cause deshielding of protons near the carbonyl group 
in the trigonal > C = 0  plane.9“ 12 13 [The preceding as
signment is strongly supported by a recent n.m.r. 
study of 3-hydroxy-2-thiophenealdehyde (private com
munication from Dr. R. A. Hoffman and Prof. S. 
Gronowitz). In this compound the aldehyde group 
may be assumed to be locked in a conformation cor
responding to isomer I in 2-furanaldehyde by an intra
molecular hydrogen bond to the OH group in the 3- 
position. The aldehyde proton in 3-hydroxy-2-thio- 
phenealdehyde is found to be spin-coupled only to the 
ring proton in the 5-position. Thus in 2-thiophene- 
aldehydes as well as in 2-furanaldehyde the rule 
of predominant spin-coupling via the straightest zig
zag path seems to be violated (c/. ref. 13). ]

8.2. The Ratio of the Rotational Isomers. At low

temperatures, where separate n.m.r. signals from iso
mers I and II are observed, the isomer ratio was de
termined from the integrals of the signals of the cor
responding isomer. At higher temperatures, where the 
signals from the two isomers have coalesced, their 
ratio was estimated from the “ effective”  spin-coupling 
constant between the aldehyde proton and the ring 
protons in the 4- and 5-positions. When the lifetimes 
of each rotational isomer are short, the observed 
aldehyde spin-coupling constants are weighted mean 
values of the coupling constants in the two isomers. 
The averaged or “ effective” spin-coupling constants 
J'c h o -4 and J'c h o -s should thus be given by

■PcHO-I =  PpPcHO-4 "T (I — -Pl)'/nCHO-4 (1)
and

J'CHO-5 =  Pl<PcHO-5 +  (1 —’ R l)JIICHO-5 (2)

where Pi and 1 — Pi are the fractional populations of 
the isomers I and II, respectively. «PcHo-t, / ncHO-4, 
■P c h o -5, and . P A h o -b are the spin-coupling constants 
between the aldehyde group and the ring protons H-4 
and H-5 in isomers I and II. Now the n.m.r. spectrum 
of 2-furanaldehyde indicates the spin-couplings of the 
aldehyde proton to be virtually stereospecific; i.e., 
in isomer I the aldehyde proton is observed to be spin- 
coupled only to H-5 and in isomer II only to H-4.7 
It can be estimated that the spin-couplings J1c h o -4 

and / ncHo-5 are less than 0.2 c.p.s. With the assump
tion that the latter two spin-coupling constants are 
zero, eq. 1 and 2 reduce to

J'c HO-4 =  (1 — P  i) J ircHo-4 (3)

and

J'CHO-5 =  P  I«7ICHO-5 (4)

The values of . /ncno-4 and .Pcno-5 were obtained 
from the spectrum of 2-furanaldehyde at —115.5° 
(c/. Table II). The “ effective”  aldehyde coupling 
constants .Pcno-4 and . P c h o -5 were accurately de
termined in the temperature interval —40 to +50°, 
and the fractional population of isomers I and II was 
calculated from eq. 3 and 4.

(9) L. M . Jackman, “ Applications of Nuclear Magnetic Resonance 
Spectroscopy in Organic Chemistry,’ ’ Pergamon Press Inc., Oxford, 
1959, Chapter 7.
(10) O. L. Chapman, H. G. Smith, and R. W . King, J. Am. Chem. 
Soc., 85 , 806 (1963).
(11) A. D. Cross and I. T. Harrison, ibid., 85, 3223 (1963).
(12) D. H. Williams, N. S. Bhacca, and C. Djerassi, ibid., 85, 2810 
(1963).
(13) R. A. Hoffman, B. Gestblom, S. Gronowitz, and S. Porsên, 
J. Mol. Spectry., 1 1 ,  454 (1963).
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Table HI: Summary of Thermodynamic Data and Activation Parameters for the Interconversion of the Rotational Isomers in
2-Furanaldehyde. Activation Data Obtained from Studies of the N.m.r. Signal of the CHO Proton and of the H-3 Proton 
Are Given Separately. The Errors Are Average Deviations (Assuming Only Random Errors). The Subscripts I and 
II Refer to the Corresponding Isomers (See Text)

AS0, ASi*, ASn*,
A S a i , A A a i i , A  H ° ,  A / / i *  A / i n * ,  c a l . / m o l e  c a l . / m o l e  c a l . / m o l e  A S 0 , A F i * ,

k c a l . / m o l e  k c a l . / m o l e  k c a l . / m o l e  k c a l . / m o l e  k c a l . / m o l e  d e g .  d e g .  d e g .  k c a l . / m o l e  k c a l . / m o l e
AFu*.

k c a l . / m o l e

-------------------------------------------------------------------------------216°K.----------------------------------------------- -------------------------------
12.17 11.12 1.05 11.74 10.69 2.17 3.77 1.60 0.58 10.93 10.35

±0.17 ±0.17 ±0.05 ±0.17 ±0.17 ±0.18 ±0.09 ±0.20 ±0.04 ±0.20 ±0.20

------ —---------------------------- ------------- —--------------CHO proton, 191.7°K. -------------------------------------------------------------------
12.17 11.12 1.05 11.79 10.74 2.17 4.00 1.83 0.63 11.02 10.39

±0.17 ±0.17 ±0.05 ±0.17 ±0.17 ±0.18 ±0.10 ±0.18 ±0.04 ±0.21 ±0.21

------------------------------- --------------------- ------ ------------------216 °K.-------------------------------------------------------------------------------
11.68 10.63 1.05 11.25 10.20 2.17 1.21 0.04 0.58 10.77 10.19

±0.21 ±0.21 ±0.05 ±0.21 ±0.21 ±0.18 ±0.06 ±0.19 ±0.04 ±0.23 ±0.24

--------------------------------------------------------------------- H-3 proton, 191.7°K.---------------------------------------------------------------------■
11.68 10.63 1.05 11.30 10.25 2.17 2.44 0.27 0.63 10.83 10.20

±0.21 ±0.21 ±0.05 ±0.21 ±0.21 ±0.18 ±0.07 ±0.17 ±0.04 ±0.24 ±0.24

The equilibrium constant K  for the equilibrium 
isomer I isomer II was calculated from K  =  (1 — 
P i ) / P i . M I °  for the isomer equilibrium was obtained 
from a plot of In K  against 1 /7 . The experimental 
values of AH°, AF° — —RT  In K, and AS° are listed 
in Table III.

8.8. The Rate Measurements. As mentioned in the 
preceding section, the two rotational isomers of 2- 
furanaldehyde are present in unequal amounts and 
their ratio changes with temperature. This circum
stance, in connection with the relatively complex spin
coupling pattern in the signals from the aldehyde group 
and the H-3 proton, necessitates a detailed considera
tion of the exchange process in order to derive the equa
tions relating the signal line shapes to the rate of inter
conversion of the isomers.

Since the n.m.r. spectrum of 2-furanaldehyde at all 
temperatures is of the first-order type to a good ap
proximation, we may think of the 2-furanaldehyde solu
tion as containing a mixture of molecules with the ring 
protons and the aldehyde proton in different spin 
states (a or 0). In the rate measurements we observe 
the energy of transitions between the two spin states 
for either the aldehyde proton or the H-3 proton, and 
in the following we thus need only consider the spin 
states of H-4 and H-5 since there is no observable 
spin-coupling between H-3 and the aldehyde proton. 
Now it can be assumed that a transition of the aldehyde 
group from one equilibrium position to the other takes 
place in a time so short that the spin states of all 
protons are preserved. (A similar assumption is 
always made in calculations of the effect of intercon-

version processes on n.m.r. signal shapes.u) The inter
conversion process can accordingly be illustrated in the 
way depicted in Figure 1. Interconversion is thus 
possible only within the pairs (a) (e), (b) (f),
(c) (g), and (d) (h).

In the absence of interconversion, the n.m.r. signals 
of the CHO proton or the H-3 proton would consist 
of lines associated with the molecular species in Figure 
1 ; the lines could be grouped into two chemically 
shifted multiplets, one due to isomer I and one due to 
isomer II. A schematic spectrum is depicted in Figure
2.

In Figure 2 wi and con are the chemical shift (in angu
lar frequency units) of the CHO proton or the H-3 
proton in isomer I and II, respectively, relative to 
some chosen reference frequency co0. (The assignment 
of the individual lines in Figure 2 to the molecular 
species in Figure 1 has been made with the assumption 
that the static magnetic field increases from left to 
right and that all spin-coupling constants are positive; 
cf. ref. 13.)

When the schematic spectrum in Figure 2 represents 
transitions of the H-3 proton, we have .7) = J13,s, 
Ji =  J1sa, J3 =  and Ji =  Ju3,4. Within ex
perimental error J \ s =  J n3,6 and JltA =  J113|4.

When the schematic spectrum in Figure 2 represents 
the transitions of the CHO proton, we have ,/j =  
</xcho-4, J i  =  J1 cho-5, Jz =  TlrcHo-4, and =  
Jucho-5. As has been shown earlier, no evidence is 
found for spin-couplings between the CHO proton and

(14) H. M. McConnell, J. Chem. Phys., 28, 430 (1958).
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Figure 1. Schematic illustration of the interconversion of the rotational isomers in 2-furanaldehyde.

a b e d

Figure 2. Schematic n.m.r. spectrum of the H-3 proton 
(or of the CHO prot'on) in 2-furanaldehyde in the limit of 
very slow interconversion of the rotational isomers.

d(?'4 -  r—— -f- aeLre =  
at

. „ ( 1  -  P i ) „  , <?. Ge- ly th -----------M o H-------------
4 n  tu

(6)

where 7 is the gyromagnetic ratio of the proton, H 1 
is the amplitude of radiofrequency field, Pi is the popu
lation of isomer I, M 0 is the equilibrium value of the 
magnetization in the 3 direction, and n  and m  are the 
mean lifetimes of isomers I and II, respectively, a, 
and ae are complex quantities depending on the fre
quencies of the CHO or H-3 signals assigned to the 
molecular species (a) and (e) in the absence of ex
change and on the frequency co of the observing radio
frequency field

the H-4 proton in isomer I  or the H-5 proton in isomer 
II, and we have in the present, work put JV ho-i =  
0 and J ncHo-e =  0. In the aldehyde spectrum at low 
exchange rates the signals due to isomer II are found 
at the low-field side of the sighals from isomer I whereas 
the opposite is the case in the spectrum of the H-3 
proton.

A quantitative description of the changes in the 
low-temperature n.m.r. spectrum of the H-3 or the 
CHO proton which appear at higher temperatures 
when the rate of interconversion of the isomers is in
creased may be derived using the modified Bloch equa
tions including exchange phenomena first introduced 
by Gutowsky, McCall, and Slichter.18 In the following 
we will use the reformulations and notations due to 
McConnell.14 For the exchange between two rotational 
isomers in which the spin state of the H-4 and the H-5 
proton remains the same, for example, the exchange
(a) (e) in Figure 1, we have for the complex magnetic
moment G (=  u +  iv)

d(?a . tjP i m  , G* G*—:--- j- aa(ra = — i y n  M e, H------— (5)
df 4 tu r i

and

aa =  l / ( r 2)i —
i\oi0 — (coi 0.5{Ji »7"2)) — (71

a. =  1 / (T s)n -
¿[w 0 +  («11 — 0.5(J3 +  J4)) — a>] (8)

In the above equations (T2) i and (Ti)u are the trans
verse relaxation times of the CHO or H-3 proton in 
isomers I and II in the absence of exchange. (In the 
following it will be assumed that (T2) 1 «  (T2)n  =  IV) 

Under conditions of slow passage, i.e., dGJdt = 
dGe/dt =  0, eq. 5 and 6 may be solved for the complex 
magnetic moments (?a and Ge.

With the short-hand notations

Ci =  yHiPiMo/d (9)

Cn =  yH i(l -  P i)M „/4 (10)

and noting that P i/(1  — Pi) =  n /m  or m  =  [(1 — 
P)/P]t, where the subscripts of n  and Pi have been 
dropped, the expressions for (?a and G„ read

(15) H. S. Gutowsky, D. W. McCall, and C. P. Slichter, J. Chem. 
Phys., 21, 279 (1953).
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G. =

r  _  i\CuT -  Cit{1 -  P)rE/P]
i -  a e t \ i -  p ) / p  1 ’

i[Cir{ 1 -  P ) /P  +  Cnr»(l ~  P )A /P ]
1 -  AFV2(1 -  P ) /P  1 J

where A =  aa +  1 /r and E =  ae +  P /r ( l  — P).
In complete analogy with the presentation above, 

one may derive the complex magnetic moments 
and Gt, Gc and Gg, Gd and G/. The sum of all these 
moments gives the complex expression for the line 
shapes

G =  E  Gr (13)
v  =  &

When the n.m.r. spectrum is observed in the ab
sorption mode, the signal intensity at the radiofrequency 
co is proportional to the imaginary part of G. The sum
mation and the separation of the total complex moment 
G into imaginary and real parts have been accom
plished by the use of a computer program which 
calculates the signal intensity for a range of values of 
co with a given set of parameters T2, r, P, J\, Ji, J3, 
J 4, coi, and con.

The theoretical line shapes calculated with a rele
vant set of parameters accurately reproduce the ob
served spectra of both the CHO proton and the H-3 
proton. The value of the lifetime r at different tem
peratures was obtained from a comparison of experi
mental and theoretical spectra. In the temperature 
region where the experimental line shape undergoes 
pronounced changes (corresponding to lifetimes in the 
interval 0.01 to 1 sec.) the value of r could generally 
be determined to within ±10% . Examples of theo
retical and experimental spectra of the CHO and H-3 
protons are shown in Figures 3 and 4. Plots of In 
(1/r) against l/T are shown in Figure 5. The data 
obtained from the study of the CHO and the H-3 
protons are considered separately. It may be seen 
from Figure 5 that the interconversion rate constants 
inferred from the measurements on the CHO proton 
are systematically lower (by ca. 30%) than the rates 
obtained from the study of the H-3 proton but that the 
temperature dependence of the rates are in close agree
ment. The reason for this disagreement is most 
likely not to be sought in the inadequacy of the Mc
Connell equations to describe the present intercon
version process but may have several other causes. 
The chemical shift of the CHO or the H-3 proton 
in the two isomers (on +  am) may be somewhat tem
perature dependent and not equal to the values meas
urable in the limit of very slow exchange. This would 
lead to systematic errors in the rate measurements

(d)
Figure 3. Examples of experimental and theoretical n.m.r. 
spectra of the CHO proton in 2-furanaldehyde. Note the 
change in linear scale between spectra a, b and c, d.

(b)

ls-52.5 *C 
Ts 0.014 sec

10 cI s

t«-71,5 *C

Figure 4. Examples of experimental and theoretical n.m.r. 
spectra of the H-3 proton in 2-furanaldehyde. Note the 
change in linear scale between spectra a, b and c, d.

in particular in the intermediate range where the lines 
begin to coalesce. Another uncertainty lies in the 
determination of the transverse relaxation time, Tit for 
the CHO or the H-3 proton in the absence of inter
conversion. The usual procedure in the analysis of 
rates from line shapes of single resonance spectra is to 
use the “ effective”  transverse relaxation time TA  for
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a nonexchanging nucleus. This procedure (which in 
the present case is the only workable one) has also 
been employed in this work, and at a given temperar 
ture the transverse relaxation time of the CHO and the 
H-3 proton was taken to be equal to the effective relaxa
tion time calculated from the line width of the multiplet 
lines due to the H-4 proton. When lines are broadened 
due to magnetic inhomogeneities, the apparent line 
width, l/T2*, for a nonexchange-broadened line is 
given by

l/T2* =  ( l /z y )  +  (l/7Y)inho»og (14)

where T2° is the "true”  transverse relaxation time of the 
nucleus, and the last term in eq. 14 is the line broaden
ing caused by the field inhomogeneities.

Now it is known that different nuclei in the same 
molecule may have different values of T2°. (It is even 
possible that the values of T2° for one and the same pro
ton in two different rotamers are different.) Further
more, it is known, for example, from spin-echo measure
ments (c/. ref. 16), that transverse relaxation times vary 
with temperature. If T2° contributes significantly 
to T2* and if T2° is not the same for H-3, H-4, and the 
CHO proton, this would lead to systematic errors in 
the rate measurements— in particular, in the limits of 
fast and slow exchange. At present, there seems to 
be no objective way of deciding which of the two 
measured rates is the most reliable, and we will, in the 
following, separately give the results evaluated from 
both series of measurements.

The dependence of the rate of interconversion on the 
temperature has been interpreted in terms of the 
theory of absolute reactions rates.16 The free energy 
changes for the isomer interconversion may be il
lustrated by the schematic diagram

I II

where AFj* and AFn* are the free energies of activa
tion for isomers I and II, respectively.

From the theory of absolute reaction rates,17 it follows 
that

Ì .  _  fa  =  K kT c -A F i*/ Z T  _  K kT c ASi*/Re -A H i*/R T  ^
ti h h

and an analogous expression is valid for kn. Further
more, we have

AFi* =  AFn* +  AF° (16)

AHi* =  A Hlx* +  AH0 (17)

and

A Si* =  ASn* +  AS0 (18)

By use of eq. 15-18 and the values of AF°, AH°, 
and AS° obtained from the study of the temperature 
dependence of the isomer ratio, it is possible to calculate 
AF*, AH*, and AS* for the interconversion of the two 
rotational isomers. The values obtained (with k  =  1) 
are summarized in Table III. The errors indicated in 
this table are average deviations (assuming only random 
errors).

4. Discussion
The present investigation illustrates that the ulti

mate accuracy to which rates of interconversion may 
be obtained from the line shapes in high-resolution
n.m.r. spectra may be largely limited by errors of a 
systematic nature. A particularly deplorable example 
in this connection is the activation energy for restricted 
rotation in dimethylformamide. (Cf. ref. 16.) Today 
five independent determinations have been performed

(16) A. Allerhand and H. S. Gutowsky, J. Chem. Phya., 41, 2115 
(1964).
(17) S. Glasstone, K. J. Laidler, and H. Eyring, “ The Theory of 
Rate Processes,” McGraw-Hill Book Co., Inc., New York, N. Y., 
1941.
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with results ranging from 7 to 24 kcal./mole—the prob
able error in each measured value being given as ca. ± 1  
kcal./mole. This example is not very apt to arouse con
fidence in the n.m.r. line shape method for rate meas
urements. Part of the large spread in the values of the 
rotational barrier in dimethylformamide can probably 
be attributed to the use of less reliable methods for 
extracting the exchange rates from the observed line 
shapes. In the case of a collapsing doublet, exchange 
rates have been obtained from measurements of the 
distance between the two maxima or from the quotient 
between the signal intensities of the two maxima and 
the central minimum. In both of these methods, 
however, only a part of the available experimental 
information is utilized. It appears that the most 
reliable method for evaluating rate constants is to fit 
the entire experimental curve with theoretical curves 
calculated with different values of the characteristic 
lifetime. When the line shape is comparatively 
simple— as in the case of a collapsing doublet—the 
curve fitting may favorably be performed by means of 
an iterative computer program.

The identification of the sources of systematic errors 
in the n.m.r. line shape method would be greatly 
facilitated if the results could be checked with some 
independent experimental method. Recently, great 
interest has arisen in the use of spin-echo techniques 
for the study of chemical-exchange processes.16 The 
spin-echo method makes it possible to extend rate 
measurements to severalfold faster rates than are ac
cessible with the n.m.r. line-shape method, and the 
spin-echo technique is not likely to be sensitive to the 
same type of systematic errors as is the line-shape 
method. However, as yet, few experimental spin- 
echo data are available.

A rigorous comparison of the results of the present 
investigation on the rotational barrier in 2-furanalde- 
hyde and the barriers listed in Table I is somewhat 
difficult since identical thermodynamic functions have 
not always been evaluated. The rotational barriers

\ /
(whether taken as AE, AG*, or AH*) in the C— C

bonds so far studied have indicated the barriers to 
be higher in unsaturated and aromatic aldehydes 
than in the unsaturated hydrocarbons butadiene and 
styrene. One may inquire whether this difference is 
due to the different importance of conjugation across 
the single bond in the two types of molecules. Al
though the Hiickel MO method admittedly is very 
crude and cannot be expected to reveal finer details 
of the conjugative interaction, a Hiickel-type calcula
tion may, however, serve as a starting point for a dis
cussion.

We have calculated the loss in total 7r-electron energy
which occurs when a molecule is rotated around a single

\ /
bond of the type C(a)— C(bj from a planar state to a

state where the two parts of the molecule are perpen
dicular to each other. In the latter configuration the 
overlap integral between the 2pir orbitals on the sp2- 
type hybridized carbon atoms C(a> and C(b> is zero, 
and the resonance integral for the C(a)-C<b) bond 
may also be taken as zero. The calculated loss in 
total 7r-electron energy (AE*) in units of /3 for some com
pounds of interest is listed in Table IV.

Table I V : Hiickel-Type Molecular Orbital Calculations of the 
Loss of Total x-Electron Energy (AEr) upon Rotation of the

\
Molecules around the C— C Bond from a Planar State

/  \
to a State Where the Two Parts of the Molecule Are 
Perpendicular. The Following Parameters for Heteroatoms 
Have Been Used: a = o  =  a  +  (3; a Q  =  a  +  2/3; <*n  =  
a +  1.5/3; /3c=0 =  P; PC—0 = 0.8 /3; and pc—N = 0.8/3

Molecule a e R i / zs)

Butadiene 0.472
Styrene 0.424
Acrolein 0.523
Benzaldehyde 0.465
p-Methoxybenzaldehyde 0.485
p-Dimethylaminobenz- 0.492

aldehyde
2-F uranaldehyde 0.562
3-F uranaldehyde 0.505
2-Pyrrolealdehyde 0.561
3-Pyrrolealdehyde 0.514

It may be noted from the results in Table IV that the 
Hiickel calculations indicate the comparatively large 
activation energy for the rotation of the aldehyde 
group in 2-furanaldehyde to be related to an accom
panying relatively large change in AE*. Also, the loss 
in ir-electron energy upon rotation of the aldehyde 
group an angle 7t/ 2  is calculated to increase in the 
series benzaldehyde <  p-methoxybenzaldehyde <  p- 
dimethylaminobenzaldehyde which is also the order 
of increasing AF* found by Anet and Ahmad. How
ever, the difference in experimental activation energies 
between butadiene and styrene, on the one hand, 
and 2-furanaldehyde and the aromatic aldehydes, 
on the other hand, is much larger than expected on the 
basis of changes in 7r-electron energies alone. More 
accurate quantum chemical calculations are not likely 
to lead to very different relative values of AE* and the
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importance of other factors besides conjugation (such
as intramolecular van der Waals interactions) for de-

\ /
termining rotational barriers in C— C bonds is

/  \
borne out. The Hückel calculations lead to very 
similar values of AE r in 2-furanaldehyd e and 2-pyr- 
rolealdehyde. Preliminary rate measurements on the 
interconversion of the rotational isomers in the latter 
compound have indicated the rotational barrier to be 
comparable to that in 2-furanaldehyde.
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Reaction between Benzoyl Peroxide and Rhodamine 6GX Color Base

by P. K. Nandi and U. S. Nandi

Department of Physical Chemistry, Indian Association for the Cultivation of Science, 
Jadavpur, Calcutta-82, India {Received February 28, 1965)

The reaction between benzoyl peroxide and Rhodamine 6GX color base in five hydro
carbon solvents has been studied in the temperature range where the thermal decomposi
tion of benzoyl peroxide is negligible. In the very first step of the reaction an inter- 
molecular complex is probably produced by electron transfer. The mechanism of the 
reaction has been discussed in the light of thermodynamic parameters.

Introduction
The reaction of benzoyl peroxide with amines is 

interesting and has been studied by other workers.1 
The reaction is reported to be comparatively fast at 
temperatures where the thermal decomposition of 
benzoyl peroxide is negligible. There are two mech
anisms suggested for such a rapid reaction between 
peroxide and amines. One2 3 is that the induced decom
position of peroxide by amine-type radicals may be an 
extremely rapid chain reaction, while the other8'4 
hypothesizes a bimolecular reaction between the 
peroxide molecule and the amine molecule leading to 
the peroxide decomposition. The bimolecular reac
tion would most probably be a one-electron-transfer 
reaction. Either possibility is cogent although neither 
is compelling.

The disparity between the proposed mechanisms of 
the reaction warranted the investigation for the eluci

dation of the involved mechanism. Here we have 
chosen a dye base as the amine, having chromophoric 
>N H  groups, which has the formula

A sharp change in the color of the amine dye base as 
the time proceeds after the addition of benzoyl per

(1) A. V. Tobolsky and R. B. Mesrobian, “ Organic Peroxides,” 
Interscience Publishers, Inc., New York, N. Y., 1956.
(2) P. D. Bartlet and K. Nozaki, J. Am. Chem. Soc., 68, 1686 (1946); 
69, 2299 (1947).
(3) L. Horner, Angew. Chem,., 61, 458 (1949).
(4) M. Imoto and S. Choe, J. Polymer Sei., 15, 485 (1955).
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oxide has been attributed to a possible charge-transfer 
phenomenon, thereby supporting the view that as an 
intermediate of the reaction an intermolecular com
plex is produced. This occurs by the donation of an 
electron from the amine to benzoyl peroxide, thereby 
decomposing the peroxide.

The variation of the rate constant with tempera
ture could be utilized for the computation of thermo
dynamic parameters of activation which are of im
mense value in elucidating the mechanism. In the 
present paper both the amine dye and benzoyl peroxide 
were dissolved in hydrocarbon solvents, and the rates 
were measured at different temperatures.

Experimental Section
Rhodamine 6GX (C.I. No. 45160) was purified by 

using ether to precipitate the dye from a saturated 
solution in absolute alcohol.5 6 The sample supplied 
was the chloride salt. The color base of the dye was 
extracted in hydrocarbon solvents following the pro
cedure developed in this laboratory.6 The Rhodamine 
6GX color base extract was kept over sodium hy
droxide beads. The benzoyl peroxide was reprecipi
tated three times, using chloroform, from a solution of 
benzoyl peroxide in methanol.7 It was kept in a desic
cator containing calcium chloride in a cool, dry place.

The solvents heptane, benzene, decalin (mixed 
isomer), and toluene were purified by the method sug
gested in the references.8 Cyclohexane used was
B.D.H. spectroscopic grade.

The characteristic yellow color of the Rhodamine 
6GX color base is only obtained when it is extracted 
with hydrocarbon solvents. It was found that the 
greater the unsaturation of the solvent, the better the 
extraction. Any other solvent, with the exception of 
hydrocarbons, gives a characteristic pink color with 
or without fluorescence. Our experiments are limited 
to hydrocarbon solvents only.

The concentration of the color base in hydrocarbon 
solvents can be determined by shaking the nonaqueous 
layer with a solution containing 1 M  HC1 and 3 M  
KC1 solution. The extract in the acidic layer first 
turns to a pink color, which, when kept for some hours, 
becomes completely yellow. The concentration of this 
solution may be obtained from the standard graph of 
optical density vs. concentration of Rhodamine 6GX 
chloride dissolved in the mixed HC1-KC1 solution. 
Actually, the exact concentration of Rhodamine 6GX 
color base is not necessary as will be seen later.

The progress of the reaction of the Rhodamine 6GX 
color base with benzoyl peroxide was investigated by 
measuring the optical density at the wave lengths of 
maximum absorption at different intervals of time using

0 10 20 30
Time, min.

Figure 1. A typical plot of the decay of Rhodamine 6GX 
color base and consequent formation and decay of the 
intermediate with time in decalin: 1, measurements
at 484 up»; 2, measurements at 515 m/i. Benzoyl 
peroxide concentration «2.5  X 10-4 M; 
temperature 32 ±  0.1°.

a Hilger Uvspeck spectrophotometer. Stoppered 
quartz cells of 1-cm. thickness were used. The tem
perature in the cell compartment was maintained to 
within ±0.1° of the desired value by circulating water 
in the thermospacer set fixed in the spectrophotometer 
from an external thermostat controlled by a relay.

Results and Discussion
The visible spectrum of the extracted color base in 

heptane shows absorption peaks at 480 and 450 mg; 
in cyclohexane, absorption peaks are at 480 and 452 
mfi; and in benzene, toluene, and decalin, they are at 
484 and 454 mg.

The experiments were performed at the wave lengths 
of maximum absorption, viz., at 480 mgt in heptane and 
cyclohexane and at 484 mg in benzene, decalin, and 
toluene. At these wave lengths the color base obeys 
Beer’s law.

(5) R. W. Ramette and E. B. Sandell, J. Am. Chem. Soc., 78, 4872 
(1956).
(6) S. R. Palit, Chem. Ind. (London), 1531 (1960); Anal. Chem., 33, 
1441 (1961).
(7) C. G. Swain, W. H. Stockmayer, and J. T. Clarke, J. Am. Chem. 
Soc., 72, 5426 (1950).
(8) A. Weissberger, Ed., “Techniques in Organic Chemistry,” 
Vol. VII, Interscience Publishers, Inc., New York, N. Y., 1955, pp. 
311, 313, 317, and 319.
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Figure 2. Variation of optical density with time using 
5.205 X 10~4 M benzoyl peroxide at 24.9 ±  0.1° 
with different concentrations of Rhodamine 6GX 
color base in benzene.

The experiment was performed with a dye concentra
tion of about 2 X  10 ~6 M  and a benzoyl peroxide 
concentration ranging from 5 X 10 ~4 to 10 ~4 M.

In the presence of benzoyl peroxide the characteristic 
yellow color of Rhodamine 6GX color base diminishes 
continuously, and a pink color develops. The pink 
color also disappears gradually, and a colorless solution 
is obtained in all solvents. At low benzoyl peroxide 
concentration (10_6 M) and at a temperature of 153 
the decay of the pink color is very slow (about 1% in 
20 min.). The absorption maximum of the pink color, 
under these conditions, was found to be 515 mp. 
This maximum depends only slightly upon the solvents 
in which the experiments were performed. This ab
sorption band corresponds with the acid color developed 
by the color base in acid solutions, e.g., benzoic, stearic 
acids, etc., in the above-mentioned solvents. The com
ponent which has the absorption band at 515 npi has 
little effect on the absorption of the original color base 
as can be observed by comparing the spectra. At 
high temperatures the appearance of the pink color is 
very transitory.

The fading away of the color of the intermediate 
compound is most rapid in heptane and slowest in 
toluene at any temperature.

The comparison of the absorbance of a solution of 
benzoyl peroxide and Rhodamine 6GX color base kept

Figure 3. Variation of optical density with time using nearly 
the same concentration of Rhodamine 6GX color base with 
different concentrations of benzoyl peroxide in toluene 
at 26.1 ±  0.1°: 1, 5.036 X 10 ~4 M;  2, 2.520 X 
10~4 M;  3, 1.008 X 10-4 M benzoyl peroxide.

in dark, with an identical solution subjected to experi
mentation in the spectrophotometer, for the same 
period, shows very little perceptible difference, thereby 
eliminating the possibility of a photochemical reaction.

The disappearance of the amine color, followed by 
the appearance of the pink color and its subsequent 
decay, points to the fact that the nature of the reaction 
is a consecutive one. However, the identification of 
the end product could not be made. From the com
parison of spectra it seems that the intermediate com
pound decays giving more than one single product.

Figure 1 illustrates the behavior of the reaction in 
decalin. Figure 2 illustrates the variation of optical 
density with time at different concentration of Rhod
amine 6GX color base using the same concentration 
of benzoyl peroxide. Figure 3 illustrates the same with 
a constant concentration of Rhodamine 6GX color 
base but different concentrations of benzoyl peroxide 
in benzene.

Under the conditions used, the reaction obeyed zero- 
order kinetics with respect to Rhodamine 6GX color 
base concentration and first-order kinetics with respect 
to benzoyl peroxide concentration.

To establish the order of the reaction and to calcu
late the velocity constant K  from the values of concen
tration at different times, numerous methods have 
been suggested.9 The following equation was used for
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Figure 4. Variation of log (optical density) with time at 
different temperature in decalin.

obtaining the first-order rate constant: In C =  In 
Co — Kt, where Co is the initial concentration, C is the 
concentration of the dye at time t, and K  is the first- 
order velocity constant. According to this equation, 
the plot of log C vs. t would give a straight line for a 
first-order reaction, and it is actually found so, as 
shown in Figure 4. In Figure 4 the plots at different 
temperatures in decalin are given, and the first-order 
behavior of the reaction is confirmed. As the con
centration of benzoyl peroxide is much greater than the 
concentration of Rhodamine 6GX carbinol base, the 
real velocity constant K ' was obtained as

=  A log [R] =  A log O.D.
[B]A£ [B]A£

where [R] is the concentration of Rhodamine 6GX 
carbinol base and [B] is the concentration of benzoyl 
peroxide. The rate constant K ' may be assumed to 
actually be a bimolecular rate constant for the reac
tion.

Dependence of K ' on Temperature. The data given 
in Figure 4 show the variation of log O.D. at different 
temperatures in the range 291 to 318°K. in decalin. 
From the slope of the plot and known initial benzoyl 
peroxide concentration, the value of K ' was computed 
and reported in Table I for the reaction in toluene. 
The data of Table I were analyzed using the Arrhenius 
equation

E *In K ' =  In A --------
RT

and the results are given in Figure 5 for the reaction

in toluene. It is found that a linear plot of log K ' vs. 
l/T  is obtained in accord with the above equation. 
The slope of this plot yields a value of 13.2 kcal./mole 
for E *, the energy of activation in toluene. The 
value of the frequency factor A was obtained by 
computing the value of E *  and K ' at a fixed tempera
ture from the above equation. This gives a value for 
A in toluene which is 3.84 X 10° M ~L sec.-1. The 
values of E *  and A  in different solvents are listed in 
Table II. Also from the data, the different thermo
dynamic parameters for activation were calculated 
using the equations9 10

(
NT \

log —  -  log K'\

( NT\
log A — log e~— )

Nh/

where A and AS r are the free energy and entropy 
of activation, R is the gas constant, K ' is the rate con
stant at temperature T, N  is Avogadro’s number, h 
is Planck’s constant, and e is the exponential factor.

Table I : Bimolecular Rate Constant at Different 
Temperatures in Toluene

K 'y
M - 1

T ,  °K . sec.-1
318.4 3.57
311.4 2.32
305.2 1.46
299.1 0.91
293.1 0.58

Table II: Rate Constant, Energy of Activation, and 
Frequency Factor of the Reaction in Different Solvents

K \ E * , A ,
M ~ l  sec. -1 kcal. M - i

Solvent at 300°K . mole -1 sec. -1

»-Heptane 4.04 6.3 1.64 X 106
Cyclohexane 4.6 6.6 2.94 X 10s
Decalin 2.97 9.8 4.12 X 107
Benzene 1.42 10.4 7.76 X 107
Toluene 1.01 13.2 3.84 X 10s

The thermodynamic quantities are entered in Table
III. It is to be noted that the intermediate com-

(9) A. A. Frost and R. G. Pearson, “Kinetics and Mechanism,” 
John Wiley and Sons, Inc., New York, N. Y., 1953, p. 40.
(10) S. Glasstone, K. J. Laidler, and H. Eyring, “The Theory of 
Rate Processes,” McGraw-Hill Book Co., Inc., New York, N. Y., 
1941.
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Table III : Different Thermodynamic Parameters of Activation for the Reaction

Solvent
AH^fc, kcal, 

mole -1
A F 4^ kcal. 

m ole-1
A F * ,  kcal, 

mole -1

AS R  cal. 
deg. -> 

m ole-1

A S * ,  cal. 
deg. -1 

mole -1 Ae

n-Heptane 5.7 16.7 20.8 -3 6 .7 -2 4 .7 9.66 X IO“ 9
Cyclohexane 6.0 16.6 20.7 -3 5 .5 -2 3 .7 1.76 X 10 9
Decalin 9.2 16.9 21.0 -2 5 .7 -1 3 .9 2.43 X IO“6
Benzene 9.8 17.3 21.4 -2 5 .5 -1 3 .7 2.68 X IO"*6
Toluene 12.6 17.5 21.6 -1 6 .3 - 4 .5 2.71 X IO“ 4

l / T  X  10s.
Figure 5. Linear variation of log K ' with l /T  in toluene.

pound (maxima at 515 m,u) is more stable in the sol
vent having double bonds, which implies the possi
bility of its formation by ionization.11 The differences 
in the values of the entropy of activation12 in different 
solvents may be attributed to differences in the degree 
of orientation of the solvent molecules under the 
influence of a polar transition state and to the differ
ences in the degree of orientation of the reactants and 
products. The comparison of the stability of the inter
mediate compound with the values of the entropy of 
activation listed in Table III suggests that the aromatic 
solvent molecules are capable of further stabilizing the 
charge separation owing to their high capacity for 
polarizability of the 7r electron in the aromatic ring.

The activation energy in such ionogenic reactions 
should be antibatically related to the solvating power 
of the medium.10 The value of the rate constants, 
as well as the activation energy (Table II), leads to 
the fact that specific effects13 other than the dielectric 
constant may be more important.

The possibility of charge formation is favored by the 
presence of >N H  groups in the Rhodamine 6GX color

base and oxygen atoms of benzoyl peroxide. The N 
atom in >N H  donates an electron to the 0  atom, re
sulting in a charge-transfer complex having a character
istic pink color; the reaction may be termed as the 
acid-base14 reaction, benzoyl peroxide behaving as a 
Lewis acid and Rhodamine 6GX color base as a Lewis 
base. The reaction is catalyzed by benzoyl peroxide.

The presence of the appreciable dipole moment of 
> C = 0 , which probably arises as

©

implies that the coordination of the electron takes place 
between central peroxy oxygen atoms and N atoms of 
the NHC2H5 groups.

The charge-transfer interaction most probably takes 
place between the highest occupied orbital of the donor 
and the vacant antibonding orbital of the 2 ptru around 
the 0 - 0  bond in the peroxide. The lowering of the 
energy level of the aniibonding orbital of the 0 -0  
bond and the elevation of that of the lone pair of N 
atom facilitate the charge transfer.15

The product of the reaction, which has a maxima 
at 515 myu, is most probably of inner complex type as 
has been classified by Mulliken.16 It has been found 
that such complexes are always unstable. The forma
tion of a charge-transfer complex lowers the activation 
barrier. The complex formation is the precursor of the 
chemical reaction, an idea which was earlier set forth 
by Barckmann.17 A similar case of charge-transfer 
complex occurs when pyromellitic dianhydride

(11) D. P. Aimes and J. E. Willard, J. Am. Chem. Soc., 73, 164 
(1951).
(12) W. F. K. Wynne-Jones and H. Eyring, J. Chem. Phys., 3, 492 
(1935).
(13) J. H. Beard and P. H. Plesch, J. Chem. Soc., 3682 (1964).
(14) G. N. Lewis, J. Franklin Inst., 226, 293 (1938).
(15) K. Tokumaru and O. Simamura, Bull. Chem. Soc. Japan, 36, 
333 (1963).
(16) R. S. Mulliken, J. Am. Chem. Soc., 74, 818 (1952).
(17) W. Barckmann, Rec. trav. chim., 68, 147 (1949).
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(PMDA), which acts as a x acceptor or x acid, reacts 
with aniline producing a red complex, but the color 
disappears as amine reacts with PM DA.18 Complex 
formation is reduced with increasing temperature. 
The reaction between N,N-dimethylaniline and chloranil 
produces crystal violet salt by a charge-transfer phe
nomenon. Diamagnetic donor-acceptor complexes and 
paramagnatic semiquinones are two observed inter
mediates.19

From the values of AF* and AiS^ the terms AF* and 
AS* can be calculated by means of the equations

AF *  =  AF* -  RT  In 1000 

AS *  =  AS* -  R +  R In 1000

The terms AF* and AS* are the excess free energy and 
the excess entropy of activation, respectively. The 
quantity AF* is the free energy of formation of the in
termediate state for reacting particles in excess of 
what it would be if the state were simply the usual 
transient collision complex of two neutral nonreacting 
particles. AS* is the corresponding entropy term.20

The entropy of activation, as well as other param
eters, has been calculated assuming the transmission 
coefficient to be equal to unity. In the case of an 
electron-transfer reaction, the best compromise con
figurations are those giving frequent electronic transi
tions without too high a free energy of activation. 
Thus, any measurable rate for an electron-transfer 
reaction involves a transmission coefficient of less than 
unity since it is arrived at using an idealized transition 
configuration.21 The electronic transmission coef
ficient K e is related to the apparent entropy of activa
tion by the formula AS* =  R In K e. The values of K e 
in the solvents have been listed in Table III.

Isokinetic Temperature. Figure 6 shows a plot of the 
activation parameter for the reaction between benzoyl 
peroxide and the amine. The slope gives a tempera
ture of 335.4°K. (62.3°C.) for the reaction which indi
cates that the rate of the reaction at this temperature 
is independent of the solvent.22

The Validity of the A H *-A S * Plot. Peterson, et 
al.,23 have pointed out that, for a reaction series in
volving a narrow range of AH * values and consider
able error in the rate constant, little validity can be 
assumed in any observed A H *-A S *  relationship. 
The larger the range of the AH *  values and the smaller 
the experimental error, the greater is the reliability of 
any observed relationship.

If the range of AH * values be designated by dAH* 
and the maximum fractional error in AH *  by the 
symbol 8, Peterson, et al., have shown that the ratio 
of dAH*/28 must be equal to or greater than unity if

Figure 6. Least-square plot of enthalpy-entropy of 
activation for the reaction.

any validity can be assumed in an observed AH * -  
AS* plot. This ratio must be much greater than unity 
if any details of the relationship are to be inferred. 
The maximum fractional error in AH *  can be calculated 
using the equation 5 =  2RT'a/(T'  —  T), where a is 
the maximum fractional error in the rate constant, R 
is the gas constant, and T' and T are the upper and 
lower temperature limits, respectively.

The value of a may be assumed to be equal to the 
reproducibility of the rate constant K'. The range of 
the AH *  value is about 6.8 kcal./mole, and 8 turns 
out to be about 0.205. The ratio of dAH*/28 therefore 
turns out to be about 7. This value is much greater 
than 1, and the validity of the A H *-A S *  plot may be 
assumed correct.

Acknowledgment. The authors are indebted to 
Professor Santi R. Palit for constant encouragement 
during the course of the work. Thanks are due to 
the Council of Scientific and Industrial Research for 
financial assistance to P. K. N.

(18) L. I. Ferstanding, W. G. Toland, and C. D. Heaton, J. Am. 
Chem. Soc., 83, 1161 (1961).
(19) J. W. Eastman, G. Englesma, and M. Kelvin, J. Am. Chem. 
Soc., 84, 1939 (1962).
(20) R. A. Marcus, J. Chem. Phys., 26, 868 (1957).
(21) R. J. Marcus, B. J. Zwolinski, and H. Eyring, J. Phys. Chem., 
58, 432 (1954).
(22) S. L. Fries, E. S. Lewis, and A. Weissberger, Ed., “Techniques 
of Organic Chemistry,” Vol. VIII, Part I, 2nd Ed., Interscience 
Publishers, Inc., New York, N. Y., 1961, p. 207.
(23) R. C. Peterson, J. H. Markgraf, and S. D. Ross, J. Am. Chem. 
Soc., 83, 3819 (1961).

The Journal of Physical Chemistry



C hange in  Structure  of N ickel  Sulfates  w ith  H eatin g 4077

Acid Property and Structure of a Solid Métal Sulfate Catalyst. 

Change in Structure of Nickel Sulfates with Heating1

by Tsuneichi Takeshita, Ryuichiro Ohnishi, Toshiji Matsui, and Kozo Tanabe

Research Institute for Catalysis, Hokkaido University, Sapporo, Japan (Received March 17, 1965)

The structure of nickel sulfate heat-treated at various temperatures ranging from room 
temperature to 550° was studied by X-rays, infrared, n.m.r., and e.s.r. to characterize the 
nature of the acidic sites on a metal sulfate catalyst. It was shown by X-rays that the 
specimen, obtained by heating NiS04-6H20  at 150 to 350°, consists mainly of the mono
hydrate phase and that the reflection line of this phase becomes progressively diffuse as 
the temperature of heat treatment is raised. Since two phases exist for the specimen 
treated at 300-400° and since the anhydrous lines become sharper at higher temperatures, 
this temperature range seems to be accompanied by the greatest disorder or strain in 
both phases. This range also coincides with the maximum appearance of the e.s.r. signal. 
There was a splitting of the S042“  infrared absorption band owing to coordination to the 
central metal. The extent of this splitting increased as the sample was treated at higher 
temperatures. There were three temperature regions characterized by the degree of this 
splitting for the catalyst treated at the ambient, the 150-350°, and the 400-600° tem
perature ranges. The pattern of the OH stretching and the bending was also significantly 
different in these three groups. This division of the specimen was similar to that shown 
by the X-ray analysis. The maximum intensity of the n.m.r. spectrum was observed 
at 250°, but that of the e.s.r. was at 350°. These observations indicate a strain or change 
in the crystal field of the sulfate heat-treated at 150-350°, at which temperatures the 
marked surface acidity appears. The nature of the acid sites or the catalytic activity 
sites is explained by postulating a metastable intermediate structure which has a vacant 
orbital on the nickel ion. It is formed from the loss of water before the monohydrate is 
thermally converted to the stable anhydrous form. Attention is given to the similarity 
of this structure to the SnI intermediate with a coordination number of less than 6 during 
the ligand exchange.

Introduction
In 1950, W alling2 discovered that the solid surface 

of some metal sulfates changes the color of Hammett 
indicators, suggesting a new series of solid acids. 
Several studies were followed thereafter which indicated 
an intrinsic solid acidity, not arising from any im
purities. Metal sulfates showed this property to an 
unusual extent.3 The acidity usually increased re
markably on heat treatment, attained a maximum 
value, and then decreased at higher temperatures.3'4 5 
As a typical example, the acid property of nickel sul
fate, together with its catalytic activity, was studied,4 
and the catalytic action was kinetically shown to be

similar to an enzymatic one.6 The reactions catalyzed 
by metal sulfates include the depolymerization of 
paraldehyde,4’6 the polymerization of propylene7’8

(1) Presented at the 15th Discussion Meeting on Catalysis, Catalysis 
Society of Japan, Osaka, Japan, Nov. 9, 1964.
(2) C. Walling, J. Am. Chem. Soc., 72, 1164 (1950).
(3) K. Tanabe and M. Katayama, J. Res. Inst. Catalysis, Hokkaido 
Univ., 7, 106 (1959).
(4) K. Tanabe and R. Ohnishi, ibid., 10, 229 (1962).
(5) K. Tanabe and A. Aramata, ibid., 8, 43 (1960).
(6) K. Tanabe, ibid., 7, 114 (1959); K. Tanabe and Y. Watanabe, 
ibid., 7, 120 (1959); K. Tanabe, Shokubai (Tokyo), 3, 195 (1961).
(7) K. Tarama, S. Teranishi, K. Hattori, and T. Ishibashi, ibid., 4,
69 (1962).
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and of aldehydes,8 9 the hydration of propylene,10 the 
formation of formaldehyde from methylene chloride,11 
the condensation of glucose with acetone,12 the esteri
fication of anhydrous phthalic acid,7 and the synthesis 
of isoprene from 4,4-dimethyl-m-dioxane.13 In every 
case, there have been found good correlations of the 
acidic property of metal sulfates with their catalytic 
activity (see, for example, Figure 8). However, no 
investigation has been made on the structure of acid 
sites of the sulfates except X-ray studies.7 Since the 
amount of water in these metal sulfates varies with the 
heating temperature and seems to be a critical factor 
for maximum acidity, particular attention is given 
to the role of water in the present work. Therefore, 
the structural nature of nickel sulfate as an acid cata
lyst was studied by X-rays, infrared, n.m.r., and e.s.r. 
spectra.

Experrmental Section

Samples. Nickel sulfate (NiS04 • 7H20 ; G.R., Kanto 
Chemical Co.) was heated in a glass tube at various 
temperatures ranging from 150 to 550 ±  5° for 3 hr., 
and the ampoule was sealed off, or cooled in a vacuum 
desiccator. Deuterated catalysts were prepared by 
distilling heavy water (99.75 mole %  D20  of Showa 
Denko K. K., Japan) over the anhydrous salt in a 
vacuum line, recrystallizing, and calcining to keep out 
moisture from the atmosphere.

Figure 1 shows the amount of water calculated from 
the decrease in weight of the salt vs. the temperature of 
heat treatment and indicates that the catalyst obtained 
by dehydrating at 350° corresponds to a state inter
mediate between the monohydrate and the anhydrous 
salt. As previously noted, the solid acidity is maxi
mum for specimens dehydrated at 350°.3-8

Measurement, (a) X-Ray Diffraction. The powder 
pattern of each specimen was obtained with a Norelco 
unit, using filtered Cu K a radiation. Intensities were 
measured with a scintillation counter with pulse-height 
discrimination; the ratemeter readings were recorded 
on a chart, and peak area above background level 
was taken to be an integrated intensity. The specimen 
was scanned between 22 and 32° (20). A  specimen 
spinner was used to reduce orientation effects and to 
average out the intensities over a large volume of the 
specimen. In order to prevent moisture from entering, 
the sample was coated with polystyrene by immersing 
in a 1% benzene solution followed by evaporation of 
the solvent. Quantitative estimation of the phase 
was made by using well-crystallized silicon metal 
powder of high purity, amounting to as much as 10% 
of the sample, as an internal standard. The d value 
was also determined from comparison of the reflection

Temperature of heat treatment, °C.

Figure 1. Variation of water (moles) in nickel sulfates 
treated at various temperatures.

line under investigation with that of the internal 
standard.

(b) Infrared. An Hitachi EPI-2 infrared spectro
photometer with an NaCl prism for 4000-650 cm.-1 
and KBr prism for 1100-360 cm.“ 1 was used. Samples 
were measured either in a KBr tablet or Nujol mull. 
The two methods gave no significant difference. How
ever the Nujol method is better suited for a deuterated 
sample since exchange with atmospheric water is 
slower.

(c) N.m.r. and E.s.r. The instruments used were 
both of Nippon Denshi K. K., Japan. Measurements 
were made at room temperature.

(d) Change of Specific Heat with Heating. This 
was measured on a Rigaku Denki DTA-SHM unit.

(e) Lewis Acidity. Lewis acidity was measured 
by the Leftin and Hall method14 * for estimating the 
amount of the chemisorbed trityl chloride.

Results
(1) X-Ray. Representative patterns are given in 

Figure 2. Table I gives a phase composition of the 
nickel sulfate treated at the indicated temperatures 
and the amount estimated with reflections, 20(2O3) =  
30.12° for NiS04-6H20, 20C2O2) =  29.47° for NiS04-H20, 
and 20(iu) =  24.98° for NiS04 against the reference 
phases obtained at 50,150, and 500°, respectively.16’16

(8) Y. Watanabe and JK. Tanabe, J. Res. Inst. Catalysis, Hokkaido 
Univ., 12 , 56 (1964).
(9) H. Takida and K. Noro, Kobunshi Kagaku, 21, 23, 109 (1964).
(10) Y. Ogino, Shokubai (Tokyo), 4, 73 (1962).
(11) N. Kominami and N. Sakurai, presented at 17th Annual Meet
ing of Chemical Society of Japan, Tokyo, April 1964.
(12) T. Sano, K. Tanabe, and T. Takeshita, to be published.
(13) Y. Hamamoto and A. Mitsutani, Kogyo Kagaku Zasshi, 67, 
1227 (1964).
(14) H. P. Leftin and W. K. Hall, Actes Congr. Intern. Catalyse, 2‘ ,
Paris, 1960, 1, 1307, 1353 (1961).
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Figure 2. Diffraction pattern of nickel sulfates 
calcined at various temperatures.

The specimen of interest can be conveniently divided 
into three groups from the X-ray analysis according 
to the temperature range of the heat treatment, i.e.,
(a) 150-300°, (b) 300-400°, and (c) 400-550°. (a)
This specimen consists of a single phase of NiS04-H20  
and begins to give rise to an anhydrous phase abruptly 
at 300-350°. It is significant that the reflection peaks

of the monohydrate become more diffuse for the speci
men heated at higher temperature. This is clearly 
seen in an obvious change of the triplet at 2d =  26.6°.
(b) The specimen is a mixture of two phases, NiS04- 
H20  and NiS04, with an increasing amount of the anhy
drous phase as the temperature is raised, (c) Only 
the anhydrous NiS04 exists in this range with a con
tinuing trend of sharper lines as the temperature is 
raised above 400°, indicating gradual growth of the 
crystallite.

The spacing determined for each phase-characteristic 
reflection line is almost invariant for the hexahydrate 
and anhydrous phases over the temperature range in 
which the specimen was treated. However, that of 
NiS04-H20  apparently decreases from 3.028 A. (150°) 
to 3.025 A. (350°), which may indicate some shrinkage 
of the crystal owing to loss of water resulting in the 
creation of some strain in the intermolecular bonds.

Apparent sizes of crystallite were calculated by 
means of Jones’ method17 from integrated breadth of 
each reflection under investigation, and these are 
shown in Figure 3 against the temperature of heat 
treatment with minima of both NiS04-H20  and NiS04 
at temperatures of 300 to 400°. The apparent size 
thus obtained usually gives us a representation for a 
local strain within the crystal lattice, as well as an 
indication of the crystallite size. A  previous determi
nation4 indicates that the growth of crystallites is 
proportional to the apparent decrease in the B.E.T. 
area [NiS04: 150° (5.7 m.2/g .), 250 (18.2), 325
(13.4), 350 (12.2), 375 (11.2), 400 (10.4), 464 (8.9), 
600 (6.6)]. Therefore, the observed broadening may 
be attributed to increase in strain or to loss of sym
metry developed in the NiS04-H20  phase as the speci
men is heated from 150 to 300°.

(2) Infrared. A portion of the infrared spectra is 
given in Figures 4, 5, and 6, and the key bancs are given 
in Table II with intensity values per unit weight (mg.) 
in a fixed amount of KBr (200 mg.). The spectra, as 
a whole, consist of those of H20  and S042-. Most 
characteristic is the splitting of an S042“  band as the 
dehydration proceeds. This is probably removal of 
degeneracy as the water is removed owing to increasing 
coordination of S042- with the Ni2+ ion which was free

(15) Spacings were taken from the following. NiSC>4-6H20:
National Bureau of Standards Circular 539, U. S. Government 
Printing Office, Washington, D. C., 1957, p. 36. NiS0 4*H2 0 :
C. W. F. T. Pistorius, Bull. soc. chim. Beiges, 69, 570 (1£60). NiS0 4 : 
National Bureau of Standards Monograph 25, U. S. Government 
Printing Office, Washington, D. C., 1962, Section 2.
(16) According to our preliminary X-ray study, the nickel sulfate 
heated at 150° for less than 2 hr. gives varying amounts of an amor
phous phase. The constant intensity for the monohydrate phase is 
obtained only by heating 3 hr. or more.
(17) F. W. Jones, Proc. Roy. Soc. (London), A166, 16 (1938).
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Table I : X-Ray Diffraction Analysis'* of the Nickel Suffates Treated at Various Temperatures

Temp, of heat 
treatment, ° C M N iS O .-ôH ïO

-----Phase compn., % , probable error ± 5 % b-----
N iS O .- H ïO N iS O .

M oles of H2O 
in N iS O *;

3 hr. (¿(20*), A .)c (¿(202), A .)c (¿(.U). A .)“ xHjO

50 100 ( 2 . 965 ) 6 .0 0

70 8 8 . 6 ( 2 . 964 )
150 100 ( 3 . 028 ) 1 . 3 3

200 8 8 . 3 ( 3 . 028 ) 1 .3 0
250 9 9 . 6 (3 . 029 ) 1 .1 6
300 9 1 . 2 ( 3 . 025 ) 2 .1 5 1 .0 8
350 5 4 . 2 ( 3 . 025 ) 4 6 .7 0 .5 0
400 + 8 7 .8  ( 3 . 561 ) 0 .0 2
450 8 5 .4  ( 3 . 562 ) 0
500 100 (3 . 561 ) 0
550 9 5 .2  (3 . 562 ) - 0 .0 1

“ Operating conditions: scanning speed 0.25°/min.; time constant 2 sec.; full scale 400 c.p.s.; divergent slit 1°, receiving slit 0.003 
in.; P.H.A. (pulse-height analyzer), H.V. (high voltage) 860 v., B.L.V. (base-line voltage) 21 v., C.W. (channel width) 9 v. 6 This 
limit of error may be a somewhat overoptimistic estimate because errors due to causes other than the statistical fluctuation, such as 
the instability of the counter, of their associated circuits, or of the X-ray tube, and inhomogeneity of the mixture of the specimen and 
the internal standard, may have crept in determining the integrated intensities. c Spacing: (111), reflection of Si, 26 =  28.442°, 
was used as the standard.

Table II : Characteristic Bands of Nickel Sulfates Treated at Various Temperatures

N o treat- ----------------Temp, of heat treatment, °C .--------------
Bands,“  cm . ” 1 ment 150 250 300 350 400 450 550

Near 3500 3300 3300 3300 3300 3400 (3400)
3000 OH2 str. 3300 3300 3100 3100 3100

(0.13) (0.16) (0.22) (0.22)

1600 OH2 sciss. 1630 1630 1630

1500 OH2 sciss. 1530 1530 1530 1530
(0.10) (0.08) (0.09) (0.10)

900 OH2 rock 920 925 925 925
(0.57) (0.53) (0.60) (0.63)

750 OH2 rock 770
1150 1150 1150 1230 1235 1235

1105 S042“  str. 1090 1120 (0.72) (0.72) (0.72)
1090 1090 1090 1160 1160 1160

1020 1020 1040 1040 1030
980 sh 1020 1020 (0.35) (0.42)

980 S042“  str. (0.35) (0.31)
980 sh 980 sh 980 980 980

(0.08) (0.08) (0.64) (0.64) (0.64)
680 685 685 685 685 685 685

610 S042“  def. 630 630 630 630 630 615 615 615
600 605 605 605 595 595 595

450 SO,2“  def. 420 420 485 485 485
“ KBr disk: numerals in parentheses are intensities at 1 mg. of substance/200 mg. of KBr obtained from /o at 2000 cm.“ 1 (7 at 3300- 

3100), 1475-1625 (7 at 1530), 850-1500 (7 at 1235), 750 (7 at 1020), and a tangent line (7 at 980).
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Figure 3. Apparent crystallite size vs. 
temperature of heat treatment.

Figure 5. (1) Infrared spectra of nickel sulfates treated at 
365° (in KBr). (2) Infrared spectra of nickel sulfates 
(550° treated) left in air overnight absorbing about 
2 moles of water (in KBr).

Cm . -1

Figure 4. Infrared spectra of nickel sulfates treated 
at several temperatures (in KBr).

in a hexahydrate. Loss of symmetry has been re
ported by Nakamoto, Fujita, Tanaka, and Kobayashi18 
in the observation of sulfato complexes. The removal of 
degeneracy increases by coordination of a bidentate 
S 042- over that of monodentate. Similar reasoning 
has been made on nickel sulfate by Rocchiccioli.19 20

Accordingly, nickel sulfates treated at different tem
peratures are classified through sulfate absorption into 
three groups, those treated near room temperature, 
at 150-365°, and above 400°, respectively. These 
three groups show a parallelism in the OH absorptions; 
for example, the OH stretching in the sample of 150- 
365° is observed at 3100 cm.-1, shifted considerably 
from that of the ordinary water, such as shown in 
other groups. Moreover, the scissoring vibration of 
1530 cm.-1 is at an irregularly lower frequency, which 
probably indicates a shorter distance of metal-water 
bonding. The strong band of 925 cm.-1 was assigned 
as an OH2 rocking mode because 'his band shifted to 
715 cm.-1 in a deuterated nickel sulfate heated at 300°

Figure 6. Infrared spectra of (A) nickel sulfate NiS04-7D20 ; 
(B) A heated at 300°: --------- in N u jo l ;---------- in KBr.

(Figure 6), and the 720 cm.- 1 20 of the same mode 
observed in NiS04-7H20  was not present. As these 
OH bands disappear in a sample obtained at 400°, a 
further splitting of S042- occurs. These facts—similar 
OH2 and S042- absorption—suggest the structure of 
the 150° sample (approximately monohydrate) is

(18) K. Nakamoto, J. Fujita, M. Tanaka, and M. Kobayashi, 
/ .  Am. Chem. Soc., 79, 4904 (1957).
(19) C. Rocchiccioli, Compt. rend., 257, 3851 (1963).
(20) J. Fujita, K. Nakamoto, and M. Kobayashi, J. Am. Chem. 
Soc., 78, 3963 (1956); I. Gamo, Bull. Chem. Soc. Japan, 34, 760, 765 
(1961); I. Nakagawa and T. Shimanouchi, Spectrochim. Acta, 20, 
429 (1964).
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maintained up to 350-365°.21 The OH absorption 
which is sometimes observed in the sample prepared 
above 450° may be due to the moisture absorbed after 
preparation of the specimen. These specimens do 
not show the absorption of the monohydrate but 
rather indicate a direct formation of a hexa- or hepta- 
hydrate.

(3) E.s.r. and N.m.r. (Figures 7, 8). Since modi
fication of the crystal structure or some strain in a 
lattice was thought to be responsible for the significant 
acidity of the nickel sulfate heated at 150-400°, a 
paramagnetic resonance study was undertaken. There 
is no detectable e.s.r. signal for NiS04-7H20  near 3000 
gauss using an ordinary x band (0.3 cm.-1) .22 How
ever, when the symmetry of the crystal is lowered or 
the crystal field is weakened, the extent of this splitting 
can be decreased to give a possibility for detecting an 
e.s.r. by the x band. It was only at about 150°, 
when the acidity of catalyst is significant, that the 
e.s.r. signal becomes strong enough to be recognized. 
This signal increases as the temperature of heat treat
ment is raised, gradually attaining a maximum value. 
It abruptly reduces its intensity above 400°, with 
a little signal still remaining in a 600° specimen. A 
relative intensity of these signals was calculated as an 
area by taking d?h (half-width =  d, height =  h) from 
the differential graph. It was found to be related to 
the number of the acid sites previously measured,23 
as well as to the catalytic activity. If the intensity 
thus obtained is taken to mean some disorder within 
a crystal, the acidity and the activity of the catalyst 
appears related to the amount of the unstable phase.

A broad-line n.m.r. spectrum gives two peaks, one 
narrow and one broad. As the temperature of the 
heat treatment rises, the area of the narrow band in
creases, and at the same time the entire signal increases. 
This expansion happens in spite of the fact that the 
amount of water is actually decreasing, but the maxi
mum intensity is observed for the 250° sample. Some 
of the narrow band remains even in 400 and 450° 
specimens. This indicates more freedom of water 
molecules in a sample treated at as high a tempera
ture as 400°. The increase of the signal at 150-250° 
may be due to the influence of a paramagnetic ion 
(Ni2+) on a spin-lattice relaxation mechanism, the co
ordinated water being closer to the central ion in the 
monohydrate.24 25

(4) Variation of Specific Heat. There are three
endothermic peaks at 114, 146, and 360°, respectively. 
They may correspond to the dehydration steps: 
6H20  4H20, 4H20  1H20, and 1H20  ->  0H2O,
respectively.26 The values of AH at these tempera
tures were 23.0,12.3, and 11.9 kcal./mole, respectively.

Figure 7. N.m.r. (a) and e.s.r. (b) spectra of 
nickel sulfates treated at 350°.

Figure 8. Correlation of e.s.r. intensity with acidities 
(p-Ka = —3.0 in dicinnamalacetone) and catalytic 
activity (the first-order rate constant for paraldehyde 
depolymerization at 30°).4

(21) Unfortunately, the samples of infrared and X-ray analyses 
were not from the same batch. The X-ray analysis of the 350° 
specimen gives 47% of NiSCh, but the infrared gives no anhydrous 
band. This discrepancy may be due to variation in temperature of 
treatment and difficulty in obtaining a homogeneous specimen. 
The infrared sample of the 365° specimen consists of a mixture of 
two phases similar to the 350° specimen used for the X-ray studies. 
This difference is close to the temperature range (±5°) of the heat 
treatment for the specimen preparation.
(22) K. Ohno, J. Phys. Soc. Japan, 8, 802 (1953).
(23) We are comparing a strong acid site measured against dicin
namalacetone (pX„ = —3.0); cf. ref. 4.
(24) For line broadening in paramagnetic solids, see, for example, 
D. J. Kroon, Philips Res. Rept., 15, 501 (1960).
(25) C. Duval, “Inorganic Thermogravimetric Analysis,” trans
lated by R. E. Oesper, 2nd Ed., Elsevier Publishing Co., Amsterdam,
1963.
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(5) Estimation of Lewis Acidity. The catalyst 
prepared at 300, 350, and 400° gave Lewis acid sites13 
of 2.9 X  10-7, 2.7 X 10-7, and 3.2 X 10~7 mole/g., 
respectively. These values are rather small in com
parison to the total acidities (~ 10~ 4 mole/g.)3 obtained 
by the Benesi method.26

Discussion

Significant acidity appears for the nickel sulfate 
dehydrated by heating as far as the state of the mono
hydrate, i.e., above 150°. The acidity attains a maxi
mum at about 0.5 mole of H2O and decreases sharply 
thereafter. Tarama, et al.,7 postulated a residual 
water to generate a Br0nsted acid. We are, however, 
inclined to believe that the acidity of nickel sulfate is 
that of both a Br0nsted acid (B-acid) and a Lewis 
acid (L-acid) and that the acidity is associated with a 
metastable structure. Our reasoning is based on the 
foregoing experimental results summarized as follows.

(1) The monohydrate crystallinity decreases from 
that of a 150° specimen to a 350° specimen as revealed 
in the broadening of the reflection line. The contrary 
is the tendency of the anhydrous phase (350-550°) 
since line sharpening occurs at higher temperatures. 
Deformation of the lattice of both phases (NiS04 ■ II20  
and NiS04) is the greatest for the 300-350° specimen, 
which is exactly the range observed for maximum 
appearance of the surface acidity.27 The temperature 
range of lowered symmetry (150-350°) coincides with 
that of the appearance of the e.s.r. signal.

(2) The characteristic infrared absorption of S042~ 
observed in the monohydrate persists continuously in 
the samples treated at 150-350°, and the pattern 
changes considerably above 400°. This observation 
suggests two forms of anhydrous NiS04, where the 
transition takes place near that temperature (365- 
400°). The infrared spectrum of the sample obtained 
at 365° consists of the peaks of these two forms.

(3) If the relative intensity of the e.s.r. signal can 
be related to a strain or disorder of the crystal, the 
maximum intensity at 350°— the same temperature 
as that of the highest acidity of the catalyst—may mean 
the greatest disorder within the crystal. This is in 
good agreement with the observations made from 
X-ray and infrared analyses in that the monohydrate 
structure is maintained up to 400°, supporting the 
change from metastable to stable NiS04 at 365-400°.

(4) The catalyst obtained at 550°, presumably of 
NiS04(stable), is converted to a hexa- or heptahydrate 
directly when moisture is admitted over the salt.28’29 
This is also true for the sample obtained at 400-450° 
which contains some water. The n.m.r. spectrum of 
the 450° sample indicates a relatively free H20  mole-
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Figure 9. Structure of NiS04-H20  (I), NiSOi (III), 
and metastable NiS04-xH20 (II).

cule. These observations lead to the conclusion that 
the conversion NiS04(stable) -► NiS04(metastable) -*■ 
NiS04-H20  is unlikely and that the followmg conver
sion probably takes place

NiS04(stable) — >  NiS04(stable) +
adsorbed water — >■ NiS04-6H20

Since the appearance of the acid sites and, therefore, 
activity of nickel sulfate seem to be closely related 
to the transition intermediate in the process

—H2O
NiS04 • H20 ------>• intermediate — > NiS04(stable)

we propose that the acidity is attributed to an inter
mediate metastable structure as presented in Figure 
9.30 This has a vacant orbital (II) before the known 
monohydrate31 (I) is thermally converted to the 
known form (III).29 Where the typical L-acid such 
as BF3 and A1CL owes its acidity to a vacant p orbital, 
the L-acidity of nickel sulfate can be ascribed to its 
vacant sp3d2 orbital.

It is of interest at this stage to compare this model 
with a similar analog in a homogeneous case. The 
present model can be visualized as a solid-surface 
counterpart of the transient intermediate in an SnI- 
type displacement of a ligand in a complex.32 For

(26) H. A. Benesi, J. Phys. Chem., 61, 970 (1957).
(27) We intend to study further the relationship between the strain 
in the crystal and the acidity of nickel sulfate.
(28) No typical monohydrate structure appears, but those of hexa- 
or heptahydrate do appear in both X-ray and infrared studies.
(29) P. I. Dimaras, Acta Cryst., 10, 313 (1957).
(30) We are indebted to Professor D. D. Eley for discussion of this 
model.
(31) J. Coing-Boyat and G. Bassi, Compt. rend., 256, 1482 (1963).
(32) F. Basolo and R. G. Pearson, “Mechanisms of Inorganic 
Reaction,” John Wiley and Sons, Inc., New York, N. Y., 1958, p. 
76.
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example, a recent study of nickel (II) complexes by 
Hammes and Morrell33 and others32 strongly indicates 
that the rate of loss of an H20  molecule from the hy
drated complex is a slow step regardless of an incoming 
nucleophile since the several nucleophilic reactions 
proceed at an identical rate. The evidence for less 
than six-coordination is a recently reported species 
as a tetrahedral Co2+(H20)4 by the loss of the water at 
94.5° in a solution.34 It is thus interesting to recall 
that the solid surface can often accommodate an other
wise unstable cationic species as reviewed by Leftin 
and Hobson.35

B-Acidity is postulated to arise from two sources by 
a second-order interaction.36 One is from the water 
coordinated as in II.

H{+
/

M 2+—0
\

H

The other type of the B-acidity may be due to the sur
face water acidified by a neighboring positive Lewis 
acid center through an inductive or field effect.37 
The B-acid sites will, of course, generate stronger 
acidity in the vicinity of a greater number of such 
L-acid sites. It is conceivable that some disorder in 
the crystal or reduction of the symmetry by forming 
such a vacant orbital makes this structure an unstable 
one. The X-ray results are compatible with the 
contention that the greatest strain in both phases, 
NiS04-H20  and NiSCh, is observed for specimens of 
300-400°. A  weakening in the crystal field due to loss 
of symmetry could decrease the zero-splitting in the 
case of the e.s.r. This is exactly what is found, namely, 
appearance of a maximum coinciding with that of the

350° specimen in the ordinary x-band region. It is 
also reasonable to postulate that the existence of these 
empty orbitals responsible for the catalytic activity 
will be possible only when supported with a regular 
monohydrate structure (I). When the amount of 
monohydrate (I) is reduced to a certain critical amount, 
the metastable anhydrous salt structure (II) appar
ently cannot be maintained and is converted abruptly 
to the stable structure (III) where H 20  is no longer 
necessary for stabilization of the structure. This 
postulate is verified by the n.m.r. and infrared spectra 
of the anhydrous salt which inadvertently absorbed 
atmospheric moisture. The n.m.r. and infrared spectra 
of this salt are more like those of the hexahydrate, 
where water is relatively weakly coordinated in com
parison to that of the monohydrate.
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(33) G. G. Hammes and M. L. Morrell, J. Am. Chem. Soc., 86, 1497 
(1964).
(34) T. J. Swift and R. E. Connick, J. Chem. Phys., 37, 307 (1962).
(35) H. P. Leftin and M. C. Hobson, Jr., Advan. Catalysis, 14, 115 
(1963).
(36) For Lewis and Brpnsted sites in a typical solid acid, silica 
alumina, see, for example, N. R. Basila, T. R. Kantner, and K. H. 
Rhee, J. Phys. Chem., 68, 3197 (1964), and references cited therein.
(37) L-Sites do not have to be on the surface.

The Journal of Physical Chemistry



T hermodynam ic  I n teractio n  of Zn and  Pb in  L iquid  Sn 4085

Galvanic Cell Measurement of the Thermodynamic Interaction between 

Zinc and Lead in Dilute Solution in Liquid Tin

by S. T. Cleveland, K. Okajima, and R. D. Pehlke

Department of Chemical and Metallurgical Engineering, University of Michigan, Ann Arbor, Michigan 
(Received March 31, 1965)

The interaction parameters of the ternary system tin-zinc-lead and the binary system 
tin-zinc were determined over the temperature range 450-650° using an electromotive 
force measuring technique. The concentration cell employed was

Zn (pure liquid) Zn2+ (in fused Zn (in Sn-Pb 
KC1 +  LiCl liquid alloy) 

electrolyte)

The experimental results show that the activity of zinc in the dilute binary system tin- 
zinc deviates only slightly from Henry’s law behavior. In the ternary system tin-zinc- 
lead, small additions of lead tend to increase the activity of zinc in dilute solution with 
solvent tin. The zinc-zinc and zinc-lead interaction parameters were found to be a linear 
function of the reciprocal absolute temperature and can be expressed by the relations 
«Is =  -6 4 2 /T  +  1.02 and <?zl  =  2080/T -  0.30.

Introduction

Thermodynamic interaction between solutes in metal
lic solutions has been of considerable interest in recent 
years, and much effort has been expended to develop 
a general model for these relationships. Several em
pirical approaches have been presented which at
tempted to predict these interactions with quantitative 
accuracy. Himmler1 based his analysis on variation 
in electron to atom ratio, Ohtani and Gokcen2 used 
periodicity, and Alcock and Richardson3 developed a 
model based on chemical binding considerations. 
These attempts have failed to provide an accurate pre
dictive model that could be generally applied beyond 
a few selected systems.

In the development of a general model that will 
quantitatively predict interaction p arameters for binary, 
ternary, and higher order systems, much needs to be 
accomplished in providing experimental data on atomic 
interactions, especially in ternary and higher order 
systems. It is with this purpose that the present 
study was undertaken.

Wagner4 has derived a useful relationship for express
ing solute interactions in dilute solutions. He pro

posed a Taylor series expansion of the activity coef
ficient around zero mole fraction for correlation pur
poses. The form of the expansion is

The second-order partial derivatives are neglected as 
a first approximation, and the resulting first-order 
partial derivatives, termed interaction parameters, 
are represented by the notation

(1) W. Himmler, Z. physik. Chem. (Leipzig), 195, 244 (1950).
(2) N. A. Gokcen and M. Ohtani, Trans. A1ME, 218, 533 (1960).
(3) C. B. Alcock and F. D. Richardson, Acta Met., 6, 385 (1959).
(4) C. Wagner, “Thermodynamics of Alloys,” Addison-Wesley Press, 
Inc., Cambridge, Mass., 1952. p. 52.
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à ln 7 i~l
_ ÔXi Jii = zj = 0

' Ò ln 7i~|
_ àxj j xi=x\ =  0

This yields the simplified relationship

In T i =  In 7 °i +  Zie- +  Xjei +  S te? +  . . . (2)

Experimental Section
Method. The experimental investigation employed 

galvanic cells with liquid chloride electrolytes of the 
type

Zn (pure liquid) Zn2+ (in fused Zn (in Sn-Pb 
KC1 +  LiCl liquid alloy) 

electrolyte)

The reversible electromotive force of the cell was meas
ured over the temperature range 450-650°. The activ
ity coefficient of zinc was calculated using the equation

—nFE/BT

yzn = X Zn (3)

Tygon Tubing 

Pyrex Cell Head

Helium Inlet Vacuum 
Outlet

-Clamp

-Tantalum Lead inside
Vycor Sheath

Chromel wound 
Resistance 
Furnace

Electrolyte

EJJJqj-
Porcelain Thermo

couple Sheath

64 mm O.D. 
Vycor Cell Tube

AI2Oj  Lead Pro
tection Sheath

2 I D. x 3 1/2

Alloy 

Tantalum Lead

5/8 ID x I

Porcelain Saddles-^  Thermocouple

(Only two of five  leads and alloys shown) 

Figure 1. Experimental cell assembly.

where y Zn is the activity coefficient of zinc, X Zn is the 
mole fraction of zinc, n is the number of equivalents, 
F is Faraday’s constant, E is the cell potential, R is 
the gas constant, and T is the absolute temperature. 
Evaluation of the interaction parameters was achieved 
using graphical techniques.

The experimental equipment is shown schematically 
in Figure 1. A Vycor tube, 68.6 cm. in length and 6.4 
cm. in o.d., was used to hold the galvanic cell. The 
tube was provided with a ground-glass removable head 
and inlet arms for vacuum and gas supplies. The 
Pyrex head had five outlets through which the elec
trode leads and thermocouple were passed.

A recrystallized alumina crucible was used as a 
container for the galvanic cell crucibles and the fused 
electrolyte salt. Five smaller recrystallized alumina 
crucibles were placed symmetrically in the large 
crucible.

The furnace was supplied with power from a 230-v. 
transformer, which was wired so that a constant volt
age difference could be tapped independent of the ab
solute voltage setting. The furnace temperature was 
controlled by a recording potentiometer which allowed 
either the higher or the lower voltage to be imposed on 
the furnace windings.

The chromel-alumel control thermocouple was 
placed against the furnace tube at the level where the 
galvanic cell apparatus was positioned. This thermo
couple arrangement maintained a temperature varia
tion of less than ± 2 °  in the galvanic cell itself.

A helium atmosphere was maintained over the cell. 
The helium gas was passed through a calcium sulfate 
drying tower, then through a small copper gauze re

sistance furnace at 500°, and finally through another 
calcium sulfate drying tower. A Leeds and Northrup 
No. 8687-v. potentiometer was used to measure the 
electromotive force of the galvanic cells and the 
chromel-alumel thermocouple.

The electrolytic salt was a mixture of 53% potassium 
chloride, 42% lithium chloride, and 5%  zinc chloride 
by weight. All of these were reagent grade chemicals. 
The zinc, lead, and tin used in the experiments were 
of 99.999+% purity.

Procedure. The tantalum electrode leads were 
carefully cleaned before each run with emery cloth to 
ensure better contact. Each electrode lead was next 
fitted with a 12.7-cm. recrystallized alumina shield. 
This shield was drawn to within 0.64 cm. of the end that 
would be in contact with the molten metal solution. 
The exposed tip was then bent in the shape of a circular 
ring of approximately the diameter of the recrystallized 
alumina shield.

The metals were weighed out to 0.0001 g. on an 
automatic analytical balance. The weighed metals 
were placed into the small alumina crucibles and then 
stored in a desiccator until the sinking operation.

In sinking the electrode leads, three of the alloy 
electrode crucibles, along with a crucible containing 
pure zinc as a standard, were placed symmetrically in 
a steel sinking cup. The entire assembly was placed 
in the Vycor cell tube, which was evacuated and 
flushed with helium gas prior to establishing a helium 
atmosphere at a slight positive pressure. The tube 
was lowered into a furnace maintained at 450°.

After melting, the helium supply pressure was in
creased, and each electrode clamp was loosened in
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turn, after which each electrode was pushed down into 
its respective alloy until the bottom of the crucible 
was reached. The electrode tips were then swirled 
for 2 min. in a vertical direction to wet the surface. 
The electrode was then positioned slightly above the 
bottom of the crucible, not touching any of the walls, 
and clamped in place. Approximately 15 min. after 
sinking the electrodes, the tube was lifted out of the 
furnace and allowed to cool to room temperature 
under the helium atmosphere.

The mixture of potassium chloride and lithium 
chloride of approximately eutectic composition was 
prepared in advance. The salt was vacuum dried in 
the liquid state at a temperature of 500°. The zinc 
chloride was dried separately at 200°.

Five presunk electrode crucibles, including four 
alloy compositions and a pure zinc standard, were 
positioned symmetrically around the inside edge of 
the larger recrystallized alumina crucible. The elec
trode leads were then shielded with 91.4 cm. of small- 
diameter Vycor tubing, and the lead was run up through 
the outlets in the tube head. A chromel-alumel 
thermocouple was also placed in the cell in a Vycor 
protective shield. The zinc chloride was added to 
the crucible, and the eutectic salt mixture was 
immediately poured over the electrode crucibles. 
The salts occupied approximately three-fourths of the 
total height of the large crucible. The alundum 
cover was brought down flush with the top of the cru
cible, and the cell assembly was positioned in the large 
Vycor tube. A helium atmosphere was established 
in the tube which was then positioned in the furnace.

The cell was maintained at 500° for approximately 
24 hr. to allow the system to reach a steady state. The 
e.m.f. readings were taken at 20-min. intervals over a
2-hr. period at each temperature investigated. These 
values were averaged in subsequent calculations.

Figure 2. Activity of zinc vs. mole fraction 
of zinc in tin at 550°.

Figure 3. Determination of lead-zinc interaction in liquid tin: 
natural logarithm of zinc activity coefficient at infinite zinc 
dilution vs. mole fraction of lead.

Results
The activity of zinc in the binary liquid system 

tin-zinc was first reported in 1923 by Taylor.5 6 More 
recently, additional results6’7 have been reported for 
the tin-zinc system. The results for this binary ob
tained in the present investigation are summarized 
in Table I. Figure 2 shows the excellent agreement 
between the present study and the work of Taylor5 
and Sano, Okajima, and Tatsuo.3 The experimental 
results on the ternary system tin-zinc-lead are sum
marized in Table II.

Using interpolated values for the activity coeffi
cient, plots of In 7 zn vs. mole fraction of zinc were con
structed for constant mole fractions of lead. The 
natural logarithm of the activity coefficient of zinc

varied linearly with the mole fraction of zinc. The 
intercepts for these plots are values of In yzn for various 
mole fractions of lead at X zn =  0. These results per
mitted the preparation of a plot of In -yZn vs. Zpb for 
zero mole fraction of zinc, as shown in Figure 3. The 
slope of the resulting curve at zero mole fraction of 
lead is the magnitude of the interaction parameter

slope (at Xpb =  0) =
ò In yzn- 

òZpb
Pb 

— *Zn
J X Z n  =  - X P b  =  0

(5) N. W. Taylor, J. Am. CUm. Soc., 45, 2865 (1923).
(6) K. Sano, K. Okajima, aad S. Tatsuo, Mem. Foc. Eng. Nagoya 
Univ., 5, 299 (1953).
(7) T. Yokokawa, A. Doi, and K. Niwa, J. Phys. Chem., 65, 202 
(1961).
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Table I : Experimental Results of Sn-Zn. System

T , ' --------------- ' X z n =  0.0267—-------, -----------------X z n =  0.0267— ' ...............A Z n =  0.0431—-------„ < ......... -  ' X z n =  0 .0 4 3 1 -
° c . E ,  m v . O Z n Y Z n E ,  m v . O Z n Y Z n E ,  m v . O Z n Y Z n E ,  m v . O Z n Y Z n

450 9 2 .9 1 0 .0 5 0 6 1 .8 9 9 3 .0 6 0 .0 5 0 4 1 .8 9 7 8 .4 1 0 .0 8 0 7 1 .8 7 7 8 .8 1 0 .0 7 9 6 1 .8 5
500 1 0 2 .4 4 0 .0 46 1 1 .7 3 1 0 2 .5 2 0 .0 4 6 0 1 .7 2 8 6 .8 2 0 .0 7 3 7 1 .7 1 8 7 .2 0 0 .0 7 2 9 1 .6 9
550 1 1 1 .9 6 0 .0 4 2 5 1 .5 9 1 1 1 .9 8 0 .0 4 2 5 1 .5 9 9 5 .2 3 0 .0 6 8 2 1 .5 8 9 5 .6 0 0 .0 6 7 5 1 .5 6
600 1 2 1 .4 9 0 .0 39 5 1 .4 8 1 2 1 .4 4 0 .0 3 9 6 1 .4 8 1 03 .65 0 .0 6 3 6 1 .4 7 103 .99 0 .0 6 3 0 1 .4 6
650 131.01 0 .0371 1 .3 9 1 3 0 .9 0 0 .0 3 7 2 1 .3 9 1 12 .06 0 .0 5 9 7 1 .3 8 1 1 2 .3 8 0 .0 5 9 2 1 .3 7

T , ' / • • - JL Z n ’  -A Z n '
° c . E ,  m v . O Z n Y Z n E ,  m v . O Z n 7 Z n E ,  m v . O Z n Y Z n E ,  m v . O Z n Y Z n

450 6 1 .3 5 0 .1 4 0 1 .8 6 5 8 .2 5 0 .1 5 4 1 .8 7 5 8 .6 2 0 .1 5 2 1 .8 5 4 7 .21 0 .2 2 0 1 .8 5
500 6 8 .4 4 0 .1 2 8 1 .7 1 6 5 .1 8 0 .1 4 1 1 .7 1 6 5 .4 9 0 .1 4 0 1 .7 0 5 3 .1 4 0 .2 0 3 1 .7 1
550 7 5 .5 2 0 .1 1 9 1 .5 8 7 2 .1 0 0 .1 3 1 1 .5 9 7 2 .3 6 0 .1 3 0 1 .5 8 5 9 .0 7 0 .1 8 9 1 .5 9
600 8 2 .6 1 0 .1 1 1 1 .4 8 7 9 .0 2 0 .1 2 2 1 .4 8 7 9 .2 2 0 .1 2 2 1 .4 8 6 5 .0 0 0 .1 7 8 1 .5 0
650 8 9 .7 0 0 .1 0 5 1 .4 0 8 5 .9 5 0 .1 1 5 1 .4 0 8 6 .0 9 0 .1 1 5 1 .3 9 7 0 .9 2 0 .1 6 8 1 .4 1

Table II : Experimental Results of Sn-Zn-Pb System

Xpb
T ,

°C .
"------------A Z i

E ,  m v .
! =  0 .0 1 5 0 -  

«Z n YZn
...............X z i

E ,  m v .
!  =  0 .0 2 5 2 -  

a z n YZn
<• ■ ~X z\  

E ,  m v .
a =  0 .0 4 9 9 -  

OZn YZn
--------- X z i
E ,  m v .

! =  0 .0 7 4 4  
a z n

l---------
YZn

0 .0 1 4 2 450 1 1 0 .9 0 0 .0 2 8 4 2 .0 0 9 2 .9 5 0 .0 5 0 6 2 .0 2 7 1 .1 8 0 .1 0 2 2 .0 3 5 8 .5 3 0 .1 5 3 2 .0 4
500 121 .87 0 .0 2 5 7 1 .8 1 1 0 2 .5 5 0 .0 4 6 0 1 .8 4 7 9 .4 6 0 .0 9 2 0 1 .8 4 6 5 .7 4 0 .1 3 9 1 .8 5
550 1 3 2 .8 5 0 .0 2 3 6 1 .6 6 1 1 2 .1 4 0 .0 4 2 3 1 .6 9 8 7 .7 3 0 .0 8 4 2 1 .6 8 7 2 .9 5 0 .1 2 8 1 .7 0
600 1 4 3 .8 2 0 .0 2 1 8 1 .5 4 1 2 1 .7 4 0 .0 3 9 3 1 .5 7 9 6 .0 0 0 .0 7 7 9 1 .5 5 8 0 .1 7 0 .1 1 9 1 .5 8
650 1 5 4 .7 9 0 .0 2 0 4 1 .4 3 131 .33 0 .0 3 6 8 1 .4 7 1 0 4 .2 7 0 .0 7 2 6 1 .4 5 8 7 .3 8 0 .1 1 1 1 .4 8

0 .0 2 3 5 450 1 0 8 .6 8 0 .0 3 0 5 2 .0 1 9 2 .4 1 0 .0 5 1 5 2 .0 2 7 1 .2 7 0 .1 0 1 2 .0 3 5 9 .31 0 .1 4 9 2 .0 1
500 1 1 9 .4 0 0 .0 2 7 7 1 .8 2 1 0 2 .0 0 0 .0 4 6 8 1 .8 3 7 9 .4 4 0 .0 9 2 0 1 .8 4 6 6 .5 4 0 .1 3 6 1 .8 3
550 1 3 0 .1 2 0 .0 2 5 5 1 .6 8 1 1 1 .5 9 0 .0 4 3 0 1 .6 9 8 7 .6 2 0 .0 8 4 5 1 .6 9 7 3 .7 7 0 .1 2 5 1 .6 8
600 1 4 0 .8 4 0 .0 2 3 6 1 .5 6 1 2 1 .1 7 0 .0 3 9 9 1 .5 6 9 5 .7 9 0 .0 7 8 3 1 .5 7 8 1 .0 0 0 .1 1 6 1 .5 6
650 151 .56 0 .0221 1 .4 6 1 3 0 .7 6 0 .0 3 7 3 1 .4 6 1 0 3 .9 7 0 .0 7 3 2 1 .4 7 8 8 .2 3 0 .1 0 9 1 .4 6

0 .0 3 0 7 450 108 .65 0 .0 3 0 6 2 .0 4 9 1 .8 6 0 .0 5 2 4 2 .0 7 7 0 .7 6 0 .1 0 3 2 .0 8 5 8 .8 7 0 .1 5 1 2 .0 4
500 1 1 9 .5 3 0 .0 2 7 6 1 .8 4 1 0 1 .4 6 0 .0 4 7 5 1 .8 8 7 8 .9 5 0 .0 9 3 4 1 .8 8 6 6 .1 3 0 .1 3 7 1 .8 5
550 1 3 0 .4 2 0 .0 2 5 3 1 .6 8 1 1 1 .0 6 0 .0 4 3 6 1 .7 3 8 7 .1 5 0 .0 8 5 6 1 .7 2 7 3 .4 0 0 .1 2 6 1 .7 0
600 1 41 .31 0 .0 23 3 1 .5 6 1 2 0 .6 6 0 .0 4 0 4 1 .6 0 9 5 .3 4 0 .0 7 9 3 1 .5 9 8 0 .6 6 0 .1 1 7 1 .5 8
650 1 52 .19 0 .0 2 1 8 1 .4 5 1 3 0 .2 6 0 .0 3 7 8 1 .5 0 1 0 3 .5 3 0 .0 7 4 0 1 .4 9 8 7 .9 3 0 .1 1 0 1 .4 8

0 .0 4 6 8 450 1 06 .37 0 .0 32 9 2 .1 4 9 0 .7 3 0 .0 5 4 3 2 .1 6 6 9 .9 4 0 .1 0 6 2 .1 2 5 8 .7 8 0 .1 5 2 2 .0 8
500 1 1 7 .2 5 0 .0 2 9 6 1 .9 3 1 0 0 .3 7 0 .0491 1 .9 5 7 7 .9 4 0 .0 96 3 1 .9 3 6 6 .1 8 0 .1 3 7 1 .8 8
550 1 2 8 .1 2 0 .0 2 7 0 1 .7 6 110 .01 0 .0 4 4 9 1 .7 8 8 5 .9 4 0 .0 8 8 6 1 .7 7 7 3 .5 7 0 .1 2 6 1 .7 2
600 1 39 .00 0 .0 2 4 8 1 .6 2 119 .65 0 .0 4 1 5 1 .6 5 9 3 .9 4 0 .0 8 2 3 1 .6 5 8 0 .9 7 0 .1 1 6 1 .5 9
650 1 4 9 .8 8 0 .0231 1 .5 0 129 .29 0 .0 3 8 7 1 .5 4 1 0 1 .9 4 0 .0 7 7 0 1 .5 4 8 8 .3 7 0 .1 0 8 1 .4 9

0 .0 6 8 0 450 105 .51 0 .0 3 3 8 2 .2 5 9 0 .4 0 0 .0 5 4 9 2 .2 0 6 9 .4 7 0 .1 0 7 2 .1 5 5 6 .8 7 0 .1 6 1 2 .1 5
500 1 1 6 .3 9 0 .0 3 0 4 2 .0 2 1 0 0 .0 7 0 .0 4 9 5 1 .9 8 7 7 .5 3 0 .0 9 7 5 1 .9 5 6 4 .1 5 0 .1 4 6 1 .9 4
550 1 2 7 .2 7 0 .0 2 7 6 1 .8 4 109 .75 0 .0 4 5 3 1 .8 1 8 5 .6 0 0 .0 8 9 4 1 .7 9 7 1 .4 2 0 .1 3 3 1 .7 8
600 1 3 8 .1 5 0 .0 2 5 4 1 .6 9 1 1 9 .4 2 0 .0 4 1 8 1 .6 7 9 3 .6 6 0 .0 8 2 9 1 .6 6 7 8 .7 0 0 .1 2 3 1 .6 5
650 1 4 9 .0 2 0 .0 2 3 6 1 .5 7 1 2 9 .0 9 0 .0 38 9 1 .5 6 1 0 1 .7 2 0 .0 7 7 4 1 .5 5 8 5 .9 8 0 .1 1 5 1 .5 3

A confirming graphical procedure was used to sub
stantiate the results obtained by the procedure de
scribed above. This involved finding the slope of a 
plot of In Yzn vs. mole fraction of lead at X Pb = 0 
for constant mole fraction of zinc. A final plot of 
d In yzn/dXeb vs. mole fraction of zinc was extrapolated

to zero mole fraction of zinc to give the desired inter
action parameter

intercept (at Z Zn =  0) = à In y zn
L òXpb -  XZn =  X P b = 0

Pb
«Zn

The procedure described for the ternary system was
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also used to determine the zinc-zinc interaction 
parameter. A plot of In yzn vs. Xzn for Xpb =  0 is 
shown in Figure 4. The slope of these lines is the self
interaction parameter for zinc.

A relationship was derived by Dealy and Pehlke8 
that indicated a linear relationship between the inter
action parameter and the reciprocal of the absolute 
temperature. This relationship was of the form

11" ò 2H
ÂLôXiôXjXi = Xî = 0

(4)

This equation is valid if the right-hand derivative is 
not a strong function of temperature. The inter
action parameters and ef“ are summarized in 
Table III. These interaction parameters show a 
strict linearity with reciprocal absolute tempera
ture as predicted by eq. 4.

0.8

o.r
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0.5 
o
•o Q.

J ?  0.4 
ii'

0.3 

0.2 

0.1
0 0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08 0.09

Xzn
Figure 4. Determination of self-interaction parameter for zinc 
in liquid tin: natural logarithm of zinc activity coefficient in 
tin-zinc binary vs. mole fraction of zinc.

-
________ t________ 450°C

-
-------■-----

500°C
------ s-----

- k  550°C
-------z-----

n 600°C
-------Ö-----

1f 650°C

-
X

-

J _______ _______ 1_____ J _______1_______L _____ !_______1_______1___

Discussion

ein =  +  1-02
642

Pb 2080 
«zn =  —--------0.80

The reversibility of the galvanic cell being measured 
is one of the most important considerations in the 
present study. One technique employed to assure cell 
reversibility was to observe the trend of the experimental 
data. It has been the experience of many researchers 
that side reactions or some other source of irreversibility 
will cause a decided drift in e.m.f. readings. Further
more, the readings at a temperature will not be re
producible when approaching the same temperature 
from the opposite side. The present analysis only 
included those cells which showed reproducibility and 
no significant drift in e.m.f. at a particular tempera
ture.

Table HI : Interaction. Parameters of Sn-Zn-Pb System

O O Zn«Zn Pb«Zn

450 0.13 2.5
500 0.18 2.4
550 0.23 2.2
600 0.28 2.1
650 0.33 2.0

Vycor tube. Water vapor absorption leading to side 
reactions could occur during the salt transfer before the 
actual rim. The cell assembly was lowered into the 
Vycor tube, and the helium atmosphere was intro
duced as quickly as possible to minimize this source of 
error.

Wagner and Werner9 have derived a relationship 
for estimating the error in e.m.f. measurements caused 
by displacement reactions. Their relationship is 
based on the differences in free energy of formation of 
the chlorides of the least noble metal and the other 
alloying elements present. The displacement reactions 
that are of interest here are

Sn (alloy) +  ZnCl2 =  Zn(alloy) +  SnCl2 (I)

Pb (alloy) +  ZnCl2 =  Zn(alloy) +  PbCl2 (II)

It was estimated that less than 1% error in potential 
should occur under conditions where 1 mole %  zinc 
was present with 10 mole %  lead and 89 mole %  tin in 
an electrode at 550°.

Another important aspect to be considered is 
that the electrolyte must show only ionic conduct
ance and the equivalence of the zinc must not fluctuate. 
Zinc chloride can dissolve an appreciable amount of 
zinc metal that might promote some nonionic behavior. 
However, Taylor6 and Seitz10 found that this undesir
able effect can be virtually eliminated by dissolving 
only a small amount of chloride in the eutectic lithium 
chloride-potassium chloride mixture. The experi-

Oxygen, which would react with the cell materials, 
was kept out of the system by precautions in handling 
and in the maintenance of a helium atmosphere in the

(8) J. M. Dealy and R. D. Pehlke, Trans. AIME, 227, 88 (1963).
(9) C. Wagner and A. Werner, / .  Electrochem. Soc., 110, 326 (1963).
(10) H. Seitz, ibid., 77, 233 (1940).
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mental procedure on salt preparation was followed as 
outlined by Seitz.10

The valence of zinc in the electrolyte and the ionic 
nature of the conductance of the electrolyte were 
examined experimentally in a Faraday yield experi
ment.11 This test was carried out using an external 
current source to transfer a given weight of zinc between 
a pure zinc standard and an alloy electrode (a bismuth 
base alloy containing a small amount of zinc and gal- 
hum). The electrolyte used was the same as that 
employed in all of the experiments of the present study. 
After transferring a given amount of zinc, the potential 
of the ahoy electrode was measured and found to 
correspond to that calculated for 100% ionic current 
efficiency and for a zinc valence in the electrolyte of 2. 
The current was then reversed, and the same number of 
coulombs passed through the cell in the opposite di
rection. The ahoy electrode returned to its original 
potential. This experiment directly verified that the 
electrolyte is purely an ionic conductor and that the 
zinc valence is 2.

The thermocouple was calibrated by comparing the 
recorded melting point with the known melting point 
of lead. The same apparatus and conditions as de
scribed for an actual run were used for the calibration. 
The thermocouples were found to be accurate (no 
correction necesssary) at this point.

A  statistical analysis was carried out on these data 
to establish the accuracy of the experimental results. 
The technique used a linear regression with one de
pendent variable. The 90% confidence level indicated 
was ±0.2  for the interaction parameters «1  ̂ and el£. 
This represents less than 10% of the values for 
For e|“, however, this represents a value which is 
about the same order as the parameter itself.

Conclusions

The binary data in the current work are consistent 
with previous work. The ternary system measure
ments showed that a small concentration of lead will 
increase the activity of zinc in the solvent tin. In 
the binary, Henry’s law is closely followed; i.e., 
the self-interaction parameter for zinc is very small. 
The binary and ternary interaction parameters showed 
a linear relationship with reciprocal temperature, 
which can be expressed by the relations

e|S =  +  1-02

Pb _  «Zn —

T 

2080
-  0.30

(11) J. V. Gluck, Ph.D. Thesis, University of Michigan, 1965.
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A Gas Phase Electron Diffraction Study of cts-Dichloroethylene

by M . I. Davis

Department of Chemistry, The University of Texas, Austin, Texas

and H. P. Hanson

Department of Physics, The University of Texas, Austin, Texas (Received April 1, 1966)

The molecular structure of cis-dichloroethylene has been investigated by the gas phase elec
tron diffraction method. The proposed structure is r (C = C ) =  1.354 ±  0.005 A., r(C - 
Cl) =  1.718 ±  0.007 Â , ZCCC1 =  123.8 ±  0.5°, r(C-H ) =  1.075 ±  0.015 A., and 
ZCCH  =  132 ±  3°.

Introduction
The relative simplicity of the molecular structures of 

the halogen-substituted ethylenes has made them 
suitable objects for a wide variety of investigations. 
It has also led to the possibility of testing and formu
lating theories of intramolecular interactions, on the 
basis of comparisons of the measured molecular prop
erties.

One member of this group that has been studied in 
some detail, but for which no precise molecular dimen
sions were available, is cis-dichloroethylene. Conse
quently, this compound was a suitable object for a gas 
phase electron diffraction study. Several previous 
studies had been made, using this technique,1 but the 
level of precision was not sufficient to allow for any 
useful comparison with the more recent results of micro- 
wave and diffraction investigations of allied compounds.

A microwave investigation of this compound has 
been reported.2 Although the molecular dimensions 
were not available from that study, values were ob
tained for the three moments of inertia. The exist
ence of that information provides a basis of comparison 
for the results of the diffraction investigation.

Wilson3 has presented a discussion of trends which 
exist among the structural parameters of a number of 
ethylene derivatives and of various theoretical ap
proaches that might be called upon to account for them. 
The dimensions of this particular compound and those 
of m-dibromoethylene4 5 provide a further basis for 
evaluation of current theories.

A combination of the results of vibrational spectro
scopic investigations6 with thermochemical data6 has

led to the evaluation of AE°0 for the cis-trans isomeri
zation, showing the cis isomer to be the more stable. 
A tentative explanation for the stability order has 
been previously presented.4

Experimental Section

This investigation is one of the first that has been 
carried out with the recently constructed electron dif
fraction unit of The University of Texas. In this unit 
the high voltage and the electron optics are obtained 
from a 32-step Canalco electron microscope power 
supply. The scattering chamber is of the “ big tank”  
variety; in this and several other details the design 
is similar to the unit operated at the University of 
Oslo.7 The nozzle and cold-trap assemblies are slightly 
modified versions of those designed by Professor 
Kenneth Hedberg of Oregon State University.8

Intensity data were collected photographically at 
image distances of 25, 50, and 100 cm. Two different

(1) L. E. Sutton, Ed., “Tables of Interatomic Distances,” Special 
Publication No. 11, The Chemical Society, London, 1958.
(2) W. H. Flygare and J. A. Howe, .7. Chem. Phys., 36, 440 (1961).
(3) E. B. Wilson, Jr., Tetrahedron, 17, 191 (1962).
(4) M. I. Davis, H. A. Kappler, and D. J. Cowan, J. Phys. Chem., 
68, 2005 (1964).
(5) H. J. Bernstein and D. A. Ramsay, J. Chem. Phys., 17, 556 
(1949).
(6) R. E. Wood and D. P. Stevenson, J. Am. Chem. Soc., 63, 1650 
(1941).
(7) O. Bastiansen, O. Hasse , and E. Risberg, Acta Chem. Scand., 9, 
232 (1955).
(8) K. Hedberg, personal communication.
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sectors were used: one for the 100-cm. distance, the 
other for the shorter two.

The photographic plates were developed with the aid 
of a thermostatically controlled photoprocessor. Values 
of percentage transmissions were obtained at intervals 
of As =  0.25 A .-1 from traces of the microphotometer 
records.

No interference pattern, that could be measured 
with any expectation of reliability, was observed 
beyond s = 32 A .-1. This is partly due to the large 
value of the vibrational amplitude for the dominating 
Cl-Cl atom pair and partly to the significant difference 
between the atomic phase shifts for carbon and chlorine.

The de Broglie wave lengths were obtained from the 
diffraction patterns of Au foil.

Preliminary Handling of Data
The transmission values were converted first to 

optical densities and subsequently, by means of a 
correction formula of the type proposed by Karle,9 
to electron intensities.

Corrections were applied to take into account the 
sectoring of the electron beam and the use of flat photo
graphic plates. The resulting intensity values were 
multiplied by s4, as required by the theoretical con
siderations (seeeq. 1).

There exist several excellent descriptions of the way 
in which various groups handle their intensity data.10-12 
Where significant differences exist, we have tended 
to follow the treatment developed by the Oslo group.10 
The major distinction between our procedure and those 
outlined in the aforementioned articles lies in the use 
of a numerical method of background separation.

Theory

A brief account will be given here of the various 
theoretical relationships that have been adopted in 
the analysis of the experimental data.

The classical angular intensity distribution for an 
electron beam, scattered by a fixed electron, is given by 
the well-known Rutherford equation and may be pre
sented in the form

In(s) =  fc/s4 (1)

where s, the scattering parameter, equals 4ir(sin
6)/\, 29 being the angle of scattering and X the de 
Broglie wave length; k is the product of a number of 
natural and experimental physical constants.

The most convenient form of the experimental in
tensities, for data-handling purposes, is 7A(s), defined by

7a (s) =  7e x (s) / / k (s) (2)

where the 7Bx(s) terms are the observed intensities

after corrections have been applied for the sector and 
for the use of flat plates.

The total observed scattering is considered to be 
made up of two distinct components

7a (s) =  Ba(s) +  M a (s) (3)

M a (s) varies in an undulating fashion with the 
parameter s. This is the interference pattern and will 
be referred to as the molecular scattering. B A (s) 

provides a relatively smooth background for il7A(s). 
It will be referred to as the atomic scattering, or simply 
as the background.

In order to avoid unnecessary confusion, it is ap
propriate that some comment be offered concerning the 
notation used to signify molecular-scattering intensities. 
We feel that the choice of M  as a symbol is an obvious 
one. It is necessary, however, to include the subscripts 
A and B for the experimental and theoretical intensi
ties, respectively, to distinguish them from the M  (s) 
and M c (s) used by other workers to denote slightly 
different entities. A comparison of this outline and 
ref. 11 should assist the reader in grasping the essential 
difference between the two approaches.

The theoretical expression for the atomic scattering 
is given by

7?b(s) = (Z i  -  T^s) ) 2 +  S i{ s ) } (4)
i

where F i(s )  and S ¡(s )  are, respectively, the atomic and 
the inelastic scattering factors of the element with 
atomic number Z ¡; rq atoms of this element occur in 
the molecule.

F i  (s) and S i(s )  may be calculated from the best 
available wave functions.13 The scattering factor 
values that were employed in this investigation were 
calculated from Hartree-Slater self-consistent field 
wave functions.14

The expression that was adopted for the molecular 
scattering contribution is given in

M b (s) = E 2 n u (Zt -  F i ( S) ) ( Z i  -  F }(s))  X
lj

COS (rji(s) -  7Ji(s)) X
exp(—7j2s2/2)(sin (srii)) /(s r ii) (5)

(9) J. Karle and I. L. Karle, J. Chem. Phys., 28, 957 (1950).
(10) 0. Bastiansen and P. N. Skaneke, Advan. Chem. Phys.. 3, 323 
(1961).
(11) R. A. Bonham and L. S. Bartell, J. Chem. Phys., 31, 702 (1959).
(12) J. Karle and I. L. Karle, “ Determination of Organic Structures 
by Physical Methods,” E. A. Braude and F. C. Nachod, Ed., Aca
demic Press Inc., New York, N. Y., 1955, Chapter X.
(13) See, e.Q., N. F. Mott and H. S. W. Massey, “The Theory of 
Atomic Collisions,” 2nd Ed., Oxford University Press, London, 1949.
(14) H. P. Hanson, F. Herman, J. D. Lea, and S. Skillman, Acta 
Cryst., 17, 1040 (1964); R. F. Pohler and H. P. Hanson, J. Chem. 
Phys., in press.
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ftii is the number of symmetrically equivalent atom 
pairs with an internuclear distance and a mean vi
brational amplitude U¡. The ?n(s) terms are the atomic 
phase shifts of atom i.15 16 In this instance the values of 
5ji(s) were calculated from an empirical formula of 
Bonham and Ukaji.10

The derivation of eq. 5 involves the adoption of the 
harmonic oscillator (H.O.) model. To a first approxi
mation Tij is the H.O. equilibrium distance. A more 
exact interpretation of that equation, still in the con
text of the H.O. model, is

ru =  t-h .o . -  W / ru  (6)

Equation 5 also serves as a reasonable representa
tion for the anharmonic oscillator case. In that in
stance r*ij may be interpreted according to

r u  =  r g W A u  (7)

where rg is the mean internuclear distance. Its rela
tionship to the equilibrium value is given, to a reason
able approximation, by17

re =  re +  1.5aZij2 (8)

where a is the Morse potential constant.

Separation of the Atomic and Molecular 
Scattering Contributions

It is frequently found that the smooth background 
to an experimental intensity curve does not correspond 
perfectly with the predictions of eq. 4. The discrep
ancies are not usually large, and, whether they arise 
from experimental or theoretical shortcomings, it is 
advisable to compensate for them. Small deviations 
in the over-all shape of the background can be cor
rected for, by means of a simple two-parameter ad
justment of the type

7a (s) =  aIA(s)(l +  b s ) (9)

where a and b are constants which are evaluated by a 
suitable least-squares procedure, involving the dif
ferences between 7A (s) and its theoretical counterpart. 
For this investigation, the values obtained for the 
parameter b represent maximum deviations of 1.6% 
for the 100-cm. curve, 3.5% for the 50-cm. curve, and 
8.3% for the 25-cm. curve, from the intensity values 
obtained by simple normalization. Unless a great 
deal of error exists in the predicted values of 
the values calculated for the constants a and b will 
depend almost exclusively upon the experimental and 
theoretical values for the background.

In addition to the discrepancies existing between the 
over-all shapes of the theoretical and experimental 
backgrounds, there will be differences in the more inti
mate details of the two total-scattering curves.

It is assumed that the difference curve A7(s) can be 
split into smooth and undulating components, as 
expressed in

7a (s) — 7b (s) = A7(s) = AB(s) +  AM (s) (10)

where AB(s) is assumed to be the best smooth curve 
that can be fitted to the points of A7(s). The curve 
AB(s) will contain some undulation, but none so sharp 
that it might be treated as part of the molecular inter
ference pattern. A7?(s) can be obtained graphically, 
but it may also be evaluated numerically. It is found 
that functions of the hypes given in eq. 11a and b will 
satisfactorily describe *he form of AB(s).

AB(s) =  X A  sin (dis) (11a)
i

AB(s) =  d +  X c i  sin (a;s) +  b, cos (dis) (lib )
i

The set of constants d; must naturally be signifi
cantly smaller than the smallest internuclear distance. 
With the aid of an adequate computer, values of the 
constant term d and the coefficients C; and 6, may be 
rapidly calculated, using standard least-square pro
cedures.

With values calculated for AB(s), the experimental 
molecular scattering intensities may be evaluated 
from

217a (s) = 217B(s) +  A7(s) -  AB(s) (12)

The indices of resolution were calculated and found 
to be 1.035, 0.99, and 1.045 for the 100-, 50-, and 25- 
cm. curves, respectively.

Refinement of Data
The first stage o: the structure determination 

involved the calculation of a radial distribution curve. 
This was carried out in accordance with

a(r)/r =  X2Ha(s)SZciV(2c1 -  Fc ,(s))2 X
S

exp( —fcs2)(sin (sr)) As (13)

where k is an artificial damping factor, introduced to 
compensate for the upper limit of s at which 2I7a (s) 
values were obtainable. In the range s =  0.25-
1.50 A .-1, where experimental intensities were either 
unobtainable or unreliable, theoretical values were 
used.

The three sharp peaks, corresponding to the Cl-Cl 
and the two C-Cl atom pair contributions, gave inter-

(15) V. Schomaker and R. Glauber, Nature, 170, 290 (1962); Phys. 
Rev., 89, 667 (1953).
(16) R. A. Bonham and T. Ukaji, J. Chem. Phys., 36, 72 (1962).
(17) See, e.g., L. S. Bartell, ibid., 23, 1219 (1955).
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atomic distances from which it was possible to calcu
late C and Cl atomic coordinates of reasonably high 
reliability. The length of the C = C  bond, obtained 
from its relatively small contribution, was in good agree
ment with the other three distances. No really useful 
information could be obtained, at this stage, from the 
small contributions of the C -H  and Cl-H atom pairs.

It was possible, using the atomic coordinates from 
the radial distribution treatment, to calculate a new 
and more reliable theoretical molecular scattering 
curve. The refinement procedures, represented in 
eq. 10 and 11, were repeated. The ensuing improved 
version of the experimental molecular scattering 
curve was used in a number of different refinement 
procedures.

A further radial distribution curve was calculated. 
It was compared with a theoretical version which had 
been obtained from a Fourier inversion of the theoretical 
molecular scattering curve. Each of the individual 
contributions to the theoretical molecular scattering 
curves was calculated in the same fashion. Adjust
ments were made to the individual contributions in 
order to improve the correlation between the theoretical 
and experimental curves.

Three separate methods were adopted to refine the 
structural parameters on the basis of optimum cor
relation between the theoretical and experimental 
molecular scattering curves. One of these was that 
described by Hedberg.18 This method involves the 
use of the first Taylor approximations of sin (sr;,) and 
exp( — hj2s2/2 ) in a least-squares procedure. The other 
methods entail the continuous adjustment of the in
dependent dimensional parameters and vibrational 
amplitudes in the direction of improving correlation. 
The two methods differ in that one involves simulta
neous adjustment of all parameters while, in the other, 
each parameter is individually changed. It was 
hoped that by using more than one refinement pro
cedure it would be possible to avoid the danger of 
reaching false minima in the numerical values of the 
criteria adopted for judging the correlation.

It was first ascertained that the four methods of 
analysis independently led to reasonably similar values 
for the intemuclear distances not involving the hydro
gen atoms. This having been achieved, numerous 
attempts were made, using the various methods avail
able, to improve the theoretical molecular scattering 
curve. At the same time, further efforts were made to 
improve the theoretical radial distribution curve. It 
should be borne in mind that, while the radial distri
bution analysis involved independent changes in all 
eight intemuclear distances, the intensity curve was 
analyzed in terms of the five dimensional parameters

that describe the molecule when C2V symmetry is 
assumed.

Results
The results of the radial distribution analysis and 

those corresponding to the “ best”  theoretical molecu
lar scattering curve are presented in Table I.

Table I : Comparison of the Results of Three 
Methods“ of Structure Refinement

■Interatomic distances (Â.) and bond angles-
R .D . A B

c = c 1 .353 1 .3 54 1 .3 53
C—Cl 1 .718 1 .717 1 .7 16
C—CT 2 .7 1 3 2 .7 1 4 2 .7 1 3
Cl—CT 3 .261 3 .2 6 2 3 .2 6 4
C—H 1 .0 59 1 .065 1 .0 68
CCH ( 1 3 1 . 6 o )5 1 3 3 . 4 ° 1 3 1 . 6 °
CCC1 1 2 3 . 7 ° 1 2 3 . 7 5 ° 1 2 3 . 8 °

......................  ,

R .D . A B

C =C 0 .0 3 9 0 .0 3 3 0 .0 4 3
Cl—CT 0 .1 1 4 0 .1 1 7 0 .1 1 9
C—Cl 0 .0 4 4 0 .0 5 0 0 .0 4 6
C— CT 0 .0 6 0 0 .0 6 3 0 .0 6 2
C—H 0 .0 8 3 0 .0 8 5 0 .0 9 7

“ R.D.: radial distribution curve analysis. Intensity curve 
analyses: A: Hedberg method (values corresponding to lowest
calculated errors). B: continuous adjustment of independent
parameters. b Assumed.

The proposed structure, together with limits of 
tolerance is given in Table II. The limits of tolerance 
are based upon a standard-error matrix calculation of 
the type described by Hedberg.18 The limits for the 
bond lengths have been increased by 0.2% to take

Table H: The Molecular Structure 
of cis-Dichloroethylene“

re(C = C ) = 1.354 ±  0.005 A. 
rg(C— Cl) = 1.718 ±  0.007 A.

ZCCC1 = 123.8 ±  0.5° 
rg(C—H) =  1.075 ±  0.015 Â. 

ZCCH = 132.0 ±  3.0°

.— Vibrational amplitudes, Â.— ,

l ( C = C ) = 0.038 ±  0.009 
l(C—Cl) = 0.048 ±  0.004 

J(C— CT) = 0.062 ±  0.005 
Z(C1— Cl') =  0.117 ±  0.004 

l(C—-H) = 0.088 ±  0.016

° The interatomic distances (rE) have been calculated from 
the rij values, using eq. 7. No corrections have been made for 
shrinkage.

(18) K. Hedberg and M. Iwasaki, Ada Cryst., 17, 529 (1954).
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Figure 1. The radial distribution curve of eis-dichloroethylene. The broken line is a theoretical 
version. The damping factor k =  0.0043.

into account the errors involved in evaluating the de 
Broglie wave length and measuring the nozzle-to- 
camera distances.

The final experimental and theoretical radial distri
bution curves are shown in Figure 1. The theoretical 
curves were calculated by Fourier inversion of the 
molecular scattering contributions, rather than by 
summation of Gaussian curves.

The theoretical and experimental molecular scatter
ing curves are shown in Figure 2. The correlation 
between the two is not as good as that which may be 
obtained for hydrocarbons. Bearing in mind the fact 
that for this compound the molecular scattering repre
sents a much smaller part of the over-all, than is the 
case for hydrocarbons, the resemblance between the 
two curves is quite good.

There are two small regions of the molecular scatter
ing curves where there exist obvious discrepancies 
between the shapes of the experimental and theoretical 
versions. These are at s =  15 and 22 A . - 1 ,  respec
tively. Despite the fact that these discrepancies are so 
visibly apparent, the quantitative differences are some
what less than 0.5% of the total scattering in those

Figure 2. Theoretical and experimental versions of the 
molecular scattering curve of cis-dichloroethylene.
The experimental curve Ma is the upper one.

regions. It is not improbable that suitable statistical 
evaluation techniques could be employed to improve 
the situation with respect to those regions, but it is

Volume 69, Number IS December 1965



4096 M . I .  D avis and H. P. H anson

unlikely that such improvements would have any pro
found effect upon the accuracy of the experiment.

Moments of Inertia
The three moments of inertia had been obtained from 

a microwave study of this compound.2 They have also 
been calculated from the results of the electron dif
fraction study. The two sets of values are given in 
Table III.

Table HI: Moments of Inertia (a.m.u. A.2)

Microwave
Electron

diffraction
study study

/ a 43.890 44.0
7b 198.628 200.4
Io 242.747 244.4

It should be recognized that, while the microwave 
study observes the molecule in all of its vibrational 
ground states, the diffraction investigation is con
cerned with a Boltzmann distribution of both ground 
and excited states.

The discrepancy between the two sets of moments 
of inertia does not necessarily imply that the conduct 
of one or the other of the experiments has been faulty. 
It is more likely that the effects of vibrational-rota
tional coupling upon the rotational energies is such as 
to make the r0 values significantly different from the 
rg values of the diffraction experiment.

A  value of 124° 45' was predicted for the CCC1 
bond angle,2 on the basis of certain molecular orbital 
calculations19 and a value for the Cl35 nuclear quadru- 
pole coupling constant of cis-dichloroethylene in the 
solid state.20 A value of this magnitude would require 
a C = C  bond length considerably shorter than that 
obtained from the diffraction study.

Discussion of Results
The number of high-precision structure investiga

tions, that have been carried out on the haloethylenes is 
surprisingly small, most of them being for fluorine 
derivatives. Those investigations that have been per
formed led to the results shown in Table IV.

The C = C  bond length, like that of cis-dibromo- 
ethylene is of the order of 0.02 A. larger than that 
found for the parent ethylene. The C = C  bond in 
vinyl chloride, which might have been expected to 
have a length midway between those of ethylene and 
cis-dichloroethylene, is in fact found to be shorter. 
The vinyl chloride investigation was carried out by

Table IV : Reported Structures of the Haloethylenes

r (C = C ) r(C— X ) Ref. M ethod*

c h 2= c h 2 1.337 1.103 a E.D
CH2=CHF 1.332 1.348 b M.W
CHF=CHF {ds) 1.324 1.337 b M.W
CH¡f =CF2 1.320 1.321 b M.W
CF2=CF2 1.313 1.313 c E.D
C H ^CH Cl 1.332 1.726 d M.W
CHC1=CHC1 ids) 1.354 1.718 h E.D
CH2=CC12 1.32’ 1.727

1.35’ 1.715 e M.W
0012=0012 1.30 1.72 J E.D
CHBr=CHBr (ds) 1.360 1.871 g E.D

“ L. S. Bartell, E. A. Roth, C. D. Hollowell, K. Kuchitsu, and 
J. E. Young, Jr., J. Chem. Phys., 42, 2683 (1965). b V. W. 
Laurie, ibid., 34, 291 (1961). c I. L. Karle and J. Karle, ibid., 
18, 963 (1950). * D. Kivelson, E. B. Wilson, Jr., and D. R. 
Lide, ibid., 32, 205 (1960). 6 S. Sekino and T. Nishikawa, J. 
Phys. Soc. Japan, 12, 43 (1957). /  I. L. Karle and J. Karle, 
J. Chem. Phys., 20, 63 (1952). a See ref. 4. h This investiga
tion. ’ Original authors’ assumption. ' Calculation by present 
author. k E.D, gas phase electron diffraction; M.W, micro- 
wave spectroscopy.

the microwave technique. It has already been ob
served that there must exist a significant difference 
between the r0 and rg values for dichloroethylene. It 
is therefore not improbable that a similar difference 
exists for vinyl chloride, and consequently a simple com
parison between the results of the two techniques is 
not possible. To investigate this situation an electron 
diffraction study of vinyl chloride would be desirable.

The C-Cl bond length in os-dichloroethylene is 
fairly close to the values obtained by microwave analy
sis of vinyl chloride and vinylidene chloride.

The C -H  bond appears to be somewhat shorter 
than the value cited for ethylene. The CCH bond 
angle would seem to be exceptionally large. The de
termination of this angle cannot be accomplished 
with anything approaching high precision. It would 
appear, however, that it is significantly larger than the 
sp2 value of 120°. This might be taken to indicate the 
presence of a fairly large attractive force between the 
hydrogen and chlorine atoms.

It is of interest to note that the C = C  and C— H 
bond distances of the fluoroethylenes both appear to 
decrease with increasing fluorine content. The errors 
involved in the individual investigations, together with 
the possible differences between the r5 and rg values,

(19) J. A. Howe, J. S. Muirhead, and J. H. Goldstein, J. Chem. 
Phys., 36, 841 (1961).
(20) R. Livingston, J. Phys. Chem., 57, 496 (1953).
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while obviously important, are probably not so large 
as to make this trend meaningless.

That the C = C  bonds of the fluoroethylenes should 
be shorter than the ethylene values, while those for 
cfs-d i chi oro ethylene and its bromine analog are longer, 
is interesting and has prompted us to initiate structural 
studies of the other dichloroethylenes.
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Benzene and Dioxane Electric Moments of N-Alkyl-Substituted Nicotinamides 

from Measurements in Mixed Benzene—Dioxane Solutions1

by William P. Purcell and Judith A. Singer

Department of Pharmaceutical and Medicinal Chemistry, University of Tennessee 
College of Pharmacy, Memphis, Tennessee {Received May 10, 1965)

Dielectric constants and refractive indices of dilute mixed benzene-dioxane and pure 
dioxane solutions of pyridine, nicotinamide, N-methylnicotinamide, N-ethylnicotinamide, 
N,N-dimethylnicotinamide, N,N-diethylnicotinamide, and N,N-di-n-propylnicotinamide 
and also of dilute benzene solutions of N,N-di-n-propylnicotinamide were measured at 
25°. The dipole moments were calculated from Smith’s modification of the Guggenheim 
equation. The mixed-solvent moments are virtually the same as those calculated from 
pure-solvent measurements, and the results are consistent with the electron-releasing 
effect of alkyl group substitution. Differences between benzene and dioxane moments 
for a given compound are interpreted in terms of the expected effect of the amide sub
stituents on the solvating dioxane molecules.

Introduction
We found the benzene solution moment of isonicotin

amide2 3 4 5 6 to be 0.68 D. lower when it was measured in 
pure benzene than when it was measured by a mixed 
benzene-dioxane technique.3-6 This deviation was 
interpreted in terms of the formation of isonicotinamide 
dimers with zero moment when pure benzene is the 
solvent.2 The apparent solute-solute association prob
lems encountered in the measurement of amides in 
pure benzene,7 coupled with our results for isonicotin
amide and our interest in correlating polarities with

cholinesterase inhibitory properties,8 prompted us to 
apply the mixed benzene-dioxane solvent technique3-6

(1) This research is being supported by the National Science Founds 
tion (B-15989). Computer facilities were provided through U. S. 
Public Health Service Grant HE-09495.
(2) W. P. Purcell and J. A. Singer, J. Phys. Chem., 69, 691 (1965).
(3) G. K. Estok and C. H. Stembridge, J. Am. Chem. Soc., 76, 4316 
(1954).
(4) G. K. Estok and S. P. Sood, J. Phys. Chem., 61, 1445 (1957).
(5) G. K. Estok, S. P. Sood, and C. H. Stembridge, ibid., 62, 1464 
(1958).
(6) G. K. Estok and S. P. Sood, ibid., 66, 1372 (1962).
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Table I: Dielectric Constants Measured at 25° in Dioxane and in Mixtures of Dioxane and Benzene Solution“ 
and the Corresponding Slopes, a (e vs. w2)

Solvent Solvent
composition, composition,

mole % mole %
dioxane 1 0 SW 2 £ dioxane 1 0 ’ to i £

Pyridine
100.00 0.0000 2.2075 75.27 0.0000 2.2343

2.7850 2.2320 2.8634 2.2571
a = 8.82 5.0817 2.2519 a = 7.86 4.3446 2.2685

9.2200 2.2884 5.1643 2.2743
10.363 2.2990 5.7637 2.2792
10.772 2.3026 10.049 2.3135

61.13 0.0000 2.2446 45.32 0.0000 2.2555
2.0398 2.2612 2.6383 2.2749

a = 7.70 3.6465 2.2722 a = 7.51 4.8806 2.2914
4.4439 2.2780 5.9229 2.3000
6.6386 2.2957 7.0507 2.3085
6.7425 2.2972 9.5544 2.3270

Nicotinamide
100.00 0.0000 2.2119 75.07 0.0000 2.2332

0.8136 2.2222 1.1452 2.2470
a = 12.6 1.1913 2.2265 a = 11.9 1.6010 2.2526

2.0979 2.2380 2.2218 2.2598
2.9995 2.2496 2.4240 2.2620
3.8800 2.2606 2.6696 2.2651

59.64 0.0000 2.2463 53.03 0.0000 2.2499
0.7027 2.2545 0.8775 2.2588

a = 11.5 1.4447 2.2632 a = 10.9 1.3265 2.2637
2.0423 2.2703 1.6741 2.2678
2.0925 2.2706 2.6138 2.2782
2.4807 2.2746

38.93 0.0000 2.2591
0.5122 2.2648

a = 10.5 1.3292 2.2730
1.4350 2.2747
2.2675 2.2830
2.8105 2.2889
2.9995 2.2906

N-Methylnicotinamide
100.00 0.0000 2.2121 78.40 0.0000 2.2329

0.6858 2.2213 1.3097 2.2480
a = 12.6 1.5634 2.2319 a = 11.8 3.1582 2.2692

2.4693 2.2442 3.8412 2.2775
2.9817 2.2502 4.8527 2.2903
4.8949 2.2737

61.31 0.0000 2.2467 38.88 0.0000 2.2602
0.9480 2.2560 0.7804 2.2677

a = 11.3 2.3025 2.2717 a = 10.8 1.7496 2.2782
2.9377 2.2784 2.1535 2.2827
3.8502 2.2898 2.8036 2.2901
5.1723 2.3049 3.6472 2.2991

N -Ethylnicotinamide
100.00 0.0000 2.2121 76.97 0.0000 2.2332

1.2002 2.2263 1.4514 2.2482

Solvent Solvent
composition, composition,

mole % mole %
dioxane 103WJ2 £ dioxane 10SUJ2 £

«  =  11.3 2.7559 2.2435 a =  10.8 3.1072 2.2658
5.3345 2.2721 4.3231 2.2790
6.1741 2.2820 5.0042 2.2868

5.9004 2.2968

62.74 0.0000 2.2440 46.69 0.0000 2.2561
0.9046 2.2521 1.4453 2.2684

<*= 10.4 2.4405 2.2680 a =  9.95 2.8514 2.2828
4.2791 2.2872 3.3817 2.2888
5.4908 2.3004 4.0758 2.2956
7.0211 2.3169 5.3250 2.3086

31.08 0.0000 2.2617
1.2602 2.2733

a =  9.84 3.3177 2.2935
4.4001 2.3042
5.8815 2.3196

N,N-Dimethylnicotinamide
100.00 0.0000 2.2133 77.47 0.0000 2.2313

1.0881 2.2287 0.6859 2.2404
a =  14.4 1.8681 2.2395 a =  14.1 1.9037 2.2573

2.9544 2.2557 2.8855 2.2704
3.7626 2.2665 3.8160 2.2850
5.6498 2.2941 5.2065 2.3039
5.7944 2.2968 6.4451 2.3217

61.04 0.0000 2.2434 41.12 0.0000 2.2581
0.9811 2.2558 0.8135 2.2686

a =  13.6 2.2554 2.2739 a =  13.1 1.4632 2.2771
2.8008 2.2812 1.6124 2.2786
4.6267 2.3056 3.0937 2.2983
5.2377 2.3148 3.1581 2.2997
5.5880 2.3187 4.5128 2.3169

25.49 0.0000 2.2679
0.9537 2.2795

a =  12.6 1.6198 2.2880
2.2159 2.2951
2.2649 2.2961
2.8878 2.3047
3.5829 2.3129

N,N-Diethylnicotinamide
100.00 0.0000 2.2125 56.00 0.0000 2.2466

0.7996 2.2233 1.0951 2.2596
a =  12.9 1.4996 2.2327 a =  12.1 2.0963 2.2713

1.5232 2.2320 2.1330 2.2726
2.4149 2.2450 3.4954 2.2886
3.1173 2.2528 4.9151 2.3057
3.9768 2.2640 5.2657 2.3105

41.91 0.0000 2.2574 29.03 0.0000 2.2658
0.7469 2.2658 1.1170 2.2780

a =  11.8 1.2587 2.2721 a =  11.6 1.6351 2.2845
2.3789 2.2853 2.3376 2.2926
3.1674 2.2948 2.5737 2.2951
3.7569 2.3014 3.0238 2.3009
4.5058 2.3104 3.7188 2.3085
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Table I (Continued)

Solvent Solvent
composition, composition,

mole % mole %
dioxane 10*102 € dioxane 10*102 e

N,N-Di-n-propylnicot inamide
100.00 0.0000 2.2082 64.87 0.0000 2.2380

0.7855 2.2169 1.1451 2.2499
a = 11.1 1.8148 2.2280 a = 10.7 1.6124 2.2544

2.5565 2.2369 2.8321 2.2676
3.2316 2.2440 3.5121 2.2749
4.2018 2.2548 4.5109 2.2854
4.4029 2.2573 6.4131 2.3063

43.84 0.0000 2.2536 21.82 0.0000 2.2667
0.9777 2.2631 1.0911 2.2775

a = 10.2 1.6249 2.2705 a = 9.68 1.6244 2.2821
2.8739 2.2831 1.9434 2.2852
2.9905 2.2837 2.5821 2.2924
3.2543 2.2863 2.6353 2.2921
4.5827 2.3005 3.2742 2.2982

0.00 0.0000 2.2770
1.0257 2.2865

a = 9.46 1.1372 2.2877
2.4910 2.3003
2.7735 2.3027
3.7962 2.3130
3.8735 2.3136

° N,N-Di-n-propylnicotinamide was also measured in pure 
benzene.

to a series of N-alkylnicotinamides, which we had al
ready measured in pure benzene,7 8 9 and to N,N-di-n- 
propylnicotinamide.

Experimental Section
Reagents. Pyridine (Spectroquality reagent, Mathe- 

son Coleman and Bell) was used without further puri
fication; n25d 1.5074 (fit.10 n26d 1.5073). Nicotin
amide (Matheson Coleman and Bell) was recrystal
lized four times from benzene, m.p. 126.8-127.3° 
(lit.11 m.p. 129-130°). N-Methylnicotinamide (rea
gent grade, K  & K  Laboratories) was recrystallized 
four times from benzene, m.p. 104.8-105.3° (lit.12
m.p. 104-105°). N,N-Dimethylnicotinamide (Aldrich 
Chemical Co.) was vacuum distilled, b.p. 97° (0.1 
mm.), n 26D 1.5416. N-Ethylnicotinamide (reagent 
grade, K  & K Laboratories) was vacuum distilled,
b.p. 128° (0.12 mm.). N,N-Dieriiylnicotinamide (Al
drich Chemical Co.) was vacuum distilled, b.p. 104° 
(0.09 mm.), n2i d 1.5233. N,N-Di-n-propylnicotin- 
amide was prepared by a procedure previously de
scribed13 and was vacuum distilled into a receiver pro
tected from light;, b.p. 116° (0.20 mm.), n26d 1.5121 
(lit.14 b.p. 182-183° (16 mm.)).

Solvents. The compounds were measured in dilute 
solutions of SpectrAR benzene (Mallinckrodt) or Spec
troquality benzene (Matheson Coleman and Bell), 
Spectroquality p-dioxane (Matheson Coleman and 
Bell), and in mixtures of these solvents.

Apparatus. The dielectric constants of all the solu
tions and the refractive indices of the pure solutes were 
measured at 25° as previously described.9 The re
fractive indices of the solutions were measured to 
±0.00003 at 25° with a Bausch and Lomb Precision 
refractometer (sodium D-line); the temperature of 
the solutions was controlled to ±0.02° by a NBe 
Haake constant-temperature circulator using a ther
mometer calibrated against a National Bureau of 
Standards certified thermometer.

Calculations. The dipole moments in pure benzene 
and in pure dioxane were calculated from eq. I15 and 
Smith’s modification16 (eq. 2) of the Guggenheim

p  =  0.01281 (TPm) 'a  (1)

P m  =  3 +  2 ) 2 -  7 / ( r u 2 +  2 ) 2 ] ( 2 )

equation,17 where p is the dipole moment, T is the ab
solute temperature, P m  is the orientation polarization, 
M  is the molecular weight, v is the specific volume, e 
is the dielectric constant, n is the refractive index, a 
is the slope of e vs. the weight fraction w2, y  is the slope 
of n2 vs. w2, and the subscripts 1 and 2 refer to the sol
vent and solute, respectively. The dipole moments 
from extrapolation of mixed-solvent «  values to pure 
dioxane and to pure benzene solution were calculated 
from a modification of the method described by Estok, 
et al.3~6 The slope, «, was calculated for each mixed- 
solvent series by the method of least squares; these 
values for «  were plotted against mole per cent dioxane 
of the mixed solvent and extrapolated to 0%  dioxane 
to give «benzene and extrapolated to 100% dioxane to 
give «dioxane- The slopes, y ,  were determined with pure 
benzene and pure dioxane as solvents by 'he method 
of least squares. Smith’s method16 (eq. 1 and 2)

(7) P. A. Geary and J. G. Miller, J. Electrochem. Soc., 97, 54 (1950).
(8) W. P. Purcell, J. G. Beasley, and R. P. Quintana, Biochim. 
Biophys. Acta, 88, 233 (1964).
(9) W. P. Purcell, J. Phys. Chem., 68, 2666 (1964).
(10) V. Zawidski, Chemiker-Ztg., 30, 299 (1906).
(11) C. F. Krewson and J. F. Couch, J. Am. Chem. Soc., 65, 2256 
(1943).
(12) A. Pictet and G. Sussdorff, Chem. Zentr., 69, 677 (1898).
(13) J. G. Beasley, R. P. Quintana, and G. G. Nelms, J. Med. Chem., 
7, 698 (1964).
(14) K. Fricker, French Patent 791,783 (Dec. 17, 1935).
(15) C. P. Smyth, “ Dielectric Behavior and Structure,” McGraw-Hill 
Book Co., Inc., New York, N. Y., 1955, p. 221.
(16) J. W. Smith, Trans. Faraday Soc., 46, 394 (1950).
(17) E. A. Guggenheim, ibid., 45, 714 (1949).
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Rud the values for Olbenzene, 'Ybenzene, CJdioxane, RD(1 
Tdioxane were then used to calculate the corresponding 
moments. All least-squares calculations were carried 
out on the IBM  1620 computer, using a modification of 
the program TIPS, which prints slopes, intercepts, and 
deviations of the experimental points from the cor
responding points on the least-squares line.

Results and Discussion
The dielectric constants of the solutions are given 

in Table I. With the exception of N,N-di-n-propyl- 
nicotinamide, the dielectric constants of solutions of 
these molecules in pure benzene have already been 
reported,9 and, therefore, we measured only the mixed 
benzene-dioxane and pure dioxane solutions. Table I 
also gives the slopes, a, for each series of solutions of 
solute at a particular solvent composition. The mixed- 
solvent a. value (Table I) were extrapolated as de
scribed under Calculations to obtain ¿̂ benzene and Gidioxane

for each compound (Table II).

Table 13: Slopes, a (e vs. w2), Extrapolated to
Pure-Solvent from Mixed-Solvent Data

Compound ¿^benzene ay ioxane

Pyridine 6 . 9 9 8 . 1 5

Nicotinamide 8 . 8 7 1 3 . 0

N-Methylnicotinamide 9 . 6 9 1 2 . 4
N-Ethylnicotinamide 9 . 0 8 1 1 . 2
N ,N-DimethylnieotÌD amide 1 2 . 0 1 4 . 7
N,N-Diethylnicotinamide 1 1 . 0 1 3 . 0
N,N-Di-ra-propylnicotinamide 9 . 2 0 1 1 . 5

Table III gives the refractive indices for the solu
tions of each compound in pure benzene and pure di
oxane and the corresponding slopes, y.

The electric moments are reported in Table IV. 
The moments measured in pure benzene solution9 
are repeated for comparison although the benzene mo
ment for N,N-di-n-propylnicotinamidc, 4.22, is new. 
The value is 0.07 D. larger than that for N,N-diethyl- 
nicotinamide, which is consistent with the electron re
leasing18 effect of alkyl groups and the trends pre
viously reported.9 The N,N-di-n-propylamide group 
moment, calculated from the “ 75% trans”  method,9 
is 5.12.

Comparing the differences between the benzene and 
dioxane moments measured in the pure solvents, one 
finds an interesting trend. Nicotinamide shows the 
greatest difference, 0.37, and has two amide hydrogen 
atoms available for hydrogen bonding to the oxygen 
atoms in dioxane, thus inducing moments and in
creasing the observed moment in dioxane. N-Methyl-

Table HI: Refractive Indices Measured at 25° in Dioxane 
and in Benzene Solution and the Corresponding Slopes,
7  (ra>2 vs. w2)

■Dioxane---------------* /■---------------Benzene-
10®3ZJ2 nD 71D

Pyridine
0.0000 1.41990 0.0000 1.49777
2.7850 1.42008 1.4148 1.49788
5.0817 1.42027 2.5790 1.49799
8.2146 1.42058 3.4973 1.49810
9.2200 1.42068

10.363 1.42074
10.772 1.42077

7 = 0.240 7  = 0.028

Nicotinamide
0.0000 1.41986 0.0000 1.49782
1.5110 1.42015 0.5108 1.49782
2.6915 1.42037 1.0765 1.49788
4.0051 1.42049 1.7357 1.49791

7 - 0.456 7  = 0.172

N-Methylnicotinamide
0.0000 1.41990 0.0000 1.49771
1.1492 1.41999 0.8271 1.49779
3.1346 1.42030 2.1858 1.49791
4.2557 1.42046 4.5752 1.49805

7  = 0.386 7  = 0.220

N -Ethylnicotinamide
0.0000 1.41996 0.0000 1.49771
2.9454 1.42027 6.8431 1.49802
5.7851 1.42061 6.9379 1.49807
8.2078 1.42092 15.275 1.49849

7  = 0.333 7  “ 0.153

N,N-Dimethylnicotinamide
0.0000 1.41990 0.0000 1.49771
5.0358 1.42049 6.6566 1.49805
6.8435 1.42071 9.7393 1.49821

15.934 1.42177 18.534 1.49861
7  = 0.334 7 = 0.145

N,N-Diethylnicotinamide
0.000 1.41990 0.0000 1.49777

13.575 1.42127 10.155 1.49805
18.624 1.42177 22.558 1.49841
20.995 1.42202 41.669 1.49891

7  = 0.286 7  = 0.082

N,N-Di-n-propylnicotinamide
0.0000 1.41993 0.0000 1.49779
4.0546 1.42033 4.1752 1.49788
5.5491 1.42049 9.5375 1.49799

10.368 1.42093 15.368 1.49810
7  = 0.274 7  = 0.060

(18) C. A. Coulson, “Valence,” 2nd Ed., Oxford University Press,
London, 1961, pp. 356-365.
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Table IV : Electric Moments, D.

C o m p o u n d

Mbenzene
f r o m
p u r e

s o lv e n t ®

Mbenzene
f r o m  e x t r a p 

o l a t i o n  
o f  m i x e d -  

s o l v e n t  
d a t a  t o  

1 0 0 %  
b e n z e n e

M dioxane
f r o m
p u r e

s o l v e n t

¿¿d ioxane 
f r o m  e x t r a p 

o l a t i o n  
o f  m i x e d -  

s o l v e n t  
d a t a  t o  

1 0 0 %  
d i o x a n e

Pyridine 2 . 2 7 2 . 2 5 2 . 3 3 2 . 2 4

Nicotinamide 3 . 0 7 3 . 1 3 3 . 4 4 3 . 5 0

N -Methylnicotin- 3 . 4 2 3 . 4 4 3 . 6 5 3 . 6 3

amide
N-Ethylnicotin- 3 . 4 4 3 . 5 1 3 . 6 3 3 . 6 2

amide
N,N-Dimethyl- 3.99 4.04 4 . 1 1 4 . 1 6

nicotinamide
N,N-Diethylnico- 4 . 1 5 4 . 2 3 4 . 2 5 4 . 2 6

tinamide
N,N-Di-ra-propyl- 4 . 2 2 4 . 1 6 4 . 2 4 4 . 3 0

nicotinamide

° Electric moments in benzene at 2 5 °  of all compounds, 
exclusive of N,N-di-n-propylnicotinamide, previously reported: 
W. P. Purcell, J. Phys. Chem., 6 8 ,  2 6 6 6  ( 1 9 6 4 ) .

nicotinamide, which has only one amide hydrogen 
available for bonding, has a smaller difference, 0.23, and 
the difference for N-ethylnicotinamide, 0.19, is still 
a little smaller, probably because the bulkier ethyl 
group interferes sterically with the solvating mole- 
cule(s). The disubstituted derivatives have even 
smaller differences which decrease with increasing 
size of the substituent groups— i.e., N,N-dimethylnico- 
tinamide, 0.12; N,N-diethylnico*inamide, 0.10; N,N- 
di-n-propylnicotinamide, 0.02.

Comparing the benzene moments measured in pure 
benzene with those calculated from mixed-solvent 
measurements, one sees very little difference; the 
greatest difference is between the two moments of di- 
ethylnicotinamide, 4.15 and 4.23, which is larger than 
the experimental error for this compound. Similarly,

the differences between the dioxane moments measured 
in pure dioxane and those calculated from mixed- 
solvent measurements are small, the largest difference 
being 0.09 D. One might conclude, therefore, that 
the mixed-solvent technique apparently offers little 
advantage (for these homologs) since virtually the same 
moments are obtained from pure-solvent measurements, 
and considerably less experimental work is required 
in the latter technique. We wish to add, however, 
that the dimers formed from these 3-pyridine deriva
tives would generally have moments not equal to zero, 
and, therefore, the fact that the pure-benzene moments 
and the benzene moments from mixed solvents are the 
same would not necessarily indicate that there is no 
solute-solute association in pure benzene. Further
more, the benzene and dioxane mixed-solvent moments 
and the pure-dioxane moments increase in the same 
direction as the pure-benzene moments, so the appli
cation of this technique does have the advantage of 
corroborating our earlier discussion.9 There are three 
exceptions, however: the benzene moment of N,N- 
diethylnicotinamide measured by the mixed-solvent 
technique is larger than the corresponding N,N-di-n- 
propylnicotinamide moment by 0.07 D.; ‘ he dioxane 
moment of N-methylnicotinamide measured by mixed 
solvents is larger than the corresponding N-ethylnico
tinamide moment by 0.01 D .; and the dioxane moment 
of N,N-diethylnicotinamide measured by mixed sol
vents is larger than the corresponding N,N-di-n- 
propylnicotinamide moment by 0.01 D. The first 
exception has a moment difference which does seem 
somewhat large, but the second and third are certainly 
within the experimental error.
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R. P. Quintana for synthesizing and supplying a 
sample of N,N-di-n-propylnicotinamide and Dr. C. W. 
Sheppard and Mrs. A. B. McEachran of the University 
of Tennessee Medical Units Computer Center for their 
help in processing the data.
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Mean Activity Coefficient of Polyelectrolytes. I. Measurements of 

Sodium Polyacrylates1

by Norio Ise and Tsuneo Okubo

Department of Polymer Chemistry, Kyoto University, Kyoto, Japan (Received May 11, 1965)

Using a concentration cell with transference, the mean activity coefficient of a polyelectro- 
lyte was directly measured for the first time. Control experiments were carried out with 
sodium chloride: The observed mean activity coefficient agreed with the literature value. 
Those of the polyelectrolyte were found to decrease with increasing concentration. By 
comparison of the observed mean activity coefficient of the polyelectrolyte with the observed 
single-ion activity coefficient of gegenions, it was found that these two coefficients were not 
generally equal. This indicates that the contribution of macroions to the thermodynamic 
properties of the solutions is not negligible at all but is very influential. The mean activity 
coefficient observed was successfully compared with that computed by a previous theory.

Introduction
In a great number of papers2 concerning the solute 

activity of polyelectrolyte solutions, emphasis has been 
put on the single-ion activities of gegenions or of simple 
electrolytes coexisting. This situation is unsatisfactory 
if one admits a point of view proposed by Guggenheim3 
that single-ion activities are inaccessible to exact ther
modynamics, and only mean activities are physically 
significant. This situation, however, appears to be in
evitable for the following reasons. The first reason 
comes from a consideration of the existing theories 
of polyelectrolyte dilute solutions. As was pointed 
out already,4 5 it has been assumed in most theories 
that macroion-macroion interactions were not as im
portant as small ion-macroion interactions. Thus, 
only properties at infinite dilution are considered. It is 
rather difficult to derive expressions for the mean activ
ity coefficient on the basis of this theoretical frame
work. The second reason is related to the experimental 
technique of activity measurements. Usually, in the 
study of polyelectrolytes, electrochemical methods, 
e.g., e.m.f. measurements of cells, have been employed 
to derive the activity coefficient. According to elec
trochemical theory, the question as to what kind of 
activity has been measured is answered by finding with 
respect to which species of ions the electrodes were re
versible. Electrodes so far known are reversible with 
respect to small ions such as H+, Cl- , and so on, but

not to macroions. Therefore, if one of these electrodes 
was used in a cell, together with a reference electrode, 
only the single-ion activity of the relevant small ions 
could be obtained, provided the liquid junction potential 
could be evaluated.

This unsatisfactory situation can be improved by 
direct or indirect measurements of the mean activity 
of polyelectrolytes.6 There are two well-known 
direct ways for electrochemical measurement of mean 
activity: e.m.f. measurement of cells with transfer
ence and of cells without transference. If the latter 
type of cell is employed, however, it is required to have 
electrodes reversible with respect to each of the ions 
of the poly electrolyte, gegenions, and macroions.

(1) Presented at the 14th Annual Meeting of the Society of Polymer 
Science, Tokyo, Japan, May 1965.
(2 ) See S. A. Rice and M. Nagasawa, “ Polyelectrolyte Solutions,”  
1st Ed., Academic Press Inc., New York, N. Y ., 1961, Chapter 8 .
(3) E. A. Guggenheim, J. Phys. Chem., 33, 842 (1929).
(4) (a) N. Ise and M. Hosono, J. Polymer Sci., 39, 389 (1959); 
(b) N. Ise, J. Chem. Phys., 36, 3248 (1962); J. Phya. Chem., 67, 
382 (1963); N. Ise and P. Ander, J. Chem. Phys., 39, 592 (1963).
(5) It should be mentioned that what is described as the observed 
value of the mean activity coefficient of the poly electrolyte in the 
present paper is the stoichiometric one, which will be denoted by 7 *. 
It is possible to define another mean activity coefficient for poly- 
electrolytes on the basis of the number of free ions, which will be 
denoted by 7 . If confusion can be avoided, however, as in the case 
of low molecular weight strong electrolytes in which no ion associa
tion can be supposed to occur, the asterisk will be omitted. See
Results and Discussion for the difference between 7 * and 7 .
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As was mentioned above, this is not possible. On the 
other hand, in order to set up the former type of cell, 
it is required to have electrodes reversible with respect 
to one of the ions constituting the polyelectrolyte, 
e.g., the gegenior.. Na-glass electrodes are convenient 
for this purpose since they respond to some alkali 
metal ions which are in most cases used as gegenions 
of anionic macroions. The main purpose of this 
article is to obtain mean activity coefficients of sodium 
polyacrylate from e.m.f. data of concentration cells 
with transference using Na-glass electrodes.

Experimental Section

Principles. The method adopted in this paper is 
basically the same as the one developed earlier by 
Brown and Maclnnes.6 A concentration cell with 
transference was set up with Na-glass electrodes as

Na-glass
electrode

polyelectrolyte 
Na salt (m2) 

solution 2

polyelectrolyte 
Na salt (mi) 

solution 1

Na-glass
electrode

(I)

The vertical dotted line represents a liquid junction, 
and mi and are the molalities of solutions 1 and 2, 
respectively. If we denote the transference number of 
macroions by ¿2P and the mean activity of the poly
electrolyte by a and if we assume that a polyelectrolyte 
molecule dissociates into one (negative) macroion and 
a (positive) gegenions, the e.m.f. (E) of the cell shown 
by (I) is given by

E  =
(1 +  a)RT  

aF

/ » a ,

I <2p d In a 
J &2

(1)

where R is the gas constant, T temperature in °K., 
and F  Faraday’s constant. We shall use eq. 1 to ob
tain a from E, Up, and a.

Apparatus, (a) Cell Design. The cell design em
ployed here is the one used by Stokes and Levien7 
to obtain transference numbers from e.m.f. data of a 
concentration cell. In order to avoid contamination 
due to carbon dioxide, the air inside the half-cells was 
replaced with nitrogen before the cell was filled with 
the solution, and the volume of the gas contacting the 
solution was diminished as much as possible. The Na- 
glass electrodes were supported in silicon rubber 
stoppers which fit tightly into the tops of the two half
cells. Contamination was thus reduced to a minimal 
amount.

(6) Electrodes. The Na-glass electrodes,8 * * products 
of Horiba Manufacturing Co., Kyoto, were stored in 
an NaCl aqueous solution (to =  0.100) when not in 
use since it was found that dry electrodes failed to give

a stable e.m.f. Before and after e.m.f. measurement 
of one pair of solutions, the e.m.f. of cell II was meas-

Na-glass electrode|NaCl (m)|calomel electrode (II)

ured at m =  0.100 to standardize the glass electrode.
(c) Electric Circuits. The e.m.f. values were meas

ured with a precision potentiometer, Type K-2, of 
Shimazu Manufacturing Co., Kyoto, in conjunction 
with a vibrating-reed electrometer, TR-85, manufac
tured by Takeda Riken Industry Co., Tokyo, as a null 
detector. The electrometer has an input impedance 
of more than 1014 ohms, and the maximum sensitivity 
was 50 gv.

A standard cell was purchased from Yanagimoto 
Manufacturing Co., Kyoto, and had been certified by 
the Electrochemical Laboratory, Agency of Industrial 
Science and Technology, Tokyo. The concentration 
cell was immersed in a liquid paraffin thermostat 
maintained at 25 ±  0.02°. The thermostat with its 
accessories was put in a metal box, which was grounded, 
to avoid outer disturbance, and the high-impedance 
side of the circuit was shielded.

Materials. Sodium chloride, reagent grade, was used 
for the experiments without further purification. So
dium polyacrylate was kindly furnished by Prof. M. 
Nagasawa, Nagoya University. It was used without 
fractionation for this experiment of an exploratory 
nature, and the weight-average degree of polymeri
zation was 1640. Conductivity water was used in pre
paring all of the solutions. As collected from the de
livery tip of columns of ion-exchange resins it had a 
specific conductance of 10-7 ohm-1 cm.-1. The solu
tions of sodium chloride were made up by dilution of a 
0.1 to stock solution, which was prepared in measuring 
flasks. In order to obtain molalities, densities were 
measured. The polymer solutions were prepared from 
a stock solution of sodium polyacrylate; the stock solu
tion was diluted and treated with ion-exchange resins. 
The polyacid thus obtained was quantitatively re
converted into sodium salt by means of potentiometric 
titration. Polymer concentration was determined 
from this titration.

Results and Discussion

Calibration of Na-Glass Electrode. Using a cell 
shown by (II), calibration of the Na-glass electrode 
was undertaken. For this type of cell, if the liquid

(6 ) A. S. Brown and D. A. Maclnnes, J. Am. Chem. Soc., 57, 1356 
(1935).
(7) R . H. Stokes and B. J. Levien, ibid., 6 8 , 333 (1946).
(8 ) For a discussion of the general properties of Na-glass electrodes,
see R. G. Bates, “ Determination of pH, Theory and Practice,”  1st
Ed., John Wiley and Sons, Inc., New York, N. Y., 1964, Chapter 10.
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junction potential can be assumed to be negligible, 
the e.m.f. (E) is given by

„  _  , R T ,
E  =  Eo H— — In aNa 

F (2)

where E0 is the standard value of the e.m.f. and aNa+ 
is the single-ion activity of Na+. With the value of 
aNa + determined by using Maclnnes’ convention con
cerning ion activity coefficients,9 eq. 2 was tested. As is 
clear from Figure 1, a linearity between E  and log aNa+ 
was obtained over a wide range of aNa+. Between 
aNa+ = 1 and 0.01, the slope was 59.0 mv., which is in 
good agreement with the theoretical value, 59.157
mv., at 25°. A departure from this linearity appears 
at aNa+ 0.001. For comparison, a response curve 
of a sodium amalgam electrode used by Nagasawa 
and Kagawa10 is shown by a dotted curve. Although 
their electrode displayed better performance than is 
usually expected,11 it is clear that the Na-glass elec
trodes are reversible in a much wider range of activity.

The e.m.f. reading varied appreciably at first after 
the electrodes were inserted into solutions. They 
reached a limiting value which was constant within 
±0.1 mv. over a 30-min. period. The e.m.f. value 
given in this paper is this limiting value.

Measurements of the E.m.f. of Concentration Cells of 
Sodium Chloride. It is interesting to measure the 
e.m.f. of the same type of cell of sodium chloride as 
that of polymer samples and to compare the activity 
coefficient thus obtained with the literature value. 
The cell was

Na-glass NaClj NaCl Na-glass
electrode (m2) i (mi =  1.021) electrode '

T he  e.m.f. of the concentration cell was measured 
twice for each pair of solutions. In the second meas
urement, the positions of the two electrodes were 
reversed. The difference between these two measure
ments was always smaller than 0.5 mv. The results 
which were obtained by averaging these two values 
are given in the second column of Table I. The first 
column of the table gives the concentration m2. It 
should be remembered that the concentrations studied 
were in the range (1.0 to 0.003) where a straight line 
was obtained for the plot of e.m.f. vs. aNa+ as was shown 
in Figure 1. The slope agreed with the theoretical 
value. Needless to say, this means that the galvanic 
cell was reversible, which is a basic requirement for 
electrochemical determination of activity coefficients.

The observed e.m.f. was constant within ±0.5 mv. 
for 2 days.12 It was also observed that the addi
tivity of the e.m.f. holds for three pairs of three dif
ferent concentrations. This additivity, together with

Activity of sodium ion
Figure 1. Calibration curve of the Na-glass electrode: ---------
theoretical line; - X ----- , observed curve; --------- , calibration
curve of sodium amalgam electrode. (The original curve 
was vertically shifted.) See ref. 10.

Table I : Computation of Mean Activity 
Coefficient of Sodium Chloride

Molal E.m.f., log
ity mv. (72/  71) Yobsd 7 1H

0.010 135.0 0.608“ 0.1448 0.92 0.903'
0.020 115.0 0.610“ 0.1257 0.88 0.873'
0.050 87.9 0.612“ 0.0947 0.82 0.822'
0.100 68.2 0.615“ 0.0705 0.78 0.778*
0.201 49.2 0.618“ 0.0308 0.71 0.735*
0.506 21.5 0.623s 0.0105 0.67 0.681*
0.762 8.9 0.626s 0.0050 0.66 0.665*
1.021 0 0.628s 0 (0.657) 0.657*

“ G. L. Longs worth, J. Am. Chem. Soc., 54, 2741 (1932).
Determined by the use of the data at 18 and 30°, ‘ ‘International

Critical Tables,”  Voi. 6, 1929, p. 310. '  G. Scatchard and 
S. S. Prentiss, J. Am. Chem. Soc., 55,4355 (1933). d R. H. Stokes 
and B. J. Levien, ibid., 68, 333 (1946).

the constancy, indicates that concentration difference 
and diffusion at the junction do not have a serious effect 
upon our e.m.f. measurements.

The Na-glass electrode, as is readily seen from the 
present description, is not quite as accurate as the

(9) See ref. 8, Chapter 3.
(10) M. Nagasawa and I. Kagawa, J. Polymer Sci., 25, 61 (1957).
(11) It is believed that reliable measurements with amalgam elec
trodes cannot be carried out for solutions more dilute than about 
0.1 M. See S. Glasstone, “ An Introduction to Electrochemistry,” 
D . Van Nostrand Co., Inc., Princeton, N. J., 1964, p. 198.
(12) This conclusion is right if the asymmetry potential changes 
slowly with time, which is believed to be the case.
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silver-silver chloride electrodes used by Brown and 
Maclnnes.6 For example, these authors reported a 
value of 0.01 mv, for the reproducibility of their meas
urements. In view of the performance of the commer
cially available glass electrode, an accuracy better 
than ± 0.5 mv. cannot be claimed. The reproduci
bility was about ± 2% . Even if it were possible to 
improve the electrode and set; up special measuring 
circuits, it would be difficult to obtain transference 
number data of macroions accurately enough. There
fore, in the present work, efforts have not been made to 
aim at high precision. In the light of such accuracy, 
impurity problems are relatively unimportant. Brown 
and Maclnnes6 have shown that the correction AE t 
to be applied to observed e.m.f. reading (due to minute 
traces of salts) is given by

where Kt is the specific conductance due to the con
tamination, AE t is expressed in mv., and C  is the elec
trolyte concentration in normality. For a value of 
Kt =  10~® ohm-1 cm.-1 , AE t is 0.047 mv. for the cell 
having the concentration range 1.0 to 10-3 to. This 
assumed value for kj is certainly large compared to the 
actual k value of water used. Therefore, the correc
tion due to contamination is well within our experi
mental error and is neglected in this paper.

The e.m.f. of the cell shown in (III) is given by

E  =  (2R T / F )  ( \  d In a (4)
J a2

Using the observed value of E  and the literature value 
for ¿a, the mean activity coefficient 7 13 was calculated 
using the method described by Glasstone.11 Equation 
4 was rearranged to

F E  , / to2\ , F  r B
4 .606fz f i T  ~  ° g \ m j  +  4 .6 0 6 R T j 0 ^  ®

where 8 =  (1 /4 )  — (1 /4 ,) and 4, is the transference 
number of the anion at some reference concentration 
toi; in this case mi =  1.021, and 71 is the activity co
efficient at toi. The e.m.f. measurements allow us to 
evaluate the first two terms on the right-hand side of 
eq. 5 . The third term was obtained by graphical inte
gration of 8 against E  since 8 can be derived from the 
concentration dependence of the transference number. 
Thus log (72/71) was determined and is given in the 
fourth column of Table I. Usually, in order to deter
mine activity coefficients, use is made of the familiar 
equation of the Debye-Hiickel theory. In the present 
paper, an expedient was adopted instead; 71 was as

sumed equal to the literature value of the activity co
efficient at Toi  =  1.021. Then it is possible to derive 
log 7 for any concentration from the values of log (72/ 
71) obtained previously. The activity coefficient data 
thus obtained (vobsd) are shown in the fifth column of 
Table I and can be compared with literature values of 
the activity coefficient (7m) shown in the sixth column. 
The absolute values of the first and second term on the 
right-hand side of eq. 5 are close to each other, the 
third term making only a small contribution. There
fore log (72/71) is most sensitive to the e.m.f. data. 
Taking into consideration the reproducibility and 
accuracy of the measurements, we have an error which 
does not exceed ±  5 %  for 7obsa values at lower concen
trations (0.020 to 0.010 to) and ± 3%  between 0.201 
and 0.050 to. It can thus be said that there is good 
agreement between y0bsd and yut. Though the agree
ment is less than that reported by Brown and Maclnnes, 
it is satisfactory for our purpose.

M e a s u r e m e n t  o f  th e  E . m . f .  o f  C o n c e n t r a t i o n  C e l l s  o f  
S o d i u m  P o l y a c r y l a t e .  Though experimental procedures 
and the treatment of data are basically the same as 
those employed in the case of sodium chloride, the 
study of polyelectrolytes brings forth a special problem. 
As was mentioned already,4 electrostatic interaction 
in polyelectrolyte solutions does not disappear at zero 
polymer concentration since the electric charges on the 
polymer chain cannot be separated from each other 
unless the polymer chain is broken into the corre
sponding monomer units. Therefore, if the adopted 
standard state of the free energy is the same as that 
chosen in the case of simple electrolytes, the activity 
coefficient (of ionized groups) of the polyelectrolytes 
converges to a value other than unity at the zero 
polymer concentration. This value clearly depends 
on the electrostatic interaction between electric charges. 
This interaction, by various theories, has been related 
to the intrinsic properties of the polyelectrolyte mole
cule such as the dimensions of the macroion, the num
ber of electric charges on it, and so on. In the absence 
of a complete theory, however, the basis of the activity 
coefficient cannot be provided at zero polymer con
centration.

In order to avoid this difficulty, we have used the 
following convention. By definition, the observed 
mean activity coefficient 7*  is written as

7 * “ + !  =  7 * ° 2 g 7 * 2 p  ( 6 )

where 7 %  and 7 %  represent the single-ion activity 
coefficients of gegenions and macroions, respectively.

(13) In the case of sodium chloride, 7 * is equal to 7  since complete 
dissociation can be assumed.
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Since a  is usually large compared to unity as far as 
typical polyelectrolytes are concerned, we obtain an 
approximate relation

7 * =  7 %  (7)

on the condition that is not extremely small or 
large. While this condition cannot yet be proved to 
be true, we expediently determine 7*1 value on the 
basis of eq. 7 , using a 7*2g value (at a reference con
centration of 0.01 to) determined independently by 
measuring the e.m.f. of a cell shown by (II).14 We 
then proceed to evaluate 7* values for other concen
trations using the 7*1 value.

The essential data for the computation of the mean 
activity coefficient from e.m.f. data are gathered in 
Table II. In the first column, the monomolal concen
tration is given. The e.m.f. values of the cells shown by
(I) are given in the second column. The transference 
numbers (third column) at each concentration were ob
tained from the data of Okubo, Nishizaki, and Ise,14 
who carried out the transference experiment following 
the method developed by Huizenga, Grieger, and W all.15 
In column 4 the observed mean activity coefficients are 
given. Column 5 gives the single-ion activity coef
ficients of gegenions of the same sodium polyacrylate, 
which were determined independently.14

In the case of the polyelectrolyte solutions, the ac
curacy of the e.m.f. measurement was ± 0.5 mv., and 
the reproducibility was ± 2 % .  The accuracy of trans
ference number data is estimated to be ± 2% . Taking 
these factors into consideration, the limit of error as
sociated with the 7*obsd values was found to increase 
with decreasing concentration and ¿2P value; the high
est limit of error obtained was about ± 7%  for Up =  
0.48 and m =  0 .00435. Except for this extreme case, 
a value of ±  5%  was the limit of experimental error.

For convenience, the experimental data are also 
presented in Table III, together with theoretical values 
for activity coefficients. From Table II (the fifth 
column), it is seen that 7*2g is about 0 .28, almost inde
pendent of the polymer concentration in the concen
tration range studied. This independence is also 
demonstrated in the fifth column of Table III, which 
shows that the ratio of 7*2g to that at the reference 
molality (0.01) is about unity. On the other hand, the 
observed value of 7* decreases with increasing con
centration, as is seen in the fourth column of Table II  
and the second column of Table III. Thus it is evi
dent that 7* is not always equal to 7*2g; in other words, 
eq. 7 does not hold generally. It is then interesting to 
estimate the relative change of 7 % .  The eighth 
column of Table III gives the relative change of 7*2p 
obtained from the observed 7* and 7*2g using eq. 6.

Table II : Mean Activity Coefficient of Sodium Polyacrylate

E.m.f.,
M olality mv.® V Y*obBd° y*agh

0.00435 34.6 0.480 0.32 0.29
(0.01) (0.29) (0.29)
0.0116 27.5 0.480 0.28 0.29
0.0166 24.0 0.480 0.26 0.28
0.0331 16.0 0.481 0.25
0.0663 7.8 0.485 0.24 0.28
0.0995 5.7 0.494 0.19 0.28
0.167 0.0 0.522 0.18 0.28
0.227 - 2 .5 0.522 0.15

“  The e.m.f. measurements were carried out with mi = 0.167,
whereas the y'"obsd values were determined using a -y*2g value at
0.01. b From the measurements in the work cited in ref. 14.

The enormous change of 7 %  with concentration should 
be noted and will be discussed later.

It would be useful to mention the single-ion activity 
coefficients of macroions (7 % )  and gegenions (7 % ) .  
However, as explained in the Introduction to this paper, 
the single-ion activities are inaccessible to exact thermo
dynamics. It should also be noted that a meaningful 
discussion of 7*2p cannot be given because of experi
mental difficulties as well as of the basic inaccessibility 
alleged by Guggenheim.3 Since an electrode, rever
sible with respect to macroions, is not available, we 
are forced to estimate 7 %  indirectly by measuring 
7* and eq. 6. Usually, when polyelectrolytes are 
concerned, a  is very large compared to unity. There
fore, it is clear from eq. 6 that 7* must be known to a 
high degree of accuracy in order to obtain a reasonably 
accurate value of 7 % .  For example, if a is assumed 
to be 1000, which appears to be a reasonable estimate 
for ordinary polyelectrolytes, an error of 7*  of 0 .1%  
corresponds to an error in 7 %  of 100% . Evidently, 
such high accuracy for 7* cannot be expected. Thus, 
it is difficult to compute exact values of 7*2p from data 
of 7 * .16 On the other hand, eq. 6 indicates that, how
ever large a  may be, the magnification of error does 
not matter when the aim is to estimate 7*2g. This is 
one reason why 7*2g could often be used for discussion 
of thermodynamic properties of polyelectrolyte solu
tions. It should be carefully noted, however, that this 
usefulness relies ultimately on the well-known assump-

(14) T. Okubo, Y. Nishizaki, and N. Ise, J. Phys. Chem., 69, 3690 
(1965).
(15) J. R. Huizenga, P. F. Grieger, and F. T. Wall, J. Am. Chem. 
Soc., 72, 2636 (1950).
(16) Note that the enormous change of y*2P mentioned in the pre
ceding paragraph exceeds largely the limit of error associated with 
7*2p-
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Table III: Relative Changes of y*, y%g, and y*2p with Concentration and Comparison with Theory“

'7 * /7*0 .01 ' ■ -  • • • '  -------------------------- 7*2g/7*2g0.01-------------------- — '  --------------------- — 7 *2p /7 *2 p o .o i--------
——-—-— Caled.1—“—*———•> <•—  -------— Caled.-—-—-—•— -, ,------------------ Caled.-

Molality Obsd. B = 100 A. B = 120 A. Obsd. B = 100 A. B = 1 2 0  A. Obsd. B = 100 Â. B = 120 A.
0.001 2.59 1.31 1.21 1.21 1Q238 1Q26
0.01 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00
0.03 0.86 0.63 0.86 0.97 0.89 0.89 10-38 IQ-105 IO -10

0 .1 0.66 0.53 0.80 0.97 0.82 0.82 10-12° 10-Í36 10~18

“ The reference molality is 0.01.

tion pertaining to the liquid junction potentials which 
has not yet been rigorously established.

In view of ambiguities associated with the single
ion activity coefficients discussed briefly in the preced
ing paragraph, it is desirable to discuss the solution 
properties of polyelectrolytes in terms of the mean 
activity coefficient. It is also thermodynamically 
significant. Furthermore, it would be interesting to 
show how useful the mean activity coefficient is. 
First of all, we have to mention a test of the Gibbs- 
Duhem equation in poly electrolyte solutions.17 The 
test of this equation, as is well-known, had been im
possible because of the lack of mean activity coef
ficient data. However, using the data presented in 
this paper and the osmometrically determined activity 
coefficient of solvent, the equation can now be checked. 
In other words, the reliability of thermodynamic 
solution data can be conclusively discussed. It would 
also be useful to recall recent observation by Nagasawa 
and Fujita17 18 that, when the mean activity coefficient 
in the Gibbs-Duhem equation is replaced by the 
single-ion activity coefficient, the modified equation 
gives single-ion activity coefficient values, which not 
only disagree numerically with values determined by 
other direct methods but also show a concentration 
dependence quite different from the experimental one. 
It is plausible that the origin of this contradiction is the 
replacement of y* by y*2g in the equation, i . e . ,  the 
adoption of eq. 7 . As a matter of fact, y *  values cal
culated by the (unmodified) Gibbs-Duhem equation 
agreed with observed values of y *  in a high concentra
tion range.17 Here again, the inaccuracy of eq. 7 is 
clearly demonstrated.

The next step to be taken is comparison of the ex
perimental data with theory. As may be understood 
from the discussion given later, in order that the ex
perimental data of mean activity coefficient can be 
accounted for by any theory, the macroion-macroion 
interaction has to be taken into consideration in that 
theory. Regrettably, there are only a few theories: 
a theory by Harris and Rice19 and our previous theory48-

appear to meet this requirement. The former theory, 
however, led us to a complicated expression for y *  so 
that the comparison using this theory will be reported 
in a subsequent paper. In the present paper we con
fine ourselves to our theory.

As is mentioned in another paper,14 mean activity 
coefficient and single-ion activity coefficients of macro
ions and gegenions formulated in our theory are de
noted by y ,  y2p, and y2g, respectively, and are based 
on the assumption that the electrolyte is partially dis
sociated; that is, the macroion is not Z  valent but 
a  valent.20 These quantities should not be confused 
with the experimentally found activity coefficients, 
which are “ stoichiometric” ones determined on the 
assumption that the electrolyte is fully dissociated 
and which have been and will be expressed by y *  
terms in this paper. If the fraction of free gegenions 
is denoted by /?, we obtain

7 * =  187, 7*2g =  /372g, and y*2p =  /3y2p (8)21

Furthermore, thermodynamics gives
a 4-1 a i  c\\

7  =  72p72g  (9)

If we assume that ¡3 is equal to the polymer charge 
fraction ( i / s ) ,  which was determined by transference 
experiment,14 observed values of mean activity co
efficient, 7*, can be compared with the theoretical 
value by means of eq. 8. The expressions for y2p

(17) N. Ise and T. Okubo, publication in preparation.
(18) M. Nagasawa and H. Fujita, J. Am. Chem. Soc., 86, 3005 
(1964).
(19) F. E. Harris and S. A. Rice, J. Chem. Phys., 25, 955 (1956).
(20) The macroion is assumed to have Z ionizable groups and X 
bound gegenions, and a = Z — X.
(21) It should be recalled that the same standard state of chemical 
potential of polyelectrolyte as that of the 1 - 1  type electrolyte was 
adopted. To be correct, consequently, 7 2p must be called the “single- 
ion activity coefficient of a ionizable groups of the macroion,” whereas 
72P must be called the “single-ion activity coefficient of a ionized 
groups of the macroion,” though the term “single-ion activity coef
ficient of the macroion” does not result in confusion. In the light 
of such a physical meaningjof 7 *2p, the reason for the difference between 
7 *2p and 72P, and between 7 * and 7  would be understood.
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and 72g obtained in the previous treatment48, reduce to 
the following in salt-free polyelectrolyte!

kT In 72g =  -  +

[aa(KR) +  ] (1 — 1
2(a3TC2p +  Sfn:2g)

kT In 72P =  -  +

[<xct(kR) +  ct(k52)](1 — 2n2̂ 2p)
2(a3H2p +  3Tl2g)

t f f a *  _  J _ ,
e \5R 252

with

47reo2. .
/c2 =  - j ^ [ o n t ( a m  2p +  3Tl2

where e0 is the absolute value of the elementary charge, 
k the Boltzmann constant, e the dielectric constant of 
solvent, o2 the mean radius of an ionized group and a 
gegenion, n2 the number of macroions per unit volume 
of solution, r the radius of macroion sphere, 9TCi the 
exclusion volume parameter of ion i (9TC2p =  1 — 
n2%p for macroions), and vt the exclusion volume of ion 
i (y2 =  47rr8/3 for macroions). The subscript 2 refers 
to polyelectrolyte, a and r are familiar functions 
which appear in the Debye-Huekel theory.22

Using eq. 8-11, 7 * was calculated with the values of 
fi =  0.44, Z  =  1640, X =  920, a =  720,23 % =  4 A., 
and appropriate values of r. In Table III, the theo
retical values of y * /y *o.oi, 7 *2g/Y*2go.«, and 7 % /  
7 *2po.o1 are presented. It is clear that the theoretical 
value of 7 * /7 *o.oi decreases with concentration in 
accordance with the observed tendency. On the other 
hand, the calculated value of 7 *2g/ 7 *2go-in is much more 
insensitive to the concentration than that of 7 * /7 *o.oi. 
This is also a fact experimentally found (compare 
columns two and five). This difference can be at
tributed to the contribution of 7 *2p, as was mentioned 
already. In the ninth and tenth columns of Table 
III, the theoretical values of 7 *2p /y *2po.l>1 are presented. 
Taking into account the fact that the calculated 
values are very sensitive to the assumed value of r, 
we note that the agreement between theoretical and 
observed (eighth column) values is satisfactory.

It should be further noted that 72p consists of con
tributions of macroion-macroion interaction and intra
macroion interaction. The former is represented by the 
/¿-containing first term24 on the right-hand side of eq. 
11, and the latter by the rest. According to our nu

Polymer concentration (molality)

Figure 2. Concentration, dependence of the mean activity 
coefficient: --------- , theory; X, observed.

merical calculations, the intermacroion interaction is 
as strong as the intramacroion interaction. There
fore, the observed enormous change of 7 %  with con
centration should be attributed to these two kinds of 
interactions and indicates that the contribution of 
macroion-macroion interaction in the thermodynamic 
properties of dilute polyelectrolyte solutions is not 
negligible at all, but strikingly influential. This is in 
contrast with what has been often assumed in many 
theoretical treatments of polyelectrolytes. The im
portant role of the macroion-macroion interaction has 
been pointed out in a series of our previous papers4 
and is now again demonstrated by measurements of a 
thermodynamically significant quantity, e.g., the mean 
activity coefficient.

In Figure 2, the theoretical and observed values of 
Y V  Y*o .0 1  are compared. Three curves represent theo
retical ones obtained with r values indicated in the 
figure, whereas the crosses denote experimental data. 
Figure 2 shows that a theoretical curve obtained with 
r =  120 A. is in excellent agreement with experimental 
data between 0.01 and 0.07 m, and observed values at 
high concentrations deviate from this curve, approach
ing a theoretical curve obtained with r =  100 A. as 
the concentration increases. This is quite understand

(22) It. H. Fowler and E. A. Guggenheim, “Statistical Thermo
dynamics,” 1st Ed., Cambridge University Press, London, 1939, 
Chapter 9.
(23) The transference experiment in the work cited in ref. 14 shows 
that the polymer charge fraction i/s (=  fl) varies only slightly with 
concentration. The value adopted here, i.e., 0.44, is the average 
one. The value of a was obtained by a — /3Z, where Z, the total 
number of ionizable groups of a macroion, happens to be equal to 
the degree of polymerization under our experimental condition. 
X was determined by a = Z — X.
(24) This term contains also macroion—gegenion interaction. How
ever, this interaction would be much smaller than the macroion- 
macroion interaction, judged from the nature of Coulombic inter
action.
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able since the radius of the polymer sphere would de
crease with increasing polymer concentration.

Finally, mention should be made of the value of r 
found above. Figure 2 shows that 120 A. for r gives 
a very satisfactory agreement between theory and ex
periment in the dilute region. Since information on 
this quantity at finite concentrations from other sources 
is not available, no convincing conclusion can be 
drawn. It should be noted, however, that, if this value 
of r is used for computation of y2g (by means of eq. 10),

an excellent agreement between theory and experi
ment can also be obtained as is shown in Table III.
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The Determination of the Ionization Constants of Some 

Sulfonic Acids by Raman Measurements

by O. D . Bonner and Arnold L. Torres

Department of Chemistry, University of South Carolina, Columbia, South Carolina 
(Received May 12, 1965)

The degrees of ionization of p-toluenesulfonic acid and 2,5-dimethylbenzenesulfonic acid in 
aqueous solutions have been determined by comparison of the ratio of intensities of the 
Raman lines arising from the C -H  stretch in the CH3 group and the S -0  stretch for each 
sulfonate ion. These data have been combined with activity coefficient dam to yield 
ionization constants of 11.6 ±  0.5 and 2.7 ±  0.5 for the two acids. A  comparison of 
infrared spectra for samples of an ion-exchanger film indicates a degree of ionization com
parable to that of the two “ model”  compounds.

The introduction of the sulfonic acid type of cation- 
exchange resins, consisting of sulfonate-exchange sites 
on polystyrene-divinylbenzene matrices, has resulted 
in the accumulation of very precise equilibrium data. 
The structures of these resins are reasonably well 
known, and resin samples from the same batch are 
quite uniform. There have been many attempts to 
interpret these data for various pairs of ions. One 
of the most interesting phenomena is the reversal of 
selectivity shown in exchanges involving an alkali 
metal ion, e.g., sodium ion, and hydrogen ion. The 
resin exhibits the expected preference for sodium ion 
except in cases where the sodium ion loading exceeds

about 90%, in which case hydrogen ion is then pre
ferred. This behavior has led to considerable specula
tion as to the strengths of sulfonic acids. Because of 
the insolubility of the ion-exchange resins, many 
studies have been made on solutions of “ model”  com
pounds similar in structure to the repeating units of 
the ion exchanger.

Mock and Marshall1 have investigated a sulfonated 
1:1 copolymer of styrene and vinyltoluene having a 
molecular weight of approximately 224,000 and report 
a degree of ionization, a, of 0.38 as determined from

(1) R. A. Mock and C. A. Marshall, J. Polymer Sci., 1 3 ,  263 (1954).
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pH measurements on binary solutions of the polymer 
and HC1. The degree of polymerization was also 
found to be independent of concentration. In further 
investigations, Mock and co-workers2 confirm this 
value by conductance measurements. The calcula
tions assume, however, that the value of A0 is chiefly a 
consequence of proton conductance with little contribu
tion from the polysulfonate ion. These results may be 
contrasted with the work of Lapanje and Rice3 in 
which Raman spectra were obtained for solutions 
of polystyrenesulfonie acid (PSSA) and ethylbenzene- 
sulfonic acid (EBSA). Those workers concluded that 
the absence of new lines in the spectrum of PSSA 
and the fact that the relative intensities of the lines 
are approximately the same as in EBSA strongly suggest 
that PSSA is completely ionized. This assumes, of 
course, the complete ionization of EBSA. This result 
was in qualitative agreement with the proton magnetic 
resonance study of Kotin and Nagasawa,4 5 who inter
preted chemical shift data as indicating that PSSA is 
completely ionized. Dinius and Choppin6 have measured 
nuclear magnetic resonance spectra of p-toluenesulfonic 
acid as a function of concentration and find an acid 
ionization constant calculated from chemical shifts to 
be 22 ±  3. This value lies between those found by 
Mock and Marshall and by Lapanje and Rice.

Bonner and co-workers have speculated on the 
strengths of sulfonic acids on the basis of results ob
tained from studies of “ model”  compounds and from 
ion-exchange equilibria involving hydrogen ion at 
several temperatures. Studies of soluble sulfonates 
indicated6 that sulfonic acids are only moderately 
strong acids; the ionization constants of the higher 
molecular weight acids are probably the same order of 
magnitude but lower than that of nitric acid. An 
ionization constant of the order of 5 to 10 was postu
lated for 16% DVB resin7 from equilibrium studies and 
calorimetric measurements indicated8 fewer un-ionized 
exchange sites on resins of lower DVB content. The 
investigations reported in this paper were initiated 
in an attempt to determine with certainty the ioniza
tion constants of representative sulfonic acids, to 
correlate acid strengths with structure, and to relate 
these results to ion-exchange equilibria.

Experimental Section

All Raman spectra were recorded by a Cary Model 
81 Raman spectrophotometer. A  circulating filter 
solution was used to isolate the 4358-A. mercury
exciting line. This solution consisted of 125 ml. of o- 
nitrotoluene and 1.75 g. of ethyl violet in 3 1. of iso
propyl alcohol. The frequencies of all sharp lines are 
expected to be accurate to ± 5  cm.-1. A  standard

Cary 7-mm. cell with a volume of 5 ml. was employed. 
A  spectral slit width of 10 cm. and slit height of 10 
cm. were used to record all spectra. Varying ampli
fications and scanning times were used for the solutions 
of different concentrations.

Osmotic and activity coefficients of the acids were 
determined by isopiestic comparison of solutions of 
these electrolytes with solutions of lithium chloride 
which were used as standards. Osmotic coefficients 
were calculated from the equation

??2ref
V (p  =  ï>ref $ re fm

Activity coefficients were calculated from the equation

Ttlref,
log 7  =  log 7ref +  lo g --------b

m

2  r mref’A

2^303J o

ïïlreî
m

(m7)ref1/2 d(m7)ref'A

Aqueous solutions of p-toluenesulfonic acid and 2,5- 
dimethylbenzenesulfonic acid were prepared from rea
gent grade material. The sodium salts were prepared 
by neutralization of the acid solutions with reagent 
grade hydroxides.

Results and Discussion

Raman band frequencies and relative intensities 
are reported for sodium p-toluenesulfonate and sodium
2,5-dimethylbenzenesulfonate in Table I. The same 
band frequencies are observed for the corresponding 
acids. In each instance the band occurring at 2925 
cm.-1 is assigned to the C -H  stretch of the methyl 
group. The bands which occur at 1125 cm.-1 in the 
case of the p-toluenesulfonates and 1025 cm.-1 in 
the case of the 2,5-dimethylbenzenesulfonates are due 
to the sulfonate ion.3’9'10 Preliminary ultraviolet ab
sorption spectra revealed that at the wave length of the 
exciting fine (4358 A.) these substances absorb light. 
Further, acids and salts of the same concentration 
absorb differently, indicating different extinction co-

(2) R. A. Mock, C. A. Marshall, and T. E. Slykhouse, J. Phys. Chem., 
58, 498 (1954).
(3) S. Lapanje and S. A. Rice, J. Am. Chem. Soc., 83, 496 (1961).
(4) L. Kotin and M. Nagasawa, ibid., 83, 1026 (1961).
(5) R. H. Dinius and G. R. Choppin, J. Phys. Chem., 66, 268 (1962).
(6) O. D. Bonner and O. C. Rogers, ibid., 64, 1499 (1960).
(7) O. D. Bonner and R. R. Pruett, ibid., 63, 1417 (1959).
(8) O. D. Bonner and J. R. Overton, ibid., 65, 1599 (1961).
(9) G. Zundel, H. Noller, and G. M. Schwab, Z. Elektrochem., 66, 
129 (1962).
(10) G. Zundel, H. Noller, and G. M. Schwab, ibid., 66, 122 (1962).
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efficients for the un-ionized acid and the sulfonate ions. 
This prevented direct comparisons of the intensities 
of the sulfonate bands occurring in the salt solutions 
and the various acid solutions. The ratio of the in
tensities of the sulfonate ion and C -H  bands in the 
same solution was found, however, to be proportional

Table I : Raman Intensities

Sodium Sodium 2,5-dimethyl-
toluenesulfonate benzenesulfonate

Frequency,®
cm.-' Intensity

Frequency,0 
cm.-1 Intensity

225 12 285 b 20
295 31 345 30
395 b 6 465 65
495 b 3 705 32
560 b 6 745 22
630 24 380 37
680 b 6 1025 92
805 50 1100 17

1005 10 1150 sh 10
1030 22 1215 67
1125 100 1280 8
1180 sh 10 1380 48
1210 23 1440 b 12
1375 15 1565 sh 15
1600 65 1510 70
2875 sh 12 2375 sh 22
2925 48 2925 100
2975 sh 12 2975 sh 37
3060 58 3960 54

“ b, broad; sh, shoulder.

Figure 1. Ratio of intensities of the bands arising from the 
sulfonate groups and the methyl groups in p-toluenesulfonic 
and 2,5-dimethylbenzenesulfonic acids. Intensity ratios at 
zero concentration are for solutions of the sodium salts. 
These ratios are independent of the concentrations of the 
salt solution. Degree of ionization =  R -̂,d/RK\t-

0 2 0 4 0  6 0  8.0 100
Molality of Acid

Figure 2. Ionization constants of p-toluenesulfonic 
and 2,5-dimethylbenzenesulfonic acids.

Table II : Osmotic and Activity Coefficients

to the fraction of sulfonate ion (sulfonate ion concentra
tion divided by the stoichiometric sulfonate concentra
tion) . The band at 2925 cm.-1 was chosen as the refer
ence band rather than the C-H  stretch of the hydrogen 
atoms on the aromatic ring because it is not affected 
by other ring substituents and, therefore, is independ
ent of the degree of ionization of the sulfonic acids. 
Plots of these intensity ratios are shown in Figure 1. 
The degree of ionization of the acid in the various solu
tions was calculated from these data, and the stoichio
metric ionization quotient Qm =  a2m/ (1 — a) was de
termined. This quotient must be corrected by the 
term / +/_ /d  in order to obtain the ionization constant. 
Activity coefficients have been reported for p-toluene
sulfonic acid up to 5.0 m11 and osmotic coefficients up 
to 10.0 to.12 Osmotic and activity coefficients are 
available for solutions of 2,5-dimethylbenzenesulfonic 
acid solutions up to 5.0 m.13 In order to make activity 
coefficient corrections, further isopiestic equilibrations 
have been carried out which permit the data for 
both acids to be extended to more concentrated

p- T olu enea ulf onic 2,5-Dimethy lb enzene-
acid sulfonic acid

m y $ y

5 .0 0 .4 5 3 0 .7 7 3 0 .2 9 8
5 .5 0 .4 7 1 0 .7 9 6 0 .2 9 9
6.0 0 .4 9 2 0 .8 2 1 0 .3 0 1
6 .5 0 .5 1 6 0 .8 4 8 0 .3 0 5
7 .0 0 .5 4 2 0 .8 7 4 0 .3 1 0
7 .5 0 .5 7 2 0 .8 9 9 0 .3 1 6
8.0 0 .6 0 6 0 .9 2 3 0 .3 2 2
8 .5 0 .6 3 9 0 .9 4 6 0 .3 2 8
9 . 0 0 .6 7 5 0 .9 6 6 0 .3 3 4
9 .5 0 .7 1 5 0 .9 8 4 0 .3 3 9

10.0 0 .7 5 4 1.000 0 .3 4 4

solutions (Table II). These data, however, represent 
mean stoichiometric activity coefficients, y±, and the

(11) O. D. Bonner, G. D. Baeterling, D. L. West, and V. F. Holland, 
J. Am. Chem. Soc., 77, 242 (1955).
(12) O. D. Bonner and O. C. Rogers, J. Phys. Chem., 65, 981 (1961).
(13) O. D. Bonner, V. F. Holland, and L. L. Smith, ibid., 60, 1102 
(1956).
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ionic activity coefficients necessary for the corrections 
were calculated from the relationship y± =  a/±, 
where f ± is now the mean ionic activity coefficient. 
The extrapolation of a plot of log Ki3 vs. molality to 
infinite dilution (Figure 2) yields ionization constants 
of 11.6 ±  0.6 and 2.7 ±  0.5 for p-toluenesulfonic and
2,5-dimethylbenzenesulfonic acids, respectively.

These two sulfonic acids may be considered as 
“ models”  of the repeating units in a sulfonated sty- 
rene-divinylbenzene ion-exchange resin. The values 
obtained for the ionization constants indicate that all 
exchange sites on the resin are not identical, and the 
incomplete ionization of the sulfonic acids explains 
some of the phenomena occurring in exchanges in
volving hydrogen ion. The relatively large difference

in the strengths of these acids leads one to the con
clusion that the difference in the behavior of resins 
of different DYB content is due to the properties of the 
sulfonated DVB bridges to at least as great an extent as 
to the differences in concentration. The direct calcu
lation of the ionization constant of a resin sample is diffi
cult since the resins will not swell sufficiently for one to 
obtain very dilute solutions. The results reported by 
Zundel and co-workers9'10 of infrared spectra of ion- 
exchange films indicate, however, that the degree of 
ionization of the ion exchanger is similar to that of these 
“ model”  sulfonates at comparable concentrations.

Acknowledgment. The support of this research by 
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Structure of the Electrical Double Layer at a Mercury Electrode 

in the Presence of Adsorbed Nitrate Ions

by Richard Payne

Air Force Cambridge Research Laboratories, L. G. Hanscom Field, Bedford, Massachusetts 
(.Received June 4, 1965)

The adsorption of the nitrate ion on a mercury electrode from mixed solutions of am
monium nitrate and ammonium fluoride has been studied by measuring the double-layer 
capacity as a function of solution composition at 25°. The adsorption can be described 
by Frumkin’s modification of the Langmuir isotherm with a small repulsive lateral inter
action coefficient, a nonlinear charge dependence of the standard free energy of adsorption, 
and a low saturation coverage. The large apparent area occupied by the adsorbed ion is 
tentatively interpreted in terms of two-dimensional hydration. The amounts adsorbed 
are calculated and the capacity is resolved into its component parts with the aid of the 
isotherm and diffuse-layer theory. The (integral) capacity measured at constant amount 
adsorbed decreases linearly with the amount adsorbed, and the capacity measured at con
stant charge is a function of the charge. These observations are critically discussed in 
terms of the Grahame-Stem model of the double layer, and an alternative interpretation 
based on a model of mixed adsorption of the anion and the solvent is suggested.

Introduction

The specific adsorption of the nitrate ion at the 
mercury-solution interface is more complex than the 
adsorption of the structurally simpler halide ions 
which have been studied in some detail.1-3 Grahame 
and Soderberg4 first recognised this anomalous be
havior which they attributed to the operation of 
weaker adsorption forces of the van der Waals type in 
the case of the nitrate ion. However, the nitrate ion 
appears to be at least as extensively adsorbed as the 
chloride ion although the adsorption increases more 
rapidly with the potential in the former case. For 
this reason, the characteristic capacity “ hump" 
which is largely obscured by the adsorption in chloride 
solutions is well developed in nitrate solutions. The 
interpretation of the hump is of considerable theo
retical interest in view of its close connection with the 
structure of the solvent dielectric in the inner region 
of the double layer.6 Considerable insight into the 
structure of the inner region is possible from a study 
of specific adsorption of the anion.1-2

Because the adsorption of the nitrate ion is not so 
strongly potential dependent as that of previously

studied anions, it is difficult to obtain accurate measure
ments of the amount adsorbed especially at the lower 
concentrations because of uncertainties in the diffuse 
layer concentration of anions.6 For this reason, 
measurements have been made in mixed solutions of 
ammonium nitrate and ammonium fluoride of con
stant ionic strength. This method possesses the double 
advantage of eliminating the diffuse-layer correction 
to the amount adsorbed and of minimizing the effect 
of the diffuse-layer capacity in the subsequent analysis.

Experimental Section
The double-layer capacity at a dropping mercury 

electrode was measured for eight solutions of x M  
NH4NO3 +  (1 — x) M  NH4F in water for the range 
0 ^ x ^ 1 at 25° using the a.c. bridge method de

(1) D. C. Grahame, J. Am. Chem. Soc., 80, 4201 (1958).
(2) D. C. Grahame and R. Parsons, ibid., 83, 1291 (1961).
(3) Pu. Payne, J. Chem. Phys., 42, 3371 (1965).
(4) D. C. Grahame and B. Soderberg, ibid., 22, 449 (1954).
(5) R. Parsons, “ Advances in Electrochemistry and Electrochemical 
Engineering,” Vol. I, Interscience Publishers, Inc., New York, 
N. Y., 1961, p. 1.
(6) K. M. Joshi and R. Parsons, Electrochim. Acta, 4, 129 (1961).
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scribed previously.7 A calomel reference electrode in 
1 M  KC1 was used for all the measurements. The 
reference electrode solution was isolated from the test 
solution by a closed stopcock to reduce instability of 
the liquid junction potential. The reproducibility of 
the liquid junction potential was checked repeatedly 
by measurements of the potential of the electrocapillary 
maximum (e.c.m.) for the base solution (i.e., 1 M  
NH4F). The e.c.m. potential was measured for each 
solution by the method of the streaming mercury elec
trode.8

Solutions were prepared volumetrically from per
manganate-distilled water and A.R. grade salts. 
NH4NO3 was recrystallized before use but NH4F was 
used without further purification after attempts to 
purify this salt by vacuum sublimation resulted in 
decomposition. However, no evidence of organic or 
inorganic impurity was detected in the impedance 
measurements. Mercury was prepared by agitating 
with dilute nitric acid followed by multiple distillation 
in vacuo. Details of the preparation of capillaries 
and other details are given elsewhere.9 The measure
ments were made in a water thermostat controlled to 
±0.05°.

Results
The capacity of the double layer is shown as a func

tion of the potential for seven solutions of x M  NH4N 0 3 
+  (1 — x) M  NH4F in Figure 1. The characteristic 
hump in the anodic branch of the curve for the base 
solution is further developed by addition of NH4N 0 3 
to the solution owing to specific adsorption of the N 03”  
ion. Coincidence of the curves for all solutions at 
potentials more negative than —1.2 v. shows that the 
N 0 3~ ion is completely desorbed in this region. The 
potentials and capacities at the e.c.m. are summarized 
in Table I.

The capacity data were integrated on an Elliot 803 
computer to give values of the capacity (C), potential 
measured with respect to a hypothetical reference 
electrode reversible to the cation (E +), the interfacial 
tension (7 ') relative to that of the base solution at the 
same value of the surface charge density on the metal 
(q), and the function £+ =  7 ' +  qE+ all interpolated 
to integral values of q. The constants of integration 
were evaluated by assuming equality of the charge 
and interfacial tension for all solutions at sufficiently 
negative values of q ( —20 ¿icoulombs/cm.2). A 
check of the accuracy of this procedure was made by 
comparing the values of the e.c.m. potential obtained 
by the back-integration method with independent 
values measured by the streaming mercury electrode 
method. The agreement found was usually better

POTENTIAL VS. NCAL: (VO LT)
Figure 1. Differential capacity of the electrical double 
layer in contact with solutions of x M  NEfiNOa +  (1 — x) M 
NH4F in water at 25°: x =  (1) 0; (2) 0.01;
(3)0.01; (4)0.02; (5)0.05; (6)0.1; (7)0.2.

Table I : Potential and Capacity at the Electrocapillary 
Maximum for Solutions of x M  NH4NO3 +  (1 — x) M  NH4F 
in Water at 25°

, mole 1. Rmeasd>° mv. — E w lci,b mv. C, fif. cm.

0 .0 4 7 4 .0 2 6 .1 3
0 .0 0 1 4 7 4 .7 4 7 3 .6 2 6 .2 7
0 .0 0 5 4 7 6 .6 4 7 7 .0 2 6 .7 4
0 .0 1 4 8 0 .4 4 8 0 .1 2 7 .2 7
0 .0 2 4 8 4 .4 4 8 4 .3 2 7 .9 6
0 .0 5 4 9 5 .9 4 9 5 .5 2 9 .3 3
0 .1 50 9 .1 5 0 8 .7 3 0 .3 9
0 .2 5 2 3 .2 5 2 3 .6 3 1 .0 6
1 .0 5 6 3 .6 5 6 5 .1 3 1 .1 8

0 2?measd was measured directly by the streaming mercury 
electrode method.8 b Ew.ua was calculated by back-integration 
of the capacity-potential curve from the far cathodic end using a 
value of q =  —20 /¿coulombs cm. - 2  at E -  1.5215 v. obtained 
from the data for 1 M  NEfiF.

than 1 mv. (Table I). Since the cation concentration 
was kept constant throughout, the experimental E

(7) G. J. Hills and R. Payne, Trans. Faraday Soc., 61, 316 (1965).
(8) D. C. Grahame, E. M. Coffin, J. T. Cummings, and M. A. Poth, 
J. Am. Chem. Soc., 74, 1207 (1952).
(9) R. Payne, J. Electroanal. Chem., 7, 33 (1964).
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Figure 2. Composite curve of the surface pressure (<i>) of 
specifically adsorbed nitrate ions measured at constant 
charge as a function of the chemical potential 
of anions in the solution.

values could be equated to E +. No correction for the 
variation of the cation activity with solution composi
tion was considered necessary.

The Gibbs adsorption equation for the present 
system takes the form10

— d£+ =  kTThio,- d In x — E +dq  (1)

where TNo.- is the surface concentration of specifically 
adsorbed N 0 3~ ions; i.e., no correction for the diffuse- 
layer concentration of N 0 3~ is necessary.11 The sur
face pressure (4) of the specifically adsorbed ions was 
therefore simply evaluated as £+ — £0+ where £0+ refers 
to the base solution. 4  was then plotted against log 
x for constant integral values of q. As before,3’12.13 
it was found possible to construct a single composite 
surface pressure curve by superimposing the individual 
curves for different values of q by sliding them along 
the log x axis. The results of this fit are shown in 
Figure 2. The majority of the points are indistin
guishable from the common curve, and the maximum 
deviation is no more than 0.4 dyne/cm.

The results were fitted to a Frumkin isotherm which 
has the form14

6 . fia
In-------- +  A 0 =  In — (2)1 - 6  r s

Figure 3. Dependence of the standard free energy of 
adsorption (log (3) of nitrate ions on the surface 
charge density (?) for a constant-charge isotherm.

where 9 is the fractional surface coverage, A  the dimen
sionless lateral interaction coefficient, a the activity of 
the adsorbate, and r B the saturation coverage. (3 
is a constant related to the standard free energy of 
adsorption by

l n / 3 = - A  G°/RT (3)

The method of fitting the data was, as before, by 
comparing the experimental surface pressure data with 
theoretical values calculated by integrating the iso
therm. The curves were compared in the form of 
universal plots of log $ vs. log a (see ref. 12). In this 
way the value of the interaction coefficient A and a 
rough fit were obtained. The fit was then improved 
by comparing the curves in the form of 4  vs. log a. 
The solid line in Figure 2 was calculated from a Frumkin 
isotherm having the constants

A/2.303 =  1

( r s =  1.54 X 1014 molecules/cm.2 

| gsx =  24.7 pcoulornbs/cm.2 (4)

log 0 =  14.95 +  f (q)

The dependence of log /3 on q found from the amount
by which the individual surface pressure curves in

(10) E. Dutkiewicz and R. Parsons, J. Blectroanal. Chem., in press.
(11) It is assumed in (1) that the activity coefficient of the nitrate 
ion is independent of the composition of the solution and in the calcu
lation of the standard free energy of adsorption it will be arbitrarily 
set to unity.
(12) R. Parsons, Proc. Roy. Soc. (London), A261, 79 (1961).
(13) J. M. Parry and R. Parsons, Trans. Faraday Soc., 59, 241 
(1963).
(14) A. N. Frumkin, Z. pkysik. Chem., 116, 466 (1925).

Volume 6 9 ,  Number 12  December 1966



4116 E-ichard Payne

Figure 2 had to be shifted along the log a axis in making 
the fit is shown in Figure 3. Unlike previously re
ported systems of anion adsorption,1“ 3 the variation 
in this case is nonlinear so that f (q) in (4) is not speci
fied.

The choice of the charge rather than the potential 
as the independent electrical variable has recently been 
strongly criticized by Frumkin and his co-workers,15 16’16 
especially in connection with the adsorption of neutral 
organic molecules. Damaskin,16 in particular, has 
attempted to show that the application of a constant- 
charge isotherm to the adsorption of ¿-amyl alcohol 
results in apparent reversal of the lateral interaction of 
the adsorbed molecules from a predominantly attrac
tive force to a repulsive force as the electrode charge 
is made more negative. Flowever, as Parsons17 has 
pointed out, this argument presupposes the correctness 
of the constant-potential isotherm, which is implicit 
in Frumkin’s original model of the double layer in the 
presence of the adsorbed species as a pair of parallel 
connected condensers, so that the argument is es
sentially a circular one. The amounts adsorbed cal
culated from an equation based on a specific model 
of the double layer will obviously be consistent with 
that model, but this provides no evidence whatsoever 
for the correctness of the initial assumptions. In a 
recent paper, Frumkin and co-workers16 have recog
nized this point and have shown that whereas the 
Frumkin isotherm leads to the well-known parallel 
condenser equation

c = c0(i -e)  + c  (5)

for constant-potential adsorption, the corresponding 
constant charge equation represents a series combina
tion

l/C =  (1 -  d)/Co +  1 / C  (6)

where Co and C' are the capacities of the double layer 
corresponding to values of the fractional coverage 6 
equal to 0 and 1, respectively. It can easily be shown 
from (5) and (6) that

(7)

for the constant-potential isotherm and

<Pt= o  =  <p̂ d j
Co
c7(1 ~ 0 )  +  B

<ps=o =  <pn6 (8 )

for the constant-charge isotherm where <p is the poten
tial measured with respect to the point of zero charge in 
the absence of the adsorbate and is the value of <p 
corresponding to d =  1. Equations 7 and 8, therefore, 
provide a simple method of distinguishing between the 
two types of isotherm and for testing the more ap

propriate electrical variable to describe a specific 
system.

In order to test the validity of the constant-charge 
approach to ionic adsorption originally proposed by 
Parsons,18 the present data were subjected to two tests. 
First, the surface pressure (V) of the adsorbed layer 
measured at constant potential, given by

7r = y '  — y'o (9)

where y'o is the interfacial tension of the base solution 
relative to the electrocapillary maximum, was com
puted and a composite surface pressure curve con
structed as before by superimposing the individual 
curves for different values of E, sliding the curves along 
the log x axis by an amount proportional to E to achieve 
the fit. The results of this fit are shown in Figures 4 
and 5. The solid line is again calculated from a Frum
kin isotherm having exactly the same constants as 
that fitted to the constant-charge data. In the present 
system, therefore, not only the form but also the 
constants of the isotherm are indistinguishable for the 
constant-potential and constant-charge cases when 
compared by this method. This may seem at first 
sight a surprising result but can be readily under
stood when it is recalled that the charge is almost 
linearly dependent on the potential in this system be
cause of the small dependence of the capacity on the 
potential in the anodic region of polarization. It is 
evident, therefore, that the results in Figure 4 really 
represent a constant-charge isotherm since the potential 
drop across the diffuse-layer, which varies by amounts 
of up to 40 mv. at constant total potential over the 
concentration range used here, has been neglected. 
This is a serious criticism of the choice of constant- 
potential conditions since the diffuse-layer potential 
can vary appreciably even for a neutral adsorbate 
and a solution of 1 M  electrolyte concentration, and 
should be taken into account.

The data were next tested by plotting <ps=0 against 
the fractional coverage 6. The result is shown in 
Figure 6. It is evident that <p1=0 is linearly dependent 
on 6 within the experimental error suggesting that (8) 
is applicable and therefore that the charge is the correct 
electrical variable. The slope of the plot in Figure 6, 
which according to (8) is equal to is —0.22 v. which 
leads to the reasonable value for the extrapolated zero 
charge potential when 6 =  1 of —0.69 v. It was con-

(15) A. N. Frumkin, B. B. Damaskin, V. M. Gerovich, and R. I. 
Kaganovich, Dohl. Akad. Nauk SSSR, 158, 706 (1964).
(16) B. B. Damaskin, J. Blectroanal. Chern., 7, 155 (1964).
(17) R. Parsons, ibid., 8, 93 (1964).
(18) R. Parsons, Trans. Faraday Soc., 51, 1518 (1955).
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Figure 4. Composite curve of the surface pressure (i>) of 
specifically adsorbed nitrate ions measured at 
constant potential as a function of the chemical 
potential of anions in the solution.

Figure 6. Dependence of the potential of zero charge 
(<pq = 0) relative to the value for a nonadsorbed electrolyte 
( — 0.474 v.) on the fractional coverage of the 
electrode with specifically adsorbed nitrate ions.

Figure 5. Dependence of the standard free energy 
of adsorption (log /3) of nitrate ions on the 
electrode potential for a constant-potential isotherm.

eluded, therefore, that the constant-charge isotherm is 
the more appropriate form to describe the present 
data.

Values of q1, the charge due to specifically adsorbed 
N 0 3~ ions were calculated from the isotherm (2) and

checked by comparison with values found by graphical 
differentiation of the experimental data according to
(1). Agreement was generally good except at the 
higher concentrations and low values of q where deviar- 
tions of up to 2 pcoulombs/cm.2 occurred. This was 
considered within the probable error of the graphical 
differentiation which is greatest at the ends of the 
curve, q1 is shown as a function of charge and con
centration of NH4NO3 in Figure 7. The curves differ 
radically from the corresponding curves for the K I1 
and KC12 systems in two respects, namely the clear 
approach to saturation at the higher concentrations 
and charges and the wide divergence of the curves.

The potential difference across the inner region of the 
double layer (<t>m~2) was calculated from the measured 
potential by subtracting the potential of the e.c.m. 
in the absence of specific adsorption ( —0.474 v. vs. 
N  cal.) and the potential of the outer Helmholtz plane 
(<f>2) calculated from diffuse-layer theory19 assuming 
cations and F -  ions to be nonspecifically adsorbed. 
4>m~2 is shown as a function of q1 for integral values of 
q in Figure 8. As before, <f>m~2 is a linear function of

(19) D. C. Grahame, Chem. Rev., 41, 441 (1947)«

Volume 69, Number IS December 1966



4118 R i c h a r d  P a y n e

Figure 7. Charge due to specifically adsorbed nitrate 
ions (g1) as a function of the surface charge density 
(g) and the bulk concentration of nitrate ions.

Figure 8. Potential difference across the inner region 
of the double layer as a function of the
charge due to specifically adsorbed nitrate ions 
(g1) and the charge on the metal (g).

g1, but in contrast with previously studied systems the 
lines are not parallel. This is to be expected from the 
nonlinear dependence of log on q in view of the ap
proximate relationship20

V  ò g 1 A  "
RT  d ln /3  
F  d q (10)

The term of the left-hand side of (10) is equal to the 
reciprocal of the component of the inner-layer capacity 
previously denoted18 by si&, which in view of its con
stancy (at constant q) can be replaced by the cor
responding integral capacity q*Kl.

The total inner-layer capacity C1 was calculated 
from diffuse-layer theory according to the equation18

 ̂= <? + ̂ d( 1 + lz") (11)a?

where C,d is the capacity of the diffuse double layer. 
Values of dqx/bq were obtained from the isotherm by 
differentiation

Òqf 
àq

a In /3
a q U 1 +  Qs1 q1

+  a (12)

The components of the inner-layer capacity were then 
calculated from the identity20

i_____i_ i  ag1
C  ~  s(7 +  tJC òq

(13)

where tCl is the capacity measured at constant amount 
adsorbed, i.e., (dq/d(f>m~2) qCfi has been referred to 
as the “ base-solution”  capacity20 by analogy with the 
adsorption of neutral molecules from a base solution 
of constant salt concentration. The second term in
(13) will be referred to as the “ adsorption”  term in the 
following discussion.

Discussion
1 . Origin of the Capacity Hump. The total dif

ferential capacity (C), the inner-layer capacity (C1), 
and the inner-layer capacity measured at constant 
amount adsorbed (qC‘) are compared for four concen
trations of NH4NO3 in Figure 9. The effect of the 
diffuse layer and the adsorption on the total capacity 
is readily apparent. The hump in the total capacity 
(Figure 9(a)) is developed by progressive decrease 
in the capacity on the positive side and increase at the 
negative side as the concentration of N03~ increases. 
At the same time, the position of the hump is shifted 
in the negative direction. Removal of the contribu
tion of the diffuse-layer capacity leaves the hump in
tact (Figure 9(b)) although the height of the peak now

(20) R. Parsons, Trans. Faraday Soc., 55, 999 (1959).
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SURFACE CHARGE DENSITY q (pCOUL/CM2 )

Figure 9. Components of the capacity: (a) total 
capacity (C); (b) capacity of the inner region (Cl);
(c) capacity of the inner region measured at 
constant amount adsorbed (5C‘ )-

decreases systematically with increasing concentra
tion of NO3“ . The capacity is, however, still increased 
by the adsorption process on the negative side of the 
e.c.m. (This is brought out more clearly in Figure
10.) The curves of / J 1 (Figure 9(c)) show that the 
major contribution to the development of the hump 
in concentrated nitrate solutions is the decrease in 
„C1 at the anodic end. The effect of the adsorption 
term on C1 diminishes as q becomes more positive due 
to the approach of l / eiK l to zero in (13). This be
havior is quite different from that of iodide adsorption, 
for example, in which the capacity is dominated by the 
adsorption term, and the base-solution term (qCn) is 
apparently independent of concentration within the 
experimental error.1

The effect of the adsorption on the capacity is 
best illustrated by the plot of the change in reciprocal 
capacity of the inner layer against charge shown in 
Figure 10. These curves are characteristic of an ad
sorption isotherm in which the standard free energy of 
adsorption is a quadratic function of the charge,21 
and are remarkably similar to typical capacity curves 
found in the adsorption of neutral organic molecules.22’23 
Because of the negative charge on the ion, the adsorp
tion is shifted in the positive direction so that the posi

Figure 10. Change of the inner-layer capacity resulting 
from specific adsorption of nitrate ions: x =  (1) 0.001;
(2)0.01; (3)0.02; (4)0.05; (5)0.1; (6)0.2; (7)1.0.

tive end of the curves is outside the experimental 
range. However, the minimum on the curve is ap
parently developed close to q =  12 ¿¿coulombs/cm.2 
in the most concentrated solution. The minimum in 
— A 1/(7 corresponds to a maximum in the amount 
adsorbed24 25 (assuming that In d is a quadratic function 
of q) which is also suggested by the plots of q1 vs. q 
in Figure 7. It is clear, therefore, that unless the 
form of the isotherm changed radically, the nitrate ion 
would be desorbed at more positive values of q if these 
were attainable. In view of the negative charge on 
the ion, this is a remarkable result which can only 
mean that what is being observed is a mixed adsorp
tion of the nitrate ion and some other unidentified 
species. The fluoride ion appears to be nonspecifi- 
cally adsorbed over a wide range of concentration and 
temperature25'26 and in any case is certainly less spe
cifically adsorbed than the nitrate ion.4 It is, there
fore, difficult to resist the conclusion that the solvent 
is the competing species. If this is the case, it must

(21) R. Parsons, J. Electroanal. Chem., 5, 397 (1963).
(22) H. Breiter and P. Deiahay, J. Am. Chem. Soc., 81, 2938 (1959).
(23) B. B. Damaskin, Eledrochim. Acta, 9, 231 (1964).
(24) R. Parsons, J. ElectrcanaL. Chem., 7, 136 (1964).
(25) D. C. Grahame, J. Am. Chem. Soc., 76, 4819 (1954).
(26) D. C. Grahame, ibid., 79, 2093 (1957).
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also be concluded that the water molecule undergoes 
a specific (i.e., nonelectrostatic) interaction with the 
metal, unless for geometrical reasons the electrostatic 
interaction of the water dipole with the field is more 
favorable than that of the ion with the field. Any 
specific interaction of the water with the metal con
stitutes additional support for the view27 that the pre
ferred orientation of the dipole is that with the negative 
(oxygen) end facing the metal since this must be the 
orientation at extreme positive polarizations. In 
any case, chemical interaction with the metal seems 
certain to be between the mercury and oxygen rather 
than hydrogen in view of the well-known low ad- 
sorbability of hydrogen on mercury, characterized by 
the large hydrogen over-voltage and low catalytic 
activity of the mercury electrode.28

2. The Saturation Area. The nitrate ion is planar 
with the electronic structure29

N+

The double bond resonates between the three oxygen 
atoms so that the ion is symmetrical. The most 
probable orientation of the adsorbed ion would seem 
to be flat on the metal surface. Figure 11 shows 
a model of the ion constructed from the measured 
value of the N -0  bond length (1.21 A.) and an esti
mated value for the van der Waals radius of the oxygen 
atom of 1.4 A.29 The area generated by rotating the 
ion about its axis of symmetry is 21.2 A .2. The 
saturation area given by the isotherm fit (4), however, 
is 65 A.2 or roughly three times the geometric area 
of the ion.

Although it is possible that the data could be fitted 
equally well to an isotherm having slightly different 
constants, it is unlikely that the saturation area could 
be in error by a factor of three. When the lateral 
interaction term is large, a considerable range of combi
nations of A and Ts will give similar isotherms. This 
is because of the arbitrariness involved in separating 
the interactions into long-range and short-range con
tributions. However, in the present case the long- 
range interaction is weak (A/2303 =  1) compared with, 
for example, iodide ion adsorption from formamide (A /  
2303 =  6) where the interaction is sufficient to make 
not only the constants but also the form of the iso
therm uncertain.3 It is therefore necessary to look 
elsewhere for the explanation of the large apparent 
area occupied by the nitrate ion.

0 I 2 3A
1 ____ i_______ i_______ i

Figure 11. Model of the nitrate ion.

A possible explanation is that the ion is adsorbed 
with strongly bound primary water of solvation. 
Figure 12 shows a model of such a hydrated ion assum
ing three water molecules each “ bonded”  to the oxy
gen atoms of the ion by way of a hydrogen atom and 
separated by a distance equal to the hydrogen bond 
length. The area of this model calculated by summing 
the areas of the circles circumscribing each water 
molecule (12.6 Â.2) and the ion (21.2 A .2) is 59 Â .2. 
(It seems reasonable to assume that the space between 
the water molecules would be available for occupation 
by adjacent solvated ions.) The evidence for hydra
tion of the nitrate ion in solution is scanty. Recent 
measurements30 based on ionic transport processes 
through membranes indicate a primary hydration 
number of 6, whereas previously reported data31 based 
on compressibility measurements suggest a value of 1. 
A value of 3 seems reasonable in view of the structure 
of the nitrate ion. However, as was pointed out pre
viously27 the nature of the ion-solvent complex in the 
bulk solution is not strictly relevant. If the unsolvated

(27) G. J. Hills and R. Payne, Trans. Faraday Soc., 61, 326 (1965).
(28) A. N. Frumkin, “ Advances in Electrochemistry and Electro
chemical Engineering,” Vol. I, Interscience Publishers, Inc., New 
York, N. Y., 1961, p. 65.
(29) L. Pauling, “ The Nature of the Chemical Bond,” Cornell Uni
versity Press, Ithaca, N. Y., 1948.
(30) A. J. Rutgers, W. Rigole, and V. Hendrickx, Chem. Weekblad, 
59, 33 (1963).
(31) J. Padova, Bull. Res. Council Israel, A10, 63 (1961).
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0 I 2 3 4 5 Ai— i__i____ i ' >
Figure 12. Model of a hypothetical hydrated nitrate ion.

ion were adsorbed into the water-populated inner 
layer, with consequent strong polarization of three 
nearest-neighbor -water molecules, the result would 
be the same. This amounts to postulating that the 
ion-solvent interaction in the double layer is different 
from that in the bulk solution due to the different 
electrical conditions. Some previously reported meas
urements of entropy and volume charges accompanying 
the adsorption of nitrate and other ions27 were, how
ever, interpreted in terms of displacement of bound 
water (adsorbed or solvation) which requires that the 
ion be solvated in the bulk.

3. Potential Difference Generated by Specifically 
Adsorbed Anions. The potential difference (<f>m~2) 
generated across the inner region of the double layer 
by the specifically adsorbed nitrate ions is shown as a 
function of the amount adsorbed (q1) for various 
constant values of q in Figure 8. As in all previously 
reported studies of anion adsorption, <f>m~2 is a linear 
function of ql but whereas the plots were parallel or 
nearly so in all cases, in the present system the slope 
decreases as q becomes more positive, passing through 
zero at q «  8 /icoulombs/cm.2 and actually reversing 
sign at more positive values. This surprising result is 
difficult to interpret in terms of the Grahame-Stern 
model1'19 of the inner layer.

The reciprocal slope (dg1/d</>m_2) s of the lines in 
Figure 8 has the dimensions of capacity which as 
already noted can be regarded as an integral capacity

(qtKv) since it is independent of q1. qiKl was pre
viously interpreted2'3'13 as the capacity of the parallel 
plate condenser with the plates located at the inner 
Helmholtz plane (I.H.P.) and the outer Helmholtz 
plane (O.H.P.) so that

1JD (14)

where e is the dielectric constant of the inner layer 
and x\ and x2 are the distances of the I.H.P. and O.H.P., 
respectively, from the metal surface. The increasing 
value of qiK' with increasing q can therefore be in
terpreted in terms of this simple model as an increase 
in e1 or decrease in the thickness x2 — xi. Although 
the dielectric constant would be expected to depend 
on the amount of adsorbed material because of the 
change in composition, it seems unreasonable to suppose 
that this could account for the large variation of 
,iK 1 observed. In view of the discontinuous varia
tion of QiKl with q and especially the occurrence of 
negative values, it must be assumed that variation of 
xi — xi is responsible.

The notion that the location of the specifically 
adsorbed anions moves away from the metal (i.e., X\ 
increases) as the positive charge on the metal increases 
is difficult to accept on electrostatic grounds. How
ever, according to the arguments outlined earlier, it 
seems probable that anions are “ out-squeezed”  by 
solvent molecules when q is large so that xi may tend 
to increase.

The alternative possibility that x2, the thickness of 
the inner layer, decreases with increasing positive 
charge must also be considered although this also ap
pears unlikely since the capacity at constant amount 
adsorbed is only slightly dependent on q (see Figure 13). 
A further difficulty arises irrespective of whether the 
variation of x2 — X\ is regarded as a variation of X\ or 
of Xi, since negative values of x2 — X\ imply that diffuse- 
layer ions penetrate closer to the metal than specifically 
adsorbed ions. This raises the whole question of 
the nature of the specific adsorptive forces and the 
location of the adsorbed ions. It is assumed in the 
Grahame-Stern model that specifically adsorbed ions 
are in direct contact with the metal and that the ad
sorption forces fall off sharply with distance so that 
ions at or beyond the O.H.P. can only experience eou- 
lombic forces. There is a possibility that diffuse- 
layer ions could be specifically adsorbed, by way of a 
bridging solvent molecule in much the same way as 
ion-pair association can occur in solution. Ions ad
sorbed in this way would contribute little to 4>m~ 2 
because their centers of charge would be in the diffuse 
layer and subject to the screening effect of ions in
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Figure 13. Integral capacity of the inner region of the double 
layer measured at constant amount adsorbed (qK*) as a 
function of the charge on the metal (q) at constant values of 
the amount of specifically adsorbed nitrate ion (g1).
Units of g1 are microcoulombs per square centimeter.

the bulk solution. This is similar to an argument 
recently put forward by Mott, Parsons, and Watts- 
Tobin32 to explain the absence of the predicted correla
tion between the cathodic capacity and the cation 
radius. In this case, however, the cation is not spe
cifically adsorbed to any appreciable extent (which is 
to be expected since the water molecules in the hydra
tion shell would be oriented with the oxygen end of the 
dipole toward the cation and the hydrogen toward 
the metal).

A clue to a possible source of the increase of the ad
sorption energy of the solvent relative to that of the 
anion which results in the out-squeezing effect is found 
in the large apparent saturation area of the anion 
which suggests that approximately five water mole
cules occupy the space vacated by a single anion. It 
is clear, therefore, that the replacement of the ion is 
considerably more favorable energetically than it 
would be if the anion occupied a single site. The 
delicate balance between the adsorption of the solvent 
and the anion set up in this way appears to be re
sponsible for many of the unusual properties of this 
system.

So far, we have neglected the contribution to 4>m~ 2 
of the permanent dipole moment of the adsorbed water 
molecules, a contribution which is increasingly nega
tive as q becomes more positive and the dipoles are 
aligned by the field. The potential difference <f>d 
generated by a layer of N  dipoles of moment p, at an 
angle 6 with the field and immersed in a medium of di
electric constant e is given by

4 7tN u cos 6
*  d =  --------------  (15)

6

With the values given by Watts-Tobin33 of e =  3.1, 
6 — cos-1 (1 /\ /3 ), N  =  1016 molecules/cm.2, and n =
1.84 X 10-18 e.s.u., the value of 4>d in (15) is equal to 
1.29 v. It appears, therefore, that <f>d can be an im
portant contributing factor to <pm~2. If n dipoles are 
replaced by the adsorption of one anion located at the
I.H.P., 4>m~2 will shift in the positive direction if

njl >  (x2 — Zi)e (16)
where p, is the average component of the adsorbed 
dipoles perpendicular to the interface and e is the elec
tronic charge34 35; it is therefore apparently possible to 
explain the zero or positive shift of <pm~ 2 with q1 in 
Figure 8 in this simple way without recourse to a de
tailed model of the inner layer. It is evident that <j>m~ 2 
is a complex parameter and that both of the simple 
interpretations discussed above are unlikely to be 
better than crude approximations even under favorable 
conditions. This is mainly because the double layer is 
of molecular dimensions so that a classical electrostatic 
approach cannot be applied unambiguously. It seems 
reasonable to conclude that any interpretation must 
recognize the finite size of the ion and the molecular 
structural properties of the dielectric, i.e., that the 
problem is one of mixed adsorption of similar chemical 
entities. This view is consistent with the evidence in 
Figures 3 and 10 of the nonlinear dependence of the 
standard free energy of adsorption on the charge. 
However, the experimental evidence is not completely 
self-consistent. For example, if the removal of a sol
vent dipole is supposed to affect then the plots 
of 4>m~2 vs. q1 would be expected to be nonlinear. 
More serious is the apparently ideal behavior of the 
benzenedisulfonate ion which should replace large 
numbers of water molecules but which is actually 
found to give both linear and parallel plots of <j>m~2 vs. 
q1.13 It should also be mentioned that the adsorption 
of nitrate ions from K N 03 solutions in the absence of 
an inert base electrolyte behaves in a similar manner.36 
This suggests strongly that the ionic strength of the 
bulk solution influences the properties of the double 
layer in a way that is not wholly accounted for by 
diffuse-layer theory. A satisfactory answer to these 
and other problems requires more extensive measure
ments both in water and in other solvent systems.

(32) N. F. Mott, R. Parsons, and R. J. Watts-Tobin, Phil. Mag., 7, 
483 (1962).
(33) R. J. Watts-Tobin, ibid., 6, 133 (1961).
(34) It is assumed that both the dipole and the ion are immersed in 
the same dielectric medium.
(35) R. Payne, to be published.
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Figure 14. Integral capacity of the inner region of the double 
layer measured at constant amount adsorbed (SK‘ ) 
as a function of the specifically adsorbed charge (5 1) 
at constant values of the surface charge density (q).

4. Capacity cf the Inner Region at Constant Amount 
Adsorbed. According to the curves in Figure 9(c), 
the capacity of the inner region measured at constant 
amount adsorbed (qCl) is strongly dependent on the 
composition of the solution, and therefore the amount 
of specifically adsorbed nitrate ion, in the anodic 
region of polarization. The decrease of the capacity 
with amount adsorbed is clearly illustrated in Figure 
14 in which the corresponding integral capacity ?2T 
is plotted against q1 for integral values of q. qK l is 
evidently linearly dependent on q1, and the slope of the 
variation is the same within the experimental error for 
all values of g.4 36

The strong dependence of aCl (or qK v) on the amount 
adsorbed is not found for other systems in which the 
plots of 4>m~2 vs. q1 are parallel or nearly so.1-3’13 The 
integral capacity can be regarded as the capacity of a 
parallel plate condenser given by

QIT =
e

4 « 2
(17)

where e1 and x2 are the dielectric constant and thickness, 
respectively, of the inner layer. Both e1 and x2 would 
be expected to depend on the composition of the layer, 
so that it is somewhat surprising to find for the adsorp
tion of iodide ions from water,1 for example, that aK l 
is essentially independent of the coverage. It is even 
more surprising in the case of the benzenedisulfonate 
anion in which ¡¡K1 remains independent of q even under 
conditions approaching saturation coverage.13 Be
cause of the large geometric size of the benzenedisul
fonate ion (97 A.2 assuming a flat orientation) there 
can be little or no water remaining in the inner layer 
at saturation coverage (125 A .2/ion). It must be 
concluded, therefore, that in this and other systems 
the constancy of tK l is due to a remarkable accidental 
compensation in the variations of e and x2 and that 
the behavior of the present system may be more 
typical. The replacement of water in the inner layer 
is consistent with decreasing e1 resulting in a decreasing 
capacity. This may seem inconsistent with the de
pendence of ffiK' on q discussed in the previous section 
since tiK1 apparently approaches infinity and eventually 
reverses sign as q becomes more positive. However, 
as already pointed out, this behavior could hardly be 
due to variation of the dielectric constant and must 
therefore be due either to a thickness effect or break
down of the simple model.

The close similarity of the forms of d  for the pure 
NH4F solution and qCl for the nitrate solutions strongly 
suggests that the origin of the capacity hump is the 
same in both cases, namely mixed adsorption of the 
anion and the solvent. Although the adsorption of 
the fluoride ion can be shown to conform to diffuse- 
layer behavior within the experimental error, there is no 
reason to believe that fluoride differs essentially 
from other ions but merely represents extreme behavior. 
Where the metal-ion interaction is purely coulombic, 
the solvent is able to compete more favorably and a 
higher capacity results as found experimentally.

(36) The overlap of the data for different values of q in Figure 9 
should not be taken to imply that the points lie on a common line. 
It is due to the small dependence of qKi on q in this region of polar
ization.
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Dissociative Equilibria in the Systems

Aromatic HydrocarbonT,Na+ Radical Anion* -f Na+

by R. V. Slates and M . Szwarc

Department of Chemistry, State University College of Forestry at Syracuse University, 
Syracuse, New York 18210 (Received June 9, 1965)

The conductance of the sodium salts of aromatic radical ions has been investigated in 
THF. The dissociation constants of the respective ion pairs were determined and found 
to increase with the size of the anion, being 1.5 X 10-6 M  for biphenyl^,Na+ and 23 X 
10-6 M  for perylene^,Na+. An exceptionally low value was found for naphthalene^,Na+, 
viz., ~ 0 .2  X 10“ 6 M. The A0 and A0_ values were determined, and their significance is 
discussed. The A0~ values derived from the conductance studies are slightly smaller than 
those calculated from the diffusion constants of the respective aromatic hydrocarbons, 
and thus the diffusion of an aromatic radical ion appears to be only slightly slower than 
that of the parent aromatic hydrocarbon. Knowledge of K a BS allows us to correct the 
values of the electron affinities of aromatic hydrocarbons which were previously deter
mined potentiometrically and spectrophotometrically. The relation between the equi
librium constants derived by these two methods is discussed in terms of the equilibria 
established between ion pairs and those involving free ions, viz., A r  +  B B ”  +  A (Kpt) 
as compared with A ^,M + +  B B ^ ,M + +  A (Ksp) . The two constants are related, 
namely, K sp/Kpt =  Kdiaa.A ̂  ,m +/KtiisSiBiM +. A similar problem arises when one considers 
the disproportionations of radical anions into dianions since the following equilibria have 
to be considered: 2A’ - A +  A 1 2 -; A-1- +  ABNa+ A 2-,Na+ +  A; and 2A'7',Na+ ^  
A 2-,2Na+ +  A.

The chemistry of radical anions derived from aro
matic hydrocarbons and related compounds is now 
rapidly developing. In solution these species exist 
in at least two distinct forms1 as ion pairs and as free 
ions. Other associates such as contact ion pairs and 
solvent-separated pairs,lb triple ions, dimeric ion 
pairs,2 etc., may also be encountered. Since each of 
these species has its own characteristics and usually 
differs from the others in its reactivity, it is necessary 
to learn more about the equilibria established between 
them in order to interpret correctly their behavior in 
various processes. In this work we shall deal with the 
dissociative equilibria, Ar^,Na+ At "  +  Na+, 
established at 25° in tetrahydrofuran. The following 
aromatic hydrocarbons were investigated: biphenyl, 
naphthalene, triphenylene, pyrene, anthracene, tetra- 
cene, and perylene. The results reported here were 
obtained from conductance studies of their sodium

salts. However, before considering the experimental 
details of this work, the significance of such studies 
will be discussed in relation to other experiments in
volving radical ions. Two examples have been 
chosen: (1) electron-transfer equilibria involving aro
matic hydrocarbons and (2) disproportionation equi
libria of radical anions.

Electron-Transfer Equilibria
Following the pioneering work of Paul, Lipkin, and

(1) (a) H. V. Carter, B. J. McClelland, and E. Warhurst, Trans.
Faraday Soc., 56, 455 (1960); (b) A. C. Aten, J. Dieleman, and
G. J. Hoijtink, Discussions Faraday Soc., 29, 182 (1960); (c) B. J. 
McClelland, Trans. Faraday Soc., 57, 1458 (1961); (d) N. M.
Atherson and S. I. Weissman, J. Am. Chem. Soc., 83, 1330 (1961); 
(e) E. de Boer and E. L. Mackor, ibid., 86, 1513 (1964); (f) J. Bolton 
and G. K. Fraenkel, J. Chem. Phys., 40, 3307 (1964).
(2) (a) K. H. J. Busehlow, J. Dieleman, and G. J. Hoijtink, ibid., 
42, 1993 (1965); (b) K. H. J. Busehlow, Ph.D. Thesis, Amsterdam, 
1963.
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Table I

Pair
Adise* 

M  X  10s
Aap»

obsd.

Aei,2,sp — 
0.06 log

Asp
Aei,2,

measd.
As°1,2,

V.

ealed. 
from A€i,2 

measd.

F dissil/
-¿CdisBt2>

obsd.

•Kdiaa.l/
Xdi88,2,
calcd.®

(1) Naphthalene
(2) Terphenylene

0.2 Ì 
4.85 J> 3 0.029 0.047^ 0.095 0.000 0.041 0.256

(1) Pyrene
(2) Anthracene

6.8 Ì
4.55 Jc 111 0.125 0.119 0.114 0.124 1.5 1.6

(1) Tetracene
(2) Perylene

15 1
23 J 52 0.102 0.108 0.113 0.103 0.65 0.62

(1) Pyrene
(2) 9,10-Dimethyl-

6.8
(2.2)' )  « 0.117 0.102 (0.087)' 3.2

anthracene

“ The values given in the last column are calculated from log (ffdiss.i/KdisB,2) = (A ii,2,Bp — Aei,2,mesBd)/0.03. b This value is the least 
reliable. It involves a substantial correction (see ref. 4). c These values are calculated from the Kd\,,,\/Ki\ss,i given in the last 
column.

Weissman,3 the electron-transfer equilibria between 
aromatic hydrocarbons and their radical anions were 
investigated spectrophotometrically in tetrahydro- 
furan4 (THF). The investigated processes involved 
essentially ion pairs, viz.

Aru ,Na+ +  Ar2 Ari — Ar2yNa+ (Kap)

because in the 10-4 to 10-3 M  THF solutions used in 
those studies the concentrations of free ions were 
negligible. The pairs naphthalene-triphenylene, py
rene-anthracene, pyrene-dimethylanthracene, and 
tetracene-perylene were chosen since their spectra do 
not overlap, and the respective equilibrium constants 
are not too large. The results are listed in Table I, 
and the respective spectrophotometric equilibrium 
constants are denoted by K sp.

In the same paper,4 the results of potentiometric 
titrations of aromatic hydrocarbons were reported, 
the technique developed by Hoijtink, et al.,5 being used. 
Thus, the differences in the reduction potentials, 
Ae°it2, were determined. These are related to the re
spective equilibrium constants K pt

Aru +  Ari Ar2 +  Ajv  (-Kpt)

by the conventional equation Ae°i,2 =  (RT/23,000) 
In K pt. It should be noticed that K ep and K pt differ 
from each other since one refers to a process involving 
ion pairs and the other to free ions. They are, how
ever, related through the equation K sp/Kpt =  K dim,i/ 
-Kdi8s,2, where Kdiss.i and K diss,2 are the respective 
dissociation constants of

Ar-r,Na+ <-2. Arf" +  Na+ K diSs,i (1)

and

Ar2̂ ,Na+ Ar2̂  +  Na+ K diss,2 (2)

Moreover, the directly measured potentials, i.e., those 
estabhshed between the electrodes when half of the 
titrated hydrocarbon is reduced, differ from the 
standard potentials Ae°. As was shown previously,4 
the latter are related to the former through the equa
tion

Ae°ii2 =  Aei,2,meaed — (V2i!7y23,000) In (Kdisa,i/Kdis8,2) 

Hence, the following relations apply at 25°

Afl 2 =  0.06 log K Bp A€lt2,measd 4 ’
0.03 log ( K i i B B . l / K i i B B . i )  

Ae°l,2 =  A€l,2|measd 0.03 log ( K d i B B . l / K d i s B . i )

These potentials, as well as the respective ATdiss, are 
also given in Table I. The agreement between the 
experimental data obtained by the two different tech
niques becomes better when the dissociation processes 
are accounted for. This is clearly seen from Table I 
when the observed and the calculated ratios of the dis
sociation constants (the last two columns) are com
pared or when A6i,2,8p =  0.06 log K Bp (the fourth 
column) is compared with Aei,2,8P (the seventh column), 
the latter being derived from the Aei,2,mea8d by means of 
the above given equation.

(3) D. E. Paul, D. Lipkin. and S. I. Weissman, J. Am. Chem. Soc., 
78, 116 (1956).
(4) J. Jagur-Grodzinski, M. Feld, S. L. Yang, and M. Szwarc, J . 
Phys. Chem.„ 69, 628 (1965).
(5) G. J. Hoijtink, E. de Boer, P. H. van der Meij, and W. P. Weij- 
land, Ree. trav. chim., 75, 487 (1956).
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It should be stressed that the values of Ae°i>2, given 
in the sixth column of Table I, represent the potentials 
which should be considered when theoretical electron 
affinities of aromatic hydrocarbons in THF are dis
cussed. For example, the difference of A€°i,2 values of 
anthracene and dimethylanthracene, viz., 0.027 v., 
is more plausible than the small difference derived from 
the spectrophotometric data (0.008 v.) or even from 
a direct titration. The interaction of the anion with 
its counterion is not given by a constant term, and 
therefore it distorts the results obtained by either 
spectrophotometric or potentiometric methods. It is 
also interesting to notice that the dissociation constant 
of dimethylanthracene-,Na+ (calculated from the dif
ference between Aei,2,sp and Aej,2,pt) is lower than that 
of anthracene",Na+. This is to be expected since the 
electron-donating power of the methyl group should 
increase the attraction between the anion and its 
counterion, and apparently the steric effect of the CH3 
groups is not large.

Finally, the exceptionally low value of A d iS 8  for naph
thalene- ,Na+, which is deduced from the conductance 
studies, is, at least partially, justified by the large 
difference between A€i,2,8p and Ae°i,2.

Disproportionation of Radical Anions
The disproportionation processes

A r- +  Ar- < > Ar2- +  Ar (3)

have been discussed by many workers, initially by 
Hush,6 and later by Hoijtink2’6 and others. At higher 
dilution, the process

A r - +  Ar-,M + <_>_ Ar2-,M+ +  Ar (4)

may become significant, whereas reaction 3—which 
is the most interesting theoretically—may hardly be 
observed. Under normal experimental conditions the 
reaction involves ion pairs, and hence the observed 
spectrophotometric equilibria refer to

Ar-,M + +  Ar-,M + < > Ar2-,2M+ +  Ar (5)

The equilibrium constants A 3, K i; and K 6 are cor
related with the dissociation constants

Ar-,M + ^  A r- +  M+ K iisStl 

Ar2-,2M+ Ar2-,M+ +  M + K ' iias,2

Ar2-,M+ ^  Ar2- +  M + A " di88,2

namely
A 4/ A 5 =  A  d ;.-s ,2/ A" a is?, 1

and

A3/A B = A /diss,2if//diss.2/(A'cuBs.i)2

Spectrophotometric studies are usually concerned with 
the sums Ar-,N a+ +  A r- =  A r-totai, and Ar2-,2M+ +  
Ar2-,M + +  Ar2- =  Ar2-totai- Hence, the apparent 
spectrophotometric equilibrium constant for dispro
portionation, A sp, is given by

A sp =  A b(1 +  A 'di8S|2/M + ) /( l  +  A di83tl/M + )2

where M + denotes the concentration of the counter
ions in the investigated solution. For a very low de
gree of dissociation A sp =  A 5.

The potentiometric titration gives the difference 
between the first and second reduction potential, 
(e' — e " )pt, which is related to the potential of reac
tion 4, (e' — e")i =  —0.06 log A 4, viz.

W  -  e")i =  (*' -  e ")pt +
0.06 log (A diS3,1/ A 'diss,2)([M +]2/[M + ]1)

Similarly

(e' -  e ")s  = (e' -  e'Ort +
0.06 log (A 2diss,i/A/diSs,2A '/diS8,2)([M +]2/[M + ]1)

[M+]i and [M+]2 denote the concentrations of the 
counterion in the titrated solutions. It is obvious, 
therefore, that the theoretically interesting difference, 
(e' — e " )3, may substantially differ from that ob
tained in a potentiometric titration. [(«' — e ")pt is 
the potential established between two electrodes, 
one immersed in a solution containing an equimolar 
amount of Ar and Ar-,M +, the other maintained in 
a solution of equimolar amounts of A r-,M + and Ar2-,- 
2M + ]

Results of the Conductance Studies
The conductances of the monosodium salts of the 

following hydrocarbons were investigated: biphenyl, 
naphthalene, triphenylene, pyrene, anthracene, tetra- 
cene, and perylene. In addition, the conductance of 
the disodium salt of anthracene was also studied. 
All of the investigations were carried out in THF, 
at 25°, using an apparatus described in a previous com
munication.7 The concentrations of the radical ions 
were determined spectrophotometrically, the optical 
cells being part of the apparatus. The technique of 
dilution is also described in ref. 7, and it suffices to 
say that this was accomplished by removal of the solute 
and not by addition of the solvent. Thus, salt solu
tions as dilute as 10-6 M  could be prepared without 
introducing any impurities or foreign materials.

All of the investigated hydrocarbons were twice

(6) N. J. Hush and J. Blackledge, J. Chem. Phys., 23, 514 (1955).
(7) D. N. Bhattacharyya, C. L. Lee, J. Smid, and M. Szwarc, J. 
Phys. Chem., 69, 612 (1965).
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crystallized and then sublimed under high vacuum by 
gentle heating. To prevent any contamination the 
sublimed material was never exposed to air. The 
solvent (THF) was purified by a standard procedure. 
The purified material was kept on a high vacuum line 
over sodium-potassium alloy to which some anthracene 
or benzophenone was added, and eventually it was 
distilled directly, whenever required, to an appropriate 
ampoule.

The solutions of the radical anions were prepared by 
leaving overnight a THF solution of the investigated 
hydrocarbon in contact with a sodium mirror. In 
this way biphenyl, naphthalene, and triphenylene were 
converted into Ar^,Na+ (the first one being only 
partially converted). The remaining hydrocarbons, 
however, yield under these conditions the disodium 
salts, Ar2-,2Na+. The following procedure was there
fore adopted when dealing with the latter compounds. 
Their solution was divided into two nearly equal por
tions; the smaller one reacted with sodium and then 
mixed with the other. The Ar£-,2Na+ was converted 
then into Ar- Na+, leaving in the solution a small 
residue of the unreacted hydrocarbon.

The reliability of the dilution technique was checked 
for sodium tetracene. The solution contained some 
excess of tetracene, and its concentration was de
termined by the optical density at Xmax 444 and 474 mu, 
whereas the ccncentration of tetracene'’" was deter
mined by the optical density at the Xmax 711 m/x. The 
results in Table II were obtained. These data clearly

Table II

Diln. on Diln. on
basis of basis of

Concn., M tetracene “ tetracene

1 . 6  x io-31
4.5 X IO-4 J 3.54 3.50

4.5 X IO-4 Ì 
5.7 X IO"5 J 7.90 7.97

Solution left overnight after being diluted
5.7 X IO-5 Ì1 (Previous 4.27 (Killed dur- 2.67

1 day) ing the
1.34 X IO“ 6 *1 (Following night)

day)

1.34 X IO-6 ) 
0.66 X 10-6 Jî 2.04 2.03

indicate the correctness of the spectrophotometric
determination of the tetracene"’" concentration and show
that a negligible killing takes place within a few hours.
However, the extremely dilute solutions were partially

destroyed by the solvent if left for 12 hr. or more. 
Therefore, only a concentrated solution was kept over
night, and it was stored in a refrigerator.

Killing produces a new type of ion pair, e.g., X - 
(CH2)40- ,Na+, which may contribute to the conduc
tivity of the solution; however, usually its contribu
tion is negligible.

The equivalent conductances and the concentra
tions of the investigated solutions are given in Table 
III, and the calculated Fuoss lines are shown in Figures 
1 and 2. Their slopes, which give l/A02K,};ss, are well 
determined and reliable within 3-5% . However, the 
intercepts are less reliable, particularly for the less 
dissociated radical ions. Since the latter give the 
values of 1/Ao, the accuracy of K,_\ ¡sa is affected by the 
reliability of the intercept. The final results are col
lected in Table IV.

Table 111°

C X io6, M A C X IO8, M A

Biphenyl- ,Na + Tri phenyl' ,Na +
1120 4.85 1850 7.200
398 7.69 467 12.696
128 12.38 187 18.286
41.3 20.48 30.9 38.556
15.5 30.99 16.8 49.871
6.28 44.33 11.14 58.870
0.541 104.25 3.87 60.238

Pyrene' ,Na+ Perylene' ,Na+
1540 14.05 865 20.22
290 26.0 263 29.00

68.3 44.3 84.8 42.26
20.5 65.8 23.1 61.40
12.4 78.5 8.46 76.01
2.51 120.6 3.90

0.95
85.28
89.95

Anthracene- ,Na+ Tetracene- ',Na +
8150 6.01 1600 13.631
1630 9.24 451 20.99
336 16.18 194 29.21
317 17.40 57.2 42.98
75.6 29.36 13.4 64.75
15.8 54.55 6.57 75.73
13.2 56.38 3.00 85.73

Naphthalene ' ,Na+ Anthracene2-,2Na +
554 2.27 206 2.5
225 3 32 51.5 5.4
85 5.17 25.2 7.6
35 8 10 15.4 11.6
15.6 11.38 6.55 15.74
7.7 15.60 6.11 17.00
4.7 17 84 4.11 14.58

Solvent, THF; temperature, 25O
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Table IV

Radical anion
Concn. range, 

M

Ao,
cm .2/oh m

equiv. Slope
10*Adi»B,

M

Biphenyl’ 0.5 X 10-6- l  X 10-3 125 55.0 1.15
Naphthalene’ 4 X 10-6-5  X 10-4 (120) 460.0 0.15
Triphenylene’ 4 X 10-6-2  X 10-3 110 17.0 4.85
Pyrene’ 2.5 X 10-6- l .5 X 10-3 148(128)° 7.0 6.75(9.0)'
Anthracene’ 1.3 X 10-5-8  X 10-3 125 14.0 4.55
Tetracene’ 3 X 10-6- l . 6 X 10-3 100 6.75 15.0
Perylene’ 1 X 10-6-9 X 10-* 95 4.90 23.0
Anthracene2- 10J1o

(?) ~600. '~ 0 .1

° The results given in parentheses are based on the assumed value of 128 for Ao of pyreneT ,Na+. The value 148 seems to be unduly 
high.

The Significance of A0 Values
A brief discussion of A0 is not out of place. Inspec

tion of Figures 1 and 2 indicates that A0 is reliable at 
least within 10% for perylene,’  anthracene’ ", and tetra- 
cene’  and is good within 15% for pyrene’ . The ob
served gradation is plausible. A0 should increase with 
decreasing size of the ions, and indeed A0 values are 
95 and 100 cm.2/ohm  equiv., respectively, for the largest 
anions, perylene’  and tetracene’ , and still larger for 
anthracene’  (125) and for pyrene’  (148). Hence, the

values of A0 =  110 for triphenylene’  and A0 =  125 
for biphenyl’  appear to be reasonable although they 
might be slightly too low. For naphthalene’  we 
assume, rather arbitrarily, A0 =  120. Nevertheless, 
it will be seen that the true Ao value for naphthalene’ ,- 
Na+ cannot be much different from the chosen one.
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There is an alternative method to check the reliabil
ity of the proposed A0 values. The mobility of a salt 
is given by the sum of A0+ and Ao", viz., the mobilities 
of the cations and anions. For the Na+ ion in THF 
at 25°, A0+ was determined8 to be 48 cm.2/ohm  equiv., 
and hence the data given in Table IV lead to the values 
for Ao-  listed in Table V.

Table V: Ao" of Aromatic Radical Ions in THF at 25°“

Ao”  calcd. Ao~ calcd. 
from D,  from Ao,

Aromatic 106 Z), cm.2/ohm cm.2/ohm
radical ion cm.2/sec. equiv. equiv.

Biphenyl’ 2.3 85 77
Naphthalene’ 2.3 85 (70)
Triphenylene’ 62
Pyrene’ 100(80)
Anthracene’ 2.2 81 77
Tetracene’ 52
Perylene’ 47

° Diffusion constant D is calculated from the data of ref. 9 
using their average values for the product Drj and taking 4.6 
mp. for the viscosity of THF at 25°.

On the other hand, the phenomenological relation 
between A0"  of an ion and its diffusion coefficient,
6.47 X 106A0"  =  D/kT, permits the calculation of one 
from the other. It is probable that the diffusion co
efficient of the Ar’  radical ion is only slightly smaller 
than that of the corresponding hydrocarbon, and there
fore the latter may be used to calculate the relevant 
A0". The diffusion coefficients of some aromatic 
hydrocarbons have recently9 been determined, and 
from the published data, which show the constancy 
of Dt), the diffusion constants in THF at 25° were 
calculated. These are listed in the second column of 
Table V, the following column giving the A0"  computed 
from these D values. Comparison of the last two 
columns of Table V is most gratifying; it shows that 
our A0~ values are indeed only slightly smaller than 
those derived from the diffusion constants of the 
respective hydrocarbons. This agreement indicates 
that Ao" for naphthalene’ " is ^70 . The low conduct
ance of its solution made it difficult to determine 
directly the A0 of this salt from the conductance data, 
and therefore we estimated its value from the dif
fusion constant of naphthalene.

Having established the degree of reliability of the 
Ao" values of aromatic radical ions, we may compare 
them with the Ao+ of Li+, Na+, Cs+, and Bu4N +, 
viz., 36.6, 48, 68, and 44.5, respectively.8 In spite of 
their large areas, the radical anions are more mobile

than the Li+ or Na+ cations, strongly indicating a 
lack of any specific coordination of the negative 
ions with the solvent (THF). The aromatic radical 
anions have apparently the shape of a relatively thin 
platelet which moves easily, whereas the Li+ or Na+ 
ions, which are probably coordinated with at least 
four molecules of THF, form large, slowly moving 
spheres.

Discussion
The values of the electron affinities of aromatic 

hydrocarbons in THF, which were reported in the 
previous paper,4 need some corrections to account for 
the variable degree of association of the respective 
radical anions with Na+ counterions. These correc
tions can now be calculated, and the adjusted electron 
affinities, together wish the original ones, are listed in 
Table VI.

Table VI: Electron Affinities of Aromatic Hydrocarbons 
in THF at 25°, Corrected for the Variable Degree 
of Association with Na+ Ions

Hydrocarbon
Original e°, 

v., ref. 4
Corrected 

«°, v.

Biphenyl (0.0) (0.0)
Naphthalene 0.066 ±  0.02 0.043
Triphenylene 0.113 ±  0.01 0.128
Phenanthrene 0.124 ± 0 .005
Pyrene 0.505 ±  0.005 0.529
9,10-Dimethylant hracene 0.607 ± 0 .005 0.616
Anthracene 0.624 ± 0 .0 0 5 0.642
Perylene 0.917 ± 0 .005 0.956
Tetracene 1.025 ±  0.01 1.058

On the whole, the corrected e° values are only slightly 
larger than those reported in ref. 4, the largest increase 
of about 0.04 v. being found for perylene (0.917 to 
0.956). Naphthalene is an exception, its electron 
affinity being by about 0.02 v. lower than that re
ported previously. The extremely strong association 
of naphthalene’  with Na+ increases, however, the spec- 
trophotometric equilibrium constant

biphenyl’ , Na+ +  naphthalene <. A
biphenyl +  naphthalene’ ,Na+

The large degree of association between naphtha
lene’  and Na+ calls for some comments. Because of 
its exceptional behavior, the conductance studies of its

(8) D. N. Bhattacharyya, C. L. Lee, J. Smid, and M. Szwarc, J. 
Phys. Chem., 69, 608 (1965).
(9) T. A. Miller, B. Prater, J. K. Lee, and R. N. Adams, J. Am. 
Chem. Soc., 87, 121 (1965).
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solutions were repeated several times. There is, 
therefore, little doubt about its low dissociation 
constant.

The dissociation of naphthalene"-, Na+ was investi
gated also by Atherson and Weissmanld who used an 
e.s.r. technique. This interesting method distinguishes 
ion pairs, in which an additional splitting of the e.s.r. 
signal occurs due to the presence of Na23, from the 
free ions which do not show further splitting. Ex
perimentally, the method is not too reliable, as far as 
absolute values are concerned (see the text of ref. Id), 
and moreover it determines probably only the contact 
ion pairs, counting the solvent separated pairs as free 
ions. Hence, the dissociation constant, 1.5 X  10-6 M, 
determined by this technique may be too high.

The relative smallness and symmetry of the anion 
probably leads to a central location of the Na+ cation 
in the ion pair, and the proximity of all of the negative 
charge to Na+ accounts therefore for the large binding 
energy. The greater delocalization of the negative 
charge in the larger radical ions reduces the attraction 
and probably causes an unsymmetrical placement of 
the counterion. Perylene"",Na+ represents one of the 
extreme cases since the counterion can only be as
sociated with one of the two naphthalene rings that 
form this hydrocarbon. Thus, Na+ is in the proximity 
of only 0.5 of the negative charge residing on this 
anion, and hence the high degree of dissociation of the 
perylene^,Na+ pair is understandable.

It should not be concluded that the counterion is 
rigidly located with respect to the anion. On the con
trary, there is evidenceld'10 that the counterion vibrates 
rapidly between the positions of the highest negative 
density if two or more of such positions exist in the 
anion.

Remarks Concerning the Paper by 
Buschlow, Dieleman, and Hoijtink2a

In a most interesting paper, Hoijtink, et al.,2& dis
cussed the dissociation of ion pairs— aromatic"-, alkali 
ion+—in tetrahydrofuran (THF) and methyltetra- 
hydrofuran (MTHF). The conductance of each of the 
investigated ion pairs was determined over a wide 
temperature range (25 to —75°) but at one concentra
tion (10“ 4 M ) only. The degree of dissociation was esti
mated from the temperature dependence of the con
ductance. Although this method may give some quali
tative information about the extent of the dissociation, 
often it could be misleading. For example, Hoijtink 
considers a salt to be completely dissociated if no maxi
mum is shown in the conductance-temperature curve. 
This is not a valid conclusion, and indeed it led Hoij
tink to believe that in THF at 25° anthracene a Na+

is completely dissociated at the concentration of 10 ~4 
M, while its dissociation under these conditions amounts 
to 8%  only.

At a constant salt concentration, the temperature 
dependence of the conductance curve is governed by 
several factors: (1) the temperature dependence of
the solvent viscosity, (2) the heat of dissociation of the 
investigated ion pair, (3) the temperature dependence 
of A*ij, and (4) the degree of dissociation of the salt.

The viscosities of THF and MTHF have been shown10 11 12 
to be given by a linear, Arrhenius-type relation which 
is valid over the whole temperature range of 25 to 
—75°. Thus,

logTjTHF =  -3 .655 +  393/T

and

log jj m t h f  =  — 3.625 T  384/T

and the respective “ activation energies”  are ~1.76 
and 1.72 kcal./mole. The heat of dissociation of the 
Na+, Cs+, and NBu3(f-Am)+ salts of BPh4“  have also 
been investigated in this temperature range,11 and in 
THF the heat of dissociation of Na+BPlq-  was found 
to increase from the —1.3 kcal./mole at, 25° to about 
0 kcal./mole at —70°. The concentration of the ions is 
proportional to K u sJ 1 if the degree of dissociation is 
low, and therefore the temperature coefficient of con
ductance is given by “ Erf’ +  1/2AHdias. The conduct
ance of Na+BPhi-  decreases, therefore, steadily on 
lowering the temperature, clearly indicating the un
reliability of Hoijtink’s criterion.

There are good reasons to believe that in THF solu
tions Li+X ~  ion pairs may form solvent-separated 
pairs, and, since the exothermicity of their dissociation 
is quite low,12 their conductance may not show a maxi
mum. Hence, the criterion discussed above might 
again be misleading.

The contribution of triple ions to the conductance 
must not be neglected, and, since their concentration 
decreases at lower temperatures, this effect may lead 
to the disappearance of the maximum in the conduct
ance-temperature curve.

Finally, if the investigated ion pairs are completely 
dissociated, the observed A should be close to A0. 
It was shown8 that A0+ of Li+ and Na+ in THF at 
25° are 36.6 and 48, respectively, whereas the A values 
of the Li+ and Na+ salts of anthracene"- reported in 
ref. 2a are ~ 1 8  and 28 only. This proves again

(10) E. de Boer and E. L. Mackor, J. Am. Chem. Soc., 86,1513 (1964).
(11) C. Carvajal, J. K. Tolle, J. Smid, and M. Szwarc, ibid., in 
press.
(12) T. E. Hogen-Eseh and J. Smid, ibid., 87, 666 (1965).
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that under those conditions the dissociation is less 
than 50%.

Conductance of Anthracene2-,2Na+
Several samples of anthracene2- ,2Na+ were pre

pared, and their conductances were investigated. Un
fortunately, the scatter is too great to allow a reliable 
determination of A0 or 1 / A02̂Ud iss ; however, the very 
low conductance of these solutions proves the low degree 
of dissociation which we estimate at about 10-7 M. 
Our findings agree again with the qualitative observa
tions of Hoijtink, et al.2& Apparently, A 2- ,2Na+ are 
contact agglomerates whereas A % N a+ may be, to a 
large extent, a solvent-separated ion pair. See in this

connection ref. 13. Discussion of the disproportiona
tion of 2A-  into A 2- +  A which resembles ours was 
published by Shatenstein13 14 1 in 1964. See also ref. 13.
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Reactions of Alanine with the Reducing Species Formed in Water Radiolysis1

by Boyd M. Weeks, Sibyl A. Cole, and Warren M. Garrison

Lawrence Radiation Laboratory, University of California, Berkeley, California (Received June 10, 1966)

A detailed study has been made of the effects of pH and of added scavengers on the reactions 
of alanine with the reducing species formed in water radiolysis. A  principal reaction of the 
hydrated electron (eaq- ) leads to degradation of the N -C  linkage, e.g., eaq-  +  RNH3+
R +  NH3. The rate of removal of eaq-  by such reaction is strongly dependent on the ionic 
form of the a-amino acid; /3-alanine is relatively less reactive toward eaq-  under all conditions 
of pH. A suggested reaction scheme accounts both qualitatively and quantitatively for the 
observed effects of pH on product yields from oxygen-free solutions of alanine under y  rays.

The principal actions of ionizing radiations on solutes 
in dilute aqueous solution are initiated by the radia
tion-induced step2

H20 -------^  H20 2, H2, OH, H, eaq-  H+ (1)

Subsequent reactions of these oxidizing and reducing 
species with the simpler amino acids such as glycine 
and alanine in oxygen-free solutions lead to both oxi
dative and reductive deamination with formation of 
the corresponding keto acid and fatty acid as major 
degradation products.3 The relative and absolute 
yields of both major and minor products from glycine 
and alanine are strongly dependent on the pH of the

irradiated solution. One pH-dependent reaction that 
must be considered is of course the conversion of eaq~ 
to H by the hydronium ion2

eaq-  +  H30 +  — >  H +  H20  (2)

However, conversion of eaq-  to H is not specific to the

(1) This work was done under the auspices of the U. S. Atomic 
Energy Commission.
(2) E. J. Hart, Science, 146, 19 (1964).
(3) (a) G. Stein and J. Weiss, J. Chem. Soc., 3256 (1949); (b) N. E. 
Sharpless, A. E. Blair, and C. R. Maxwell, Radiation Rea., 2, 135 
(1955); (c) B. M. Weeks and W. M. Garrison, ibid., 3, 291 (1958).
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H30 +  ion. Other proton donors are also effective; 
ammonium ion, for example, converts eaq-  to H via*

eaq +  NH4+ -> H +  NH3 (3)

and the analogous reaction

eaq-  -(- RNH3+ —-> H +  RNH2 (4)

might be expected to be of importance in the radiol
ysis of aqueous solutions of organic compounds con
taining the NH2 function. With the amines, a dis
sociative cleavage of the N -C  bond may also be 
envisaged

eaq-  +  RNH3+ — >  R +  NH3 (5)

Some preliminary evidence on the role of reaction 5 
in the radiolysis of the a-amino acids in aqueous solu
tion has been described.6 We report here a detailed 
study of the several processes involved in the deamina
tion of alanine in oxygen-free solution under 7  rays. 
Data on the glycine-water system have also been in
cluded for purposes of comparison.

Experimental Section
Materials. Alanine and glycine (Nutritional Bio

chemicals) were recrvstallized several times from water. 
The labeled alanine and glycine (C14OOH) were puri
fied chromatographically on Dowex 50 (hydrogen 
form). Hydrochloric acid in progressively increasing 
concentration (0 to 4 N ) was used as the eluting agent. 
The separated amino acid hydrochlorides were passed 
through Dowex 1 (acetate form) to remove chloride 
ion; the acetic acid was removed under vacuum, and 
the amino acids were then recrystallized from water. 
The detailed procedures have been described.30 Water 
from a Barnstead still redistilled first from alkaline 
permanganate and then from sulfuric acid was used in 
the preparation of the solutions. The chloroacetic 
acid (Eastman) was redistilled in vacuo. All other 
chemicals were reagent grade and were used -without 
further purification. The pH adjustments were made 
with sulfuric acid or sodium hydroxide.

Irradiations. The Pyrex irradiation cells were 
cleaned in nitric acid-hydrogen peroxide solution and 
rinsed with triply distilled water. The samples (10- 
ml.) were irradiated in cylindrical Pyrex cells with a 
total volume of ~ 4 0  ml. The samples containing 
C14-labeled amino acid were irradiated at a volume of 
1 ml. in a proportionately smaller cell. Samples were 
degassed by evacuation. The irradiations were made 
with CO60 7 rays from a 200-curie source. The dose 
rate, ~ 5  X 1016 e.v. g.-1  min.-1  over the period of this 
study, was determined by the Fricke dosimeter (G- 
(Fe3+) =  15.5, e305 2180 at 24°). Energy deposition in

solutions was taken to be proportional to the electron 
density.

Analytical Procedures. Gaseous products volatile 
at —80° were transferred to a gas buret by means of a 
Toepler pump. After the total volume was measured, 
a sample was withdrawn for mass spectrometric analy
sis. The system was designed so that the neutral and 
alkaline samples could be acidified to pH <1 to ensure 
quantitative recovery of carbon dioxide.

The Conway diffusion method6 was used to separate 
ammonia from the irradiated solutions. The dif
fusâtes were assayed by means of the Nessler reagent. 
Pyruvic acid and acetaldehyde from alanine and 
glyoxylic acid and formaldehyde from glycine were 
identified by paper chromatography of the 2,4-dinitro- 
phenylhydrazones80 ; their separate amounts were 
quantitatively determined by the method of Johnson 
and Scholes.7 The appropriate “ blank”  and control 
runs were made. Ammonia and carbonyl measure
ments were reproducible to within 5%.

The fatty acid yields were determined radiometri- 
cally. Solutions containing the C14-labeled amino 
acids at a known specific activity were irradiated and 
then “ spiked”  with measured amounts of appropriate 
carrier (propionic and acrylic acids in the case of 
alanine and acetic acid in the case of glycine). The 
entire sample was then placed on a silicic acid column 
and chromatographed with the butanol-chloroform 
solvent system after the method of Marvel and 
Rands30'8 to separate the fatty acids from the amino 
acid and from other products. Propionic and acrylic 
acids are eluted together in a single peak, and to 
separately determine them it was convenient to 
brominate the mixture and rechromatograph. The 
mono- and dibromopropionic acids are well separated 
from propionic acid. Yields were calculated from the 
specific activities of the initial amino acid solution and 
the isolated fatty acid.

Results
We find, in agreement with Maxwell and co-workers,3b 

that the major degradation products from unbuffered 
alanine solutions (pH 6.4) include ammonia, propionic 
acid, pyruvic acid, and acetaldehyde. In addition, 4 5 6 7 8

(4) J. Jortner, M. Ottolenghi, J. Rabani, and G. Stein, J . Chem. 
Phys., 37, 2488 (1962).
(5) (a) W. M . Garrison, Radiation Res. Suppl., 4, 158 (1964); (b) 
B. M. Weeks, S. A. Cole, and W. M . Garrison, Chemistry Division 
Annual Report UCRL-11213, 1963, p. 112.
(6) E. J. Conway and A. Berne, Biochem. J., 27, 419 (1933).
(7) G. R. A. Johnson and G. Scholes, Ind. Eng. Chem. Anal. Ed., 79, 
217 (1954).
(8) C. S. Marvel and R. Rands, Jr., J. Am . Chem. Soc., 72, 2642 
(1950).
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we find acrylic acid; the observed yield of this product 
varies considerably from one run to the next but in 
neutral solution averages about 10%  of the propionic 
yield. Product yields from alanine and also from 
glycine increase rapidly with increasing solute con
centration up to ~ 0 .3  M  and then tend toward the 
limiting values in the concentration range ~ 0 .5  to 
~ 1  M. Typical yield-concentration plots are given 
in Figure 1 for alanine at pH 6.4, 2.8, and 0.3. Yields 
of all major products from 1 M  alanine at pH 6.4 are 
summarized in Table I. * II

Table I : Observed and Calculated Yields of 
Products from 1 M Alanine at pH 6.4

,-------------------------G-
Product Obsd. Calcd.°

Ammonia 4.3 4.8
Propionic acid 1.0 l.O6
Pyruvic acid 1.6 1.4
Acetaldehyde 0.5 0.60
Carbon dioxide 0.60 0.606
Hydrogen 1.25 1.0

a Based on the accepted yields for water decomposition (ref. 11) 
and the reaction scheme formulated in the present work. 6 The 
observed yields of propionic acid and carbon dioxide give directly 
the yields of reactions 8b and 14a, respectively. Other yields 
may then be calculated on the basis of eq. 1, 6, 7, 8a, 8b, 9, 10b, 
11, 13, 14, and 14a.

The effects of an added radical scavenger, formate 
ion, on (j ( N H j)  from neutral 1 M  solutions of alanine 
and glycine are shown in Figure 2. The ammonia 
yields from both the alanine and glycine systems 
drop sharply with increasing concentrations of formate 
and then approach steady values at formate concentra
tions in the range 0.1 to 0.25 M. The limiting ammonia 
yields extrapolated to zero formate concentration cor
respond to Cr(NH3) =  2.5 for alanine and (r(NH3) =
1.6 for glycine. The effects of 0.25 M  sodium formate 
on the yields of fatty acids and carbonyl products 
from alanine and glycine, 1 M, pH 6.4, are summarized 
in Table II. If there is any effect at all of added for
mate on G(propionic) and G(acetic), it is to increase 
the yields by a small amount. At the same time we 
find that the production of carbonyl products is almost 
completely quenched by formate ion at 0.25 M. Table
II also shows that addition of increasing amounts of 
chloroacetic acid to the 1 M  alanine-0.25 M  formate 
system leads to a sharp decrease in the yield of propionic 
acid; at 0.15 M  chloroacetic acid, (r(propionic) is 
essentially zero.

The effect of pH on (?(NHj) for 1 M  alanine in the

Figure 1. Product yields as a function of alanine concentration: 
ammonia at pH 0.3 (•), pH 2.8 (O), pH 6.4 (O); 
pyruvic acid (A) and acetaldehyde (A) at pH 6.4.

Figure 2. Yield of ammonia from 1.0 M alanine 
(O) and 1.0 M glycine (•) as a function of sodium 
formate concentration at pH 6.4.

Figure 3. Yield of ammonia from 1 M alanine (O) and 1.0 M 
alanine-0.25 M formate (•) as a function of pH.

presence and in the absence of 0.25 M  formate scavenger 
are given in Figure 3 for the range pH 6.4 down to 0.3. 
That the effect of 0.25 M  formate is maximal over the 
entire pH range studied is shown by the data of Figure
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Table II: Effect of Scavengers on the Yields of Organic
Products from Solutions of Alanine and Glycine at pH 6.4

[Formate]
Fatty-
acid

Keto
acid Aldehyde

1.0 M alanine None 1.0 1.5 0.5
1.0 M alanine 0.25 l . i <0.1 <0.1
1.0 M glycine None 1.7 2.3 0.6
1.0 AT glycine 0.25 1.8 <0.1 <0.1

1.0 M alanine )

[Chloro-
acetate]

None 1.1 <0.1 <0.1
+ 0.02 0.25

0.25 M formate j 0.15 <0.1 <0.1

4, (7(NIi3) decreases sharply with increasing formate 
at pH 0.3 and pH 2.8 as well as at pH 6.4 and in all 
cases approaches a steady value at formate concentra
tion above 0.25 M. The yield of pyruvic acid plus 
acetaldehyde is decreased to G <  0.1 by 0.25 M  formate 
over the whole pH range studied.

Propionic acid production over the pH range 6.4 
to 0.3 in 1 M  alanine and in 0.1 M  alanine solutions is 
plotted in Figure 5. Note that the form of the G- 
(propionic)-pH plot for 1 M  alanine has essentially 
the same form as the (7(NH3)-pH  plot for 1 M  alanine- 
0.25 M  formate (Figure 3). Hydrogen and carbon 
dioxide yields for 1 M  alanine over the corresponding 
pH range are given in Figure 6. The hydrogen 
yield shows little dependence on hydrogen ion con
centration at pH values >  2. The increase in (?(H2) 
with decreasing pH below ~ 2  is accompanied by a 
decrease in both (7(NH3) and G(propionic).

Discussion
We consider first the radiation chemistry of alanine 

and glycine in neutral solution under which condi
tion the amino acids are almost exclusively in the 
zwitterion form.9 The proposed reaction scheme 
for formation of the principal products is summarized 
by eq. I 10'11 and 6 through 14a

OH +  NHs+CHRCOO- — >
H20  +  NHs+CRCOO- (6) 

H +  NH3+CHRCOO- — >
H2 +  NH3+CRCOO- (7)

eaQ-  +  NH3+CHRCOO-
•— >  H +  NH2CHRCOO- (8) 

— > NH3 +  CHCOO- (8a) 

— > NH2 +  CH2RCO O - (8b)

followed by

NH2 +  n h 3+c h r c o o -  — +

NH3 +  NH3+CRCOO- (9)

CHRCOO- +  NH3+CRCOO- — >
CH2RCO O- +  NH2+=C R C O O - (10) 

— > dimer (10a)

2NH3+CRCOO- — ►
NH2+=C R C O O - +  NHs+CHRCOO" (11) 

— > dimer (11a)

2CHRCOO- — >  dimer (12)

H20 2 +  n h 3+c r c o o -  — >
NH2+=C R C O O - +  H20  +  OH (13)

H20  +  n h 2+ = c r c o o -  — >
NH4+ +  RCOCOO- (14)

— >  NH4+ +  RCHO +  C 0 2 (14a)

The removal of OH and H via steps 6 and 7 and the 
further oxidation of NH3+CRCOO-  to yield ammonia 
and carbonyl products is in accord with earlier work.30 
Our primary concern here is in regard to the validity 
of reactions 8, 8a, and 8b as paths for removal of e aq~. 

Now, the formate ion reacts rapidly with H and OH

H +  HCOO- — ► H2 +  COO- (15)

OH +  HCOO- — >  H20  +  CO O - (16)

(kts =  2 X 108 M _1 sec.-1, =  109 M _1 sec.-1) but
is relatively unreactive towards eaq-

ea(j -  +  HCOO- — >  HCOO2-  (17)

(kn <  106 M -1 sec. - 1).11-12 We find that the ammonia 
yields from both alanine and glycine in 1 M  solution 
drop rapidly with increasing formate concentrations 
but then level off at formate concentrations above 
~0 .1  M  to the limiting (?(NH3) value shown in Figure
2. And, this drop in G(NH3) is accompanied by a 
complete quenching of carbonyl production whereas 
the fatty acid yield remains essentially unchanged 
(Table II). At sufficiently high concentrations of 
formate ion we may assume that both H and OH are

(9) J. P. Greenstein and M. Winitz, “ Chemistry of the Amino Acids," 
John Wiley and Sons, Inc., New York, N. Y., 1961.
(10) We assume for reaction 1 the 100-e.v. yields: <?h = 0.45,
<?h2o2 =  0.7, Goh = 2.9, C?h = 0.55, —  2.3 (ref. 11).!
(11) (a) A. O. Allen, Radiation Res. Suppl., 4, 54 (1964); (b) J. T. 
Allan, J. Phys. Chem., 68, 2697 (1964).
(12) E. J. Hart, J. K . Thomas, and S. Gordon, Radiation Res. Suppl., 
4, 74 (1964).
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Figure 4. Yield of ammonia from 1 M alanine as 
a function of sodium formate concentration: 
pH 0.3 (•), pH 2 (0), pH 3.4 (C), pH 6.4 (O).

P H

Figure 5. Yield of propionic acid as a function of pH 
in 1.0 Af alanine (□) and 0.1 M  alanine (■).

PH
Figure 6. Yields of hydrogen (0 )  and carbon dioxide (♦) 
from 1 M alanine as a function of pH.

preferentially removed through reactions 15 and 16, 
respectively, and that the COO-  radicals so formed 
are ineffective in initiating deamination. The produc

tion of fatty acid and ammonia in the presence of ex
cess formate (Table II, Figure 2) is then assigned to 
reactions of eaq~ with the amino acid zwitterion as 
given eq. 8a and 8b. This assignment is also substan
tiated by the observation that chloroacetic acid at a con
centration of 0.1 M  effectively blocks the production 
of the fatty acid (Table I I ) ; the chloroacetate ion is 
extremely reactive towards eaq~

eaq~ -(- RC1 ^  R  -(- Cl-  (18)

(Zci8~  1010 M -1 sec.-1).12-13
In 1 ill solutions of the glycine zwitterion, the yield 

for removal of eaq~ through reactions 8a and 8b is 
given by C?(NH3) cm G(CH3COOH) ~  1.6 as indicated 
by the data of Figure 2 and Table II. We suggest in 
the case of the glycine zwitterion that reactions 8a 
and 8b occur in parallel with the conversion reaction
(8) and that the yield of reaction 8 in neutral 1 M  
glycine is given by Gê ~ — 1.6 cm 1.2. Reaction 
8 does not lead to glycine deamination in the presence 
of formate by virtue of reaction 15, but, in the absence 
of formate, the combined yield of H atoms available 
for reaction 7 becomes Gr +  1.2 ~  1.7 to give G(H2) cm 
Gn, +  1.7 m  2.2 which is close to the experimentally 
observed hydrogen yield from neutral 1 M  glycine 
under y  rays.14

In the radiolysis of 1 M  alanine, pH 6.4, the ammonia 
yield levels off at G(NH3) m  2.5 with increasing for
mate concentration (Figure 2), and as with glycine 
the carbonyl yield goes to zero while the fatty acid 
yield remains constant (Table II). We conclude that 
the alanine zwitterion scavenges eaq~ almost quanti
tatively via steps 8a and 8b. The fact that the pro
pionic yield from alanine is considerably less than the 
limiting G(NH3) value in the presence of formate in
dicates that the radical product of reaction 8a, CHR- 
COOH, reacts preferentially as a reducing species in 
both the presence and absence of added formate. 
In the alanine case then reaction 10 is of the form

CHRCOO- +  NH3+CRCOO~ — >
CH2=C H C C »0- +  NH3+CHRCOO- (10b)

which also accounts for the formation of acrylic acid. 
The acrylic acid yield on this basis should approximate 
Ge.q-  -  G(CH3CH2COOH) m  1.8 since the yield of 
higher molecular weight products (reactions 10a and 
12) is negligible. That the observed yield is only a 
fraction of this is not surprising in view of the efficiency 
of the radical-induced chain polymerization of vinyl

(13) E. Hayon and A. O. Allen, J. Phys. Chem., 65, 2181 (1961).
(14) C. R. Maxwell, D . C. Peterson, and N. E. Sharpless, Radiation 
Res., 6, 530 (1954).
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compounds in dilute aqueous solution.15 Product 
yields calculated on the basis of the above reaction 
scheme for neutral 1 M  alanine are compared in 
Table I with the experimentally observed values.

The removal of eaq~ by the zwitterion forms of glycine 
and alanine, which, as we have shown here, gives rise 
to the chemistry of eq. 8a and 8b, is a relatively slow 
process. Hart12 has followed spectrophotometrically 
the disappearance of eaq-  in neutral solutions of glycine 
and alanine and finds that both of these solutes react 
with eaq-  with a bimolecular rate constant of ~ 7  X 
107 M ~l sec.-1 ; and, Maxwell16 finds from competi
tion studies with the N 0 3-  ion a rate constant of ~ 2  X 
107 Af-1 sec.-1 for the reaction of eaq-  with glycine in 
neutral solution. Since these rates are only 10-8 
that for the reaction of eaq-  with H30 + (k =  2 X 
1010 Af_1 sec.-1) and since, for example, in the case 
of alanine9

NH3+CH(CH3)COO-  +  h +
NH3+CH(CH3)COOH K  =  2.2 X  102

it follows that the probability of capture of eaq-  by 
the alanine zwitterion decreases rapidly with decreas
ing pH. Since formate effectively quenches the oxi
dative deamination of alanine over the entire pH range 
~ 7  to ~0.3, it is apparent from the data of Figures 
3 and 5 that eaq-  also reacts with the alanine cation 
and more rapidly than with the zwitterion to give the 
product analogs of reactions 8a and 8b. The magni
tude of (j(NH3) from 1 M  alanine-0.25 M  formate at 
the lower pH values (Figure 3) shows that the velocity 
constants for the reaction of NH3+CH(CH3)COOH 
and of H30+  with eaq-  are within the same order of 
magnitude.17

We note, in regard to the pronounced maximum in 
the pH-yield plot shown in Figure 3, the addition of 
increasing amounts of formate scavenger to 1 I  
alanine at pH ~ 2  decreases the ammonia yield from 
~5 .4  to ^ 3 .5  (Figures 3 and 4) which is significantly 
greater than the value anticipated from reactions 
8a and 8b on the basis of G^q-  =  2.8. And, in the 
absence of formate the yields of all products from 1 
M  alanine at pH 2 to 3 are greater30 than we can account 
for in terms of the accepted yields10-12 for the decom
position of neutral water via reaction 1 . Now, Platz- 
man18 has pointed out that subexcitation electrons,
i.e., secondary electrons with kinetic energies below 
that corresponding to the lowest excitation potential 
of water, can be effective in the direct excitation of 
solute species in the decimolar concentration range. 
And, it is not unreasonable to suggest that the chemical 
effectiveness of such excitation of the a-amino acids

might depend on their ionic form. However, we know 
from other studies that the direct excitation of alanine 
and other amino acids by ionizing radiation3b'19 and 
by ultraviolet light20 leads to modes of decomposition 
that yield carbon dioxide as a major decomposition 
product. Since we find that (?(C02) for 1 M  alanine 
is essentially constant from pH 6.4 down to 0.3 (Figure
6), our conclusion is that the enhanced yield for alanine 
decomposition in acid solution is not the result of sub
excitation electron effects. We note, however, that 
there is accumulating evidence21 that, as the pH of a 
solution is reduced below 3 to 4, the yield for water 
decomposition actually increases presumably as a result 
of the stoichiometry21b

H20* +  H+ — >  H2+ +  OH (19)

H2+ — > H +  H+

where H20* represents either an excited water mole
cule or an isolated radical pair (H, OH), species which 
revert to water at pH >4 by first-order kinetics. 
It is clear, however, that scavenging of H20 *  by H + 
to yield additional H and OH cannot be responsible 
for the enhancement with decreasing pH of product 
yields from 1 M  alanine containing excess formate 
scavenger. On the other hand, the present experi
mental requirements appear to be wholly satisfied 
by a reductive deamination of the amino acid by 
H20* via the stoichiometry

H20 *  +  NH3+CHRCOOH — ►
NH3+ +  RCH2COOH +  OH (20)

where G^o* — 0.8 and where the radical products of 
reaction 20 are subsequently removed through steps 
6 and 9.

As the pH is decreased below ~ 2 , the hydrogen 
yield begins to increase as a consequence of the compe
tition of H30 +  for reducing species according to re
actions 2 and 19. The present data do not provide a 
basis for estimating the relative importance of reac

(15) E. Collinson, F. S. Dainton, and G. S. McNaughton, Trans. 
Faraday Soc., 53, 357 (1957).
(16) C. R. Maxwell, unpublished results.
(17) Although HCOOH is considerably more reactive towards eaq-  
than is HCOO-  (ref. 12), this solute still acts preferentially as a 
scavenger of H and OH in acidic 1 M  alanine because of the increased 
reactivity of the cation form towards eaq~.
(18) R. L. Platzman, Radiation Res., 2, 1 (1955).
(19) B. Rajewsky and K. Dose, Z. Naturforsch., 12b, 384 (1947).
(20) K. Pfordte and G. Leuschner, Strahlentherapie, 119, 278 (1962).
(21) (a) A. O. Allen, “ The Radiation Chemistry of Aqueous Solu
tions,”  D. Van Nostrand Co., Inc., New York, N. Y ., 1961; (b)
F. S. Dainton and D. B. Peterson, Proc. Roy. Soc. (London), A267, 
443 (1962).
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tions 2 and 19 in the production of the additional hy
drogen.

From the radiation chemistry reported here thus far, 
one might assume that reductive cleavage of the N -C 
bond represents a characteristic, radiation chemical 
property of amines generally. However, Riesz22 finds 
no evidence for such reaction in the radiolysis of oxy
gen-free solutions of the méthylammonium ion, nor 
do we find any important contribution of reductive 
deamination in our preliminary studies of the effects 
of H and OH scavengers on the radiation chemistry of 
/3-alanine. The a-amino acids appear to represent a 
special case, and we can only speculate at the present 
time on the role of a substitution in the reductive

cleavage of the N -C  bond by eaq~. One possibility, 
of course, is that eaq~ interacts with the it  electrons of 
the C = 0  group and that dissociation of the N -C  bond 
at the a position occurs on rearrangement cf the inter
mediate complex. It would appear that further con
sideration of these reactions must await additional 
information on the radiation chemistry of the variously 
substituted amines.
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(22) P. Riesz, Radiation Res., 26, 1 (1965).
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Physicochemical Studies on Isotactic Polystyrene

by Hiroyasu Utiyama1

Institute for Chemical Research, Kyoto University, Takaisuki, Osaka-fu, Japan (Received June 10, 1965)

An isotactic polystyrene sample prepared by using a Ziegler-type catalyst has been frac
tionated by a stepwise separation of crystalline solid precipitate from isotactic polystyrene- 
monochlorobenzene-cyclohexanol at 8°. Measurement of crystallinity of the films of the 
fractionated samples by an infrared spectroscopic method has shown that the fractions differ 
in their speed and degree of crystallization. Light-scattering and viscosity measurements 
have been carried out at 25.3° on the fractionated samples using monochlorobenzene as 
solvent and 2,4,6-trimethylphenol as antioxidant. One of the fractions (F-4), the films of 
which readily crystallize at relatively low temperature, has shown a negative initial slope 
and a minimum in the plot of the conventional reciprocal scattered intensity function vs. 
sin2 (6/2). From theoretical considerations, it has been concluded that this anomaly is due 
to a large optical anisotropy, 40 times as large as that for atactic polystyrene. This con
clusion has been confirmed by the separate measurement of vertical and horizontal com
ponents of scattered light using vertically or horizontally polarized light. It has also been 
found that optical anisotropy of highly crystallizable samples of isotactic polystyrene frac
tions decreases with increase in temperature, while that of the conventional atactic poly
styrene is very small and increases slightly with temperature. The second virial coefficient 
corrected for the effect of the optical anisotropy of sample F-4 is exceptionally small. While 
definitive estimations of the unperturbed chain dimension A and of the interaction parameter 
B were not possible, consideration of the data suggests that, as the degree of isotactic stereo
regularity increases, the short-range parameter A increases and the long-range interaction 
parameter B decreases. A consideration of the estimated value of the optical anisotropy of 
the styrene monomer as a function of the mode of rotation of the benzene ring has led to the 
conclusion that the optical anisotropy is a good measure of the degree of the isotactic stereo
regularity of polystyrene. The optical anisotropy increases as the degree of isotactic stereo
regularity increases. This increase is due to the hindered rotation around the C -C  bond 
connecting the benzene ring to the main chain. The hindrance is due to the larger inter
action between neighboring benzene rings, which simultaneously decreases the flexibility of 
the chain.

Introduction
Since the first success of Natta and his co-workers in 

the production of crystalline high polymers of a 
olefins and the identification of their local stereo
chemical configurations,2’3 the physical chemical proper
ties of these polymers in solution have been the subject 
of extensive investigation. The hindrance, due to 
internal rotation around each C-C bond along the 
main chain, may be affected by stereochemical con
figuration of the asymmetric carbon atoms. Thus, 
dimensions and the electric dipole moments of iso
tactic polymers in dilute solutions will differ to some

extent from those of atactic polymers. Furthermore, 
particular attention has been paid to establishing re
liable techniques for estimation of the stereoregularity. 
Such techniques should, if possible, be based on measure
ments of quantities reflecting directly the structure of

(1) On leave of absence at the Department of Chemistry, Harvard 
University, Cambridge, Mass.
(2) (a) G. Natta, P. Pino, P. Corradini, F. Dannsso, E. Mantica, 
G. Mazzanti, and F. Moraglio, J. Am. Chem. Soc., 77, 1708 (1955); 
(b) G. Natta, J. Polymer Sci., 16, 143 (1955).
(3) G. Natta, Makromol. Chem., 16 , 77, 213 (1955).
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individual molecules and being free from any influence 
of secondary effects.4 5'6

Numerous studies have been carried out on the solu
tion properties of stereoregular polymers, particularly 
of isotactic polystyrene.

Among these studies is that of Natta, Danusso, and 
Moraglio,6 who concluded, on the basis of the results 
of viscosity and osmotic pressure data, that the rela
tion between molecular weight and limiting viscosity 
number was the same for both :sotactic and atactic 
polystyrene. This conclusion was confirmed repeatedly 
by subsequent investigators.7-10 Danusso and Morag
lio7 8 9 fractionated isotactic and atactic polystyrene simul
taneously by fractionating precipitates from a solution 
which contained an equal amount of both polymers. 
They made osmotic pressure measurements on the 
fractionated samples and found that the second virial 
coefficient and its molecular weight dependence for 
isotactic polystyrene Acre both smaller than those of 
atactic polystyrene. On the basis of light-scattering 
data for fractionated samples with the use of a semioc- 
tagonal cell, Trossarelli, Campi, and Saini10 found that 
no differences exist between the molecular dimension of 
isotactic and atactic polystyrene in toluene. However 
they also found that the ratios A 2Afw/ [  77] of iso tactic 
polymer fractions were smaller than those of atactic 
polystyrene and essentially independent of molecular 
weight. Krigbaum, Carpenter, and Newman11 made 
viscosity, osmotic pressure, and light-scattering meas
urements on two fractionated samples of isotactic poly
styrene in p-chlorotoluene and in o-dichlorobenzene. 
They concluded that the unperturbed dimension of iso
tactic polystyrene was 25-30% larger than that of its 
atactic counterpart.

All of these authors state that, of the second virial 
coefficient and the molecular dimension, only the 
former was affected by stereoregularity. If so, the 
properties of dilute solutions of isotactic polystyrene 
may not be explained within the frame of the two- 
parameter theory without making any additional 
assumptions. It should be remarked, in this con
nection that the analysis of the experimental data by 
Krigbaum, et al.,n is somewhat ambiguous in that their 
treatment inevitably results in assuming the dependence 
of interaction parameter B on molecular weight. The 
present study has been performed in an attempt to 
resolve this ambiguity and to clarify the characteristic 
properties of isotactic polystyrene in solution by exam
ining them with a different experimental approach.

Now, in order to answer whether the physical proper
ties of an isotactic polymer are affected by the stereo
regularity, it is necessary before making any physico
chemical measurement (i) to employ a solvent that will

dissolve the highly crystalline portion of the polymer,
(ii) to develop a method to separate out a highly stereo
regular fraction, and (iii) to estimate its stereoregu
larity. Since an isotactic polystyrene sample is a 
mixture of molecules with various degrees of stereo
regularity and of polymerization, the use of a solvent 
which does not dissolve the highly crystalline frac
tion of the polymer will usually result in extracting a 
part of the original sample with less than the maxi
mum obtainable isotacticity. Moreover, under such 
conditions, the fractions of different molecular weight 
may not necessarily be samples of the same degree of 
stereoregularity, so that it is not always safe to use 
such fractions to study the dependence of various solu
tion properties on molecular weight. Except in the 
work of Krigbaum, et al.,11 the isotactic polystyrene 
samples investigated heretofore were either the toluene- 
soluble fractions6’8-10 or the fraction extracted with 
benzene.7 Although it was not always mentioned 
specifically, the amount of the polymer extracted from 
the original material by the use of boiling toluene 
seems not to have exceeded 50%, and the amount 
seems to have varied from case to case from 6% 10 
up.

We have found that isotactic polystyrene could be 
completely dissolved in monochlorobenzene by a spe
cific heat treatment. The use of a process of separa
tion of crystalline solid particles from a system con
sisting of isotactic polystyrene-monochlorobenzene- 
cyclohexanol has been shown to be effective in separat
ing out highly isotactic material. The increase in 
stereoregularity of a sample has been observed to be 
accompanied by the increase in optical anisotropy, 
which can be estimated by light-scattering measure
ment with polarized incident light and by analyzing 
the data according to a theory developed previously 
by the author.12 The increase in the optical anis
otropy has been explained in terms of the larger inter
action between the benzene rings of polystyrene in the 
isotactic configuration. Finally, we have found that

(4) V. N. Tsvetkov, S. Y . Magarik, N. N. Boitsova, and M . G. 
Okuneva, J. Polym er Sci., 54, 635 (1961).
(5) F. A. Bovey and G. V. D. Tiers, Fortschr. Hochpolymer. Forsch., 
3, 139 (1963).
(6) G. Natta, F. Danusso, and G. Moraglio, Makromol. Chem., 20, 
37 (1956).
(7) F. Danusso and G. Moraglio, J. Polym er Sci., 24, 161 (1957).
(8) F. Ang, ibid., 25, 126 (1957).
(9) F. Ang and H. Mark, Monatsh. Chem.., 88, 427 (1957).
(10) L. Trossarelli, E. Campi, and G. Saini, J. Polym er Sci., 35, 
205 (1959).
(11) W . R. Krigbaum, D. K. Carpenter, and S. Newman, J. Phys. 
Chem., 62, 1586 (1958).
(12) H. Utiyama and M . Kurata, Bull. Inst. Chem. Res. Kyoto Univ., 
42, 128 (1964); H. Utiyama, to be published.
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the experimental results of light-scattering and vis
cosity measurements on the fractionated samples can 
be put into the frame of the two-parameter theory 
if we assume that, as the degree of isotacticity increases 
the unperturbed dimension of polystyrene increases, and 
the interaction parameter B decreases. Therefore, the 
polymer dimension or the limiting viscosity number of 
isotactic polystyrene may be either larger or smaller 
than those of its atactic counterpart, depending upon 
its molecular weight and the degree of stereoregularity.

Experimental Procedures

Synthesis of Isotactic Polystyrene. A Ziegler-type 
catalyst used for polymerization of styrene was pre
pared by reacting titanium tetrachloride in heptane 
solution with triethylaluminum in a 1:4 molar ratio 
in the same solvent. The reaction mixture for the 
polymerization contained 2 moles of styrene, 0.4 
mole of triethylaluminum (20% monomer), 0.16 mole 
of titanium tetrachloride (40% triethylaluminum), 
and 170 ml. of hexane. It was kept at 80° for 11.5 
hr. and then at room temperature for 16 hr. The 
reaction was stopped by the addition of a large excess 
of methanol. The precipitate from the mixture was 
recovered and was washed repeatedly with methanol 
and dried under vacuum at room temperature. Sixty- 
seven per cent of the monomer was converted to poly
mer.

Choice of Solvent and Purification of the Sample and 
Solvent. The solubility of the crude polymer product 
was tested in benzene and toluene, but the polymer was 
found to be practically insoluble in either of the sol
vents. In the course of testing the solvent power of 
other solvents, monochlorobenzene was found to be 
satisfactory although a small quantity of polymer was 
undissolved and remained in the swollen state until 
the mixture was heated. In order to obtain a clear 
and stable solution, it was necessary first to keep it at 
room temperature for 48 hr. and then to heat it to the 
boiling temperature of monochlorobenzene at 130° 
for about 2 hr. The monochlorobenzene solution of 
isotactic polystyrene prepared in this way was very 
stable, and it did not bring about any detectable change 
in the limiting viscosity number at 20° even after 
the solution was kept at temperatures as low as 8°. 
Therefore we employed monochlorobenzene as solvent.

Reagent grade monochlorobenzene was washed 
five times with equal volumes of concentrated sulfuric 
acid. To remove the acid, it was then washed with 
water and with an aqueous solution of potassium bi
carbonate several times each and dried over phos
phorus pentoxide overnight. Finally, it was distilled

before use. The refractive index of the purified mono
chlorobenzene was n25d 1.52154 (lit. 1.52212). The 
crude polymer product was then dissolved in the puri
fied monochlorobenzene, by the procedure mentioned 
above, to make a solution of about 2%. The solution 
was centrifuged to produce a force 20,000 times that of 
gravity for 1 hr. The supernatant was poured into an 
excess of methanol, and solid pieces of decomposed 
catalyst and a very small amount of remaining un
dissolved polymer gel were discarded. The polymer 
precipitate was washed carefully with methanol and 
then dried under vacuum at room temperature. The 
amount obtained was 138 g. The purified product was 
then annealed in boiling n-heptane for 12 hr. to increase 
the degree of crystallization. Finally, it was washed 
with methyl ethyl ketone to extract the soluble fraction 
which was presumably nonisotactic material.

Fractionation. The next step was the separation of 
highly stereoregular fraction and the comparison of its 
solution properties with those of conventional atactic 
polystyrene of the same molecular weight. Here, 
we briefly explain the principle of fractionation em
ployed in this work. As is well known, it is frequently 
observed that, on standing, crystalline solid particles 
separate out from a metastable solution of crystalline 
polymer, such as polyvinyl chloride and polyvinyl 
alcohol. This process is a kind of cooperative phe
nomenon, and processes of both nucleation and growth 
of nuclei are probably regulated not only by the stereo- 
regularity but also by the molecular size as well. For 
example, the nucleation rate will be largest for the 
molecules of moderate size and of highest stereoregu
larity. The larger molecules will need a longer time 
to orient into a ordered conformation, and the smaller 
molecules may not form a stable nucleus which will 
grow at an appreciable rate. Therefore, if we suc
cessively separate the liquid phase from the crystalline 
solid precipitate, which is brought about by the addi
tion of an appropriate nonsolvent to a dilute solution and 
by standing long enough at an appropriate tempera
ture, the fractions may have different molecular weight. 
However, the possibility of obtaining a fraction with 
large stereoregularity is substantial.

Among the nonsolvents tested, cyclohexanol was most 
suitable for the present purpose because a sufficiently 
large amount can be added to the monochlorobenzene 
solution of isotactic polystyrene without instantaneous 
formation of threadlike solid particles. On the con
trary, when we used n-heptane, methanol, butanol, 
and diisopropyl ether as nonsolvents, the addition of 
even a very small amount of any one of them into the 
solution resulted in an appearance of threadlike crystal
line particles. The solid threads could not be redis
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solved even after complete mixing of the solution and 
heating to a temperature as high as 70°.

Purified isotactic polystyrene (25 g.) was dissolved 
in 2.5 1. of monochlorobenzene by the procedure stated 
previously. An equal volume of cyclohexanol was 
added to the clear monochlorobenzene solution at room 
temperature, and the mixture was kept overnight at 
8°. Although the mixture remained transparent in 
the beginning, the formation of a white, gellike pre
cipitate proceeded within the next 24 hr. to about 3 
days. The mixture was then centrifuged at 20,000 
times the force of gravity for 30 min., and the precipi
tate was separated out by decantation from the super
natant, which did not become turbid on further stand
ing. The supernatant portion was concentrated by 
vacuum distillation, and a proper amount of mono
chlorobenzene was added. The solution was centri
fuged to eliminate dust and precipitated by addition to 
a large excess of methanol. If the amount of the 
precipitate was appropriate, say between 1.5 and 3 g., 
it was recovered as a fraction. When the amount was 
less than this, it was added to the subsequent super
natant portion; if greater, it was subjected to further 
fractionation under milder conditions. The precipi
tate portion, the white, gellike material, was easily 
dissolved in monochlorobenzene by heating the mixture 
to about 80° for 30 min. This solution was subjected 
to the same procedure: the addition of cyclohexanol, 
standing for up to 3 days, and the centrifugal separa
tion of precipitates from the solution. This procedure 
was repeated until finally the amount of the precipitate 
became too small for further fractionation. In this 
way, the original isotactic polystyrene sample was 
divided into ten fractions and one extraneous fraction 
(assigned as F-0) which was no longer soluble in mono
chlorobenzene by our procedure. Recovery of 85.6% 
of the polymer was made. A schematic diagram of the 
fractionation process is shown in Figure 1. The thick 
lines in the figure represent the precipitated fractions, 
and the number in the brackets shows the weight of 
each fraction. It may be seen that the fractions from 
F-3 through F-9 were fractionated essentially by the 
extraction of nonprecipitating material.

Preparation of Solutions. Before the measurements 
of light scattering and viscosity were made, it was 
necessary to check whether the polymeric material was 
dissolved in a molecularly dispersed state. In the 
case of usual amorphous polymers, the presence of 
aggregated particles may be easily checked if one meas
ures the molecular weight of the polymeric solute in 
two solvents which differ appreciably in their solvent 
power. On the other hand, crystalline polymers can
not, in general, be dissolved in poor solvents, and this

Original sample (2 5.00)

H 1 1 F ö l
1 F - 2  1 1 F-1 | (0.10)

, 1 1 (2.60) (2.03)
1 F — 9 11 F — 8 | | F 7 I
(0.90) (4.09) (1.4 5)

(2.45) | F - 4  [ | F-3  |
(1.52) (2.67)

Figure 1. Schematic representation of 
the fractionation procedure.

type of test is not applicable. The dispersed state of 
crystalline polymer molecules in solution, however, 
depends largely on the temperature at which the poly
mer is dissolved and also on the subsequent heat treat
ment. The heat treatment at higher temperature 
will of course give more dispersed solutions, but the 
thermal and oxidative degradation of the polymer 
molecule will take place to a greater extent.11 In 
order to find an optimal condition of heat treatment 
(temperature and duration) for dissolving the polymer 
in a molecularly dispersed state with minimal degrada
tion, a simple test was made by measuring viscosity 
on solutions of the unfractionated sample pretreated 
with heat under various conditions. The test solutions 
were made as follows. The original solution of about
1 g./dl. concentration was divided into several assay 
tubes, and each of them was sealed after replacing the 
air by nitrogen. Unless otherwise stated, 10 mg. of
2,4,6-trimethylphenol was added to 100 ml. of solution 
as an antioxidant. Figure 2 represents the variation 
of the limiting viscosity number with the time of 
heating. It is seen that the decrease in the limiting 
viscosity number is greatest for the sample which was 
heated at 130° in the absence of the antioxidant and 
that all three samples give practically the same limiting 
viscosity number unless the heating time exceeds
2 hr. If only the melting of aggregated particles takes 
place, the limiting viscosity number will decrease 
rapidly at short heating times and then level off. The 
final equilibrium value will depend on temperature of 
heat treatment. The present results indicate that the 
state of molecular dispersion is not affected by heat 
treatment longer than 2 hr. at temperatures higher 
than 120°, at which the thermal and oxidative degrada
tion of molecules becomes noticeable. Hence, we 
employ as the standard condition of heat treatment: 
120°, 2 hr.
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Figure 2. The variation of the limiting viscosity number 
of the unfractionated isotactic polystyrene sample in 
monochlorobenzene at 25° with time of heat treatment 
at 120° and at 130° in the presence and absence 
of antioxidant, 2,4,6-trimethylphenol.
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Figure 3. Dependence of reduced viscosity of a fractionated 
sample F-3 in monochlorobenzene at 25° on the rate of 
shear at different solute concentrations. Measurement 
was made by using a tilting-type Ostwald viscometer.

c = 1.100 (g./31)

0.67-----o - o -

4
0.100

o —o- —_ U .O JO

n o')

----------------0 —
------

Viscosity Measurements. In order to study the 
shear rate dependence of the reduced viscosity of mono
chlorobenzene solution of isotactic polystyrene, vis
cosity measurements were made using a tilting-type 
Ostwald viscometer.13 Figure 3 represents an example 
of the experimental results on fractionated sample F-3. 
It may be seen that isotactic polystyrene solutions do 
not exhibit an exceptionally large dependence of vis
cosity on the rate of shear. Therefore further measure
ments of specific viscosity were made by using Ostwald- 
Fenske viscometers. The constants of the apparatus 
were as follows: the radius of capillary, 0.0296 cm.; 
the capillary length, 14.3 cm.; volume of the bulb, 
1.98 ml.; average head, 2.13 cm.; the maximum rate of 
shear, 3.12 X 102 sec.-1. The correction for the 
kinetic energy was negligible.

Refractive Index Increment. Specific refractive index 
increments were determined by using a differential 
refractometer of the Debye type14 15 (Shimadzu Seisa- 
kusho Co., Kyoto, Japan). Temperature was main
tained to within ±0.05°. The distance of the vertical 
displacement of the image of the horizontal narrow slit 
on the focal plane of the telescope was determined 
photoelectrically. For the calibration of the refractom
eter, reference was made to the data reported by 
Kruis16 for KC1 aqueous solutions at 25°.

Light Scattering. Light-scattering measurements 
were carried out in a modified Brice-type light-scatter
ing photometer16 (Shimadzu Seisakusho Co., Kyoto, 
Japan) over the angular range from 30 to 140°. The 
wave length of incident light in vacuo was 436 rrip. 
Polaroid disks which serve as polarizer and analyzer 
could be set at the appropriate positions. The Brewstar 
law was used in the final alignment of the analyzer. 
That is, a glass plate was set vertically at the cell 
position, and unpolarized parallel light was incident

at the polarizing angle on the glass plate. The in
tensity of the reflected ray will be maximum (minimum) 
when the plane of the analyzer is vertical (horizontal). 
Once the plane of the analyzer was set correctly, the 
alignment of the polarizer could be readily performed. 
The sensitivity of the photomultiplier tube (Type 
1P21) to horizontally polarized light was 1.0% greater 
than its sensitivity to vertically polarized light. The 
degree of extinction of the crossed polaroids was de
termined by ratios of deflections in the photomultiplier 
at 0° with the aid of neutral filters. The results for 
the incident light of 436 mju were Iiv/Vv =  0.00181 
and Vh/Hh =  0.00181. Therefore the measurements 
of small depolarization were possible. A cylindrical 
cell with specifically ground flats of the 0 and 180° 
faces was used, and the circular uniformity of the cell 
was demonstrated by the fact that the reduced intensity 
of fluorescence emitted by a dilute aqueous solution of 
fluorescein was constant within ± 2 %  in the angular 
range studied in the present investigation. In order 
to calibrate the cell, the intensity of the light scattered 
from purified benzene was measured at 30° at a right 
angle to the incident beam. The Rayleigh ratio of 
benzene was taken to be 4.95 X 10-6 at 30° for the 
incident light of 436 ipu. The appropriate corrections 
for the Fresnel reflection of the incident light were 
applied to the experimental data. In order to obtain 
the calibration constant for the measurements with 
monochlorobenzene, the n2 correction of Hermans17

(13) E. Wada, J. Polymer Sci., 16, 305 (1954).
(14) P. Debye, J. Appl. Phys., 17, 392 (1946).
(15) A. Kruis, Z. physik. Chem., 34B, 13 (1936).
(16) B. A. Brice, M . Halwer, and R. Speiser, J. Opt. Soc. Am., 40, 
768 (1950).
(17) J. J. Hermans and S. Levinson,ibid., 41, 406 (1951).
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was applied to correct for the difference in refractive 
index. The temperature of the test solution was kept 
at 25.3 ±  0.2° by circulating water through the 
thermostating mantle. The test solution in the cell 
was stirred with a magnetic stirrer. Five test solu
tions of different concentrations were made from a 1% 
stock solution which was prepared and heat treated in 
a sealed tube as mentioned previously. For the optical 
purification, each test solution was filtered first through 
a No. 5 sintered glass filter and then through two sheets 
of Grade M Cellafilter directly into the light-scattering 
cell. The concentration of each test solution was 
determined by measuring dry weight after evapora
tion of the solvent when the light-scattering measure
ments were completed.

Degree of Crystallinity. The degrees of crystalliza
tion of the fractionated samples in the solid state were 
determined in the following way.18 A monochloro
benzene solution of each fractionated sample at about 
2% concentration was made in a sealed tube by the 
same procedure stated previously. Each solution was 
poured into a square-shaped mold with a bottom 
consisting of a horizontal flat, glass surface, and the 
solvent was evaporated by keeping the solution at 
60° for 4 hr. Thus, transparent films of about 50 n 
in thickness were made. These were soaked in meth
anol for 1 week and dried in vacuo in order to remove 
the remaining solvent. Each film was then cut into 
eight equal pieces. Pairs of them were annealed at 
160°19for 0 ,1,2, and 5 hr. in Wood’s metal.

The degree of crystallization of films prepared in 
this way was determined by the method of infrared 
absorption. The per cent of absorption (D ) at the 
crystalline-sensitive band (wave number: 984 cm.-1) 
and at the CH-bending band (wave number: 1945
cm.-1) were measured by a recording infrared spectro
photometer, Type IR-S (Nihonbunkokogyo Co., Ha- 
chioji, Japan). The ratio Dm/DMi6 was used for eval
uation of the degree of crystallization according to the 
equation20

-Xir =  0.5 (1) 980/ 1 1̂945) — 0.170 (1)

where X ir, defined by eq. 1, is known to be in good 
agreement with the degree of crystallization determined 
by the X-ray diffraction method.

Experimental Results

Solubilities of the Fractionated Samples. In order to 
examine the solubilities of the fractionated samples 
qualitatively, each sample was put into a sealed tube, 
a proper amount of monochlorobenzene was added to 
it to make a 1% solution, and each was kept overnight 
at room temperature. There were marked and sig

nificant differences in the state of dissolution of the 
samples. The fractions F-10, F-9, and F-8 were readily 
soluble in monochlorobenzene even at room tempera
ture without the heat treatment. However, the frac
tions F-7, F-6, and F-5 were partially insoluble al
though they were brought to an appreciably swollen 
state. The fractions F-4, F-3, F-2, and F-l were 
much less soluble in monochlorobenzene at room 
temperature. Notably, fraction F-l did not swell. 
Moreover, the solutions of the samples from F-10 to 
F-2 were very stable after they had been heated at 120° 
for 2 hr., while the solution of F -l was unstable and the 
solid-liquid separation occurred readily below 10°. 
Hence, this sample was again divided into two portions 
by keeping the solution at 10°, and only the soluble 
fraction which was designated as F -l ' was used for 
further experiments.

Light-Scattering Behavior of Fractionated Samples. 
The specific refractive index increment of isotactic 
polystyrene fractions (F-2, F-4, F-8, and F-10) in 
monochlorobenzene at 25.3° was 0.085 ml./g., which is 
in good agreement with *hat of atactic polystyrene.21

Light-scattering measurements on fractionated 
samples were made first without the use of polarizer 
and analyzer. The reduced scattered intensity under 
this experimental condition of polarization of incident 
and scattered light is written as RVu(6). As typical 
examples of the results of light-scattering measure
ments, the reciprocal scattered intensity functions, 
Kc( 1 +  cos2 6)/2RUa(6), where K  is given by Airhiif. 
(dn/dc)2/X0W A of F-4, F-5, and F-8 are plotted as 
functions of concentration and of sin2 (6/2) in Figures 
4, 5, and 6, respectively. The open circles represent 
the angular dependence of the reciprocal intensity func
tion at constant concentration, and the filled circles 
represent the concentration dependence of the ex
trapolated values of the reciprocal intensity function to 
zero angle of observation. The same plots for the 
samples F -l', F-6, F-7, F-9, and F-10 are all similar to 
that of F-8 (Figure 6) and similar to patterns usually 
obtained in amorphous polystyrene solutions. From 
the data, the weight-average molecular weight, second 
virial coefficient, and 2-average mean-square radius 
of gyration were estimated by the usual method, and 
the values obtained are listed in Table I.

(18) The degrees of crystallization of the three fractions F - l ' (the 
difference between F - l ' and F -l, will be stated later), F-5, and F-6 
could not be determined because of the lack of sufficient amounts of 
these samples.
(19) This is the optimum temperature for the crystallization of 
isotactie polystyrene. See A. S. Kenyon, R. C. Growth, and A. L. 
Wurstner, J. Polymer Sci., 40,159 (1959).
(20) F. Sakaguchi and W . Tsuji, private communication.
(21) H. Utiyama, M. Kurata, and M. Tamura, to be published.
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Table I: Light-Scattering and Viscosity Results for Fractionated Samples of Isotactic Polystyrene in Monochlorobenzene at 25.3°

hi, My,
Sample dl./g. X 10
F-l' 1.77 7.47
F-2 1.25 4.03
F-3 1.62 5.75
F-4 1.15 3.41
F-5 0.78 2.18
F-6 1.40 5.81
F-7 1.14 3.85
F-8 1.17 5.00
F-9 0.87 2.93
F-10 1.23 4.31

M w.app At Aa.app
X 10 -« X 10* X 10*

4.63 3.64 4.70
5.99 3.83 4.00
4.13 0.76 0.25
2.29 3.04 2.80

4.52
3.92
4.28
3.64
4.13

(S2h (52)2lapp s
X 10“ X 10“ X 10*
0.250
0.158 0.124 1.78
0.172 0.090 3.13
0.120 Negative 53.30
0.082
0.266
0.141
0.155
0.103
0.168

0.021 8.34

Figure 4. Light-scattering results of the fractionated 
sample F-4 in monochlorobenzene at 25.3°. The open 
circles represent the angular dependence of the 
reciprocal intensity function at finite concentrations, and 
the filled circles represent the concentration 
dependence of the extrapolated values of the reciprocal 
intensity function to the zero angle of observation.

On the other hand, the results of samples F-4 and 
F-5 (Figures 4 and 5) are apparently quite anomalous. 
The angular dependencies of reciprocal scattered 
intensity curves for different solute concentrations 
are all concave upward, and the initial tangent of the 
plot at infinite dilution, which is proportional to the z- 
average mean-square radius of gyration in the conven
tional analysis, appears to be too small. Samples 
F-2 and F-3 also showed similar behavior. In the 
case of sample F-4, the initial tangent of the same plot 
becomes negative. These anomalies in the reciprocal 
angular envelopes distinctly imply the presence of a 
sufficiently large optical anisotropy of the optical 
segment.22 Thus, none of the above three quantities

Figure 5. Light-scattering results of the fractionated sample 
F-5 in monochlorobenzene at 25.3°. The open and 
closed circles have the same meaning as in Figure 4.

derivable from fight-scattering measurements can be 
estimated correctly without making a correction for 
the effect of segmental anisotropy. A correction for 
this effect will be discussed in the subsequent section. 
Table I also fists the values of M w> A 2, and {S2)z for 
these fractions estimated before and after making the 
correction for the anisotropy effect.

Analysis of Anomalous Light-Scattering Data. Ac
cording to a theory recently developed by the author,12 
the reciprocal scattered intensity function Z(6) (= K c  X  
(1 +  cos2 6)/2RUxi(d)) for flexible-chain polymers 
consisting of optically anisotropic segments is given by

1/2(0) = M( 1 -  2A A le) -
M K { 1 — 4A^Mc) sin2 (0/2) +

M8( 13 +  cos2 0 )/(l  +  cos2 0) (2)

(22) H. Utiyama, Doctoral Thesis, Kyoto University, 1963.
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0 0.2 0.4 0.6 0.8

sirf(0/2) or c (g./dl.)
Figure 6. Light scattering results of the fractionated 
sample F-8 in monochlorobenzene at 25.3°. The open circles 
and closed circles have the same meaning as in Figure 4.

where M  is the molecular weight of polymeric solute, 
Ai the second virial coefficient, c the solute concentra
tion expressed in weight per unit volume, K  =  (4/3) X 
(27t/\ )2(jS2), and X is the wave length of incident light 
in solution. 8 is a parameter representing the anisot
ropy of the optical segment and is expressed in terms 
of three principal polarizabilities on, a2, and a3; the 
number of segments in a chain is expressed as

ô =  { ( « i  — a2) 2 +  (a2 — a%)2 +  («3 — on)2}/
10n(ai +  a2 +  a3) 2 (3) 

Equation 2 readily leads to the relation 

1/Z(6) -  1/Z(tt -  0) =
M K (  1 -  4A2M c){ 1 -  sin2 (6/2)} (4)

Therefore, we can estimate the quantity M K (  1 — 
4A2M c) from the slope of the plot 1 /Z(6) — 1/Z(ir — 
6) vs. 1 — 2 sin2 (6/2). Once the quantity M K (  1 — 
4A2Mc) is determined by use of eq. 4, then a plot of 
1 /Z(d) +  M K (l  — 4A2M c) sin2 (6/2) against (13 +  
cos2 6)/( 1 +  cos2 6) enables one to estimate both M (1 — 
2A2M c) and M  from the intercept and the slope of the 
plot, respectively. The latter plot v/ill be a flat straight 
line for the solution of a polymer consisting of isotropic 
segments since 8 =  0 for such a polymer. The analysis 
of experimental data of Z(d) at various solute concen
trations by the method illustrated above enables us 
to make a separate estimation of the quantities M, 
Ai, 8, and (S2).

By way of illustration, light-scattering data for F-5 
were analyzed following the above procedure and 
plotted in Figures 7 and 8. It appears that the 
anomalous lighl^scattering data can be explained quan-

0 0.2 0.4 0.6 0.8

1-2 sinl (tf/2)
Figure 7. Plots of 1 /Z{6) — \/Z(ic — d) at various 
concentrations as a function of 1 — 2 sin2 (0/2) from 
the data shown in Figure 6 for the fraction F-8.

0 5 10 15

(13 + co s*u)/(1 + cos’ s- )
Figure 8. Plots of 1 /Z(0) +  MK( 1 — 4A2Mc) sin2 (9/2) 
at various solute concentrations as a function of 
(13 +  cos2 0)/(l +  cos2 0) for the fractionated sample 
F-8. The original data are taken from Figure 6.

titatively in the present theory. The experimental 
data of F-2, F-3, F-4, and F-5 were re-examined and 
corrected for the effect of anisotropy. The light
scattering data of other samples are normal and ana
lyzed by the usual method. The results are listed in 
Table I. The optical anisotropies of the above four 
samples are, in fact, all larger than that of atactic 
polystyrene (see the next section) as shown in the last 
column of Table I. Furthermore, it should be men
tioned that the optical anisotropy of F-4 is extra
ordinarily large, while the second virial coefficient is 
very small compared with those of other samples of 
comparable molecular weights. The molecular weight
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of F-4 is rather small in spite of the fact that the frac
tion was obtained in the final stage of extraction.

Results of Light-Scattering Measurements with Polar
ized Incident Light. When a polymer molecule con
sists of optically anisotropic segments, the theoretical 
expressions of the reduced intensity of light scattered 
from the solution for the Vv and Hv components (verti
cal and horizontal components of the scattered light 
when incident light is vertically polarized) and for the 
Vh and IIh components are given by12

R v M  =  KcMP(6) -  2A 2MQ(0)c +  45 (5)

RVh(6) =  R ¡i-t- (0) =  SSKcM (6)

RHh(6) =  KcM [P(e) -
2A 2MQ(d)c +  3] cos2 6 +  35 (7)

where P(6) is the well-known particle scattering factor 
and Q{0) is the intermolecular correlation function.23

These equations show (1) that the Hh component at 
6 =  7t/ 2 coincides with the Vh (=  IP) component,
(2) that the Vh component is independent of the angle 
of observation and proportional to the optical anisot
ropy, and (3) that the anisotropy effect in the FT 
component can be eliminated by using another com
ponent at 6 =  tt/2. In order to compare these formal 
properties with experimental results and to estimate 
5 directly, four components of the scattered light were 
measured separately.

First, the accuracy of the measurement was tested 
by using a pure liquid such as benzene or carbon tetra
chloride, in which the Vv, IP-, and Vh components of 
the scattered light are constant irrespective of the angle, 
and the Hh component, which agrees with the IIv and 
Vh components at 9 =  7r/2, is symmetrical about d =  
tt/ 2. Typical experimental results for four compo
nents of the reduced scattered intensity of benzene are 
shown in Figure 9. The reduced scattered intensity 
of the t/„ component and the depolarization ratio 
pu are estimated from the data and listed in Table II. 
It is shown that the above requirements are fulfilled 
with sufficient accuracy and that the agreement of pu 
values estimated in the present experiment with those 
reported in the literature are satisfactory.

The experimental results of similar measurements on 
an isotactic polystyrene sample (a sample recovered 
from the fraction F-4 after the first light-scattering and 
viscosity measurements were completed and desig
nated as F-4') are shown in Figure 10. The IIv and 
Vh components of the reduced scattered intensity agree 
well with each other, but they show a tendency to 
increase slightly with the angle of observation. An 
explanation of this discrepancy has not been obtained

0 0.2 0.4 0.6 0.8 1.0
sinTff/2)

Figure 9. The angular variation of four components of the 
reduced scattered intensity of benzene at 30.0°. The wave 
length of incident light in vacuo, Xo, was 436 m/n.
Fv and Hv represent the vertical and horizontal 
components of the scattered light when the incident light 
is vertically polarized. Vh and Hh have a corresponding 
significance for horizontally polarized light.

0 0.2 0.4 0.6 0.8
slna(972)

Figure 10. Angular variations of four components 
of the reduced scattered intensity of F-4' in 
monochlorobenzene at 25.3°; c = 0.107 g./dl.

as yet. However, the value of the Hv or Ft component 
extrapolated to the zero angle of observation appears 
to be in good agreement with that of the Hh component 
at 8 =  7t/ 2 and was therefore used for estimating the

(23) B. H. Zimm, J. Chem. P h y s 16, 1093 (1948).
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Table I I :  Experimental Results of Depolarization Ratio and Reduced Scattered Intensity for Pure Liquids

Refractive

Solvent
Temp.,

o
index 

(436 mM)
8,

g./m l.
'  Run 

Exptl.
X  10«---------- ,

Lit. Exptl.
Pu

Lit.

Benzene 25 1.5225 0.8735 48.5 48.0“ 0.43 0.43“
Carbon tetrachloride 30 1.4709 1.575 16.2 15.8“ 0.05 0.05“
Toluene 35 1.5107 0.8509 58.1 56. 0.52 0.49“ ’6
Monochlorobenzene 25.3 1.5334 1.102 76.3 0.64

40.8 1.5250 1.084 78.2 0.61 0.60
61.1 1.5142 1.062 79.4 0.58
82.2 1.5031 1.038 83.2 0.55

n-Butyl chloride 36 1.4019 0.8689 17.4 0.23
Cyclohexane 35 1.4233 0.7648 18.2 0.06
Methyl ethyl ketone 4C 1.3769 0.7839 15.4 0.23

“ J. P. Kratovil, G. J. Dezelic, M. Kerker, and E. Matijevic, J. Polymer Sci., 57, 59 (1962). 6 Values at 25“.

optical anisotropy parameter 8. Then the Vv com
ponent was corrected for the anisotropy effect with the 
use of this 8 value. The reciprocal scattered intensity 
function of the corrected Vv component is plotted in 
Figure 11 as a function of sin2 (6/2) together with a 
conventional plot of the function Kc( 1 +  cos2 6)/ 
2RUu (6) vs. sin2 (6/2). The latter gives an anomalous 
curve similar to that shown in Figure 4, while the 
plotted points of the former function fall strictly on a 
straight line, as the theory predicts, with a positive 
slope which is proportional to the mean-square radius 
of gyration (S2).

The temperature dependence of the optical anisot
ropy parameter 5 was estimated in the same way from 
the light-scattering measurement on F-4' over the 
temperature range from 25.3 to 82.2°. The result is 
shown in Figure 12, which also includes, for compari
son, a result on a polystyrene sample obtained by the 
thermal bulk polymerization and fractionating pro
cedure (M w =  51.2 X 104). The optical anisotropy 
parameter was multiplied by the molecular weight in 
order to compensate for the difference in molecular 
weight.24 It can be seen in this figure that there is a 
remarkable and significant difference in the values 
of the optical anisotropy parameter M8 of isotactic 
and atactic polystyrene. The value of M8 of iso tactic 
polystyrene is almost 40 times as large as that of the 
atactic sample and markedly decreases with tempera
ture, while that of atactic polystyrene slightly increases. 
A  reason for this difference between the two will be 
discussed in a later section.

Crystallinity of Fractionated Samples. The degrees 
of crystallization Am of fractionated samples, esti
mated from infrared spectroscopic measurement, are 
shown in Figure 13 as a function of the time of annealing 
at 160°. Before proceeding further, however, several

0 0.2 0.4 0.6 0.8
sin* (8/2)

Figure 11. Reciprocal reduced intensity plots for F-4' in 
monocblorobenzene at 25.3°; c = 0.107 g./dl. The lower 
plotted points are the conventional reciprocal light-scattering 
intensity function and the upper points show the function 
corrected for the effect of optical anisotropy.

remarks must be made. For the quantitative dis
cussion of the crystalline state of a polymer film, such 
procedures as melting and quenching of the film may 
be necessary before the process of annealing can be 
carried out, and the annealing itself should be done at 
several different temperatures. Such experiments were 
impossible because of the lack of material. Our aim 
here, therefore, is not to investigate the solid properties 
by themselves but to look for some qualitative cor-

(24) H. Benoit and G. Weill, “ Proceedings of the International 
Symposium on Macromolecular Chemistry,”  Prague, Czechoslovakia, 
Sept. 1957, p. 35.
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Temperature (*C)

Figure 12. Optical anisotropy vs. temperature relationships 
for the isotactic polystyrene fraction F-4' (open circles) and 
an atactic polystyrene sample (lkfw = 51.2 X 104, 
closed circles) in monochlorobenzene. The half-filled 
circles are for the atactic polystyrene in benzene.

T i m e ( hours)

Figure 13. Crystallinity of films of isotactic polystyrene 
fractions estimated on the basis of infrared absorption 
measurements as a function of duration of annealing at 160°.

relations between the properties of isotactic poly
styrene in the solid and dissolved states.

The most interesting point in this figure is that the 
fraction P-4 exhibits an extraordinarily high degree of 
crystallinity at t =  0. In other words, fraction F-4

can crystallize during the film formation, during which 
the temperature was not greater than 60°. Fraction 
F-l also shows a high I ffi value at t =  0, but the initial 
rate of crystallization is rather small, and the value of 
X ir after 2-hr. annealing is still lower than the equi
librium value. The reason for this may perhaps be 
the high molecular weight of F-l, which can also 
be the origin of the separation of crystalline solid par
ticles from the solution. By the same token, because 
of the small molecular weight, the solution of F-4 
is stable at room temperature, and the measurement of 
solution properties was possible.

Now, the large tendency of sample F-4 to crystallize 
at a low temperature is probably due to its high degree 
of stereoregularity. If we consider the previous result, 
that this sample showed exceptionally large optical 
anisotropy, the present results on measurements of 
crystallinity may confirm our view that the optical 
anisotropy is an intrinsic property which is closely 
connected with the isotactic configuration of the asym
metric carbon atoms along the main chain of the iso
tactic polymer.

The equilibrium values of I n  of the fractionated 
samples, which are listed in Table III, are not of the 
order of the fraction number as was expected. How
ever, it is interesting to note that samples F-9 and F-10, 
which are readily soluble in monochlorobenzene at 
room temperature, have a lower degree of crystallinity 
than the other samples.

Table III: Derived Results of Unperturbed Dimension K, 
Optical Anisotropy MS, and Crystallinity X i r  for 
Fractionated Samples of Isotactic Polystyrene

K x AlMyf/ MS X X i r , % X i r , %
Sample 10* lol 10-* (i = 5) (i = 0)
F-l' 0.68 6.4“ (49.7)" (10.2 f
F-2 0.96 117 7.2 49.7 2.5
F-3 0.93 136 18.0 44.9 0
F-4 1.04 22.5 182.0 47.9 31.9
F-5 0.93 85 18.2
F-6 0.63 188 5.0“
F-7 0.85 132 3.3“ 45.0 1.0
F-8 0.67 183 4.3“ 40.7 0
F-9 0.76 123 2.5“ 18.6 0
F-10 0.82 145 3.7“ 26.9 0

“ Estimated values based on the result for atactic polystyrene. 
5 Experimental data on F-l.

Discussion
Unperturbed Dimension A of Tsotactic Polystyrene. 

Our problem here is to estimate the effect of stereo
regularity on the unperturbed dimension A  and the
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interaction parameter B of polystyrene in dilute solu
tion. A and B are defined by

A = a/M0l/i B = p/M02 (8)

where a is the effective bond length, Mo the molecular 
weight of a segment, and /3 the binary cluster integral 
for a pair of segments. The shor>range parameter A 
is determined directly and unambiguously only by the 
measurement of the molecular weight and the dimen
sion of the polymer in a 0-solvent in which /3 vanishes. 
However, this cannot be done for an isotactic polymer 
because of the absence of an appropriate 0-solvent. 
At the moment, hhe most promising method of esti
mating the unperturbed dimension from a system with 
positive d may be by means of the relation between the 
limiting viscosity number and molecular weight of 
polymer.

The excluded volume effect on the polymer dimen
sion is a problem yet to be solved, but several useful 
approximate theories have been developed by Ptitsyn,25 26 
by Kurata, Stockmayer, and Rcig,26 and by Fixman.27 
Of the three theories, Ptitsyn’s equation appears to 
best agree with experimental results, but the functional 
form is not convenient for estimating the parameters 
A and B from intrinsic viscosity results.21’22 Kurata 
and Stockmayer28 analyzed the dependence of intrinsic 
viscosity on molecular weight for a large number of 
pairs of solvent and polymer, showing that their rela
tion is quite useful in obtaining the two parameters 
separately from viscosity and molecular weight meas
urements. Later, Stockmayer and Fixman showed 
that Fixman’s equation, when applied to viscosity, is 
different in functional form from that of Kurata, et al., 
but the two equations are essentially equivalent.29

Because of the simpler functional form, we employ 
the latter, which reads

fo]/A/VA =  qK +  0.51$o BMW'A (9)

where $0 is the Flory constant under the 0-condition, 
K  =  $o*43, and q is the correction factor for hetero
geneity in molecular weight. From the intercept of the 
plot of [t]]/Mw'/2 vs. M „1/2, parameter A may be esti
mated by assuming <f>0 as constant <f>0 =  2.5 X  1023.30 
The results obtained are shown in Figure 14. The solid 
line in the figure expresses the correlation line for atactic 
polystyrene corresponding to q =  0.93.21'31 Since the 
points are widely scattered, they cannot be extrapo
lated properly. The fractionated samples, however, 
should not be taken as samples of the same nature 
differing only in the molecular weight. Since the 
samples show different optical anisotropy, different 
solubilities, and different degrees of crystallinity in 
the solid state, they probably represent different

o 2 4 6 8 10
Mv,',2X 10'“

Figure 14. [v]/M w1/2 vs. M w1/2 for isotactic polystyrene
fractions in monochlorobenzene at 25.3°. The straight 
line is for atactic polystyrene with q — 0.93, and 
the dashed line is drawn through the experimental 
point of the sample F-4 with $oB =  0.11 X  10~5.
The closed circles represent the fractions with 
negligible optical anisotropy, and the open 
circles are for the samples of large 
optical anisotropy.

molecular species. Hence, it may not be appropriate 
to draw a line best fitting the experimental points in 
order to estimate the K  value. It is interesting to 
note, however, that the plotted points for the samples 
of small optical anisotropy fall close to the correla
tion line (closed circles), but those of large anisotropy 
are located well above the line (open circles).

For the estimation of the unperturbed dimension of 
each fraction, we need an alternative means which 
provides information about the expansion factor a, 
(= [jj] /[ i7]e), but no possible method is left except the 
use of the relation A 2M w/h ]  vs. a ,2 — l . !i Experi

(25) O. B. Ptitsyn, Vysokomolekttl. Soedin., 1, 715 (1959).
(26) M. Kurata, W. H. Stockmayer, and A. Roig, J. Chem. Phys., 
33, 151 (1960).
(27) M. Fixman, ibid., 36, 3123 (1962).
(28) M. Kurata and W . H. Stockmayer, Fortschr. Hochpolymer. 
Forsch., 3 ,196 (1963).
(29) (a) W . H. Stockmayer and M . Fixman, J. Polymer Set., Cl, 
137 (1963); (b) Various theoretical relations between the expansion 
factor and molecular weight were examined recently by G. C. Berry 
and T. G. Fox, J. Am. Cherr... Soc., 86, 3540 (1964).
(30) Burchard had made use of the same relation before it was 
worked out in an experimental study of solvent effects on the unper
turbed dimension. It should be mentioned that the second term in 
the right-hand side of eq. 9 is simply the first term of series expansion 
of [ij] about [i)]e . See: W. Burchard, Makromol. Chem., 50, 20 
(1961).
(31) The polydispersity of the isotactic polystyrene fraction is not 
known, but it must be large considering the broad molecular weight 
distribution of the crude sample. (See, for example, K. Kawahara 
and R. Okada, J. Polymer Sci., 56, S7 (1962).) We assume for the 
present samples M „/M n =  3, but the assignment is not important 
for the subsequent discussion.
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mental values of A.2M w/fo ] of atactic polystyrene 
samples21 are plotted in Figure 15 against fo ]/b ]e  — 1 
(filled circles), together with those of isotactic poly
styrene (half-filled circles). The numerical values of 
[y ] /  b ]e — 1 for the latter were estimated by assuming 
that K  is the same as for atactic polystyrene. The 
solid line was drawn so as to best fit the experimental 
points of atactic polystyrene. The plotted points of 
the fractions F-2 through F-5 (shown by the arrows 
in the figure) deviate again appreciably from the cor
relation line, while the other experimental points 
appear to be in rough agreement. This result may 
suggest that the second virial coefficient of isotactic 
polystyrene is smaller and/or the unperturbed dimen
sion is larger than that of the conventional atactic 
polymer. The results shown in Figures 14 and 15 
indicate that, as long as we assume the same unper
turbed dimension for both isotactic and atactic poly
mers, it may be concluded that the isotactic poly
styrene is characterized by the larger intramolecular 
interaction (the larger value of B or the steeper cor
relation line in Figure 14) and abnormally smaller 
intermolecular interaction (smaller value of Af) 
than the atactic counterparts. However, it may 
be unrealistic to assume different interaction param
eters for intra- and intermolecular interaction since 
there is no theoretical or experimental evidence indi
cating that the crystalline polymer solutions do not 
obey the two-parameter theory. Alternatively, we 
may tentatively assume the same B values for both 
polymers. Each experimental point in Figure 14 is 
extrapolated with the same slope as that of atactic 
polystyrene to obtain a qK value from the intercept 
on the ordinate axis. Table III lists the K  values ob
tained by this procedure making use of the assumed 
q value. The experimental points of A2M w/[??] re
plotted using these K  values fall near the universal 
correlation line as shown by open circles in Figure 15. 
This agreement seems too good to be taken as fortui
tous. It may be said that the samples of larger optical 
anisotropy are characterized by larger unperturbed 
dimensions. Furthermore, in view of the smaller 
second virial coefficient, B values of isotactic polymer 
should be smaller, and the K  value must therefore be 
larger to some extent than the figures listed in Table
III. In fact, the plotted point of F-4 Figure 15 falls 
ontheuniversalcorrelationlineifweemployO.il X  10~6 
for 4>0-B, which is about one-third that of atactic poly
styrene, and estimate the K  value as 1.76 X 10-3 (the 
dashed line in Figure 14).

Molecular Conformation of Isotactic Polystyrene in 
Dilute Solution. In summarizing the experimental 
results obtained in the present investigation and some

Figure 15. A^Mw/[ij] as a function of M /M e — 1 for 
isotactic (half-filled circles and open circles) and atactic 
polystyrene fractions (filled circles). See text.

conclusions from the previous discussion, it has been 
shown (1) that we can separate by the present method 
of fractionation a fraction which has a large optical 
anisotropy, high crystallizability, and rapid rate of 
crystallization at low temperature, (2) that the solu
bility and crystallizability do not always parallel 
each other, (3) that consideration of the data suggests 
that, with increasing optical anisotropy, the unper
turbed dimension of isotactic polystyrene increases 
and the interaction parameter decreases, and (4) 
that the optical anisotropy of isotactic polystyrene 
decreases rapidly with increase of temperature, while 
atactic polystyrene exhibits only a negligibly small 
optical anisotropy which slightly increases with tem
perature.

Here we may briefly discuss the relation between 
optical anisotropy and the stereoregularity of poly
styrene. According to the calculation by Stein and 
Tobolsky,32 33 the optical anisotropy of styrene mono
mer depends significantly upon the mode of the orien
tation of the benzene ring. The difference between 
the principal polarizabilities along and perpendicular 
to the contour of the C-C bond is (1) —4.9 X 10~22

(32) W . H. Stockmayer, Makromol. Chem., 35, 54 (1960).
(33) R. S. Stein and A. V. Tobolsky, J. Polymer Sci., 11, 285 (1953).

The Journal o f Physical Chemistry



P hysicochemical Studies  on I sotactic P o lystyrene 4151

cm.3 if all single bonds within the monomer are freely 
rotating, (2) —6.2 X 10~22 cm.3 if the benzene ring 
may rotate freely about the bond which connects the 
benzene ring to the chain, and (3) —62.8 X 10-22 
cm.3 if the benzene ring is oriented within the plane 
perpendicular to the axis of the chain. In addition, 
the similar value corresponding to the optical seg
ment34 may be generally greater than that of a mono
mer unit owing to the restricted internal bond rotation. 
When the asymmetric carbon atoms in a polystyrene 
chain assume the isotactic configuration, the rotating 
motion of each benzene ring around the bond which 
connects the benzene ring to the chain may be more 
restricted by the larger steric hindrance between the 
neighboring benzene rings than in the atactic configura
tion. Therefore, if we extend the above discussion, 
the large optical anisotropy exhibited by the highly 
crystallizable fraction might be due to hindrance of 
benzene ring rotation, which in turn might reflect the 
degree of stereoregularity. Therefore, the optical 
anisotropy could be a measure for determining stereo- 
regularity at least in the case of polystyrene. In addi
tion, the increase in the stiffness of the isotactic poly
styrene chain, as shown by the larger unperturbed 
dimension, supports the view that the larger interac
tion between the benzene rings is the main cause of the 
increase in optical anisotropy. If this statement is 
true, then optical anisotropy is very important in 
characterizing stereoregularity because it is an in

trinsic property which is not influenced by secondary 
effects.

It is interesting to note that Tsvetkov and his co
workers35 observed in the study of flow birefringence 
that isotactic polymethyl methacrylate was character
ized by a large optical anisotropy. The 40-fold in
crease in the optical anisotropy of the fraction F-4' 
may be due to the restriction of benzene ring rotation 
caused by the stereoregular structure, which is preserved 
even in solution. As the temperature is raised, the 
freedom of rotation of the benzene ring and the 
freedom of internal bond rotation will increase owing 
to the violent thermal motion, which would cause 
optical anisotropy to decrease.
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(34) The size of the optical segment is not necessarily equal to the 
size of the statistical segment. See, for example, M . V. Volkenstein, 
“ Configurational Statistics of Polymer Chains,” translated by S. N. 
Timasheff and M. J. Timasheff from the Russian edition, Inter- 
science Publishers, Inc., New York, N. Y ., 1963.
(35) V. N. Tsvetkov, S. Y . Magarik, N. N. Boitsova, and M. G. 
Okuneva, J. Polymer Sci., 54, 635 (1961).
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Nuclear Magnetic Resonance Studies of Nitriles and Isocyanides: 

Acetonitrile and Methyl Isocyanide

by A. Loewenstein and Y. Margalit

Department of Chemistry, Technion, Israel Institute o f Technology, Haifa, Israel (Received June 10, 1965)

The positions and line widths of H 1, C13 3, and N 14 resonances in CH3NC and CH3CN are 
reported and discussed. The positions of the H 1 resonances of the OH group in methanol 
in mixtures with CH3CN, CH3NC, and CC14 were measured. From these measurements 
the enthalpies of hydrogen-bonded complex formation with CH3CN and CH3NC are 
estimated. The values obtained are AH =  0.9 and 2.0 kcal./mole for CH3CN and CH3NC, 
respectively.

Introduction
Acetonitrile and methyl isocyanide are isoelectronic 

symmetric top molecules which show close similarities 
in their molecular parameters such as the bond 
lengths1-3 and electric dipole moments.4 5 The signifi
cant difference between CH3CN and CHSNC is that 
whereas the former can be presented in terms of classical 
bond structures, the latter structures such as CH3— 
N 4̂ C ~  or CH3— N = C : must be postulated.6 This 
report presents a study of CH3CN and CH3NC using 
the H 1, N 14, and C13 nuclear magnetic resonance spectra. 
The major emphasis is on the study of the hydrogen 
bond formation of both molecules to CH3OH. Addi
tional information on the electric field gradient at the 
N 14 nucleus is obtained through the study of the N 14
n.m.r. line widths.

Infrared investigations6-9 have indicated that in 
acetonitrile, hydrogen bonds are formed to the nitrogen 
atom whereas in methylisonitrile, the carbon acts as a 
proton acceptor. The change in the OH stretching 
frequency due to H bond formation was found to be 
smaller in CH3CN as compared to CH3NC ,6 indicating 
a stronger H-bond formation in the latter. Mitra7 8 9 
estimates a value of AH =  2.25 kcal./mole (at 30-50°) 
for the complexation constant between CH3CN and 
CH3OH; no data for the corresponding CFI3NC sys
tem are available.

Nuclear magnetic resonance has been applied ex
tensively to the study of hydrogen bonding and 
complex formation10 in solutions. Similar procedures 
are used in the present work to evaluate the complexa-

tion constants and enthalpies between CH3CN or 
CH3NC and methanol.

The N 14 n.m.r. line width is proportional to the elec
tric field gradient at the N 14 nucleus and to a correla
tion time. The latter quantity is approximately 
equal in liquids of similar viscosity and molecular 
diameter. A variety of nitrogen-containing compounds 
has recently been studied in this manner.11 In a 
previous study of the N 14 n.m.r. of methyl isocyanide,12 
under low resolution conditions, the resonance was 
found to be relatively sharp. This indicates a very

(1) M . Kessler, H. Ring, R. Trambarulo, and W. Gordy, Phys. Rev., 
79, 54 (1950).
(2) J. B. Moffat, Can. J. Chem., 42, 1323 (1964).
(3) C. C. Costain, J. Chem. Phys., 29, 864 (1958).
(4) S. N. Ghosh, R. Trambarulo, and W. Gordy, ibid.., 21, 308 
(1953).
(5) L. Pauling, “ The Nature of the Chemical Bond," 3rd Ed., 
Cornell University Press, Ithaca, N. Y., 1960, p. 270.
(6) A. Allerhand and P. von R. Schleyer, J. Am. Chem. Soc., 85, 
866 (1963).
(7) S. S. Mitra, / .  Chem. Phys., 36, 3286 (1962).
(8) W. H. Fletcher, C. S. Shoup, Jr., and W. T . Thompson, Spectro- 
chim. Acta, 20, 1065 (1964).
(9) L. L. Ferstrandig, J. Am. Chem. Soc., 84, 1323, 3553 (1962).
(10) Cf. (a) C. M. Huggins, G. C. Pimentel, and J. N. Shoolery,
J. Chem. Phys., 23, 1244 (1955); (b) H. A. Christ and P. Diehl,
Helv. Phys. Acta, 36, 170 (1963); (c) E. Gore and S. S. Danyluk, 
J. Phys. Chem., 69, 89 (1965).
(11) (a) W. B. Monitz and H. S. Gutowsky, J. Chem. Phys., 38,
1155 (1963); (b) D. Herbison-Evans and R. E. Richards, Mol.
Phys., 7, 515 (1964).
(12) J. D. Ray, L. H. Piette, and D. P. Hollis, J. Chem. Phys., 29,
1022 (1958).
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Table I : N.m.r. Parameters of CH3NC and CH3CN°

Solvent
------H' (ref. TMS)-----------------
Position Width6

—N « (ref. HNOa 70%)-------
Position Width

,----C>» (ref. CEain CILCN)— .
Position

— -----------------------------------CH3NC
Neat -3 .1 7  0.5
CHCla (1:1 vol.) -3 .1 2  0.5
CCb (1:1 vol.) -3 .1 7  0.5
CH3OH' -3 .1 7  to -3 .01  0.5

-------------------------------------- CHsCN
Neat -2 .0 3  0.5
CCU (1:1 vol.) -2 .0 3  0.5
H2O (1:1 vol.) -2 .0 5  0.5
CH3OH (1:1 vol.) -2 .0 3  t o -1 .9 8  0.5

CH3 NC
196

196
197

0.56

0.56

0.5b

-2 4
ScB>Nc‘‘ = 
ScHîNĈ  = 

ScHsNC1* = 133.
CH3

0

-157.;
133.5
131.5
5 to 108

CN
-123104 81

104 to 101e 1 0 0 0 - 1 2 1

104 to 114° 113 0 -123
104 to 107.5' 81 0 -123

a Positions are given in p.p.m. and width in c.p.s. b Resolution determined by field inhomogeneity. c Concentration dependence 
was studied; see Figures 1 and 2. d Chemical shift between C13 resonances of CH3-  and -NC groups.

low electric field gradient at the N 14 nucleus in CH3NC 
which has been further proven by the observation13 
of a sharp H 1 n.m.r. triplet in CH3NC with J nh =  2.7
c.p.s. These measurements show that with respect to 
the electric field gradient at the N 14 nucleus, CH3NC 
displays a similar behavior to symmetrical species such 
as the ammonium or tetramethylammonium ions. 
We have extended these observations by high-resolu- 
tion N 14 n.m.r. measurements and attempted to 
measure the N 14 resonance in solid CH3NC. We are 
at present unable to offer any quantitative explanation 
of this rather surprising phenomenon. Proton n.m.r. 
work on other isonitriles13 seems to indicate that a low 
electric field gradient is not a unique characteristic of 
CH3NC but may apply to other isocyanides as well. 
Further investigation of this problem is planned.

Experimental Section
Materials. Commercially available C.p. acetonitrile 

and carbon tetrachloride were used without further 
purification. Methanol was distilled over CaH2 
to remove traces of water. Methyl isocyanide was 
prepared by a procedure similar to that given by Lif- 
shitz, Carroll, and Bauer.14 The product contained 
about 4%  acetonitrile which was not removed. Other 
solvents were all C.p. products.

Spectrometer. Hydrogen-1 spectra were taken with 
a Varian A-60 spectrometer equipped with a variable- 
temperature accessory. Tetramethylsilane was used 
as an internal reference. Carbon-13 spectra, at natural 
abundance, were taken with a Varian DP-60 spectrom
eter equipped with a V4210A variable-frequency unit 
operating at 15 Me. Nitrogen-14 spectra were taken 
with a Varian DP-60s pectrometer equipped with a 
V4311 fixed-frequency unit operating at 4.33 Me.

The samples for both N 14 and C 13 spectra were contained 
in 15-mm. o.d. Pyrex tubes. The C13 resonances were 
measured from an internal reference (the CH3 resonance 
of CH3NC or CH3CN), while the N 14 resonance were 
measured relative to an external reference (70% 
H N 03, or saturated NH4C1 solution) contained in an 
inner 8-mm. o.d. tube. No susceptibility corrections 
were applied. The attempts to detect the N 14 reso
nance in solid CH3NC were performed with the V- 
4210A variable-frequency unit operating at 4.3 Me. 
and a specially constructed dewar insert.

Results and Discussion
A. Measurements on CH3CN and CHJSIC. The 

positions and widths of the H 1, C13, and N 14 resonance 
in CH3NC and CH3CN are given in Table I.

1. H 1 Resonances. The methyl resonance in CH3NC 
is shifted about 1 p.p.m. lower than the corresponding 
resonance in CH3CN. This shift is prcbably due to 
different bond anisotropy and to the partial positive 
charge on the nitrogen atom in CH3NC. The methyl 
resonance in CH3NC displays a triplet of equal intensi
ties with A n  =  2.35 c.p.s. This value is slightly 
lower than the value of 2.7 c.p.s. reported previously.13 
The C13-H  spin-spin interaction in the methyl group 
of CH3CN has been measured previously15 and found 
to be 136 c.p.s. We have measured the same quantity 
for CH3NC and found it to be equal in magnitude to 
that in CH3CN.

(13) I. D . Kuntz, P. vor. R . Schleyer, and A. Allerhand, J. Chem. 
Phys., 35,1533 (1961).
(14) A. Liishitz, H. F. Carroll, and S. H. Bauer, J. Am. Chem. Soc., 
86, 1488 (1964).
(15) N. Muller and D. E. Pritehard, J. Chem. Phys., 31, 1471 
(1959); H. Dreeskamp, E. Sackmann, and G. Stegmeier, Ber. 
Bunsenges. Physik. Chem., 67, 860 (1963).
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Mole fraction of CH3CN

Figure 1. Chemical shift of the N14 resonance in CII3CN as a 
function of its mole fraction in various solvents. Shifts 
are measured relative to the N14 resonance in 70% 
aqueous HN03 at 30 ±  2°.

2. N u Resonance. The N 14 resonance in CH3NC  
is shifted to higher field than in CH3CN  by about 90 
p.p.m. It displays a 1 :3 : 3 :1  spin-spin quadruplet 
with J nh =  2.3 c.p.s. which agrees well with the value 
obtained from the H 1 spectra.

The position of N 14 resonance in CH 3NC does not 
change on dilution with polar or nonpolar solvents. 
In CH 3CN however, such a dependence is observed 
and is particularly large in aqueous solutions. The 
results are presented in Figure 1. The shift in hydro
gen bond forming solvents is to higher fields, opposite 
to H 1 shifts which are to lower fields. This suggests 
that the hydrogen bonds are formed to the nitrogen 
atom in CH 3CN. A  larger shift, to higher field, of the 
N 14 resonance in pyridine-methanol solutions was ob
served16 and attributed to hydrogen-bond formation. 
The shifts to lower fields in CC14 or C6H 6 are solvent 
effects not related to intermolecular hydrogen bonding.

The line width in CH 3NC is only about 4/ i 0o to y 30o 
as large as it is in CH3CN. W e may use the relation
ship11

1 s / z ^ Y
Tx ~  /s\ h )  Tq (1)

where Tx is the longitudinal relaxation time, e2Qq/h 
the quadrupole coupling constant (in M e.), and rq is 
the correlation time (assuming the asymmetry factor 
t] —  0), to estimate the upper limit of e2Qq/h in CH 3NC. 
Taking Ti =  Tx, where T2 is the transverse relaxation 
time, and assuming equal rq values for both CH 3NC  
and CH 3CN and e2Qq/h =  4.35 Me. for CH3C N ,n 
we obtain e2Qq/h <  0.3 Me. for CH3NC. From micro- 
wave spectra,1 an upper limit of 0.5 Me. was estimated 
for this quantity. If the solid, state line width is com

pletely determined by the quadrupolar interaction, 
we should be able to observe this resonance, provided 
the interaction is smaller than about 6 X  10_3 Me. 
(corresponding to about 20-gauss line width). A t
tempts to observe the N 14 resonance in solid CH3NC  
(at — 70°) failed. In solid N H 4C1, where the electric 
field gradient is zero, N 14 resonances were observed, 
which suggests that dipolar broadening is not the cause 
for not observing the resonance in solid CH3NC.

The N 14 line width in CH3CN is slightly solvent-de
pendent and probably related to small changes in 
rq. Similar observations have been noticed before.1 lb

S. C13 Spectra. Line widths could not be meas
ured with our experimental setup. The chemical 
shift between the CH3-  and the -C N  or -N C  is larger 
in methylisocyanide than in acetonitrile by about 10 
p.p.m. Also, all resonances are shifted to higher fields 
in the latter. The most significant, result however, is 
that in a hydrogen bond forming solvent (methanol) 
the C 13 resonance of the -N C  group is concentration- 
dependent (shifts to higher fields) whereas the reso
nance position of the -C N  group in CH 3C N  remains 
unchanged. This strongly indicates (c f . N 14 shifts) 
H-bond formation to the C atom in CH3NC. The 
detailed shifts and the calculated curve (which shall 
be discussed later) are given in Figure 2.

B. Measurements on CHsOH. The equilibrium 
constants of hydrogen-bonded complexes of CH3CN 
and CH3NC with CH3OH were estimated from the 
H 1 resonance shifts of the OH group in the methanol. 
The results are shown in Figures 3 and 4. In order 
to take into account the shifts due to changes in the 
self-association of the methanol we have measured the 
OH shift of methanol in CCh (Figure 5). The curves 
given in Figures 3 -5  were analyzed by a procedure 
analogous to that given by Huggins, Pimentel, and 
Shoolery.10a

The observed chemical shift, 5obad, is the sum of two 
terms

ôbsd — ~8X +  -------(2)
c c

where x  is the concentration of the complex, c is the 
concentration of the methanol, and Sx and Sc are the 
shifts of pure complex and pure methanol, respectively.

Assuming that by subtracting from S0bsd the shift of 
CH3OH in CC14 a correction for the self-association 
effects is applied, we obtain

8'obsd
X
~Kc (3)

(16) H. Saito and K. Nukada, Tetrahedron Letters, 2, 111 (1965).
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Figure 2. The C13 chemical shift of the NC group in CH3NC 
as a function of its mole fraction in methanol. Shifts are 
measured relative to the C13 resonance of the CH3 group 
in CH3CN. The line is the calculated curve (see 
text); temperature, 30 ±  2°.

Figure 3. The H1 chemical shift of the OH group in methanol 
in mixtures with CH3CN at various temperatures. Shifts 
are to lower magnetic fields relative to the internal 
reference tetramethylsilane.

Figure 4. The H1 chemical shift of the OH group in methanol 
in mixtures with CH3NC at various temperatures.
Reference is the same as in Figure 3.

0.2 0.4 0.6 0.8 1.0

MOLE FRACTION OF CH3 OH

Figure 5. The H1 chemical shift of the OH group in methanol 
in mixtures with CCI4 at various temperatures.
Reference is the same as in Figure 3.

where 5'0bsd is the difference between the OH shift in 
CH3CN (or CH3NC) and CCh at the same concentra
tion of methanol. Assuming further that as c 0, 
also x —► 0, one obtains10a

t>x =  (öobsd)c—»0 +  ^[(Sobad)c-*0 (4)
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where (50bsd)c-*o is the extrapolated value of the OH 
shift in infinite dilutions in CH3CN (or CH3NC) and 
is taken from Figure 3 or 4. The equilibrium con
stant K  is defined as

x(b +  c — x) 
(c — x)(b — x) (5)

where b is the concentration of the CH3CN (or CH3NC)- 
Combining eq. 3, 4, and 5, one may write 5'obsd in 

terms of K  and the concentrations of methanol and 
CH3CN (or CH3NC) in the solution. The values of K  
were then computed by a trial and error procedure. 
The best values of K  thus obtained are given in Table
II. The temperature dependence of K  can be repre
sented by AH =  0.9 and 2.0 kcal./mole for CH3CN 
and CH3NC, respectively.

Table II: Equilibrium Constants for Hydrogen-Bonded 
Complexes in CH3CN and CH3NC

Temp.,
°C. CHsCN

— K----
CHsNC

30 2 .6 3 .0
8 2 .4 2 .1

- 1 8 . 5 2 .0 1 .6

Obviously, the model on which this calculation is 
based involves some rather over-simplifying approxi
mations. The worst assumptions probably are the cor
rection applied for self-association and the neglect of 
specific solvent effects. Another uncertainty lies 
in the extrapolation to obtain (50bsd)c-*o shown in 
Figure 3 or 4. At relatively high methanol concentra
tions its spectrum already turns into an AB3 type which 
makes the determination of the OH position rather 
difficult. Furthermore, 5̂  might be temperature- 
dependent17 and this may account, in part, for the varia
tion of the calculated equilibrium constant with the

temperature. Therefore, no estimate for the limits of 
errors was calculated. The orders of magnitude of the 
data are, however, very plausible and roughly agree 
with infrared data.6-7 The stronger H bonds to 
CH3NC as compared to CH3CN are evident from the 
larger value of AH for the former. Also, this result 
is consistent with the data obtained from infrared 
spectra.

A  correction for self-association was applied in a study 
of hydrogen bonding of alcohols in various solvents.18 
This method, which involves computer curve fitting, 
should, in principle, give more reliable results. How
ever, the low precision of our measurements and the 
other approximations still uncorrected for put in doubt 
the justification for the use of this method in our case.

An independent check on the consistency of the re
sults was performed in the following manner: The C13 
shifts of the NC group in CH3NC solutions in methanol 
(Figure 2) can be written as

5ci»(obsd) =  £(oom plex)§C»(com plex) +  £(CHjNC)5ot»(CHsNC) ( 6 )

where the x ’s denote mole fractions. The x values at 
30° were calculated from the equilibrium constant 
(Table II) and the value of 5c»(comPiex) was chosen 
so as to give best fit with the measured points. We 
thus obtained Sci3(comPiex) =  —124 p.p.m. and cal
culated the curve which is shown in Figure 2. Meas
urement of the C13 resonance in the range of ZcmNc <  
0.4 would serve as a critical test to this calculation. 
Unfortunately, however, C 13 resonances at these low 
concentrations could not be measured with sufficient 
accuracy due to experimental difficulties. Similar 
calculations on the N 14 resonance in the CH3C N - 
CH3OH system were not performed due to the small 
over-all shift of the N 14.

(17) Cf. N. Muller and R. C. Reiter, J. Chem. Phys., 42, 3265 
(1965); we are indebted to a referee for pointing out this reference.
(18) C. Lussan, J. chim. phys., 60, 1100 (1963); we are indebted to 
a referee for pointing out this reference.
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Some Aspects of Gel Permeation Chromatography

by William B. Smith and Anthony Kollmansberger

Department of Chemistry, Texas Christian University, Fort Worth, Texas (Received June 14, 1965)

The separation of a number of alkanes and aromatic compounds by chromatography 
through cross-linked polystyrenes has been carried out using tetrahydrofuran as the 
eluting solvent. It was established that molecular volume is fundamental in determining 
the degree of separation. The variation of the height equivalent to a theoretical plate 
with flow rate was studied, and a comparison of the elution volumes with diffusion coef
ficients for a series of compounds was also made. These data are compared to the expecta
tions from recent chromatographic theory.

It has been known for some time that molecular 
separation can be effected by the passage of solutions 
through solvent-swollen, cross-linked gels.1 While 
much of this work has been done with water solutions 
and hydrophilic gels, recently the use of organic sol
vents and hydrophobic gels has been reported. Using 
a vulcanized rubber latex with heptane as the solvent, 
Brewer separated polymers from low molecular weight 
compounds.2 Vaughan3 has reported the separation 
of low molecular weight polystyrenes upon passage 
through a cross-linked polystyrene swollen with ben
zene.

Recently, Moore4a and Moore and Hendrickson4 5*3 
have described an elegant procedure for obtaining 
polymer molecular weight distributions by chromatog
raphy of the polymer sample through cross-linked poly
styrenes of graded permeabilities. By calibrating 
these columns with carefully characterized polymers, 
it was possible to prepare a curve relating the elution 
volume to the logarithm of the average molecular 
chain length. It was observed that these calibration 
curves were often linear over a large range of chain 
lengths. From the calibration curve, the molecular 
weight distribution of unknown samples could then 
be calculated.

Moore has termed this process as “ gel permeation 
chromatography”  which seems more accurately de
scriptive of the process involved than the previously 
used term “ gel filtration.”  The simplest model con
sistent with this method of separation envisions the 
permeation of the solute into the gel from the flowing 
solution. In both aqueous and nonaqueous solvents

and with both hydrophilic and hydrophobic gels, it is 
observed that larger, higher molecular weight materials 
are eluted from the columns first since, presumably, 
these substances diffuse less rapidly (or not at all) into 
the gel structure when compared to smaller molecules.

In view of the importance which gel permeation 
chromatography is likely to assume in polymer chem
istry, it seems highly desirable that the details of the 
mode of separation be ascertained.6 In order to elimi
nate the difficulties in working with pcorly defined 
high molecular weight mixtures, it was decided that 
separations with smaller molecules should be used in 
this study.

Experimental Section
Benzene and the balobenzenes used in this study 

were all commercial products with properties in agree
ment with the literature values. The iodobenzene 
and p-diiodobenzene were distilled and recrystallized, 
respectively, before use. The normal hydrocarbons

(1) For a review of these techniques see P. Flodin and J. Porath, 
“ Chromatography,”  E. Heftmann, Ed., Reinhold Publishing Corp., 
New York, N. Y ., 1961, Chapter 13.
(2) P. S. Brewer, Nature, 188, 935 (1960).
(3) M. F. Vaughan, ibid., 188, 55 (1960).
(4) (a) J. C. Moore, J. Polymer Sei., A2, 835 (1964); (b) J. C. Moore 
and J. G. Hendrickson, ibid., C8, 233 (1965); see also (c) D. J. 
Harmon, ibid., C8, 243 (1965); and (d) L. E. Maley, ibid., C8, 253 
(1965).
(5) For recent attempts to define the separations with aqueous 
systems see: P. Flodin, J. Chromatog., 5, 103 (1961); J. Porath, 
Pure Appl. Chem., 6, 238 (1963); G. K. Ackers, Biochemistry, 3, 
723 (1964); and M. Kubin, Collection Czech. Chem. Commun., 30,
1104 (1965).
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were high purity materials obtained from the Aldrich 
Chemical Co. as was the 2-methylpentane. Each 
checked as one compound upon vapor phase chroma
tography, and each gave the correct index of refrac
tion.6

The preparations of 2-methyloctane, 3-methyloctane,
3- ethyloctane, 3-methylnonane, 4-ethylnonane, and
4- methyldecane each proceeded in the same fashion. 
The appropriate Grignard reagent was reacted with 
either 2-octanone or 3-octanone, and the resultant 
alcohol was dehydrated by distillation from a trace of 
iodine. The crude distillate, consisting of a mixture of 
olefins and some of the starting ketone, was hydrogen
ated with Adams’ platinum in acetic acid, and the 
hydrogenated material was washed with cold, con
centrated sulfuric acid. Each substance was then 
washed with water, dried over magnesium sulfate, 
distilled, checked for purity by v.p.c., index of refrac
tion, and infrared spectroscopy.

Tetrahydrofuran was refluxed for at least 1 day over 
solid potassium hydroxide and was then distilled before 
use.

Gel Permeation Chromatography. A commercial in
strument manufactured by Waters Associates, Framing
ham, Mass., was used in this study. The instrument 
was equipped with two 4-ft. columns of 40-A. gel and 
one 4-ft. section of 20-A. gel in series (permeabilities 
assigned by the manufacturer).7 Tetrahydrofuran 
was used as the solvent throughout. All determinations 
were carried out at the ambient temperature (23- 
25°). Since the instrument uses a differential re- 
fractometer as the detector, the concentrations of 
solutes used in this study were determined, in part, by 
the refractive index differences between the solutes and 
the solvent (THF).

In one study a mixture containing 0.020 g., respec
tively, of benzene and p-dibromobenzene/ml. of tetra
hydrofuran was used to determine the variations caused 
by differing flow rates. The same sample size was in
jected in each case. The peaks were symmetrical 
and cleanly separated to the base line. The total 
number of plates in the column for each substance 
was calculated from the usual chromatographic formula: 
plates =  (4Ve/w)2, where Ve is the elution volume 
to the peak from the time of injection, and w is the 
width in volume at the base of the peak and is deter
mined by drawing the tangents to the inflection points on 
each side of the peak. The height equivalent to a 
theoretical plate (HETP) was determined by dividing 
the total number of plates into 12 ft., the length of the 
columns. The results of this study are given in 
Table I.

Elution volumes at a constant flow rate were then de

Table I: HETP vs. Flow Rate
Flow
rate,
ml./ Ve, W ,

HETP 
X KP,

Solute min. ml. ml. it.

Benzene
DBB“

0.074 99.51
92.54

2.70
3.12

0.55
0.85

Benzene
DBB

0.286 104.89
97.55

3.60
4.13

0.88
1.34

Benzene
DBB

0.390 105.34
97.55

4.17
4.39

1.18
1.51

Benzene
DBB

0.744 107.94
100.12

5.08
5.17

1.66
2.00

Benzene 1.612 
DBB

“ p-Dibromobenzene.

109.64
102.01

6.63
6.63

2.75
3.17

Table II: Elution Volumes (at 0.736 ml./min.) in

Concn., Ve,

THF
HETP 
X 10»,

Compound «•/ml. ml. ft.

n-Pentane 0.02 98.48 1.36
n-Hexane 0.03 95.19 1.28
n-Heptane 0.05 91.98 1.49
n-Octane 0.09 89.17 1.39
ra-Nonane 0.20 86.67 1.30

' n-Decane 0.20 83.41 1.42
n-Undeeane 0.15 81.86 1.69
n-Dodecane 0.13 79.97 1.70

2-Methylpentane 0.04 94.01 1.66
3-Methyloctane 0.11 86.29 1.34
2-Methyloctane 0.10 85.76 1.45
3-Methylnonane 0.20 84.39 2.01
3-Ethyloctane 0.11 84.78 2.30
4-Methyldeeane 0.14 81.91 1.52
4-Ethylnonane 0.11 82.32 2.30
Benzene 0.02 107.39 1.57
Chlorobenzene 0.02 101.96 1.61
Bromobenzene 0.02 102.83 1.77
Iodobenzene 0.02 102.21 1.81
p-Dichlorobenzene 0.02 97.30 2.06
p-Dibromobenzene 0.02 99.70 1.88
p-Diiodobenzene 0.02 97.30 2.06

termined for a series of normal alkanes, branched al
kanes, and aromatic compounds. The results of these 
determinations are presented in Table II. Both here

(6) All boiling points, indices of refraction, and densities were taken 
from R. R. Dreisbach, “ Physical Properties of Chemical Com
pounds,”  Vol. I, American Chemical Society, Washington, D . C., 
1955.
(7) The instrument has been described in ref. 4d, and the preparation 
of the gels in ref. 4a.
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and in the flow rate study described above, at least 
three determinations of Ve and w per compound were 
carried out, and the values reported are the average 
values. Values of Ve were reproducible with an average 
deviation of ±0.05-0.07%, while values of w agreed 
with average deviations of ±  1-2%.

Diffusion Coefficients. The apparatus and tech
niques used in the determination of the diffusion 
coefficients were similar to those described by Stokes.8 
The diffusion cell consisted of a glass tube bisected by 
a medium-porosity glass frit (2-cm. diameter). The 
ends of the glass tube were pulled down and joined to 
stopcocks (one at each end) which were mounted 
axially. Ten small glass beads were sealed in each 
compartment for stirring purposes. The two cell 
compartments so formed contained 13.31 and 10.15 
ml., respectively. The cell was mounted horizontally 
in the constant-temperature bath. The glass tubing 
leading away from each stopcock was used as an axle 
and mounted in small ball bearings. Stirring was ac
complished by turning the cell axially about its mount
ing using a motor-driven rubber pulley. The temper
ature bath was maintained at 25.0 ±  0.02°.

The compartments were filled and emptied with the 
cell mounted vertically using a long hypodermic 
needle and syringe. The larger side was first filled 
with pure solvent, and solvent was allowed to fill 
the frit. The cell was then inverted, and the solvent 
which passed through the frit was withdrawn. This 
compartment was then filled with the desired solution. 
The cell was placed in its mounting and stirred for the 
appropriate length of time.

"Upon completion of a run, the cell was again vertically 
clamped with the smaller compartment, containing the 
more concentrated solution, uppermost. The end tubes 
were washed wbh acetone and dried with an air jet. 
This compartment was quickly emptied with the 
syringe. Then the lower compartment was emptied.

The concentrations of the solutions in each compart
ment were determined from the refractive indices at 
25°. Calibration curves for each solute at various 
concentrations in THF were prepared in advance. 
Once the diffusion time and the two concentrations 
were determined, the diffusion coefficient was obtained 
by the relation: D = (1/KT) log [Ci/(C, -  C*)], 
where D is the diffusion coefficient, T is the tempera
ture, Ci is the initial concentration (g./ml.) of the solu
tion, Ci and Cz are the final concentrations of the initial 
solution and solvent side, respectively, and K  is the 
cell constant. In order to determine the cell constant, 
three runs were made using biphenyl in benzene.9 
An average value of 0.112 was found with a precision 
of fractional standard deviation of 5.27%.

In order to check the accuracy of the method, the 
diffusion coefficient for toluene in hexane was determined 
as 4.10 X 10~5 with a fractional deviation of 4.54% 
for three runs. The reported value is 4.21 X 10“ 5.10 
The results for the seven compounds used in this study 
are given in Table III.

Table III: Diffusion Coefficients in THF at 25°

Frac-
Initial tional
concn., std. dev..

Solute g./ml. D X IO”* %

Benzene 0.0704 3.84 4.07
Chlorobenzene 0.1026 3.28 1.38
Bromobenzene 0.1392 2.69 1.06
Iodobenzene 0.1844 2.06 3.62
p-Dichlorobenzene 0.1354 2.21 2.87
p-Dibromobenzene 0.2080 1.94 9.61
p-Diiodobenzene 0.2961 1.69 3.52

Apparent Molar Volumes. The apparent molar 
volumes of the aromatic compounds used in this 
study were determined in THF solution by a standard 
technique.11 The results were as follows where the 
value in parentheses are the molar concentrations: 
benzene, 89.15 ml. (0.9004); chlorobenzene, 100.07 
ml. (0.9000); bromcbenzene, 103.36 ml. (0.9002); 
iodobenzene, 109.78 ml. (0.9003); p-dichlorobenzene, 
113.49 ml. (0.8999); p-dibromobenzene, 119.79 ml. 
(0.9000); and p-diiodobenzene, 128.67 ml. (0.8999).

Results and Discussion
The separation of various mixtures into discrete 

molecular species by means of gel permeation chroma
tography presumably depends on the relative rates of 
diffusion of the various species into the gel. In the 
polymer systems studied previously,4 calibration of the 
columns was carried out on the basis of an average 
molecular chain length calculated from the number- 
average molecular weight and assuming a planar zig
zag backbone structure. While this procedure has 
been found empirically to give useful results, intuitively 
it would seem that molecular volumes would be a more 
fundamental parameter with which to calibrate the 
columns.

The elution volumes for a series of normal and

(8) R. H. Stokes, J. Am. Chem. Soc., 72, 763 (1950).
(9) R. Mills, J. Phys. Chem., 67, 600 (1963).
(10) P. Chang and R. C. Wilke, ibid., 59, 592 (1955).
(11) N. Bauer and S. Z. Lewin, “ Technique of Organic Chemistry,”  
Vol. I, A. Weissberger, 3d., Interscience Publishers, Inc., New 
York, N. Y „  1959, pp. 141, 142.
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Table IV : Chain Length vs. Molar Volume Comparisons

Effective
Effective Molar molar

Length, length, % voi.,6 vol., %
Compound A.“ A. error ml. ml. error

«-Pentane 9.0 116.1
n-Hexane 10.3 131.6
«-Heptane 11.7 147.5
«-Octane 13.1 163.5
«-Nonane 14.4 179.7
n-Decane 15.8 195.9
«-Undecane 17.2 212.2
n-Dodecane 18.6 228.6
2-Methylpentane 9.0 10.1 12.2 132.9 136 2.3
3-Methyloctane 13.1 14.6 11.5 178.9 179 0 .0
2-Methyloctane 13.1 15.0 15.3 180.8 182 0.5
3-Methylnonane 14.4 15.8 9.7 195.0 191 2.1
3-Ethyloetane 13.1 15.5 18.4 193.3 188 2.6
4-Methyldecane 15.8 17.3 9.5 210
4-Ethylnonane 14.4 17.0 11.8 206
Benzene 7.1 6.4 9.9 89.2 85 4.5
Chlorobenzene 8.4 7.9 6.0 100.1 104 4.0
Bromobenzene 8.8 7.6 13.6 103.4 100 2.9
Iodobenzene 9.1 7.8 14.3 109.8 103 6.4
p-Diehlorobenzene 9.7 9.5 2.0 113.5 122 8.0
p-Dibromobenzene 10.5 8.6 20.0 119.8 113 5.8
p-Diiodobenzene 11.1 9.5 16.8 128.7 122 5.4

® Measured from LaPine-Leybold models prepared according to Stuart and Briegleb, LaPine Scientific Co., Chicago, 111. 6 Molar 
volumes determined from the densities at 25° for the alkanes. For the aromatic compounds, the values are apparent molar volumes 
in THF at 25°.

branched alkanes, as well as a series of aromatic com
pounds, are given in Table II. Plots of log (chain 
length) and log (molar volume), respectively, vs. 
Ve for the normal hydrocarbons gave very good straight 
lines. Using these lines as calibrations then allows 
one to determine an “ effective chain length” and an 
“ effective molar volume”  for the other compounds in 
the series. The comparison of the chain lengths and 
molar volumes determined by the g.p.c. is given in 
Table IV. For 14 compounds, the “ effective chain 
lengths”  were found to show a 12.1% average devia
tion; while for 12 cases, the molar volumes gave only 
a 3.7% average deviation. As expected, the molecu
lar volume is the more fundamental yardstick relating 
elution volume to molecular structure.

Regarding the model to be used in considering the 
g.p.c. process, we first rather naively assumed that the 
general chromatography equation would apply.12 
According to this equation (known as the van Deemter 
equation when applied to gas chromatography) the 
height equivalent to a theoretical plate is given by: 
PIETP =  A  +  B/u +  Cu, where A is a constant de
scribing the “ multipath”  or eddy diffusion effect which 
is a function of the packing and particle size of the

column packing; the term B/u describes the longitudinal 
diffusion of the solute into the bulk of the solvent 
and varies inversely as the flow rate, u; and Cu is a 
term describing the state of the partition equilibrium 
between solute in the bulk solution and the packing. 
According to this equation, the variation in HETP 
with flow rate follows a hyperbola with HETP decreas
ing with flow rate until a minimum is reached. At 
slower flow rates, the HETP then increases rapidly owing 
to the longitudinal diffusion term.

A plot of the data in Table I is given in Figure 1, and 
it is clear that the behavior expected, based upon the 
above reasoning, is not observed. At the lowest flow 
rate used in this study, benzene was eluted after over 
24 hr. on the column. The deleterious effect of longi
tudinal diffusion, even over this long period, has not 
yet started to evidence itself.

Others have noted chromatographic behavior at odds 
with that expected from the above equation, and at 
least two theories have been proposed to account for 
the departure. Giddings13 has proposed a modifica-

(12) See ref. 1, pp. 27, 97, and 170.
(13) J. C. Giddings, Anal. Chem., 35, 1338 (1963); see also ref. 1, 
p. 98.
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Figure 1. A plot of flow rate vs. HETP for the g.p.c. data 
with benzene (lower) and p-dibromobenzene (upper).

tion of the eddy diffusion term to take into account 
mass-transfer . processes in the mobile phase. His 
theory, known as the coupling theory, may be sum
marized by the equation

HETP =
AEu

A  -)- AEu
-p Cu

where the first term replaces the former term for eddy 
diffusion, and E  is a constant (or better a series of con
stants) proportional to the square of the channel 
diameter and the reciprocal of the diffusion coefficient 
of the solute in the mobile phase. The longitudinal 
diffusion term has been omitted here as it seems to 
make no important contribution under the conditions 
of this study.

Walton14 15 has proposed a modified equation to account 
for behavior in ion-exchange chromatography. 
Walton’s equation, as defined by his film diffusion 
theory, is

HETP =  A +
Bu
DÌ

Cu
(1 +  Fu)D1

where A  again describes the eddy diffusion effect; 
B, C, and F are composites of several constants; 
and Da and Zfi are diffusion coefficients for the solute 
in the gel and the diffusion of solute through a static 
liquid film surrounding the gel particles.

No obvious choice between the two above equations 
is suggested by the data in Figure 1. Both should 
lead to linear behavior at the extremes of flow rate with

Figure 2. A plot of HETP vs. the reciprocal of the diffusion 
coefficients for a series of aromatic compounds. The 
point off the line is p-dichlorobenzene.

a nonlinear intermediate region. The curves in Figure 
1 exhibit just such behavior. Furthermore, both 
models suggest a higher slope for the curve at lower 
flow rates in agreement with Figure 1. Giddings13 
has offered considerable data to support his theory and 
has criticized the film diffusion theory.16

Examination of the details of either theory suggests 
a reciprocal relation between HETP and the diffusion 
coefficients for the different solute species. It is evi
dent from the data in Table II that HETP increases 
with molecular size, and, of course, diffusion coeffi
cients vary in the opposite fashion. Unfortunately, 
there is no exact theory relating molecular size or shape 
to diffusion coefficients for small molecules at this 
time. A plot of 1/D vs. HETP for the aromatic 
compounds is shown in Figure 2, and, with the unex
plained exception of dichlorobenzene, a linear relation 
is observed.

In summary, it is evident from this study that useful 
separations of small molecules may be effected by this 
technique and that molecular volume is the important 
parameter influencing the degree of separation. The 
variation of HETP with flow rate follows either of the 
two most current chromatographic equations and shows 
a linear inverse variation with the diffusion coefficients 
for various solutes.
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(14) H. F. Walton, ref. 1, p. 299.
(15) J. C. Giddings, Anal. Chem., 34, 1186 (1962).
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The Dilation Contribution to the Heat Capacity of Copper and «-Brass

at Elevated Temperatures1

by Y. Austin Chang and Ralph Hultgren

Department of Mineral Technology, College of Engineering, University of California, 
Berkeley, California (Received June 14, 1965)

For pure copper and an «-brass containing 9.7 atom %  Zn, the compressibilities were 
measured from 77 to 800°K. and the heat contents of the brass, from 298 to 800°K. From 
these and other data found in the literature, the dilation term Cp — Cv of the heat capacity was 
calculated. The Nernst-Lindemann approximate formula was found to express accurately 
the dependence of the dilation term on temperature for these two substances. However, 
data found in the literature for eight other substances indicate the Nernst-Lindemann ap
proximation more usually gives too rapid an increase of the dilation term with temperature.

Introduction
Heat capacities of solids and liquids are always 

measured at constant pressure, Cp, while theoretical 
treatments apply to Cv, the heat capacity at constant 
volume. The difference, Cv — Cv, is called the dilation 
contribution. At the molai volume, V, and tempera
ture, T, the dilation can be shown to equal

Cp -  Cv =  aWT/xT (1)

where «  is the volume coefficient of thermal expansion 
and xT is the isothermal compressibility.

While the other terms are relatively well known, 
data on compressibilities are few except for the ele
ments at room temperature and below. In the present 
work the compressibilities of copper and of an «- 
brass with 9.7 atom %  zinc were measured from 77 
to 800°K. with an ultrasonic pulse-echo technique. 
The method failed at higher zinc concentrations be
cause of increased attenuation of the echoes.

Experimental Section
The copper specimen was machined to a cylinder

1.6 cm. in diameter and 1.27 cm. long from a cold- 
rolled OFHC grade ingot. Spectroscopic analysis 
showed impurities as Ag, 0.003, and Ni, 0.003 wt. %. 
The brass specimen in the form of a 1.9-cm. rod was 
kindly supplied by the Bridgeport Brass Co., from which 
a specimen 1.27 cm. long was machined. Their analy
sis showed Cu, 90.05, Zn, 9.93, Bi, 0.001, Fe, 0.005, 
Ni, 0.01, Pb, 0.003, and Sn, 0.00 wt. %.

The faces of the specimens were ground and polished 
parallel within 0.0005 cm. After annealing, the 
average grain sizes for the copper and brass were 
0.015 and 0.025 mm., respectively. X-Ray diffraction 
showed sharp back-reflection lines and respective lattice 
constants of 3.6152 and 3.6355 A., in good agreement 
with Pearson2 for copper and 9.7 atom %  zinc.

Ultrasonic Velocity Measurement. A Sperry ultra
sonic attenuation comparator, Style 56A001, was used. 
Waves and their echoes were displayed on an oscillo
scope from which the time of travel and the velocity 
could be measured. Longitudinal and transverse veloci
ties were separately measured, using lOMc X-cut and 
Y-cut quartz crystals. The adiabatic compressibility 
is

(where p is the density, V i is the longitudinal velocity, 
and Ft is the transverse velocity) from which the iso
thermal compressibility can be calculated.

*r =  *s +  a.2TV/Cv (3)

The principal experimental difficulty was firmly

(1) Much of this material in this publication has been abstracted 
from the Ph.D. Thesis of Y. A. Chang, University of California, 
1963.
(2) W. B. Pearson, “A Handbook of Lattice Spacings and Structures 
of Metals and Alloys,” Pergamon Press, Inc., New York, N. Y., 
1958.
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binding the quartz transducer to the specimen at 
elevated temperatures. At low temperatures Fisher 
nonaqueous stopcock grease served very well, but a 
number of bonding materials failed at elevated tem
peratures, including Sauereisen cement P-31, Biggs 
epoxy resin R-3S5, and a mixture of Na2SiF6 +  BaSCp 
+  Na2Si04. Dr. Harold Chen of the Shell Develop
ment Co. kindly supplied the formula which proved 
to be the best of those tested. The bonding material 
was an epoxy resin formed by mixing Epon 1031 and 
nadic methyl anhydride, catalyzed by benzene- 
dimethylamine added at about 50°. This bond was 
excellent to 500°K., above which the echo intensity 
dropped sharply. However, it was usable to 800° K. 
The bond broke during cooling of the specimens leaving 
some black powder, probably carbon from decomposi
tion of the resin.

The experimental arrangement is shown in Figure 1. 
Elevated temperatures were attained by means of a 
glass heating tape wrapped around the Pyrex tube; 
low temperatures, by immersing it in liquid nitrogen.

Results and Discussion
Ultrasonic Velocity and Compressibility. The meas

ured longitudinal and transverse velocities are shown 
in Figure 2. The scatter of data is less than the stated 
accuracy (± 1 % ) of the Sperry instrument. This 
corresponds to a somewhat larger (± 3 % ) scatter in 
the compressibilities calculated from them. Calcula
tions were made using thermal expansion data from the 
literature.3-6

It can be seen in Table I that compressibilities in
crease with temperature and with zinc content. Meas
urements with higher zinc alloys also showed quali
tatively that compressibility increased with zinc 
content.

Heat Content. Because the high-temperature heat 
capacities of brass measured by Kussmann and Wollen-

Table I : Measured Compressibilities

✓— ---------Compressibility, em.2/d.yne X 1013-
✓----------------- X S ----------------- < ✓  --------- X T —

T , °K. Copper
Brass,

X Z n  — 0.097 Copper
Brass,

x z n  ~ 0.097

77 6.96 7.53 7.00 7.56
100 6.99 7.55 7.03 7.59
200 7.09 7.65 7.21 7.79
298.15 7.20 7.77 7.42 8.00
400 7.32 7.89 7.63 8.23
500 7.48 8 .04 7.88 8.48
600 7.67 8.20 8.18 8.76
700 7.87 8.37 8.50 9.07
800 3.10 8.86

berger6 disagreed with low-temperature values of 
Huffstutler7 by about 0.45 cal./g.-atom deg. at room 
temperature, it was decided to repeat the work and ex
tend it to higher temperatures by heat content meas
urements in a diphenyl ether drop calorimeter described 3 4 5 6 7

(3) (a) F. C. Nix and D. MacNair, Phys. Rev., 60, 597 (1941); 61, 
74 (1942); (b) P. Hidnert, National Bureau of Standards Scientific 
Paper 410, Vol. 17, U. S. Government Printing Office, Washington, 
D. C., 1922, p. 91.
(4) P. D. Merica and L. W. Schad, Bull. Bur. Std., 14, 571 (1919).
(5) H. W. Altman, T. Rubin, and H. L. Johnston, Report TR-264-28, 
Cryogenic Laboratory, Ohio State University, ASTIA Document 
AD-31268, 1954.
(6) A. Kussmann and H. Wollenberger, Z. Metallic., 50, 94 (1959).
(7) M. C. Huffstutler, Ph.D. Thesis, University of California, 
Berkeley, Calif., 1961.
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elsewhere.8’9 Results are shown in Table II. Derived 
C'p values are shown in Table III. They extrapolate 
to Cp =  5.84 at 298.15°K., agreeing with Huffstutler’s 
determination. For copper, Cp values were taken 
from the literature.10

Table II : Experimental Heat Contents of 
«-Brass (cal./g.-atom deg.)

T, °K
Ht -
H 298 T, ° K .

Ht -
#298 T, " K .

Ht —  
Hus

373.8 441 637.9 2079 656.5 2237
404.0 636 699.5 2481 606.5 1872
451.9 915 752.1 2704 551.9 1551
497.0 1203 806.3 3189 488.8 1156
564.9 1626 808.0 3130 447.2 897
611.2 1900 756.2 2847 405.8 636
611.6 1922 697.1 2441 345.2 282

Table HI: Heat Capacities (cal./g.-atom deg.) 
and Dilation Term

✓-------------Copper------------- s -------------- a-Brass-
T, °K. Cp Cp — C-y 10 ¡A Cp Cp -  Cv 10»A

77 2.98 0.02 2.21 3.05 0.01 1.58
100 3.84 0.02 1.68 3.95 0.03 1.68
200 5.41 0.10 1.68 5.42 0 .10 1.68
298.15 5.84 0.17 1.68 5 .84 0.17 1.68
400 6.04 0 .24 1.68 6.06 0.25 1.68
500 6.19 0 .32 1.68 6.21 0.32 1.68
600 6.34 0.40 1.64 6.33 0.40 1.68
700 6.48 0.48 1.64 6.42 0.49 1.72
800 6.62 0.57 1.63

Dilation Contribution. Values of the dilation con
tribution (Table III) were calculated from eq. 1, using 
measured values of the compressibility (Table I) and 
other quantities from the literature.2-6

The resulting dilation terms were used to test the 
validity of the Nernst-Lindemann semiempirical equa
tion. This equation, derived with the aid of certain 
considerations of Gruneisen, has been frequently used 
to estimate the dependence on T of Cp — Cw at elevated 
temperatures, though it has been inadequately tested 
above room temperature. According to the Nernst- 
Lindemann equation

Cp — Cv — ACp2T (4)

where A ( = a 2V/Cp2KT) is assumed constant with 
temperature. As can be seen in Table III, A  is satis
factorily constant except at 77°K. for both copper and 
a-brass.

The applicability of the Nernst-Lindemann equation

was tested for five additional metals and three non- 
metallic substances for which sufficient data were found 
in the literature (see Table IV). For each of these 
a constant, A, was chosen which fitted the data exactly 
at 300°K. For a rather high temperature in each 
case, the experimental Cp — Cv was compared with the 
calculated value as shown in Table IV. Evidently, 
the equation tends to overestimate the dilational con-

Table IV : Dilatation Heat Capacities

Cp —Cv, cal./g. -atom deg.
Temp., Data Dev.,

Substance °K. source Exptl. Calcd. %

Cu 800 0.57 0.59 +  3.5
Brass, 9.7 750 0.53 0.52 -  1.9

atom %
Zn

Zn \ 650 a-d 0.72 0.86 +  19.4
In 400 a, e ,f 0.75 0.79 +  5.3
Al 800 a, b, g, h 0.90 1.15 +27.8
Pb 600 a, e, g 0.87 1.22 +40.2
Sn 500 CLy By '1/ 0.53 0.62 +  17.0
KC1 1000 j-o 1.34 1.44 +  7.5
NaCl 700 l, o-r 0.92 1.03 +  12.0
MgO 1400 l, 0, s, t 0.49 0.59 +20.4

“ See ref. 2. 6 See ref. 10. c G. A. Alers and J. R. Neigh-
hours, J. Phys. Chem. Solids, 7, 58 (1958). d E. Gruneisen and 
E. Goens, Z. Physik, 29, 141 (1924); E. A. Owen and E. L. 
Yates, Phil. Mag., 17, 113 (1934). e A. I. Kaznoff, Ph.D. 
Thesis, University of California, Berkeley, Calif., 1961. 1J. 
Graham, A. Moore, and G. V. Raynor, J. Inst. Metals, 84, 86 
(1955). “ See ref. 4. h P. M. Sutton, Phys. Rev., 91, 816 
(1953). ’ H. D. Erfling, Ann. Physik, 34, 136 (1939); B. G. 
Childs and S. Weintroub, Proc. Phys. Soc. (London), B63, 267 
(1950). 1 M. H. Norwood and C. V. Briscoe, Phys. Rev., 112,
45 (1958). 4 F. D. Enck, ibid., 119, 1873 (1960). 1 K. K.
Kelley and E. G. King, U. S. Bureau of Mines Bulletin No. 592, 
U. S. Government Printing Office, Washington, D. C., 1961. 
m F. D. Enck, D. G. Engle, and K. I. Marks, J. Appl. Phys., 
33, 2070 (1962). ” K. E. Salimaki, Ann. Acad. Sci. Fennicae, 
Ser. A VII, 56, 40 (1960). 0 C. O. Hodgman, “Handbook of 
Chemistry and Physics,”  36th Ed., Chemical Rubber Publishing 
Co., Cleveland, Ohio, 1956. p W. C. Overton, Jr., and R. T. 
Swin, Phys. Rev., 84, 758 (1951). s A. Eucken and W. Dannohl, 
Z. Elektrochem., 40, 814 (1934). r L. Hunter and S. Siegel, 
Phys. Rev., 61, 84 (1942). * C. Susse, J. Rech. Centre Natl. 
Rech. Sci. Lab. Bellevue (Paris), 54, 23 (1961). ‘ M. Durand,
Physics, 7, 297 (1936).

(8) R. Hultgren, P. Newcombe, R. L. Orr, and L. Warner, National 
Physical Laboratory Symposium No. 9, Paper 1H, HMSO, London, 
1959.
(9) W. Kendall, R. L. Orr, and R. Hultgren, J. Chem. Eng. Data, 7, 
516 (1962).
(10) R. Hultgren, R. L. Orr, P. D. Anderson, and K. K. Kelley, 
“Selected Values of Thermodynamic Properties of Metals and 
Alloys,” John Wiley and Sons, Inc., New York, N. Y., 1963.
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tribution; copper and brass are the most favorable of 
all the substances. However, in spite of the consider
able overestimate, the magnitude of the error seldom 
exceeds 0.2 cal./deg. g.-atom and is usually of the order 
of 0.1.

The experimental values of the heat capacity of 
copper and brass were satisfactorily accounted for at 
all temperatures as the sum o: a lattice vibrational 
(Debye) term, C d , the dilation term, and an electronic 
contribution term, Cei-

CP = CD +  (Cp -  Cv) +  Cei (5 )

In these calculations Cd was taken from an assumed 
Debye temperature for copper and brass of 315 and

308°K., respectively. Electronic heat capacities were 
assumed to be 1.64 X 10~4 T for copper10 and 1.78 X 
10_4T for brass.11
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(11) J. Rayne, Phys. Rev., 108, 22 (1957).
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Nuclear Magnetic Resonance Spectra of 2,2'-Bipyridyl

by S. Castellano, H. Giinther, and S. Ebersole

Mellon Institute, Pittsburgh, Pennsylvania (.Received June I4 , 1065)

The n.m.r. spectra of 2,2/-bipyridyl (I) in solution in 11 different solvents (CCff, CC13H,

COOH, C3H7COOH, CF3COOH) and in binary mixtures of solvents (CCI4-CCI3H, CCI4- 
CH3OH, CCl3H -CF3COOH) have been recorded and completely analyzed in terms of the 
fundamental n.m.r. parameters. The n.m.r. spectrum of the iron complex [Fen (Ci0- 
N2Hs)3]Cl2 (II) in CH3OH solution has also been recorded and exactly analyzed. The
n.m.r. parameters of I show remarkable changes with the nature of solvent used; in par
ticular, the behavior of the chemical shift of the proton 3 (and 3') indicates the existence 
of a strong deshielding effect exerted by the nitrogen atom of the adjacent ring. The 
several effects which determine the low-field occurrence of the resonance of protons 3 
(and 3') are discussed and their contribution to the shift calculated. It is shown that 
the van der Waals dispersion forces may cause, at the 3 position, downfield shifts of 0.20- 
0.30 p.p.m. in the ¿rans-planar conformation of I. As a result of the calculations, dif
ferent conformations are assigned to 2,2'-bipyridyl in inert and proton donor solvents. 
The conformations of the mono- and diprotonated cations are also discussed and orders of 
magnitude of the dihedral angle between the two pyridine rings estimated. The chemical 
shifts of the protons of II are interpreted and calculated in terms of the anisotropy and dis
persion force effects which arise because of the relative orientations of the bipyridyl groups 
in the molecule.

Introduction A preliminary investigation showed that a similar 
interaction is also present in 2,2 '-bipyridyl whose
n.m.r. spectrum shows an unusual downfield shift for 
the resonance of protons 3 and 3'. The spectrum of I 
appeared to be much simpler than the spectra of any 
one of the previously mentioned compounds and was 
therefore considered better suited for a study of the 
observed phenomenon. Since the latter appeared to 
be strongly dependent on the nature of the solvent 
used, it was felt that a systematic investigation of the

The n.m.r. spectrum of 2,2/-bipyridyl has been al
ready described in general terms1’2 and analyzed by a 
first-order approximation by Kramer and West3 and by 
Gil.4 5

Our interest in the study of the n.m.r. spectrum of 
this molecule has been motivated by the previous ob
servations of the large deshielding effects exerted by 
the nitrogen atom of aromatic heterocyclic systems at 
the ortho protons of a phenyl ring attached at the a posi
tion. Data obtained in this laboratory from the n.m.r. 
spectra of 2,4-diphenyl-6-methyl-s-triazine, 3,6-di- 
phenyltetrazine, and 2-phenylpyridine6 clearly sug
gested the existence of a strong interaction between the 
nitrogen and the opposed aromatic protons. A com
parison of the chemical shifts of the ortho protons of 
the phenyl groups in 2-benzoylpyridine6 and benzo- 
phenone7 suggests that the interaction occurs through 
space and is still present even if a carbonyl group is in
serted between the two rings.

(1) M. Freymann and R. Freymann, Arch. Sei. (Geneva), 13, 506 
(1960).
(2) M. Freymann, R. Freymann, and D. Libermann, Compt. rend., 
250, 2185 (1960).
(3) F. A. Kramer, Jr., and R. West, J. Phys. Chern., 69, 673 (1965).
(4) V. M. S. Gil, Mol. Phys., 9, 97 (1965).
(5) H. Günther and S. Castellano, unpublished results.
(6) S. Castellano and A. A. Bothner-By, J. Chem. Phys., 41, 3863
(1964).
(7) S. Castellano and J. Lorenc, Chim. Ind. (Milan), 47, 643 (1965).
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behavior of the spectral parameters of 2,2 '-bipyridyl in 
different solvents could be highly rewarding in terms 
of a better understanding of the nature of the studied 
interaction. Accordingly, we have performed the 
analysis of the n.m.r. spectra of 2,2 '-bipyridyl in dif
ferent media and in mixtures of different solvents; the 
experimental results found in this study and their inter
pretation form the body of this paper.

Experimental Section

Materials. Samples of 2,2'-bipyridyl were of com
mercial origin (Calbiochem Co. and Eastman Organic 
Chemicals). Solvents used were Merck, Fisher Certi
fied, Baker Analyzed, and Matheson Coleman Spectro- 
quality chemicals. All compounds were used without 
further purification. In no case were extraneous peaks 
detected in the n.m.r. spectra, and this was considered 
as a sufficient criterion of purity for all materials. Re
peated experiments with samples from different manu
facturers gave identical results. No attempt was 
made to determine traces of water possibly present in 
the acids.

The iron complex [Fen (CioN2E 8)3]Cl2 was prepared 
according to standard procedures.8 The n.m.r. spec
trum of this compound showed barely detectable signals 
from proton-containing impurities.9

Sample Preparation and N.m.r. Spectra. Solutions of 
I were prepared by weighing the compound directly in 
standard 5-mm. n.m.r. tubes and by adding the 
solvent with a calibrated syringe. All tubes were de
gassed on a vacuum line and sealed after addition of 
about 1% of tetramethylsilane (TMS), which was 
used as an internal reference. For the solution of II in 
methanol, the concentration (less than 0.03 mole frac
tion) is not exactly known. No TMS was added to the 
solution; the shifts were measured in this case from 
the methyl peak of the solvent and referred thence to 
TMS.

Proton spectra were obtained on a Yarian A-60 
spectrometer. Calibration of the spectra was by means 
of the audio side band technique. Peak positions 
were the average of at least four measurements, two 
made with increasing and two with decreasing field 
using a 50-c.p.s. full-sweep width.

Spectral Analysis. The n.m.r. spectra of I and II are 
of the type ABCD since no long-range coupling be
tween the two aromatic rings is detectable experi
mentally. The spectra often show the characteristic 
first-order pattern of a 2-substituted pyridine ring,6’10'11 
and the assignment of the resonances of the different 
protons is straightforward. However, in the course of 
this study, several cases were met in which the reso
nances of two protons overlap and the spectrum con-

Figure 1. Experimental and calculated n.m.r. 
spectrum of [Fe^Cio^HshlCU in CHaOH solution.

volutes remarkably. For all the cases here reported, 
the analyses of the spectra were performed with the 
aid of the LAOCOONII program using a 7090 IBM com
puter. As a typical example of the fitting of the ex
perimental spectra achieved in this way, we have re
ported in Figure 1 the experimental and calculated
n.m.r. spectrum of II. For the majority of the spectra 
the probable error of any parameter came out to be 
about ±0.05 c.p.s. In some cases, however (solution 
of I in a-bromopropionic and trifluoroacetic acids, solu
tion of II in methanol), severe broadening of the spectra 
was observed, and the resulting parameters are thought 
to be accurate only to within ±0.2  c.p.s. For one of 
the solution in CCl3H -CF3COOH mixtures, the fit of the 
experimental spectrum was achieved by varying only 
the chemical shifts6 and using for the coupling constants 
(not reported in Table II) the averages of the values ob
tained in solutions at lower and higher acid concentra
tions.

Results
The parameters resulting from the analyses of the 

experimental spectra are reported in Tables I and II. 
In Figures 2 and 3, the chemical shifts of the protons of 
I are plotted vs. the compositions of the binary 
mixtures used as solvents. Other tables and figures

(8) F. Blau, Monatsh. Chem., 19, 647 (1898).
(9) Traces of paramagnetic solid material had, however, to be re
moved from the solution by centrifugation.
(10) W. Brügel, Z. Elektrochem., 66, 159 (1962).
(11) V. J. Kowalewski and D. G. de Kowalewski, J. Chem. Phys., 37, 
2603 (1962).
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Table I : N.m.r. Parameters of 2,2f-■Bipyridyl in Different Solvents“

M ole fraction 
of C10N 2H 8Solvent Vi Vi VS V6 J  34 J 36 J  36 J  il J  46 Jii

CC14 0.203 509.77 459.47 427.43 515.19 8 . 0 1 1.16 1 . 0 0 7.53 1.80 4.75
e c u 0.089 507.65 461.32 429.30 514.24 8 . 0 2 1.19 1 . 0 0 7.49 1.84 4.84
(CH3)3CCeeeCH 0.091 509.33 461.72 430.50 515.54 8.06 1.17 0.96 7.49 1.81 4.78
CCUH 0.161 505.08 463.62 432.51 519.19 8.04 1 . 2 1 0.95 7.51 1.81 4.80
CCUH 0.075 504.16 467.71 436.91 520.37 8 . 0 2 1 . 2 2 0.95 7.54 1.83 4.81
C3H7COOH 0.092 499.58 470.87 441.16 525.24 8 . 0 0 1.15 0.91 7.62 1.77 4.97
c h 3o h 0.084 498.77 471.07 441.17 518.13 8.03 1.17 0.95 7.50 1.78 4.85
CHjjOH 0.074 498.33 471.06 441.20 517.63 7.98 1.17 0.93 7.57 1.76 4.88
C2H6OH 0 . 1 0 0 502.24 471.74 441.67 517.66 8.03 1.16 0.92 7.57 1.76 4.84
CH3OH 0.040 497.72 473.01 443.05 518.03 8 . 0 0 1.17 0.95 7.56 1.78 4.87
c 2h 5c o o h 0.089 498.70 473.20 443.57 526.69 7.99 1.15 0.93 7.59 1.80 4.97
c h 2c ic h 2o h 0.091 495.73 476.63 446.60 520.61 8 . 0 2 1.16 0.95 7.62 1.76 4.92
c h 2c ic h 2o h «0.091 498.30 483.93 453.64 523.68 8.04 1.16 0.92 7.62 1.74 5.02
CHsCOOH 0 . 1 0 0 501.50 491.02 460.83 531.21 8.13 1.16 0 . 8 6 7.71 1.73 5.17
CHsCHBrCOOH16 0.090 512.85 509.69 477.43 538.78 7.95 1.44 0 . 6 6 7.62 1.43 5.31
CFjCOOH6 0.089 520.66 532.95 501.38 549.39 8 . 1 2 1.03 0.37 8.09 1.30 5.79
CFaCOOH6 0.050 521.07 533.76 502.30 549.81 8 . 1 2 1.18 0.57 8 . 0 2 1.54 5.75

CHaOH6’' Fe(CI0N2H8)3Cl2 531.24 495.76 455.35 454.84 8.14 1.19 0.77 7.53 1.58 5.67

a All data in c.p.s.; ?0 60 Mc.p.s. Chemical shifts referred to TMS as internal standard. 6 Data accurate to within ±0.2 c.p.s. 
‘  Concentration less than 0.03 mole fraction. Chemical shift measured from the methyl peak of CH3OH and then referred to TMS.

Table II: N.m.r. Parameters of 2,2'-Bipyridyl in Mixtures of Different Solvents“

•Mole fraction---------------s ,-----------------------Chemical shifts-----------------------* ✓--------------------------- Coupling constants-
CCli CClsH C10N 2H8 Vi Vi vs VB Jii J 36 J  as 7« Jts As

0.911 0.000 0.089 507.65 461.32 429.30 514.24 8.02 1.19 1.00 7.49 1.84 4.84
0.654 0.261 0.085 506.22 463.08 431.58 516.32 8.02 1.20 0.98 7.50 1.86 4.84

0.417 0.501 0.082 506.00 464.44 433.27 518.12 8.03 1.20 0.97 7.53 1.82 4.84
0.200 0.722 0.078 505.09 465.41 434.28 518.96 7.98 1.19 0.94 7.50 1.81 4.79
0.000 0.925 0.075 504.16 467.71 436.91 520.37 8.02 1.22 0.95 7.54 1.83 4.81

CCli C H s O H CioNaHs

0.911 0.000 0.089 507.65 461.32 429.30 514.24 8.02 1.19 1.00 7.49 1.84 4.84

0.650 0.265 0.085 503.00 465.99 434.54 515.34 8.08 1.19 0.95 7.52 1.82 4.84
0.413 0.506 0.081 501.35 467.82 436.87 515.85 8.00 1.21 0.96 7.50 1.81 4.84
0.197 0.725 0.078 500.08 469.77 439.41 516.94 8.02 1.19 0.96 7.57 1.81 4.85
0.000 0.926 0.074 498.33 471.06 441.20 517.63 7.98 1.17 0.92 7.57 1.76 4.88

CClsH CFsCOOH CioNsHs

0.925 0.000 0.075 504.16 467.71 436.91 520.37 8.02 1.22 0.95 7.54 1.83 4.81
0.818 0.091 0.091 506.60 492.47 460.81 532.14 8.13 1.14 0.87 7.71 1.69 5.26
0.667 0.237 0.096 506.31 501.70 468.83 533.16 8.11 0.95 0.87 7.89 1.62 5.36
0.419 0.490 0.0911'“ 507.68 509.06 476.00 535.30
0.000 0.911 0.0896 520.66 532.95 501.38 549.39 8.12 1.03 0.37 8.09 1.30 5.79

“ All data in c.p.s.; p0 60 Mc.p.s. Chemical shifts referred to TMS as internal standard. b Data accurate to within ±0.2 c.p.s. 
c Coupling constants not determined. See text.

will be described during the discussion of the data. 
The chemical shifts are usually given in c.p.s. from TMS 
at 60 Mc.p.s.; however, shifts resulting from calcula
tions are reported in p.p.m.

Discussion
The experimental data (Tables I and II) show that 

the n.m.r. parameters of all the protons of 2,2 '-bipyridyl 
change remarkably in passing from solution in inert
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CCI3H Mole Frocticn CFj COOH

Figure 2. Chemical shifts of the protons of 2,2'-bipyridyl 
in solution in mixtures of CC13H and CF3COOH.

solvents to solutions in more acidic media, the largest 
variations being associated, as expected, with the 
chemical shifts. Several papers12-14 in the recent 
literature have dealt with the interpretation of the 
same variations observed in the n.m.r. spectra of pyri
dine. Since the data available for this compound are 
limited to solutions in inert solvents (CCI4, CeH12) or 
in strong acids (CF3COOH), in order to establish a 
comparison between these data and our experimental 
results, we will discuss the n.m.r. parameters of 2,2 '- 
bipyridyl in the same media first. A discussion of the
n.m.r. data of I ir. proton donor solvents and weak 
acids will then follow. The n.m.r. spectrum of II will 
be discussed last.

N.m.r. Spectra of 2,2'-Bipyridyl in Inert Solvents 
(CCU). The parameters of the proton spectrum of I 
at two different concentrations in CC14 are reported in 
Table I. The small differences observed between corre
sponding values of the chemical shifts are indicative of 
the order of magnitude of the dilution shifts in that 
range of concentrations. For pyridine at infinite 
dilution in the same solvent, the chemical shifts, in 
c.p.s., for the a., ¡3, 7 protons, in this order, are15’16 
513.96, 435.96, and 458.16. A comparison between

ccijH

Figure 3. Chemical shifts of the protons of 
2,2'-bipyridyl in solution in mixtures of CCI4 
and CCI3H and of CC14 and CHsOH.

these values and our experimental data shows that the 
presence of the second pyridine ring affects only slightly 
the chemical shifts of protons 4, 5, and 6. For proton 
3 a large downfield shift is observed; if referred to the 
chemical shift of proton 5 (both protons are meta to 
the nitrogen), it amounts to —1.34 p.p.m.

2,2'-Bipyridyl is known to be in the ¿rans-planar con
formation (I)( in the solid.17'18 Measurements19 of the 
electric dipole moment (0.6 D.), as well as ultraviolet

(12) V. M. S. Gil and J. N. Murrel, Trans. Faraday Soc., 60, 248 
(1964).
(13) I. C. Smith and W. G. Schneider, Can. J. Chem., 39, 1158 (1961).
(14) G. Kotowycz, T. Schaefer, and E. Bock, ibid., 42, 2541 (1964).
(15) G. Fraenkel, R. E. Carter, A. McLachlan, and J. H. Richards, 
J. Am. Chem. Soc., 82, 5846 (1960).
(16) Other data, given in ref. 13, for the chemical shifts of pyridine 
in C6Hi2 are 520.4, 432.4, and 457.4.
(17) F. Bertinotti, A. M. Liquori, and R. Parisi, Gazz. chim. ital.’ 
86, 893 (1956).
(18) L. L. Merritt, Jr., and E. D. Schroeder, Acta Cryst., 9, 801 
(1956).
(19) P. H. Cureton, C. G. Le Fevre, and R. J. W. Le Fevre, J. Chem. 
Soc., 1736 (1963). These authors, however, propose a trans con
formation with an angle of twist of 10-17° between the two pyridine 
rings.
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spectroscopic data,20 are also consistent with a trans- 
planar conformation in solution (CC14, Celle) • Proton 
3 is, therefore, the closest to the adjacent pyridine ring 
and to its nitrogen atom. The magnetic anisotropies 
of the aromatic ring21 and of the nitrogen atom,12 as 
well as the electric field22 produced at the 3 position by 
the electric dipole of the second pyridine group, will 
cause a deshielding of that proton. The existence of a 
van der Waals interaction between the lone-pair elec
tron of the nitrogen and proton 3 may also be very effec
tive in reducing the shielding of that proton.23

The contributions of all these effects to the chemical 
shift of proton 3 have been calculated and are pre
sented in Table III. The molecular dimensions used 
in the calculations are those given in ref. 18. The de
shielding caused by the ring current effect (A<jr ) has 
been determined by the use of the tables of Johnson 
and Bovey24 under the assumption25 that the ring cur
rents in pyridine and benzene are essentially the same. 
The value Ay =  —7.21 X 10~30 cm.3/molecule has 
been used for the magnetic anisotropy of the nitrogen12 
in order to estimate the deshielding ( A on) due to this 
effect. The field, produced by the electric dipole 
(2.15 D.) of pyridine26 at the 3 position has been cal
culated by localizing the dipole at the nitrogen atom. 
The calculations of the shifts ( A o e )  due to the electric 
field effect have been performed by the use of both 
Buckingham’s22 (A =  2 X 10~12, B =  10-18) and

Table m  : Calculated Values of the Deshielding of 
Proton 3 in 2,2'-Bipyridyl°

✓------ Deshielding-------,
Effect B M

Anisotropy of the aromatic ring A o-r -0 .4 9 -0 .4 9
Anisotropy of the nitrogen A on -0 .1 6 -0 .1 6
Dipolar electric field A<te -0 .2 5 -0 .3 3
van der Waals forces A<7W -0 .2 9 -0 .2 1

Total deshielding A<tt -1 .1 9 -1 .1 9

“ All data in p.p.m. B and M refer to the use of Bucking
ham’s and Musher’s equations for the calculations of the electric 
field effects.

Musher’s27 28 (A =  2.9 X 10~12, B =  7.38 X 10 -19) 
coefficients in the equation (Aoe =  —A X EC- h — 
B X E 2) relating the shift to the component of the field

along the C -H  bond and to the E 2 term. The downfield 
shift due to the van der Waals forces has been deter
mined by the use of Bothner-By’s23 scheme of calcula
tion, later revised by Buckingham.28 The mean- 
square electric field, caused by the dispersion forces, 
has been estimated through the equation: E2 =  
Shva/r6, where v is the mean frequency of electronic 
exitation, a the electric polarizability, and r the dis
tance between the centers of the charges.29’30 The de
shielding (A<rw) was then calculated by both Bucking
ham’s and Musher’s coefficients.

The results presented in Table III show that the 
use of both equations leads to the same values of the 
total shift ( A v t )  although the partial contributions of 
the electric field effects—dipole field and van der Waals 
forces field—are different as expected in the two cases. 
The value found for Avt appears to be quite reasonable 
and in good agreement with other experimental results. 
If the chemical shift of proton 3 is corrected by the 
calculated amount, the difference between the shifts of 
protons 3 and 5, which may be considered as a measure 
of the “ chemical effect”  due to the substitution at the 
2 position, becomes equal to —0.15 p.p.m. This value 
correlates reasonably well with the corresponding dif
ferences measured9 in 2-methyl- and 2-ethylpyridine 
( —0.08), in 2-vinylpyridine (—0.11), and in 2-phenyl- 
pyridine6’31’32 ( — 0.15). Particularly interesting is the 
fact that the van der Waals forces effect comes out, in 
both cases, of the same order of magnitude as the di
polar field effect and contributes substantially to the

(20) K. Nakamoto, J. Phys. Chem., 64, 1420 (1960).
(21) J. A. Pople, W. G. Schneider, and H. J. Bernstein, “ High Reso
lution Nuclear Magnetic Resonance,” McGraw-Hill Book Co., Inc., 
New York, N. Y., 1959.
(22) A. D. Buckingham, Can. J. Chem., 38, 300 (1960).
(23) A. A. Bothner-By, J. Mol. Spectry., 5, 52 (1960).
(24) C. E. Johnson, Jr., and F. A. Bovey, J. Chem. Phys., 29, 1012 
(1958).
(25) G. G. Hall, A. Hardisson, and L. M. Jackmann, Discussions 
Faraday Soc., 34, 15 (1962).
(26) B. B. De More, W. S. Wilcox, and J. H. Goldstein, J. Chem. 
Phys., 22, 876 (1954).
(27) J. I. Musher, ibid., 37, 34 (1962).
(28) W. T. Raynes, A. D. Buckingham, and H. J. Bernstein, ibid., 
36, 3481 (1962).
(29) The actual values used in the calculations were as follows. 
a — 1.12 A.3; this value was determined from the geometrical mean

C
of the refractions of the groups30 C-H (1.70) and O N :  (4.65).

C
r — 2.21 Â. ; this value represents the distance between proton 3 
and the center of charge of the nitrogen lone pair.12 v = 50,000 cm.-1 
was taken from ref. 23.
(30) C. P. Smyth, “ Dielectric Behavior and Structure,” McGraw- 
Hill Book Co., Inc., New York, N. Y., 1955.
(31) After correction for the ring current effect of the benzene group. 
Angle of twist assumed32 25°.
(32) G. Favini, Gazz. chim. ital., 94, 1287 (1965).
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shielding of proton 3. A  still more dramatic demon
stration of the shifts produced by these forces will be 
presented in the discussion of the n.m.r. spectrum of II.

The same calculations, performed in order to evaluate 
A u r , A<jn, and A uk for the other protons, furnished the 
result that in each case A u n  and A ue  are very small and 
of opposite sign and practically cancel each other. The 
shifts of these protons are therefore dominated by the 
value of A u r , which has to be calculated by the use of 
the dipole approximation. With the value of the anisot
ropy of benzene, recommended by Dailey33 for use in 
this kind of calculation, the following values, in p.p.m., 
of A u ' t  =  A u r  +  A un  +  A ue have been obtained34 for 
protons 4, 5, and 6 in that order: —0.07, —0.05, —0.06. 
The experimental chemical shifts of protons 4 and 6, by 
comparison with pyridine, are moved slightly downfield 
(by less than the calculated amount, however); the 
resonance of proton 5 occurs at higher fields. It must 
be inferred, therefore, that in 2,2 '-bipyridyl a compensa
tion of these small downfield shifts does occur, pos
sibly through the polarization induced in the t system 
of one ring by the electric dipole field of the adjacent 
pyridine group.

The values for the coupling constants for I in CCh 
solutions are to be considered normal in the sense that 
they follow the general pattern already observed in 
many other 2-substituted pyridines.5’10'11

N.m.r. Spectra of 2,2'-Bipyridyl in Strong Acids 
(CFzCOOH). Both rings of I are protonated in solu
tion in trifluoroacetic acid; this conclusion follows from 
the direct comparison of the chemical shifts measured 
for the protons of I (Table I) and the corresponding 
shifts of the pyridinium ion. The latter, for the a, ¡3, 
and y protons are13 535.4, 496.4, and 530.4 c.p.s., re
spectively. For any of the protons of I, shifts larger 
than the previous values have always been found ex
perimentally. Further evidence of the complete pro
tonation has been obtained from the constancy of these 
shifts to variations in the concentration of I (Table I ) .

By protonation, electronic charge is withdrawn to
ward the nitrogen from all positions in the ring; conse
quently, a downfield shift of the resonance of all the pro
tons is observed. Since the magnitude of the latter is in 
some way15 a measure of the decrease of charge density at 
the carbon to which the proton is bonded, it is interesting 
to compare the downfield shifts, occurring by protona
tion, in pyridine and in each one of the rings of 2,2 '- 
bipyridyl. For pyridine itself, these shifts, in p.p.m., 
for the a, 13, and y  protons are36 0.357 +  [0.720], 
1.073 +  [0.200], and 1.206 +  [0.134], respectively. 
The total downfield shift36 for the whole molecule is 
therefore equal to 6.040 p.p.m. In the protonation of 
I the downfield shifts of protons 6, 5, and 4 are 0.710

+  [0.720], 1.217 +  [0.200], and 1.207 +  [0.134], re
spectively. For proton 3 only limiting estimates of 
this shift are possible. If one supposes that the whole 
shift,37 0.224 +  [0.200] +  (1.190), be attributed to the 
decrease of electronic density at the 3 position, the total 
downfield shift, for each of the pyridine rings, becomes 
5.802 p.p.m. If, instead, the withdrawal of charge is 
supposed to be equal to -die one occurring at the 5 posi
tion, the total shift obtained is 5.597 p.p.m. In both 
cases, values smaller than for pyridine are obtained, in 
good qualitative agreement with the highly acidic 
character of the dication.38

There are good reasons to believe that the difference 
between the chemical shifts of protons 3 and 5 due to 
the “ chemical effect”  of the substitution at the 2 posi
tion lies between the values, previously calculated for 
2,2'-bipyridyl, —0.15 and —0.25 p.p.m. (See next 
section.) If these values are subtracted from the dif
ference of the chemical shifts of these protons deter
mined experimentally ( — 0.31 p.p.m.) and the residuals 
attributed to the anisotropy effect of the adjacent aro
matic ring, by the use of Johnson and Bovey’s tables,24 
angles of twist39 of 55° (125°) and 72° (108°) between 
the two rings are obtained for the dication.

In CF3COOH solutions broadening of all the lines of 
the spectrum takes place.40 Consequently, the errors 
of all the n.m.r. parameters, particularly of the coupling 
constants, increase considerably. The large changes, 
however, observed for some of these parameters, are 
safely outside the experimental error and are con
sistently interpretable under the assumption that by 
protonation the two pyridine rings become more ben
zene-like. In particular, ./56 increases by about 1 c.p.s.

(33) B. P. Dailey, / .  Chem. Phys., 41, 2304 (1964).
(34) Values about twice as large are obtained by the use of the ex
perimentally measured anisotropy of benzene.
(35) The numbers in brackets represent the total “ hidden”  contribu
tions to the shifts, due to the disappearance in the ion, of the anisot
ropy effect of the nitrogen and of the electric dipolar field effect 
as illustrated by Gil and Murrel.12 In this paper, however, there 
is a numerical error in the calculations of the shift due to the electric 
field effect for the a proton. The correct value is 0.42 p.p.m.
(36) Because of the direct relationship between proton chemical shift 
and charge density,15 we have used this locution in order to avoid the 
introduction of a more or less arbitrary constant of proportionality.
(37) It must be pointed out that this represents a maximum. The 
anisotropic effects of the ring current at the 3 position always pro
duce a downfield shift which may become zero for a perpendicular 
orientation of the two rings. The number in parentheses is A<rr 
previously calculated.
(38) P. Krumholz, J. Am. Chem. Soc., 73, 3487 (1951). In the 
above calculations, however, no changes in the electronic densities at 
the carbons joining the two rings have been considered.
(39) In our notation angles of twist of 0 and 180° correspond to the 
trans- or cis-planar conformations.
(40) The same phenomenon has been observed13 in the n.m.r. spec
trum of pyridine in the same medium and explained in terms of the 
low rate of exchange between the acid and the cation.
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and becomes larger than in pyridine.41 becomes 
about equal to the other ortho coupling constant, 4, 
whose value is only slightly affected by protonation. 
J46 decreases by about 0.4 c.p.s., whereas J35 remains 
practically unchanged. The para coupling constant, 
/ 36, drops from the typical value of pyridine (0.9 c.p.s.) 
to the more benzene-like value of 0.5-0.6 c.p.s. As a 
general and expected trend, the larger changes are ob
served for the coupling constants between protons 
closer to the nitrogen atom.

The protonation of 2,2'-bipyridyl has also been 
studied in solutions of mixtures of chloroform and tri- 
fluoroacetic acid (Table II ). Particularly interesting is 
the behavior of the chemical shifts on varying the con
centration of the acid (Figure 2). The chemical shifts 
of protons 4 and 5 decrease initially very rapidly until 
the monoprotonated 2,2 '-bipyridyl cation is formed. 
Thereafter, they decrease slowly and reach their mini
mum values for the solution in the neat acid. The con
centrations of I, used in the experiments (Table II), 
were such that the stoichiometric amount of acid, re
quired for the formation of the monocation, corre
sponded to a mole fraction of about 0.1. The pA a 
values of the mono- and diprotonated 2,2,-bipyridyl are 
4.43 and —0.52, respectively.38'42 Therefore, in pres
ence of a strong acid, the first protonation occurs with 
about stoichiometric quantities of reagents, whereas 
the formation of the dication requires a large excess of 
acid.

The chemical shifts of protons 4 and 5 reach the 
values of the arithmetic means of the corresponding 
shifts for solutions43 in CC14 and CF3COOH (492.14 
and 465.19 c.p.s., respectively) for a concentration of 
acid (~0.17 mole fraction) close to the stoichiometric 
value. These mean values have been therefore con
sidered as the chemical shifts of these protons in the 
monoprotonated cation. Furthermore, hereafter the 
chemical shifts of protons 4 and 5 have been chosen as 
parameters measuring the degree of protonation in other 
media.44 45

The behavior of the chemical shifts of protons 6 and 3 
is of particular interest. The shielding of these pro
tons is largely determined by the anisotropic and elec
tric field effects associated with the nitrogen atom and 
the pyridine ring. By protonation these effects, in 
turn, may vary either through a change of the intensive 
parameter associated with each one of them—magnetic 
anisotropy, electric dipole, etc.— or through a variation 
of the geometrical parameter which determines the 
spatial dependence of the effect. By protonation, only 
the changes due zo the variations of the first kind of 
parameters are sensed by proton 6 since its position is 
fixed with regard to the nitrogen in the same ring, and

the anisotropic effects due to the twisting of the two rings 
are very small at its position.46 In the monocation, 
proton 6 resides on either the protonated ring or the 
other,46 and its chemical shift is given, as for protons 4 
and 5, by the mean of the shifts observed in 2,2'-bi- 
pyridyl and in the dication.

A completely different behavior is observed for the 
chemical shift of proton 3. In this case the downfield 
shift expected from the withdrawal of charge occurring 
during protonation is compensated by the contributions 
of the “ hidden”  shifts released by the decrease of the 
magnitude of the intensive parameters, as well as by the 
variations of the geometrical factors caused by the 
twisting of the two aromatic rings. Assuming a reason
able angle of twist, <p =  30°, and that the downfield 
shift caused by the withdrawal of charge at the 3' posi
tion is equal to that occurring at position 5', the varia-

3'

tion of the chemical shift of proton 3 (and 3') has been 
calculated as follows: by protonation of the adjacent 
pyridine ring, the resonance of proton 3 is shifted upfield 
by47 cSAut3 = 0.80 p.p.m. and the resonance of proton 
3' downfield by48 SAo-t3’ =  1.02 p.p.m. The net shift, 
resulting from the average of the calculated data, is 
therefore 5A<rT3'3 = —0.11 p.p.m. Experimentally, an 
extremely small upfield shift is obtained from the com
parison of the chemical shifts of proton 3 in the mono
protonated species and in CC14 solution.49 The

(41) W. G. Schneider, H. J. Bernstein, and J. H. Pople, Can. J. 
Chem., 35, 1487 (1957).
(42) F. H. Westheimer and O. T. Benfey, J. Am. Chem. Soc., 78, 
5309 (1956).
(43) The average has been made with the values of the shifts in 
CCU solutions (black symbols in Figure 2) since chloroform, like 
any proton-donor solvent, influences the shifts of the protons of X 
through the formation of hydrogen bonds with the nitrogen.
(44) The chemical shift of proton 5 should be insensitive to any 
variation of the anisotropic effect— ring current effect— related 
to twist of the two pyridine rings. Theoretically that is not true 
for the shift of proton 4; however, the practically complete paral
lelism of the two curves in Figure 2 clearly suggests that at position 4 
these variations are also very poorly sensed. By symmetry the same 
should be true at position 6.
(45) See footnote 44 and the discussion of the previous section.
(46) Experimentally both rings give a unique n.m.r. spectrum be
cause of the rapid rate of exchange of the H + ion.
(47) S refers to the variations of the several Acr previously defined. 
5AcrT3 = SActr3 +  5AvN3 +  6A<tE3 +  iSAcrw3 =  0.10 +  0.16 +  0.25 +  
0.29.
(48) 5Aot3/ =  Act5> 5Actr3/ -f- 5Actn3/ -f- SA(te3' SAaw3' =
-1 .4 2  +  0.10 +  0.08 +  0.10 +  0.12.
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calculations, however, show very well the compensating 
effects previously discussed and the reasons for the fiat 
behavior of the chemical shift of proton 3 vs. the acid 
concentration in Figure 2.

In Table II are also reported the coupling constants 
found in this series of measurements. It is worthwhile 
to point out that the variations of these parameters 
more or less follow the same trend observed for the 
chemical shift, in the sense that about half of the change 
is obtained at concentration of acid corresponding to the 
formation of the monocation.

N.m.r. Spectra of 2,2'-Bipyridyl in Proton-Donor 
Solvents and in Weak Acids. In the study (Table II) 
of the n.m.r. spectra of 2,2'-bipyridyl in mixtures of 
inert (CC14) and proton-donor solvents (CCI3H, CH3- 
OH), it was noticed that, on increasing the concentra
tion of the latter (Figure 3), the resonance signals of 
protons 4, 5, and 6 moved toward lower fields, whereas 
that of proton 3 moved upfield.60 In order to investi
gate further this anomalous behavior, we have analyzed 
the spectra of I in other proton-donor solvents, as well 
as in weak acids. The data obtained in this study are 
summarized in Table I and graphically displayed in 
Figure 4, where the chemical shifts of all the protons 
have been plotted vs. the chemical shift of proton 5 for 
all the solutions investigated in the same order as they 
appear in Table I. The parallelism of behavior be
tween the chemical shifts of protons 4 and 5, already 
observed in mixtures of CCI3H -CF3COOH, was also 
found in all of the other solutions studied. Clearly 
noticeable, however, is the slightly sigmoid shape of the 
curve representing the chemical shifts of proton 4. 
The corresponding curve for proton 6 passes through a 
small minimum and a small maximum before assuming 
the monotonic trend toward lower fields. For this 
proton, however, the chemical shift (black symbols in 
Figure 4) always lies at lower fields in solutions of acids 
than in other solvents. The chemical shift of proton 3 
increases initially about linearly, passes through a 
pronounced maximum, and then decreases with an 
increase of the acidity of the medium.

Focusing attention on the behavior of the chemical 
shift of the latter proton, we interpret the data of 
Figure 4 as follows: in proton-donor solvents or weak 
acids, 2,2 '-bipyridyl forms a 1:1  complex by hydrogen 
bonding between the nitrogen and the acidic proton of 
the medium. The formation of the hydrogen bond 
would involve pronounced twisting of the two pyridine 
rings about the central single bond which in turn deter
mines, through a decrease of Aun, Ace, A<rw, and 
mainly of Acr, the upfield shift observed for proton 3. 
In more strongly acidic media, one or two protons are 
transferred completely from the acid to the pyridine

C.D.S. from TMS

Figure 4. Plot o f the chemical shifts o f the protons of 
2,2'-bipyridyl vs. the chemical shift o f proton 5.

nitrogens, and, because of the smaller steric require
ment of the proton, the angle of twisting is less, and the 
downfield trend of the chemical shift of proton 3 is es
tablished.

In order to formulate quantitative estimates of the 
phenomena observed, we have assumed that in proton- 
donor solvents or in weak acids only 1:1  complexes are 
involved61 in the equilibrium between 2,2 '-bipyridyl 
and the medium. We have also assumed that the 
chemical shifts of the protons in the complex, no matter 
which the partner in the association,62 differ from the 49 50 51 52

(49) If the same calculations are repeated by assuming a nonplanar 
cis conformation ( <p =  150°), an upfield shift 8A<rrZtZ' =  0.11 p.p.m. 
is obtained. No conclusion, however, may be drawn from these cal
culations since other types of interactions occur at high concentra
tions of CCI3H. See next section.
(50) This trend in solutions in CH3OH has also been reported by Gil.4
(51) This assumption has been made according to the weak basicity 
already established for the 2,2,-bipyridyl monocation. It may not 
be true for solutions in stronger acidic media corresponding to the 
central part of Figure 4; this, however, does not invalidate the ra
tionalization scheme given below.
(52) In the spectrum of [Fe^CioNsHsMCh the chemical shift of 
proton 4 is identical with the value found for the monocation. The 
chemical shift of proton 5 is only slightly different than the corre
sponding shift in the monocation; this difference, as well as those 
observed for protons 6 and 3, is, however, clearly attributable to the 
particular geometry of the molecule. See next section.
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ones in the monocation only by virtue of the electric 
and magnetic shielding effects brought about by the 
different dihedral angles between the pyridine rings.

With these assumptions, the data on the left-hand 
portion of the curve of the chemical shifts of proton 3 
have been interpreted as representing the weighted 
average of the shifts of this proton, over the species 
present at equilibrium (2,2'-bipyridyl and complex); 
the position of the equilibrium being determined by the 
different nature of the solvents used in the experiments. 
We draw a tangent to the curve, from the extreme left; 
the point a, where this tangent intersects the vertical 
line drawn from the chemical shift of proton 5 in the 
monocation, is taken as the chemical shift of proton 3 
in the complex. The value so found (480 c.p.s.) differs 
by 0.46 p.p.m. from the corresponding shift obtained 
experimentally for proton 3 in 2,2'-bipyridyl (CC14 
solution).

According to the scheme of calculation described in 
the preceding section, the values of 5Ao-T3'3 (upheld 
shifts) calculated for dihedral angles of 60, 70, 80, 90, 
100, 110, and 120° are, respectively, 0.30, 0.38, 0.45,
0.47, 0.46, 0.42, and 0.35 p.p.m. From the direct com
parison between the experimentally derived and cal
culated values, we argue that in the hydrogen-bonded 
complex the dihedral angle between the two pyridine 
rings lies between 80 and 100°. It is interesting to note 
that a dihedral angle within these limits is probably 
best suited for an intramolecular exchange of the hy
drogen bond between the nitrogens of the two rings. 
It is also worthwhile to mention that the calculated 
chemical shift of proton 3 lies 0.25 p.p.m. downfield 
from the chemical shift of proton 5; in view of all the 
simplifications involved in all this kind of calculations, 
this is in excellent agreement with the corresponding 
difference calculated for 2,2,-bipyridyl in the trans- 
planar conformation ( — 0.15 p.p.m.).

In the central and right-hand portions of Figure 4 
much more complex equilibria are probably involved. 
We consider that toward the extreme right side of 
Figure 4—between the points corresponding to solu
tions in a-bromopropionic and trifluoroacetie acids—the 
main species present at equilibrium are the mono- and 
dications. Using the same arguments previously 
given,53 54 we have drawn the tangent from the extreme 
right side of the curve and considered point b, in which 
it intersects the vertical line at 465 c.p.s., as the chem
ical shift of proton 3 in the monocation. This point 
lies 0.11 p.p.m. to lower field from the corresponding 
shift found in 2,2'-bipyridyl (CC14 solution) in excellent 
agreement with the value calculated, in the preceding 
section, from an estimated angle of twist of 30°.64

The behavior of the chemical shifts of proton 4 has

also been found to be in good agreement with the as
sumptions made. The small anisotropic effect felt at 
this position and due to the twisting out of plane of the 
two rings should move the resonance of this proton 
slightly upheld producing the observed upward con
vexity of the curve on the left side of Figure 4. On the 
right side of Figure 4, the anisotropic effect should pro
duce shifts in the opposite direction, causing the ob
served upward concavity.

For proton 6, the assumption that the nature of the 
complexing solvent molecule does not influence di
rectly the chemical shift is not correct. The clearly 
different behavior of the shifts of this proton in solvents 
containing the carbonyl group, as compared to the be
havior in other solvents, strongly suggests that the elec
tric field and magnetic anisotropic effects produced by 
the proximity of the incoming proton-donor group are 
noticeably sensed at this position. These differences of 
behavior should, however, be lessened by the occurrence 
of true protonation, and under this assumption the full 
and dashed lines of Figure 4 have been merged at the 
points corresponding to solutions in CF3COOH. Any 
attempt to rationalize the minimum and the maximum 
presented by the shifts in nonacidic media, in terms of 
the twisting of the two pyridyl rings, must also be re
garded with skepticism because of the different electric 
and magnetic properties of CC13H (points near the 
minimum) and of the solvents containing the alcoholic 
group (points near the maximum).

The changes in the coupling constants observed in 
these media are similar to the ones already discussed for 
solutions in CCI3H-CF3COOH mixtures and do not 
require further comment.

N.m.r. Spectrum of [Feu (CiaNiHf)z]Cl2. The param
eters resulting from the analysis of the n.m.r. spectrum 
of II in CH3OH solution are given in the last line of 
Table I. Particularly interesting is the switch of the 
resonances of protons 3 and 6, which causes the loss of 
any resemblance of the spectrum (Figure 1) with the 
pattern characteristic of the n.m.r. spectra of «-sub
stituted pyridines. With references to the shifts as
signed to the protons of the complex formed by hydro
gen bonding in proton-donor solvents (point a, for pro
ton 3 and, similarly, the other points in which the ver
tical line intersects the curves in Figure 4), only the 
chemical shift of proton 4 remains unchanged. The 
resonance of proton 3 is shifted downfield by 0.85 p.p.m.

(53) As in the case of the complex, it has been here assumed, mutata 
mutandis, that the presence of different counterions does not change 
sensibly the chemical shifts of the protons in the cations.
(54) This agreement strongly supports a transcid skew conformation 
of the monocation. By induction it is very likely that the dication 
is also in the same conformation, the dihedral angles being, of course, 
different for the two species.
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and that of proton 5 and 6 upheld by 0.16 and 1.28 
p.p.m., respectively.

The ion [Fen (CiuN2H8)3]2+ is an octahedral complex65 
in which the bipyridyl groups are fixed in the cfs-planar 
conformation (I),; with the nitrogens of the three group

arranged66 approximately at the corners of a regular 
octahedron.

Protons 3 and 3' lie, therefore, very close to each 
other, and the van der Waals forces are expected to con
tribute substantially, together with the anisotropic 
effect of the ring current, to the observed deshielding. 
By the use of the equations already described, total 
downheld shifts55 56 57 ( —A<tt 3) of 0.86 and of 0.77 p.p.m. 
have been, respectively, calculated with Buckingham’s 
and Musher’s coefficients. The agreement between 
calculated and experimental values is surprisingly good 
and gives further support to the results obtained by 
the extrapolation in the previous section and to the 
conclusions there drawn. It is also worthwhile to 
underline, once again, the large contribution ( 40%) 
of the dispersive forces to the total shielding.

By the use of a model it may be noticed, at once, that 
in II, proton 6 lies very close to and above the plane of 
the pyridine ring of a second ligand group. The reason 
for the large upheld shift of this proton is thereby clear. 
The magnetic anisotropy of the same pyridine ring in 
the second ligand group is also responsible for the shift 
toward higher fields of the resonance of proton 5.

We have reported in Table IV, the shieldings of pro
tons 5 and 6 as calculated from the geometry of the 
molecule and the use of the tables of Johnson and 
Bovey24 by varying the distance D between the center of 
the carbon-carbon bond joining the two rings and the 
Fe atom. Also reported in Table IV for each value of 
D is the corresponding distance (Dfc- n) between the 
iron and nitrogen. For proton 6 the shielding of 1.28 
p.p.m., previously estimated, corresponds to an Fe-N 
distance of about 2 A. which is in excellent agreement 
with the expectation.68 For the same distance, the 
calculated value A o-r 5 =  0.28 p.p.m. is a little larger 
than the one estimated from Figure 4, but still in 
reasonable agreement, in view of the approximations 
involved in the assumptions made about the geometry 
of the molecule.

Finally, it is interesting to note in Table I the large 
values— of the same order of magnitude of the ones 
observed for 2,2-dipyridyl in CF3COOH solutions—of

Table IV: Calculated Values of the Shielding of 
Protons 5 and 6 in [FeII(C1oN2H8)3]Cl2

Da -Die- M6 A(TRbc A m “

2.00 1.56 0.53 3.97
2.50 1.86 0.34 1.81
2.65 1.97 0.30 1.37
2.75 2.04 0.27 1.12
3.00 2.23 0.22 0.69

“ Distance (in A.) between the carbon-carbon bond joining the 
two rings and Fe. 1 Distance (in A.) between iron and nitrogen. 
c Shieldings in p.p.m.

J36, J46> and J56 against the stationary values of the 
other coupling constants.

Conclusions
It has been shown that in 2,2'-bipyridyl several effects 

contribute in producing the large downfield shift ob
served in the resonance of proton 3. The van der 
Waals forces are among these, and their contribution to 
the deshielding is large any time the geometry of the 
molecule allows for close contact between protons or 
between protons and nitrogen lone-pair electrons. The 
results of this study support the proposal of Schaefer, 
Reynolds, and Yonemoto59 that intramolecular dis
persion forces may play an important role in determin
ing proton chemical shifts.

The n.m.r. parameters found in this study are con
sistent with a ¿rans-planar conformation (<p =  0°) of
2,2-bipyridyl in inert solvents, and with transoid skew 
conformations of the monocation {¡p =  25-30°) and of 
the dication (<p =  55-72°) in solutions in strong acids.60

(55) A. F. Wells, “ Structural Inorganic Chemistry,”  Oxford Uni
versity Press, London, 1962.
(56) Since no crystallographic data are available, we have main
tained the same molecular parameters given for the ¿rans-planar 
conformation18 and have merely rotated the two rings by 180°. 
We have aUo assumed that the bonds Fe-N  are directed as the lines 
passing through the nitrogen and the y proton of each ring, which 
intersect at an angle smaller than 90°.
(57) Aot3 =  Ao-r 3 -f- A<rw3 =  —0.49 — 0.37 =  —0.86 p.p.m. 
(Buckingham’s equation) and A<7t 3 =  A or 3 +  A aw3 =  —0.49 — 
0.28 = —0.77 p.p.m. (Musher’s equation). The symbol 8 has been 
dropped since the shieldings are calculated with reference to the 
chemical shifts in a conformation ( <p — 90°) in which Ao-r =  Aow = 
A itn =  Actr =  0. The parameters used in the calculations were r = 
1.94 A., a =  0.67 A .3, and v =  50.000 cm .-1.
(58) The sum of the covalent radii55 of Fe11 (1.23 A.) and of N 
(0.74 A.) is 1.97 A.
(59) T. Schaefer, W. F. Reynolds, and T. Yonemoto, Can. J. Chem., 
41, 2969 (1963).
(60) For the monocation the conclusions drawn in this paper do not 
agree with the structure proposed by Nakamoto20 from the analysis 
of ultraviolet spectroscopic data obtained in aqueous acidic solutions. 
It must be pointed out, however, that our experimental data in pro
ton-donor solvents do not exclude the possibility of more complex 
equilibria in the central region of Figure 4. Solvation processes may 
be very effective in producing variations of the dihedral angles pro
posed for the monocation.
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In proton-donor solvents, the formation of hydrogen-
bonded complexes is consistently interpreted in terms
of a perpendicular orientation (¡p =  80-100°) of the two
pyridine rings. For the iron complex [Fen (CioN2H8)3]-
Cl2 the cfs-planar conformation of the pyridyl groups
has been found perfectly in line with the measured
values of the chemical shifts. From the latter data a. . 0metal-nitrogen distance of 2 A. has been derived.

Finally, we want to point out that, although only 
static molecular models have been used in the calcula
tions, the dihedral angles proposed must be interpreted 
as averaged positions of equilibrium over all the pos
sible vibrational and torsional states present in the 
molecule. Several secondary effects (reaction field

effect,22 electric field effect due to the presence of posi
tive charges on the nitrogens in the cations, etc.) have 
not been taken into account; it is very likely, however, 
that their contributions to the chemical shifts are small 
and do not invalidate the internally consistent inter
pretation of the results presented in this paper.
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Dielectric Dispersion of Crystalline Powders of Amino Acids,

Peptides, and Proteins1

by S. Takashima and H. P. Schwan

Electromedical Division, Moore School of Electrical Engineering,
University of Pennsylvania, Philadelphia, Pennsylvania (Received June 17, 1965)

The dielectric constants of crystalline powders of glycine, tyrosine, glycylglycine, and 
ovalbumin were measured in the frequency range of 20 c.p.s. to 200 kc.p.s. It was found 
that dry crystals did not have an appreciable dielectric constant but that adsorbed water 
increased the dielectric constant markedly. The static dielectric constants, their dis
persions, and the dielectric losses were measured with varied amounts of adsorbed water. 
The increase of the dielectric constant is proportional to the increase of water of adsorp
tion until the first water layer is completed. The second and third layers are formed if 
the vapor pressure is increased. The dielectric constant, however, does not increase any 
more and practically levels off. The formation of multilayers does not seem to affect 
the dielectric constant of crystals. Apparently, only the first layer of water of adsorption 
makes the major contribution to the dielectric constant of wet crystals.

Introduction
The dielectric constants of crystalline powders of 

amino acids, peptides, and proteins were measured by 
Bailey2 in the dry and wet state. His results indicate 
that these materials have very small dielectric con
stants when they are carefully dried. He observed,

however, that the adsorption of water was accom
panied by considerable increases in the dielectric con
stant and the dielectric loss. Unfortunately, Bailey

(1) This study was supported by National Institutes of Health 
Grant No. 1253.
(2) S. T. Bailey, Trans. Faraday Soc., 47, 509 (1951).
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did not establish complete dispersion curves, probably 
because of the frequency limitation of his instrument.

The dielectric constant of sodium bicarbonate crystal
line powder was studied by O’Konski.3 He observed 
that bicarbonate crystals did not have an appreciable 
dielectric constant when they were thoroughly dried 
but that a small amount of adsorbed water increased 
the dielectric constant markedly. The crystals of 
ferroelectric potassium dihydrogen phosphate, how
ever, showed a considerably larger dielectric constant 
than those of sodium bicarbonate, even in the dry state.

On the other hand, the dielectric constants of micro
scopic particles of synthetic polymers, clay, and living 
cells have been extensively investigated by Fricke, 
Cole, and Schwan.4 5 The enormously large dielectric 
polarization in the low-frequency region is evidently 
not due to particle orientation but is considered to be 
due to the time-dependent surface conductance of these 
particles. The frequency-dependent character of this 
surface conductance is explained by Schwarz6 to be the 
result of counterion movement.

The purpose of this experiment is to establish the 
static dielectric constant and dispersion of crystalline 
materials and to analyze the mechanism of the di
electric polarization in terms of the electrical double 
layer formed between the crystal surface and the water 
of adsorption.

Technique and Materials
Impedance Bridge. The bridge has been designed 

and constructed to meet a wide range of requirements 
of conductivity and capacity within a frequency range 
from 20 c.p.s. to 200 kc.p.s. The details of this bridge are 
given in review articles by Schwan.6'7

Electrode Polarization and Sample Cell. Since the 
dielectric constant of these materials exhibits an anoma
lous dispersion in the audiofrequency range, cor
rection for electrode polarization errors is crucial in 
order to obtain significant dispersion curves. Noting 
that the electrode admittance is in series with the 
admittance of the sample, the following derived 
equation is pertinent7’8

C =  Cs +  l/cA iW p (1)

where C is the total observed capacity, Cs is the capac
ity of the sample, u is the angular frequency, R is the 
resistance, and Cp is the electrode capacity. The 
following technique was chosen to facilitate the use of 
eq. I.8 It is known that the electrode polarization 
capacity varies as a power function of frequency, and 
the power factor is usually between 0.3 and 0.5. Hence, 
in a plot of log C against log / ,  a straight line results 
with a slope of about —1.6 if Ca is small compared

Frequency.

Figure 1. Logarithmic plot of the electric sample capacity C of 
glycine crystals against frequency: curve 1, the total capacity 
before correction; curve 2, the capacity after correction.
Curve 2 is obtained by taking the difference between 
curve 1 and the limit slope of 1.5. The dashed curves 
pertain to a slope value of 1.6. They are shown to 
demonstrate the effect of the chosen slope value on 
the dispersion curve and the insensitivity of the 
characteristic frequency f„ (arrow) from the 
limiting slope.

to the second term of the equation, i.e., at sufficiently 
low frequencies. If Cs is appreciable, a curve will 
result which will deviate from this straight line. Thus, 
by taking the difference between the experimental 
curve and the limiting slope, approached at very low 
frequencies, we can obtain the true capacity of the 
sample. The validity of this procedure is illustrated 
by the example in Figure 1, using a dilute KC1 solu
tion.

This correction procedure also permits evaluation 
of the electrode polarization capacitance Cp. Cp 
data, presented in Table I, increase rapidly with in
creasing water content according to an approximate 
relationship, Cp =  awm, where w is water content. The 
data in Table I indicate m to be between 3 and 4. 
Extrapolation to 100% water content gives quite 
reasonable Cp values near 100,000 pi. Note that the 
strong dependence of Cp on the water content w 
readily can be rationalized. The polarization capaci
tance is determined by the amount of electrode area 
in contact with the water of adsorption. If Cp were 
in direct proportion to this contact area, Cp would 
change in proportion to w. However, each particle 
near the electrodes exerts a restriction on the current

(3) C. T. O’Konski, J. Am. Chem. Soc., 73, 5093 (1951).
(4) (a) See the review article by H. P. Schwan, Ad-can. Biol. Med. 
Phys., S, 148 (1957); (b) H. P. Schwan, G. Schwarz, J. Maczuk, 
and H. Pauly, J. Phys. Chem., 66, 2626 (1962).
(5) G. Schwarz, ibid., 66, 2636 (1962).
(6) H. P. Schwan and K. Sittel, Trans. AIEE, 114 (1953).
(7) H. P. Schwan, “Physical Techniques in Biological Research,” 
Vol. 6, Academic Press Inc., New York, N. Y., 1963, p. 323.
(8) H. P. Schwan, Z. Naturforsch., 6b, 121 (1951).
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strength at the electrode surface. This restriction 
effectively causes (7? to decrease as w decreases.8 
Thus, Cp should change more rapidly than linearly 
with w.

In the case of pronounced electrode polarization, 
the accuracy with which the low-frequency limit of 
the dielectric constant e0 can be stated is poorest and is 
about 20% as indicated in Figure 1. This figure demon
strates a case in which electrode polarization is par
ticularly prominent. Even here it is possible readily 
to establish the limiting slope of about 1.6. This 
slope of about 1.6 is, of course, characteristic of the 
second term of eq. 1 even in cases where polarization 
at the electrodes does not contribute strongly. In 
such cases, the ordinate level at which the limiting 
slope curve must be placed in order reasonably to 
explain the observed data is usually rather well de
fined. Usually co and the characteristic frequency can 
be estimated with an accuracy of about 10%. In 
cases of still lesser contribution of the electrodes to 
the total polarization, correction techniques can be 
omitted altogether. More detailed discussions of the 
limitations of this technique are in ref. 8.

Table I : Increase of Electrode Polarization 
with Increasing Water of Adsorption“

Water
content,

%
Resistance,

ohms Up

0.15 109 33.3 ßßi.
0.20 5 X 10s 60.6 ßß{.
0.67 107 44,000 ßßi. (0.044
1.50 5 X 106 0.13 Mf.
2.50 3 X 106 0.58 /if.

“ Frequency 20 c.p.s., electrode area 4.4 cm.2.

A dielectric cell, the details of which are described 
in a previous publication,7 was used. It consists of 
two parallel platinum electrodes whose diameter is
2.54 cm. Stray field errors cancel out since the sample 
thickness is small compared with its diameter, and the 
results obtained with the filled and the empty sample 
cell are subtracted from each other. Capacitance and 
conductance values as measured by the bridge are 
converted into dielectric constants and conductivities 
by using cell constants which are calculated from the 
geometry of the sample.

Materials and Procedure. Dried crystalline powders 
of amino acids, peptides, and proteins, spread in 
petri dishes as thin layers, were placed in a desiccator 
over a small amount of water. After some time, an

Figure 2. Dielectric dispersion and loss tangent of glycine
crystals: curve 1, dry crystal; curve 2, dielectric
constant with 0.67% water; curves 3 and 4,
the specific conductivity and the loss tangent
of the same sample. The dashed
branch of curve 2 holds before electrode
polarization is corrected for.

Frequency.
Figure 3. Dependence of the dielectric dispersion of solid 
glycine on the crystal size: curve 1, average diameter 
0.3-0.5 mm.; curve 2, 0.02-0.08 mm. Curves are not 
corrected for a small electrode polarization contribution 
at low frequencies. Water content is 2.5%.

aliquot of the powder was examined for its water con
tent. The rest of the powder was placed in the cylin
drical test cell and pressed moderately between the 
electrodes, which were usually heavily platinized with 
platinum black. The polarization capacity as de
termined with a 0.1 A  NaCl solution was about 200,000 
¿if. at 20 c.p.s. for the total area of the electrode.

Results
Glycine. The dielectric constant of a dry crystal

line powder of glycine is shown by curve 1 in Figure 2.
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Figure 4. Cole-Cole plot of (A) glycine with 1.5% water, 
(B) glycylglycine with 1.0% water, and (C) 
albumin with 11% water.

The dielectric constant is very small even at 20 c.p.s., 
and the dielectric loss of the sample is negligible over 
the whole frequency range. However, as the water 
content is increased, the dielectric constant and the 
dielectric loss increase rapidly, as shown by curves 2 
and 3 in the same figure.

The effect of crystal size was studied with coarse 
crystals whose average diameter was about 0.3-0.5 
mm. and a fine powder of particles whose average 
diameter was 0.02-0.08 mm. As illustrated in Figure 
3, the size of the crystals does not have a marked effect 
on the magnitude of the dielectric constant, but it 
greatly influences the relaxation times. The disper
sion curve shifts considerably towards higher frequen
cies with smaller particle size, indicating that the 
relaxation time decreases as the particle size decreases.

The dielectric loss of the glycine crystals was calcu
lated according to the equation t "  =  [(k — /c0)/w]er, 
where e" is the dielectric loss, ko is the conductivity 
approached at low frequency, w is the angular frequency,

Figure 5. Plot of the static dielectric constant e against the 
amount of water of adsorption: curve 1, glycine; 
curve 2, glycylglycine; curve 3, tyrosine.

Figure 6. The dielectric dispersion of (1) glycylglycine with 
2.5% water and (2) tyrosine with 2.5% water. The 
figure in the upper comer shows a Cole-Cole 
plot for tyrosine crystals.

and er =  8.85 X  10~14. The real and imaginary parts 
of the dielectric constant were plotted on a complex 
plane. The resultant Cole-Cole plot is shown in 
Figure 4. The Cole-Cole parameter which indicates 
the distribution of relaxation times is found to be
0.25. The loss tangent was calculated by tan S =

The low-frequency dielectric constant e0 for the crys
talline powder of glycine changes with its water con
tent as shown in Figure 5 (curve 1). The curve con
sists of two parts: (1) below 5%, the dielectric con
stant increases very rapidly; (2) above 5%, the di
electric constant tends to level off and reaches a con
stant value.
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Figure 7. The dielectric dispersion of ovalbumin at low 
(curve 1) and 11% water content (curve 2).

%  water.

Figure 8. The static dielectric constant of albumin crystals as 
function of water content. The data in Figures 7 and 8 
were obtained by Takashima at the Institute for 
Protein Research, Osaka University.

Tyrosine. In spite of the much smaller solubility 
of tyrosine in water, the dielectric behavior of the tyro
sine crystals is qualitatively the same as that of 
glycine (Figure 6, curve 2). However, the shape of 
the dispersion curves is very flat, indicating a wide 
distribution of relaxation times. The Cole-Cole plot, 
also shown in Figure 6, indicates perhaps two circular 
portions, suggesting that the dielectric behavior of 
tyrosine crystals involves two separate relaxation 
processes. The relationship between the dielectric 
increment and the water content is shown in Figure 5 
(curve 3).

Glycylglycine. The dielectric dispersion of crystal
line glycylglycine is shown in Figure 6. Apparently, 
it exhibits two dispersion curves, but the magnitude of

the one at the higher frequency region is not clearly 
established. The Cole-Cole plot, which is shown in 
Figure 4 (B) does not strongly indicate a dual circle, 
and the distribution parameter obtained from this 
plot corresponds to a fairly well-defined spectrum of 
relaxation times. The dielectric increment of glycyl
glycine crystals is plotted against the water content in 
Figure 5 (curve 2). Obviously, the saturation level 
of €o is considerably smaller than for glycine and 
tyrosine.

Ovalbumin. The dielectric dispersion of freeze- 
dried powder is shown in Figure 7 (curve 2). This 
specimen, however, was found to contain approxi
mately 10 to 11% water. Although we were not able 
to remove with certainty all of the water molecules 
from the proteins, we assumed that another specimen 
which was dried over phosphorus pentoxide under 
vacuum was a dry protein. The dielectric constant of 
this dry powder is shown in Figure 7 (curve 1). As 
shown, the dielectric constant of the dry ovalbumin 
powder is as small as 2-3 in the frequency range 
between 60 c.p.s. and 200 kc. p.s. It, therefore, is ob
vious that the electric polarization of the freeze-dried 
powder is due to water of hydration or adsorption.

The dispersion curves are very flat which indicates 
a wide distribution of the relaxation times. The Cole- 
Cole plot is shown in Figure 4. In contrast to those 
of glycine and glycylglycine, the distribution parameter 
is much larger, and a value 0.41 was obtained. The 
relationship between the dielectric constant «o and the 
water content is shown in Figure 8. It is worth noting 
that the curve consists of three portions. Up to a 
water content of 10%, the dielectric constant is inde
pendent of the water content, and the value is close 
to 3 or 4. The dielectric constant increases rapidly 
between 10 and 20% and then slows down above 20%.

Fuoss-Kirkwood Plot. Since the Cole-Cole dis
tribution parameters of some crystals such as oval
bumin were observed to be large, the Cole-Cole plot 
was not suitable for an accurate determination of a. 
A different method was introduced by Fuoss and 
Kirkwood9 which often gives better results. Their 
equation states

where tm"  is the imaginary dielectric constant at the 
maximum of the dielectric loss, / m is the frequency at 
maximum loss, and d is a distribution parameter which 
is numerically different from the Cole-Cole parameter.

(9) R. M. Fuoss and J. G. Kirkwood, J. Am. Chem. Soc., 63, 385 
(1941).
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Log (J/fm).

Figure 9. Fuoss-Kirkwood plot. Solid lines are theoretical 
curves for various values of /?■ The low-frequency side 
of the plot is omitted because of symmetry: open 
circles, ovalbumin; closed circles, glycine.

The relationship between this parameter and the Cole- 
Cole parameter is given by the following good approxi
mation

fiy/2 =  (3)
7rcos -  
4

Plots of the Fuoss-Kirkwood equation are given in 
Figure 9. The curves are fairly close to each other 
when /S is small. They separate more as (3 becomes 
larger. The dielectric losses of glycine fit the curve 
0 =  0.2. This value converts to the Cole-Cole param
eter (=0.27) which is in excellent agreement with the 
value obtained from the Cole-Cole plot.

The Fuoss-Kirkwood plots of two samples of albumin 
also are shown in Figure 9. Obviously these data do 
not fit the Fuoss-Kirkwood plot. Hence, the dielectric 
dispersion of albumin involves a different distribution 
function of relaxation times than that in the under
lying equation (2).

Discussion
Carefully dried crystalline powders of glycine, 

glycylglycine, and protein have low and nearly fre
quency-independent dielectric constants even at very 
low frequencies. This fact suggests that the individual 
molecule in the crystals has no freedom of rotation and 
that the contribution of ion transfer to the polarization 
in a diy crystal is negligible for the frequencies em
ployed.

It was already found by Bailey that the dielectric 
constant of crystalline powders of dipolar ions increased 
with an increasing amount of water of adsorption.

He did not, however, establish the static, low-frequency 
dielectric constant of these crystals, probably owing 
to a limitation of his instrumentation. By using high- 
resolution, low-frequency techniques, we succeeded 
in determining the lcw-frequency, static dielectric 
constants of various crystals with various amounts of 
water of adsorption. The wet crystals exhibit an 
anomalous dispersion even below 1 kc., and static 
dielectric constant values are first approached below 
100 c.p.s.

The increased dielectric constant of wet crystals 
may be caused by a conductivity on the surface be
tween the adsorbed water and the crystal surface.4-5 
The rapid increase of the dielectric constant at the early 
stage of adsorption is proportional to the increase of 
the surface area which is covered by the adsorbed 
water. Thus, the linear increase of the dielectric con
stant with the initial increase in adsorbed water could 
be easily understood.

The dielectric constant levels off sharply near a 2.5% 
water content. This may indicate some change in the 
properties of the crystal surfaces. It is interesting 
to note that the actual adsorption isotherms of dipolar 
ion crystals show an obvious break at a water content 
level near 2-5% ,19-12 and additional adsorption, if 
any, proceeds with a smaller slope. According to the 
theory of Brunauer, Emmet, and Teller,13 the change 
of the slope is due to the completion of the first layer 
of adsorbed water, and the further rise of the adsorp
tion curve is due to the formation of additional layers. 
The fact that both dielectric constant and adsorption 
curve change slope at nearly the same water content 
value may indicate that the leveling off of the dielectric 
constant is due to the completion of the first layer of 
adsorbed water. It is not understood why the water 
in excess of 2-3%  which probably forms additional 
layers does not contribute to the polarizability of the 
wet crystals.

The mean thickness of the water layer at 2.5% water 
content can be calculated to check the above hypothe
sis. If we assume that all water molecules are ad
sorbed on the surface of the crystals and do not pene
trate into the crystals, we can estimate the thickness of 
the water layer by the formula * 60

(10) H. Bull, J. Am. Chem. Soe., 66, 1499 (1944).
(11) W. S. Hnojewyj and L. H. Reyerson, J. Phys. Chem., 65, 1694 
(1961).
(12) R. L. Altman and S. W. Benson, ibid., 64, 851 (1960).
(13) S. Brunauer, P. H. Emmet, and E. Teller, J. Am. Chem. Soc.,
60, 309 (1938).
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where AR is the thickness of the water layer, R is the 
mean radius of the crystals assuming spherical shape, 
and w is the weight fraction of water.14 15 For example, 
assuming 2.5% adsorbed water, the water layer thick
ness AR on a crystal for which R =  0.002 cm. is about 
1600 A., which is far more than the thickness of a 
single water layer. Clearly, either the assumption 
that the water of adsorption does not penetrate into 
crystals is wrong or the concept that leveling off of the 
curves occurs upon completion of a monolayer of water 
is erroneous.

An alternative explanation is to assume that leveling 
off of the curves of the dielectric constant takes place 
when the water layer is sufficiently thick so that the 
electrical double layer can be completed. The thick
ness of electrical double layers ranges from 3 to 30 A .  
for moderate ionic strength values. These values are 
still much smaller than 1600 A. In any case, the as
sumption that the water of adsorption does not pene
trate into the crystals is an oversimplification, and it is

reasonable to assume that water molecules go into the 
crystals and occupy interstitial spaces.

As shown in Figure 8, the relationship between the 
water of adsorption and the static dielectric constant of 
protein crystals is much more complicated than in the 
case of amino acid crystals. The dielectric constant 
of protein crystals is not affected by the adsorption of 
water until the water content is about 10-12%. A sim
ilar phenomenon was observed also by Rosen,16 with 
various proteins, and it seems to be a general charac
teristic of the water of adsorption on protein crystals. 
No detailed explanation may be given of this observation 
at present.

(14) This equation was derived on the assumption that crystals are 
spherical with a radius of R and that the thickness of the water 
layer is AR. Then, the volume fraction of adsorbed water will be

+  ARY -  VawR3 
* M R  +  AR)3

from which eq. 4 is obtained.
(15) D. Rosen, Trans. Faraday Soc., 59, 489, 2178 (1963).
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Complex Modulus of Concentrated Polymer Solutions in Steady Shear1

by Kunihiro Osaki, Mikio Tamura, Michio Kurata, and Tadao Kotaka

Department of Industrial Chemistry and Institute for Chemical Research,
Kyoto University, Kyoto, Japan (Received June 18, 1966)

Complex moduli of concentrated polymer solutions in steady shear were measured with a 
rheometer of the coaxial cylinder geometry. The outer cylinder was given a synthetic 
motion of pure rotation and sinusoidal oscillation, and the inner cylinder was suspended 
concentrically in the outer cylinder by a torsion wire. The oscillatory part of the inner 
cylinder motion was detected separately from the stationary part of the motion to deter
mine the complex modulus G*(co) as a function of angular frequency o> for various fixed 
values of the rate of the superimposed shear k. Measurements of the complex modulus 
with superimposed steady shear, G*(w), were performed at 30° on four polymer-solvent 
systems, i.e., 15% solutions of polystyrenes with molecular weight M  =  1.95 X  106 and 
2.51 X 106 in toluene; a 10% solution of poly(methyl methacrylate) with M  =  1.60 X 
106 in diethyl phthalate, and a 5%  solution of poly(n-butyl methacrylate) with an ex
tremely high molecular weight, 1.2 X  107, in diethyl phthalate. From these measure
ments, the following results were found. (1) In the low-frequency range, both the real 
and imaginary parts of the complex modulus in steady shear, (?/(&>) and (? / '( « ) ,  de
creased with increasing rate of shear k. The effect was more remarkable in the real part 
than in the imaginary part, and at very low frequencies, log [G ^ 'C «)/ ( ? / ( « ) ]  was appre
ciably larger than log [G ^ '^ / G / ’ ioi) ]2. (2) In the range of high frequency which cor
responds to the rubbery plateau region of the relaxation spectrum, GJ{o>) still decreased 
with increasing rate of shear, whereas GK"(u) increased. (3) The effect of superimposed 
shear on G *  was practically negligible for Newtonian fluids. The molecular weight 
dependence of the steady-shear viscosity was also studied on a series of polystyrene-toluene 
systems under various fixed values of k. Based on the results obtained, a discussion is 
given of the entanglement couplings in concentrated polymer systems.

Polymer molecules in bulk or in concentrated solu
tion exhibit a marked non-Newtonian effect in steady
shearing flow as well as the normal stress effect. Both 
effects are observed also in dilute solution, but usually 
to a far lesser degree in magnitude. Another feature 
of bulk polymers or concentrated polymer solutions is 
the so-called box-type distribution of relaxation times 
which characterizes the linear viscoelastic behavior in 
the range of a relatively long time scale. In all of 
these features the presence of the entanglement 
couplings between polymer chains seems to be playing 
an important role. The characteristic modes of chain 
motion participating in the box-type distribution of 
relaxation times may be ascribed to cooperative 
motions of many molecules joined by the entangle

Introduction ments.2 The non-Newtonian effect in the steady- 
shear viscosity may also be explained as a result of a 
decrease in degree of entanglement with increasing rate 
of shear,3 and the normal stress effect as a result of a 
large elastic deformation of the quasi-network struc
ture formed by the entanglements.3’4 The role of the 
entanglement coupling in viscoelasticity is qualitatively 
well recognized, but molecular theoretical understand

(1) A brief preliminary note has been published in J. Soc. Mater. Sci. 
Japan, 12, 339 (1963).
(2) See, for example, J. D. Ferry, “Viscoelastic Properties of Poly
mers,” John Wiley and Sons, Inc., New York, N. Y., 1961.
(3) M. Yamamoto, J. Phys. Soc. Japan, 11, 413 (1956); 12, 1148 
(1957); 13, 1200 (1958).
(4) A. S. Lodge, Trans. Faraday Soc., 52, 120 (1956).
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ing of the coupling still remains at an early stage of 
development in spite of several pioneering works.8-6

In terms of linear viscoelasticity, the simultaneous 
motion of polymer segments can be expressed as a sum 
of a series of characteristic modes of cooperative seg
mental motions in a phase space, each being specified 
by its own relaxation time. The distribution of the 
(characteristic) relaxation times depends on the nature 
of the system, especially on the nature of coupling 
between segments, and is most conveniently deter
mined by analyzing the complex modulus as a function 
of the angular frequency of excitation. Thus measure
ments of the complex modulus provide important in
formation on the nature of segmental coupling. In 
this way, Ferry and co-workers5 6 7 have recently been 
able to estimate the magnitude of the hydrodynamic 
coupling between polymer segments in dilute solutions 
with the aid of the molecular theories developed by 
Rouse8 and Zimm.9 In concentrated solutions, on 
the other hand, quantitative interpretation of the box- 
type distribution of relaxation times is seriously 
hampered by the lack of molecular theoretical knowl
edge of the entanglement coupling. Undoubtedly, 
other types of experimental information are needed 
for obtaining a more clear understanding of the en
tanglement.

The normal stress effect and the non-Newtonian 
effect are related to an over-all contribution of all the 
modes of segmental motion, and no information on the 
separate contribution of each individual mode is ob
tained by this type of experiment. However, as was 
mentioned, the existing data on these effects indicate 
that an entanglement network is probably formed in 
concentrated polymer systems and is degraded to some 
extent as the rate of shear is increased.10 This suggests 
that the steady-shearing rate can be adopted as a state 
variable affecting the degree of the entanglement 
coupling.11 Consequently, measurement of the com
plex modulus with superimposed shear can be used as 
a tool for analyzing the distribution of characteristic 
modes associated with the entanglement coupling in 
polymer solutions subjected to steady shear. This 
paper describes the results of such measurements 
performed on some typical polymer-solvent systems,
i.e., polystyrene in toluene, poly (methyl methacrylate) 
in diethyl phthalate, and poly (71-butyl methacrylate) in 
diethyl phthalate.

Apparatus and Preliminary Measurements
a. Apparatus.12-13 The apparatus used is of the 

coaxial cylinder type with rotating outer cylinder. 
Two sets of driving devices are used, one being for 
pure rotation and the other for rotational oscillation.

Each set consists of a 0.5-h.p. induction motor, a gear 
box of the ring-cone type with a gear ratio of 1:4, 
and an eight-step gear box of a planetary gear system 
with gear ratio of 1:3 per step. These two devices 
are connected through a superimposer with the drive 
shaft of the main assembly, on which the outer cylinder 
is mounted. The superimposer consists of a central 
cogwheel, two planetary gears, and a circular rack. 
The cogwheel is mounted on the shaft of the drive 
unit for pure rotation. Two planetary gears are 
fitted into an annular space between the cogwheel 
and the circular rack. The axes of the gears are at
tached to a disk, on the center of which the drive shaft 
of the main assembly is attached. On the rim of the 
circular rack a lever arm of the drive unit for oscillatory 
motion is attached. The whole cog engagement must 
be very precise so as not to leave any slight gap between 
them; otherwise smooth motions of the main drive 
shaft cannot be attained. The axes of the planetary 
gears and accordingly the disk on which the main 
shaft is attached can be either rotated unidirectionally 
by rotation of the central wheel or oscillated sinusoidally 
by oscillatory motion of the circular rack. The uni
directional rotation and the oscillation can be super
posed to give an oscillatory rotation by simultaneous 
application of both motions to the superimposer.14

By this means, three types of motion can be given 
to the outer cylinder, depending upon the purpose of 
measurement. These are: (1) pure rotation within 
the range of speed between 1.24 X 10-3 and 10 revolu
tions per sec. (r.p.s.) for measurement of the steady- 
shear viscosity t] as a function of the rate of shear k;
(2) sinusoidal oscillation within the range of frequency

(5) (a) M. S. Green and A. V. Tobolsky, J. Chem. Phys., 14, 80 
(1946); (b) F. Bueche, ibid., 20, 1959 (1952).
(6) S. Hayashi, J. Phys. Soc. Japan, 18, 249 (1963).
(7) N. W. Tschoegl and J. D. Ferry, Kolloid-Z., 189, 37 (1964); 
N. W. Tschoegl and J. D. Ferry, J. Phys. Chem., 68, 867 (1964);
J. E. Frederick, N. W. Tschoegl, and J. D. Ferry, ibid., 68, 1974 
(1964).
(8) P. E. Rouse, Jr., J. Chem. Phys., 21, 1272 (1953).
(9) B. H. Zimm, ibid., 24, 269 (1956).
(10) (a) T. Kotaka, M. Kurata, and M. Tamura, J. Appl. Phys., 
30, 1705 (1959); (b) T. Kotaka, M. Kurata, and M. Tamura, Rheol. 
Acta, 2, 179 (1962).
(11) The temperature as a state variable affects the hydrodynamic 
coupling between segments, but does not affect the entanglement 
coupling. See ref. 10.
(12) The apparatus was designed and completed with the cooperation 
of Iwamoto Seisakusho Co. Ltd., Kyoto. A brief description of the 
apparatus was first published by M. Tamura, M. Kurata, and T. 
Kotaka, ./. Soc. Mater. Sci. Japan, 8, 335 (1959).
(13) A description of the apparatus, particularly when it was used 
for dynamic moduli measurements, also appeared in T. Kotaka and
K. Osaki, Bull. Inst. Chem. Res., Kyoto Univ., 39, 331 (1961).
(14) M. Tamura, M. Kurata, T. Kotaka, and G. Iwamoto, unpub
lished.

The Journal of Physical Chemistry



C omplex  M odulus of C oncentrated  P olym er  Solutions in  Stead y  Shear 4185

between 4.5 X  10~3 and 30 c.p.s. for measurement of 
the complex modulus G* as a function of the angular 
frequency a>; and (3) superimposed motion of rotation 
and oscillation for measurements of the complex modu
lus with superimposed steady-shear G *  as a function of 
(ii and k.

The outer cylinder is enclosed with a jacket in which 
oil is circulated from a thermostated bath to keep the 
temperature of test fluids constant in the range between 
room temperature and 100° to within an accuracy of 
±0.2°. An inner cylinder is concentrically suspended 
in the outer cylinder by a wire of known torsional 
stiffness. The dimensions of two cylinders are

Ri (radius of inner cylinder) =  19.0 mm.

i?2 (radius of outer cylinder) =  20.0 mm.

L (immersed length of inner cylinder) =  150 mm. (1)

A  differential transformer unit is attached to the 
lever which transmits oscillatory motion from one of 
the drive units to the superimposer. This allows us 
to detect only the oscillatory part of the outer cylinder 
motion regardless of whether or not a steady rotation is 
being superimposed. A  pair of differential trans
formers is also used for detecting the inner cylinder 
motion. Here two cores are attached to the ends of a 
beam whose center is in turn attached to the top of the 
inner cylinder. Two solenoids are mounted on adjust
able saddles so that each core is located at the center 
of the hollow of each solenoid when the inner cylinder 
is at rest. The output voltage of the transformers is 
directly proportional to the torque acting on the 
cylinder. In steady-shear experiments the torque is 
measured as a function of the velocity of rotation. In 
dynamic measurements, the alternating voltages gener
ated in the transformer units at the oscillator lever and 
at the inner cylinder are simultaneously fed to the 
horizontal and the vertical plates of a cathode ray tube, 
respectively. The Lissajous pattern thus obtained on 
the screen is recorded. Then the real, G', and imagi
nary, G", components of the complex modulus can be 
determined as shown later. In dynamic experiments 
superimposed on steady shear, the torsion wire is 
twisted up to a certain angle in response to the super
imposed steady shear and oscillates around this angle 
in response to the oscillatory part of the outer cylinder 
motion. First, on imposing only a steady rotation, 
the position of the solenoids on the adjustable saddle 
is adjusted to cancel the output voltage due to the 
steady shear. Then the oscillatory motion is super
imposed, and oscillatory components of the output 
voltages are treated in the same way as above.

b. Principle of Measurements and Determination of 
Apparatus Constants, (i) Steady-Shear Viscosity. De
termination of the steady-shear viscosity by this type 
of apparatus is now a routine procedure, and the de
tailed description is not reproduced here. The so- 
called “ single-bob”  method of Krieger and Maron was 
used throughout this work.15 16 The range of shear rate 
covered in this study was from 1.7 X  10-1 to 3.3 X 
102sec._1.

(ii) Ordinary Complex Modulus.13 The oscillatory 
motion of a viscoelastic fluid in an annular space 
between walls of two coaxial cylinders has been in
vestigated in detail by Markovitz.16 Giving the ampli
tude and frequency of the outer cylinder, and assuming 
the end effect of both cylinders to be negligible, he has 
shown that

1 — p _1(cos <p +  i  sin ¡p) +

E ( - l ) n(pcoVG*)n[(7 -  fco-!)p -> 4 , +  Bn\ =  0 (2)
71 = 1

G* =  G' +  iG "

where p is the complex ratio of amplitudes of two 
cylinders, tp is the phase difference between two cyl
inders, i is the imaginary unit \ / —'T, p is the density of 
the test fluid, u is the angular frequency, I  is the 
moment of inertia of the inner cylinder assembly, and 
k is the torsional constant of the suspending wire. 
G* is the complex modulus, and G' and G " are its real 
and imaginary components, respectively. A n and Bn 
are geometric constants of the apparatus. Their 
first two terms are

At =  (R f  -  £ i2) /4 ttARiW ;
B1 =  ( & *  -  RfY/Mif)
A 2 =  [4 In (R,/R2) +  (RY/Rf) ~  (RiVRA) 1/32x7,;
B2 =  (l/192RY)[(RY -  RY)(R2i -  5R22RY -

27V) +  127V7V In (R2/R1)] (3)

where Ri, R2, and L represent the dimensions of 
two cylinders as defined in eq. 1. In our case,13 using 
the values given in eq. 1, we found

Ai =  1.432 X 10~4; A 2 =  2.39 X 10“ 7
(4)

Hi =  4.75 X 10-4; B2 =  2.80 X  LO"6

The terms with indexes higher than n =  3 were all 
negligible.

The moment of inertia 7 of the inner cylinder 
assembly including the core of the differential trans-

(15) I. M. Krieger and S. H. Maron, J. Appl. Phys., 25, 72 (1954).
(16) H. Markovitz, ibid., 23, 1070 (1952).
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formers was determined from the frequency v of free 
oscillation by using the well-known relation that v =  
(V2x)(fc/7) 1/2 where k is the torsion constant of the wire 
employed. For the wire with k =  1.615 X 106 dyne- 
cm./rad, the observed value of v was 1.111 sec.-1, which 
led to I  =  3.314 X 103 g. cm.2. The above test was 
performed without applying an exciting current to the 
solenoidal coils of differential transformers. In the 
presence of the exciting current, it was recognized 
that the frequency of free oscillation was increased up 
to /  =  1.124 sec.-1 for the same torsion wire. This 
increase in v may be attributed to the influence of re
storing force acting on the cores due to their interac
tion with the magnetic field of the solenoids. In order 
to take this effect into account, we used an effective wire 
constant k' defined as k' =  k +  Afc instead of k where 
Ak =  — v2) =  3.6 X  103 dyne-cm./rad.
It was found that the correction Ak did not depend on 
the wire constant k, nor on the frequency so long as 
the displacement of the cores was not very large. 
The real wire constants k of the torsion wires used 
were 1.578 X 108 for the most rigid one and 1.015 X 
106 dyne-cm./rad for the least rigid one.

The amplitude ratio p and the phase difference 0 of 
two cylinders can be determined at each angular fre
quency of oscillation co from the Lissajous ellipse and 
its circumscribed rectangle which is determined by 
lines parallel to the horizontal axis and to the vertical 
axis of the oscilloscope: that is, p can be given as the 
ratio of two sides of the rectangle, and <p can be esti
mated by the use of the relation17 |sin <p| =  (4/V) 
{ ( A ) / [A ]}. Here (A) and [A] are the area of the 
ellipse and of the rectangle, respectively. In this 
way, by the analysis of the Lissajous pattern at various 
frequencies, two components, real and imaginary, of 
the complex modulus can be determined as function 
of angular frequency co.

(iii) Complex Modulus with Superimposed Steady 
Shear. The principle for measurement of the dynamic 
complex modulus with superimposed steady shear is 
essentially the same as above. When the outer cylinder 
is given a constant angular velocity, the inner cylinder 
is rotated up to an equilibrium angle where the torque 
exerted by the torsion wire is counterbalanced by 
the viscous force. A sinusoidal oscillation super
imposed on the rotation of the outer cylinder then 
gives rise to an oscillation of the inner cylinder around 
this equilibrium angle. The oscillation of the inner 
cylinder is also sinusoidal if the amplitude of oscilla
tion of the outer cylinder is kept sufficiently small. 
A complex quantity corresponding to the ordinary com
plex modulus can then be determined by analyzing the 
oscillatory parts of motions of two cylinders, again

with the use of eq. 2. This quantity is denoted 
by G *, and is temporarily termed the complex modu
lus with superimposed steady shear. The complex 
modulus with superimposed steady shear varies not 
only with the angular frequency w, but also with the 
rate of shear k, the latter being determined by the 
steady motion of the outer cylinder.

c. Preliminary Test of Dynamic Measurement with 
Superimposed Steady Shear. Castor oil, as an example 
of purely viscous fluids, was used for a preliminary test 
of the dynamic measurements with superimposed 
steady shear. The steady-shear viscosity of the castor 
oil was 5.8 poises. A series of tests was performed at 
25° by using a series of torsion wires with different 
torsion constants. A typical result is given in Figure
1. In this particular example, a wire with k =  9.253 X 
106 dynes cm. rad-1 was employed. In Figure 1, 
the open circles represent the experimental points ob
tained for pure oscillation and three types of shaded 
circles represent those obtained for oscillation super-

Figure 1 . a sin <p/p and 1  — (cos <p/p) plotted against co2 for 
castor oil at 25° (77 =  5.7 poises). Superimposed rate of 
shear, k, in sec.-1: O, 0; <1 , 0.162; ©, 0.482; •, 1.46.
Solid lines: calculated values by eq. 5 and 6 .

(17) L. A. Wood, Rev. Sci. Instr., 2, 644 (1931).
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imposed on rotation. Different marks correspond to 
different values of rate of shear. In the case of a purely 
viscous fluid with a constant viscosity q, the real part 
of the complex modulus, (? /, should be identically 
zero irrespective of the rate of shear k, and the imagi
nary part G ”  should be given by iju. Equation 2 
then becomes

[{Ail +  Bip)cc2 — kAi\/ri =  co sin <p/p (5)

[04-2-7 +  5 2p)pco2 — M 2p]/V  =  1 — (cos <p/p) (6)

Accordingly, the plots of co sin <p/p and 1 — (cos <p/p) 
against co2 both should give straight lines whose slopes 
and intercepts are determined by eq. 5 and 6. These 
lines are shown in Figure 1 by the solid lines. Agree
ment between the calculated and experimental values 
was satisfactory in the plot of co sin <p/p vs. co2 over a 
wide range of frequency. On the other hand, in the 
plot of 1 — (cos ip/p) vs. co2, the agreement was limited 
to within a narrow range of frequency, for co2 about 30 
to 100. The frequency range of application of eq. 6, 
of course, depended on the torsion constant of the wire 
employed. A  series of torsion wires with a wide variety 
of torsional constant was needed for covering a wide 
range of frequency. Generally, the thinner wire was 
suitable for lower frequencies. When steady shear was 
superimposed, however, a thin wire was often twisted 
too much by the torque due to the steady motion of the 
fluid. This introduced a difficulty in the measure
ments for the combination of a low frequency and a 
high rate of shear. However, for a suitable combi
nation of co and k, we were able to determine G *  as a 
function of co and k. The results will be shown below.

Experimental Section

a. Materials. Polymers used in this investigation 
were polystyrene, poly (methyl methacrylate), and poly- 
(n-butyl methacrylate). Nine samples of polystyrene 
were used, of which five samples with relatively high 
molecular weights were whole polymers specially pre
pared for this study by thermal bulk polymerization 
at various temperatures. Conversions were kept below 
10% in order to avoid the possibility of chain branch
ing. The viscosity-average molecular weight M , was 
evaluated from the intrinsic viscosity in cyclohexane 
at 35° with the use of18

fo] =  8.2 X  10-W v0-60 (7)

Polymerization temperatures, conversion, and M v of 
these samples are given in Table I.

Four other samples with relatively low molecular 
weights were the fractions of a low conversion product 
of thermally polymerized styrene (polymerization

Table I : Molecular Weights of Polystyrene Samples

Polymeriza Con
tion temp., version,

°C. % iirT

115 5.1 0.56 X 108
95 10.7 0.72 X 108
80 8.5 1.04 X 10«
60 8.6 1.95 X 106°
40 7.3 2.51 X IO8*

“ Designated as PS(A ). 6 Designated as PS(B ).

temperature, 230°; these samples were kindly given us 
by Dr. H. Utiyama, Kyoto University). Their vis
cosity-average molecular weights were 1.18 X 106,
8.62 X 104, 2.43 X  104, and 1.05 X 104, respectively, 
as evaluated by eq. 7.

Poly(methyl methacrylate) was prepared by thermal 
polymerization at 47° without solvent or catalyst. 
The conversion was 8.5%. The viscosity-average 
molecular weight was 1.60 X 106 as was evaluated 
by19 20

h] =  5.7 X  10-6M V0-76 (benzene, 25°) (8)

Poly(n-butyl methacrylate) was prepared by emul
sion polymerization w_th the use of potassium persulfate 
as initiator and sodium lauryl sulfate as emulsifier. 
This sample has an extremely high intrinsic viscosity,
8.17 dl./g., in methyl ethyl ketone at 23°, which cor
responds to a viscosity-average molecular weight of
1.18 X 107 as evaluated by the equation of Chinai, 
et al.20

b ] =  1.56 X 1 0 -W T°-81 (9)

Toluene and diethyl phthalate, G.R. grades, were 
used as solvents without further purification. Each 
solution was prepared in a sealed ampoule at an ele
vated temperature (about 50°). Several weeks was 
necessary before obtaining homogeneous solutions.

b. Superimposed Oscillation Measurement in Polymer 
Solutions. Measurements of the dynamic modulus 
with superimposed steady shear were performed at 30° 
for four types of polymer solutions, a 15% solution in 
toluene of polystyrene A (PS(A)-Tol), a 15% solution 
in toluene of polystyrene B (PS(B)-Tol), a 5%  solu
tion in diethyl phthalate of poly(n-butyl methacrylate)

(18) W . R. Krigbaum and P. J. Flory, J. Polymer Sci., 11, 37 (1953).
(19) P. J. Flory, “ Principles of Polymer Chemistry,”  Cornell Uni“ 
versity Press, Ithaca, N. Y ., 1953, p. 312.
(20) S. N. Chinai and R. N. Guzzi, J. Polymer Sci., 21, 417 (1956). 
The use of eq. 9 in such a high molecular weight range as this is some
what questionable. This value of M v is therefore only a tentative 
estimate.
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Figure 2. Steady-shear viscosity, 1;, plotted against rate of 
shear k at 30° for four polymer-solvent systems: O, 
PS(A)-toluene; PS(B)-toluene; ©, PMMA-diethyl 
phthalate; •, PBMA-diethyl phthalate.

(PBMA-DEP), and a 10% solution in diethyl phthalate 
of poly (methyl methacrylate) (PM M A-DEP). The 
viscosity data in steady shear of these solutions are 
shown in Figure 2, where the viscosity t)K is plotted 
against the rate of shear k in double logarithmic 
scale. As is seen from the figure, these four solutions 
are examples of polymer solutions which show the non- 
Newtonian effect to a different degree; i.e. the effect 
increases in the order PS(A)-Tol <  PS(B)-Tol <  
PM M A-DEP <  PBMA-DEP.

Figure 3 shows the result of superimposed oscillar 
tion measurements obtained for the 15% toluene solu
tion of polystyrene A, where the open circles represent 
the real and the imaginary parts of the complex 
modulus, G' and G", as function of u, and the four types 
of shaded circles represent those of the complex modu
lus with superimposed steady shear, G/  and GK", 
obtained at various rates of shear k . Apparently, 
the superimposed steady shear produces a rather 
minor effect on the complex modulus so far as the 
rate of shear is sufficiently small to keep the non- 
Newtonian effect in the viscosity less significant. The 
effect of the rate of shear becomes significant in the 
real part of the complex modulus only at the highest 
shear rate investigated. The imaginary part seems 
insensitive to the steady shear.

Figure 4 shows the result of the superimposed oscil
lation measurements for the 15% solution of high 
molecular weight polystyrene B in toluene. This 
polymer exhibits a stronger non-Newtonian effect than 
does polystyrene A. A remarkable effect of the rate of 
shear on the complex modulus is observed in this 
figure. As the rate of the applied shear is increased, 
the real part of the complex modulus is significantly

Figure 3. Real and imaginary parts of complex modulus i 
shear, G k' and G k" ,  plotted against angular frequency, w, 
for 15% solution of polystyrene A in toluene at 30°. 
Superimposed rate of shear in sec.-1: O, 0; O,
0.162; ©, 0.482; •, 1.46; ©, 4.60.

Figure 4. Real and imaginary parts of complex modulus in 
shear, G k' and G k" ,  plotted against angular frequency, a>, 
for 15% solution of polystyrene B in toluene at 30°. 
Superimposed rate of shear in sec.-1: O, 0;
3, 0.162; ©, 0.505; •, 1.62; ©, 5.13.
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Figure 5. Real and imaginary parts of complex modulus in 
shear, Gk’ and Gk", plotted against angular frequency, w, 
for 10% solution of poly(methyl methacrylate) in diethyl 
phthalate at 30°. Superimposed rate of shear in sec.-1:
O, 0; 3, 0.188; €, 0.560; •, 1.71.

IO- ' 10» 10'
o), sec. -'.

Figure 6. Real and imaginary parts of complex modulus in 
shear, G k' and G k" ,  plotted against angular frequency, a, 
for 5% solution of poly(n-butyl methacrylate) in diethyl 
phthalate at 30°. Superimposed rate of shear in sec.-1:
O, 0; 3 , 0.190; C, 0.580; •, 1.76.

diminished over almost the whole range of frequency- 
observed. However, the imaginary part is again 
less sensitive to the rate of shear, particularly at high 
frequencies. The lower the frequency becomes, the 
larger is the relative decrease in G/ or GK"  observed. 
In addition, the curves for the complex modulus with 
superimposed steady shear are different in shape 
from those for the complex modulus without superim
posed steady shear, especially at a high rate of shear. 
Simple sliding of the curves for different shear rates

along the coordinate axis does not provide a composite 
curve as the WLF shift does for data of different tem
peratures.21 This fact implies that the effect of the 
steady shear on the complex modulus is more compli
cated than is the effect of temperature.

Figures 5 and 6 show the superimposed oscillation 
data obtained for the 10% solution of poly(methyl 
methacrylate) in diethyl phthalate and for the 5% 
solution of poly(n-butyl methacrylate) in diethyl 
phthalate, respectively. These solutions show stronger 
non-Newtonian behavior than do the polystyrene 
solutions. As is seen in Figures 5 and 6, the effect 
of the steady shear on G *  is very significant in these 
solutions. The qualitative feature of the effect is the 
same as in the polystyrene solutions described above. 
A closer inspection indicates, however, that the imagi
nary part of the complex modulus increases with in
creasing shear in the high-frequency range. Now 
returning to Figure 4, we may observe the same 
effect at the highest frequency, though to a slight degree. 
Thus we may conclude that this effect is not a character
istic of a special type of polymers, e.g., poly(methyl 
methacrylate) and poly(n-butyl methacrylate), but is 
common to all concentrated polymer solutions.

c. Steady-Shear Viscosity. The effect of molecular 
weight on the steady-shear viscosity was also investi
gated at various rates of shear for 15% solutions 
of polystyrene in toluene at 30°. The results are shown 
in Figure 7.

The molecular weight dependence of the zero- 
shear viscosity shows the well-known feature2; that 
is, the log-log plot of 770 vs. M v displays a sharp turn 
at about M v =  3 X I05, and beyond it, increases with
3.4 power of M v. This turning point is often referred 
to as the critical molecular weight M c for the onset of 
the entanglement network.

At a given rate of shear, say k  =  0.482 sec.-1, the 
polymers with a relatively low molecular weight, say 
less than about 106, are practically Newtonian. The 
non-Newtonian deviation becomes significant at and 
above a certain molecular weight. It is of course 
unlikely that, in the log-log plot of t]K vs. M v with a 
given rate of shear k ,  a sharp turning point is defined 
between the Newtonian and non-Newtonian regions. 
The transition from one region to the other is gradual 
as r ) K decreases gradually with increasing k  for a fixed 
iliy (see Figure 2). It is nevertheless worthwhile to 
note that the log t)K vs. log M v plot most closely re
sembles type A in Figure 8, but neither type B nor C, 
and that the boundary between Newtonian and non- 
Newtonian regions shifts to lower as k  increases.

(21) M. L. Williams, R. F‘. Landel, and J. D. Ferry, J. Am. Chem. 
Soc., 77, 3701 (1955).
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Mv

Figure 7. Steady-shear viscosity, ?;, as functions of viscosity- 
average molecular weight, M „  for polystyrene at 30°.
Rate of shear in sec.-1: O, 0; 9, 0.162; €, 0.482; •,
1.46; ®, 4.40; ©, 13.2; ®, 39.6; 0, 119; ®, 357.

Figure 8. Schematic representation of three possible types of 
log t] vs. log M  relationship. Solid line: zero shear viscosity; 
dashed line: viscosity under a constant value of the rate 
of shear.

of the two following features obtained in the three 
regions of different time scales.

(i) In the flow region, the decrease in the real part of 
the complex modulus due to the superimposed shear 
is larger than the square of the decrease in the imagi
nary part. In fact, the value of nK defined by

nK =  lim
In [<?/(«)/<?_„ '(« )] (10)

r r 0ln [G/'CaO/GUo"̂ )]
was about 3-4 in Figure 4.

(ii) In the plateau region, the imaginary part of the 
complex modulus increases with increasing rate of 
shear (see Figures 5 and 6).

Rough estimates of the relaxation spectrum can be 
based on either component of the complex modulus, 
(?„'(<o) and G,"(co). The results are such that the 
relaxation spectrum I i  (In r) as a function of logarithmic 
relaxation time is markedly cut off at the long time end 
and is heightened in the plateau region of shorter time 
scales. Figure 9 gives a schematic representation of 
the result.

Figure 9. Schematic representation of shear effect on the 
relaxation spectrum H. Solid line corresponds to zero 
rate of shear, and dashed line to a finite rate of shear.

Discussion

The present measurements were performed only 
within a rather restricted range of frequency for each 
given system. It is, however, clear from the shape 
of the double logarithmic plots for G' and G " vs. u 
that the frequency range covered in Figure 4 roughly 
corresponds to the so-called flow region of the relaxa
tion spectrum, while the frequency range covered in 
Figure 6 corresponds to the rubbery plateau region. 
Figure 5 may then be regarded as an example for 
showing the shear rate effect in the intermediate 
region between the above two. Thus, we are able 
to deduce a general picture of the shear rate effect on 
the relaxation spectrum from comparison or synthesis

The type of behavior observed has a unique feature 
different from that observed for the effect of tempera
ture. In the latter case, a single shift factor dr can 
be assigned for all relaxation times (the W LF shift21) , 
and the relative effect of the variable on G' and G " 
can be given as

nT =  lim
co—►O

In [ g / M / g n » ]  
In [Gr"(o>)AV'(<o)]

=  2 (11)

Here T0 is a reference temperature. The observed 
value of nK was found to be much larger than 2 as men
tioned above. In a sense, the effect of the rate of shear 
resembles the effect of molecular weight depression as 
exemplified by the sharp cut of the long time end of 
the relaxation spectrum. Quantitative analysis of the
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experimental results in terms of the existing theories 
such as Marvin’s22 will be published elsewhere.
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Membrane Potential in Nonisothermal Systems
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Applying nonequilibrium thermodynamics, a theory of membrane potential in noniso- 
thermal systems was obtained. Measurements of membrane potential across an ion- 
exchange membrane separating two solutions which are at different temperatures were 
carried out to be compared with the theory. Agreement between the theory and the 
observed results is satisfactory. The present experimental results are in agreement with 
the results reported by Tyrrell, et al., who used strips of ion-exchange resin, but are dif
ferent from those reported by Ikeda, et al., using collodion membranes.

Introduction
It is well known that an electrostatic potential dif

ference appears across a membrane separating two 
electrolyte solutions of different concentrations. How
ever, since not only a concentration gradient but also 
a temperature gradient across the membrane is a driving 
force for the permeation of ions, a potential difference 
must also appear when there is a temperature differ
ence on both sides of the membrane. The study of 
such “ thermal membrane potentials”  is important 
because they are often observed in physiology, in elec
trodialysis, or in desalination operations, though 
little attention has thus far been devoted to this phe
nomenon.

Some experimental results were reported by Ikeda, 
et al.,1 who found that the thermal membrane potential 
across oxidized collodion membranes separating two 
solutions of 0.1 M  KC1 at different temperatures is 
quite low, lower than 0.05 mv./deg. On the other

hand, Tyrrell, et al.,2 measured thermal diffusion poten
tials in strips of ion-exchange resin and reported a 
value about 10 times higher than that reported by 
Ikeda, et al., at 0.1 M  KC1. Since the fundamental 
principles in these two experiments are the same 
except for the shapes of the ion exchangers used, the 
difference observed between both results is quite a 
dilemma.

Hills, et al.,3 derived an equation of nonisothermal 
membrane potential by using nonequilibrium thermo
dynamics, but the effect of temperature difference on 
membrane potential could not be clearly predicted 
from their theory, since their theory includes the heat

(1) T. Ikeda, J. Chem. Phys., 28,166 (1958) ; T. Ikeda, M. Tsuehiya 
and M. Nakano, Bull. Chem. Soc. Japan, 37, 1482 (1964).
(2) H. J. Tyrrell, D. A. Taylor, and C. M. Williams, Nature, 177, 
668 (1956).
(3) G. J. Hills, P. W. M. Jacobs, and N. Lakshminarayanaiah, Proc. 
Roy. Soc. (London), A262, 246 (1961).
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of transfer of each component, i.e., the Soret coefficient 
of a single component.

In the present work, an equation for the membrane 
potential in nonisothermal systems is derived by using 
nonequilibrium thermodynamics, and measurements 
of membrane potential across a few ion-exchange mem
branes separating two KC1 solutions at different tem
peratures are compared with the theory.

Theory
Applying nonequilibrium thermodynamics to ion- 

transport processes in 1-1 electrolyte solution, in 
the absence of viscous force, the entropy production
o-is given by the equation4 5'6

— TV =  «/„• grad T +  £  /mi-grad/Zi (1) 
<=+,-,o

where

Mi = Mi +  z&i (2)

T is the temperature, JB is the total entropy flux, Jmi is 
the absolute mass flux, pi is the electrochemical poten
tial, m is the chemical potential, z-, is the valence of 
component i, iF is the Faraday constant, and is the 
electrical potential. Subscripts + ,  —, and 0 refer to 
cation, anion, and water molecule, respectively. The 
force grad /Zi is a function of temperature and, hence, 
eq. 1 differs from the starting equation of Hills, et al., 
who used (grad pi)T, i.e., the gradient of pi at constant 
temperature, as a force.

The fluxes and forces in eq. 1 are not all independent. 
A mass flux Jmo vanishes from the condition that the 
sum of weighed mass fluxes must be zero,6 that is

'y , V),Jmi 0
t '=  + , - , 0

- J B =  i2„s grad T +  fiem grad ^m+' -  ^ m- '^  +

fi8e grad

Jm+ — flms grad T -b Omm gTad f- M— ^ "F

a», grad +  * )

—I  =  Oes grad T +  0em grad (^i+' — ^M -'^  +

Oee grad (5)

To take into account the fact that the membrane 
is not an infinitely thin film but has a finite thickness, 
we now adopt the method which was used by Kirk
wood6 in isothermal systems. By solving eq. 5 for 
the forces and integrating them from one side of the 
membrane to the other keeping the fluxes constant, 
we obtain

—J, =  cossAT +  o>smA ^n+' ~  ~ M -^  +

" “A f e  +  * )

~ J m +  =  W m«AT  +  CUmmA —  ^ M - ' ^  +

" ” A f e  +  * )

where Wi is a weight factor. Another mass flux, for in
stance, 7m_, may also be replaced by the total electric 
current J, as 7 is the sum of Ziff/mi- Thus we obtain

Ter =  — «/„-grad T — Jm+-grad ^m+ ' — ^M -'^  —

/ • g r a d ( ^ + * )  (3)

where the abbreviation

/ Wi /AtMi =  M i-------Mo (4)
w0

has been used.
Then, the phenomenological equations for the 

fluxes and thermodynamic forces of eq. 3 are given by

— I  =  COesAT +  OJemA ^ M + '  —  ^ M - ' ^  +

(6)

where A shows the differences between two fluid phases 
on both sides of the membrane and wap is the permeabil
ity coefficient of the membrane of finite thickness. 
coa/3 is a matrix which is related to the matrix Oa(3 as

(4) S. R. de Groot, “ Thermodynamics of Irreversible Processes,”  
North-Holland Publishing Co., Amsterdam, 1651.
(5) S. R. de Groot and P. Mazur, “ Nonequilibrium Thermody
namics,” North-Holland Publishing Co., Amsterdam, 1962.
(6) J. G. Kirkwood, “ Ion Transport across Membranes,” H. T. 
Clarke, Ed., Academic Press Inc., New York, N. Y., 1954, p. 119.
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where |o| or J-yj is the determinant of the matrix Oa(3 
or 7 a/3, |o|a)3 or |-y| is the appropriate cofactor, and 
5 is the thickness of the membrane. or uap is not 
an absolute constant for membrane-electrolyte systems 
but can practically be treated as constant.

Let us now employ eq. 6 for the determination of 
the electrical potential difference A\J/ appearing across 
the membrane at zero electric current. That is, from 
the condition of I  =  0, we have

- A t  =  vA T +  £  —-&m'
<=+,- Ziff

where

=  ijAT +  £  nAjii
i= 4-.-.0

(8)

Wes
v = —Wee

ri is the differential thermoelectric potential, k is the 
transport number, and n  is the reduced transport 
number of ith species. Employing the mean activities 
of electrolytes instead of the single activities of ions 
in eq. 8 to calculate the chemical potentials, we have

- A ^ = ( 2 i + - l ) ^ l n ^  +  
ff <*±(1)

(2i+ -  1 ) ^  In a±(2) +  toRT  In ^  +  
ff Oo(l)

toRAT  In Oo(2) +  +  roSo°̂ |- +

-  r o so »)! AT (1 0 )

where

Si° =
ò^ l
ÒT (ID

Figure 1. The dependence of the transport number on 
electrolyte concentration. Membrane:
A, C -l; B, A-l ; C, C-2.

Figure 2. The temperature dependence of the transport 
number between 0.1 and 0.2 m KC1 solutions. 
Membrane: A, C -l; B, A -l; C, C-2.

derivative of standard chemical potential m° with 
respect to temperature. At AT =  0, eq. 10 becomes 
the equation for isothermal systems.6-7 In dilute 
solutions the activity of water is nearly unity and, 
hence, In (<Zo(2)/oo(l)) and In Oq terms are negligible 
compared with the other terms. Therefore eq. 10 
may be written as

A*  -  (2t+ -  l ) f  in +

RAJ1
(2 1+ -  1 ) --------- In a± (2 ) +  (t+a+ +  t-aJ)AT (1 2 )

where the abbreviations

are used.

«+ =  v ~

a -  =  V + (13)

Si° is the partial molal entropy which is the partial (7) A. J. Stavennan, Trans. Faraday Soc., 48, 176 (1952).
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CALOMEL

Figure 3. Membrane potential cell: P, poly(methyl 
methacrylate) resin cell; M, membrane; R, 
rubber gaskets; T, thermometer; S, solution;
B, salt bridge (satd. KC1); I, solution 
inlet; O, solution outlet.

I f  th e r e  is  n o  a c t iv i t y  d iffe r e n c e  a c r o s s  t h e  m e m b r a n e ,  

m o r e o v e r , Af/ AT m a y  b e  w r it t e n  as

A\I/ R
=  2 .3 0 3 (2 < +  -  1 ) —  lo g  a ± (2 )  +

(t+a+ +  t - a - )  ( 1 4 )

I f  t h e  s e le c t iv i t y  o f  m e m b r a n e  is  id e a l , i.e., t+ o r  

£_ =  1 , th e r e fo r e  t h e  s lo p e  o f  t h e  Aip/AT vs. l o g  a ± (2 )  

p lo t  m u s t  b e  ± 2 . 3 0 3 / 2 / i F  a n d  it s  in t e r c e p t  a t  t h e  lo g  

a ± ( 2 )  a x is  g iv e s  a +  o r  a _ .  S in c e  t h e  c o n c e n tr a t io n  o f  

e le c t r o ly te  a b s o r b e d  in  t h e  m e m b r a n e  v a r ie s  s l ig h t ly  

w it h  t h e  e le c t r o ly t e  c o n c e n tr a t io n  in  t h e  o u t e r  s o lu t io n s ,  

t h e  p h e n o m e n o lo g ic a l  c o e ffic ie n ts  ilap o r  uap in  e q . 5  

o r  6  a n d , c o n s e q u e n t ly , a+ a n d  o f  e q . 1 3  m a y  v a r y  

s l ig h t ly  w it h  t h e  e le c t r o ly t e  c o n c e n tr a t io n  in  m e m b r a n e  

s y s t e m s  b u t  c a n  b e  p r a c t ic a l ly  t r e a t e d  a s  c o n s t a n t , a s  

is  s e e n  in  t h e  e x p e r im e n ta l  re s u lts .

Experimental Section
Preparation and Properties of Membranes. H e t e r o 

g e n e o u s  c a t io n -  a n d  a n io n -e x c h a n g e  m e m b r a n e s  w e r e  

p r e p a r e d  f r o m  A m b e r l i t e  X E - 6 9  a n d  X E - 1 1 9  o f  a b o u t  

3 0 0  m e s h  a n d  p o ly v in y l  c h lo r id e  ( a  c o p o ly m e r  c o n 

t a in in g  5 %  v i n y l  a c e t a te )  a s  a  b in d e r . T h e  m e m b r a n e s  

u s e d  a re  t h e  fo l lo w in g  th r e e : ( C - l ) ,  X E - 6 9  6 0 % ,  

i+o-1 =  0 . 9 8 ;  ( A - l ) ,  X E - 1 1 9  6 0 % ,  IJ-1 =  0 . 9 7 ;

( C - 2 ) ,  X E - 6 9  3 3 % ,  X E - 1 1 9  2 7 % ,  t+0A =  0 .6 8 ,  w h e r e  

t±0A is  t h e  t r a n s p o r t  n u m b e r  o f  c a t io n  o r  a n io n  a t  

c k c i  =  0 .1  m  ( m o l e /k g .  o f  H 20 )  a n d  a t  2 5 ° .  T h e  

c h a n g e s  in  t+ a n d  £_ o f  th e s e  m e m b r a n e s  w it h  K C 1

c o n c e n tr a t io n  a r e  s h o w n  in  F ig u r e  1 . T h e  t e m p e r a 

tu r e  d e p e n d e n c e  o f  t+ a n d  i _  w a s  n e g lig ib le  in  t h e  

p r e s e n t  e x p e r im e n ta l  r e g io n  as s h o w n  in  F ig u r e  2 .  

T h e s e  tr a n s p o r t  n u m b e r s  o f  c a t io n  a n d  a n io n  in  th e  

m e m b r a n e s  w e r e  c a lc u la te d  f r o m  m e m b r a n e  p o t e n t ia ls  

a t  AT =  0  u s in g  t h e  e q u a t io n

- A * =  ± ( 2 t f c -  l ) ^ l n ^  ( 1 5 )  
$ a ± ( l )

A c t u a l ly ,  t h e  tr a n s p o r t  n u m b e r  a t  a n  e le c t r o ly t e  c o n 

c e n tr a t io n  w a s  d e t e r m in e d  b y  in t e r p o la t in g  t h e  v a lu e s  

o b t a in e d  a t  v a r io u s  v a lu e s  o f  a ± ( 2 ) / a ± ( l )  ( a ± (2 )  

b e in g  k e p t  c o n s ta n t )  t o  a ± ( 2 ) / a ± ( l )  =  l . 8

Membrane Potential Cell and Measurements. T h e  

m e m b r a n e  p o t e n t ia l  c e ll w a s  c o n s tr u c te d  f r o m  t w o  

s e c t io n s  m a d e  o f  p o ly  ( m e t h y l  m e t h a c r y la t e )  re s in  

a n d  a  c a lo m e l  e le c tr o d e  w a s  c o n n e c te d  t o  e a c h  s e c t io n  

a s  s h o w n  in  F ig u r e  3  o r  e q . 1 6 .

H g| H g 2C l 2| K C l|  K C l|  m e m b r a n e  

C o n c e n t r a t io n  s a t d . c ( l )

T e m p e r a t u r e  T T

| K C l| K C l| H g 2C l 2| H g  ( 1 6 )  

c ( 2 )  s a t d .

T +  AT T

A  m e m b r a n e , w h o s e  e ffe c t iv e  a r e a  w a s  0 .7 8  c m .2, w a s  

m o u n t e d  b e t w e e n  t h e  h a lf -c e l ls . T h e  s o lu t io n  in le t  

a n d  o u t le t  a s  w e ll  a s  a  m e r c u r y  t h e r m o m e t e r  w e r e  

in s e r te d  in  e a c h  h a l f -c e l l  t o  d is tu r b  a  d if fu s io n  la y e r  

o n  t h e  m e m b r a n e  s u r fa c e .9 T h e  n o z z le  o f  t h e  in le t  

t u b e , w h o s e  in t e r n a l  d ia m e te r  w a s  a b o u t  3  m m . ,  w a s  

f ix e d  a t  a  p o s it io n  2 - 3  m m . a p a r t  f r o m  t h e  m e m b r a n e  

s u r fa c e . I n  o r d e r  t o  p r e v e n t  t h e  t e m p e r a t u r e  r ise  o f  

t h e  c a lo m e l  e le c tr o d e s  tw o  s a t u r a t e d  K C 1  b r id g e s  

w e r e  u s e d  t o  c o n n e c t  t h e  h a lf -c e l l  a n d  t h e  c a lo m e l  e le c 

tr o d e  a n d , m o r e o v e r , t h e  m e m b r a n e  p o t e n t ia l  c e ll  w a s  

c a r e fu l ly  in s u la t e d  f r o m  t h e  c a lo m e l  e le c tr o d e  c o m p a r t 

m e n t  w h ic h  w a s  k e p t  a t  2 0 ° .  T h a t  t h e  t w o  c a lo m e l  

e le c tr o d e s  d o  n o t  s h o w  a n y  p o t e n t ia l  d iffe r e n c e  w a s  

c h e c k e d  b e fo r e  a n d  a f t e r  e v e r y  m e a s u r e m e n t  o f  m e m 

b r a n e  p o t e n t ia l  b y  d ip p in g  t h e  t w o  e le c tr o d e s  in t o  a  

s a t u r a te d  K C 1  s o lu t io n . S o m e t im e s , h o w e v e r , a  s m a ll  

p o t e n t ia l  d iffe r e n c e  s u c h  a s  0 .1  m v .  w a s  o b s e r v e d . I f  

s o , t h e  v a lu e  w a s  s u b t r a c t e d  f r o m  t h e  o b s e r v e d  m e m 

b r a n e  p o t e n t ia l .

S t r ic t ly  s p e a k in g , t h e  o b s e r v e d  p o t e n t ia l  d iffe r e n c e s  

in c lu d e  n o t  o n ly  t h e  e le c tr ic a l  p o t e n t ia l  d iffe r e n c e

(8) Y. Oda and T. Yawataya, Bull. Chem. Soc. Japan, 29, 673 
(1956).
(9) M. Nagasawa and I. Kagawa, Discussions Faraday Soc., 21, 52 
(1956).

The Journal o f Physical Chemistry



M em bbane  P o ten tial  in  jSTonisotherm al Systems 4195

Flow rate, ml./min.

Figure 4. The influence of flow rate on membrane potential 
for membrane C-l at 0.1 to KC1 solution. Membrane 
thickness, 1.13; temperature difference, AT, 10°.

Temperature difference (AT7), deg.

Figure 5. Thermal membrane potentials of membrane C-l.
KC1 concentrations: A, 0.001 to; B, 0.002 to; C, 0.005 to;
D, 0.01 to; E, 0.02 to; F, 0.05 to; G, 0.1 to;
H, 0.2 to; I, 0.75 to;  J, 1.5 to.

a c r o s s  t h e  m e m b r a n e s  b u t  a ls o  c e r t a in  s m a ll  t h e r m a l  

ju n c t io n  p o t e n t ia ls  in  s o lu t io n . I n  th is  p a p e r , i t  is  

a s s u m e d  t h a t  s u c h  th e r m a l  j u n c t io n  p o t e n t ia ls  in  

s o lu t io n  a re  n e g lig ib le . T h i s  a s s u m p t io n  is  ju s t i f ie d  in  

th is  c o n t e x t  b e c a u s e  t h e  p o t a s s iu m  c h lo r id e  s o lu t io n s  

n e v e r  d iffe r e d  in  t e m p e r a t u r e  b y  m o r e  t h a n  1 0 °  a n d  

t h e  tr a n s fe r e n c e  n u m b e r s  o f  p o t a s s iu m  a n d  c h lo r id e  

io n s , w h ic h  a r e  a lm o s t  e q u a l  a t  r o o m  t e m p e r a t u r e ,  

d o  n o t  c h a n g e  s ig n if ic a n t ly  w it h  t e m p e r a t u r e .10

W h i le  in  is o th e r m a l  s y s t e m s  a  r e p r o d u c ib le  s t a t io n a r y  

m e m b r a n e  p o t e n t ia l  w a s  o b s e r v e d  a t  r e la t iv e ly  lo w

flo w  r a te s  o f  K C 1  s o lu t io n s  ( 6 0 - 1 5 0  m l . /m i n . )  a n d  e v e n  

w it h  th in  m e m b r a n e s , in  n o n is o th e r m a l  s y s t e m s  h ig h  

f lo w  r a te s  ( 2 5 0 - 3 0 0  m L /m i n . )  a n d  th ic k e r  m e m b r a n e s  

( o f  a b o u t  1 -m m . th ic k n e s s )  w e r e  r e q u ir e d  t o  o b t a in  

r e p r o d u c ib le  m e m b r a n e  p o t e n t ia ls  in d e p e n d e n t  o f  th e  

f lo w  r a te . I f  a  t h i n  m e m b r a n e  o f  0 .3  m m . is  u s e d , 

r e p r o d u c ib le  m e m b r a n e  p o t e n t ia ls  in d e p e n d e n t  o f  th e  

f lo w  r a te  c a n n o t  b e  o b t a in e d  e v e n  a t  v e r y  h ig h  f lo w  

r a te s . A n  e x a m p le  o f  t h e  d e p e n d e n c e  o f  m e m b r a n e  

p o t e n t ia l  o n  f lo w  r a te  is  s h o w n  in  F ig u r e  4 .  T h e  m e a s 

u r e m e n ts  o f  m e m b r a n e  p o t e n t ia ls  w e r e  c a r r ie d  o u t  b y  

u s in g  a  p o t e n t io m e t e r  o f  T y p e  K 2  a n d  a  g a lv a n o m e t e r  

o f  S h im a d z u  I n s t .  C o . T h e  s e n s i t iv i t y  in  m e a s u r e 

m e n t  w a s  0 .0 1  m v .

T w o  se rie s  o f  m e a s u r e m e n t s  o f  m e m b r a n e  p o t e n t ia ls  

w e r e  c a r r ie d  o u t :  ( i)  b e t w e e n  K C 1  s o lu t io n s  w h ic h  

h a v e  t h e  s a m e  c o n c e n tr a t io n  b u t  a re  a t  d iffe r e n t  t e m 

p e r a t u r e s ; a n d  (ii)  b e t w e e n  K C 1  s o lu t io n s  w h ic h  a re  a t  

d iffe r e n t  t e m p e r a t u r e s  a n d  a ls o  h a v e  d iffe r e n t  c o n 

c e n tr a t io n s . T h e  lo w e r  te m p e r a t u r e  T ( l )  w a s  a b o u t  

2 0 °  a n d  w a s  c o n tr o l le d  t o  t h e  s a m e  t e m p e r a t u r e  a s  th e  

o u t s id e  t h e r m o s t a t . T h e  te m p e r a t u r e  d iffe r e n c e  T{2 )  

—  T{ 1 ) =  AT b e t w e e n  t w o  s o lu t io n s  w a s  v a r ie d  

b e tw e e n  0  a n d  1 0 ° ,  w i t h  a n  a c c u r a c y  o f  0 . 1 ° .

Results
F ig u r e  5  s h o w s  t h a t  t h e  m e m b r a n e  p o t e n t ia l  A\I/ f o r  

t h e  c a t io n -e x c h a n g e  m e m b r a n e  ( C - l )  in  t h e  a b s e n c e  o f  

a  c o n c e n tr a t io n  d iffe r e n c e  v a r ie s  l in e a r ly  w it h  th e  

t e m p e r a t u r e  d iffe r e n c e  AT, a s  p r e d ic te d  b y  e q . 1 4 . 

E a c h  s t r a ig h t  lin e  w a s  c a lc u la te d  b y  t h e  m e t h o d  o f  

le a s t  s q u a r e s . Q u it e  s im ila r  r e s u lts  w e r e  a ls o  o b t a in e d  

f o r  b o t h  t h e  a n io n -e x c h a n g e  m e m b r a n e  ( A - l )  a n d  a n 

o t h e r  c a t io n -e x c h a n g e  m e m b r a n e  ( C -2 )  a s  s h o w n  in  

F ig u r e  6 . F o r  th e  c a t io n -  a n d  a n io n -e x c h a n g e  m e m 

b r a n e s  t h e  s lo p e s , A^/AT ( m v . / d e g . ) ,  o b t a in e d  a re  

p lo t t e d  a s  a  fu n c t io n  o f  t h e  a c t i v i t y  o f  K C 1  in  th e  

o u t e r  s o lu t io n s  in  F ig u r e  7 .  T h e  s t r a ig h t  lin e s  w e r e  

c a lc u la te d  b y  u s in g  t h e  m e t h o d  o f  le a s t  s q u a r e s  a s 

s u m in g  t h e  s lo p e  o f  2 .3 0 3 R /f F  in  t h e  r a n g e  o f  0 .0 0 1  t o

0 .1  m  c o n c e n tr a t io n s . A l l  o b s e r v e d  v a lu e s  a re  se e n  

t o  b e  n e a r  t h e  s t r a ig h t  lin e  a n d , th e r e fo r e , t h e  s e c o n d  

t e r m  o f  e q . 1 4 , a +  o r  a _ ,  m a y  b e  c o n s id e r e d  t o  b e  

p r a c t ic a l ly  c o n s ta n t . A t  h ig h e r  c o n c e n tr a t io n s  A \J//AT 
v a lu e s  a re  d e v ia t e d  f r o m  l in e a r i ty . T h i s  d e v ia t io n  is  

d u e  t o  t h e  f a c t  t h a t  t h e  t r a n s p o r t  n u m b e r  d e c r e a s e s  

w it h  in c r e a se  o f  t h e  c o n c e n tr a t io n . T h e  h a l f -b la c k  

c ir c le s  in  F ig u r e  7  a r e  t h e  v a lu e s  c o r r e c te d  f o r  t h e  c o n 

c e n tr a t io n  d e p e n d e n c e  o f  t h e  t r a n s p o r t  n u m b e r . T h e  

th e r m a l  c h a n g e  o f  t h e  a c t i v i t y  c o e ffic ie n t w a s  a lso

(10) H. S. Harned and B. B. Owen, “ The Physical Chemistry of 
Electrolytic Solutions,” Reinhold Publishing Corp., New York, 
N. Y„ 1950, pp. 224-234.
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Temperature difference (AT), deg.

Figure 6. Thermal membrane potentials of membranes C-l, 
A-l, and 0 2 . The contribution of the concentration 
difference was eliminated by using eq. 12. The temperature 
in phase 2 is always higher than that in phase 1. C-l:
A, t+ =  1.0, c(l) = 0.1 to, c(2) = 0.05 m; B, t+ =
1.0, c(l) =  0.05 to, c(2) =  0.1 to; C, t+ = 0.97, c (l) =
0.2 m, c(2) = 0.1 to; D, <+ = 0.97, c(l) =  0.1 to, c(2) =
0.2 to; A -l: E, t -  = 0.97, c(l) = 0.2 to, c(2) = 0.1 m;
F, U =  0.97, c (l) =  0.1 to, c(2) =  0.2 to; 0 2 :  G, 
t+ =  0.68, c(l) =  0.2 to, c(2) = 0.1 to; H, t+ =
0.68, c(l) =  0.1 to, c(2) =  0.2 m.

t a k e n  i n t o  a c c o u n t  w h e n  t h e  c o n c e n t r a t io n  w a s  h i g h .11 

T h e  v a lu e s  t h u s  c o r r e c te d  a re  a ll  c lo s e  t o  t h e  s t r a ig h t  

lin e s .

F o r  t h e  m e m b r a n e  C - 2 ,  t h e  g r a p h  o f  A t / - /A T  

a g a in s t  l o g  a ± (2 )  w a s  c a lc u la te d  f r o m  e q . 1 4  w it h  t h e  

v a lu e s  o f  t+ a s  s h o w n  in  F ig u r e  1 , a s s u m in g  t h e  s a m e  

a+ a n d  a _  a s  o b t a in e d  f o r  C - l  a n d  A - l .  T h e  a g re e 

m e n t  b e tw e e n  t h e  c a lc u la te d  c u r v e  a n d  t h e  o b s e r v e d  

v a lu e s  is  s a t is fa c t o r y .

T h e  m e m b r a n e  p o t e n t ia ls  o b t a in e d  in  t h e  p r e s e n t  

w o r k  a re  m u c h  d iffe r e n t  f r o m  t h e  v a lu e s  r e p o r te d  b y  

I k e d a , et al.,1 w h o  u s e d  o x id iz e d  c o llo d io n  m e m b r a n e s ,  

b u t  a r e  in  a lm o s t  c o m p le t e  a g r e e m e n t  w it h  t h e  v a lu e s  

b y  T y r r e l l ,  et al.,2 w h o  u s e d  q u it e  a  d iffe r e n t  s h a p e  o f  

io n -e x c h a n g e  r e s in .

T h e  m e m b r a n e  p o t e n t ia ls  a c r o s s  t h e  m e m b r a n e s  

s e p a r a t in g  t w o  s o lu t io n s  w h ic h  a r e  a t  d iffe r e n t  t e m p e r a 

tu r e s  a n d  a ls o  h a v e  d iffe r e n t  c o n c e n tr a t io n s  in c lu d e

Activity, a ± .

Figure 7. The dependence of temperature coefficient, A^/AT, 
on KC1 concentration: O, observed values (no corrections 
were given); 3, corrected for the low transport number;
•, corrected for the concentration difference and the 
low transport number.

te r m s  d u e  t o  t h e  c o n c e n tr a t io n  d iffe r e n c e  in  a d d it io n  

t o  t h e  t e r m s  d u e  t o  t h e  te m p e r a t u r e  d iffe r e n c e , a s  se e n  

in  e q . 1 2 . T h e r e fo r e , i f  t h e  t e r m  d u e  t o  t h e  c o n c e n tr a 

t io n  d iffe r e n c e  (i.e., t h e  f ir s t  t e r m  in  e q . 1 2 )  is  s u b t r a c t e d  

f r o m  t h e  o b s e r v e d  v a lu e s , t h e  r e m a in in g  v a lu e s  m u s t  

b e  t h e  v a lu e s  f o r  t h e  p r e s e n c e  o f  te m p e r a t u r e  d if 

fe r e n c e  o n ly ,  a n d , th e r e fo r e  m u s t  b e  in  a g r e e m e n t  w it h  

t h e  p o t e n t ia l  d iffe r e n c e s  w h ic h  w e r e  o b t a i n e d  w it h  n o  

c o n c e n tr a t io n  d iffe r e n c e . T h e  r e la t io n s h ip  b e t w e e n  

t h e  t h e r m a l  p o t e n t ia l  (i.e., t h e  p o t e n t ia l  d u e  t o  t e m 

p e r a t u r e  d iffe r e n c e  o n ly )  a n d  t h e  t e m p e r a t u r e  d if 

fe r e n c e  is  s h o w n  in  F ig u r e  6 . T h e  s lo p e s  o f  t h e  g r a p h s  

in  F ig u r e  6  a re  c o m p a r e d  w it h  t h e  v a lu e s  o b t a in e d  

w it h o u t  c o n c e n tr a t io n  d iffe r e n c e  in  F ig u r e  7 . A l l  

v a lu e s  a r e  s e e n  t o  b e  o n  t h e  s a m e  t h e o r e t ic a l  l in e s , a s  

s h o w n  in  F ig u r e  7 .

I n  c o n c lu s io n , t h e  p r e s e n t  t h e o r y  f o r  n o n is o th e r m a l  

m e m b r a n e  s y s t e m s  a g re e s  w it h  t h e  e x p e r im e n ta l  

r e s u lts  b o t h  in  t h e  a b s e n c e  a n d  in  t h e  p r e s e n c e  o f  c o n 

c e n tr a t io n  d iffe r e n c e . T h e  m e m b r a n e  p o t e n t ia l  |A^| 

in c r e a s e s  l in e a r ly  w it h  in c r e a s e  o f  t h e  te m p e r a t u r e  

d iffe r e n c e  a n d  t h e  s lo p e  o f  A\f//AT vs. l o g  a ± ( 2 )  p lo t  

is  2 .3 0 3 7 2 /?  i f  t h e  t r a n s p o r t  n u m b e r  o f  a n io n  is  u n i t y .

(11) See ref. 10, p. 558.
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A  g r a p h ic a l  m e t h o d  h a s  b e e n  p r o p o s e d  t o  s o lv e  F r o h l ic h ’ s e x p r e s s io n  f o r  c o m p le x  d ie le c tr ic  

c o n s t a n t  a t  m ic r o w a v e  fr e q u e n c ie s  in  o r d e r  t o  e v a lu a t e  t h e  minimum a n d  maximum d ie le c 

tr ic  r e la x a t io n  t im e s  ti a n d  r 2. C a lc u la t io n s  h a v e  b e e n  m a d e  a t  t h r e e  f r e q u e n c ie s  f o r  e t h y l  

b r o m id e  a n d  b u t y l  b r o m id e  a t  2 5 °  a n d  d ib e n z y l  e th e r  a t  2 0 , 4 0 ,  a n d  6 0 ° .  I t  h a s  b e e n  fo u n d  

t h a t  t h e  r e s u lts  a r e  a f f e c t e d  c o n s id e r a b ly  b y  t h e  in a c c u r a c y  o f  m e a s u r e m e n t s  a n d  b y  t h e  

n o n a p p l ic a b i l i t y  o f  F r o h l ic h ’ s  d is t r ib u t io n  fu n c t io n .

Introduction
D ie le c tr ic  r e la x a t io n  is  t h e  la g  in  d ip o le  o r ie n ta t io n  

b e h in d  a n  a lt e r n a t in g  e le c tr ic  f ie ld .1 B e r g m a n n ,  

R o b e r t i ,  a n d  S m y t h 2 h a v e  g iv e n  a  m e t h o d  f o r  a n a ly z in g  

t h e  d ie le c tr ic  r e la x a t io n  o f  s o m e  s u b s t a n c e s  in  te r m s  

o f  tw o  r e la x a t io n  t im e s , o n e  f o r  t h e  m o le c u la r  o r ie n ta 

t io n  a n d  th e  o t h e r  f o r  t h e  in t r a m o le c u la r  o r ie n ta t io n  

p r o c e s s . R e c e n t  e x p e r im e n ta l  o b s e r v a t io n s 3 h a v e  b e e n  

m a d e  s h o w in g  v e r y  c le a r ly  t h e  e x is te n c e  o f  t h e  tw o  

p r o c e s s e s . W h e n  t h e  d ie le c tr ic  r e la x a t io n  o c c u r s  b y  

t w o  o r  m o r e  m e c h a n is m s  g i v in g  m o r e  o r  le ss  o v e r la p p in g  

d is p e r s io n  r e g io n s , t h e  a n a ly s is  o f  t h e  c o r r e s p o n d in g  

d ie le c tr ic  c o n s t a n t  a n d  lo s s  v a lu e s  a n d  t h e  c a lc u la t io n  

o f  t h e  r e la x a t io n  t im e s  a re  o f t e n  d iff ic u lt  a n d  a p p r o x i

m a t e . F o n g  a n d  S m y t h 4 5 h a v e  d e s c r ib e d  a  m e t h o d  f o r  

s u c h  c a s e s  in  te r m s  o f  t h e  D e b y e  t h e o r y .

F r ö h l ic h 6 c o n s id e r e d  t h a t  a  d is t r ib u t io n  in  r e la x a t io n  

t im e  m i g h t  a r ise  f r o m  a  d is t r ib u t io n  o f  a c t iv a t io n  

e n e r g ie s  in  a  g iv e n  s y s t e m . T h i s  is  c o n s is te n t  w it h  th e  

m o d e l  t h a t  e a c h  r o t a t in g  s e g m e n t  is  s u r r o u n d e d  b y  a  

d iffe r e n t  f ie ld  o f  fo r c e , b u t  t h e  le n g th s  o f  t h e  r e la x in g  

s e g m e n t s  a re  e q u a l  t h r o u g h o u t  t h e  s y s t e m . F r ö h lic h 6 

a s s u m e d  t h a t  e a c h  p r o c e s s  o b e 3,,e d  t h e  A r r h e n iu s  r e la 

t io n  t  =  r 0 e x p (v/kT), H  t o  H +  v b e in g  t h e  r a n g e  o f

a c t iv a t io n  e n e r g y , H  b e in g  t h e  minimum p o t e n t ia l  

b a r r ie r .

T o  e x p la in  t h e  c ir c u la r  a r c  p lo t  f o r  a  la r g e  n u m b e r  o f  

m o le c u le s  C o le  a n d  C o le 6 e m p ir ic a l ly  in t r o d u c e d  a  

p a r a m e t e r  a in  D e b y e ’ s  e x p r e s s io n  f o r  c o m p le x  d i

e le c t r ic  c o n s t a n t  e*, a n d  c a lle d  a  t h e  d is t r ib u t io n  p a r a m 

e te r  f o r  t h e  r e la x a t io n  t im e . I n s t e a d  o f  u s in g  a, 
F r ö h lic h 6 a s s u m e d  m in im u m  a n d  m a x i m u m  r e la x a t io n  

t im e s , t i  a n d  t 2, a n d  u s e d  a  d is t r ib u t io n  f u n c t io n  o f  t h e  

f o r m

f ( r )  =  1 1At ( t i  <  t <  T2,

f  ( t )  = 0  ( n  >  t , t 2 <  t ) (1 )

w h e r e  A  =  v/kT.

(1) P. Debye, “Polar Molecules,” Chemical Catalog, New York, 
N. Y., 1929.
(2) K. Bergmann, D. M. Roberti, and C. P. Smyth, J. Phys. Chem., 
64, 665 (1960).
(3) W. P. Purcell, K. Fish, and C. P. Smyth, J. Am. Chem. Soc., 
82, 6299 (1960).
(4) F. K. Fong and C. P. Smyth, J. Phys. Chem., 67, 226 (1963).
(5) H. Frohlich, “Theory of Dielectrics,” Oxford University Press, 
London, 1949, pp. 93-95.
(6) K. S. Cole and R. H. Cole, J. Chem. Phys., 9, 341 (1941).
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W i t h  s u c h  a  d is tr ib u t io n  fu n c t io n , h e  d e r iv e d  e x 

p r e s s io n s  f o r  t a n d  t " , t h e  d ie le c tr ic  c o n s t a n t  a n d  th e  

d ie le c tr ic  lo s s , r e s p e c t iv e ly . A s s u m in g  F r o h l ic h ’ s  d is 

t r ib u t io n  fu n c t io n , H ig a s i 7-8 g a v e  a  m e t h o d  f o r  d e t e r 

m in in g  7*i a n d  r 2.

I t  is  o b s e r v e d  t h a t  d iffe r e n t  r e la x a t io n  m e c h a n is m s  

a re  n o t  e q u a l ly  p r o b a b le . S m a l le r  v a lu e s  o f  r  in d ic a te  

m o r e  p r o b a b le  m e c h a n is m s . M a t s u m o t o  a n d  H i g a s i , 9 

th e r e fo r e , m o d if ie d  t h e  e q . 1  as

f ( r )  =  1 / A t "  ( 0  <  n <  03 , t i  <  r  <  T2)

f ( r )  = 0  ( T i >  T, 7*2 <  r )

I n  s o m e  s u b s t a n c e s , D a v i d s o n  a n d  C o l e 10 s h o w e d  

t h a t  a s  t h e  te m p e r a t u r e  o f  m e a s u r e m e n t  is  lo w e r e d ,  

s k e w e d  a r c s  a r e  o b ta in e d . T h e s e  w e r e  b e a u t i fu l ly  

e x p la in e d  b y  M a t s u m o t o  a n d  H i g a s i 9 b y  p u t t i n g  n =  
3/ 2, 1 , 2/ s ,  V i ,  a n d  V 3- W h e n  t h e  e x p e r im e n ta l  v a lu e s  

o f  D a v i d s o n - C o l e  p a r a m e t e r  /3 a re  v e r y  n e a r  t o  t h e  t h e o 

r e t ic a l  v a lu e s  o b t a in e d  b y  p u t t i n g  n =  3/ 2, 1 , 2A ,  V 2, 

a n d  1/ 3, t h e  m e t h o d  d e s c r ib e d  h e r e  m a y  a ls o  b e  a p p lie d . 

F o r  in t e r m e d ia te  v a lu e s  o f  /3 i t  m a y  b e  d iff ic u lt  t o  c h o o s e  

a  p r o p e r  v a lu e  o f  n a n d  e v a lu a t e  t h e  in te g r a l .

T h e  p u r p o s e  o f  t h e  p r e s e n t  p a p e r  is  t o  d e t e r m in e  n  

a n d  7"2 u s in g  F r o h lic h ’ s  e q u a t io n  a n d  m a k in g  n o  a p 

p r o x im a t io n . S in c e  a n  a lg e b r a ic  s o lu t io n  w a s  im p o s 

s ib le , a  g r a p h ic a l  a p p r o a c h  h a s  b e e n  fo llo w e d . T h e  

r e s u lts  a r e  c o n s id e r a b ly  a f fe c te d  b y  t h e  in a c c u r a c y  

o f  m e a s u r e m e n t s .

Theory
T a k i n g  in t o  c o n s id e r a t io n  t h e  d is tr ib u t io n  o f  r e la x a 

t io n  t im e , F r o h l ic h ’s 6 e x p r e s s io n  f o r  t h e  c o m p le x  d i

e le c tr ic  c o n s t a n t  is

(eo —  6 q ,) f (r )d r  

(1  —  ¿cor)
(2)

w h e r e  e0 a n d  e„ a re  th e  s ta t ic  a n d  o p t i c a l  d ie le c tr ic  

c o n s ta n ts , r e s p e c t iv e ly , r  is  t h e  r e la x a t io n  t i m e , co is  

t h e  a n g u la r  f r e q u e n c y , f ( r )  is  t h e  d is t r ib u t io n  fu n c t io n  

f o r  t h e  r e la x a t io n  t im e  g i v e n  b y  e q . 1 , a n d  j  =  y/ —l. 
O n l y  t h e  c a s e  w h e r e  n =  1 w ill  b e  c o n s id e r e d . U s in g  

e q . 1 , e q . 2  c a n  b e  w r it te n  as

e*

e0 ~  e<
1  p  dT
A  Jr, r ( l  —  j'cût) (3)

w h e r e  n  a n d  r 2 a re  t h e  m in im u m  a n d  m a x i m u m  r e la x a 

t io n  t im e s . M u lt i p ly i n g  th e  n u m e r a t o r  a n d  d e n o m i

n a t o r  o f  t h e  r ig h t -h a n d  s id e  o f  th is  e q u a t io n  b y  ( 1  +  

joor) a n d  e q u a t in g  t h e  r e a l a n d  im a g in a r y  p a r t s  o f  b o t h  

s id e s  a n d  u s in g  e* =  e ' +  je " ,  t h e  fo l lo w in g  e q u a 

t io n s  a re  o b t a in e d

a n d

€0 eOT

1 r d r

A  JU  r ( l +  co2r 2)

1 / *  T2 CodT

A .Jr, (1 +  COST2)

(4 a )

( 4 b )

D i v i d i n g  e q . 4 b  b y  e q . 4 a  a n d  e v a lu a t in g  t h e  in t e g r a ls

2 { t a n _ 1 COT 2 t a n  1 con}
(1  +  co2n 2) ~ 

n 2 (1 +  co2t22)_
I n t r o d u c in g  t w o  v a r ia b le s , coi =  1 / n  a n d  co2 =  l / r 2, 

a n d  r e a r r a n g in g  t h e  te r m s  o n e  g e ts

(7 V7JIn  (coi2 +  co2) +  2  t a n - 1  —  =
COl

(tW In  (co22 +  co2) +  2  t a n - 1  —
co2

o r

w h e r e

î M  =

f(coi) — f(co2) — f(co*)

In  (co* 2 +  co2) +  2  t a n - 1  — >
co*;

(5)

T h e  f a c t o r  t " /e' —  e „ , f o r  a n y  s u b s t a n c e  a t  a  c o n s t a n t  

t e m p e r a t u r e  a n d  a  g i v e n  a n g u la r  fr e q u e n c y  co, is  a  c o n 

s t a n t .  N o w  a  g r a p h ic a l  s o lu t io n  t o  e q . 5  is  s o u g h t .  

E x p e r im e n t a l ly  o b s e r v e d  v a lu e s  o f  e ', e " ,  a n d  e„  a t  

a  g i v e n  t e m p e r a t u r e , a n d  t h e  a n g u la r  f r e q u e n c y  (co) 

a r e  s u b s t i t u t e d  in t o  e q . 5 . A  c u r v e  o f  lo g  co* vs. 
f  (co*) is  t r a c e d  b y  v a r y in g  co* in d e p e n d e n t ly . A t y p i c a l  

c u r v e  ( d ib e n z y l  e th e r )  is  s h o w n  in  F ig u r e  l a .  A n  

in f in ite  n u m b e r  o f  l in e s  p a r a lle l  t o  t h e  a b s c is s a  c a n  b e  

d r a w n  t o  c u t  t h e  c u r v e  a t  tw o  p o in t s  w h ic h  c o r r e s p o n d  

t o  e q u a l v a lu e s  o f  f(co*). F o r  e v e r y  s u c h  l in e  t h e  c o n 

d it io n  f(coi) =  f(co2) is  s a t is fie d . T h e  in f in ite  n u m b e r  o f  

s o lu t io n s  c le a r ly  s h o w  t h a t  o b s e r v a t io n  a t  o n e  s in g le  

f r e q u e n c y  is  n o t  s u ffic ie n t  t o  d e t e r m in e  t h e  c o r r e c t  

v a lu e s  o f  n  a n d  r 2. T h e r e fo r e , a n o t h e r  c u r v e  m u s t  b e  

tr a c e d  (F ig u r e  l b )  w ith  t h e  h e lp  o f  o b s e r v e d  d a t a  fo r  

a  d iffe r e n t  v a lu e  o f  co. T o  f in d  t h e  r e la x a t i o n  t im e s  

t i  a n d  ti, tw o  c u r v e s  b e t w e e n  l o g  coi a n d  lo g  co2, a s  o b -

(7) K. Higasi, “Dielectric Relaxation and Molecular Structure,” 
Hakkaido University, Sapporo, Japan, 1961, Chapters VI and VII.
(8) K. Higasi, K. Bergmann, and C. P. Smyth, J. Phys. Chem., 64, 
880 (1960).
(9) A. Matsumoto and K. Higasi, J. Chem. Phys., 36, 1776 (1962).
(10) D. W. Davidson and R. H. Cole, ibid., 12, 1484 (1951).

The Journal of Physical Chemistry



M e t h o d  f o r  D e t e r m i n i n g  D i e l e c t r i c  R e l a x a t i o n  T i m e s 4199

Figure 1. Plots of f(«*) vs. log oik for 
dibenzyl ether at 60° for three wave lengths:
(a) 1.25 cm.; (b) 3.22 cm.; and (c) 10.0 cm.

ta in e d  f r o m  d iffe r e n t  l in e s  p a r a lle l  t o  t h e  a b s c is s a  f o r  

th e  tw o  c u r v e s  a  a n d  b  in  F ig u r e  1 , a re  t r a c e d . T h e  

p o in t  o f  in t e r s e c t io n  o f  t h e  tw o  c u r v e s  th u s  d r a w n ,  

F ig u r e  2 ,  g iv e s  t h e  r e la x a t io n  t im e s .

I f  th e  a c c u r a c y  o f  m e a s u r e m e n t  is  v e r y  g o o d , o b 

s e r v a t io n s  a t  tw o  fr e q u e n c ie s  o n ly  w ill  su ffic e  a n d  g i v e  

g o o d  v a lu e s  o f  r i  a n d  r 2. W i t h  a n y t h in g  le ss  t h a n  v e r y  

g o o d  a c c u r a c y  o b s e r v a t io n s  a t  m o r e  fr e q u e n c ie s  w ill  

b e  n e e d e d . C u r v e s  c o r r e s p o n d in g  t o  d iffe r e n t  o b s e r 

v a t i o n  fr e q u e n c ie s  w m a y  n o t  in t e r s e c t  a t  a  c o m m o n  

p o i n t ;  t h u s  s e v e r a l  v a lu e s  o f  n  a n d  r 2 m a y  b e  o b t a in e d .  

I f  t h e  s p r e a d  o f  t h e  c a lc u la te d  v a lu e s  is n o t  la r g e , a n  

a v e r a g e  m a y  b e  t a k e n  a n d  b e t t e r  v a lu e s  o f  r e la x a t io n  

t im e s  t i  a n d  r 2 m a y  b e  o b t a in e d . I f  t h e  in a c c u r a c ie s  

a re  la r g e , t h e  lin e s  m a y  n o t  in t e r s e c t  o r  t h e  s p r e a d  in  t h e  

v a lu e s  m a y  b e  la r g e .

T h e  r e la x a t io n  t im e s  f o r  a  f e w  s u b s t a n c e s  h a v e  b e e n  

d e t e r m in e d  b y  t h e  a b o v e  m e t h o d  a n d  t h e  r e s u lts  a r e  

c o m p a r e d  w it h  o t h e r  m e t h o d s . T h e  d a t a  w e r e  e a s i ly  

a v a i la b le  f r o m  t h e  P r in c e t o n  g r o u p .11 12' 12 T h e  r e s u lts  

o f  t h e  c a lc u la t io n s  a r e  g i v e n  in  T a b le s  I  a n d  I I .  T h e  

p o in t s  o f  in t e r s e c t io n  o f  t h e  l in e s  f o r  o b s e r v a t io n s  a t  

w a v e  le n g th s  1 0  a n d  3 .2 2  c m . ,  1 0  a n d  1 .2 7  c m . ,  a n d

Figure 2. Plots of log mi and log « 2. Curves a, b, and c here 
correspond to curves a, b, and c, respectively, of Figure 1.

Table I : Values of the Relaxation Times n  and r2 
for Ethyl Bromide and Butyl Bromide

Authors’ values Higasi’s values®
n  X T2 X Tl X T2 X

Substances 1012 sec. 1012 sec. 1012 sec. 1012 sec.

Ethyl bromide at A 0.5 16.6
25° B 1 .2 1 1 .0 1 .8 8 .0

C 1 .8 7.3

ra-Butyl bromide A 8.5 1 0 .1
at 25° B 3.4 2 0 .2 3.1 24.6

C 3.0 28.2

“ See ref. 7.

3 .2 2  a n d  1 .2 7  c m . a r e  g i v e n  in  T a b le  I A ,  B ,  a n d  C ,  re 

s p e c t iv e ly . T a b le  I I A .  B ,  a n d  C  lis t s  t h e  p o in t s  o f  

in t e r s e c t io n  o f  t h e  l in e s  f o r  o b s e r v a t io n s  a t  w a v e  

le n g th s  1 0  a n d  3 .2 2  c m . ,  1 0  a n d  1 .2 5  c m . ,  a n d  3 .2 2  

a n d  1 .2 5  c m .,  r e s p e c t iv e ly .

Discussion
I n  t h e  c a s e  o f  e t h y l  b r o m id e  a n d  b u t y l  b r o m id e , t h e  

s p r e a d  in  t h e  c a lc u la te d  v a lu e s  is  v e r y  la r g e  a n d  h e n c e  

th e s e  v a lu e s  c a n n o t  b e  a v e r a g e d  t o  g iv e n  c o r r e c t  v a lu e s  

f o r  n  a n d  r 2. T h e  la r g e  d is c r e p a n c ie s  in  t h e  v a lu e s  o f  

t i  a n d  t 2 a r e  a p p a r e n t ly  d u e  t o  e x p e r im e n ta l  in a c c u r a c y .  

T h i s  m a y  a lso  b e  d u e  t o  t h e  n o n a p p lic a b i l i t y  o f  th e  

F r o h l ic h  d is t r ib u t io n  fu n c t io n . I f  o b s e r v a t io n s  a t  a  

la r g e r  n u m b e r  o f  f r e q u e n c ie s  a r e  a v a i la b le , t h e  a v e r a g e

(11) W. M. Heston, Jr., E. J. Hennelly, and C. P. Smyth, J. Am. 
Chem. Soc., 70, 4093 (1948); H. L. Laquer and C. P. .Smyth, ibid., 
70, 4097 (1948); E. J. Hennelly, W. M. Heston, Jr., and C. P. 
Smyth, ibid., 70, 4102 (1948); F. H. Branin, Jr., and C. P. Smyth, 
J. Chem. Phys., 20, 1121 (1952).
(12) D. M. Roberti, O. F. Kalman, and C. P. Smyth, J. Am. Chem. 
Soc., 82, 3523 (1960).

V o lu m e  69 ,  N u m b er  12  D ecem b er  1966
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Table II : Values of the Relaxation Times n  and r2 for Dibenzyl Ether

Bergmann’s values by Bergmann’s values by
Authors’ values Higasi’ s method“  his method0

n  X  10« T, X  1 0 » n  X  10» 7-2 X 1 0» T1 X 1 0» T !  X 10«
Substance sec. sec. sec. sec. sec. sec.

Dibenzyl ether A 1 2 .6 64.5
at 20° B 1 1 .2 72.5 1 1 .0 79.0 3.9 33.0

C 1 0 .2 127.4

Dibenzyl ether A 8 .1 51.5
at 40° B 8.4 50.4 8 .0 42.0 4.2 25.0

C 8 .8 43.1

Dibenzyl ether A 6.5 31.8
at 60° B 6.7 30.9 8 .0 19.0 4.2 17.0

C 6 .8 29.8

“ See ref. 2.

o f  t h e  c a lc u la te d  n  a n d  r 2 w o u ld  g i v e  a  b e t t e r  e s t im a t io n  

o f  t h e  r e la x a t io n  t i m e s .

T h e  a c c u r a c y  o f  m e a s u r e m e n t s  f o r  d ib e n z y l  e th e r  is  

d e f in it e ly  g r e a te r  t h a n  t h a t  f o r  t h e  a lk y l  b r o m id e s .  

I n  t h e  c a s e  o f  d ib e n z y l  e th e r , i t  is  s e e n  t h a t  a s  t h e  

te m p e r a t u r e  in c r e a s e s , t h e  s p r e a d  in  t h e  v a lu e s  o f  

n  a n d  r 2 d e c r e a s e s . A s s u m i n g  t h e  a c c u r a c y  o f  m e a s 

u r e m e n ts  t o  r e m a in  t h e  s a m e , i t  s e e m s  p o s s ib le  t h a t  

F r o h lic h ’ s  d is tr ib u t io n  fu n c t io n  b e c o m e s  m o r e  p r o b a b le  

a s  t h e  t e m p e r a t u r e  in c r e a s e s .

T h e  m e t h o d s  o f  B e r g m a n n , R o b e r t i ,  a n d  S m y t h 2 

a n d  F o n g  a n d  S m y t h 4 a r e  a p p r o x im a t e . T h e  f o r m e r  

m e t h o d  is  g o o d  f o r  t h e  c a se s  w h e r e  tw o  w id e ly  s e p a 

r a te d  r e la x a t io n  t im e s  o c c u r , w h ile  t h e  la t t e r  o n e  is

a p p lic a b le  t o  t h e  c a s e s  w h e r e  t h e  d is t r ib u t i o n  fu n c t io n  

is  c o m p le t e ly  u n k n o w n . H i g a s i ’ s7’8 m e t h o d  m a y  b e  

c a lle d  a  s e m ie m p ir ic a l  m e t h o d . I t  is  b a s e d  o n  a  c o m 

p a r is o n  o f  t h e  C o l e - C o l e  a r c  p lo t  a n d  t h e  p s e u d o -  

e llip t ic  p lo t .  T h e  r e s u lts , th e r e fo r e , d e p e n d  o n  t h e  

e m p ir ic a l  p a r a m e t e r  a .

S in c e  t h e  m e t h o d  s u g g e s te d  h e r e  d e p e n d s  o n  t h e  

s o lu t io n  o f  F r o h l ic h ’ s  e q u a t io n  w it h o u t  a n y  a p p r o x i

m a t io n s , i t  is  e x p e c te d  t o  g i v e  b e t t e r  r e s u lts , p r o v id e d  

F r o h l ic h ’ s  d is t r ib u t io n  f u n c t io n  is  a p p lic a b le .
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P r e s s u r e -t e m p e r a t u r e  s c a n s  w it h  o x y g e n  o n  p o r o u s  s i lv e r , a s  w e ll  a s  t h e  o n s e t  o f  t h e  h o m o -  

n u c le a r  e x c h a n g e  0 162 -f - 0 182 —► 2 0 160 18, s h o w  t h a t  t h e  c h e m is o r p t io n  b e c o m e s  p a r t ly  re 

v e r s ib le  a t  a b o u t  1 6 0 ° .  M e a s u r e m e n t s  o f  t h e  e x c h a n g e  r a t e  w e r e  c a r r ie d  o u t  a t  1 6 0 - 1 8 0 ° ,  

fo l lo w e d  b y  f a s t  r e m o v a l  o f  t h e  g a s  p h a s e  a n d  d e t e r m in a t io n  o f  t h e  d e s o r p t io n  r a t e  a n d  o f  

t h e  is o t o p ic  c o m p o s it io n  o f  t h e  d e s o r b in g  g a s . I t  is  t h u s  s h o w n  in  t w o  in d e p e n d e n t  w a y s  

t h a t  t h e  d e s o r p t io n  r a t e  is  e q u a l  t o  t h e  r a t e  o f  e x c h a n g e . T h e  c h e m is o r b e d  o x y g e n  e x is ts  

in  t w o  b in d in g  s t a t e s , b u t  n o  e v id e n c e  is  f o u n d  t h a t  o n e  o f  th e s e  is  in  u n d is s o c ia t e d  fo r m .  

I n c r e a s e  in  t h e  p r o p o r t io n  o f  t h e  f ir m ly  b o u n d  f o r m  r e d u c e s  t h e  d e s o r p t io n  r a t e  b u t  c a u s e s  

n o  c h a n g e  in  t h e  a c t iv a t io n  e n e r g y  o f  d e s o r p t io n  w h ic h  is  3 2 .5  k c a l . /m o l e  o f  0 2. T h e  

r e s u lts  s h o w  t h a t  w h ile  r a p id  d iffu s io n  a n d  e x c h a n g e  t a k e s  p la c e  o v e r  t h e  e n tir e  o u t e r  s u r 

f a c e , d e s o r p t io n  o c c u r s  o n ly  f r o m  t h o s e  r e g io n s  w h ic h  a r e  fr e e  o f  t h e  f ir m ly  b o u n d  o x y g e n .

Introduction

T h e  u n d e r s ta n d in g  o f  t h e  c h e m is o r p t io n  o f  o x y g e n  o n  

s i lv e r  is  o f  g r e a t  in t e r e s t  in  v i e w  o f  t h e  im p o r t a n c e  o f  

s ilv e r  a s  a n  o x id a t i o n  c a t a ly s t ,  a s  a n  o x y g e n  e le c tr o d e  

in  f u e l  c e lls , a n d  a s  a  b a s e  m a t e r ia l  in  e le c tr o n  e m is s iv e  

d e v ic e s  a n d  p h o t o s u r fa c e s . P r e v io u s  a d s o r p t io n  w o r k  

o n  s ilv e r  in d ic a te s  t h e  e x is t e n c e  o f  d iffe r e n t  t y p e s  o f  

o x y g e n  c h e m is o r p t io n s . T h i s  w a s  c o n c lu d e d  f r o m  t h e  

d is c o n t in u it y  in  t h e  r a te  o f  a d s o r p t io n  w it h  in c r e a s in g  

c o v e r a g e . 2a'b F u r t h e r m o r e , s tu d ie s  o f  t h e  c a t a ly t ic  

o x id a t io n  o f  e th y le n e  t o  e t h y le n e  o x id e  a n d  c a r b o n  

d io x id e  in d ic a te  t h a t  t h e  r e a c t io n s  o c c u r  b y  t w o  d is t in c t  

m e c h a n is m s  w h ic h  in v o lv e  t w o  d iffe r e n t  t y p e s  o f  

c h e m is o r p t io n .3-4

I s o t o p ic  e x c h a n g e  e x p e r im e n ts 5-6 w e r e  in t e r p r e t e d  

a s  s h o w in g  t h a t  o n e  o f  t h e  m o d e s  o f  a d s o r p t io n  is  n o n -  

d is s o c ia t iv e . T h i s  w a s  c o n c lu d e d  f r o m  r e s u lts  w h ic h  

s e e m e d  t o  s h o w  t h a t  t h e  d e s o r p t io n  r a te  o f  o x y g e n  in  

t h e  r e g io n  o f  2 0 0 °  is  f a s t e r  t h a n  t h e  r a t e  o f  t h e  h o m o -  

n u c le a r  e x c h a n g e  r e a c t io n , 0 162 +  0 182 -*■ 2 0 160 18. 

T h e  p r e s e n t  w o r k  d id  n o t  c o n fir m  th e s e  r e s u lts .

T h e  p o o r  r e p r o d u c ib i l i ty  a n d  c o n flic t in g  r e s u lts  in  

k in e t ic s  a n d  a d s o r p t io n  b e h a v io r 7-8 a n d  in  s u r fa c e  

p o t e n t ia l  m e a s u r e m e n t s 9 h a v e  b e e n  n o t e d . T o  a  la r g e  

e x t e n t , t h is  h a s  b e e n  d u e  t o  t h e  p r e s e n c e  o f  im p u r it ie s .  

M u c h  o f  t h e  w o r k  w a s  d o n e  o n  c a t a ly s t  p o w d e r s  o f  

lo w  p u r i t y  a n d  e v a c u a t e d  o n ly  s l ig h t ly  a b o v e  t h e  o p e r 

a t in g  te m p e r a t u r e  ( 2 0 0 - 3 0 0 ° ) .

I n  t h e  p r e s e n t  w o r k , a t t e n t io n  w a s  th u s  p a id  t o  th e  

c le a n lin e s s  o f  b u lk  a n d  s u r fa c e  o f  t h e  s ilv e r . A  s t u d y  

w a s  m a d e  o f  t h e  p r o p e r t ie s  o f  t h e  d iffe r e n t  m o d e s  o f  

a d s o r p t io n  o f  o x y g e n  a n d  th e ir  m u t u a l  in te r a c t io n . 

E x p e r im e n t s  w ill  b e  d e s c r ib e d  a n d  d is c u s s e d  in  w h ic h  

t h e  a d s o r p t io n  a n d  d e s o r p t io n  o f  o x y g e n  a n d  is o to p ic  

e x c h a n g e  r e a c t io n s  w e r e  s t u d ie d . T h e  p r e s e n t  p a p e r  

o n ly  d e a ls  w it h  t h e  s i l v e r -o x y g e n  s y s t e m  p r o p e r ;  

t h e  e ffe c t  o f  a d d e d  im p u r it ie s , in c lu d in g  h y d r o g e n ,  

w ill  b e  t h e  s u b je c t  o f  a n o th e r  c o m m u n ic a t io n .10

(1) Work supported by the Advanced Research Projects Agency 
through the U. S. Army Electronics Laboratories and the Office of 
Naval Research.
(2) (a) A. F. Benton and L. C. Drake, J. Am. Chem. Soc., 56, 255 
(1934); (b) W. W. Smeltzer, E. L. Tollefson, and A. Cambron, 
Can. J. Chem., 34, 1046 (1956).
(3) G. H. Twigg, Proc. Roy. Soc. (London), AI18, 92, 105, 123 
(1946).
(4) Cf. L. Y. Margolis, Advan. Catalysis, 14, 451 (1963).
(5) R. G. Meisenheimer, A. W. Ritchie, D. O. Schissler, D. P. 
Stevenson, H. H. Voge, and J. N. Wilson, Proceedings of the Second 
International Congress on Surface Activity, Vol. II, Butterworth and 
Co., Ltd., London, 1957, p. 337.
(6) L. Y. Margolis, Izv. Akad. Nauk SSSR, 225 (1959).
(7) M. I. Temkin and N. V. Kulkova, Proc. Acad. Sci. USSR, 105, 
1021 (1955).
(8) J. N. Wilson, H. H. Voge, D. P. Stevenson, A. E. Smith, and L. T. 
Atkins, J. Phys. Chem., 63, 463 (1959).
(9) J. T. Kummer, ibid., 63, 460 (1959).
(10) Y. L. Sandler, S. Z. Beer, and D. D. Durigon, forthcoming pub
lication.
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Experimental Section
Experimental Setup. T h e  r e a c t io n  s y s t e m  o f  a b o u t  

3 0  c c . v o lu m e  c o n s is te d  o f  2 - 4  g . o f  s i lv e r  p o w d e r  in  a  

q u a r t z  v e s s e l, a  th e r m is t o r  g a u g e , a n d  a  H o k e  m e t a l  

v a l v e  ( N o .  4 1 1 ) .  T h e  la t te r  s e p a r a te d  t h e  s y s t e m  

t h r o u g h  l iq u id  n it r o g e n  tr a p s  f r o m  t h e  g a s  h a n d lin g  

s y s t e m , in  w h ic h  lu b r ic a t e d  s to p c o c k s  w e r e  u s e d , a n d  

f r o m  t h e  m e r c u r y  d iffu s io n  p u m p s . F u r t h e r  d e ta ils  

a re  d e s c r ib e d  e ls e w h e r e .11

T h e  s y s t e m  w a s  c o u p le d  t o  a  s m a ll  m a s s  s p e c tr o m e te r  

( C o n s o lid a t e d  E le c t r o d y n a m ic s  M o d e l  2 1 - 6 2 0 A )  f r o m  

w h ic h  t h e  s ta n d a r d  3-1 . v o lu m e  w a s  is o la te d  in  o r d e r  t o  

f a c i l i t a t e  t h e  u se  o f  s m a lle r  g a s  s a m p le s  f o r  a n a ly s is .  

T h e  in s t r u m e n t  w a s  u s e d  f o r  m o n it o r in g  im p u r it ie s  

d e s o r b in g  f r o m  t h e  s a m p le s  a n d  fo r  a n a ly z in g  is o to p ic  

o x y g e n  m ix tu r e s . O n e  c o n tr o l  e x p e r im e n t , d e s c r ib e d  

in  T a b le  I ,  r u n  5 ,  w a s  c a rr ie d  o u t  o n  a  la r g e r  s a m p le  a n d  

w a s  a n a ly z e d  o n  a  la r g e r  a n a ly t ic a l  m a s s  s p e c tr o m e te r  

( C o n s o lid a t e d  E le c t r o d y n a m ic s  M o d e l  2 1 - 1 0 3 C ) .

Surface Areas. T h e s e  w e r e  d e t e r m in e d  b y  t h e

B . E . T .  m e t h o d  b y  m e a n s  o f  t h e r m is to r  g a u g e s . K r y p 

t o n  w a s  u s e d  a s  a n  a d s o r b e n t  a t  l iq u id  n it r o g e n  t e m 

p e r a t u r e  a n d  h e liu m  f o r  d e a d  s p a c e  d e t e r m in a t io n s .  

T h e  s u r fa c e  a r e a  a m o u n t e d  t o  a b o u t  6 0 0  c m .2/ g .  a fte r  

c le a n in g  a n d  d e g a s s in g  t h e  p o w d e r . T h e  m o n o la y e r  

o f  c h e m is o r b e d  o x y g e n  w ill  b e  d e fin e d  a s  1 .2  X  1 0 16 

a t o m s /c m .2, in  a c c o r d a n c e  w it h  p r e v io u s  l i t e r a t u r e .2’6

Material. T h e  s ilv e r  w a s  p r o c u r e d  f r o m  E n g e lh a r d  

I n d u s t r ie s . I t  w a s  p r e p a r e d  f r o m  c a r b o n a t e  b y  re 

a c t io n  w it h  fo r m ic  a c id . I t  c o n ta in e d  o n ly  4  p .p .m .  

o f  c o p p e r  a s  d e t e r m in e d  b y  s p a r k  s o u r c e  m a s s  s p e c tr o -  

m e t r ic  a n a ly s is ; th is  is e q u iv a le n t  t o  o n ly  1/w o f  a  

m o n o la y e r . T h e  c a r b o n  c o n t e n t ,11 h o w e v e r , w a s  c o n 

s id e r a b ly  la r g e r  a n d  w a s  r e m o v e d  in situ.
Degassing Procedure. E x c e p t  in  t h e  p r e lim in a r y  

e x p e r im e n ts  d e s c r ib e d , t h e  e m p t y  r e a c t io n  v e s s e l  w a s  

fir s t  p u m p e d  a t  6 0 0 - 7 0 0 ° .  T h e  m e t a l  v a l v e  a n d  

t h e r m is to r  w e r e  d e g a s s e d  a t  1 8 0 °  f o r  s e v e r a l  d a y s  

w it h  fr e q u e n t  c o n t a c t  o f  lo w  p re ssu re  o x y g e n . D u r in g  

th e  la te r  s ta g e s  o n ly  tr a c e s  o f  h y d r o g e n  d e s o r b e d  f r o m  

t h e  v a lv e . T h e  p o w d e r  w a s  th e n  p la c e d  in  t h e  v e s s e l  

a n d  p u m p e d . O n  r a is in g  t h e  te m p e r a t u r e  t o  1 5 0 ° ,  

h y d r o c a r b o n s  a n d  w a te r  w e r e  o b s e r v e d  t o  d e s o r b .  

A f t e r  th e ir  r e m o v a l, t h e  te m p e r a t u r e  w a s  g r a d u a l ly  

ra is e d  t o  a b o u t  5 2 0 ° .  O x y g e n  b e lo w  1 t o r r  p r e s s u r e  

w a s  r e p e a t e d ly  a d d e d  t o  r e m o v e  r e s id u a l c a r b o n 11 as  

C 0 2. A f t e r  s e v e r a l  d a y s  o f  t r e a t m e n t  t h e  p r e s s u r e  

b u ild -u p  in  t h e  r e a c t io n  v e s s e l  w a s  m e a s u r e d  w h e n  

c lo s e d  a t  5 0 0 °  o v e r n ig h t ;  i t  a m o u n t e d  t o  a n  e q u iv a 

le n t  o f  le ss  t h a n  1 0  _3  m o n o la y e r . N o  h y d r o g e n  w a s  

u s e d  f o r  c le a n in g  in  t h e  p r e s e n t  e x p e r im e n ts  b e c a u s e  

i t  w a s  f o u n d 11 t h a t  s o m e  h y d r o g e n  is  r e ta in e d  b y  t h e  

m e t a l  a n d  m o d if ie s  i t s  s u r fa c e  p r o p e r t ie s .

Figure 1. Pressure-temperature scan for oxygen on 
silver with fixed amount of oxygen in reaction vessel.

Results
Pressure-Temperature Scans. T h e s e  p r o v id e  r a p id  

q u a li t a t iv e  in f o r m a t io n  o n  d iffe r e n t  t y p e s  o f  a d s o r p 

t io n  a c t iv e  in  d iffe r e n t  t e m p e r a t u r e  r a n g e s . I n  F ig u r e  

1 , a  p r e s s u r e -t e m p e r a t u r e  s c a n  is  s h o w n  t a k e n  a t  a n  

e a r ly  s t a g e  (o n  a  p o w d e r  o f  le sse r  p u r i t y ) .  T h e  o x y g e n  

p r e s s u r e , f o r  a  c o n s t a n t  a m o u n t  o f  o x y g e n  in  t h e  r e a c 

t io n  v e s s e l , is  p lo t t e d  vs. t im e  a n d  te m p e r a t u r e . O x y g e n  

(8  X  1 0  ~ 3 c c . ( S T P ) )  w a s  fir s t  a d s o r b e d  o n  2  g . o f  

s i lv e r  a t  — 1 9 5 °  in  a  v e s s e l  o f  3 0 -c c .  v o lu m e . T h e  

t e m p e r a t u r e  w a s  t h e n  ra is e d  in  a  s in g le  s t e p  t o  — 8 0 ° .  

T h e  s h a r p  p r e ssu r e  r ise  is  d u e  t o  re le a se  o f  p h y s ic a l ly  

a d s o r b e d  g a s . T h e  t e m p e r a t u r e  f r o m  t h e r e  o n  w a s  

ra is e d  a t  a  u n ifo r m  r a te  t o  2 4 0 °  w it h in  4  h r . I t  m a y  

b e  s e e n  t h a t  a lr e a d y  a t  — 8 0 °  a  s lo w  r e a d s o r p t io n  t a k e s  

p la c e  d u e  t o  c h e m is o r p t io n . A t  a b o u t  1 6 0 °  t h e  p r e s 

su r e  b e g in s  t o  in c r e a s e  a s  e x p e c te d  w h e n  t h e  c h e m i

s o r p t io n  b e c o m e s  p a r t ly  r e v e r s ib le . W h e n  t h e  t e m 

p e r a t u r e  w a s  r e v e r s e d , t h e  c u r v e  in  t h e  la s t  r e g io n  

e s s e n t ia l ly  r e tr a c e d  it s e lf , a p a r t  f r o m  a  s m a ll  h y s t e r e s is  

w h ic h  c a n  b e  a t t r ib u t e d  t o  la c k  o f  t e m p e r a t u r e  e q u i

l ib r iu m .

The Homonuclear Exchange Reaction 0 162 +  0 182 

f 0 160 18. A n  e a r ly  e x c h a n g e  e x p e r im e n t  is  p r e s e n te d  

in  T a b le  I .  T w o  g r a m s  o f  h ig h -p u r i t y  s i lv e r  p o w d e r ,  

in  a  v e s s e l  o f  3 0 -c c .  v o lu m e , w a s  f ir s t  d e g a s s e d  fo r  2 4  

h r . a t  t e m p e r a t u r e s  u p  t o  3 6 0 ° .  T w e n t y  to r r  o f  a  

n o n e q u i lib r iu m  is o to p ic  o x y g e n  m ix t u r e  w a s  th e n  

a d m it t e d  a t  r o o m  t e m p e r a t u r e . T a b le  I  g iv e s  th e  

a n a ly s e s  o f  t h e  o x y g e n  m ix t u r e  u s e d  a n d  o f  s a m p le s  

w it h d r a w n  a f te r  3 0  m in . c o n t a c t  a t  v a r io u s  t e m p e r a 

tu r e s  u p  t o  2 5 0 ° .

T h e  fo l lo w in g  c o n c lu s io n s  c a n  b e  d r a w n  f r o m  th is .

(1 )  B e lo w  1 5 0 °  n o  m e a s u r a b le  a m o u n t  o f  0 160 18 is

(11) Y. L. Sandler and D. D. Durigon, Trans. Faraday Soc., in press.
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Table I: Reaction of 20-Torr 0 I62 +  0 1S2 Mixture with Silver Powder

016016 016017 016018

0 “ 2 +  0 1S2 mixture 47.5 0.04 7.7
(1) 25°, 30 min. 47.2 0.04 7.7
(2) 150°, 30 min. 47.0 0.04 7.5
(3) 200°, 30 min. 47.2 0.06 8.0
(4) 200°, 60 min. 48.0 0.08 8.7
(5) 250°, 30 min. 50.2 0.11 12.3

-Mole Re
0 170 18 O ^ O 18 C O “ 0 “ C O ie0 18 CO«Oi8

0 . 4 0 4 4 . 3 0 . 0 4

0 . 3 9 4 4 . 6 0 . 0 3

0 . 3 7 4 4 . 4 0 . 5 3 0 . 1 5

0 . 3 6 4 2 . 5 1 . 3 0 . 4 4 0 . 0 5
0 . 3 5 4 0 . 9 1 . 3 0 . 5 5 0 . 0 6
0 . 3 2 3 4 . 8 1 . 2 0 . 8 4 0 . 1 7

fo r m e d . T h i s  is  in  a g r e e m e n t  w it h  t h e  c o n c lu s io n s  

d r a w n  f r o m  t h e  p r e s s u r e -t e m p e r a t u r e  s c a n  w h ic h  

s h o w e d  la c k  o f  r e v e r s ib i l i ty  o f  t h e  g a s  u p t a k e  b e lo w  

t h a t  t e m p e r a t u r e . (2 )  R e s id u a l  O 16, w h ic h  is  r e ta in e d  

b y  t h e  s i lv e r  d u r in g  t h e  e v a c u a t io n , p a r t ic ip a te s  in  

t h e  e x c h a n g e . T h i s  f o l lo w s  f r o m  t h e  in c r e a s e  in  th e  

( ) I6/ 0 18 r a t io  a n d  is  m o s t  e v id e n t  f r o m  t h e  in c r e a s e  in  

t h e  c o n c e n tr a t io n  o f  0 162 w it h  in c r e a s in g  t e m p e r a t u r e  

w h ile  t h e  c o n c e n tr a t io n  o f  0 182 d e c r e a s e s . (3 )  C a r b o n  

d io x id e  w a s  e v o lv e d  in  f a ir ly  la r g e  q u a n t it ie s  in  th is  

e a r ly  e x p e r im e n t . T e m p e r a t u r e  a n d  t im e  o f  d e g a s s in g  

a n d  c le a n in g  w it h  o x y g e n  w e r e  th e r e fo r e  c o n s id e r a b ly  

r a is e d  in  th e  s u b s e q u e n t  e x p e r im e n ts . C o n c lu s io n s  

1 a n d  2  w e r e , n e v e r t h e le s s , c o n fir m e d  in  t h e  e x p e r i

m e n t s  d e s c r ib e d  la te r .

F r o m  t h e  t e m p e r a t u r e  d e p e n d e n c e  o f  t h e  e x c h a n g e  

r e a c t io n , m e a s u r e d  o n  n in e  d iffe r e n t  s a m p le s , a n  a p 

p a r e n t  a c t iv a t io n  e n e r g y  o f  3 0 - 3 7  k c a l . /m o l e  w a s  

f o u n d  b e tw e e n  2 0 0  a n d  2 8 0 ° .  T h e  r e a c t io n  o r d e r  w a s  

f o u n d  t o  b e  0 .5  a t  2 5 0 °  a t  2 - 2 0  t o r r  p r e s s u r e  a n d  a b o u t  

0 .1  a t  1 8 0 ° .

Desorption of Isotopic Oxygen Mixtures. P r e v io u s ly  

p u b lis h e d  e x p e r im e n ts ,6-6 in v o lv in g  a  p r e a d s o r b e d  

o x y g e n  is o to p e , w e r e  in t e r p r e t e d  a s  s h o w in g  t h a t  th e  

d e s o r b in g  g a s  is  e q u i l ib r a te d  o n ly  in  p a r t  a n d  t h e  c o n 

c lu s io n  w a s  d r a w n  t h a t  a  s u b s t a n t i a l  p a r t  o f  t h e  c h e m i

s o r b e d  o x y g e n  m u s t  e x is t  in  u n d is s o c ia t e d  f o r m . T o  

t e s t  th is  c o n c lu s io n , d e s o r p t io n  e x p e r im e n ts  w ere  

c a r r ie d  o u t  in  w h ic h  t h e  d e g r e e  o f  e q u il ib r iu m  in  th e  

d e s o r b in g  g a s  w a s  d ir e c t ly  d e t e r m in e d  a f te r  r a p id  

r e m o v a l  o f  t h e  g a s  p h a s e . T h e  e x p e r im e n ts  w e r e  

c a rr ie d  o u t  in  t h e  te m p e r a t u r e  r e g io n  o f  1 6 0  t o  2 0 0 °  

in  w h ic h  t h e  h o m o n u c le a r  e x c h a n g e  is  s lo w  b u t  s t i l l  

m e a s u r a b le  a n d  t h e  r a te  o f  d e s o r p t io n  is  s lo w  e n o u g h  

s o  t h a t  r e m o v a l  o f  t h e  g a s  p h a s e  c a n  b e  a c c o m p lis h e d  

w it h  n e g lig ib le  lo s s  in  c o v e r a g e .

I n  T a b le  I I ,  r e s u lts  o f  d e s o r p t io n  e x p e r im e n ts  a re  

p r e s e n te d . A  n o n e q u i lib r iu m  e q u im o la r  m ix tu r e  o f  

0 162 a n d  0 182, c o n ta in in g  6 . 5 %  0 160 18, w a s  f ir s t  a d 

s o r b e d  a t  a b o u t  2  to r r  p r e s s u r e  fo r  1 5  t o  4 5  m in . W h e n  

p o s s ib le , t h e  a p p a r e n t  r a t e  c o n s t a n t  w a s  m e a s u r e d  fo r

t h e  s m a ll  c h a n g e  in  0 160 18 w h ic h  t o o k  p la c e  in  t h e  r e la 

t i v e ly  s h o r t  t im e . T h e  r e a c t io n  v e s s e l  w a s  th e n  p u m p e d  

4 0  t o  6 0  se c . a n d  s m a ll  s a m p le s  o f  d e s o r b in g  g a s  w e r e  

c o lle c t e d  in  t h e  r e a c t io n  v e s s e l  f o r  a n a ly s is .

A r g o n  w a s  a d m ix e d  t o  t h e  is o to p ic  m ix tu r e  b e 

c a u s e  i t  is  n o t  a d s o r b e d  o n  t h e  m e t a l  a n d  is  p u m p e d  

a t  a  r a t e  s im ila r  t o  c x y g e n . T h e  c o m p le te n e s s  o f  

t h e  g a s  r e m o v a l  b e fo r e  t a k i n g  d e s o r b e d  s a m p le s  c a n  

t h u s  b e  c h e c k e d . T h i s  is  im p o r t a n t  b e c a u s e  r e m o v a l  

o f  t h e  g a s  p h a s e  h a d  t o  b e  r a p id  a n d  c o m p le t e  in  o r d e r  

t o  k e e p  t h e  lo ss  in  s u r fa c e  c o v e r a g e  lo w  ( to  a b o u t  1 0  ~ 3 o f  

t h e  a d s o r b e d  g a s )  a n d  t o  a v o id  m ix in g  o f  t h e  s m a ll  

a m o u n t s  o f  d e s o r b e d  g a s  w it h  r e s id u a l g a s  p h a s e  

o x y g e n .

T h e  fir s t  f o u r  e x a m p le s  g iv e n  in  T a b le  I I  w e r e  

m e a s u r e d  in  a  v e s s e l  o f  3 3 -c c .  v o lu m e  o n  a  4 -g .  s a m p le  

o f  s i lv e r  h a v in g  a  s u r fa c e  a r e a  o f  2 0 0 0  c m .2. I n  t h e  

fir s t  e x a m p le , t h e  s in te r e d  p o w d e r  w a s  p r e tr e a te d  a t  

5 0 0 °  w it h  0 162 a t  a  f e w  to r r  p r e s s u r e  a n d  w a s  p u m p e d  

f o r  2 .5  h r . a t  t h e  s a m e  t e m p e r a t u r e . T h e n  2 .2  to r r  o f  

a n  o x y g e n  m ix tu r e  o f  t h e  g iv e n  c o m p o s it io n  w a s  

a d s o r b e d  f o r  1 5  m in . a t  1 8 0 ° .  I n  a l l  e x p e r im e n ts  th e  

a m o u n t  o f  a d s o r b e d  o x y g e n  w a s  a b o u t  e q u a l  t o  th e  

a m o u n t  in  t h e  g a s  p h a s e  t o  w it h in  a  fa c t o r  c f  3 . T h e  

0 160 18 m a y  b e  s e e n  t o  h a v e  c h a n g e d  l i t t le  d u r in g  th is  

p e r io d . ( T h e  fig u r e s  g iv e n  in  b r a c k e t s  in  T a b le  I I  

r e p r e s e n t  t h e  o x y g e n  c o n c e n tr a t io n  g i v e n  in  t h e  p re 

c e d in g  lin e , n o r m a liz e d  t o  1 0 0 %  fo r  o x y g e n  o n ly .)  

A f t e r  p u m p in g  t h e  g a s  p h a s e  f o r  4 0  s e c ., s u c c e s s iv e  g a s  

s a m p le s  w e r e  c o lle c te d  in  t h e  r e a c t io n  v e s s e l  fo r  3  m in .  

e a c h . I t  m a y  b e  se e n  t h a t  a lr e a d y  t h e  fir s t  g a s  s a m p le  

f r o m  t h e  a d s o r b e d  p h a s e  h a d  a  h ig h  0 160 18 c o n c e n tr a 

t io n . F o r  s t r ic t ly  e q u im o la r  m ix tu r e s  o f  0 162 +  0 182 

t h e  e q u il ib r iu m  c o n c e n tr a t io n  o f  0 160 18 w o u ld  b e  5 0 %  

c o r r e s p o n d in g  t o  a n  e q u il ib r iu m  c o n s t a n t  K  =  ( O 16-  

0 18) 2 / ( 0 162) ( 0 182) =  4 .0 .  A t  th e  0 16/ 0 18 r a t io s  in  

t h e  p r e s e n t  e x p e r im e n ts , t h e  e q u il ib r iu m  c o n c e n tr a 

t io n  is  4 5 - 4 7 %  0 160 18.

A n  in c r e a s e d  O 16 c o n c e n tr a t io n  w a s  fo u n d  in  t h e  

d e s o r b in g  g a s  a fte r  r e m o v a l  o f  t h e  g a s  p h a s e . T h i s  is  

d u e  t o  r e s id u a l o x y g e n  w h ic h  w a s  n o t  r e m o v e d  e v e n
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a fte r  p u m p in g  a t  5 0 0 ° .  S a m p le s  p u m p e d  f o r  1 6  h r . 

a t  t h e  h ig h  te m p e r a t u r e  s h o w e d  t h e  s a m e  b e h a v io r .  

I n  s p i t e  o f  i t s  f ir m  b in d in g , th is  o x y g e n  r a p id ly  e q u i

l ib r a te s  o n  t h e  s u r fa c e  w it h  t h e  a d s o r b in g  o x y g e n  m ix 

tu r e .

I n  t h e  s e c o n d  e x a m p le  g iv e n  in  T a b le  I I ,  a n  e x p e r i

m e n t  s im ila r  t o  t h e  fir s t  is  p r e s e n te d  in  w h ic h , h o w e v e r ,  

t h e  r e s id u a l o x y g e n  w a s  f ir s t  r e p la c e d  b y  O 18. T h i s  

w a s  d o n e  b y  c o n t a c t in g  t h e  m e t a l  s e v e r a l  t im e s  w it h  

0 182 a t  5 0 0 ° .  A t  th is  t e m p e r a t u r e  a l l  r e s id u a l o x y g e n  

is  e x c h a n g e d  a t  a  v e r y  h ig h  r a te . I t  m a y  b e  s e e n  f r o m  

T a b le  I I  t h a t  t h e  o x y g e n  d e s o r b e d  a t  1 8 0 °  is  n o w  r ic h e r  

in  O 18 t h a n  is  t h e  g a s  a d s o r b e d  d u r in g  t h e  e x p e r im e n t .

T h e  0 160 18 c o n c e n t r a t io n  o f  t h e  g a s  a f te r  4 0  se c . o f  

p u m p in g  a n d  3  m in . o f  c o lle c t in g  w a s  a g a in  r e la t iv e ly  

c lo s e  t o  e q u il ib r iu m  a s  c o m p a r e d  t o  t h e  n e g lig ib le  c h a n g e  

in  c o n c e n t r a t io n  f r o m  6 .4  t o  6 . 8 %  in  1 5  m in . b e fo r e  

r e m o v a l  o f  t h e  g a s  p h a s e .

T h e  s m a ll  d e v ia t io n  f r o m  c o m p le t e  e q u il ib r iu m  

f o u n d  in  e x a m p le s  1 a n d  2 ,  a n d  in  f o u r  m o r e  e x p e r i

m e n t s  in  w h ic h  a  s in g le  i s o to p e  w a s  a ls o  u s e d  f o r  p r e 

t r e a t m e n t ,  is  a t  le a s t  in  p a r t  d u e  t o  a  p o o r  te m p e r a 

tu r e  d is tr ib u t io n  f o u n d  t o  e x is t  o v e r  t h e  s a m p le . T h i s  

m a y  c a u s e  a n  u n e v e n  d is t r ib u t io n  o f  r e s id u a l o x y g e n  

o v e r  t h e  d iffe r e n t  r e g io n s  o f  t h e  p o r o u s  m e t a l  w h e n  

p u m p in g  a t  5 0 0 °  a n d  t h u s  a  v a r y i n g  0 16/ 0 18 r a t io  in  t h e  

a d s o r b e d  p h a s e  a f t e r  t h e  o x y g e n  m ix t u r e  h a s  b e e n  a d 

s o r b e d . T h e n ,  e v e n  i f  t h e  g a s  d e s o r b in g  f r o m  e a c h  

r e g io n  is  in  is o to p ic  e q u il ib r iu m , t h e  e n tir e  g a s  p h a s e  

m a y  n o t  b e  in  c o m p le t e  e q u il ib r iu m . T h i s  h o ld s  t o  a  

la r g e r  e x t e n t  f o r  n o n e q u i m o la r  m ix t u r e s  a n d  c o u ld  

h a v e  b e e n  o n e  r e a s o n  f o r  t h e  a p p a r e n t  la c k  o f  is o to p ic  

e q u ilib r iu m  in  t h e  d e s o r b in g  g a s  f o u n d  in  p r e v io u s ly  

p u b lis h e d  w o r k .6'6

I n  e x a m p le s  3  a n d  4  o f  t h e  s a m e  t a b le ,  t h e  r e s u lts  

a r e  g iv e n  f o r  t w o  r u n s  in  w h ic h  t h e  s i lv e r  w a s  p r e tr e a te d  

w it h  a n  e q u im o la r  m ix t u r e  o f  0 162 +  O l82 in s t e a d  o f  a  

s in g le  is o to p e . I n  b o t h  e x p e r im e n ts  t h e  d e s o r b e d  

s a m p le s  w e r e  in  is o to p ic  e q u i l ib r iu m  ( 5 0 %  0 160 18) 

w it h in  t h e  erro r  o f  m e a s u r e m e n t .

T h e  p re ssu re  o f  t h e  d e s o r b in g  g a s  w a s  m e a s u r e d  

b y  t h e  th e r m is to r  a t t a c h e d  t o  t h e  r e a c t io n  v e s s e l.  

I n  e x a m p le  3 ,  t h e  a p p a r e n t  e x c h a n g e  c o n s t a n t  a t  1 8 0 °  

w a s  d e t e r m in e d  in  a  s e p a r a te  e x p e r im e n t . S in c e  t h e  

d e s o r b in g  g a s  w a s  in  e q u il ib r iu m , t h e  r a t e  o f  e x c h a n g e  

s h o u ld  b e  e q u a l  t o  t h e  r a te  o f  d e s o r p t io n . T h e n  t h e  

e x c h a n g e  r a t e  c o n s t a n t  m u s t  b e  e q u a l  t o  (l/p)dp/dt,
i.e., t h e  r a t e  o f  p r e s s u r e  in c r e a s e  p e r  u n i t  t im e  d iv id e d  

b y  t h e  p r e s s u r e  o f  t h e  s y s t e m . T h i s  la t t e r  q u a n t i t y  

w a s  ( 1 / 2 0 0 0  n) X  1 A i/m in . =  5  X  1 0  ~ 4 m i n .“ 1, in  

a g r e e m e n t  w it h  t h e  a p p a r e n t  e x c h a n g e  r a t e  c o n s ta n t .

A n  in d e p e n d e n t  e x p e r im e n t  w a s  a ls o  c a r r ie d  o u t  o n  

a  la r g e r  r e a c t io n  s y s t e m  w h ic h  w a s  a t t a c h e d  t o  a

s p e c tr o m e te r  o f  h ig h e r  a c c u r a c y . T h e  a m o u n t s  o f  

t h e  v a r io u s  g a s e s  p r e s e n t  in  t h e  g a s  p h a s e  a n d  a d s o r b e d  

a t  a n y  t im e  w e r e  n o w  a c c u r a t e ly  d e t e r m in e d  f r o m  t h e  

m e a s u r e d  o x y g e n /a r g o n  r a t io s  a n d  t h e  g a s  a m o u n ts  

w ith d r a w n . T h e  la t t e r  w e r e  d e t e r m in e d  in  a  s ta n d a r d  

v o lu m e  b y  m e a n s  o f  a  c a p a c it a n c e  m ic r o m a n o m e t e r .  

T h e  g a s  p h a s e  in  th e s e  e x p e r im e n ts  w a s  r e m o v e d  b y  

c o n d e n s in g  i t  in  a  l iq u id  h e liu m  tr a p . M e a s u r e m e n t  

o f  t h e  q u a n t i t y  o f  th is  g a s  a s  w e ll  a s  c o m p a r is o n  o f  its  

c o m p o s it io n  w it h  t h e  c o m p o s it io n  o f  t h e  g a s  p h a s e  

b e fo r e  its  c o n d e n s a t io n  m a k e s  i t  p o s s ib le  t o  se e  i f  th e  

a d s o r b e d  p h a s e  c o n ta in s  a n y  w e a k ly  c h e m is o r b e d  g a s . 

T h e  la t t e r  w o u ld  h a v e  b e e n  lo s t  d u r in g  t h e  p u m p in g  

p e r io d  in  t h e  p r e v io u s  e x p e r im e n ts .

T h e  r e s u lts  o f  o n e  r u n  a r e  p r e s e n te d  in  T a b le  I I ,  

e x p e r im e n t  n o . 5 . T h e  e x c h a n g e  r a t e  w a s  d e t e r m in e d  

b y  a  se rie s  o f  m e a s u r e m e n t s  in  t h e  fir s t  4 5  m i n . ,  t h e  

la s t  o f  w h ic h  is  g i v e n  in  t h e  t a b le .  T h e  r e a c t io n  v e s s e l  

w a s  t h e n  c o n n e c te d  t o  a  l iq u id  h e liu m  t r a p , a n d  9 9 %  

o f  t h e  a m o u n t  p r e s e n t  in  t h e  g a s  p h a s e  w a s  r e c o v e r e d  

f r o m  t h e  tr a p . T h e  c o m p o s it io n  o f  t h e  tr a p p e d  g a s  

c a n  b e  s e e n  t o  b e  t h e  s a m e  a s  in  t h e  g a s  p h a s e  b e fo r e  

c o n d e n s a t io n . T h e  a d s o r b e d  p h a s e  t h u s  d o e s  n o t  

c o n ta in  a n y  m e a s u r a b le  a m o u n t  o f  w e a k ly  a d s o r b e d  

o x y g e n . A f t e r  a  f e w  e x p a n s io n s , t h e  g a s  w a s  c o lle c te d  

in  t h e  t r a p  f o r  1 h r . T h i s  g a s  w a s  n o w  in  c o m p le t e  

e q u il ib r iu m  a s  m a y  b e  s e e n  f r o m  t h e  d a t a  in  t h e  la s t  

r o w  o f  t h e  t a b le . T h e  0 160 18 c o n c e n t r a t io n  fo u n d  

w a s  4 9 .5  ±  0 .5  w h ile  t h e  c a lc u la t e d  e q u il ib r iu m  v a lu e  

is  4 9 .4 .  T h e  m e a s u r e d  d e s o r p t io n  r a t e  a g a in  w a s  e q u a l  

t o  t h e  e x c h a n g e  r a te , d e t e r m in e d  in  t h e  fir s t  4 5  m in .  

b e fo r e  c o n d e n s a t io n  o f  t h e  g a s . I n  n o  c a s e  w a s  it  

f o u n d  t h a t  t h e  d e s o r p t io n  is  fa s t e r  t h a n  t h e  e x c h a n g e  

a s  p r e v io u s ly  c la i m e d .6 E x c h a n g e  e x p e r im e n ts  th u s  

p r o v id e  n o  e v id e n c e  t h a t  a  p a r t  o f  t h e  c h e m is o r b e d  

o x y g e n  is  u n d is s o c ia t e d .

Influence of Oxygen in the Stronger Binding State on 
the Desorption Rate. T h e  p r e s e n c e  o f  r e s id u a l o x y g e n  

in  t h e  e x c h a n g e d  g a s , a s  f o u n d  in  t h e  d e s c r ib e d  e x p e r i

m e n t s ,  in d ic a te s  t h e  e x is te n c e  o f  c h e m is o r b e d  o x y g e n  

in  t w o  d iffe r e n t  b in d in g  s ta te s .

I n  t h e  f o l lo w in g  e x p e r im e n ts  t h e  m u t u a l  in t e r a c t io n  

b e t w e e n  t h e  t w o  t y p e s  w a s  s tu d ie d  b y  in v e s t ig a t in g  t h e  

e ffe c t  o f  v a r y in g  t h e  a m o u n t s  o f  f ir m ly  b o u n d  o x y g e n  

o n  t h e  r a te  a n d  a c t iv a t io n  e n e r g y  o f  d e s o r p tio n .  

T h e  t e m p e r a t u r e  d is tr ib u t io n  in  th e s e  e x p e r im e n ts  w a s  

im p r o v e d  b y  s u r r o u n d in g  t h e  r e a c t io n  v e s s e l  w it h  a  

m e t a l  s h ie ld .

I n  F ig u r e  2  t h e  r e s u lts  o f  m e a s u r e m e n t s  o f  th e  r a te  

o f  d e s o r p t io n  a s  a  f u n c t io n  o f  o x y g e n  p r e tr e a tm e n t  

a n d  te m p e r a t u r e  a re  g iv e n . T h e  lo g a r i th m  o f  t h e  

d e s o r p t io n  r a te  p e r  s q u a r e  c e n t im e t e r  is  p lo t t e d  i>s. 

l/T. T h e  s ilv e r  w a s  f ir s t  p r e tr e a te d  in  o x y g e n  a t
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Figure 2. Effect of gas pretreatment at 500° on 
the oxygen desorption between 160 and 190°.

5 0 0 °  in  a l l  r u n s , a n d  w a s  t h e n  e ith e r  p u m p e d  o v e r n ig h t  

t o  r e m o v e  s o m e  o f  t h e  f ir m ly  b o u n d  o x y g e n  (u p p e r  lin e )  

o r , a l t e r n a t e ly , w a s  c o o le d  in  5  t o r r  o f  o x y g e n  t o  2 5 0 °  

a n d  th e n  p u m p e d  f o r  1 h r . ( lo w e r  l in e ) . I n  a ll  c a se s , 

o x y g e n  w a s  th e n  a d s o r b e d  a t  5 - t o r r  p r e s s u r e  a t  1 6 0 °  

f o r  1 h r .,  t h e  s y s t e m  w a s  p u m p e d , a n d  t h e  r a te  o f  d e 

s o r p t io n  w a s  fo l lo w e d  b y  t h e  r e c o r d e d  o u t p u t  o f  a  

th e r m is t o r  g a u g e , fir s t  a t  a b o u t  1 6 0 ° ,  th e n  a f t e r  r a p id ly  

r a is in g  t h e  t e m p e r a t u r e  b y  2 0 - 3 0 ° .  T h e  n u m b e r s  o n  

t h e  t w o  c u r v e s  in  F ig u r e  2  g iv e  t h e  s e q u e n c e  o f  t h e  

m e a s u r e m e n t s . I t  m a y  b e  s e e n  t h a t  th e r e  is  a  w e ll -  

r e p r o d u c ib le  e ffe c t  o f  t h e  h ig h -t e m p e r a t u r e  p r e tr e a t 

m e n t . T h e  h ig h e r  c o n c e n tr a t io n  o f  t h e  s t r o n g ly  

b o u n d  “ h ig h -t e m p e r a t u r e  o x y g e n ”  c a u s e d  a  r a te  o f  

d e s o r p t io n  w h ic h  w a s  r o u g h ly  o n e -t h ir d  a s  h ig h . T h e  

a c t iv a t io n  e n e r g y  c o r r e s p o n d in g  t o  t h e  t w o  lin e s  w a s  

t h e  s a m e  w ith in  t h e  erro r  o f  t h e  m e a s u r e m e n t s , b e in g

3 2 .2  k c a l . /m o l e  ±  2 .3  ( m a x im u m  d e v ia t io n )  f o r  t h e  

c a s e  o f  h ig h  “ h ig h -t e m p e r a t u r e  o x y g e n ”  c o n c e n tr a t io n ,  

a n d  3 2 .7  k c a l . /m o l e  ±  1 .1  f o r  t h e  lo w e r  c o n c e n tr a t io n .

F ig u r e  3  s h o w s  a  r e tr a c e d  p r e s s u r e  r e c o r d in g  o b 

t a in e d  f o r  o n e  o f  t h e  r u n s  r e p r e s e n te d  in  F ig u r e  2 .  

T h e  p r e s s u r e  in c r e a s e  w a s  lin e a r  b e fo r e  a s  w e ll  a s  a fte r  

t h e  t e m p e r a t u r e  r ise  in  a ll  r u n s . T h e  s m a ll  lo s s  o f

Figure 3. Pressure increase with time at two 
temperatures after rapid removal of the gas phase.

c o v e r a g e  d u r in g  d e s o r p tio n  th u s  h a d  n o  e f fe c t  o n  t h e  

d e s o r p t io n  r a te .

T h e  d e s o r p t io n  r a t e  r is

r  =  5  X  1 0 26 e x p ( — 3 2 , 5 0 0 / E T )  m o le c u le s  s e c . - 1  c m . - 2

f o r  t h e  lo w e r  c o n t e n t  in  s t r o n g ly  b o u n d  o x y g e n , a n d  

a b o u t  o n e -t h ir d  a s  h ig h  f o r  t h e  h ig h e r  c o n t e n t .  I t  

s h o u ld  b e  n o t e d  t h a t  t h e  a c t iv a t io n  e n e r g y  o f  d e s o r p 

t io n  fo u n d  b y  t h e  d e s o r p t io n  m e t h o d  is  a  “ t r u e ”  

a c t iv a t io n  e n e r g y  s in c e  i t  is  m e a s u r e d  a t  c o n s ta n t  

c o v e r a g e . T h e  a c t iv a t io n  e n e r g y  o f  t h e  e x c h a n g e  re 

a c t io n  is  a n  a p p a r e n t  o n e  s in c e  i t  is  m e a s u r e d  a t  c o n 

s t a n t  p r e s s u r e , b u t  w a s  f o u n d  t o  b e  r o u g h ly  t h e  s a m e .  

A s s u m i n g  t h a t  t h e  n u m b e r  a n d  c h a r a c te r  o f  t h e  a d 

s o r p t io n  s ite s  d o  n o t  a p p r e c ia b ly  c h a n g e  in  t h e  n a r r o w  

te m p e r a t u r e  r a n g e  b e t w e e n  1 6 0  a n d  2 0 0 ° ,  t h e  f o l lo w in g  

r e la t io n s h ip 12 13 h o ld s

F a p p  —* I?true 71 q

w h e r e  n is t h e  r e a c t io n  o r d e r  a n d  q t h e  d iffe r e n tia l  

h e a t  o f  a d s o r p t io n . W i t h  n «  0 .1  a n d  q «  1 6  k c a l . /  

m o l e ,1 t h e  c o r r e c t io n  t e r m  nq is  r e la t iv e ly  s m a ll  in  th e  

c h o s e n  te m p e r a t u r e  r a n g e , a p p r o x im a t e ly  1 .6  k c a l . /  

m o le  o f  0 2.

Discussion
I t  c a n  b e  s e e n  f r o m  t h e  l in e a r i ty  o f  t h e  p r e s s u r e  r ise  

o f  t h e  d e s o r p t io n  a n d  t h e  g o o d  a g r e e m e n t  o f  t h e  d e s o r p 

t io n  r a te s  w it h  e x c h a n g e  r a te s  t h a t  m e a n in g fu l  d e 

s o r p t io n  r a te s  w e r e  o b t a in e d . O b je c t io n s  w e r e  p r e 

v i o u s ly  r a is e d 13a'b c o n c e r n in g  t h e  s ig n ific a n c e  o f  d e s o r p 

(12) Y. L. Sandler, J. Chem. Phys., 21, 2243 (1953).
(13) (a) B. M. W. Trapnell, “Chemisorption,” Butterworth and Co., 
Ltd., London, 1955, p. 44; (b) A. W. Czanderna, J. Phys. Chem., 68, 
2765 (1964).
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t io n  d a t a  b e c a u s e  o f  t h e  p o s s ib i l i t y  o f  r e a d s o r p t io n  

d u r in g  d iffu s io n  t h r o u g h  t h e  p o r o u s  m a s s . U n d e r  t h e  

c h o s e n  c o n d it io n , h o w e v e r , t h e  d e p le t io n  in  c o v e r a g e  

w a s  s m a ll ,  b e lo w  1 % ,  a n d  t h e  r a t e  o f  c h e m is o r p t io n  

w a s  v e r y  lo w .

T h e  r e p r o d u c ib le  c h a n g e  in  t h e  d e s o r p t io n  r a te  w it h  

o x y g e n  p r e t r e a t m e n t  a t  h ig h  te m p e r a t u r e s  s h o w s  in  a  

p a r t ic u la r ly  c le a r  w a y  t h e  e x is te n c e  o f  t w o  t y p e s  o f  

c h e m is o r b e d  o x y g e n , a  lo w -t e m p e r a t u r e  f o r m  w h ic h  

is  r e v e r s ib le  a b o v e  1 6 0 °  a n d  a  h ig h -t e m p e r a t u r e  fo r m  

o f  m u c h  h ig h e r  b in d in g  e n e r g y . T h e  h e a t  o f  a d s o r p 

t io n  in  t h e  w e a k e r  b in d in g  s t a t e  is  a b o u t  1 6  k c a l . /  

m o le .2a T h e  a d s o r p t io n  h e a t  fo r  t h e  s tr o n g e r  b in d in g  

s t a t e  is  n o t  k n o w n . A  v e r y  h ig h  h e a t  o f  a d s o r p tio n ,  

1 0 8  k c a l . /m o l e  o f  0 2, w a s  fo u n d  b y  G o n z a le s  a n d  

P a r r a v a n o 14 15 a t  v e r y  lo w  c o v e r a g e s . T h i s  w a s  d e 

te r m in e d  b y  t h e  u s e  o f  t h e  h y d r o g e n -w a t e r  e q u ilib r iu m .  

H o w e v e r , s in c e  t h e  c o v e r a g e  a m o u n t e d  t o  o n ly  1 0 ~ 2 t o  

1 0  ~ 3 m o n o la y e r  a n d  n o  s p e c ia l  p r e c a u tio n s  w e r e  a p 

p a r e n t ly  ta k e n , t h e  h e a t  o f  a d s o r p t io n  m a y  h a v e  b e e n  

d e t e r m in e d  b y  s u r fa c e  im p u r it ie s . A ls o ,  t h e  c h o s e n  

m e t h o d  is  u n s u it a b le  f o r  t h e  o x y g e n -s i l v e r  s y s t e m  

p r o p e r  b e c a u s e  t h e  p r e s e n c e  o f  h y d r o g e n  m o d if ie s  t h e  

o x y g e n  a d s o r p t io n  o n  s ilv e r , a s  w ill  b e  s h o w n  in  a  s u b 

s e q u e n t  p a p e r .

T h e  p r e s e n t  e x c h a n g e  a n d  d e s o r p t io n  e x p e r im e n ts  

s h o w  t h a t  a t  le a s t  a  p o r t io n  o f  t h e  r e s id u a l f ir m ly  

b o u n d  o x y g e n  r a p id ly  e q u il ib r a te s  w it h  t h e  a d s o r b in g  

o x y g e n . S im ila r  c o n c lu s io n s  f o l lo w  f r o m  e x p e r im e n ts  

a t  2 0 0 °  w it h  a n  o x y g e n  i s o to p e  p r e a d s o r b e d  o n  s ilv e r  

a t  t h e  s a m e  te m p e r a t u r e  w h ic h  a re  d e s c r ib e d  e lse 

w h e r e .16 T h e  a m o u n t  i n v o lv e d  in  t h e  e x c h a n g e  is  

s h o w n  t o  b e  a p p r o x im a t e ly  o n e  m o n o la y e r  a n d  in c lu d e s  

f ir m ly  b o u n d  o x y g e n . O n l y  a t  h ig h e r  t e m p e r a t u r e s  

a  la r g e r  a m o u n t  o f  o x y g e n , in  s u r fa c e  s o lu t io n  o r  

o c c lu d e d  in  t h e  s o lid , is  in v o lv e d .

B o r e s k o v  a n d  K a s s i n 16 r e p o r te d  o n  e x c h a n g e  e x 

p e r im e n ts  w it h  e v a p o r a t e d  s ilv e r  f i lm s  w h ic h  c a n  b e  

in t e r p r e t e d  in  t h e  s a m e  m a n n e r . T h e  r a t e  c o n s t a n t  o f  

e x c h a n g e  b e tw e e n  0 162 g a s  w it h  p r e a d s o r b e d  O 18 w a s  

f o u n d  t o  b e  c o n s t a n t  t o  t h e  e x te r n  o f  a b o u t  o n e  m o n o -  

la y e r  a n d  t h e  c o n c lu s io n  w a s  d r a w n  t h a t  t h e  a d s o r b e d

la y e r  is  “ e n e r g e t ic a l ly  u n i f o r m .”  A c c o r d in g  t o  o u r  

in t e r p r e t a t io n , t h e  r e s u lts  m e a n  t h a t  t h e  d e s o r p t io n  is  

r a te -d e t e r m in in g  a n d  t h e  e q u il ib r a t io n  in  t h e  s u r fa c e  

b e t w e e n  d iffe r e n t  t y p e s  o f  a d s o r b e d  o x y g e n  is  fa s t .  

T h i s  in d ic a te s  a  s t a t e  o f  h ig h  m o b i l i t y ,  b u t  e n e r g e tic  

u n if o r m it y  o f  a  c o m p le t e  m o n o la y e r  c a n n o t  b e  r e c 

o n c ile d  w it h  o u r  re s u lts .

O n  a  u n i f o r m ly  m o b i le  s u r fa c e , t h e  c h a n g e d  m o d e  o f  

a d s o r p tio n  a fte r  h ig h -t e m p e r a t u r e  t r e a t m e n t  w o u ld  

b e  e x p e c te d  t o  c a u s e  a  c h a n g e  in  t h e  in t e r a c t io n  

e n e r g y  b e tw e e n  o x y g e n  a n d  s u r fa c e . H o w e v e r , th e  

d e s o r p tio n  e x p e r im e n ts  s h o w  t h a t  t h e  h ig h -t e m p e r a 

tu r e  o x y g e n  t r e a t m e n t  c a u s e s  a  d e c r e a s e  in  t h e  d e s o r p 

t io n  r a te  w it h o u t  a  c h a n g e  in  t h e  a c t iv a t io n  e n e r g y . 

T h e  t r e a t m e n t  c a u s e s  a n  in c r e a s e  in  t h e  s tr o n g e r  o x y g e n  

a d s o r p t io n  o n  t h e  e x p e n s e  o f  t h e  w e a k e r  o n e  a n d  p r e 

s u m a b ly  in v o lv e s  a  s u r fa c e  r e a r r a n g e m e n t17 o r  a  g r o w t h  

o f  t h e  lo w  in d e x  c r y s t a l  f a c e ts . T h e r m a l  e tc h in g  in  

o x y g e n  a t  h ig h  te m p e r a t u r e s  is  k n o w n 18 t o  b r in g  o u t  t h e  

lo w  in d e x  p la n e s .

T h e  s ilv e r  s u r fa c e  t h e n  c o n s is ts  o f  t w o  d is t in c t  r e g io n s  

w h ic h  d iffe r  in  t h e  a r r a n g e m e n t  o f  t h e  s i lv e r  a t o m s  a n d  

t h e  w a y  in  w h ic h  t h e  o x y g e n  a t o m s  a re  e m b e d d e d  

b e tw e e n  t h e m . T h e  m o r e  w e a k ly  c h e m is o r b e d  o x y g e n  

a t o m s  c a n  d iffu s e  o v e r  t h e  o u t e r  s u r fa c e  a n d  e x c h a n g e  

w it h  t h e  m o r e  s t r o n g ly  b o u n d  o x y g e n . O n  t h e  o th e r  

h a n d , d e s o r p tio n  o f  c h e m is o r b e d  o x y g e n  is  r e s tr ic te d  

t o  th o s e  p a r ts  o f  t h e  m e t a l  s u r fa c e  w h ic h  a re  fr e e  o f  

t i g h t l y  b o u n d  o x y g e n . H ig h -t e m p e r a t u r e  o x y g e n  p re 

t r e a t m e n t  w ill  d e c r e a s e  t h e  s iz e  o f  t h e  la t t e r  r e g io n s , 

b u t  w ill  n o t  a f fe c t  t h e  d e s o r p t io n  e n e r g y .
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C o n d u c t a n c e  m e a s u r e m e n t s  a r e  r e p o r te d  f o r  M e 4N C l ,  B u4NC1, M e 4N B r ,  E t 4N B r ,  P r 4N B r ,  

B u 4N B r ,  n - A n q N B r ,  M e 4N I ,  P r 4N I ,  B u 4N I ,  n - A m 4N I ,  M e 4N P i ,  a n d  B u 4N P i  in  m e t h a n o l  

s o lu t io n s  a t  2 5 °  a n d  t h e  b r o m id e s  a n d  io d id e s  a t  1 0 ° .  T h e  io n -s iz e  p a r a m e te r  d h a d  a  

c o n s t a n t  v a lu e  o f  3 .6  ±  0 .2  a t  2 5 °  a n d  3 .5  ±  0 .2  a t  1 0 °  f o r  a ll  t h e  s a lt s . O n l y  t h e  t e t r a -  

m e t h y l -  a n d  t e t r a e t h y la m m o n iu m  h a lid e s  a r e  s ig n if ic a n t ly  a s s o c ia te d  a m o n g  t h e  b r o m id e s  

a n d  c h lo r id e s , b u t  a ll  o f  t h e  p ic r a te s  a n d  io d id e s  a n d  e v e n  t h e  la r g e  te t r a p h e n y lb o r id e s  a r e  

d e f in it e ly  a s s o c ia te d  in  m e t h a n o l  s o lu t io n s . A  d e c r e a s e  in  t e m p e r a t u r e  h a s  l i t t le  e f fe c t  

o n  t h e  a s s o c ia t io n  o f  t h e  io d id e s  b u t  d e c r e a s e s  t h e  a s s o c ia t io n  o f  t h e  b r o m id e s  in  p r o p o r t io n  

t o  t h e  eT p r o d u c t . D ie le c t r ic  c o n s t a n t s  o f  3 8 .0 1 ,  3 5 .7 0 ,  a n d  3 2 .6 2  a re  r e p o r te d  f o r  m e t h 

a n o l a t  0 ,  1 0 , a n d  2 5 ° ,  r e s p e c t iv e ly .

Introduction
T h e  c o n d u c ta n c e  o f  th e  t e t r a a lk y la m m o n iu m  h a lid e s  

in  a q u e o u s  s o lu t io n  h a s  b e e n  fo u n d  t o  b e  a b n o r m a l2 

in  t h a t  t h e  c o n d u c ta n c e  d e c r e a s e  w it h  c o n c e n tr a t io n  

b e c o m e s  g r e a te r  a s  t h e  a n io n  s iz e  in c r e a se s , in  c o n tr a s t  

t o  th e  p r e d ic t io n s  o f  t h e  F u o s s -O n s a g e r  t h e o r y .3 

I t  is  p o s s ib le  t o  e x p la in  th is  a b n o r m a l  c o n d u c ta n c e  

d e c r e a s e  b y  a n  a p p e a l  t o  io n  a s s o c ia t io n  t h a t  in c r e a se s  

a s  t h e  anion s iz e  in c r e a se s . T h e  s a m e  t y p e  o f  a b 

n o r m a l  b e h a v io r  w a s  fo u n d  b y  L in d e n b a u m  a n d  B o y d 4 5 

f o r  t h e  a c t i v i t y  c o e ffic ie n ts  o f  th e s e  s a lt s  in  a q u e o u s  

s o lu t io n , w h ic h  t h e y  e x p la in e d  b y  io n  a s s o c ia t io n .  

H o w e v e r , t h e y  p o s t u la t e d  t h a t  io n ic  a s s o c ia t io n  w a s  

e n h a n c e d  t o  a  c o n s id e r a b le  e x t e n t  b y  w a t e r -s t r u c t u r a l  

e ffe c ts  r a th e r  t h a n  b y  s im p le  c o u lo m b ic  in te r a c t io n .

I n  th is  p a p e r , w e  r e p o r t  th e  a s s o c ia t io n  b e h a v io r  o f  

th e s e  s a lt s  in  m e t h a n o l  s o lu t io n s  a s  o b t a in e d  f r o m  c o n 

d u c ta n c e  m e a s u r e m e n t s  a t  t w o  t e m p e r a t u r e s . M e t h 

a n o l is  a  s tr u c t u r e d  s o lv e n t  w it h  a  d ie le c tr ic  c o n s t a n t  

in  t h e  in t e r m e d ia te  r a n g e  ( 3 2 .6 )  t h a t  is  n o t  t o o  d i f 

fe r e n t  f r o m  t h a t  o f  a c e to n itr ile  ( 3 6 .0 ) .  W e  h a v e  d e 

te r m in e d  th e  a s s o c ia t io n  b e h a v io r  o f  th e s e  s a lt s  in  a c e 

to n itr i le 6 a n d  f o u n d  t h e  a s s o c ia t io n  t o  d e p e n d  p r im a r ily  

o n  io n  s iz e , in c r e a s in g  a s  th e  c r y s t a l lo g r a p h ic  s iz e  o f  

b o t h  a n io n  a n d  c a t io n  d e c r e a s e s . T h e  r e v e r s e  b e h a v io r  

is  r e p o r te d  h e r e  f o r  t h e  s a m e  s a lt s  in  m e t h a n o l  s o lu 

t i o n s ; t h a t  is , t h e  a s s o c ia t io n  b e h a v io r  is  in  a g r e e m e n t

w it h  t h a t  r e q u ir e d  t o  e x p la in  th e  r e s u lts  f o r  a q u e o u s  

s o lu t io n s . A  c o n s id e r a b le  a m o u n t  o f  d a t a  f r o m  th e  

l i te r a tu r e  f o r  m e t h a n o l  a n d  o t h e r  a lc o h o l s o lu t io n s  h a s  

b e e n  r e c a lc u la te d  t o  b r in g  i t  in t o  c o n fo r m i t y  w i t h  th e  

F u o s s -O n s a g e r  th e o r y  a n d  is  r e p o r te d  h e r e  f o r  c o m 

p a r is o n  p u r p o s e s .

Experimental Section
T h e  r e s is ta n c e  m e a s u r e m e n t s  a n d  w e ig h in g s  w e r e  

c a r r ie d  o u t  w it h  a  p r e c is io n  o f  b e t t e r  t h a n  0 . 0 2 % .  

T h e  d e ta ils  o f  th e  c o n d u c ta n c e  b r id g e  a n d  c e lls  h a v e  

b e e n  d e s c r ib e d  e ls e w h e r e ,6-6 a s  h a s  t h e  p r o c e d u r e  

fo l lo w e d  in  m a k in g  t h e  m e a s u r e m e n t s , w i t h  t h e  e x 

c e p t io n s  a s  n o t e d  b e lo w . T h e  c e lls  w e r e  o f  t h e  E r le n -  

m e y e r  t y p e  a n d  c o n ta in e d  5 0 0  m l . o f  s o lu t io n , t o  w h ic h  

t h e  w e ig h e d  s a lt  w a s  a d d e d  in  P y r e x  c u p s  f r o m  th e  d is 

p e n s in g  d e v ic e  in  a  c lo se d  s y s t e m .6 A l l  r e s is ta n c e  

m e a s u r e m e n t s  w e r e  c o r r e c te d  f o r  t h e  u s u a l s m a ll  

fr e q u e n c y  d e p e n d e n c e .

(1) Presented in part at the 147th National Meeting of the American 
Chemical Society, Chicago, 111., Sept. 1964.
(2) D. F. Evans and R. L. Kay, J. Phys. Chew.., in press.
(3) R. M. Fuoss and F. Aceascina, “Electrolytic Conductance,” 
Interscience Publishers, Inc., New York, N. Y. 1959.
(4) S. Lindenbaum and G. E. Boyd, J. Phys. Chew., 68, 911 (1964).
(5) D. F. Evans, C. Zawoyski, and R. L. Kay, ibid., 69, 3878 (1965).
(6) J. L. Hawes and R. L. Kay, ibid., 69, 2420 (1965).
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A l l  s a lt s  u s e d  f o r  th e  m e a s u r e m e n t s  a t  2 5 ° ,  w i t h  th e  

e x c e p tio n  o f  th e  c h lo r id e s , w e r e  t h e  s a m e  s a m p le s  a s  

w ere  u s e d  f o r  th e  a c e to n itr ile 6 a n d  a q u e o u s 2 s o lu t io n s .  

T h e  m e a s u r e m e n t s  a t  1 0 °  w e r e  c a r r ie d  o u t  w it h  fr e s h ly  

p r e p a r e d  s a lt s  p u r ifie d  a s  p r e v io u s ly  d e s c r ib e d .8 T h e  

c h lo r id e s  w e r e  p r e p a r e d  b y  m e ta th e s is  o f  t h e  c o r 

r e s p o n d in g  p u r ifie d  io d id e s  b y  A g C l  in  m e t h a n o l , th e  

a b s e n c e  o f  io d id e  b e in g  d e t e r m in e d  b y  t h e  s ta r c h  te s t .  

T h e  r e s u lt in g  A g l  w a s  r e m o v e d  b y  a  fin e , f r i t t e d -g la s s  

filte r . M c4N C 1  w a s  r e c r y s t a lliz e d  tw ic e  f r o m  m e t h 

a n o l b y  th e  a d d it io n  o f  p e r o x id e -fr e e  e th e r  a n d  d r ie d  

a t  1 4 0 °  in  a  v a c u u m  o v e n , w h ile  B u 4N C 1  w a s  r e c r y s t a l

lized  tw ic e  f r o m  a c e t o n e  b y  t h e  a d d it io n  o f  e th e r  a n d  

d rie d  a t  5 6 °  in  a  v a c u u m  o v e n . O w in g  t o  t h e  e x tr e m e  

h y g r o s c o p ic  n a t u r e  o f  th e s e  c h lo r id e s , e x tr e m e  ca re  

w a s  t a k e n  t o  a v o id  c o n t a c t  o f  th e s e  s a lt s  w it h  w a t e r  

v a p o r . A l l  m a n ip u la t io n s  in v o lv in g  th e  c h lo r id e s  

w e r e  c a rr ie d  o u t  in  a  d r y b o x  w it h  a p p r o p r ia t e  p re 

c a u tio n s  t o  a v o id  e x p lo s iv e  c o n c e n tr a t io n s  o f  e th e r  

a n d  a c e t o n e  in  th e  d r y b o x  a t m o s p h e r e . W e  a re  in 

d e b te d  t o  D r .  J . G o r d o n  f o r  s a m p le s  o f  h is  h ig h ly  p u r i 

fied  n - A n q N B r  a n d  n - A n q N I .

A l l  s o lu t io n s  w e r e  p r e p a r e d  b y  w e ig h t  a n d  v a c u u m  

c o r r e c te d . O w in g  t o  t h e  h y g r o s c o p ic  n a t u r e  o f  t h e  

c h lo r id e s , th e  u s u a l 1 1 -m m . P y r e x  c u p s  c o n ta in in g  

th e s e  s a lt s  w e r e  w e ig h e d  in  c a p p e d , s o f t -g la s s , 7 -m l .  

s t a n d a r d  w e ig h in g  b o t t le s  t h a t  h a d  b e e n  r e d u c e d  in  

s iz e  b y  a  fa c t o r  o f  3 . A l l  s a lt  tr a n s fe r s  in v o lv in g  th e  

c h lo r id e s  w e r e  c a rr ie d  o u t  in  a  d r y b o x . T h e  s a l t  c u p  

d is p e n s in g  d e v ic e  w a s  o f  c o n s id e r a b le  h e lp  d u r in g  th e  

m e a s u r e m e n t s  o n  th e s e  h y g r o s c o p ic  s a lt s .

E x t r e m e ly  h ig h  s o lv e n t  c o n d u c ta n c e s  w e r e  e n 

c o u n te r e d  in it ia l ly  d u r in g  m e a s u r e m e n t s  a t  1 0 ° .  

T h i s  w a s  f o u n d  t o  b e  d u e  t o  t h e  c o n tr a c t io n  o f  th e  

s o lv e n t  o n  c o o lin g  w h ic h  p u lle d  a ir  in t o  t h e  c e lls . 

T h e  p r o b le m  w a s  o v e r c o m e  b y  m a in t a in in g  p o s it iv e  

p r e ssu r e  o f  N 2 in  t h e  c e lls  d u r in g  t h e  c o o lin g  p r o c e ss .

R e a g e n t  g r a d e  m e t h a n o l  w a s  p u r ifie d  b y  p a s s a g e  

th r o u g h  r e a g e n t  g r a d e , m ix e d -b e d , io n -e x c h a n g e  re s in , 

fo l lo w e d  b y  a  f r a c t io n a l  d is t i l la t io n  in  a  1 .2 -m . S t e d m a n  

c o lu m n . T h e  io n -e x c h a n g e  re s in  h a d  b e e n  p r e v io u s ly  

t r e a t e d  w it h  m e t h a n o l  u n t i l  a l l  w a t e r  h a d  b e e n  r e m o v e d .  

T i t r a t i o n  w it h  K a r l  F is c h e r  r e a g e n t  in d ic a te d  n o  m o r e  

t h a n  0 .0 1  w t .  %  w a t e r  in  t h e  f in a l p r o d u c t , w h ic h  h a d  a  

sp e c ific  c o n d u c ta n c e  o f  5 - 1 2  X  1 0 - 8  a t  2 5 ° .  T h e  

m e a s u r e d  d e n s i t y  w a s  0 .7 8 6 5 8  a t  2 5 °  a n d  0 .8 0 0 7 3  g . 

m l . - 1  a t  1 0 ° .  T h e  v i s c o s i t y  a t  1 0 °  w a s  f o u n d  t o  b e  

0 .6 7 2  c p . a s  m e a s u r e d  w it h  a  U b b e l o h d e -t y p e  v i s c o m 

e te r , u s in g  a s  s ta n d a r d  t h e  m e t h a n o l  v i s c o s i t y  a t  2 5 °  

o f  0 .5 4 4 5  c p .7 M o r e  r e c e n t  m e a s u r e m e n t s , c a r r ie d  

o u t  in  th is  l a b o r a t o r y  u s in g  a  d iffe r e n t  v i s c o m e t e r  o f  

t h e  s a m e  t y p e , in d ic a te  th is  v a lu e  t o  b e  lo w  a n d  0 .6 7 6  

cp . t o  b e  m o r e  n e a r ly  c o r r e c t  a t  1 0 ° .  A l l  c a lc u la t io n s

r e p o r te d  h e re  w e r e  c a r r ie d  o u t  u s in g  th e  lo w e r  v a lu e  

s in c e  i t  w a s  f o u n d  t h a t  th is  s m a ll  c h a n g e  in  t h e  s o lv e n t  

v i s c o s i t y  h a d  a  n e g lig ib le  e f fe c t  o n  t h e  c o n d u c ta n c e  

p a r a m e te r s .

T h e  a b s o lu te  d ie le c tr ic  c o n s t a n t  o f  m e v h a n o l w a s  

m e a s u r e d  in  th e  c o m p le t e ly  g u a r d e d  t h r e e -t e r m in a l  

d ie le c tr ic  ce lls  o f  V id u lic h  a n d  K a y , 8 u s in g  th e  G e n e r a l  

R a d i o  T y p e  1 6 1 5 A  t r a n s fo r m e r  b r id g e . T h e  ce ll  

c o n s t a n t  o f  a p p r o x im a t e ly  2 .2  p f . w a s  d e t e r m in e d  b y  

d ir e c t  m e a s u r e m e n t  a n d  c o r r e c te d  t o  v a c u u m . A l l  

m e a s u r e m e n t s  w e r e  c a r r ie d  o u t  a t  1 0  k H z .  s in c e  th e r e  

w a s  a  n e g lig ib le  f r e q u e n c y  e ffe c t . T h e  v a lu e s  o f  e 

o b t a in e d  a t  0 ,  1 0 , a n d  2 5 °  w e r e  3 8 .0 1 ,  3 5 .7 0 ,  a n d  3 2 .6 2 ,  

r e s p e c t iv e ly . O u r  r e s u lt  a t  2 5 °  is  in  e x c e lle n t  a g re e 

m e n t  w it h  t h a t  o f  G o s t i n g  a n d  A lb r i g h t 9 a n d  o f  J o n e s  

a n d  D a v i e s ,10 b u t  a t  e v e r y  te m p e r a t u r e  o u r  v a lu e s  are  

a b o u t  1 %  h ig h e r  t h a n  th o s e  r e p o r te d  b y  K o i z u m i  a n d  

H a n a i .11

T h e  a b s o lu te  t e m p e r a t u r e  a t  1 0 °  w a s  d e t e r m in e d  

w it h in  ± 0 . 0 0 2 °  b y  m e a n s  o f  a  c a lib r a te d  p la t in u m  

r e s is ta n c e  t h e r m o m e t e r  a n d  a  M u e l le r  b r id g e , a s  w a s  

t h e  c a se  a t  2 5 ° .

T h e  ce ll c o n s t a n t  a t  1 0 °  w a s  d e t e r m in e d  b y  m e a s u r in g  

t h e  c o n d u c ta n c e  o f  a q u e o u s  K C 1  s o lu t io n s  a n d  c o m 

p a r in g  th e  A 0 w it h  t h a t  p r e d ic te d  b y  t h e  c o n d u c ta n c e  

e q u a t io n  f o r  t h e  t e m p e r a t u r e  d e p e n d e n c e  o f  t h e  c o n 

d u c ta n c e  o f  K C 1  b e tw e e n  5  a n d  5 5 ° ,  a s  g iv e n  b y  H a r n e d  

a n d  O w e n .12 T h e  r e s u lt in g  c h a n g e  in  t h e  c e ll c o n s ta n t  

b e tw e e n  2 5  a n d  1 0 °  w a s  le ss  t h a n  0 . 0 1 %  a n d  in  g o o d  

a g r e e m e n t  w it h  t h e  c h a n g e  c a lc u la te d  f r o m  c e ll g e o m 

e t r y  a n d  c o e ffic ie n ts  o f  e x p a n s io n  a s  g iv e n  b y  S to k e s  

a n d  R o b i n s o n .13

Results
T h e  e q u iv a le n t  c o n d u c ta n c e s  a n d  c o n c e n tr a t io n s  

(.M ) are  g iv e n  in  T a b le  I  f o r  2 5 °  a n d  in  T a b le  I I  f o r  

1 0 ° .  I n c lu d e d  w it h  e a c h  r u n  is  t h e  s o lv e n t  sp e c ific  

c o n d u c ta n c e , ko, in  o h m - 1  c m .- 1 . T h e  v a lu e s  o f  t h e  

d e n s i t y  in c r e m e n t s  A  a re  g iv e n  f o r  e a c h  s a lt . T h e s e  

w e r e  o b t a in e d  a t  2 5 °  f r o m  d e n s i t y  m e a s u r e m e n t s  o n  

th e  m o s t  c o n c e n tr a te d  s o lu t io n  s tu d ie d  in  t h e  c o n d u c t 

a n c e  w it h  t h e  a s s u m p t io n  t h a t  s o lu t io n  d e n s it ie s  fo llo w

(7) G. Jones and H. J. Fomwalt, J. Am. Chem. Soc., 60, 1683 (1938).
(8) G. A. Vidulich and R. L. Kay, J. Phys. Chem., 66, 383 (1962).
(9) P. S. Albright and L. J. Gosting, J. Am. Chem. Soc., 68, 1061 
(1946).
(10) T. T. Jones and R. M. Davies, Phil. Mag., 28, 307 (1939).
(11) N. Koizumi and T. Hanai, Bull. Inst. Chem. Res., Kyoto Unis., 
33, 14 (1955).
(12) H. S. Harned and B. B. Owen, “The Physical Chemistry of 
Electrolytic Solutions,” 3rd Ed., Reinhold Publishing Corp., New 
York, N. Y „ 1958, p. 233.
(13) R. A. Robinson and R. H. Stokes, “Electrolyte Solutions,” 2nd 
Ed., Butterworth and Co. Ltd., London, 1959, p. 97.
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Table I : Equivalent Conductances in Methanol at 25°

10'<7 A 10<C A 10 *c A lO'C A 10<C A lÔ C A

-■----- Me, NCI------. 69.611 9 9 .3 5 4 15.659 85.528 .------- Me:,NI------- x 33.319 91.769 .------Me.iNPi-------
10% = A = 79.155 97.911 21.157 83.984 10% = A = 39.190 90.411 10% = A =

7.6 0.031 26.883 82.630 8.6 0.076 47.330 88.745 9.6 0.107
10.316 111.395 .------Et, NBr----- x 32.638 81.441 5.992 123.367 3.272 110.867
20.240 107.463 10% = A = 38.487 80.360 12.902 119.178 --------Bu.NI— x 7.621 107.892
30.756 104.419 7.3 0.078 43.995 79.432 20.601 115.765 10% = A = 12.934 105.414
46.883 100.865 2.980 112.094 28.750 112.903 5.4 0.100 18.394 103.270
54.731 99.442 10.329 107.619 37.408 110.358 3 830 96 347 24.598 101.346
65.237 97.758 17.025 104.908 10% = A = 47.709 107.822 8 2Q2 03 622 30.699 99.726
75.502
86.136

96.289
94.915

25.154
31.763

102.400
100.700

7.3
3.307

0.088
90.882

59.591
72.009

105.307
103.043 14.557

20.478
90.854
88.802

39.336
46.763

97.741
96.167

39.165 99.056 8.084 88.285 27.594 86.757 10% = A =
------ Bu,,NC1------, 46.246 97.661 12.526 86.552 33.297 85.343 7.0 0.107
10% = 

4.6
A = 
0.050

56.429 95.909 17.185
23.041

85.052
83.504 10% = 

5 1
A =
0 091

40.665
47.272

83.732
82.457

4.255
9.522

109.880
106.797

9.249 84.127 ------ Pr,NBr------x 28.310 82.306
2 .9 4 9

14.640 104.553
18.099 81.538 10% = A = 33.398 81.269 104.108 ------- A TYÏ ,NT----- - 20.254 102.571
26.945 79.582 5.7 0.083 40.387 80.017 8.956 100.041

1 0 %  — A — 26.319 100.785
36.267
47.003

77.981
76.441

2.848 
7 Q87

98.171 
Q5 101

46.689 79.004 14.576
20.591

97.467
95.285 8.0 0.108 33.076

41.405
99.064
97.224

56.495 75.264 15 165 25.988 93.632 4.620 91.602 49.332 95.704
65.192 74.311 21.093 90.469 -— n-Am4NBr— ,

33.069
38.882

91.773
90.426

10.142
15.663

88.593
86.346 •——Bu<iNPi— x

27.080 88.962 10% = A = 48.875 88.414 22.633 84.106 10% = A =
--------Me,,NBr------- . 33.060 87.645 9.1 0.104 30.654 81.978 11.2 0.117
10% = A = 40.228 86.254 3.485 86.851 37.199 80.497 2.848 82.0215.2 0.062 49.851 84.638 8.719 84.179 10% = A — 44.033 79.119 8.135 79.120

4.905 118.394 14.996 81.973 6.0 0.091 52.144 77.661 14.507 76.768
14.737 112.903 "-------Jt> U4IN JDT-------s 21.704 80.111 3.887 103.226 63.656 75.942 20.985 74.831
23.854 109.495 10% = A = 28.395 78.598 8.307 100.419 75.496 74.303 27.245 73.331
34.779 106.320 7.2 0.088 35.277 77.264 13.849 97.834 85.661 73.067 34.023 71.929
45.787 103.730 3.962 90.416 41.581 76.190 19.862 95.578 97.002 71.765 42.093 70.473
56.648 101.555 9.633 87.641 50.592 74.821 25.424 93.856 107.414 70.683 50.460 69.167

t h e  l in e a r  r e la t io n s h ip  d = d0 +  Am  w h e r e  in is  t h e  c o n 

c e n tr a t io n  in  m o le s  p e r  k i lo g r a m  o f  solution. T h e  

v a lu e s  o f  A  a t  1 0 °  w e r e  a s s u m e d  t o  b e  t h e  s a m e  a s  

t h o s e  a t  2 5 ° ,  a n d  m e a s u r e m e n t  o n  a  f e w  s a lt s  in d ic a te d  

t h a t  t h e  d iffe r e n c e  in  A  a t  th e  tw o  t e m p e r a t u r e s  w a s  n o  

g r e a te r  t h a n  0 .0 0 5 .

T h e  c o n d u c ta n c e  p a r a m e te r s  f o r  b o t h  2 5  a n d  1 0 ° ,  

o b t a in e d  f r o m  le a s t -s q u a r e s  a n a ly s e s 6 o f  t h e  c o n d u c t 

a n c e  d a t a  u s in g  a  c o m p u t e r  a n d  t h e  F u o s s -O n s a g e r 3 

e q u a t io n s  in  t h e  f o r m

A  =  A 0 -  SC'A +  EC  l o g  C +  (J -  FA0)C  (1 )  

o r , i f  t h e  e le c t r o ly te s  w e r e  a s s o c ia te d , in  th e  f o r m  

A  =  A 0 -  S(Cy)Vl +  EC y  l o g  Cy +

( J  -  FA0)Cy -  K ACyAP  (2 )

a re  g iv e n  in  T a b le  I I I .  I n c lu d e d  in  T a b le  I I I  is  crA, 

t h e  s t a n d a r d  d e v ia t io n  o f  t h e  in d iv id u a l  p o in t s . W i t h  

tw o  e x c e p tio n s , i t  w a s  f o u n d  t h a t  t r e a t in g  t h e  s a lt s  as

u n a s s o c ia te d  e le c t r o ly te s  r e s u lte d  in  <rA t h a t  w e r e  f r o m  

2  t o  1 4  t im e s  la r g e r  t h a n  th o s e  r e s u lt in g  f r o m  a s s u m in g  

a s s o c ia t io n  a n d  u s in g  e q . 2 .  W e  h a v e  c o n s id e r e d  th is  

a  r e lia b le  c r ite r io n  f o r  a s s o c ia t io n  a n d  h a v e  n o t  in 

c lu d e d  t h e  r e s u lts  f o r  t h e  a n a ly s e s  w it h  e q . 1 e x c e p t  fo r  

B u 4N C l  a n d  B u 4N B r  a t  1 0 ° .

T h e  c o n s ta n ts  a, /?, Ei, a n d  E2 h a d  t h e  v a lu e s  0 .8 5 4 5 ,  

1 5 3 .5 9 ,  7 .3 5 0 ,  a n d  1 9 3 .5  a t  2 5 °  a n d  0 .8 2 0 6 ,  1 2 2 .7 6 ,  

6 .7 7 8 ,  a n d  1 4 8 .5  a t  1 0 ° ,  r e s p e c t iv e ly , w h e r e , in  e q . 1 

a n d  2 , S = aA0 +  /3 a n d  E =  EXA0 —  E2.
T h e  q u a n t i t y  F in  e q . 1 a n d  2  c o r r e c ts  f o r  t h e  in 

c r e a se  in  t h e  s o lu t io n  v i s c o s i t y  d u e  t o  t h e  a d d it io n  o f  

s a lt .  F o r  th e  la r g e  s a lt s  in v o lv e d  h e r e , th e  in c r e a s e  

in  v i s c o s i t y  is  n o t  n e g lig ib le , a l t h o u g h  n o t  n e a r ly  so  

la r g e  a s  in  a q u e o u s  s o lu t io n s . W e  h a v e  fo l lo w e d  

F u o s s 8’ 14 in  s e t t in g  F e q u a l t o  t h e  v i s c o s i t y  B  c o 

e ffic ie n t. I t  s h o u ld  b e  r e m e m b e r e d  t h a t  o n ly  J a n d ,

(14) R. M. Fuoss, J. Am. Chem. Soc., 79, 3301 (1957).

T h e  J o u rn a l  o f  P h y s ic a l  C h em istry
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Table II : Equivalent Conductances in Methanol at 10°

10<C A  1 0 ‘ C  A  1 0 ‘ C  A

.------Me4NBr------. -------Bu4NBr------. -------- Pr4NI—
10% = 10.5 10% = 5.5 10% = 11.3

7.529 95.165 3.371 73.348 3.963 83.574
16.632 91.627 9.017 71.066 8.885 81.160
26.810 88.803 15.065 69.421 15.578 78.901
41.456 85.732 21.761 67.902 23.224 76.679
55.743 83.364 31.049 66.218 30.623 75.012
70.024 81.254 40.763 64.778 38.866 73.434
80.714 79.978 47.778 63.865 47.583 71.972
96.549 78.305 55.722 62.955 55.635 70.781

10% = 6.0 10% = 5.7 10% = 5.2
8.705 94.594 4.341 72.892 4.020 83.617

19.461 90.758 8.995 71.107 10.670 80.519
30.507 87.939 14.853 69.409 19.000 77.839
39.969 86.008 21.146 67.976 26.058 76.064
50.342 84.189 29.087 66.590 44.175 72.595
60.620 82.637 36.743 65.324 55.400 70.914
74.463 80.819 46.135 64.064 62.337 69.995
91.411 78.925 57.330 62.767 .------- BixdNl------- .
.------Et.iNBr----- , 10% = 4.6 10% = 10.2
10% = 5.7 3.525 73.321 3.923 78.044

5.319 89.727 13.198 69.887 9.019 75.632
13.953 86.426 18.846 68.526 15.201 73.539
22.662 84.062 24.658 67.339 22.972 71.439
37.351 81.155 32.001 66.088 30.285 69.838
44.942 79.955 38.540 65.114 38.889 68.239
53.767 78.674 44.508 64.314 48.272 66.818
62.351 77.606 51.991 63.390 58.348 65.409
72.437 76.422 Me4NI 10% = 5.0
-------Pr4NBr------. 10% = 9.6 4.049 77.658
10% = 12.1 6.820 100.165 9.270 75.204

4.948 78.484 14.074 96.850 15.256 73.214
10.982 76.237 20.297 94.683 22.209 71.329
19.684 73.844 28.390 92.381 29.516 69.722
27.340 72.278 38.507 90.006 37.538 68.216
36.689 70.693 48.278 88.061 44.437 67.063
48.239 68.971 57.462 86.474 50.891 66.115
57.756 67.831 71.812 84.363
69.405 66.603

c o n s e q u e n t ly , t h e  io n -s iz e  p a r a m e t e r  â a re  a f fe c te d  b y

t h e  p a r t ic u la r  c h o ic e  f o r  F. T h e  v i s c o s i t y  B c o e ffic ie n ts  

u s e d  a r e  g iv e n  in  T a b le  I V .  T h e y  a r e  b a s e d  o n  th e  

T u a n  a n d  F u o s s 16 v a lu e s  f o r  M e 4N B r  a n d  B u 4N B r  a t  

2 5 ° ,  o n  o u r  o w n  m e a s u r e m e n t s  f o r  B u 4N I ,  B u 4N B r ,  

M e 4N I ,  a n d  M e 4N B r  a t  2 5  a n d  1 0 ° ,  o n  J o n e s  a n d  

F o r n w a lt ’ s 16 d iffe r e n c e  in  B fo r  K C 1  a n d  K B r  o f  0 .0 2 4 ,  

a n d  o n  t h e  a s s u m p t io n s  t h a t  in t e r p o la t e d  v a lu e s  fo r  

th e  t e t r a e t h y l -  a n d  t e t r a p r o p y la m m o n iu m  s a lt s  are  

v a l id  a n d  t h a t  B  f o r  t h e  p ic r a te  io n  in  m e t h a n o l  is  

c lo s e  t o  t h e  v a lu e  o b t a in e d  f o r  a c e to n itr i le  s o lu t io n s .16 

I n  a n y  c a se , t h e  t o t a l  c h a n g e  in  a d u e  t o  in c lu s io n  o f  th e

F  t e r m  is  s m a ll , a m o u n t i n g  t o  o n ly  0 .1 5  A .  f o r  M e 4N B r  

a n d  0 .2 5  A .  f o r  B u 4N B r  a t  b o t h  te m p e r a t u r e s . T h e  B 
c o e ffic ie n ts  a re  b a s e d  o n  a  m o la r  c o n c e n tr a t io n  sc a le .

T h e  r e s u lts  l is te d  in  T a b le  I I I  a re  r e d u c e d  t o  a  m o r e  

c o n c is e  f o r m  in  T a b le  V ,  w h e r e  t h e  c o n d u c ta n c e  

p a r a m e te r s  r e s u lt in g  f r o m  m u lt ip le  r u n s  h a v e  b e e n  

a v e r a g e d  a fte r  w e ig h t in g  e a c h  v a lu e  o f  t h e  p a r a m e te r  

b y  it s  s ta n d a r d  d e v ia t io n .

Discussion
Ion Conductances. T h e  l im it in g  io n ic  c o n d u c ta n c e s  

f o r  t h e  q u a te r n a r y  a m m o n iu m  io n s  in  m e t h a n o l  s o lu 

t io n s  a t  2 5 °  c a n  b e  c a lc u la te d  f r o m  o u r  r e s u lts  s in c e  

tr a n s fe r e n c e  d a t a  f o r  K C 1 ,15 16 17 N a C l , 17 a n d  L i C l 18 a n d  

p r e c is e  c o n d u c ta n c e  d a t a  f o r  m o s t  o f  th e  a lk a li  h a l

id e s 19'20 a re  a v a ila b le . F r o m  th e s e  d a t a , t h e  a v e r a g e  

v a lu e s  o f  5 2 .3 6 ,  5 6 .4 5 ,  a n d  6 2 .7 8  w e r e  o b t a in e d  fo r  

A0 f o r  t h e  c h lo r id e , b r o m id e , a n d  io d id e  io n s , r e sp e c 

t iv e ly ,  a f te r  r e c o m p u t a t io n  b y  t h e  F u o s s -O n s a g e r  

t h e o r y .21 W h e n  th e s e  v a lu e s  a re  s u b t r a c t e d  f r o m  th e  

c o r r e s p o n d in g  A 0 f o r  t h e  q u a t e r n a r y  a m m o n iu m  h a lid e s  

g iv e n  in  T a b le  V ,  th e  l im it in g  c a t io n  c o n d u c ta n c e s  in  

T a b le  V I  r e s u lt . T h e  a g r e e m e n t  is  a s  g o o d  a s  c a n  

b e  e x p e c te d  f o r  t h e  b r o m id e s  a n d  io d id e s , w it h  th e  

e x c e p t io n  o f  th e  n - A m 4N +  io n . T h e  v a lu e s  o b ta in e d  

f r o m  t h e  c h lo r id e s  a re  n o t  in  s o  g o o d  a g r e e m e n t  a s  

w e  w o u ld  h o p e , b u t  w e  a t t r ib u t e  th is  t o  t h e  e x p e r im e n ta l  

d iff ic u lt ie s  r e s u lt in g  f r o m  th e ir  e x t r e m e ly  h y g r o s c o p ic  

n a t u r e . T h e  a g r e e m e n t  w it h  t h e  h a lid e s  r e p o r te d  

b y  H a r t l e y 22 a n d  c o -w o r k e r s  is  w it h in  t h e  p r e c is io n  

o f  th e ir  d a t a  a f t e r  r e c o m p u t a t io n  t o  b r in g  t h e m  in t o  

a g r e e m e n t  w it h  e q . 1 . K n o x  a n d  E v e r s 23 m e a s u r e d  

t h e  q u a te r n a r y  a m m o n iu m  p ic r a te s  in  m e t h a n o l  a t  

2 5 ° ,  a n d  th e ir  v a lu e  o f  A 0( K P i )  =  9 9 .7 1  ( a f t e r  r e c o m 

p u t a t io n  w it h  e q . 1 ) r e s u lts  in  A0( P i - ) =  4 7 .2 7 .  T h e ir  

r e s u lt in g  Ao+  v a lu e s  fo r  th e  q u a t e r n a r y  a m m o n iu m  io n s  

a re  g iv e n  in  T a b le  V I  a n d  a r e  s o m e w h a t  lo w e r  t h a n  o u r  

v a lu e s . W e  g e t  A0( P i - ) =  4 7 .0 7  f r o m  t h e  M e 4N +  

s a lt  a n d  4 7 .2 0  f r o m  t h e  B u 4N +  s a l t  (a v e r a g e  v a lu e  A0 

( P i - ) =  4 7 .1 4  ±  0 .0 7 ) .  I f  o u r  v a lu e  o f  \ o (P i- ) is

(15) D. F.-T. Tuan and 11. M. Fuoss, J. Phys. Chem., 67, 1343 
(1963).
(16) G. Jones and H. J. Fornwalt, J. Am. Chem. Soc., 57, 2041 
(1935).
(17) J. A. Davies, R. L. Kay, and A. R. Gordon, J. Chem. Phys., 19, 
749 (1951).
(18) G. A. Vidulich and R. L. Kay, to be published.
(19) J. P. Butler, H. I. Sehiff, and A. R. Gordon, J. Chem. Phys., 
19, 752 (1951).
(20) R. E. Jervis, D. R. Muir, J. P. Butler, and A. R. Gordon, 
J. Am. Chem. Soc., 75, 2855 (1953).
(21) R. L. Kay, ibid., 82, 2099 (1960).
(22) See footnote a of Table VI.
(23) See footnote b of Table VI.
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Table III: Conductance Parameters for Methanol Solutions at 25 and 10°

Salt A o a XA J <rA

Me4NCl 120.82 ±  0.06 3.28 ±  0.09 7.3 ±  0.8 1557 0.04
BtuNCl 91.38 ±  0.04» 3.94 ± 0 .0 4 “ 1385 0.05

Me4NBr 125.16 ±  0.04 3.50 ±  0.09 14.0 ±  0.7 1689 0.03
Et4NBr 116.95 ±  0.03 3.81 ± 0 .1 1 9.8 ±  0.7 1697 0.02
Pr4NBr 102.55 ±  0.01 3.72 ±  0.07 6.3 ±  0.4 1470 0.01
Bu4NBr 95.37 ± 0 .0 2 3.49 ± 0 .0 9 2.6 ±  0.6 1307 0.01

95.42 ±  0.01 3.68 ±  0.05 4.1 ±  0.3 1365 0.007
n-AnuNBr 91.41 ±  0.01 3.51 ±  0.06 2.5 ±  0.4 1267 0.009

Me4NI 131.35 ±  0.05 3.51 ±  0.10 18.0 ±  0.8 1769 0.03
PriNI 108.99 ±  0.04 4.52 ±  0.20 21.4 ±  1 1807 0.03

108.84 ± 0 .0 1 3.83 ± 0 .0 8 16.3 ± 0 .5 1591 0.01
Bu4NI 101.72 ± 0 .0 0 6 3.76 ±  0.03 15.6 ±  0.2 1473 0.004
n-Am4NI 97.42 ±  0.02 3.70 ±  0.08 15.7 ±  0.6 1399 0.01

Me4NPi 115.99 ± 0 .0 7 3.81 ± 0 .3 2 11 ± 2 1678 0.05
115.76 ±  0.02 3.78 ± 0 .0 9 10.5 ±  0.6 1664 0.01

Bu4NPi 86.14 ±  0.03 3.4 ± 0 .2 7 ± 1 1172 0.02

'
Me4NBr 101.78 ±  0.07 3.1 ± 0 .1 11 ± 1 1125 0.05

101.77 ±  0.03 3.28 ±  0.06 12.1 ±  0.5 1174 0.02
Et4NBr 94.82 ± 0 .0 4 3.4 ± 0 .1 6.7 ±  0.9 1121 0.03
Pr4NBr 83.07 ± 0 .0 5 3.3 ± 0 .2 5 ± 1 992 0.03
Bu4NBr 76.90 ±  0 .0 1 “ 2.97 ±  0.02“ 840 0.02

76.90 ±  0.02“ 2.95 ± 0 .0 3 “ 837 0.03
76.92 ±  0.01° 2.96 ±  0.02“ 837 0.02

Me4NI 106.95 ±  0.02 3.61 ±  0.06 19.2 ±  0.4 1328 0.01
Pr4NI 88.02 ±  0.07 3.4 ± 0 .4 15 ± 2 1059 0.05

88.11 ±  0.01 3.88 ±  0.06 17.5 ±  0.4 1177 0.008
Bu4NI 82.36 ±  0.03 3.9 ± 0 .2 18 ±  1 1124 0.02

82.00 ±  0.02 3.7 ± 0 .1 16.5 ± 0 .9 1069 0.01

“ Evaluated from eq. 1.

Table IV: Viscosity B Coefficients for Methanol 
Solutions at 10 and 25°

Salt 10° 25° Salt 25°

Me4NBr 0.42 0.43 MeiNCl 0.45
EkJSTBr 0.58 0.56 Bu4NCI 0.86
Pr4NBr 0.73 0.70 n-Am4NBr 0.98
BudSTBr 0.89 0.84 n-Am4NI 0.94
Me4NI 0.38 0.38 Me4NPi 0.78
Pr4NI 0.70 0.66 Bu4NPi 1.13
Bu4NI 0.85 0.80

u s e d  w it h  t h e  K n o x  a n d  E v e r s  d a t a  fo r  th e  t e t r a a lk y l -  

a m m o n i u m  p ic r a te s , th e ir  r e s u lt in g  X0+  v a lu e s  f o r  th e  

t e t r a a lk y la m m o n i u m  io n s  a g r e e  w e ll  w it h  o u r s , e x c e p t  

f o r  t h e  E t 4N  +  io n . O n  t h e  o t h e r  h a n d , F u o s s  a n d  

C o p la n d 24 r e p o r t  a n  a v e r a g e  v a lu e  X0( P i _ )  =  4 6 .8 6  ±  

0 .0 2  f r o m  v e r y  p r e c is e  a n d  m u lt ip le  m e a s u r e m e n t s

o n  N a P i  a n d  K P i .  S in c e  th e ir  A 0( B u 4N P i )  =  8 6 .1 2  

is  in  e x c e lle n t  a g r e e m e n t  w it h  o u r  v a lu e  o f  8 6 .1 4 ,  t h e  

d is c r e p a n c y  in  X0( P i ~ )  c o u ld  b e  e x p la in e d  b y  o u r  A 0 

f o r  t h e  h a lid e s  b e in g  a b o u t  0 .3 4  t o o  h ig h  o r  F u o s s  a n d  

C o p la n d ’ s  v a lu e  o f  A 0 f o r  N a P i  a n d  K P i  b e in g  lo w  b y  

t h e  s a m e  a m o u n t . W e  p r e fe r  t h e  la t t e r  c o n c lu s io n  

s in c e  F u o s s  a n d  C o p la n d  h a v e  m e a s u r e d  f - A m 3B u N I ,  

w h ic h  g iv e s  X0( ? -A m 3B u N + )  =  3 6 .6 1 .  I f  t h i s  is  s u b 

tr a c t e d  f r o m  th e ir  v a lu e  o f  A 0( i - A m 3B u N P i )  =  8 3 .6 9 ,  

a  X o (P i- ) =  4 7 .0 8  r e s u lts , w h ic h  is  in  b e t t e r  a g r e e m e n t  

w it h  o u r  v a lu e  o f  4 7 .1 4  t h a n  w it h  th e ir  v a lu e  o f  4 6 .8 6  

o b t a in e d  f r o m  t h e  a lk a li  p ic r a te s . F u r t h e r m o r e , if  

w e  c o m b in e  o u r  v a lu e  f o r  t h e  p ic r a te  io n  w it h  th e ir  

A 0( f - A m 3B u N P i ) , w e  o b t a in  X 0( A A m 3B u N + ) =  3 6 .5 5 ,  

in  e x c e lle n t  a g r e e m e n t  w it h  t h e  v a lu e  3 6 .6 1  o b t a i n e d  

f r o m  t h e  io d id e  (se e  a b o v e )  a n d  in  fa ir  a g r e e m e n t  w it h  

t h e  v a lu e  3 6 .7 8 ,  w h ic h  r e s u lts  f r o m  t h e  m e a s u r e m e n t s

(24) See footnote c of Table VI.
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Table V : Summary of Averaged Conductance Parameters
for Methanol Solutions at 25 and 10°

Salt Ao à K.a.

--------------25°-----
Me4NCl 120.82 3.3 7
BufNCl 91.38 3.9 0

Me4NBr 125.16 3.5 14
Et,NBr 116.95 3.8 10
PrdSTBr 102.55 3.7 6
BuJNTBr 95.39 3.6 3
n-AiruNBr 91.41 3.5 2

Me4NI 131.35 3.5 18
Pr4NI 108.85 3.8 17
Bu4NI 101.72 3.8 16
«-AnuNI 97.42 3.7 16

Me4NPi 115.80 3.8 1 1
BuJSTPi 86.14 3.4 7

'
MaJSTBr 101.77 3.2 1 2
EtiNBr 94.82 3.4 7
Pr4NBr 83.07 3.3 5
BuiNBr 76.90 3.0 0

Me4NI 106.95 3.6 19
Pr4NI 8 8 . 1 1 3.8 17
BU4NI 82.12 3.7 17

u n it y  t h a n  t h a t  q u o t e d  b y  C o p la n d  a n d  F u o s s . T h is  

c o n fir m s  th e ir  c o n t e n t io n  t h a t  T A m 3B u N B P h 4 s h o u ld  

b e  a n  e x c e lle n t  re fe r e n c e  e le c t r o ly t e  f o r  t h e  d e t e r m i

n a t io n  o f  s in g le -io n  c o n d u c ta n c e s  in  m e t h a n o l  s o lu t io n s  

s in c e , b y  a s s u m in g  a n  e q u a l  s p li t  in  A 0 f o r  b o t h  io n s  in  

o t h e r  s o lv e n t s , i t  c o u ld  b e  in v a lu a b le  in  e x te n d in g  o u r  

k n o w le d g e  o f  s in g le -io n  c o n d u c ta n c e s  w it h o u t  th e  

a r d u o u s  c h o r e  o f  m e a s u r in g  tr a n s fe r e n c e  n u m b e r s .

U n f o r t u n a t e ly ,  t h e  la c k  o f  tr a n s fe r e n c e  d a t a  f o r  

m e t h a n o l  s o lu t io n s  a t  1 0 °  p r e v e n t s  a  c a lc u la t io n  o f  

l im it in g  io n  c o n d u c ta n c e s . A s  a  m a t t e r  o f  f a c t ,  c o n 

d u c ta n c e  m e a s u r e m e n t s  a t  a n y  te m p e r a t u r e  o t h e r  th a n  

2 5 °  a p p e a r  n o t  t o  e x is t  f o r  m e t h a n o l  s o lu t io n s , e x c e p t  

f o r  t h e  d a t a  r e p o r te d  h e r e  f o r  1 0 ° .  T h e  c o n s is te n c y  

o f  t h e  A 0 o b t a in e d  c a n  b e  c h e c k e d  b y  c o m p a r in g  th e  d if 

fe r e n c e s  in  A 0 f o r  t h e  b r o m id e s  a n d  io d id e s  w it h  a  

c o m m o n  c a t io n . T h e s e  d iffe r e n c e s  a m o u n t  t o  5 .1 8 ,  

5 .0 4 ,  a n d  5 .2 2  f r o m  t h e  M e 4N + ,  P r 4N + ,  a n d  B u 4N +  

s a lt s , r e s p e c t iv e ly . T h e  W a l d e n  p r o d u c t  c a n  b e  u s e d  

t o  c a lc u la te  l im it in g  io n  c o n d u c ta n c e s  a t  1 0 °  f r o m  th e  

c o r r e s p o n d in g  v a lu e s  a t  2 5 ° ,  a n d  t h e  r e s u lts  c a n  b e  

c o m p a r e d  t o  t h e  m e a s u r e d  A 0. S u c h  c a lc u la t io n s  

r e s u lt  in  A 0 v a lu e s  t h a t  a re  0 .4  u n i t  t o o  lo w  f o r  th e  

M e 4N +  s a lt s , a b o u t  c o r r e c t  f o r  th e  P r 4N +  s a lt s , a n d  0 .3  

u n it  t o o  h ig h  fo r  t h e  B u 4N +  s a lts .

Ion-Size Parameters. A n  in s p e c t io n  o f  t h e  & v a lu e s

Table VI: Cation-Limiting Conductances for Methanol Solutions at 25°

Best
c i - B r - I- P i - values X0+7J0

Me4N + 68.46 68.71 68.75 6 8 . 7 3 0.3742
68.7° 68.9“ 69.1“ 68 .66

Et4N +
61.1“

60.50
60.7“ 60.9“ 60. P

60.5 0.3294

Pr4N+ 46.08 46.07
45 .96

46.08 0.2509

BU4N+ 39.02 38.94 38.94
38.8*

38.94 0.2120

•¿-Am3BuN + 36.61' 36.55“ 36.6 0 .199g
i-Am4N + 35.4* 35.4 0 .192g
n-ArruN4" 34.96 34.64 34.8 0.1895

“ T. H. Mead, O. L. Hughes, and H. Hartley, J. Chem. Soc., 1207 (1933); A. Unmack, E. Bullock, D. M. Murray-Rust, and H. Hart
ley, Proc. Roy. Soc. (London), A132, 427 (1931). 6 E. C. Evers and A. G. Knox, J. Am. Chem. Soc., 73,1739 (1951). '  M. A. Copland 
and R. M. Fuoss, J. Phys. Chem., 6 8 , 1177 (1964).

o f  K u n z e  a n d  F u o s s  o n  t h e  a lk a li  t e t r a p h e n y lb o r id e s ,25 

t h a t  g iv e  A0( B P h 4~ )  =  3 6 .5 0 ,  a n d  f r o m  t h e  C o p la n d  

a n d  F u o s s 24 v a lu e  o f  A (, ( t - A m 3B u X B P h 4) =  7 3 .2 8 .  

W e  h a v e  g iv e n  th is  la t t e r  v a lu e  l i t t le  w e ig h t  in  th e  

“ b e s t  v a lu e s ”  q u o t e d  in  t h e  l a s t  c o lu m n  o f  T a b l e  V I .  

I t  is  in t e r e s t in g  t o  n o t e  t h a t  t h e  r a t io  A o ( f -A m 3B u N + ) /  

A o (B P h 4_ )  =  3 6 . 6 / 3 6 . 5 0  =  1 .0 0 3  is  e v e n  c lo s e r  t o

in  T a b l e  V  s h o w s  t h a t  t h e y  a re  s u r p r is in g ly  c o n s t a n t ,  

a s  w a s  th e  c a se  f o r  t h e  t e t r a a lk y la m m o n i u m  s a lt s  

in  n it r o m e t h a n e  a n d  a c e t o n it r i le  s o lu t io n s . A n  a v e r 

a g e  v a lu e  o f  3 .6  ±  0 .2  a t  2 5 °  a n d  3 .5  ±  0 .2  a t  1 0 °  f o r  

& is  o b t a in e d  f o r  a ll  t h e  s a lt s  in  m e t h a n o l  s o lu t io n s .

(25) R. W. Kunze and R. M. Fuoss, J. Phys. Chem., 67, 385 (1963).
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Table VII: Conductance Parameters of Other Workers for Methanol Solutions at 25°

Salt Ao d K a <rA Ref.

t-Am3BuNI 99.38 ±  0.04 4.5 ±  0.5 18 ± 3 0.01 a
Me4NPi 115.89 ±  0.02 4.2 ±  0.4 13 ±  2 0.01 b

116.0 ± 0 .1 4.0 ±  0.8 13 ±  5 0.03 c
Et4NPi 107.31 ± 0 .0 2 4.2 ±  0.6 18 ±  3 0.02 b

107.63 ±  0.06 4 ±  1 13 ±  5 0.02 c
Pr4NPi 93.12 ±  0.01 6.4 ±  0.3 21 ±  3 0.006 b
Bu4NPi 86.12 ±  0.01 3.7 ±  0.1 10 ±  1 0.002 a

86.04 ± 0 .0 2 4.5 ±  0.2 13 ±  1 0.01 b
t-Am3BuNPi 83.68 ±  0.01 4.2 ±  0.1 12 ±  1 0.002 a
t-AiruNPi 82.54 ±  0.02 4.3 ±  0.8 15 ±  3 0.007 b
Bu4NBPh4 75.99 ±  0.01 5.1 ± 0 .4 37 ±  4 0.006 a
t-Am3BuNBPh4 73.3 ± 0 .1 5.3 ±  0.6 32 ±  3 0.004 a

“ See footnote c of Table VI. b See footnote 6 of Table VI. c F. Accascina and S. Petrucci, Ric. Sci. Suppl., 29, 1383 (1959); F. 
Accascina and L. Antonucci, ibid,., 29, 1391 (1959).

T h i s  is  id e n t ic a l  w it h  t h e  & v a lu e s  f o u n d  f o r  t h e  a lk a li  

h a lid e s  in  m e t h a n o l ,21 in  e x c e lle n t  a g r e e m e n t  w it h  th e

3 .6  ±  0 .2  o b t a in e d  f o r  th e s e  s a lt s  in  a c e t o n it r i le ,6 

a n d  in  g o o d  a g r e e m e n t  w it h  t h e  v a lu e  3 .9  ±  0 .3  o b 

ta in e d  f o r  s o m e  o f  th e s e  s a lt s  in  n it r o m e t h a n e  s o lu 

t i o n s .26’27 I t  w o u ld  a p p e a r  t h a t  th e  t e t r a a lk y la m -  

m o n iu m  h a lid e s  a n d  p ic r a te s , s a lt s  t h a t  in v o lv e  a  c o n 

s id e r a b le  v a r ia t io n  in  c r y s t a l lo g r a p h ic  r a d ii, p r o d u c e  

t h e  s a m e  e le c tr o p h o r e t ic  a n d  r e la x a t io n  e ffe c ts  in  

th e s e  th r e e  s o lv e n t s  o n c e  d iffe r e n c e s  in  A 0, v> a n d  e 
h a v e  b e e n  ta k e n  in t o  a c c o u n t . T h u s ,  t h e  c o n t in u u m  

t h e o r y  s e e m s  t o t a l l y  a d e q u a t e  t o  d e s c r ib e  th e  c o n c e n 

tr a t io n  d e p e n d e n c e  o f  t h e  c o n d u c ta n c e  o f  t h e  fre e  io n s  

in  th e s e  th r e e  s o lv e n t s ;  h o w e v e r , t h e  s iz e  d e p e n d e n c e  

in  t h e  F u o s s -O n s a g e r  t h e o r y  a p p e a r s  t o  n e e d  r e v is io n .

O n  t h e  o t h e r  h a n d , i t  s h o u ld  b e  n o t e d  t h a t  d fo r  th e  

la r g e r  t e tr a p h e n y lb o r id e s  l is te d  in  T a b le  V I I  a r e  g r e a te r  

t h a n  th o s e  r e p o r te d  f o r  th e  h a lid e s  a n d  p ic r a te s  in  

a g r e e m e n t  w it h  w h a t  w a s  f o u n d  in  a c e to n itr i le  s o lu 

t io n ,6 w h e r e  a n  a o f  5 .3  w a s  a ls o  r e p o r te d  f o r  B u .r  

N B P h 4. 28

T h e  s ig n ific a n c e  o f  t h e  tr e n d s  in  & in  th e s e  s o lv e n t s  

w ill b e  c le a r e r  w h e n  t h e  e le c tr o p h o r e t ic  e ffe c t  h a s  b e e n  

o b t a in e d  in d e p e n d e n t ly  f r o m  t h e  c o n c e n tr a t io n  d e 

p e n d e n c e  o f  tr a n s fe r e n c e  n u m b e r s . T r a n s fe r e n c e  

d a t a 17’ 18 h a v e  a lr e a d y  in d ic a te d  t h a t  t h e  e le c tr o p h o r e t ic  

e ffe c t  a s  c a lc u la te d 29 f r o m  t h e  F u o s s -O n s a g e r  t h e o r y 3 

is  e s s e n t ia l ly  c o r r e c t  f o r  t h e  a lk a li  h a lid e s  in  m e t h a n o l  

s o lu t io n s . A  p r o je c t  t o  o b t a in  th is  in f o r m a t io n  fo r  

t h e  t e t r a a lk y la m m o n iu m  h a lid e s  is  u n d e r  w a y .

Association Constants. T h e  r e s u lts  o f  a n  a n a ly s is  

o f  a ll o f  t h e  d a t a  in  t h e  l i te r a tu r e  f o r  t h e  s y m m e t r ic a l  

t e t r a a lk y la m m o n iu m  s a lt s  in  m e t h a n o l  s o lu t io n s  w ith  

t h e  re q u ir e d  p r e c is io n  f o r  a n  a p p lic a t io n  o f  e q . 2  are  

g iv e n  in  T a b l e  V I I .  T h e  v i s c o s i t y  B  c o e ffic ie n t  fo r

t h e  t w o  t e t r a p h e n y lb o r id e s  w a s  e s t im a t e d  t o  b e  1 . 2 . 15 

I t  c a n  b e  se e n  t h a t  K n o x  a n d  E v e r s  d a t a  f o r  M e 4N P i  

a re  in  g o o d  a g r e e m e n t  w it h  o u r  o w n  ( T a b l e  V ) ,  w h e r e a s  

t h e  d a t a  o f  C o p la n d  a n d  F u o s s  a g r e e  b e t t e r  w it h  o u r  

d a t a  f o r  B u 4N P i .  I t  w o u ld  a p p e a r , f r o m  t h e  r e s u lts  

in  T a b le  V I I ,  t h a t  a ll o f  t h e  t e t r a a lk y la m m o n i u m  p ic 

r a te s  a re  a s s o c ia te d  t o  t h e  s a m e  d e g r e e .30

T h e  m o s t  o u t s t a n d in g  f e a tu r e  o f  t h e  a s s o c ia t io n  

c o n s t a n t s  g iv e n  in  T a b le s  V  a n d  V I I  is  t h e  f a c t  t h a t  

s a lt s  c o n ta in in g  la r g e  io n s  s h o w  a  c o n s id e r a b le  a m o u n t  

o f  a s s o c ia t io n . T h i s  c a n  p e r h a p s  b e  s e e n  b e t t e r  in  

F ig u r e  1 , w h e r e  lo g  K A is  p lo t t e d  vs. t h e  r e c ip r o c a l  o f  

t h e  s u m  o f  t h e  e s t im a t e d  io n  r a d i i .31 T h e  d a t a  o f  

F u o s s  a n d  C o p la n d 24 f o r  B u 4N B P h 4, i -A m s B u N B P h .i ,  

a n d  f - A m 3B u N I  h a v e  b e e n  in c lu d e d ; a n d , f o r  e a s e  o f  

r e p r e s e n ta t io n , t h e  p ic r a te s  a n d  t e t r a p h e n y lb o r id e s  

w e r e  a s s u m e d  t o  h a v e  t h e  s a m e  s iz e  a s  t h e  c o r r e s p o n d 

in g  io d id e s . T h e  d o t t e d  lin e  in  t h is  p lo t  r e p r e s e n ts  

t h e  s lo p e  w h ic h  w a s  c o m p u t e d  f r o m  t h e  c o u lo m b ic  

t e r m  e 2/tkT =  7 .4 4 .  I t  c a n  b e  s e e n  in  F ig u r e  1 t h a t ,

(26) R. L. Kay, S. C. Blum, and H. I. Schiff, J. Phys. Chem., 67, 
1223 (1963).
(27) A small correction due to the solution viscosity has been added 
to the average value of 3.7 obtained from the a reported by Kay, 
Blum, and Schiff26 after correction of the misprint for BmNBr from 
3.19 to 3.91. Since viscosity data are not available for nitromethane 
solutions, the F in eq. 1 was assumed to be the same as found for 
acetonitrile solutions which in turn are almost identical with those 
used here for methanol solutions.15
(28) D. S. Berns and R. M. Fuoss, J. Am. Chem. Soc., 82, 5585 
(1960).
(29) R. L. Kay and J. L. Dye, Proc. Natl. Acad. Sci. U. S., 49, 5 
(1963).
(30) The somewhat high K a  of 21 and the high a  of 6.4 for PnNPi 
can be attributed to a poor split in the last two terms of eq. 2. If 
a is changed to agree with our average value of 3.6 A., a Ka of 
about 12 results since bJ/da = 250. This is in much better accord 
with the data for the other picrates.
(31) See ref. 13, p. 125.
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Figure 1. Association constants for the tetraalkylammonium 
halides, picrates, and tetraphenylborides as a function of 
crystallographic ion size at 25° (open symbols) and 10°
(filled symbols). The picrates and tetraphenylborides 
are assumed to have the same size as the iodides for 
comparison purposes. All data are from this research 
except for the tetraphenylborides and f-Am3BuNI 
which are from ref. 24. The numbers next to the 
points on the plot identify the cations: (1) Me4N +,
(2) Et4N+, (3) Pr4N+, (4) Bu4N+, (5) n-Am4N+,
(6) f-Am3BuN+.

a s  t h e  a n io n  s iz e  in c r e a s e s , t h e  a s s o c ia t io n  in c r e a s e s , 

a n d  t h e  in c r e a s e  a p p e a r s  t o  b e  g r e a te r  in  t h e  c a s e  o f  

t h e  la r g e  c a t io n s  t h a n  o f  t h e  s m a ll  c a t io n s . O f  p a r t ic u 

la r  im p o r t a n c e  is  t h e  f a c t  t h a t  t h e  io d id e s  a r e  m o r e  a s 

s o c ia t e d  t h a n  t h e  c o r r e s p o n d in g  b r o m id e s  s in c e  t h e  

c o n d u c ta n c e  d a t a  f o r  a q u e o u s  s o lu t io n s  o f  th e s e  s a lt s  

c a n  b e  e x p la in e d  b e s t  b y  a s s u m in g  t h a t  t h e  io d id e s  a re  

a s s o c ia te d  t o  a  m u c h  g r e a te r  e x t e n t  t h a n  t h e  b r o m id e s .  

T h e  re s u lts  s h o w n  in  T a b l e  V I I I  f o r  e th a n o l  («  2 4 .3 )  

a n d  1 -p r o p a n o l  (e 2 0 .4 )  s h o w  t h e  s a m e  v a r ia t io n  

o f  K a w it h  s iz e  in  t h a t  a s s o c ia t io n  in c r e a s e s  a s  t h e  h a l 

id e  io n  in c r e a s e s  in  s iz e  a n d , o w in g  t o  t h e  lo w e r  d ie le c 

tr ic  c o n s ta n t , t h e  e ffe c t  is  m u c h  m o r e  p r o n o u n c e d .

T h e  la r g e  a s s o c ia t io n  c o n s t a n t s  s h o w n  h e r e  f o r  s a lt s  

o f  s u c h  la r g e  io n s  a s  t e t r a b u t y la m m o n i u m  io d id e  a n d  

t e t r a b u t y la m m o n i u m  t e t r a p h e n y lb o r id e  a re  c o m p le t e ly  

u n e x p e c te d  s in c e  t h e s e  s a lt s  s h o w  v e r y  l i t t le , i f  a n y ,  

a s s o c ia t io n  in  a c e t o n it r i le .5 I n  a c e t o n it r i le , t h e  K a 
fo r  th e s e  s a lt s  w a s  le s s  t h a n  5 . T h e  s a m e  b e h a v io r  is  

fo u n d  f o r  t h e  t e t r a a lk y la m m o n i u m  p ic r a te s . G e n e r 

a l ly , a s s o c ia t io n  o f  la r g e  io n s  is  a t t r ib u t e d  t o  t h e  la c k  

o f  s o lv a t io n  o f  t h e  io n s . T h e  k n o w n  a s s o c ia t io n  b e 

h a v io r  f o r  m e t h a n o l  s o lu t io n s  c o u ld  b e  e x p la in e d  o n  

th is  b a s is  a lo n e  s in c e  t h e  h ig h ly  s o lv a t e d  a lk a li  h a l -  

id e s 18-19' 21 h a v e  b e e n  f o u n d  t o  b e  c o m p le t e ly  d is s o c ia te d  

e x c e p t  f o r  t h e  la r g e r  c e s iu m  c h lo r id e , w h ic h  h a s  a n  a s 

s o c ia t io n  c o n s t a n t  o f  a b o u t  9 . 32 H o w e v e r , a l t h o u g h  

t h e  la c k  o f  s o lv a t io n  w o u ld  e x p la in  t h e  h ig h  d e g r e e

Table VIII : Conductance Parameters for Ethanol 
and 1-Propanol Solutions at 25°

Salt Ao à Ka Ref.
C2HsOH

Me4NCl 51.87 ±  0.04 4.2 ±  0.4 141 ±  8 a
MeJNiBr 54.03 ±  0.02 5 ±  1 164 ±  3 a
Et4NBr 53.54 ± 0 .0 3 3.9 ±  0.5 96 ±  8 b
Et4NI 56.5 ± 0 .6 4 ± 1 130 ±  13 b
Me4NPi 55.03 ±  0.05 6 ± 4 110 ±  40 a
EtiNPi 54.2 ± 0 .1 3.7 ±  0.2 69 ±  6 c

n--C3H,OH
Et4NBr 27.07 ±  0.02 5.2 ±  0.4 393 ±  9 d
Et*NI 28.52 ±  0.02 6.4 ±  0.5 503 ±  10 d
Pr4NBr 24.43 ± 0 .0 6 5.0 ±  1.6 311 ±  35 d
Pr4NI 25.80 ±  0.03 4.6 ±  0.7 418 ±  17 d

“ See footnote a of Table VI. 5 M. Barak and H. Hartley, 
Z. physik. Chem. (Leipzig), A165, 273 (1933). 0 R. Whorton 
and E. S. Amis, Z. physik. Chem. (Frankfurt), 17, 300 (1958). 
d T. A. Grover and P. G. Sears, J. Phys. Chem., 60, 330 (1956).

o f  a s s o c ia t io n  o f  s a lt s  c o n t a in in g  la r g e  io n s  in  m e t h 

a n o l s o lu t io n , t h e  la c k  o f  a s s o c ia t io n  o f  th e s e  s a lt s  in  

a c e t o n it r i le  s o lu t io n s  w o u ld  h a v e  t o  b e  a t t r ib u t e d  t o  a  

c o n s id e r a b le  in c r e a s e  in  s o lv a t io n  e n e r g y  in  t h a t  s o lv e n t  

o v e r  t h a t  f o u n d  in  m e t h a n o l  s o lu t io n s . W e  b e lie v e  

t h a t  t h is  is  u n l ik e ly  a n d  t h a t  a  m o r e  p la u s ib le  e x p la n a 

t io n  r e s ts  in  a s s u m in g  t h a t  s o m e  f a c t o r  is  s t a b i l iz in g  

t h e  f o r m a t i o n  o f  io n  p a ir s  o f  la r g e  io n s  in  m e t h a n o l  

s o lu t io n s . I t  is  p o s s ib le  t h a t  s t r u c t u r a l  fe a tu r e s  

b r o u g h t  o n  b y  t h e  h y d r o g e n -b o n d in g  c h a r a c te r  o f  t h e  

a lc o h o ls  p la y s  a  p a r t  in  t h e  a s s o c ia t io n  p r o c e s s .

I n  a n  a t t e m p t  t o  s t u d y  t h e  p o s s ib le  e ffe c t  o f  s o lv e n t  

s tr u c t u r e  o n  t h e  a s s o c ia t io n  b e h a v io r  o f  t h e s e  la r g e  

e le c t r o ly te s , w e  e x te n d e d  o u r  m e a s u r e m e n t s  t o  1 0 ° .  

T h e  a s s o c ia t io n  c o n s t a n t s  a r e  r e p r e s e n te d  in  F ig u r e  1 

b y  t h e  f i l le d -in  s y m b o ls ,  a s  c o m p a r e d  t o  t h e  o p e n  

s y m b o ls  f o r  t h e  m e a s u r e m e n t s  a t  2 5 ° .  T h e  s m a ll  

d e c r e a s e  in  K a f o r  t h e  b r o m id e s  is  o f  a b o u t  t h e  c o r r e c t  

m a g n it u d e  t o  b e  a t t r ib u t e d  t o  t h e  c h a n g e  in  t h e  eT 
p r o d u c t  d u e  t o  t h e  d e c r e a s e  in  t e m p e r a t u r e . T h e  

s l ig h t  in c r e a s e  in  K A f o r  t h e  io d id e s , a f t e r  t a k i n g  in t o  

a c c o u n t  t h e  c h a n g e  in  t h e  tT  p r o d u c t ,  c o u ld  b e  a n  

in d ic a t io n  t h a t  t h e  in c r e a s e d  a m o u n t  o f  m e t h a n o l  

c h a in s  p r e s e n t  a t  t h e  lo w e r  te m p e r a t u r e  s ta b iliz e s  

t h e  io n  p a ir s . D a t a  f o r  m u c h  lo w e r  t e m p e r a t u r e s  

w ill  b e  r e q u ir e d  b e fo r e  t h is  h y p o t h e s is  c a n  b e  t e s t e d .
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P r e c is e  c o n d u c ta n c e  m e a s u r e m e n t s  w e r e  c a r r ie d  o u t  o n  d ilu te  s o lu t io n s  o f  M e 4N B r ,  E t 4N B r ,  

P r 4N B r ,  B u 4N B r ,  M e 4N I ,  a n d  B u 4N I  in  e s s e n t ia l ly  p u r e  D 20  a t  2 5 ° .  T h e  c h a n g e  in  t h e  

r a t io  o f  t h e  W a l d e n  p r o d u c t  f o r  D 20  s o lu t io n s  r e la t iv e  t o  H 20  s o lu t io n s  is  e x p la in e d  b y  

t h e  in c r e a s e d  s tr u c t u r e  in  D 20  s o lu t io n s . T h e  c o n c e n tr a t io n  d e p e n d e n c e  o f  c o n d u c ta n c e  

fo r  th e s e  s a l t s  in  d i lu t e  s o lu t io n  is  a lm o s t  id e n t ic a l  w it h  t h a t  f o u n d  f o r  H 20  s o lu t io n s  in  

t h a t  u n r e a lis t ic a lly  lo w  io n  s iz e  p a r a m e te r s  a r e  o b t a in e d  w h ic h  d e c r e a s e  w it h  t h e  in c r e a s 

in g  a n io n  s iz e . A s  w a s  t h e  c a s e  w it h  H 20  s o lu t io n s , t h e  d a t a  fo r  B u 4N I  a n a ly z e d  fo r  a  

s m a ll  a m o u n t  o f  a s s o c ia t io n .

Introduction
T h e  in c r e a s e s  in  s u c h  p r o p e r t ie s  a s  t h e  h e a t  c a p a c it y ,  

t h e  m e lt in g  p o in t , a n d  t h e  v i s c o s i t y  o f  D 20  o v e r  t h a t  

o f  H 20  in  t h e  l iq u id  s t a t e  h a v e  b e e n  a t t r ib u t e d  t o  m o r e  

s tr u c t u r a l  o r d e r  in  l iq u id  D 20 . x T h i s  s u b je c t  h a s  b e e n  

r e v ie w e d  in  d e t a i l  r e c e n t ly .1 2 T h e  in c r e a s e  in  s tr u c 

t u r a l  o r d e r  h a s  b e e n  a t t r ib u t e d  t o  a n  in c r e a s e  in  th e  

s t r e n g t h  o f  t h e  h y d r o g e n  b o n d i n g  in  D 20  s o lu t io n s  a s  

c o m p a r e d  t o  H 20  s o lu t io n s . I n  c o n c e n tr a te d  H 20  

s o lu t io n s , t h e  p r o p e r t ie s  o f  t h e  t e t r a a lk y la m m o n iu m  

io n s  a re  k n o w n  t o  b e  a f fe c te d  b y  s tr u c t u r a l  o r d e r  in  

t h e  s o l v e n t ,3 a n d  e v e n  a t  in f in ite  d i lu t io n 4 i t  h a s  b e e n  

s h o w n  t h a t ,  a s  t h e  h y d r o c a r b o n  p o r t io n  o f  th e s e  e le c 

t r o ly t e s  in c r e a s e s  in  le n g th , w a t e r  s tr u c t u r e  e n fo r c e 

m e n t  a b o u t  th e s e  c h a in s  a f fe c ts  t h e  io n ic  m o b i l i t y .  

I n  th is  p a p e r , w e  w is h  t o  in v e s t ig a t e  t h e  s a m e  e ffe c t  

f o r  th e s e  io n s  in  D 20  s o lu t io n s . A t  t h e  s a m e  t im e ,  

w e  w is h  to  d e t e r m in e  if  t h e  g r e a te r  s tr u c t u r e  p r e s e n t  

in  l iq u id  D 20  h a s  a n y  e ffe c t  o n  t h e  c o n c e n tr a t io n  d e 

p e n d e n c e  o f  t h e  c o n d u c ta n c e  f o r  th e s e  io n s  b y  c o m 

p a r is o n  w it h  k n o w n  r e s u lts  f o r  H 20  s o lu t io n s .4

V e r y  f e w  in v e s t ig a t io n s  o f  t h e  tr a n s p o r t  p r o p e r t ie s  

o f  e le c t r o ly t e s  in  D 20  h a v e  b e e n  r e p o r te d . M o s t  o f  

t h e  e a r ly  w o r k  w a s  c a r r ie d  o u t  a t  a  t im e  w h e n  D 20  w a s  

b o t h  s c a r c e  a n d  e x t r e m e ly  e x p e n s iv e . O n l y  v e r y  s m a ll  

q u a n t it ie s  o f  s o lu t io n  c o u ld  b e  p r e p a r e d  a n d , f o r  t h a t  

r e a s o n , m a n y  o f  t h e  d a t a  w e r e  r e s tr ic t e d  in  s c o p e  a n d  

n o t  t o o  p r e c is e . R e c e n t l y ,  p r e c is e  c o n d u c ta n c e  m e a s 

u r e m e n ts  f o r  t h e  a lk a li  h a lid e s  in  p u r e  D 20  h a v e  b e e n

r e p o r t e d .5 T h e s e  d a t a  in d ic a te  t h a t  b o t h  t h e  a lk a l  

a n d  t h e  h a lid e  io n s  b e h a v e  in  a  s im ila r  m a n n e r  in  D 20  

a s  in  H 20 ,  a n d  t h e  m a in  e f fe c t  is  t h e  d e c r e a s e  in  m o 

b i l i t y  d u e  t o  t h e  2 3 %  in c r e a s e  in  v i s c o s i t y .  T h e  q u a t e r 

n a r y  a m m o n i u m  s a lt s  h a v e  n e v e r  b e e n  s y s t e m a t ic a l ly  

in v e s t ig a t e d  in  D 20 .

Experimental Section
T h e  c o n d u c ta n c e  b r id g e , c o n d u c ta n c e  c e lls , m e t h o d  

o f  p r o c e d u r e , a n d  p u r if ic a t io n  o f  s a l t s  h a v e  b e e n  a m p ly  

d e s c r ib e d  e ls e w h e r e  a n d  w ill  n o t  b e  r e p e a te d  in  d e t a i l  

h e r e , e x c e p t  w h e r e  t h e  p r o c e d u r e  w a s  c h a n g e d  o w in g  

t o  t h e  p a r t ic u la r  p r o p e r t ie s  o f  D 20 .  A  p r e c is io n  o f  

0 . 0 1 %  w a s  s o u g h t  in  a ll t h e  q u a n t it ie s  m e a s u r e d . T h e  

r e s is ta n c e  m e a s u r e m e n t s  w e r e  c a r r ie d  o u t  o n  a  c a li 

b r a t e d  D i k e -J o n e s  b r id g e . T h e  5 0 0  m l .  E r le n m e y e r -  

t y p e  c o n d u c ta n c e  c e ll w a s  f i t te d  w it h  t h e  c u p  d r o p p in g  

d e v ic e ,6-7 w h ic h  e n a b le d  th e  s a l t  s a m p le s  t o  b e  a d d e d  

t o  t h e  s o lv e n t  w it h o u t  e x p o s in g  t h e  c e ll  a n d  it s  c o n te n ts  

t o  t h e  a t m o s p h e r e . T h e  s a l t  s a m p le s  t h e m s e lv e s  w e r e  

w e ig h e d  in  s m a ll  P y r e x  c u p s  o n  a  m ic r o b a la n c e , a n d  a ll

(1) G. Némethy and H. A. Scheraga, J. Chem. Phys., 41, 680 (1964).
(2) J. L. Kavanau, “Water and Solute-Water Interaction,” Holden- 
Day, Inc., San Francisco, Calif., 1964.
(3) W. Y. Wen and S. Saitio, J. Phys. Chem., 68, 2639 (1964).
(4) D. F. Evans and R. L. Kay, ibid., in press.
(5) . C. G. Swain and D. F. Evans, to be published.
(6) J. L. Hawes and R. L. Kay, J. Phys. Chem., 69, 2420 (1965).
(7) D. F. Evans, C. Zawoyski, and R. L. Kay, ibid., 69, 3878 (1965).
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s o lu t io n s  w e r e  m a d e  u p  b y  w e ig h t  a n d  v a c u u m  co r

r e c te d . T h e  s o lu t io n s  w e r e  s t ir r e d  c o n t in u o u s ly  w h ile  

th e  r e s is ta n c e  m e a s u r e m e n t s  w e r e  b e in g  m a d e . T h e  

c o n s t a n t -t e m p e r a t u r e  o i l  b a t h  w a s  m a in t a in e d  a t  2 5  ±  

0 .0 0 2 °  b y  m e a n s  o f  a  m e r c u r y  in  g la s s  t h e r m o  r e g u la to r ,  

a n d  t h e  a b s o lu t e  te m p e r a t u r e  w a s  d e t e r m in e d  b y  a  

c a lib r a te d  p la t i n u m  r e s is ta n c e  th e r m o m e t e r  a n d  a  

M u e l le r  b r id g e .

T h e  p r e p a r a t io n  o f  t h e  s a lt s  h a s  b e e n  d e s c r ib e d  in  

d e t a il  e ls e w h e r e .7

T h e  u n p u r if ie d  D 20  ( A t o m i c  E n e r g y  C o m m is s io n ,  

n o r m a l  O 18) c o n t e n t  w a s  f o u n d  t o  h a v e  a  c o n d u c ta n c e  

o f  a b o u t  1 0 - 6  m h o  c m . - 1  a f te r  d is t i l la t io n . T h i s  

s m a ll  c o n d u c ta n c e  w a s  d u e  n o t  t o  C 0 2 b u t  r a th e r  t o  

s o m e  s o lid  d is s o lv e d  im p u r i t y . T h e  c o n d u c ta n c e  o f  

t h e  D 20  w a s  r e d u c e d  f u r th e r  t o  0 . 7 - 1 . 4  X  1 0 - 7  m h o  

c m .- 1  b y  p a s s a g e  th r o u g h  a  3 3 - c m . c o lu m n  c o n ta in in g  

1 0 0  m l. o f  m ix e d -b e d , io n -e x c h a n g e  re s in 6 t h a t  h a d  b e e n  

e q u ilib r a te d  w it h  D 20  f o r  m o r e  t h a n  6  m o n t h s  a n d  w a s  

th e  s a m e  s a m p le  a s  w a s  u s e d  p r e v io u s ly 8 t o  p r e p a r e  a t  

le a s t  1 0  1. o f  c o n d u c ta n c e  g r a d e  D 20 .  T h e  d e n s i t y  o f  

t h e  f in a l p r o d u c t  w a s  f o u n d  t o  b e  1 .1 0 4 4  g . m l . - 1 . 

T h e  p u r e  p r o d u c t  is  c o n s id e r e d  t o  h a v e  a  d e n s i t y  o f

1 .1 0 4 5 1 .9 T h e  is o to p ic  c o n t e n t  is  d iff ic u lt  t o  o b t a in  

f r o m  d e n s i ty  m e a s u r e m e n t s  a lo n e , o w in g  t o  a n  u n k n o w n  

b u t  s m a ll  O 18 c o n te n t .

A l l  m a n ip u la t io n s  in v o lv in g  th e  D 20  w e r e  c a rr ie d  

o u t  in  a  d r y b o x  o r  in  a  c lo s e d  s y s t e m . B e fo r e  e a c h  

r u n , 6 0  m l .  o f  t h e  D 20  w a s  p a s s e d  t h r o u g h  t h e  re s in  

a n d  u s e d  t o  r in se  t h e  c o n d u c t iv i t y  c e ll. T h e  c e lls  w e r e  

t h o r o u g h ly  f lu s h e d  w it h  d r y  n it r o g e n  a n d  fi lle d  w it h  

5 0 0  m l . o f  D 20  b y  c o n n e c t in g  t h e  c e lls  d ir e c t ly  t o  t h e  

io n -e x c h a n g e  c o lu m n  w it h  c a t a ly s t -f r e e  p o ly e t h y le n e  

t u b in g  w h ile  d r y  n it r o g e n  f lo w e d  th r o u g h  t h e  ce ll. 

T h e  p r o lo n g e d  c o n t a c t  o f  t h e  D 20  w it h  t h e  g la s s  w a lls  

o f  t h e  ce ll a n d  a ll  o f  t h e  m a n ip u la t io n s  o f  th e  D 20  

a p p e a r e d  t o  h a v e  n o  m e a s u r a b le  e ffe c t  o n  t h e  is o to p ic  

c o n t e n t  a s  v e r ifie d  b y  t h e  f a c t  t h a t  r e d is t i l la t io n  o f  a  

u s e d  s o lu t io n  in  a  Y ig r e u x  c o lu m n  g a v e  a  p r o d u c t  

w it h  n o  c h a n g e  in  d e n s i t y  w h e n  c o m p a r e d  t o  t h e  v a lu e  

q u o t e d  a b o v e .

T h e  d e n s i t y  o f  D 20  w a s  m e a s u r e d  in  a  s in g le -c a p i l 

la r y  p y c n o m e t e r  w h ic h  c o n ta in e d  2 5  m l .  o f  l iq u id .  

T h e  v i s c o s i t y  m e a s u r e m e n t s  w e r e  c a rr ie d  o u t  in  a  U b b e l -  

h o d e  s u s p e n d e d  le v e l  t y p e  o f  v i s c o m e t e r  w it h  a  f lo w  

t im e  o f  5 4 0  se c . f o r  w a t e r  a t  2 5 °  ( 0 .0 0 8 9 0 3  p o is e ) .  

T h e  v i s c o s i t y  o f  D 20  m e a s u r e d  a t  2 5 °  w a s  0 .0 1 0 9 4  

p o is e , w h ic h  a g r e e s  f a v o r a b ly  w it h  t h e  0 .0 1 0 9 6 3  p o is e  

o b t a in e d  b y  H a r d y  a n d  C o t t i n g t o n .10 A  d ie le c tr ic  

c o n s t a n t  o f  7 8 .0 6  w a s  m e a s u r e d 11 f o r  D 20  a t  2 5 °  u s in g  

t h e  C o l e -G r o s s  t r a n s f o r m e r  b r id g e  a n d  t h e  c o m p le t e ly  

g u a r d e d  a n d  s h ie ld e d  d ie le c tr ic  c e lls  o f  V id u l ic h  a n d  

K a y . 12 T h e s e  c e lls  w e r e  d e v e lo p e d  f o r  a b s o lu te  m e a s 

u r e m e n ts  a n d  h a v e  b e e n  s h o w n  t o  in t r o d u c e  le s s  th a n  

0 . 1 %  e rr o r  in  t h e  d e t e r m in a t io n  o f  d ie le c tr ic  c o n s ta n ts  

a s  h ig h  as 8 0 .  T h e  v a lu e  o b t a in e d  h e r e  f o r  D 20  a t  

2 5 °  is  s o m e w h a t  la r g e r  t h a n  7 7 .9 4 ,  w h ic h  h a s  b e e n  

r e p o r te d  b y  M a l m b e r g  a n d  M a y o t t . 13

T h e  s a m e  s a lt  s a m p le s  w e r e  u s e d  h e r e  a s  h a v e  b e e n  

s h o w n  t o  g iv e  e x c e lle n t  c h e c k s  w it h  tr a n s fe r e n c e  d a t a  

f o r  a q u e o u s 4 a n d  m e t h a n o l  s o lu t io n s .14

Results
T h e  m e a s u r e d  e q u iv a le n t  c o n d u c ta n c e s , m o la r  c o n -

Table I: Equivalent Conductances in D20  at 253

10 <c A AA 10*C A AA

■— Me4NBr, 10V«, = 0.83— -— BuiNBr, 107ko = 0.91—
8.613 99.111 0.022 3.344 78.996 -0 .0 1 0

21.582 97.802 -0 .004 10.284 78.918 0.017
36.502 96.756 -0 .007 20.504 77.014 0.002
51.094 95.924 -0 .017 30.350 76.257 -0 .006
65.636 95.235 -0 .003 40.578 75.593 -0 .003
87.052 94.333 -0 .007 52.792 74.889 -0 .0 0 4

103.260 93.740 0.004 64.869 74.269 0.000
120.777 93.153 0.012 75.857 73.747 0.004

------EtJSTBr, lObco = 1.1------ ------MeiNl, 107ko == 0.70-----■
4.479 89.569 -0 .009 6.348 98.545 0.012

13.735 88.440 0.030 16.957 97.319 0.008
26.643 87.319 -0 .015 28.126 96.393 -0 .003
38.162 86.577 -0 .005 41.038 95.528 -0 .015
50.767 85.869 -0 .009 55.321 94.731 - 0 . 0 1 1
65.855 85.146 0.001 71.206 93.963 -0 .004
81.006 84.492 0.003 82.820 93.452 -0 .002
91.912 84.059 0.004 106.423 92.528 0.015

------Pr,NBr, 107ko = 1.4-----• ■-----BU4NI, IVko = 1.0------
4.001 82.087 -0 .003 5.325 77.701 0.050

12.655 80.973 0.017 13.432 76.550 -0 .003
22.359 80.081 -0 .008 23.365 75.550 - 0 . 0 0 1
33.321 79.296 -0 .012 33.644 74.663 -0 .019
45.982 78.545 - 0 . 0 0 1 44.371 73.831 -0 .049
62.725 77.682 0.004 58.329 72.910 -0 .028
73.632 77.174 0.002 72.674 72.056 0.003
91.250 76.425 0.000 85.406 71.365 0.048

(8) We are indebted to Dr. C. G. Swain of the Massachusetts Insti
tute of Technology for donation of this equilibrated resin which had 
been used in the preparation of conductance grade E20  for the alkali 
halides. (See ref. 5.) The removal of all exchangeable protons was 
followed by density measurements.
(9) I. Kirshenbaum, “Physical Properties and Analysis of Heavy 
Water,” McGraw-Hill Book Co., Inc., New York, N. Y., 1951, p. 14.
(10) H. C. Hardy and R. L. Cottington, ./. Res. Nail. Bur. Std., 42, 
573 (1949).
(11) G. A. Vidulich, D. F. Evans, and R. L. Kay, to be published.
(12) G. A. Vidulich and R. L. Kay, J. Phys. Chem., 66, 383 (1962).
(13) C. G. Malmberg and A. A. Mayott, J. Res. Nail. Bur. Std., 56, 
1 (1956).
(14) R. L. Kay, C. Zawoyski, and D. F. Evans, J. Phys. Chem., 69, 
4208 (1965).
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c e n tr a t io n s , a n d  s o lv e n t  c o n d u c ta n c e s , k0, in  m h o  c m .- 1  

a re  g iv e n  in  T a b l e  I  a lo n g  w it h  A A , t h e  d iffe r e n c e  b e 

t w e e n  t h e  m e a s u r e d  c o n d u c ta n c e s  a n d  t h o s e  c a lc u 

la t e d  f r o m  e q . 1 b e lo w . S o lu t io n  c o n c e n tr a t io n s  

w e r e  c a lc u la te d  w it h  t h e  a id  o f  d e n s it ie s  o b t a in e d  f r o m  

t h e  e x p r e s s io n  d =  do +  Am, w h e r e  m is  th e  c o n c e n tr a 

t io n  in  m o le s  p e r  k i lo g r a m  o f  solution. T h e  v a lu e s  o f  

A  g iv e n  in  T a b l e  I I  w e r e  t h e  r e s u lt  o f  d e n s i t y  m e a s u r e 

m e n t s  o n  0 .0 5  m s o lu t io n s  o f  t h e  s a lt s  in  D 20 .

Table II : Density Increments A and Viscosity B 
Coefficients for D20  Solutions at 25°

Salt A B

Me4NBr 0.032 0.08
Et4NBr 0.019 0.33
Pr4NBr 0.005 0.79
Bu4NBr 0.000 1.26
Me4NI 0.069 0.04
Bu4NI 0.028 1.21

T h e  c o n d u c ta n c e  p a r a m e te r s  g i v e n  in  T a b le  I I I  

w e r e  o b t a i n e d  b y  a p p ly in g  t h e  F u o s s -O n s a g e r  c o n d u c t 

a n c e  e q u a t i o n 15 16 in  th e  f o r m

A  =  A 0 -  SC'/2 +  EC lo g  C +  (J -  BA0)C  (1 )

I n  t h e  c a s e  o f  B u 4N I ,  s o m e  a s s o c ia t io n  w a s  s u s p e c te d  

o w in g  t o  t h e  e x c e e d in g ly  lo w  & o b t a in e d  f r o m  J.

a n d  ta k e s  in t o  a c c o u n t  t h e  r a th e r  la r g e  c h a n g e  o f  v i s 

c o s it y  w it h  c o n c e n tr a t io n  e n c o u n te r e d  w it h  s o lu t io n s  

o f  th e s e  la r g e  c a t io n s . T h e  v a lu e s  o f  B g i v e n  in  

T a b le  I I  w e r e  o b t a in e d  f r o m  d ir e c t  m e a s u r e m e n t  o f  t h e  

v is c o s it ie s  o f  c o n c e n tr a te d  s o lu t io n s .17 T h e  le a s t -  

s q u a r e s  c o m p u t e r  p r o g r a m s  f o r  e q . 1 a n d  2  a re  d e s c r ib e d  

in  d e t a i l  e ls e w h e r e .6’ 18 T h e  c o n d u c ta n c e  p a r a m e te r s  

r e p o r te d  h e r e  in  T a b le  I I I  w e r e  c o m p u t e d  u s in g  u n 

w e ig h t e d  v a lu e s  o f  A  s in c e  t h e  m e a s u r e m e n t s  w e r e  

c a rr ie d  o u t  a t  a p p r o x im a t e ly  e q u a l  in t e r v a ls  in  C. 
I n c lu d e d  in  T a b le  I I I  are  t h e  s ta n d a r d  d e v ia t io n s  f o r  

e a c h  p a r a m e t e r  a lo n g  w it h  t h e  s t a n d a r d  d e v ia t io n s  o f  

t h e  in d iv id u a l  p o in t s , <rA.

T h e  v a lu e s  o f  a, p, E\, a n d  E2 fo r  D 20  s o lu t io n s  a t  

2 5 °  a re  0 .2 3 1 0 ,  4 9 .3 8 ,  0 .5 3 7 4 ,  a n d  1 6 .8 2 ,  r e s p e c t iv e ly ,  

w h e r e  S a n d  I?  in  e q . 1 a n d  2  a re  g iv e n  b y  S =  a A 0 +  

¡3 a n d  E  =  EiAo —  E2.
L im it in g  c a t io n  c o n d u c ta n c e s  a n d  W a l d e n  p r o d u c ts  

o f  t h e  t e t r a a lk y la m m o n iu m  io n s  a r e  g iv e n  in  T a b l e  I V ,  

a lo n g  w it h  R, t h e  r a t io  o f  t h e  W a l d e n  p r o d u c t  in  D 20  

t o  i t s  v a lu e  in  H 20 ,  b o t h  a t  2 5 ° ;  t h a t  is

R — Qw /o) d !o / ( X o??o) hsO (4 )

T h e  l im it in g  c o n d u c ta n c e s  w e r e  c o m p u t e d  f r o m  

L o n g s w o r t h ’ s  t r a n s fe r e n c e  d a t a 19 fo r  KC1 a n d  N a C l  

a n d  Ao(KBr) =  1 2 6 .0 7  a n d  A0(KC1) =  1 2 4 .2 3 ,  a s  re 

p o r t e d  b y  E v a n s 6 f o r  D 20  a t  2 5 ° .  S in c e  t h e  tr a n s fe r 

e n c e  d a t a  w e r e  m e a s u r e d  a t  r a th e r  h ig h  c o n c e n tr a t io n s ,

Table HI: Conductance Parameters for D20  Solutions at 25°

Salt Ao à Ka (TÍA J

Me4NBr 101.27 ±  0.009 1.64 ± 0 .0 2 0.01 69.6
Et4NBr 91.10 ±  0.01 1.60 ±  0.04 0.01 63.5
Pr4NBr 83.50 ±  0.006 1.71 ± 0 .0 3 0.009 66.0
Bu4NBr 80.29 ±  0.006 1.94 ±  0.03 0.009 74.5
Me4NI 100.42 ±  0.008 1.10 ±  0.02 0.01 39.3
Bu4NI 79.34 ± 0 .0 2 0.08 ±  0.02 0.04 -4 8 .1

79.42 ±  0.02“ 3.8 ± 0 .7 “ 4 ±  1“ 0.01 149.0

“ From eq. 2.

C o n s e q u e n t ly , t h e  c o n d u c ta n c e  p a r a m e te r s  f o r  B u 4N I  

w e r e  o b t a in e d  a s  w e ll  b y  m e a n s  o f  th e  e q u a t io n  f o r  

a s s o c ia te d  e le c t r o ly te s

A  =  A 0 —  S(C y)l/2 +  EC y  lo g  Cy +
(J -  BA0)C y -  K xC yA f  ( 2 )

I n  e q . 1 a n d  2 , B  is  t h e  J o n e s - D o l e 16 v i s c o s i t y  B  c o 

e ff ic ie n t  g i v e n  b y

(v -  Vo)/vo =  +  BC (3 )

t h e y  w e r e  r e -e x t r a p o la t e d 6 u s in g  t h e  F u o s s -O n s a g e r  

e v a lu a t io n  o f  t h e  e le c tr o p h o r e t ic  e f fe c t  w h ic h  h a s  b e e n  

s h o w n  t o  g iv e  t h e  c o r r e c t  c o n c e n tr a t io n  d e p e n d e n c e

(15) R. M. Fuoss and F. Accascina, “Electrolytic Conductance,”  
Interscience Publishers, Inc., New York, N. Y., 1959.
(16) G. Jones and M. Dole, J. Am. Chem. Soc., 51, 2950 (1929).
(17) R. L. Kay, D. F. Evans, and T. Vituccio, to be published.
(18) R. L. Kay, J. Am. Chem. Soc., 82, 2099 (1960).
(19) L. G. Longsworth and D. A. Maclnnes, ibid., 59, 1666 (1937).
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Table IV: Limiting Cation Conductances and 
Walden Products in D20  at 25°

B r ~ I " Xd+î70 R

Me4N + 3 6 . 6 1 3 6 . 6 2 0 . 4 0 0 9 1.0124
Et4N + 2 6 . 4 4 0 . 2 8 9 5 1 . 0 0 8

Pr4N + 1 8 . 8 4 0 . 2 0 6 3 0 . 9 9 8 i

B u 4N  + 1 5 . 6 2 ( 1 5 . 6 3 ) 0 . 1 7 1 1 0 . 9 9 4 g

f o r  a q u e o u s  s o lu t io n s .20 T h e  f in a l  v a lu e s  o b t a i n e d  fo r  

T0+ w e r e  0 .4 9 4 3  a n d  0 .3 9 8 5  f o r  K C 1  a n d  N a C l ,  re 

s p e c t iv e ly , a n d  r e s u lte d  in  X 0( B r ~ )  =  6 4 .6 7  f o r  D 20  

a t  2 5 ° .  A  v a lu e  o f  A o (I~ )  =  6 3 .7 9  w a s  o b t a in e d  f r o m  

o u r  d a t a  f o r  B u 4N I ,  w h ic h  le a d s  t o  a n  e x c e lle n t  c h e c k  

s in c e  X0( M e 4N + )  =  3 6 .6 2  f r o m  t h e  io d id e  a n d  3 6 .6 1  

f r o m  t h e  b r o m id e .

Discussion
Limiting Conductances. S in c e  th is  is  t h e  f ir s t  d e 

te r m in a t io n  o f  l im it in g  c o n d u c ta n c e s  f o r  t h e  t e t r a -  

a lk y la m m o n iu m  io n s  in  D 20  w it h  o n e  p o s s ib le  e x c e p 

t io n ,6 n o  in d e p e n d e n t  c h e c k  fo r  o u r  d a t a  is a v a ila b le .  

H o w e v e r , t h e  e x c e lle n t  a g r e e m e n t  in  X0( M e 4N + )  o b 

ta in e d  f r o m  t h e  b r o m id e  a n d  io d id e  a n d  t h e  f a c t  t h a t  

t h e  s a m e  s a lt s  w e r e  u s e d  h e re  a s  g a v e  e x c e lle n t  a g r e e 

m e n t  w it h  t h e  d a t a  o f  o t h e r  w o r k e r s  f o r  H 20  s o lu t io n s  

a t  2 5 °  a d d s  c o n s id e r a b ly  t o  t h e  c o n fid e n c e  t o  b e  p la c e d  

o n  t h e  r e lia b ility  o f  o u r  d a ta .

T h e  lo w e r  l im it in g  c o n d u c ta n c e s  in  D 20  a s  c o m p a r e d  

to  H 20 ,  o f  c o u r s e , r e fle c t  t h e  2 3 %  in c r e a s e  in  t h e  v is 

c o s ity . H o w e v e r , th e  r a t io  o f  t h e  c o n d u c t a n c e -  

v i s c o s i t y  p r o d u c t  f o r  D 20  r e la t iv e  t o  H 20 ,  a s  g i v e n  b y  

R in  T a b le  T V , s h o w s  s y s t e m a t ic  a n d  s ig n ific a n t  

d e v ia t io n s  f r o m  u n it y .  A lt h o u g h  th e  d e v ia t io n s  o f  R 
f r o m  u n it y  a r e  s m a ll , t h e  d iffe r e n c e s  b e tw e e n  H 20  

a n d  D 20  in  t h e  p r o p e r t ie s  w h ic h  c la s s ic a l e le c t r o ly te  

t h e o r y  t a k e s  in t o  a c c o u n t  a re  a ls o  v e r y  s m a ll .  T h e  

d ie le c tr ic  c o n s t a n t  a n d  m o la r  v o lu m e  o f  H 20  a t  2 5 °  

a re  7 8 .3 8  a n d  1 8 .0 5  m l . /m o l e  w h ile  f o r  D 20  a t  t h e  s a m e  

te m p e r a t u r e  t h e  v a lu e s  a re  7 8 .0 6  a n d  1 8 .1 1  m l . /m o l e .  

I n  F ig u r e  1 , t h e  R  v a lu e s  r e p o r te d  a r e  c o m p a r e d , o n  a  

s iz e  b a s is , t o  t h o s e  r e p o r te d  b y  S w a in  a n d  E v a n s 5 fo r  

a  n u m b e r  o f  a lk a li  a n d  h a lid e  io n s . C o n s id e r a b le  

d a t a  f r o m  th e r m o d y n a m ic , t r a n s p o r t , a n d  d ie le c tr ic  

r e la x a t io n  m e a s u r e m e n t s  in v o lv in g  th e s e  s m a lle r  io n s  

h a v e  b e e n  in t e r p r e t e d  s a t is fa c t o r i ly 21’22 b y  a s s u m in g  

t h a t  t h e s e  io n s  a r e  s tr u c t u r e  b r e a k e r s  in  t h a t  t h e y  te n d  

t o  b r e a k  d o w n  t h e  t h r e e -d im e n s io n a l  w a t e r  s tr u c t u r e  in  

th e ir  v i c in i t y . T h e  r e s u lt in g  d e c r e a s e  in  t h e  lo c a l  

v i s c o s i t y  w o u ld  b e  g r e a te r  in  t h e  c a se  o f  D 20  t h a n  

H 20  o w in g  t o  t h e  g r e a te r  s tr u c t u r a l  o r d e r  k n o w n  t o  b e  

p r e s e n t  in  l iq u id  D 20  a t  t h e  s a m e  t e m p e r a t u r e .1 I t  is

Figure 1. The limiting conductance-viscosity product in D20  
divided by that in H20  at the same temperature 
as a function of ion size.

th is  g r e a te r  d e c r e a s e  in  t h e  lo c a l  v i s c o s i t y  a r o u n d  th e  

a lk a li  a n d  h a lid e  io n s  in  D 20  o v e r  t h a t  o f  H 20  t h a t  p r o 

d u c e s  t h e  in c r e a s e  in  t h e  c o n d u c t a n c e -s o lv e n t  v i s 

c o s it y  p r o d u c t  fo r  th e s e  io n s  in  D 20  o v e r  t h a t  in  H 20 .  

T h e  v a lu e  o f  R le s s  t h a n  u n i t y  f o r  t h e  f lu o r id e  io n  in d i

c a te s  t h a t  io n  t o  b e  m o r e  h ig h ly  h y d r a t e d  in  D 20  t h a n  

in  H 20  so t h a t  t h e  in c r e a s e d  v is c o u s  d r a g  o f  t h e  la r g e r  

m o v in g  p a r t ic le  in  D 20  o u t w e ig h s  a n y  s tr u c t u r e -  

b r e a k in g  p r o p e r t ie s  o f  t h e  io n . F o r  P r 4N +  a n d  B u 4N + , 

R is  s ig n ific a n t ly  le ss  t h a n  u n i t y  o w in g  t o  g r e a te r  e n 

f o r c e m e n t  o f  w a t e r  s tr u c t u r e  a b o u t  t h e  h y d r o g e n  c h a in s  

o f  th e s e  io n s  in  D 20  a s  c o m p a r e d  t o  t h e  e ffe c t  in  H 20 .  

T h i s  h y d r a t i o n  o f  th e  s e c o n d  k in d  h a s  b e e n  d e t e c te d  

b y  o t h e r  in d e p e n d e n t  m e a s u r e m e n t s 3’21 o n  t h e  q u a t e r 

n a r y  a m m o n iu m  io n s  a n d  is  v e r if ie d  h e r e  b y  th e ir  t r a n s 

p o r t  p r o p e r t ie s . T h e  v a lu e s  o f  R s l ig h t ly  a b o v e  u n it y  

f o r  th e  E t 4N +  a n d  M e 4N +  io n s  in d ic a te  t h a t  t h e  s tr u c 

tu r e -b r e a k in g  te n d e n c ie s  o f  th e s e  la r g e  io n s  m o r e  t h a n  

m a t c h  t h e  s t r u c t u r e -m a k in g  te n d e n c ie s  d u e  t o  h y d r a 

t io n  o f  t h e  s e c o n d  k in d .

T h e  c o n c lu s io n s  r e a c h e d  h e r e  c o n c e r n in g  t h e  re la 

t i v e  e f fe c t  o f  s o lv e n t  s tr u c t u r e  in  D 20  a n d  H 20  o n  th e

(20) R. L. Kay and J. L. Dye, Proc. Natl. Acad. Sci., 49, 5 (1963).
(21) H. S. Frank and W. Y. Wen, Discussions Faraday Soc., 24, 133 
(1967).
(22) R. W. Gurney, “ Ionic Processes in Solution,” McGraw-Hill 
Book Co., Inc., New York, N. Y., 1953.
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30 45 60 75 90

Xo

Figure 2. The conductance-viscosity product ratio R as a 
function of the limiting ion conductance in H20.

m o b il i t ie s  o f  io n s  a re  in  a g r e e m e n t  w it h  t h e  e x p la n a t io n  

u s e d  b y  G r e y s o n 23 t o  a c c o u n t  f o r  th e  n e g a t iv e  e x c e s s  

e n tr o p ie s  a n d  h e a ts  o f  tr a n s fe r  o f  io n s  f r o m  D 20  t o  

H 20  a t  in fin ite  d ilu t io n .

T h e  r e s u lts  in  F ig u r e  1 d e m o n s tr a t e  a ls o  t h a t  th e  

in t e r a c t io n  o f  a  c a t io n  w ith  w a t e r  is  d iffe r e n t  f r o m  t h a t  

o f  a n  a n io n . T h i s  is  b r o u g h t  o u t  m o r e  c le a r ly  in  F ig u r e  

2  w h e r e  t h e  R v a lu e s  a r e  p lo t t e d  a g a in s t  th e  l im it in g  

e q u iv a le n t  c o n d u c ta n c e  o f  t h e  io n s  in  H 20 .

I n  c o n c lu s io n , i t  s h o u ld  b e  s a id  t h a t  t h e  e x p la n a t io n  

f o r  t h e  s o lv e n t  is o to p e  e ffe c t  g iv e n  h e r e  is  in  c o m p le te  

a g r e e m e n t  w it h  th e  m o d e l  o f  F r a n k  a n d  W e n 21 f o r  io n ic  

s o lu t io n s . I n  th is  m o d e l , t h e y  p o s t u la t e  th r e e  r e g io n s  

a r o u n d  a n  io n  in  a q u e o u s  s o lu t io n . T h e  fir s t  c o n ta in s  

w a t e r  m o le c u le s  im m o b il iz e d  o w in g  t o  h y d r a t i o n  o f  

t h e  f ir s t  k in d  (é le c tr o s t r ic t io n )  o r  h y d r a t i o n  o f  th e  

s e c o n d  k in d  (c la th r a t e l ik e  c a g e s ) . A  s e c o n d  r e g io n  

s e p a r a te s  t h e  th ir d  r e g io n  c o n ta in in g  t h e  b u lk  o r  n o r m a l  

w a t e r  f r o m  t h e  w a t e r  o f  h y d r a t io n  a r o u n d  t h e  io n . 

I n  th is  s e c o n d  r e g io n , th e  a m o u n t  o f  h y d r o g e n  b o n d in g  

o r  s tr u c t u r e  is  le ss  t h a n  in  b u lk  w a te r , o w in g  t o  c o m p e 

t i t io n  b e tw e e n  t h e  o r ie n tin g  in flu e n c e  o f  t h e  c e n tr a l  

io n  a n d  t h a t  o f  t h e  n e ig h b o r in g  w a t e r  m o le c u le s . T h e  

r e la t iv e  s iz e  o r  e f fe c t  o f  th e s e  th r e e  r e g io n s  d e p e n d s  o n  

th e  c h a r g e , s iz e , c o m p o s it io n , a n d  s h a p e  o f  t h e  c e n tr a l  

io n . I n  g e n e r a l, h ig h  c h a r g e  a n d  s m a ll  s iz e  o r  lo w

c h a r g e  a n d  la r g e  h y d r o p h o b ic  s u r fa c e  a r e a  in c r e a s e  

t h e  s iz e  o f  th e  first  r e g io n , w h e r e a s  lo w  c h a r g e  a n d  la r g e  

s iz e  in c r e a s e  t h e  e ffe c t  o f  t h e  s e c o n d  a r e a  o n  io n ic  

p r o p e r t ie s . F r o m  t h e  d a t a  r e p r e s e n te d  in  F ig u r e  1 , 

i t  w o u ld  b e  p o s s ib le  t o  o r d e r  th e  io n s  a c c o r d in g  t o  th e ir  

s tr u c t u r e -b r e a k in g  a b il ity . S t r ic t ly  s p e a k in g , th is  

o r d e r  w o u ld  a p p ly  o n ly  t o  th e  e ffe c t  o f  s o lv e n t  s tr u c 

tu r e  o n  io n ic  m o b i l i t ie s , a n d  a  s o m e w h a t  d iffe r e n t  o r d e r  

c o u ld  b e  o b t a in e d  f r o m  t h e r m o d y n a m ic  d a t a  o r  o t h e r  

m e a s u r e m e n t s . H o w e v e r , t h e  o r d e r  fo u n d  h e r e  f o r  

th e  c a t io n s  a n d  t h e  a n io n s  is  in  g o o d  a g r e e m e n t  w it h  

t h a t  o b t a in e d  f r o m  o t h e r  m e a s u r e m e n t s  a l t h o u g h  t h e  

s t r u c t u r e -b r e a k in g  e ffe c t  o f  c a t io n s  r e la t iv e  t o  a n io n s  

s e e m s  t o  d e p e n d  m o r e  o n  t h e  p a r t ic u la r  p r o p e r t y  in 

v e s t ig a t e d .

Concentration Dependence. T h e  & v a lu e s  s h o w n  in  

T a b le  I I I  f o r  th e  te tr a a l  Icy] a m m o n iu m  b r o m id e s  a n d  

io d id e s  a re  r e la t iv e ly  lo w  a n d  o f  a b o u t  t h e  s a m e  m a g 

n it u d e  a s  th o s e  f o u n d  f o r  th e  s a m e  s a lt s  in  H 20  s o lu 

t i o n .4 A n  a n a ly s is  o f  th e  d a t a  f o r  B u 4N I  s h o w e d  m u c h  

b e t t e r  p r e c is io n  w h e n  e q . 2  w a s  u s e d , in d ic a t in g  a  

s ig n ific a n t  a m o u n t  o f  a s s o c ia t io n  w a s  p r e s e n t  f o r  t h a t  

s a l t  r e la t iv e  t o  t h e  o t h e r  s a lt s  s tu d ie d . T h e  m a g n it u d e  

o f  t h e  a s s o c ia t io n  c o n s t a n t  is  t h e  s a m e  a s  t h a t  f o u n d  fo r  

th is  s a l t  in  H 20  a t  tw o  te m p e r a t u r e s 4 w ith in  e x p e r i

m e n t a l  e rro r . T h u s , th e  c o n c e n tr a t io n  d e p e n d e n c e  

fo r  th e s e  s a lt s  in  D 20  a p p e a r s  t o  b e  id e n t ic a l  w it h  t h a t  

o b t a in e d  in  H 20  s o lu t io n s .

T h is  a p p a r e n t  a s s o c ia t io n  o f  B u 4N I  a n d  t h e  la c k  o f  

a s s o c ia t io n  f o r  B u 4N B r  is  t h e  m o s t  n o t a b le  fe a t u r e  o f  

th e  c o n c e n tr a t io n  d e p e n d e n c e  o f  c o n d u c ta n c e . L i n d e n -  

b a u m  a n d  B o y d 24 25 re q u ir e d  t h e  s a m e  a s s u m p t io n  o f  

g r e a te r  a s s o c ia t io n  o f  th e  q u a te r n a r y  a m m o n i u m  

io d id e s , a s  c o m p a r e d  t o  t h e  b r o m id e s , t o  e x p la in  th e ir  

a c t i v i t y  c o e ffic ie n t d a t a  in  a q u e o u s  s o lu t io n . I t  is  

d iff ic u lt  t o  e x p la in  a s s o c ia t io n  c o n s ta n ts  t h a t  in c r e a s e  

w it h  in c r e a s in g  a n io n  size . E r r o r s  in  t h e  t h e o r y  u s e d  

fo r  th e  e v a lu a t io n  o f  t h e  c o n d u c ta n c e  o f  t h e  fr e e  io n s  

s h o u ld  b e  p r e s e n t  fo r  b o t h  s a lt s , a n d  t h e  e x c e lle n t  

a g r e e m e n t  o b t a in e d  in  t h e  l im it in g  c o n d u c ta n c e  fo r  

o u r  s a lt s  in  H 20  a n d  D 20  ru le s  o u t  s a l t  im p u r it ie s . 

L ik e w is e , D i a m o n d ’ s s u g g e s t io n 26 t h a t  la r g e  io n s  w ill  

t e n d  t o  f o r m  io n  p a ir s  m o r e  r e a d ily  in  a q u e o u s  s o lu t io n  

o w in g  t o  th e  f a c t  t h a t  io n  p a ir s  w ill  c a u s e  t h e  le a s t  in 

te r fe r e n c e  w it h  th e  s o lv e n t  s tr u c t u r e  is  r u le d  o u t  s in c e  

a  m u c h  la r g e r  KA w o u ld  b e  e x p e c te d  f o r  D 20  s o lu t io n s  

o w in g  t o  th e  m o r e  e x te n s iv e  s tr u c t u r e  in  D 20  a s  c o m 

p a r e d  t o  H 20 .  I t  is  p o s s ib le  t h a t  t h e  f a c t  t h a t  la r g e  

io n s  c o m e  in t o  c o n t a c t  m o r e  o f t e n  m a y  n o t  b e  p r o p e r ly

(23) J. Greyson, J. Phys. Chem.., 66, 2218 (1962).
(24) S. Lindenbaum and G. E. Boyd, ibid., 68 , 911 (1964).
(25) R. N. Diamond, ibid., 67, 2513 (1963).
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t a k e n  c a r e  o f  in  t h e  t h e o r y . T h i s  w ill  e x p la in  th e  h ig h e r  

a s s o c ia t io n  o f  t h e  io d id e s  in  a q u e o u s  a n d  a lc o h o lic  s o lu 

t io n s  b u t  le a v e s  t h e  la c k  o f  a s s o c ia t io n  o f  B u 4N I  in  

a c e to n itr ile 7 t o  b e  e x p la in e d . I t  w o u ld  a p p e a r  t h a t  t h e  

e ffe c t  is  c h a r a c te r is t ic  o f  a lc o h o lic 14 a n d  a q u e o u s  s o lu 

t i o n s 4 b u t  n o t  s o lv e n t s  l ik e  a c e t o n it r i le ,7 n i t r o m e t h a n e ,26 

a n d  n it r o b e n z e n e .7 I t  w o u ld  a p p e a r  t o  b e  in s e n s it iv e  

t o  t h e  d e g r e e  o f  h y d r o g e n  b o n d in g  in  t h e  s o lv e n t ,  

a s  s e e n  h e r e  f o r  D 20  s o lu t io n s  a n d  p r e v io u s ly  f o r  

a q u e o u s  s o lu t io n s  w h e r e  a  d e c r e a s e  in  te m p e r a t u r e  h a d

l i t t le  e ffe c t . I t  w o u ld  a p p e a r  t h a t  s o m e  a s  y e t  u n 

id e n tif ie d  s p e c ific  s o lv e n t  e ffe c t  m u s t  b e  p r e s e n t  in  

a lc o h o lic  a n d  a q u e o u s  s o lu t io n s  t o  a c c o u n t  f o r  th e  

a b n o r m a l ly  h ig h  a s s o c ia t io n  o f  t h e  t e t r a a lk y la m m o -  

n iu m  io d id e s .
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S o m e  p e r m s e le c t iv e  m e m b r a n e s  c o lo r e d  t h r o u g h  t h e  e x is t e n c e  o f  c o n ju g a t e d  d o u b le  b o n d s  

in  t h e  p o ly m e r  b a c k b o n e  w e r e  in v e s t ig a t e d . C h a n g e s  in  t h e  a b s o r p t io n  s p e c t r u m  d u e  t o  

d iffe r e n t  g e g e n io n s  w e r e  f o u n d . T h e  c u r r e n t  t h r o u g h  t h e  m e m b r a n e s  in c r e a s e s  o n  i l lu m in a 

t io n . T h e  a d d it io n a l  c u r r e n t  d e p e n d s  o n  t h e  m a g n it u d e  o f  t h e  d a r k  c u r r e n t , l ig h t  in t e n s it y ,  

e x is t e n c e  o f  d o u b le -b o n d  s tr u c t u r e , a n d  t h e  s p e c t r u m  e m p lo y e d . S a t u r a t io n  o f  t h e  d o u b le  

b o n d  o c c u r s  d u r in g  p r o lo n g e d  c u r r e n t  t r a n s fe r  in  t h e  d a r k  o r  l ig h t . T h e  c h a r a c te r is t ic s  

o f  s u c h  m e m b r a n e s  a s  m ix e d  io n ic  a n d  e le c tr o n ic  c o n d u c to r s  a n d  t h e  r o le  o f  in t e r n a l  p o la r 

iz a t io n  w it h in  t h e  b o d y  o f  t h e  m e m b r a n e  a re  d is c u s s e d .

W e  h a v e  r e p o r te d  b r ie f ly * 1223 1 o b s e r v a t io n s  w h ic h  

s h o w e d  t h a t  t h e  a b s o r p t io n  s p e c t r u m  o f  s o m e  c h a r g e d  

p e r m s e le c t iv e  m e m b r a n e s  im m e r s e d  in  d iffe r e n t  e le c 

t r o ly t e  s o lu t io n s  is  a f fe c te d  b y  t h e  n a t u r e  o f  t h e  g e g e n -  

io n , o p p o s i t e  in  s ig n  t o  t h e  c h a r g e  o f  t h e  m e m b r a n e .  

I t  w a s  a ls o  s h o w n  th e r e  t h a t  t h e  c o n d u c t iv i t y  o f  s u c h  

m e m b r a n e s  is  in c r e a s e d  b y  i l lu m in a t io n . B o t h  o b 

s e r v a t i o n s  a p p e a r e d  t o  b e  r e la t e d  t o  t h e  e le c t r ic  f ie ld  

e x is t in g  within t h e  m e m b r a n e . T h e y  o f fe r e d  a  m e t h o d  

o f  o b t a in in g  f u r th e r  in f o r m a t io n  o n  t h is  c o m p o n e n t  

o f  m e m b r a n e  p r o c e s s e s , w h ic h  h it h e r t o  c o u ld  n o t  b e  

in v e s t ig a t e d . I n  t h e  p r e s e n t  p a p e r , w e  r e p o r t  m o r e

d e t a i le d  r e s u lts  a n d  a t t e m p t  t o  g i v e  a  la r g e ly  q u a l i t a 

t i v e  in t e r p r e t a t io n  o f  t h e  p h e n o m e n a .

Experimental Section
Permselective Membranes. M o s t  e x p e r im e n t s  w ere  

c a r r ie d  o u t  u s in g  p o s i t i v e ly  c h a r g e d  m e m b r a n e s  

s y n t h e s iz e d  a t  t h e  N e g e v  I n s t i t u t e  f o r  A r i d  Z o n e  

R e s e a r c h  a c c o r d in g  t o  t h e  p r o c e s s  d e s c r ib e d  b y  K ô r ô s y  

a n d S h o r r .2

(1) G. Stein and Ch. Forgacs, Science, 142, 953 (1963).
(2) F. de Körösy and J. Shorr, Dechema Monograph., 47, 477 (1963)-
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T h e s e  m e m b r a n e s  a re  m a d e  o f  p o ly  ( v i n y l  c h lo r id e ) ,  

t h e  a c t iv e  p o s it iv e  a m in e  g r o u p s  b e in g  f o r m e d  o n  t h e  

m e m b r a n e  t h r o u g h  t r e a t m e n t  w it h  p o l y  ( e t h y le n e -  

a m in e s ) , a lk y l iz e d  w it h  a l k y l  b r o m id e s . A f t e r  s y n 

th e s is , t h e  m e m b r a n e s  a re  b r o u g h t  in t o  t h e  c h lo r id e  

f o r m  b y  s o a k in g  in  d i lu t e  a q u e o u s  H C 1 , t h e n  w a s h e d  

w it h  d is t i l le d  w a te r , a n d  s to r e d  in  0 .1  N  K C 1  s o lu t io n .  

T h e s e  m e m b r a n e s  a r e  c o lo r e d  d e e p ly  r e d d is h  b r o w n .  

O t h e r  e x p e r im e n t s  w e r e  m a d e  u s in g  p o s i t iv e ly  c h a r g e d  

m e m b r a n e s  o b t a in e d  f r o m  A m e r ic a n  M a c h i n e  a n d  

F o u n d r y  C o . ( A M F 6 0 A ) .  T h e s e  a re  c o lo r le s s  a n d  a re  

p o ly e t h y le n e -p o ly s t y r e n e  b a s e d , c o n ta in in g  q u a t e r 

n a r y  a m m o n i u m  g r o u p s .

N e g a t i v e l y  c h a r g e d  p e r m s e le c t iv e  m e m b r a n e s  w e r e  

o b t a i n e d  f r o m  A m e r ic a n  M a c h i n e  a n d  F o u n d r y  C o .  

( A M F 6 0 C )  a n d  w e r e  p o ly e t h y le n e -p o ly s t y r e n e  b a s e d  

w ith  a c t iv e  s u lfo n a t e  n e g a t i v e  g r o u p s . T h e s e  m e m 

b r a n e s  h a v e  a  r e d d is h  b r o w n  c o lo r . F o r  c o m p a r is o n ,  

e x p e r im e n ts  w e r e  a ls o  c a r r ie d  o u t  u s in g  m e m b r a n e s  

w h ic h  w e r e  c o lo r e d  a n d  p e r m s e le c t iv e  th r o u g h  th e  

c h e m ic a l  a t t a c h m e n t  o f  c o m m e r c ia l ly  a v a i la b le  io n ic  

d y e  m o le c u le s  t o  a  m e m b r a n e , w h ic h  i t s e l f  w a s  n e ith e r  

c o lo r e d  n o r  p e r m s e le c t iv e . T h e  m e m b r a n e  m a t r i x  

i t s e l f  d o e s  n o t  c o n t a in  d o u b le  b o n d s  e ith e r  b e fo r e  o r  

a f t e r  t h e  in c o r p o r a t io n  o f  t h e  io n ic  g r o u p s . T h e s e  

m e m b r a n e s  w e r e  p r e p a r e d  b y  M r .  A .  S u s s e r  a n d  w ill  b e  

d e s c r ib e d  s e p a r a te ly .

Materials. T h e  w a t e r  u s e d  w a s  d e m in e r a liz e d  b y  

d o u b le -b e d  io n  e x c h a n g e  f o l lo w e d  b y  m ix e d -b e d  t r e a t 

m e n t .  I t  h a d  m o r e  t h a n  1 0 6 o h m s  c m . s p e c ific  r e s is t 

a n c e . A l l  c h e m ic a ls  u s e d  w e r e  a n a ly t i c a l  g r a d e .

Spectra. T h e s e  w e r e  m e a s u r e d  a n d  r e c o r d e d  w it h  a  

B e c k m a n  D B  in s t r u m e n t  a n d  p o t e n t io m e t r ic  r e c o r d e r .

Illumination. T h e  l ig h t  s o u r c e s  u s e d  w e r e : fo r  

s t e a d y  i l lu m in a t io n , a  7 5 0 -w .  in c a n d e s c e n t  la m p  a n d , 

f o r  f la s h  i l lu m in a t io n , a n  E lt r o n ic  C o r n e t  S K  x e n o n  

p h o t o g r a p h ic  f la sh . W i t h  th is , tw o  in t e n s it y  s e t t in g s  

w e r e  a v a i la b le , g iv in g  a b o u t  1 0  a n d  5  jo u le s , r e s p e c 

t i v e ly ,  p e r  fla s h . O p t ic a l -g la s s  f i lt e r s  ( C h a n c e  B r o s .  

C o . ,  B ir m in g h a m , G r e a t  B r it a in )  w e r e  u s e d  t o  is o la te  

s p e c tr a l  r e g io n s  f r o m  t h e  f la s h  l ig h t . O n e  f a c e  o n ly  o f  

t h e  m e m b r a n e  w a s  i l lu m in a t e d .

Electrical Measurements. T h e  r e s u lts  o b t a i n e d  in  

f o u r  t y p e s  o f  e x p e r im e n ta l  a r r a n g e m e n ts  w ill  b e  re fe r re d  

t o .

( A )  S tr ip s  o f  t h e  p e r m s e le c t iv e  m e m b r a n e , 1 0  X  

6 0  m m .,  w e r e  in t r o d u c e d  in t o  a  1 -c m . o p t ic a l  p a t h  

le n g t h  q u a r t z  o r  P y r e x  s p e c tr o p h o to m e tr ic  ce ll, 

p r o v id e d  (p a r a lle l  t o  a n d  o u t s id e  t h e  l ig h t  p a t h )  w ith  

in s u la t in g  f r a m e s  t o  h o ld  t h e  m e m b r a n e  s tr ip  a n d  t o  

m in im iz e  t h e  c u r r e n t  le a k a g e s . O f  c o u r s e , in  th is  

a r r a n g e m e n t  t h e  s a m e  e le c t r o ly te  s o lu t io n  is  p r e s e n t  

o f  n e c e s s ity  o n  b o t h  s id e s  o f  t h e  m e m b r a n e . E le c t r ic a l

c o n t a c t  w a s  m a d e  t o  e ith e r  s id e  t h r o u g h  0 .1  N  K C 1  

a g a r  b r id g e s , k e p t  o u t s id e  t h e  l ig h t  p a t h , a n d  le a d in g  

t o  c u p s  c o n ta in in g  A g - A g C l  e le c tr o d e s  in  0 .1  A  K C 1  

s o lu t io n . T h e  b r id g e s , c u p s , a n d  e le c tr o d e s  w e r e  

s h ie ld e d  f r o m  t h e  l ig h t . T h e  e le c tr o d e s  w e r e  c o n n e c te d  

t o  a  M e t r o h m  P o la r e c o r d  E 2 6 1 R  in s t r u m e n t , w h ic h  

b o t h  p r o v id e d  t h e  p o la r iz in g  p o t e n t ia l  a n d  r e c o r d e d  

t h e  c u r r e n t  f lo w in g  th r o u g h  t h e  ce ll a n d  m e m b r a n e ,  

w it h  a  m a x i m u m  s e n s i t iv i t y  o f  1 0 -1 0  a m p . / m m .  T h e  

c o m p e n s a t in g  c u r r e n t  a v a i la b le  p e r m its  in  t h e  l i m i t  

a  c h a n g e  o f  1 / 2 0 0 0  in  t h e  t o t a l  c u r r e n t  f lo w in g  t o  b e  

r e c o r d e d  a n d  d e t e r m in e d .

( B )  H e r e  t h e  c e ll u s e d  a llo w s  t h e  u se  o f  d if fe r e n t  

e le c t r o ly t e s  in  t h e  t w o  c o m p a r t m e n t s  f u l l y  s e p a r a te d  

b y  t h e  m e m b r a n e . T w o  e le c t r o d e s  o n l y  w e r e  u s e d ,  

a s  in  ( A ) ,  b u t  t h e  A g - A g C l  e le c tr o d e s  w e r e  n o w  in 

t r o d u c e d  d ir e c t ly  in t o  th e  c e ll, w e ll  s h ie ld e d  f r o m  

t h e  l ig h t , a n d  le d  t o  t h e  P o la r e c o r d  in s t r u m e n t  a s  

u n d e r  ( A ) .

( C )  T h e  s a m e  c e ll a s  in  ( B )  w a s  u s e d . I n t o  e a c h  

c o m p a r t m e n t  w e r e  p la c e d  tw o  e le c tr o d e s , o n e  A g -  

A g C l  e le c tr o d e  a n d  o n e  o f  b r ig h t  P t .  A  p o t e n t io s t a t ,  

m a n u fa c t u r e d  f o r  u s  b y  M e s s r s . E lr o n  L t d . ,  H a i f a ,  

I s r a e l , p e r m it t e d  a  c o n s ta n t  p o t e n t ia l  d r o p  (0  t o  ± 3  

v . )  t o  b e  m a in t a in e d  a c r o s s  t h e  m e m b r a n e  b e t w e e n  th e  

A g - A g C l  e le c tr o d e s . T h r o u g h  t h e  P t  e le c t r o d e s  th e  

c u r r e n t  n e e d e d  t o  m a in t a in  th is  c o n s t a n t  p o t e n t i a l  w a s  

p a s s e d . T h e  v o l t a g e  d r o p  c a u s e d  b y  t h i s  c u r r e n t  

f lo w in g  t h r o u g h  a n  e x te r n a l r e s is ta n c e , in  se r ie s  w ith  

t h e  c e ll, w a s  t h e n  m e a s u r e d  a n d  r e c o r d e d  o n  t h e  m v ,  

m e a s u r in g  s c a le  o f  t h e  M e t r o h m  P o la r e c o r d  in s t r u 

m e n t . O n c e  a g a in , a  c h a n g e  o f  1 / 2 0 0 0  in  t h e  t o t a l  

c u r r e n t  c o u ld  b e  d e t e r m in e d  a n d  r e c o r d e d .

( D )  T h e  c e ll u s e d  w a s  a s  in  ( B )  a n d  ( C ) ,  b u t  o n ly  

t h e  P t  e le c tr o d e s  w e r e  u s e d . T h e  e le c tr o d e s  w e r e  c o n 

n e c t e d  th r o u g h  a n  e x te r n a l r e s is ta n c e . W h e n  t h e  tw o  

c o m p a r t m e n t s  o f  t h e  c e ll a r e  f i lle d  w it h  s o lu t io n s  o f  

d iffe r e n t  s a lt  c o n c e n tr a t io n s , a  p o t e n t ia l  d iffe r e n c e  

a r ise s  a c r o s s  t h e  m e m b r a n e . T h i s  g e n e r a te s  a  c u r r e n t  

f lo w in g  via t h e  P t  e le c tr o d e s  a n d  t h e  e x te r n a l r e s is ta n c e ,  

w h ic h  in c r e a s in g ly  p o la r iz e s  t h e  e le c tr o d e s . W h e n  th e  

e le c tr o d e s  b e c o m e  s u ffic ie n t ly  p o la r iz e d  t o  c o u n te r 

b a la n c e  t h e  m e m b r a n e  p o t e n t ia l ,  t h e  c u r r e n t  d e c r e a s e s  

t o  z e r o . O n  i l lu m in a t io n  o f  t h e  m e m b r a n e , w e  e x 

p e c t e d  th is  b a la n c e  b e tw e e n  t h e  o p p o s in g  p o t e n t ia ls  t o  

b r e a k  d o w n  a n d  lo o k e d  f o r  a  m o m e n t a r y  c u r r e n t  f lo w  

th r o u g h  t h e  c ir c u it . W e  a t t e m p t e d  t o  m e a s u r e  th is  a s  

a  v o lt a g e  a c r o s s  t h e  e x te r n a l r e s is ta n c e  a n d  t o  in t e g r a t e  

i t  u s in g  a  D y m e c  M o d e l  2 2 1 0  v o l t a g e - t o - f r e q u e n c y  c o n 

v e r t e r  a n d  E lr o n  E 1 -5 4 -C .  e le c tr o n ic  s c a le r .

T h e  u s e  o f  t h e  first  th r e e  m e t h o d s  e n a b le d  u s  to  

c o v e r  s ix  o r d e r s  o f  m a g n it u d e  o f  d a r k  c u r r e n t  in  t h e  

s a m e  e x p e r im e n ts . T h e  f o u r t h  m e t h o d  w a s  u s e d  t o
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in v e s t ig a te  w h e t h e r  th e r e  is  a  p h o t o c u r r e n t  w h e n  a  

p o te n t ia l  d iffe r e n c e  e x is t s  a c r o s s  t h e  m e m b r a n e  w it h o u t  

d a r k  c u r r e n t  f lo w in g .

I n  a ll  e x p e r im e n ts , t w o  k in d s  o f  b la n k  c o n tr o ls  w e r e  

m e a s u r e d . ( 1 )  W i t h  t h e  m e m b r a n e  in  p o s it io n , t h e  

la m p  ( s t e a d y  o r  f la s h )  w a s  a c t u a t e d :  h o w e v e r , t h e  

l ig h t  w a s  m a s k e d  t o  p r e v e n t  i l lu m in a t io n  o f  t h e  c e ll. 

I n  t h is  w a y ,  e le c t r ic  t r a n s ie n t s  d u e  t o  t h e  o p e r a t io n  

o f  t h e  l ig h t  s o u r c e  i t s e lf  c o u ld  b e  a s c e r ta in e d . (2 )  

T h e  e n tir e  s e t u p  w a s  o p e r a te d  in  t h e  a b s e n c e  o f  th e  

m e m b r a n e  o n ly . I n  t h is  w a y , o n e  c o u ld  s h o w  t h a t  t h e  

p h o t o e ffe c ts  a r e  d u e  t o  l ig h t  fa l l in g  o n  t h e  m e m b r a n e  

a n d  n o t  o t h e r  p a r t s  o f  t h e  s y s t e m . E x p e r im e n t s  

u sin g  h e a t  f i lte r s  w e r e  c a r r ie d  o u t  t o  s h o w  t h a t  t r a n 

s ie n ts  o b s e r v e d  a re  n o t  d u e  t o  h e a t  e ffe c ts .

Results
Effect of the Gegenion on the Absorption Spectrum of 

Membranes. K o r o s y - t y p e  m e m b r a n e s , 0 .1  m m . t h ic k ,  

w e r e  b r o u g h t  in t o  e q u i l ib r iu m  t h r o u g h  p r o lo n g e d  s o a k 

in g  w it h  s a t u r a t e d  s o lu t io n s  o f  v a r io u s  s a l t s ,  th e n  

r in s e d  th o r o u g h ly  w it h  d is t i l le d  w a te r , a n d  th e ir  

a b s o r p t io n  s p e c tr a  w e r e  m e a s u r e d  w it h  t h e  m e m b r a n e s  

im m e r s e d  in  d is t i l le d  w a t e r  in  t h e  s p e c t r o p h o t o m e t e r  

c e ll . U n d e r  th e s e  c o n d it io n s , o n l y  t h e  n e g a t iv e  g e g e n -  

io n s  a t t a c h e d  t o  t h e  p o s i t iv e  m e m b r a n e  a r e  r e ta in e d .  

A b s o r p t i o n  is  t o t a l  in  t h e  u lt r a v i o le t  a n d  t h e  v i s ib le  

r a n g e  t o  5 5 0  ra/i; i t  d e c r e a s e s  a n d  r e a c h e s  a  m in im u m  

a r o u n d  7 0 0  m p , r is in g  a g a in  t o w a r d  t h e  in fr a r e d  a n d  

f a r - in fr a r e d  r a n g e . T a b le  I  s h o w s  t h e  r e s u lts  f o r  

Xrain a n d  X i/2 ( a t  X i /„  t h e  t r a n s m i t t a n c e  o f  t h e  m e m b r a n e  

r e a c h e s  5 0 %  o f  i t s  m a x im u m )  f o r  t h e  h a lid e  g e g e n io n s .  

T a b le  I I  s h o w s , f o r  C l -  a s  t h e  g e g e n io n , t h a t  t h e  p o s i 

t io n  o f  X i /2 r e m a in e d  r e a s o n a b ly  c o n s t a n t  w h e n  fiv e  

d iffe r e n t  m e m b r a n e  s a m p le s  o f  v a r y in g  t r a n s m i t t a n c e  

w e r e  u s e d .

Table I : Absorption Spectrum as a Function of Gegenanion

Amin> X'A,
Ion mu mu

F - 705 ±  5 622
c i - 710 ±  5 632
B r- 717 ± 5 648
I - 722 ±  2 655

T h e  a b s o r p t io n  s p e c t r u m  o f  t h e  m e m b r a n e  is  d u e  t o  

a  s y s t e m  o f  c o n ju g a t e d  d o u b le  b o n d s  f o r m e d  in  t h e  

p o ly  ( v i n y l  c h lo r id e )  p o ly m e r  d u r in g  t h e  p r o c e s s  o f  

in t r o d u c t io n  o f  t h e  p o s i t i v e ly  c h a r g e d  g r o u p s . T h e  

p o s i t iv e ly  c h a r g e d  p o ly ( e t h y le n e a m in e )  g r o u p s  t h e m 

s e lv e s  d o  n o t  a b s o r b  in  t h e  v i s ib le  n o r  c a n  t h e y  f o r m

Table II: Position of Xi/2 with Cl ~ 
for Various Membrane Samples

as Gegenanion

% trans-
Amin» mittance Xi/s.

Sample TAfj. at Am j n m u

l 708 ±  4 47 631
2 710 ±  2 27 638
3 712 ±  5 24 638
4 713 ±  5 24 630
5 715 ±  6 19 639

c o lo r e d  io n -p a ir  c h a r g e -tr a n s fe r  c o m p le x e s  w it h  h a lid e  

io n s . O n  t h e  o t h e r  h a n d ,  s im ila r  c o lo r in g  m a y  b e  

f o r m e d  in  u n c h a r g e d  p o ly  ( v i n y l  c h lo r id e )  s h e e t s  b y  d e 

h y d r o c h lo r in a t io n  th r o u g h  t r e a t m e n t  w it h  h o t  K O H  

s o lu t io n . I n  t h is  c a s e , c o n ju g a t e d  d o u b le -b o n d  s y s 

t e m s  a r e  k n o w n  t o  b e  f o r m e d . A c c o r d in g ly ,  t h e  

e ffe c ts  n o w  o b s e r v e d  a r e  a t t r i b u t e d  t o  t h e  in f lu e n c e  o f  

t h e  h a lid e  n e g a t iv e  g e g e n io n s  in  t h e  b o d y  o f  t h e  

m e m b r a n e  o n  t h e  c o n ju g a t e d  d o u b le -b o n d  s y s t e m  o f  th e  

p o ly m e r . T h e  c o r r e la t io n  w it h  t h e  e le c t r o n  a f f in ity  

a n d  io n ic  r a d iu s  o f  t h e  h a l id e  io n  w o u ld  b e  c o n s is te n t  

w it h  t h e  a s s u m p t io n  t h a t  d o n o r -a c c e p t o r  in t e r a c t io n s  

a r e  i n v o l v e d ;  h o w e v e r , s in c e  a b s o r p t io n  m a x i m a  c o u ld  

n o t  b e  d e t e r m in e d , th is  p o in t  is  l e f t  o p e n . T h e  io n -  

e x c h a n g e  c a p a c i t y  o f  t h e  m e m b r a n e s  u s e d  w a s  2  

m e q u i v . /g .  o f  c h lo r id e  f o r m  ( d r y  w e ig h t ) .  T h u s ,  t h e  

c o n c e n tr a t io n  o f  h a lid e  io n s  is  h ig h  e n o u g h  t o  e n s u r e  

s p a t ia l  p r o x im it y  t o  a n y  c o n ju g a t e d  d o u b le -b o n d  

s y s t e m .

Changes in the Current through the Membrane on Il
lumination. Effect of Double Bonds in the Membrane 
Structure. I n  a l l  o f  t h e  e x p e r im e n ts  r e p o r t e d  in  t h e  

p r e s e n t  w o r k , i t  m u s t  b e  e m p h a s iz e d  t h a t  w it h  m e m 

b r a n e s  f r o m  a ll  s o u r c e s  th e r e  w a s  c o n s id e r a b le  v a r ia 

t io n  in  th e ir  o p t i c a l  p r o p e r t ie s  a n d  in  t h e ir  r e s p o n s e  t o  

i l lu m in a t io n . I n d e e d , e v e n  c u t t in g s  f r o m  t h e  s a m e  

s h e e t  r e s p o n d e d  s o m e w h a t  d i f f e r e n t ly  u n d e r  o t h e r w is e  

id e n t ic a l  e x p e r im e n ta l  c o n d it io n s . H o w e v e r , i t  b e 

c a m e  a p p a r e n t  t h a t  th e r e  is  a  c o r r e la t io n  b e t w e e n  t h e  

a b s o r b a n c e  o f  t h e  s a m p le  in  t h e  v i s ib le  r e g io n  a n d  t h e  

e ffe c t  o f  l ig h t  o n  t h e  c u r r e n t  f lo w in g . T h e r e fo r e , w e  

in v e s t ig a t e d  w h e t h e r  t h e  c o n ju g a t e d  d o u b le  b o n d s ,  

r e s p o n s ib le  f o r  t h e  c o lo r  a n d  t h u s  a b s o r b in g  t h e  l ig h t  

in  t h e  v i s ib le  r e g io n , a r e  t h o s e  r e s p o n s ib le  f o r  t h e  c o n 

d u c t i v i t y  e ffe c t  a s  w e ll . S a m p le s  o f  K o r o s y - t y p e  

m e m b r a n e s  w e r e  c h o s e n , a s  o p t i c a l ly  h o m o g e n e o u s  a s  

p o s s ib le , a n d  d iv id e d  in t o  t w o , o n e  s a m p le  b e in g  b r o m i -  

n a t e d  u n d e r  m i ld  c o n d it io n s  t o  s a t u r a te  th e  d o u b le  

b o n d s . E x c e s s  b r o m in e  w a s  w a s h e d  o f f . T h e  re 

s u lt in g  m e m b r a n e  s h o w e d  a n  e le c tr ic a l  p e r fo r m a n c e  

( c o n d u c t iv i t y  a n d  p e r m s e le c t iv i t y )  n e a r ly  id e n t ic a l

Volume 69, Number 12 December 1965



4224 C haim  F orgacs and  G a b r ie l  Ste in

w it h  t h a t  o f  t h e  u n t r e a t e d  s a m p le . T h e  c o lo r , h o w e v e r ,  

c h a n g e d  f r o m  t r a n s lu c e n t  d e e p ly  r e d -b r o w n  t o  o n ly  

s l ig h t ly  y e l lo w , b u t  r a th e r  o p a q u e . O n  i l lu m in a t io n  

u n d e r  a r r a n g e m e n t  C  in  0 .1  N  K C 1  w it h  1 .5 - m a .  

d a r k  c u r r e n t  a p p lie d , t h e  a d d it io n a l  c u r r e n t  w a s  

+ 3 . 0  jua. f o r  t h e  u n tr e a te d  c o lo r e d  m e m b r a n e  a n d  o n ly  

+ 0 . 8  p a . f o r  t h e  t r e a t e d  d e c o lo r iz e d  m e m b r a n e .

U s i n g  u n c o lo r e d  p o s it iv e  m e m b r a n e s , n o  c h a n g e  in  

c u r r e n t  o c c u r r e d  o n  i l lu m in a t io n . U s i n g  c o lo r e d  n e g a 

t i v e  m e m b r a n e s  ( A M F 6 0 C ) ,  e ffe c ts  s im ila r  t o  th o s e  

w it h  c o lo r e d  p o s i t iv e  m e m b r a n e s  w e r e  o b t a i n e d . T h u s ,  

i t  a p p e a r e d  t h a t  i t  is  t h e  c o n ju g a t e d  d o u b le -b o n d  

s y s t e m s  in  t h e  m e m b r a n e s  t h a t  a re  r e s p o n s ib le  fo r  th e  

a d d it io n a l  c u r r e n t  u n d e r  i l lu m in a t io n .

Effect of Wave Length of Illuminations. U s i n g  e x 

p e r im e n ta l  a r r a n g e m e n t  C ,  0 .1  N  K C 1  s o lu t io n , a n d  

1 0 -m a . d a r k  c u r r e n t , a  K o r o s y - t y p e  m e m b r a n e  w a s  

i l lu m in a t e d  w it h  t h e  f u l l  l ig h t  o f  t h e  x e n o n  f la s h , w h ic h  

c o n t a in e d  a ll  w a v e  le n g th s  d o w n  t o  3 0 0  m p . W e  

m e a s u r e d  t h e  m a x i m u m  v a lu e  o f  a d d it io n a l  c u r r e n t  

r e c o r d e d .

A I  =  3 2  p a . w a s  o b ta in e d . U s i n g  a  C h a n c e  f ilte r  

N o .  O Y 4 ,  w h ic h  d o e s  n o t  t r a n s m i t  b e lo w  5 0 0  m p  a n d  

w h ic h  h a s  a n  in t e g r a t e d  v is ib le  tr a n s m is s io n  o f  8 4 % ,  

A /  =  1 3  p a . w a s  o b t a i n e d ; i.e., A / eqUiv =  1 5 .5  /¿a ., 

f o r  l ig h t  a b o v e  5 0 0  m p . H e r e , A / PXI,liv is  t h e  c a lc u la te d  

v a lu e  o f  t h e  c u r r e n t  i f  a l lo w a n c e  is  m a d e  f o r  t h e  d e 

c r e a s e  in  p e r  c e n t  tr a n s m is s io n . U s i n g  C h a n c e  f ilte r  

N o .  O R D 2 ,  w h ic h  d o e s  n o t  t r a n s m i t  b e lo w  6 0 0  m p  

a n d  w h ic h  t r a n s m i t s  9 0 %  o f  a ll  l ig h t  a b o v e  6 5 0  m p ,  

A I  =  5  p a . w a s  o b t a i n e d ; i.e., AleCLniv =  5 .5  ¿¿a.

I t  is  th u s  s e e n  t h a t  a  m a jo r  p a r t  o f  t h e  a d d e d  c u r r e n t  

o n  i l lu m in a t io n  is  d u e  t o  a b s o r p t io n  a b o v e  5 0 0  m p  

w h e r e  o n ly  t h e  c o n ju g a t e d  d o u b le -b o n d  s y s t e m  a b s o r b s .

T h u s ,  t h e  e x p e r im e n ts  o n  t h e  s p e c tr a  a n d  c u r r e n t  

c h a n g e s  o n  i l lu m in a t io n  b o t h  s u p p o r t  t h e  a s s u m p t io n  

t h a t  th e s e  e ffe c ts  a re  c o n n e c te d  w it h  t h e  e x is t e n c e  o f  

c o n ju g a t e d  d o u b le  b o n d s  in  t h e  b o d y  o f  t h e  m e m b r a n e .

The Effect of Light Intensity. U s i n g  t h e  s a m e  e x p e r i

m e n t a l  s e tu p  a s  in  t h e  p r e c e d in g  s e c t io n s , 1 -m a .  

s t e a d y  d a r k  c u r r e n t  w a s  a p p lie d . O n  i l lu m in a t io n  

o f  a  m e m b r a n e  s a m p le  w it h  t h e  f u l l  l ig h t  o f  t h e  f la sh , 

A /  =  2 .0  ±  1 .0  p a . w a s  o b t a in e d  in  a  se r ie s  o f  i l lu m i

n a t io n s , w h ile , u s in g  t h e  h a l f -e n e r g y  s e t t in g  o n  t h e  

f la s h , A /  =  1 .0  ±  0 .5  p a . w a s  o b t a in e d  w it h  t h e  s a m e  

s a m p le .

Dependence of Additional Photocurrent on the Steady- 
State Dark Current. T h e  e x p e r im e n ts  in  0 .1  a n d  1 N  
K C 1  s o lu t io n s  in  e x p e r im e n ta l  a r r a n g e m e n ts  A ,  B ,  

a n d  C  a re  s h o w n  in  F ig u r e  1 , w h e r e  A I  is  p lo t t e d  a s  a  

f u n c t io n  o f  I  u s in g  t h e  f u l l  i n t e n s i t y  o f  t h e  fla s h .

I t  w i ll  b e  s e e n  t h a t  A /  -*■ 0  a s  /  —► 0 .  T h e  p h o t o 

c u r r e n t  is  th e r e fo r e  n o t  a  p r o p e r t y  o f  t h e  m e m b r a n e

Figure 1. Relation between the dark current and the peak 
value of the additional current obtained on illumination.

Figure 2. Rise and decay of additional current after flash 
illumination. Time scale: 10 units = 12 sec.

a lo n e  b u t  d e p e n d s  o n  t h e  e le c tr ic a l  s t a t e  in s id e  t h e  m e m 

b r a n e , p r o d u c e d  b y  t h e  c u r r e n t  f lo w in g . F ig u r e  2  s h o w s  

o n e  e x a m p le  o f  t h e  r e c o r d in g  o f  c u r r e n t  c h a n g e s  o n  

i l lu m in a t io n . T h e  t im e  s c a le  is  a  f u n c t io n  o f  t h e  p a r t ic 

u la r  c ir c u it r y  e m p lo y e d , a n d  i t  is  n o t  d e t e r m in e d  h o w  

t h e  sp e c ific  p r o p e r t ie s  o f  t h e  m e m b r a n e  in f lu e n c e  i t .  

R e v e r s a l  o f  t h e  d ir e c t io n  o f  t h e  d a r k  c u r r e n t  d id  n o t  

a f fe c t  t h e  p h o t o c u r r e n t , w h ic h  a lw a y s  a d d e d  t o  th e  

d a r k  c u r r e n t .

Experiments Using Susser-Type Membranes. U s i n g  

th e s e  m e m b r a n e s , w h e r e  t h e  a b s o r b in g  c o lo r  w a s  n o t  

d u e  t o  c o n ju g a t e d  d o u b le  b o n d s  in  t h e  m e m b r a n e  

m a t r i x  i t s e l f  b u t  t o  c h e m ic a l ly  a t t a c h e d  c o lo r e d ,  

c h a r g e d  d y e  m o le c u le s , a d d it io n a l  p h o t o c u r r e n ts  w e r e  

n o t  o b t a i n e d  o n  i l lu m in a t io n . M o r e o v e r ,  n o  c h a n g e  

in  t h e  a b s o r p t io n  s p e c tr u m  w a s  o b s e r v e d  o n  c h a n g in g  

th e  g e g e n io n s  a s  in  T a b le s  I  a n d  I I .

Results in the Absence of Dark Current. A  p o t e n t ia l  

d iffe r e n c e  w a s  p r o d u c e d  a c r o s s  a  m e m b r a n e  b y  in 

t r o d u c i n g  d iffe r e n t  c o n c e n tr a t io n s  o f  K C 1  s o lu t io n  

( 0 .0 0 1  a n d  1 N) in  t h e  t w o  c o m p a r t m e n t s .  T h e n ,
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a c c o r d in g  t o  a r r a n g e m e n t  D ,  n o  c u r r e n t  f lo w s  th r o u g h  

th e  m e m b r a n e  w h e n  f u l l  p o la r iz a t io n  is  e s ta b lis h e d .  

T h e  i l lu m in a t io n  o f  t h e  m e m b r a n e  u n d e r  th e s e  c o n d i

t io n s  d id  n o t  p r o d u c e  a  d e t e c t a b le  c u r r e n t .

Influence of Current Transfer on the Conjugated Double 
Bonds of the Membrane Matrix. I t  w a s  k n o w n  o f  th e  

K ô r ô s y - t y p e  m e m b r a n e s  t h a t  t h e y  a r e  g r a d u a l ly  d is 

c o lo r e d  b y  tr a n s fe r r in g  c u r r e n t  t h r o u g h  t h e m . H o w 

e v e r , i t  w a s  t h o u g h t  t h a t  th is  e f fe c t  is  c a u s e d  b y  c h e m i

c a l r e a g e n ts  p r e s e n t  in  t h e  s o lu t io n s . I n  o r d e r  t o  

f in d  t h e  r e a s o n s  f o r  t h e  e f fe c t , a r r a n g e m e n t  C  w a s  u s e d  

w ith  la r g e -s u r fa c e  A g - A g C l  e le c t r o d e s  in s t e a d  o f  t h e  

P t , t o  a v o id  e le c t r o d e  r e a c t io n s  w h ic h  m a y  p r o d u c e  

r e a c t iv e  s u b s t a n c e s . W i t h  a  p o t e n t ia l  d r o p  o f  2  v .  

b e tw e e n  t h e  t w o  r e fe r e n c e  e le c t r o d e s , a  c u r r e n t  o f  3 0  

m a . / c m . 2 p a s s e d  t h r o u g h  t h e  m e m b r a n e  im m e r s e d  in  

0 .1  A  K C 1  s o lu t io n . T h e  c u r r e n t  w a s  p a s s e d  f o r  1 0  

h r .,  in  t h e  fir s t  e x p e r im e n t  w it h o u t  a n d  in  t h e  s e c o n d  

w ith  i l lu m in a t io n  b y  a  1 0 0 -w . in c a n d e s c e n t  la m p .  

I n  th is  s e c o n d  e x p e r im e n t , t w o  s a m p le s  o f  t h e  s a m e  

m e m b r a n e  w e r e  p la c e d  in  t h e  s a m e  s o lu t io n , o n e  il lu m i

n a t e d  a n d  t h e  o t h e r  in  t h e  d a r k . I n  t h e  c o u r se  o f  th e  

e x p e r im e n t , t h e  s o lu t io n  w a s  t e s t e d  f o r  fr e e  c h lo r in e  

p r o d u c t io n  a n d  f o r  c h a n g e s  in  p H .  N o  c h lo r in e  w a s  

f o u n d , a n d  th e  p H  d id  n o t  c h a n g e  s ig n if ic a n t ly . G a s  

f o r m a t i o n  o n  t h e  e le c tr o d e s  w a s  n o t  o b s e r v e d .

A f t e r  1 0  h r . o f  e x p e r im e n t , th e  p a r t  o f  t h e  m e m b r a n e s  

w h ic h  w a s  e x p o s e d  t o  c u r r e n t  tr a n s fe r  w a s  l ig h t e r  in  

c o lo r , w it h  a n d  w it h o u t  i l lu m in a t io n . N o  c o lo r  

c h a n g e s  o c c u r r e d  in  m e m b r a n e s  im m e r s e d  in t o  s u c h  

s o lu t io n s  w it h o u t  c u r r e n t  f lo w in g .

Discussion
A n  a d d it io n a l  c u r r e n t , s o m e  te n t h s  o f  1 %  o f  t h e  

d a r k  c u r r e n t , f lo w s  t h r o u g h  t h e  m e m b r a n e s  u n d e r  

i l lu m in a t io n  w it h  t h e  l ig h t  in t e n s it ie s  h e r e  e m p lo y e d .  

T h i s  a d d it io n a l  c u r r e n t  m a y  b e  a t t r ib u t e d  t o  t h e  e x is t 

e n c e  o f  t w o  f a c t o r s :  a  p o t e n t ia l  d iffe r e n c e  b e tw e e n  

tw o  p o in t s  in s id e  t h e  m e m b r a n e  a n d  a  s y s t e m  o f  c o n ju 

g a t e d  d o u b le  b o n d s  l in k in g  th e s e  t w o  p o in t s , e n a b lin g  

t h e  e le c t r o n  e x c it e d  b y  t h e  l ig h t  t o  f lo w  a lo n g  t h e  p o t e n 

t ia l  d iffe re n c e .

T h e  d e c o lo r a t io n  o f  t h e  m e m b r a n e s  d u r in g  p r o lo n g e d  

c u r r e n t  f lo w  is  c o n n e c te d  w it h  t h e  s a t u r a t io n  o f  th e  

d o u b le -b o n d  s y s t e m s . T h e  o r d e r  o f  m a g n it u d e  o f  th e  

y i e ld  o f  t h i s  p r o c e s s  m a y  b e  c a lc u la te d  f r o m  t h e  k n o w n  

io n ic  c a p a c i t y  o f  t h e  m e m b r a n e s  (1  m e q u i v . /g .  o r  

1 (H  e q u i v . / c m .2 o f  t h e  m e m b r a n e s  u s e d )  a n d  b y  a s s u m 

in g  t h a t  1 - 1 0  d o u b le  b o n d s  a re  a s s o c ia te d  w it h  e v e r y

io n ic  g r o u p . (T h e r e  a r e  1 0  P V C  u n it s  p e r  io n ic  g r o u p  

in  o u r  m e m b r a n e s .)  F o r  th e  n u m b e r  o f  f a r a d a y s  u s e d  

in  o u r  e x p e r im e n ts , t h e  y i e ld  is  o f  th e  o r d e r  o f  0 . 1 % .

B o t h  e ffe c ts  a re  th u s  s m a ll ,  b u t  s ig n ific a n t . W e  

m a y  a c c o u n t  f o r  t h e m  b y  a s s u m in g  t h a t ,  b e tw e e n  p o in t s  

in s id e  t h e  m e m b r a n e , th e r e  a r ise s  a  p o t e n t ia l  d iffe re n c e  

d u r in g  c u r re n t f lo w  b y  io n  t r a n s p o r t . I f  th e  tw o  

p o in t s  a r e  c o n n e c te d  b y  a  s y s t e m  o f  c o n ju g a t e d  d o u b le  

b o n d s , e le c tr o c h e m ic a l  r e a c t io n s  r e s u lt in g  in  t h e  s a t u 

r a t io n  o f  t h e  d o u b le  b o n d s  m a y  o c c u r  a c ro ss  th e  tw o  

e n d s  o f  t h e  s y s t e m  a s  a  r e s u lt  o f  t h e  p o t e n t ia l  d if 

fe r e n c e , t h e  c ir c u it  b e in g  c o m p le t e d  b y  e le c tr o n  f lo w  

a lo n g  t h e  c o n ju g a t e d  d o u b le -b o n d  s y s t e m .

O n  i l lu m in a t io n , e le c tr o n s  a re  ra is e d  in t o  th e  c o n d u c 

t io n  b a n d  o f  t h e  c o n ju g a t e d  d o u b le -b o n d  s y s t e m , re 

s u lt in g  in  a d d it io n a l  c u r re n t f lo w  b e tw e e n  t h e  p o in t s  o f  

p o t e n t ia l  d iffe re n c e .

T h e  e ffe c ts  o b s e r v e d  c a n n o t  b e  d e r iv e d  f r o m  th e  

e x is t in g  m o d e ls  o f  p e r m s e le c t iv e  m e m b r a n e  p r o c e s s e s . 

I t  is  k n o w n 3 t h a t  s o m e  a s p e c ts  o f  t h e  e x p e r im e n ta l  

b e h a v io r  o f  p e r m s e le c t iv e  m e m b r a n e s , p a r t ic u la r ly  d u r 

in g  io n  t r a n s p o r t , c a n n o t  b e  q u a n t i t a t iv e ly  f u l ly  d e 

sc r ib e d  b y  th e  e x is t in g  th e o r e t ic a l  m o d e ls . S u c h , f o r  ex 

a m p le , a re  t h e  m a g n it u d e  o f  m e m b r a n e  p o t e n t ia ls 33, u n 

d e r  e q u il ib r iu m  c o n d it io n s  d u r in g  c u r r e n t  t r a n s f e r ,311 a n d  

t h e  r e la x a t io n  o f  r e s id u a l p o te n t ia ls  o n  s w itc h  o ff  

(e le c tr e t  e f f e c t ) .30

T h e  e ffe c ts  n o w  o b s e r v e d  a re  r e la t iv e ly  s m a ll . H o w 

e v e r , t h e y  o f fe r  a n  e x p e r im e n ta l  w a y  fo r  o b ta in in g  

f u r th e r  in fo r m a t io n  c o n c e r n in g  p r o c e s s e s  in s id e  th e  

m e m b r a n e  a n d  m a y  s h e d  l ig h t  o n  t h e  c a u s e  o f  th e  

m o r e  g e n e r a l o b s e r v a t io n s .

I t  is  t o  b e  r e m a r k e d  t h a t  t h e  s p e c ia l  m e m b r a n e s  n o w  

u s e d  b e h a v e  a s  m ix e d  io n ic -e le c t r o n ic  c o n d u c to r s .  

T h e  in flu e n c e  o f  c u r r e n t  d e n s i t y , l ig h t  in t e n s it y ,  

s a t u r a t io n  o f  d o u b le  b o n d s  b y  h a lo g e n a t io n , a n d  w a v e  

le n g th  o f  l ig h t  e m p lo y e d  o n  t h e  a d d it io n a l  l ig h t -in 

d u c e d  c u r r e n t  s u p p o r t  th is  q u a li t a t iv e  p ic tu r e , in  

w h ic h  o n ly  t h e  e le c tr o n ic  m o d e  o f  c o n d u c t io n  is  a f fe c te d  

b y  i l lu m in a t io n .

W e  s h o u ld  lik e  t o  d r a w  a t t e n t io n  t o  s o m e  p h e n o m e n a  

o b s e r v e d  in  b io lo g ic a l  m e m b r a n e s 4 w h ic h  a p p e a r  t o  b e  

s im ila r  t o  o u r  o b s e r v a t io n s .

(3) (a) G. F. Hills, P. W. M. Jacobs, and N. LaksLminarayanaiah, 
Proc. Roy. Soc. (London), A262, 246, 257 (1961); (b) B. A. Cooke, 
Electrochem. Acta, 3, 307 (1961); 4, 179 (1961); B. A. Cooke and
S. F. van der Walt, ibid., 216 (1961); (c) D. Cowan, Dechema Mono
graph., 47, 565 (1963).
(4) N. Chalazonitis, Photochem. Photobiol., 3, 539 (1964).
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L iq u id  ju n c t io n  p o t e n t ia ls  a re  c a lc u la te d  b y  a  c o m p u t e r  s im u la t io n  m e t h o d . T h e  c h a r g e  

d is tr ib u t io n  g e n e r a te d  b y  t h e  in t e r d if fu s io n  o f  tw o  e le c t r o ly t e  s o lu t io n s  is  c o m p u t e d  e x p l ic i t ly  

a n d  u s e d  t o  e v a lu a t e  t h e  l iq u id  ju n c t io n  p o t e n t ia l  a s  a  fu n c t io n  o f  t im e . A  r ise  t im e  o f  

a b o u t  1 0 ' 9 s e c . is  c a lc u la te d  f o r  t h e  p o t e n t ia ls  o f  ju n c t io n s  b e tw e e n  o r d in a r y  s a l t  s o lu t io n s .  

T h e  s t e a d y -s t a t e  r e s u lts  a g r e e  w it h  p r e v io u s  c a lc u la t io n s  w h ic h  w e r e  m a d e  b y  a s s u m in g  

e le c t r o n e u t r a li t y  t h r o u g h o u t  t h e  ju n c t io n  a n d  p e r fo r m in g  a  t h e r m o d y n a m ic  in t e g r a t io n  o f  

tr a n s p o r t  n u m b e r s . T h e  a p p lic a t io n  o f  t h e  s im u la t io n  m e t h o d  t o  m o r e  c o m p le x  s y s t e m s ,  

in c lu d in g  b io lo g ic a l  m e m b r a n e  s y s t e m s , is  d is c u s s e d .

Introduction

S t e a d y -s t a t e  v a lu e s  f o r  th e  e le c t r o s ta t ic  p o t e n t ia l  

d iffe r e n c e  a c r o s s  v a r io u s ly  c o n s tr a in e d  l iq u id  ju n c t io n s  

a r e  c a lc u la b le  b y  s e v e r a l  m e t h o d s .1-10 I n  s o m e  

m e t h o d s  r e v e r s ib le  t h e r m o d y n a m ic s  is  a p p lie d  t o  a n  

ir r e v e r s ib le  p r o c e s s . S u c h  t r e a t m e n t s  c a n  b e  e x p e c te d  

t o  b e  v a l id  o n ly  f o r  t h e  a n a ly s is  o f  d iffu s e  ju n c t io n s  o n  

a  lo n g -t im e  s c a le . O t h e r  m e t h o d s  t r e a t  t h e  ir r e v e r s ib le  

p h e n o m e n a  m o r e  o r  le ss  c o r r e c t ly , b u t  t h e y  d e p e n d  o n  

th e  a s s u m p t io n  o f  e le c t r o n e u t r a lit y  t h r o u g h o u t  th e  

ju n c t io n . T h i s  a s s u m p t io n  is  s e l f -c o n t r a d ic t o r y  b e 

c a u s e  th e r e  c a n  b e  n o  p o t e n t ia l  d iffe r e n c e  if  th e r e  is  n o  

c h a r g e  s e p a r a t io n . T o  r a t io n a liz e  t h e  e le c t r o n e u t r a l

i t y  c o n d it io n , i t  h a s  b e e n  a s s u m e d  t h a t  t h e  d e v ia t io n s  

f r o m  e le c t r o n e u t r a lit y  a re  so  s m a ll  t h a t  t h e y  h a v e  

n o  e f fe c t  o n  t h e  r e s u lt . N o  e le c t r o s ta t ic  c h a r g e  d is 

t r ib u t io n s  h a v e  p r e v io u s ly  b e e n  c a lc u la te d  t o  s u p p o r t  

th is  r a tio n a liz a t io n .

T h e  g e n e r a t io n  o f  a n  e le c t r o s ta t ic  p o te n t ia l  b e tw e e n  

tw o  in it ia l ly  e le c tr ic a lly  n e u tr a l  s o lu t io n s  is  th e  s u b je c t  

o f  t h e  p r e s e n t  w o r k . T h e  e le c t r o n e u t r a lit y  c o n d it io n  

is  e lim in a t e d , a n d  tr a n s ie n t  c h a r g e  d is tr ib u t io n s  are  

c a lc u la te d  u s in g  a  d ig it a l  c o m p u te r . T h e  r e s u lts  sh o w  

t h a t  t h e  e le c t r o n e u t r a lit y  a s s u m p t io n  is  a p p r o x i

m a t e ly  v a l id  f o r  t h e  t im e  sc a le s  o n  w h ic h  e x p e r im e n ts  

a r e  u s u a lly  p e r fo r m e d . A  l iq u id  ju n c t io n  w h ic h  is  

fo r m e d  f r o m  a  s h a r p  in it ia l  b o u n d a r y  a n d  n o t  s u b s e 

q u e n t ly  c o n s tr a in e d  w it h  r e s p e c t  t o  w id t h  is  s h o w n  

t o  g iv e  rise  t o  a  c h a r g e  d is tr ib u t io n  t h a t  c h a n g e s  w it h  

t im e  in  s u c h  a  w a y  t h a t  a  s t e a d y  liq u id  ju n c t io n  p o t e n 

t ia l re s u lts .

Method
C o n s id e r  a n  e x p e r im e n t  in  w h ic h  tw o  u n c h a r g e d  s o lu 

t io n s  a re  in it ia l ly  b r o u g h t  t o g e t h e r  t o  f o r m  a  p la n a r  

j u n c t io n  o f  la r g e  a r e a . I n  t h e  l im it in g  c a s e  o f  in fin ite  

a r e a , n e g le c t in g  g r a v i t y  a n d  a s s u m in g  n o  b u lk  f lo w  o r  

c o n v e c t io n , t h e  o n e -d im e n s io n a l  n a t u r e  o f  t h e  in it ia l  

c o n d it io n  w ill  p e r s is t  t h r o u g h o u t  t h e  e x p e r im e n t . T h e  

x  d ir e c t io n  is  d e fin e d  to  b e  p e r p e n d ic u la r  t o  t h e  p la n e  

o f  t h e  ju n c t io n .

T o  c o n s t r u c t  a  d ig it a l  m o d e l , o n e  s u b d iv id e s  t h e  re 

g io n  a r o u n d  t h e  ju n c t io n  in t o  m  +  1 “ c e l ls ,”  s e p a r a te d  

b y  p la n e s  p a r a lle l  t o  t h e  ju n c t io n  a t  f ix e d  in t e r v a ls  

a lo n g  t h e  x a x is . T h e  c e lls  a re  n u m b e r e d  in  s p a t i a l  

s e q u e n c e  f r o m  0  t o  m. T h e  m o d e l  is  r e p r e s e n te d  b y  a n  

n(m +  1 )  c o n c e n tr a t io n  m a t r ix  C

c10 ' * * Clm \

! ! )  (1>  I'rtO * * Cnm/ 1 2 3 4 5 6 7 8 9 10

(1) H. von Helmholtz, “ Wissenschaftliche Abhandlungen,” J. A. 
Barth, Leipzig, Vol. 1, 1882, p. 840; Vol. 2, 1895, p. 979.
(2) W. Nernst, Z. physik. Chem. (Leipzig), 2, 613 (1888).
(3) M. Planck, Ann. Phys. Chem., 39, 161 (1890); 40, 561 (1890).
(4) P. Henderson, Z . physik. Chem. (Leipzig), 59, 118 (1907); 63, 
325 (1908).
(5) H. Pleijel, ibid., 72, 1 (1910).
(6) P. B. Taylor, J. Phys. Chem., 31, 1478 (1927).
(7) R. Schlögl, Z . physik. Chem. (Frankfurt), 1, 305 (1954).
(8) H. Cohen and J. W. Cooley, Biophys. J., 5, 145 (1965).
(9) S. R. de Groot, “Thermodynamics of Irreversible Processes,” 
North-Holland Publishing Co., Amsterdam, 1952, pp. 133-140.
(10) D. T. J. Hurtle, J. B. Mullin, and E. R. Pike, / .  Chem. Phys., 
42, 1651 (1965).
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w h e r e  n is  t h e  n u m b e r  o f  d is t in c t  s p e c ie s  ( io n s  a n d  

n e u tr a l  m o le c u le s )  c o n s id e r e d . I t  is  a s s u m e d  t h a t  e a c h  

o f  th e  c e lls  is  h o m o g e n e o u s , t h e  e n tir e  d iffe r e n c e  b e 

tw e e n  ctj a n d  ct ,¡+ 1  b e in g  d is p la y e d  a s  a  d is c o n t in u it y  

in  ct{x) a t  t h e  b o u n d a r y  b e tw e e n  c e l l j  a n d  ce ll j  +  1 . 

T h e  c h a r g e  d e n s i t y  p , in  c e ll y is

n
Pi =  YjZ£u (2 )

w h e r e  z , is  t h e  c h a r g e  o f  s p e c ie s  i.
L e t  u s  c o n s id e r  a ll  o f  t h e  c h a r g e  in  c e ll j  t o  h e  o n  a  

p la n e  a t  t h e  m id p o in t  o f  t h e  c e ll. T h e  su r fa c e  c h a rg e  

d e n s i ty  o n  th is  p la n e  is

(Tj =  pjd, (3 )

wrh e r e  d, is  t h e  t h ic k n e s s  o f  ce ll j. T h e  p la n e s  o f  c h a r g e  

are  lo c a t e d  x0, xi, . . . ,  xm, r e s p e c t iv e ly . T h e  s u r fa c e  

c h a r g e  d e n s it ie s  a re  s u b je c t  t o  t h e  c o n d it io n

m
J^a-j =  0  (4 )
i = 0

b e c a u s e  t h e  s y s t e m  a s  a  w h o le  h a s  n o  n e t  c h a r g e .

C o n s id e r  a  p o in t  w it h  c o o r d in a te  x  ly in g  b e tw e e n  

:p : a n d  Xn+i. B y  a p p lic a t io n  o f  G a u s s ’ t h e o r e m 11 

o n e  c a n  s h o w  t h a t  t h e  e le c tr ic  f ie ld  in t e n s it y  E  a t  x  is

1 k(x)
E{x) =  —  (5 )

e(x) j=o

w h e r e  e(x) is  t h e  p e r m i t t i v i t y  o f  t h e  m e d iu m , w h ic h  is  

in  g e n e r a l  a  f u n c t io n  o f  x. T h e  u p p e r  l i m i t  o n  t h e  s u m 

m a t io n  o f  (5 )  is  c h o s e n  s o  t h a t  t h e  s u m  in c lu d e s  o n ly  

th e  c h a r g e s  ly in g  t o  t h e  le f t  o f  p o in t  x. F o r m a l ly  

k is  d e t e r m in e d  b y  t h e  in e q u a li t y

xk <  x <  xk+i (6 )

T h e  p o t e n t ia l  d iffe r e n c e  V  a c r o s s  t h e  s y s t e m  is  g iv e n  

b y  (se e  A p p e n d i x )

J m
V =  d E jV ,  (7 )

e y = o

w h e r e  d is  t h e  c o n s t a n t  c e ll  th ic k n e s s  a n d  e is  a s s u m e d  

t o  b e  in d e p e n d e n t  o f  x. F o r  d e t a i le d  c o m p u t a t io n s ,  

( A 3 )  is  a  m o r e  g e n e r a l e q u a t io n .

T o  s im u la t e  t h e  e ffe c t  o f  e la p s e d  t im e , t h e  n u m b e r s  

in  t h e  C m a t r i x  m u s t  b e  c h a n g e d  a c c o r d in g  t o  a n  a lg o 

r i t h m  u s in g  t h e  m e t h o d s  o f  ir r e v e r s ib le  t h e r m o d y 

n a m ic s . I n  t h e  p r e s e n t  w o r k , i t  is  a s s u m e d  t h a t  th e  

flu x  o f  s p e c ie s  i  d e p e n d s  o n  t h e  e le c tr ic  f ie ld  in t e n s it y  

a n d  t h e  g r a d ie n t  o f  t h e  a c t i v i t y  o f  i  a t  t h e  p o in t  in  

q u e s t io n  b u t  t h a t  i t  d o e s  n o t  d e p e n d  o n  t h e  g r a d ie n t  

o f  t h e  a c t i v i t y  o f  a n y  o t h e r  s p e c ie s . T h i s  o v e r s im p li 

f ic a t io n  is  m a d e  t o  p r o v id e  a  s im p le  t e s t  f o r  t h e  m e t h o d .

N o n lin e a r  f o r c e - f lu x  r e la t io n s h ip s  a n d  c o u p lin g  o f  

f lu x e s  c a n  b e  tr e a te d  b y  t h e  m e t h o d  d e s c r ib e d  h e re . 

A s s u m i n g  c o n s t a n t  t e m p e r a t u r e  a n d  p r e ssu r e , th e  

e q u a t io n 12 f o r  t h e  f lu x  «/* o f  s p e c ie s  i  is

Ji =  -Cigq-jTq* (8)

w h e r e  ct is  t h e  c o n c e n tr a t io n , gt t h e  m o b i l i t y  (gt =  

La/ci) ,  a n d  p *  t h e  e le c t r o c h e m ic a l  p o t e n t ia l  o f  sp e c ie s

i. A  m o r e  d e t a ile d  e x p r e s s io n , n e g le c t in g  t h e  p o la r iz 

a b i l i t y 13 o f  t h e  c o m p o n e n t  s p e c ie s , is

Ji =  ~9<{RT- ^  +  RTc^ T  +  (9 )

w h e r e  y t is  t h e  a c t i v i t y  c o e ff ic ie n t  o f  s p e c ie s  i, \p is  t h e  

e le c t r o s ta t ic  p o t e n t ia l ,  a n d  SF is  t h e  F a r a d a y . F o r  

u n c h a r g e d  sp e c ie s

Çi =
DU
RT

(10)

w h e r e  D 4 is  t h e  s o lv e n t -f ix e d  d iffu s io n  c o e ffic ie n t . F o r  

io n ic  s p e c ie s

_  UA_ 
9i ~ z?52 (1 1 )

w h e r e  tt is  t h e  s o lv e n t -f ix e d  tr a n s fe r e n c e  n u m b e r  o f  

s p e c ie s  i  in  a  s o lu t io n  o f  c o n d u c ta n c e  A . I n  t h e  p r e s e n t  

c a lc u la t io n , s o lv e n t  f lo w  is  n e g le c te d . B o t h  a n d  

j i  a r e  a s s u m e d  f o r  s im p lic i t y  t o  b e  f u n c t io n s  o f  t o t a l  

io n ic  s tr e n g th  o n ly .

S in g le -io n  a c t i v i t y  c o e ffic ie n ts  a re  e s t im a t e d  b y  u se  

o f  t h e  M a c l n n e s  a s s u m p t io n 14 15 16 17 18

7 c  i-
MCI . .  KCI __ KCI

7 c i -  —  y ± (1 2 )

S in c e  th e s e  a c t i v i t y  c o e ff ic ie n ts  a r e  n o t  t h e r m o d y 

n a m ic a l ly  m e a s u r a b le ,16-18 th e r e  u s e  in t r o d u c e s  a n  erro r  

o f  u n k n o w n  m a g n it u d e . H o w e v e r , i t  is  b e t t e r  t o  in 

c lu d e  a n  e s t im a t e  in  t h e  c a lc u la t io n  t h a n  t o  ig n o r e

(11) L. Page and N. I. Adams, “Principles of Electricity,” D. Van 
Nostrand Co., Inc., New York, N. Y., 1931, p. 25.
(12) H. S. Harned and B. B. Owen, “The Physical Chemistry of 
Electrolytic Solutions,” Reinhold Publishing Corp., New York, 
N. Y„ 1958, p. 119.
(13) I. Pregogine, P. Mazur, and R. Defay, J. chim. phys., 50, 146 
(1953).
(14) D. A. Maclnnes, “The Principles of Electrochemistry,” Rein
hold Publishing Corp., New York, N. Y„ 1939, p. 242.
(15) E. A. Guggenhiem, J. Phys. Chem., 33, 842 (1929); 34, 1540 
(1930).
(16) J. G. Kirkwood and I. Oppenheim, “Chemical Thermody
namics,” McGraw-Hill Book Co., Inc., New York, N. Y., 1961, p. 
211.
(17) I. Oppenheim, J. Phys. Chem., 68, 2959 (1964).
(18) H. S. Frank, ibid., 67, 1554 (1963).
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a c t i v i t y  c o e ffic ie n ts  a lt o g e th e r . I t  is  p o s s ib le  t h a t  

c a lc u la t io n s  o f  t h e  k in d  d e s c r ib e d  h e r e  m a y  e v e n t u a lly  

m a k e  p o s s ib le  m o r e  a c c u r a te  e s t im a t e s  o f  s in g le -io n  

a c t i v i t y  c o e ffic ie n ts .

A t  t im e  0  m a t r i x  C is  s e t  t o  t h e  in it ia l  c o n d it io n s  o f  

th e  e x p e r im e n t  b e in g  s im u la te d , a n d  v a lu e s  o f  d c 4/c)a; 

a n d  d  In  y , /d a ;  f o r  e v e r y  s p e c ie s  i  a n d  d\p/c)x a r e  d e 

t e r m in e d  a t  t h e  in te r s e c t io n s  o f  a d ja c e n t  c e lls . T h e n  

t h e  f lu x e s  Jt a r e  c a lc u la te d  f r o m  ( 9 ) .  T h e s e  f lu x e s  

a re  a s s u m e d  t o  r e m a in  c o n s t a n t  o v e r  a n  a p p r o p r ia t e ly  

s h o r t  t im e  in t e r v a l  A i, a n d  a  n e w  s e t  o f  v a lu e s  f o r  C 
is  d e t e r m in e d . F r o m  th e s e  v a lu e s  d c j /d x, d In  y </ 
da;, a n d  d i/'/d a ; a re  a g a in  c a lc u la te d , a n d  t h e  p r o c e s s  

is  r e p e a te d  a s  o f t e n  a s  d e s ir e d . A  t y p i c a l  c a lc u la t io n ,  

f o r  w h ic h  n =  2 , m +  1 =  1 0 0 , a n d  t h e  A i i te r a t io n  is  

r e p e a te d  5 0 0  t im e s , re q u ire s  a b o u t  1 m in . o f  c o m p u t a 

t io n  o n  a  C D C  3 6 0 0 .

Results
T h e  ju n c t io n  N a C l  ( 0 .0 9 9 5 7 0  A Q - N a C l  ( 0 .0 4 9 8 3 3  M) 

h a s  b e e n  s tu d ie d , u s in g  t h e  d a t a 19-21 in  T a b le  I .  T h e  

v a lu e s  in  th is  t a b le  h a v e  b e e n  a d ju s t e d  t o  p r o v id e  th e  

m o s t  a c c u r a te  in t e r p o la t io n  p o s s ib le  in  t h e  c o n c e n tr a 

t i o n  r a n g e  o f  in te r e s t . F ig u r e  1 s h o w s  t h e  c a lc u la te d  

v a r ia t io n  o f  V  w i t h  t im e . T h e  th r e e  c u r v e s  a re  r e s u lts  

o b t a in e d  w it h  th r e e  s e ts  o f  v a lu e s  f o r  At a n d  d. T h e  

s h o r te s t  v a lu e  o f  At p r o b a b ly  g iv e s  t h e  m o s t  r e lia b le  

c u r v e . B e c a u s e  V  r e a c h e s  i t s  f in a l v a lu e  v e r y  r a p id ly  

(io-9 s e c .) ,  n o  c o m p a r is o n  o f  t h e  rise  t im e  w it h  p u b 

l is h e d  e x p e r im e n ts  c a n  b e  m a d e . I t  is  p o s s ib le ,  

h o w e v e r , t h a t  m e t h o d s  c o u ld  b e  d e v is e d  t o  m e a s u r e  th e  

r a d io fr e q u e n c y  e n e r g y  w h ic h  is  g e n e r a te d  b y  a  f lo w in g  

ju n c t io n . A f t e r  t h e  in it ia l  f a s t  r ise , t h e  l iq u id  ju n c t io n  

p o t e n t ia l  r e m a in s  c o n s t a n t  ( e x c e p t  f o r  s o m e  o v e r s h o o t  

in  c a s e s  w h e r e  At is  t o o  lo n g ) ,  in  a g r e e m e n t  w it h  e x 

p e r im e n t .

Table I : Data Used in the Computations“

Concn.,
M

Ln7K+ =
in 7Cr Ln 1»»+ VkA ®cr 0Na+

0 — 0.079 -0 .077 7.54 7.83 5.08
0.05 -0 .202 -0 .188 7.02 7.31 4.62
0.10 -0 .2 6 4 -0 .240 6.78 7.07 4.41
0.15 -0 .3 0 2 -0 .2 6 4 6.57 6.85 4.20

“ See ref. 19-21. 6 The units of g are 10 16 mole sec. g._1.

Figure 1. Liquid junction potential vs. time after formation of 
a sharp junction between NaCl (0.099570 M) and NaCl 
(0.049833 M ): top curve, At =  5 X 10~10 sec.; 
middle curve, At =  10-10 sec.; bottom curve,
At = 10~u sec.; At/d2 = 104 sec. cm.-2;
T =  25° for all curves.

t im e  a f t e r  f o r m a t i o n  f r o m  a n  in it ia l ly  s h a r p  b o u n d a r y .  

A t  1 .2  X  1 0 - 8  s e c . a f te r  fo r m a t i o n  o f  t h e  ju n c t io n ,  

th e r e  is  a  0 . 3 6 %  e x c e s s  o f  C l -  io n s  a t  t h e  t r o u g h  o f  t h e  

c h a r g e  d is tr ib u t io n . A f t e r  6 .2  X  1 0 - 8  s e c .,  t h e  e x c e ss  

is  r e d u c e d  t o  0 . 0 7 5 % .  I t  is  o n ly  f o r  a  v e r y  s h a r p  j u n c 

t io n  t h a t  t h e  e le c t r o n e u t r a li t y  a s s u m p t io n  is  in c o r r e c t .

T h e  ju n c t io n  N a C l  ( 0 .1  M ) - K C 1  ( 0 .1  M) h a s  a ls o  

b e e n  s tu d ie d  b e c a u s e  t h is  is  a  c a s e  in  w h ic h  t h e  P la n c k  

a n d  H e n d e r s o n  m e t h o d s  fa i l  t o  p r e d ic t  t h e  c o r r e c t  

r e s u lt .22 I n  F ig u r e  3  t h e  c o n c e n tr a t io n s  o f  N a + ,  K + ,  

a n d  C l -  a r e  s h o w n  6 .2  X  1 0 ~ 8 s e c . a f t e r  t h e  f o r m a t i o n  

o f  a  N a C l - K C l  ju n c t io n . N o t e  t h a t  t h e  c h lo r id e  c o n 

c e n tr a t io n  p r o file  is  d is to r te d  b y  t h e  in e q u a li t y  o f  th e  

m o b il it ie s  o f  t h e  t w o  c o u n te r io n s , in  q u a li t a t iv e  a g re e 

m e n t  w it h  t h e  c a lc u la t io n  o f  T a y lo r 6 o n  t h e  ju n c t io n  

H C 1 -K C 1 .

F ig u r e  4  s h o w s  t h e  d e p e n d e n c e  o f  l iq u id  ju n c t io n  

p o t e n t ia l  r ise  t im e  o n  t h e  a s s u m e d  d ie le c tr ic  c o n s t a n t

F ig u r e  2  s h o w s  t h e  b r o a d e n in g  o f  t h e  ju n c t io n  t h a t  is  

c o n t in u a l ly  t a k i n g  p la c e . A lt h o u g h  a  j u n c t io n  o f  

s p e c ifie d  w id t h  w ill  r e a c h  a  s t e a d y -s t a t e  c h a r g e  d is tr i 

b u t io n , t h e  c h a r g e  d is tr ib u t io n  in  a  ju n c t io n  u n c o n 

s tr a in e d  w it h  r e s p e c t  t o  w id t h  is  a  s t r o n g  f u n c t io n  o f

(19) See ref. 12, Appendix A.
(20) R. A. Robinson and R. H. Stokes, “ Electrolyte Solutions,” 
Butterworth and Co. Ltd., London, 1959.
(21) A. S. Brown and D. A. Maolnnes, J. Am. Chem. Soc., 57, 1356 
(1935).
(22) See ref. 14, p. 236.
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D istance, 10 “ 6 cm.

Figure 2. Concentration of excess charge vs. distance in the 
junction NaCl (0.099570 lkf)-NaCl (0.049833 M ) at 10 ~8 
sec. (heavy curve) and at 6.2 X 10-8 sec. (light curve) 
after formation. For both curves Ai = 10-10 sec.,
At/d2 =  104 sec. cm.-2.

o f t h e  s o lu t io n . A  lo w  d ie le c tr ic  c o n s t a n t  d e c r e a s e s  

t h e  t im e  f o r  a t t a i n m e n t  o f  a  s t e a d y  p o t e n t ia l  d iffe r 

e n c e .

Discussion
T h e  f o l lo w in g  tw o  c o n d it io n s  h a v e  b e e n  f o u n d  t o  b e  

im p o r t a n t  t o  t h e  m o d e l ’ s  s t a b i l i t y  a n d  t o  t h e  f id e li ty  

w it h  w h ic h  i t  s im u la t e s  a  p h y s ic a l  p r o c e s s .

T h e  r a t io  At/d2 m u s t  b e  s u c h  t h a t  d is  a p p r o x im a t e ly  

e q u a l  t o  t h e  r o o t -m e a n -s q u a r e  d is ta n c e  a  m o le c u le  

t r a v e ls  in  t im e  At. F o r  d iffu s io n  o f  u n c h a r g e d  s p e c ie s  

At/d2 =  0 ( D _ 1 ) .  F o r  c h a r g e d  s p e c ie s  t h e  r a t io  is  

a ls o  a f fe c te d  b y  t h e  s tr e n g th s  o f  t h e  e le c tr ic  fie ld s  

p r e s e n t  a n d  b y  t h e  d ie le c tr ic  c o n s t a n t  o f  t h e  m e d iu m .  

If At/d2 is  t o o  s m a ll ,  t h e  r e s u lt  w ill  b e  o n ly  s l ig h t ly  in  

e rro r , b u t ,  i f  At/d2 is  t o o  la r g e , t h e  c a lc u la t io n  w ill  b e  

u n s ta b le  a n d  le a d  t o  m e a n in g le s s  r e s u lts .

T h e  in t e r v a l  At m u s t  b e  s h o r t  c o m p a r e d  w it h  th e  

n a t u r a l  r ise  t im e  o f  t h e  l iq u id  ju n c t io n  p o te n t ia l .  T h e  

m e t h o d  m a y  g iv e  a n  a c c u r a te  l o n g -t im e  v a lu e  o f  th e  

l iq u id  ju n c t io n  p o t e n t ia l  i f  th is  c o n d it io n  is  n o t  m e t ,  

b u t  i t  c a n n o t  y ie ld  t h e  c o r r e c t  t im e  d e p e n d e n c e . A s  

At -*■ 0 ,  k e e p in g  At/d2 c o n s t a n t , t h e  f id e li t y  o f  t h e  m o d e l  

in c r e a se s  m o n o t o n ic a l ly ,  b u t  less  r a p id ly  t h a n  t h e  c o m 

p u t a t i o n  t im e  in c r e a s e s . T h e  v a lu e  o f  A i  u s e d  in  a  c a l

c u la t io n  m u s t  b e  d e t e r m in e d  b y  a  c o m p r o m is e  b e t w e e n  

h ig h  f id e l i t y  a n d  s h o r t  c o m p u t a t io n  t im e .

T h e  p o t e n t ia l  c a lc u la te d  f o r  t h e  N a C l  ( 0 .1  M)~ 
K C 1  ( 0 .1  M) ju n c t io n , 4 .8 3  m v . ,  d iffe r s  s ig n if ic a n t ly

Figure 3. Concentration of Na+, K+, and Cl-  vs. distance in 
the junction NaCl (0.1 Af)-KCl (0.1 M ) at 6.2 X 10-8 
sec. after formation. At = 10-I° sec., At/d2 = 104 
sec. cm.-2.

Tim e, 10 “ 9 sec.

Figure 4. Liquid junction potential vs. time for the junction 
NaCl (0.1 M)-KC1 (0.1 M), At = 10-1» sec., At/d2 =
104 sec. cm.-2; top curve, dielectric constant K  =  19.63; 
second curve, K  =  39.27; third curve, K  =  78.54; 
bottom curve, K  =  157.08. Top curve overshoots 
because the value of At/d2 is too high.

f r o m  t h e  m e a s u r e d 22 C l -  io n  p o t e n t ia l  d iffe r e n c e  o f  

6 .4 2  m v .  E s s e n t ia l ly  t h e  s a m e  r e s u lt , 4 .8 6  m v . ,  is  o b 
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ta in e d  b y  th e  P la n c k  a n d  H e n d e r s o n  m e t h o d s  o f  c a l

c u la t io n .22 T h e r e fo r e , o n e  o f  th e  f o l lo w in g  a s s u m p t io n s  

is  p r o b a b ly  in c o r r e c t .

(1 )  T h e  a c t i v i t y  c o e ffic ie n t  o f  C l -  is  t h e  s a m e  in  a  

g iv e n  c o n c e n tr a t io n  o f  N a C l  a s  i t  is  in  th e  s a m e  c o n 

c e n tr a t io n  o f  K C 1 .

( 2 )  T h e  f lu x  o f  a  g iv e n  c o m p o n e n t  is  in d e p e n d e n t  o f  

t h e  f lu x  o f  a n y  o t h e r  c o m p o n e n t , e x c e p t  t h a t  th e  f lu x e s  

o f  c h a r g e d  s p e c ie s  w ill  in flu e n c e  e a c h  o t h e r  e le c t r o 

s t a t ic a l ly .

(3 )  T h e  m o b i l i t y  o f  a  g i v e n  c o m p o n e n t  d e p e n d s  

o n l y  o n  t h e  t o t a l  io n ic  s tr e n g th  o f  th e  s o lu t io n .

(4 )  T h e  d ie le c tr ic  c o n s t a n t  o f  t h e  s o lu t io n  is  c o n 

s t a n t  a n d  e q u a l  t o  t h a t  o f  w a te r . T h i s  in c lu d e s  t h e  

a s s u m p t io n  t h a t  t h e  e ffe c t  o f  t h e  fo r c e  t e n d in g  t o  p u ll  

t h e  m o s t  p o la r iz a b le  s p e c ie s  t o  th e  p o in t  o f  h ig h e s t  fie ld  

s tr e n g th  is  n e g lig ib le  f o r  t h e  s o lu t io n s  tr e a te d  h e re . 

T h e  u s e  o f  t h e  b u lk  d ie le c tr ic  c o n s ta n t , o r  o f  a n y  d i

e le c tr ic  c o n s ta n t , o n  t h e  d is ta n c e  s c a le  e n c o u n te r e d
°

h e r e  ( 1 0  A . )  is  q u e s t io n a b le , b u t ,  s in c e  t h e  v a lu e  o f  th e  

d ie le c tr ic  c o n s t a n t  a f fe c ts  o n ly  t h e  r a te  o f  c h a n g e  o f  th e  

p o t e n t ia l  a n d  n o t  its  s t e a d y -s t a t e  v a lu e , th is  is  p r o b a b ly  

n o t  t h e  c a u s e  o f  t h e  d is c r e p a n c y .

(5 )  T h e  ju n c t io n  is  is o th e r m a l. I f  t h e  h e a t  o f  

m ix in g  o f  t h e  t w o  s o lu t io n s  w e r e  la r g e , th is  s im p li fy in g  

a s s u m p t io n  c o u ld  n o t  b e  m a d e .

(6 )  S o lv e n t  f lo w  is  n e g lig ib le .

T h e  e rr o r  p r o b a b ly  r e s u lts  f r o m  t h e  f ir s t  a n d  s e c o n d  

a s s u m p t io n s .

T h e  N a C l  ( 0 .0 9 9 5 7 0  M ) - N a C l  ( 0 .0 4 9 8 3 3  M) re s u lts  

a g re e  w it h in  1 %  w it h  e x p e r im e n t .21 T a b le  I I  s h o w s  

t h a t  th e  r e s u lt  o b t a in e d  u s in g  th e  G u g g e n h e im  a s s u m p 

t io n  ( y M + =  Y c i -  =  y ± MC1) is  n o t  s ig n if ic a n t ly  d if 

fe r e n t  f r o m  t h a t  o b t a in e d  u s in g  t h e  M a c l n n e s  a s s u m p 

t io n . H o w e v e r , c o m p le t e  n e g le c t  o f  a c t i v i t y  c o e f

f ic ie n ts  le a d s  t o  a n  8 %  erro r  in  t h e  c a lc u la te d  ce ll  

p o t e n t ia l .

Table II : Effect of Activity Coefficient Assumption on 
the Calculated Potential of the Concentration Cell

Ag; AgCl, NaCl (0.099570 ffl>NaCl (0.049833 M), AgCl; Ag

Ideal Mac Guggen
soin. lnnes heim

assump assump assump
tion tion tion

A. Concentration potential“ 17.783 16.191 16.345
B. Liquid junction potential -4 .062 -3 .611 -3 .745
C. Calculated cell potential 13.721 12.580 12.600

(A +  B)
D. Observed cell potential6 12.692 12.692 12.692
E. Deviation (C — D) +  1.029 -0 .112 -0 .092

“ All potentials are in millivolts. 1 See ref. 21.

C a lc u la t io n  o f  th is  ce ll p o t e n t ia l  b y  m e a n s  o f  t h e  

t h e r m o d y n a m ic a lly  e x a c t  H e l m h o l t z  m e t h o d , w it h  

e x p e r im e n t a lly  d e t e r m in e d  t r a n s p o r t  n u m b e r s  a n d  

a c t i v i t y  c o e ffic ie n ts , le a d s  t o  a  m u c h  m o r e  a c c u r a te  

r e s u lt  t h a n  a n y  q u o t e d  in  T a b le  I I  b u t  g iv e s  n o  in f o r m a 

t io n  a b o u t  t im e  d e p e n d e n c e  o r  a c t i v i t y  c o e ffic ie n t  a s y m 

m e t r y .

A lt h o u g h  t h e  p r e s e n t  in v e s t ig a t io n  h a s  b e e n  l im it e d  

t o  t h e  s t u d y  o f  o n e -d im e n s io n a l  is o t h e r m a l  l iq u id  

ju n c t io n s  b e t w e e n  s im p le  s a l t  s o lu t io n s , t h e  m e t h o d  

d e v e lo p e d  a ls o  is  a p p lic a b le  t o :  (1 )  m o r e  c o m p le x  

g e o m e t r ie s , p r o v id in g  t h e  e le c t r o s ta t ic  p a r t  o f  t h e  

p r o b le m  c a n  b e  s o lv e d  ; (2 )  n o n is o th e r m a l  s y s t e m s , i f  t h e  

ir r e v e r s ib le  t h e r m o d y n a m ic  t r e a t m e n t  is  e x te n d e d  t o  

in c lu d e  t h e  e f f e c t  o f  te m p e r a t u r e  g r a d ie n t s ;  ( 3 )  s o lu 

t io n s  w h ic h  a r e  r e a c t in g  c h e m ic a l ly , p r o v id e d  t h e  r a te s  

o f  r e a c t io n , e q u il ib r iu m  c o n s t a n t s , a n d  h e a t s  o f  re a c 

t io n  a r e  k n o w n ; ( 4 )  d iffu s io n  in  io n ic  s o lid s , in  w h ic h  

e x p e r im e n t a l ly  o b s e r v a b le  rise  t im e s  m a y  b e  p r e d ic te d  ;

(5 )  m e m b r a n e  p h e n o m e n a , in c lu d in g  a n a ly s is  o f  th e  

g e n e r a t io n  a n d  t im e  v a r ia t io n s  o f  e le c t r o s t a t ic  p o t e n 

t ia ls  a c r o s s  b io lo g ic a l  m e m b r a n e s . T h e  t e m p o r a l  

a n d  s p a t ia l  v a r ia t io n s  o f  t h e  io n ic  m o b i l i t ie s  w h ic h  are  

im p o r t a n t  in  th e  d e s c r ip t io n  o f  b io lo g ic a l  m e m b r a n e  

p h e n o m e n a  c o u ld  e a s i ly  b e  in c lu d e d  in  t h e  t r e a t m e n t  

d e s c r ib e d  a b o v e .
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Appendix

Potential Difference across a System of Infinite Planes 
of Uniform Surface Charge. F r o m  e le m e n t a r y  e le c t r o 

s ta t ic s

f * X m

V =  Vm -  V0 =  -  E(x)dx  ( A l )
•J xo

I f  e q . 5  is  s u b s t i t u t e d  f o r  E{x), ( A l )  b e c o m e s

M a k i n g  e x p lic it  t h e  d is c r e te  n a t u r e  o f  t h e  c h a r g e  d is 

tr ib u t io n , w e  w r ite

m — 1 k
V =  -  E  — ----------  L  <r, ( A 3 )

* = 0  J = 0

i f  e h a s  t h e  v a lu e  ek a t  a ll p o in t s  b e t w e e n  xk a n d  xk+i. 
T h e  u p p e r  l im it  o n  t h e  f ir s t  s u m m a t io n  in  ( A 3 )  c a n  

b e  c h a n g e d  t o  m s in c e  b y  (4 )  t h e  a d d e d  t e r m  w ill  e q u a l

The Journal of Physical Chemistry



H eats and  E ntropies  op D ilu tio n  op P erchlorates  of Mg and  Sr 4231

z e r o . F o r  t h e  s p e c ia l  c a s e  w h e r e  e is  in d e p e n d e n t  o f  x 
a n d  t h e  p la n e s  a re  e q u a l ly  s p a c e d

dj =  d ( A 4 )

f o r  a ll j ,  ( A 3 )  c a n  b e  r e d u c e d  t o

j m m
F = - - 2 > i Z l  ( A 5 )

e j = 0 k —j

E v a l u a t i n g  t h e  f in a l  s u m  in  ( A 5 )  a n d  u s in g  (4 )  to  

s im p li f y  t h e  e x p r e s s io n , w e  a r r iv e  a t  t h e  r e s u lt

j  m
V =  Y .3 ",  ( A 6 )

e y = o

w h ic h  h a s  b e e n  u s e d  in  a ll  t h e  c a lc u la t io n s  r e p o r te d  

a b o v e .

The Heats and Entropies of Dilution of the Perchlorates of 

Magnesium and Strontium1
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T h e  h e a t s  o f  d i lu t io n  o f  m a g n e s iu m  p e r c h lo r a t e  a n d  s t r o n t iu m  p e r c h lo r a t e  h a v e  b e e n  m e a s 

u r e d  a t  2 5 °  f r o m  0 .0 0 2  u p  t o  4 . 4  m. T h e  r e s u lts  w e r e  e x t r a p o la t e d  t o  in f in ite  d i lu t io n  u s in g  

a n  e x te n d e d  D e b y e - H i i c k e l  e q u a t io n . T h e  v a lu e s  o f  t h e  r e la t iv e  a p p a r e n t  m o la l  h e a t  c o n 

t e n t  a r e  in t e r m e d ia t e  b e t w e e n  t h e  c o r r e s p o n d in g  c h lo r id e s  a n d  n it r a t e s . T h e  c o r r e s p o n d in g  

e n tr o p ie s  o f  d i lu t io n  h a v e  b e e n  c a lc u la te d . T h e  r e s u lts  in d ic a t e  t h a t  t h e  p e r c h lo r a t e s  a re  

n o t  s t r o n g ly  io n  p a ir e d .

T h i s  p a p e r  is  o n e  o f  a  s e r ie s 2 o n  t h e  h e a ts  a n d  e n 

tr o p ie s  o f  d i lu t io n  o f  e le c t r o ly te  s o lu t io n s . T h e  r e g u 

la r it ie s  fo u n d  in  t h e  e n tr o p ie s  o f  d i lu t io n  o f fe r  s o m e  h o p e  

o f  a c h ie v in g  a  d e e p e r  u n d e r s t a n d in g  o f  t h e  s tr u c t u r a l  

e ffe c ts  in  c o n c e n t r a t e d  e le c t r o ly te s . T h e  p e r c h lo r a t e s  

o f  t h e  a lk a li  m e t a ls  s h o w  a n  in c r e a s in g  d e g r e e  o f  io n  

p a ir in g  a s  t h e  a lk a li  m e t a l  g e ts  h e a v ie r . T h e  s a m e  

s e q u e n c e  h o ld s  f o r  t h e  n it r a t e s  o f  t h e  a lk a li  m e t a ls  a n d  

th e  a lk a lin e  e a r th s . T h i s  s t u d y  w a s  u n d e r t a k e n  t o  

se e  i f  t h e  a lk a lin e  e a r th  p e r c h lo r a t e s  s h o w e d  a  s im ila r  

b e h a v io r .

Experimental Section
Materials. A l l  c h e m ic a ls  u s e d  w e r e  r e a g e n t  g r a d e .  

T h e  m a g n e s iu m  p e r c h lo r a t e  w a s  p r e p a r e d  f r o m  M g O  

a n d  HCIO4. T h e  o x id e  w a s  d ig e s te d  s e v e r a l  t im e s  w it h  

la r g e  a m o u n t s  o f  w a t e r  t o  r e d u c e  f u r th e r  t h e  a lk a li  

s a lt s  c o n t e n t . A f t e r  th r e e  r e c r y s t a l l iz a t io n s  t h e  s to c k

s o lu t io n  w a s  p r e p a r e d  b y  d is s o lv in g  t h e  w e t  s a lt  in  t h e  

r e q u ir e d  a m o u n t  o f  w a t e r  a n d  a d ju s t in g  t h e  p H  to  

a b o u t  4 .

S t r o n t iu m  p e r c h lo r a t e  s t o c k  s o lu t io n  I w a s  p r e p a r e d  

f r o m  S r C 0 3 a n d  HCIO4. T h e  p r o c e d u r e  w a s  s im ila r  

t o  t h e  a b o v e . F o r  s t o c k  s o lu t io n  II t h e  S r C 0 3 w a s  

p r e p a r e d  f r o m  S r ( N 0 3)s  a n d  ( N H 4) 2 C 0 3. T h e  S r C 0 3 

w a s  d r ie d  a t  6 0 0 °  t o  r e m o v e  a ll  a m m o n i u m  s a lts .

S t o c k  s o lu t io n s  w e r e  a n a ly z e d  f o r  N a ,  K ,  a n d  C a  b y  

ñ a m e  p h o t o m e t r y  u s in g  a  B e c k m a n  D U  s p e c t r o p h o t o m 

e te r , M o d e l  2 4 0 0 ,  w it h  a n  o x y g e n -a c e t y l e n e  f la m e  

a t t a c h m e n t . T h e  p r o c e d u r e  w a s  t o  c o m p a r e  a  s o lu 

t io n  o f  t h e  s a lt  w it h  o n e  t o  w h ic h  k n o w n  a m o u n t s  o f

(1) The authors thank the National Science Foundation for financial 
aid under Grant NSF-G14304.
(2) (a) R. H. Wood, J. Phys. Chem., 63,1347 (1959); (b) F. R. Jones 
and R. H. Wood, ibid., 67, 1576 (1963).
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im p u r it ie s  ( a b o u t  0 .1  m o le  % )  h a d  b e e n  a d d e d . P r o 

p o r t io n a l i t y  b e tw e e n  r e a d in g s  a n d  c o n c e n tr a t io n s  w a s  

a s s u m e d  a f t e r  c o r r e c t in g  f o r  b a c k g r o u n d  e m is s io n .  

T h e  r e s u lts  w e r e : s o d iu m  0 .0 6 ,  0 .2 ,  a n d  0 .1  m o le  % ;  

p o t a s s iu m  0 .0 0 ,  0 .0 ,  a n d  0 .0  m o le  % ;  c a lc iu m  0 .0 0 2 ,  

0 .1 5 ,  a n d  0 .0 6  m o le  %  f o r  m a g n e s iu m  p e r c h lo r a t e  a n d  

s t r o n t iu m  p e r c h lo r a t e  s to c k  s o lu t io n s  I  a n d  I I ,  re 

s p e c t iv e ly .

T h e  c o n c e n tr a t io n  o f  t h e  M g ( C 1 0 4) 2 s t o c k  s o lu t io n  

w a s  d e t e r m in e d  b y  t i t r a t io n  w it h  0 .0 1  M  d is o d iu m  

d ih y d r o g e n  e t h y le n e d ia m in e te tr a a c e t a t e  ( E D T A )  s o lu 

t io n . T h e  E D T A  s o lu t io n  w a s  o b t a in e d  b y  d is s o lv in g  

t h e  e x a c t  a m o u n t  o f  t h e  d r ie d  s a l t  (1 2  h r . a t  8 0 ° ) .  

T h e  t i t e r  w a s  c h e c k e d  a g a in s t  a  s t a n d a r d  s o lu t io n  o f  

z in c  p r e p a r e d  f r o m  z in c  m e t a l .3 T h e  m a x i m u m  d e v ia 

t io n  o f  s ix  t it r a t io n s  o f  t h e  s t o c k  s o lu t io n  w a s  0 . 0 8 % .  

T h e  c o n c e n tr a t io n s  o f  t h e  S r ( C 1 0 4) 2 s to c k  s o lu t io n s  

w e r e  d e t e r m in e d  b y  p r e c ip ita t in g  t h e  s t r o n t iu m  a s  th e  

s u l f a t e .4 T h e  r e s u lts  s h o w e d  m a x i m u m  d e v ia t io n s  o f  

0 .1  a n d  0 . 2 %  f o r  s to c k  s o lu t io n s  I  a n d  I I ,  r e s p e c t iv e ly .

A l l  o t h e r  s o lu t io n s  w e r e  p r e p a r e d  f r o m  t h e  s to c k  

s o lu t io n s  b y  d i lu t in g  w it h  w a t e r  b y  w e ig h t . S t o c k  

s o lu t io n  I I  ( S r ( C 1 0 4)2) w a s  u s e d  in  ru n s  6 8  a n d  6 9  o n ly .

Description of Calorimeter.5 T h e  i s o th e r m a l  d if 

fe r e n t ia l  c a lo r im e t e r  w a s  c o n s tr u c te d  e n t ir e ly  o f  

a lu m in u m 6 c o a te d  in s id e  w it h  P e n t o n .7 T h e  d e s ig n  

d iffe rs  f r o m  t h a t  b y  G u c k e r , et al.,8 m a i n ly  w it h  r e s p e c t  

t o  t h e  c o n s tr u c t io n  a n d  a r r a n g e m e n t  o f  h e a te r s , p ip e t s ,  

a n d  th e  d iffe r e n tia l  t h e r m o p ile .

T h e  v e s s e ls  h a v e  a  n e t  c a p a c i t y  o f  7 0 0  m l .  T h e  lid s  

a n d  s t ir r in g  a s s e m b ly  a re  p e r m a n e n t ly  a t t a c h e d  t o  th e  

t o p  o f  t h e  s u b m a r in e  w h ic h  w a s  im m e r s e d  in  a  c o n s t a n t -  

te m p e r a t u r e  b a t h  ( ± 0 . 0 0 1 ° ) .

F o u r  r e c t a n g u la r  w e lls  e x te n d e d  f r o m  e a c h  lid  in to  

t h e  v e s s e ls . T h e  w e lls  w e r e  p la c e d  s y m m e t r ic a l ly  

a n d  w e r e  w e ld e d  t o  t h e  lid s . T h e  h e a t e r  w a s  p la c e d  in  

tw o  o p p o s it e  w e lls  a n d  t h e  th e r m o p ile s  in  t h e  tw o  

r e m a in in g  w e lls  o f  e a c h  lid . T h e  s t ir r e r  w a s  p la c e d  in  

th e  c e n te r  o f  t h e  v e s s e l  a n d  t h e  p ip e t s  in  t h e  s p a c e s  

b e tw e e n  e a c h  p a ir  o f  w e lls  a n d  t h e  w a l l  o f  t h e  v e s s e l.  

T h i s  a r r a n g e m e n t  is a d v a n t a g e o u s  in  t h a t  i t  p r o v id e s  

a  te c h n iq u e  f o r  o b t a in in g  c o n v e n ie n t ly  a n d  q u ic k ly  

h e a ts  o f  d i lu t io n  d a t a  o v e r  s h o r t  c o n c e n t r a t io n  in 

te r v a ls  in  t h e  v e r y  lo w  c o n c e n tr a t io n  r a n g e s  r e q u ir e d  

f o r  t h e  e x tr a p o la t io n  o f  t h e  d a t a  t o  z e r o  c o n c e n tr a t io n .  

T h e  a ir  s p a c e s  in  t h e  v e s s e l  ( 1 0  m l .)  a n d  p ip e t s  (1  m l .)  

w e r e  s m a ll  e n o u g h  s o  t h a t  c h a n g e s  in  t h e  a m o u n t  o f  

w a t e r  v a p o r  c a u s e d  n e g lig ib le  h e a t  e ffe c ts .

T h e  p ip e t s  w e r e  m a d e  o f  2 2 - m m . g la s s  t u b in g  a n d  

c o n ta in e d  a b o u t  2 2  m l . T e f lo n  s le e v e s  a n d  s to p p e r s  

w e r e  u s e d  t o  c lo se  a n d  o p e n  t h e  p ip e t s . T h e  s to p p e r s  

w e r e  s c r e w e d  o n  a  t a n t a lu m  r o d . T h e  g la s s  t u b e s  w e r e  

b lo w n  o u t  in  a  t r ia n g u la r  s h a p e  b e t w e e n  t h e  s le e v e s .

T h i s  p r o v id e d  e n o u g h  o p e n  a r e a  a r o u n d  t h e  t o p  s t o p p e r  

in  t h e  o p e n e d  p o s it io n  f o r  f lu s h in g  o f  t h e  p ip e t s . T h e  

h e a t  o f  o p e n in g  w a s  d e t e r m in e d  f o r  e a c h  o f  t h e  e ig h t  

a v a ila b le  p ip e t s  a n d  f o u n d  t o  b e  0 .0 0 8 5  c a l. w i t h  a  

s ta n d a r d  d e v ia t io n  o f  0 .0 0 4  c a l. T h e  h e a t  o f  o p e n in g  

w a s  t h e  s a m e  f o r  a ll  e ig h t  p ip e t s , w i t h in  t h e  e x p e r i

m e n t a l  e rro r . T h e  d a t a  a s  r e p o r te d  h a v e  b e e n  c o r 

r e c t e d  f o r  th is  e ffe c t .

T h e  th e r m o p ile  c o n s is te d  o f  7 6  ju n c t io n s  o f  N o .  

3 0  B  a n d  S  g a u g e  c o n s t a n t a n  a n d  c h r o m e l -P . T h e  

ju n c t io n s  w e r e  s o ld e r e d  in t o  5 X 5 X 2  m m . c o p p e r  

b lo c k s  a n d  h e ld  in  a  s lo t t e d  T e f lo n  p la t e  w h ic h  p r e s s e d  

t h e  ju n c t io n  a g a in s t  t h e  a lu m in u m  w a ll . A  s h e e t  o f  

m ic a  ( 0 .0 2  m m . ) 9 w a s  u s e d  f o r  in s u la t io n . A  f o u r -  

j u n c t io n  t h e r m o p ile  w a s  c o n s tr u c te d  in  a  s im ila r  m a n n e r  

b e tw e e n  e a c h  v e s s e l  a n d  t h e  s u b m a r in e . T h e  th e r m o 

p ile  v o l t a g e  w a s  m e a s u r e d  b y  m e a n s  o f  a  g a lv a n o m e t e r  

a m p lif ie r  w it h  n e g a t iv e  fe e d b a c k , w h ic h  h a s  b e e n  d e 

s c r ib e d  e ls e w h e r e .10

T h e  5 0 0 -o h m  h e a te r s  w e r e  c o n s tr u c te d  o f  N o .  3 3  B  

a n d  S  g a u g e  E v a n o h m 11 w o u n d  a r o u n d  a  0 .1 6 -c m .  

a lu m i n u m  p la t e  a n d  im m e r s e d  in  a  w e ll  w h ic h  w a s  f ille d  

w it h  s ilic o n e  o i l. T h e  c u r r e n t -c a r r y in g  le a d s  w e r e  o f  

N o .  2 4  B  a n d  S  c o p p e r  w h ic h  c a u s e d  n e g lig ib le  h e a t  

lo s s  a n d  le a d  r e s is ta n c e  e rro rs .

T h e  e le c tr ic a l  h e a t  in p u ts  w e r e  m e a s u r e d  ( ± 0 . 0 4 % )  

w it h  a  s t a n d a r d  c ir c u it  (1  c a l. =  4 .1 8 4 0  a b s o lu t e  jo u le s ) .  

T h e  e x p e r im e n ts  w e r e  p e r fo r m e d  a t  2 5 .0 0  ±  0 . 0 2 ° .  

T h e  p ip e t s  w e r e  f ille d  b y  w e ig h t , a n d  t h e  v e s s e ls  w e r e  

f i lle d  w it h  5 8 0  ±  0 .2  g . o f  w a te r .

T h e  r e s u lts  w e r e  c o r r e c te d  f o r  h e a t  lo s s e s  d u r in g  th e  

e x p e r im e n ta l  p e r io d  u s in g  t h e  f o r m u la

A  Q =  C jK M ilt  (1 )

w h e r e  A Q is  t h e  h e a t  e x c h a n g e d , Cp is  t h e  h e a t  c a p a c i t y  

o f  t h e  v e s s e l, K  is  t h e  o v e r -a l l  h e a t  le a k  c o n s t a n t  b e 

t w e e n  v e s s e ls , A 6 is  th e  d iffe r e n c e  in  t e m p e r a t u r e  b e 

tw e e n  t h e  t w o  v e s s e ls , a n d  t is  t h e  t im e . T h e  in t e g r a l

(3) F. J. Welcher, “The Analytical Uses of Ethylenediamine Tetra- 
acetic Acid,” D. Van. Nostrand Co., Inc., New York, N. Y., 1958, 
p. 117.
(4) A. I. Vogel, “ Quantitative Inorganic Analysis,” 3rd Ed., Long
mans, Green and Co., London, 1961, p. 552.
(5) For further details see H. S. Jongenburger, Ph.D. Thesis, Uni
versity of Delaware, 1963.
(6) Obtained through the courtesy of the Aluminum Co. of America, 
Pittsburgh, Pa.
(7) Penton resin and technical information supplied through the 
courtesy of the Hercules Powder Co., Wilmington, Del.
(8) F. T. Gucker, H. B. Pickard, and R. W. Planck, J. Am. Chem. 
Soc., 61, 459 (1939).
(9) Obtained through the courtesy of the Tar Heel Mica Co., Plum- 
tree, N. C.
(10) R. H. Wood and H. S. Jongenburger, Rev. Sci. Instr., 35, 407 
(1964).
(11) Courtesy of Wilber B. Driver Co., Newark, N. J.

The Journal of Physical Chemistry



H eats and E ntropies  of D ilutio n  of P erchlorates  of Mg and  Sr 4233

is  e v a lu a t e d  d u r in g  t h e  e x p e r im e n ta l  p e r io d . T h e  

c o n s t a n t  K  w a s  e v a lu a t e d  b y  e x p e r im e n ts  in  w h ic h  

k n o w n  a m o u n t s  o f  h e a t  w e r e  p u t  in t o  b o t h  v e s s e ls  

a t  d iffe r e n t  t im e s , a n d  A Q w a s  m e a s u r e d . T h e  v a lu e  

o f  K  w a s  0 . 3 4 % / m i n . ,  a n d  t h e  c o r r e c tio n s  v a r ie d  f r o m  

0  t o  1 %  o f  t h e  t o t a l  h e a t .

T h e  o v e r -a l l  p e r fo r m a n c e  o f  t h e  c a lo r im e t e r  w a s  

c h e c k e d  b y  m e a n s  o f  s o m e  d i lu t io n  e x p e r im e n ts  w it h  

0 .8 1 6  M  s o d iu m  c h lo r id e . E x c e p t  f o r  t h e  e x p e r im e n ts  

u s in g  t h e  fir s t  p ip e t , t h e  r e s u lts  c h e c k e d  t h e  v a lu e s  o f  

th e  h e a t  l ib e r a te d  c a lc u la te d  f r o m  t h e  e x p e r im e n ts  o f  

G u lb r a n s e n  a n d  R o b i n s o n 12 t o  w it h in  0 .0 1  c a l. T h e  

la t e r  e x p e r im e n ts  w i t h  t h e  c a lo r im e t e r  d id  n o t  s h o w  a n y  

in c o n s is te n c y  in  t h e  r e s u lts  u s in g  t h e  f ir s t  p ip e t .

Program of Dilutions. T h e  e q u a t io n  f o r  t h e  r e a c t io n  

u p o n  o p e n in g  t h e  f t h  p ip e t  is

¿ - 1
A 'i M X f m p .j )  +  X ) A b i M X ( r a v ,f_ i )  — >  

y = i

¿ I V . M X C m v , , )  (2 )
3 =  1

w h e r e  N t m o le s  o f  t h e  s a l t  M X  ( m o la l i t y  wip,*) in  th e  

i t h  p ip e t  t o  b e  o p e n e d  a r e  m ix e d  w it h  th e  s u m  o f  th e  

n u m b e r  o f  m o le s  in  t h e  p r e c e d in g  p ip e t s  a t  a  m o la l i t y  

in  t h e  v e s s e l  t o  g iv e  a  f in a l s o lu t io n  o f  m o la l i t y

m v ,f. T h e  h e a t  o f  m ix in g  fo r  th is  p r o c e s s  is

Qt -  Ni[<t>L(mp,i) -  <t>L(mv,i)] +

i - i
-  <t>L(mv,t)] (3 )

3  =  1

I f  th e  p ip e t s  a ll  c o n t a in  s o lu t io n s  o f  t h e  s a m e  m o la l i t y  

(n ip), t h e  r e s u lts  c a n  b e  c o m b in e d  t o  g iv e

i i
Y<b =  YNj[<t>L(mv) -  <t>L(mv,i)] (4 )
i = l j=l

a n d  a lso

(Jboj/ijfi) -  (  ¿ < z . / j > . )  =

<pL(mv,k) -  <t>L(mv,{) (5 )

A l l  o f  t h e  d ir e c t  d a t a  (e q . 4 )  a n d  a ll o f  t h e  in d ir e c t  d a t a  

(e q . 5 )  w h ic h  w e r e  in  a n  a p p r o p r ia t e  c o n c e n tr a t io n  

r a n g e  w e r e  u s e d  in  t h e  e x tr a p o la t io n . T h e  e x tr a p o la 

t io n  o f  t h e  w e ig h te d  e x p e r im e n ta l  d a t a  t o  z e r o  c o n c e n 

t r a t io n  w a s  c a r r ie d  o u t  o n  a n  I B M  1 6 2 0  c o m p u t e r 13 

u s in g  t h e  e x te n d e d  D e b y e - H i i c k e l  e q u a t i o n .14

<t>L =  Sml/,[ 1 / ( 1  +  A m h) -

< 7 (A m 'A ) / 3 ]  +  Bm +  Cm/l (6 )

Avhere

a(Y) =  3 F - 3 [1 +  F -

2  In  (1  +  F )  —  1 / ( 1  +  F ) ]  (7 )

a n d  S is  t h e  D e b y e - H i i c k e l  s lo p e  (S =  3 5 8 0 ) .  A p 

p r o p r ia t e  v a lu e s  f o r  A  w e r e  c a lc u la te d  f r o m  a c t iv i t y  

d a t a . V a lu e s  f o r  B  a n d  C w e r e  fo u n d  b y  a p p ly in g  th e  

le a s t -s q u a r e s  te c h n iq u e , u s in g  A $ £  d a t a  d e r iv e d  f r o m  

T a b le  I .  R e la t i v e  w e ig h ts  w e r e  c a lc u la te d  f r o m  e s t i 

m a t e d  p r o b a b le  e rr o rs . I n  t r e a t in g  t h e  d a t a , a n  F  

t e s t 15 w a s  u s e d  t o  d e t e r m in e  w h e t h e r  t h e  C c o e ffic ie n t  

w a s  s ig n ific a n t .

T h e  a c c u r a c y  o f  t h e  e x tr a p o la t io n  m e t h o d  w a s  

c h e c k e d  u s in g  s a lt s  f o r  w h ic h  v e r y  lo w  c o n c e n tr a t io n  

m e a s u r e m e n t s  w e r e  a v a i la b le . E x t r a p o la t io n s  o f  th e  

s a m e  d a t a , u s in g  o n ly  t h e  h ig h e r  c o n c e n tr a t io n  d a ta ,  

in d ic a te d  t h a t ,  f o r  1 - 1  e le c t r o ly te s  w it h  <bL g r e a te r  

t h a n  — 3 6  c a l . /m o l e  a t  0 .1  M  a n d  f o r  2 - 1  e le c t r o ly te s  

w it h  4>l g r e a te r  t h a n  3 6 0  c a l . /m o l e  a t  0 .1  M, t h e  e x 

tr a p o la t io n  u s in g  t h e  c o n c e n tr a t io n  r a n g e  0 .1  t o  0 .0 1  

M  y ie ld s  <j)L v a lu e s  a c c u r a te  t o  ± 1 . 5  c a l . /m o l e  a t  0 .0 1

M. F o r  1 - 2  e le c t r o ly te s  w it h  <pL g r e a te r  t h a n  1 4 0  

c a l . /m o l e  a t  0 .1  M  m o r e  d i lu te  d a t a  ( 0 .0 5  t o  0 .0 0 5  M  
ra n g e )  m u s t  b e  u s e d  t o  o b t a i n  <j>L v a lu e s  a c c u r a te  to  

± 2  c a l . /m o l e  a t  0 .0 1  M.
T h e  e x a c t  v a lu e  o f  t h e  l im it in g  s lo p e  S is  in  s o m e  

d o u b t .16’17 T h e  v a lu e  d e r iv e d  f r o m  t h e  d ie le c tr ic  c o n 

s t a n t  m e a s u r e m e n t s  o f  M a l m b e r g  a n d  M a r y o t t 16 h a s  

b e e n  u s e d . T h e  u n c e r t a in t y  in  s lo p e  r e p r e s e n ts  a  d if 

fe r e n c e  in  e x t r a p o la t io n  o f  a b o u t  4  c a l . /m o l e .

Results and Discussion
T h e  c a lo r im e tr ic  d a t a  a r e  g iv e n  in  T a b le  I .  T h e  

d a t a  a re  g iv e n  in  o r d e r  o f  o p e n in g  o f  th e  p ip e t s  in  e a c h  

r u n  w it h  r e s u lts  f r o m  t h e  le f t  v e s s e l  a lt e r n a t in g  w it h  

v a lu e s  f o r  t h e  r ig h t  v e s s e l. T o  m in im iz e  t h e  c a lc u la 

t io n s  f o r  a s s ig n in g  w e ig h ts  t o  t h e  d a t a , d u p lic a te  r u n s  

w e r e  n o t  a v e r a g e d  b u t  w e r e  t r e a t e d  in d iv id u a lly .  

O r ig in a lly , a ll p o s s ib le  A<j>L v a lu e s  u p  t o  0 .1  M  w e r e  

u s e d  in  th e  e x tr a p o la t io n . I n  a  s e c o n d  tr ia l  t h e  d a t a  

w e r e  l im it e d  t o  a b o u t  0 .0 6  M. N o  s ig n ific a n t  c h a n g e  

w a s  f o u n d  in  t h e  c a se  o f  M g ( C 1 0 4) 2. H o w e v e r , th e  

s ta n d a r d  d e v ia t io n  o f  t h e  f it  f o r  S r ( C 1 0 4) 2 d e c r e a s e d  

f r o m  2 .1  t o  1 .0  c a l. m o le - 1 , a n d  a t  0 .0 6 8  M  t h e  <fL

(12) E. A. Gulbransen and A. L. Robinson, J. Am. C'hem. Soc., 56, 
2637 (1934).
(13) The authors thank the Computing Center of the University of 
Delaware for the use of its facilities.
(14) A copy of the Fortran program is available from R. H. Wood.
(15) W. J. Dixon and F. J. Massey, “Introduction to Statistical 
Analysis,” 2nd Ed., McGraw-Hill Book Co., Inc., New York, N. Y., 
1957.
(16) G. C. Malmberg and A. A. Maryott, J. Res. Natl. Bur. Std., 
56, 1 (1956).
(17) B. B. Owen, R. C. Miller, C. E. Milner, and H. L. Cogan, 
J. Phys. Chem., 65, 2065 (1961).
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Table I

Av.
Run a*,
no. 10*n* 10>mp,» cal. cal./mole cal./mole cal./mole cal./mole

Calorimetric dilution data of Mg(CIOO2 at 25°

51 1.103 50.03 1.833 0.252 228.4 91.2 319.6
1.103 1.833 0.248 224.8 316.0
1.102 3.534 0.182 196.8 121.2 318.0
1.101 3.533 0.185 196.4 317.6
1.103 5.120 0.140 173.5 145.2 318.7 316.9
1.102 5.118 0.130 170.3 315.5
1.105 6.606 0.127 158.6 157.4 316.0
1.104 6.602 0.127 156.5 313.9

58 2.188 99.86 3.635 0.567 259.1 122.4 381.5
2.188 3.635 0.582 266.0 388.4
2.191 7.020 0.979 223.5 160.9 384.4
2.191 7.020 1.007 229.9 390.8 385.5
2.192 10.18 1.311 199.5 186.0 385.5
2.188 10.17 1.338 203.7 389.7
2.192 13.12 1.591 181.6 205.1 386.7
2.189 13.11 1.591 181.7 386.8

45 4.965 192.1 8.211 1.355 272.9 171.6 444.5
4.963 8.207 1.374 277.4 449.0
4.969 15.78 0.904 227.4 219.5 446.9
4.973 15.78 0.902 229.4 448.9 448.3
4.967 22.78 0.714 199.5 249.4 448.9
4.976 22.79 0.705 200.1 449.5
4.972 29.27 0.568 178.2 271.0 449.2
4.978 29.29 0.562 178.3 449.3

46 19.30 812.7 31.97 6.179 320.2 278.7 598.9
19.30 31.97 6.177 320.1 598.8
19.31 61.54 3.936 261.9 338.0 599.9
19.33 61.56 3.940 261.9 599.9
19.24 88.85 3.060 227.7 372.0 599.7 599.6
19.24 88.86 3.056 227.7 599.7
19.29 114.3 2.571 204.1 395.6 599.7
19.30 114.3 2.589 204.3 599.9

47 19.29 812.7 31.96 6.212 322.0 278.7 600.7
19.30 31.96 6.233 323.0 601.7
19.31 61.52 3.916 262.4 338.0 600.4 600.8
19.31 61.53 3.879 261.9 599.9

55 45.94 2467 76.75 44.25 963.1 358 1321
45.95 76.77 44.16 960.9 1319
45.97 148.7 38.45 899.7 422 1322
45.94 149.0 38.41 898.0 1320
45.89 216.7 36.43 864.5 459 1324 1321
45.88 216.8 36.48 863.7 1323
45.81 280.6 35.17 840.3 480 1320
45.90 280.8 35.36 840.4 1320

54 12.71 599.9 21.14 3.957 311.3 242.6 553.9 553.4
12.70 599.9 21.13 3.943 310.3 542.9
14.75 700.2 44.14 3.156 269.4 307.3 576.7 576.6
14.73 700.2 44.09 3.149 269.2 576.5
18.74 899.0 71.84 3.773 266.8 351.8 618.6 619.5
18.58 899.0 71.58 3.774 268.7 620.5
20.64 1001 100.7 3.916 260.0 383.6 643.6 644.5
20.63 1001 100.4 3.954 261.8 645.4
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Table I (Continued)

Run
no. 10 *n< 10*T7tp,» 10*»̂ ,*

Qi,
cal. cal./mole cal./mole cal./mole

Av.

cal./mole
57 26.29 1303 43.81 11.31 430.1 307.0 737.1 738.5

26.26 1303 43.75 11.37 433.0 740.0
31.64 1600 93.44 13.27 477.3 376.5 853.8 852.7
31.57 1600 93.29 13.17 475.1 851.6
38.66 2018 151.1 21.84 634.5 422.5 1057.0 1056
38.71 2018 151.1 21.84 633.4 1055.9
56.82 3195 235.5 77.92 1444 467 1911 1911
56.80 3195 235.5 77.93 1444 1911

Calorimetric dilution data of Sr( CIO^ at 25°
67 1.373 62.36 2.281 0.259 188.6 97.5 286.1

1.373 2.281 0.248 180.6 278.1
1.370 4.396 0.177 158.9 128.8 287.7
1.370 4.397 0.174 153.8 282.6
1.369 6.368 0.141 140.3 147.6 287.6 285.7
1.369 6.368 0.137 135.9 283.5
1.373 8.214 0.106 124.5 162.3 286.8
1.371 8.214 0.103 120.7 283.0

60 2.799 128.1 4.652 0.524 187.1 130.7 317.8
2.798 4.651 0.498 177.9 308.6
2.799 8.977 0.296 146.5 167.4 313.9
2.798 8.973 0.289 140.6 308.0
2.802 13.01 0.223 124.1 190.5 314.6 311.4
2.800 13.01 0.196 117.1 307.6
2.798 16.78 0.155 107.0 206.8 313.8
2.813 16.79 0.142 100.3 307.1

61 2.806 128.1 4.662 0.508 181.0 130.9 311.9
2.801 4.655 0.504 179.9 130.7 310.6 312.2
2.801 8.990 0.313 146.4 167.7 314.1

62 2.805 128.1 4.662 0.503 179.3 130.9 310.2
2.807 4.664 0.508 181.0 311.9
2.803 8.992 0.282 139.9 167.7 307.6
2.802 8.993 0.295 143.1 310.8
2.800 13.03 0.200 117.1 190.5 307.6 309.8
2.802 13.03 0.214 120.9 311.4
2.802 16.80 0.160 102.1 206.8 308.9
2.801 16.80 0.156 103.1 309.9

64 6.488 300.0 10.77 0.730 112.7 178.5 291.2
6.472 10.76 0.740 114.3 292.8
6.472 20.78 0.191 71.7 220.5 292.2
6.476 20.78 0.180 71.0 291.5 291.9
6.478 30.15 0.008 47.4 244.4 291.8
6.473 30.12 0.002 47.3 291.7

63 8.368 390.3 13.91 0.644 77.0 194.6 271.6
8.354 13.89 0.643 77.0 271.6
8.377 26.88 0.066 34.5 237.1 271.6
8.374 26.86 0.071 34.2 271.3 271.4
8.381 38.99 0.306 10.8 260.4 271.2
8.381 38.97 0.308 10.5 270.9
8.372 50.31 0.401 - 3 .9 275.2 271.3
8.354 50.27 0.387 - 3 .7 271.5

65 20.51 1001 35.33 -3 .3 4 8 -1 6 3 .3 254.4 91.1
20.52 35.35 -3 .3 7 4 -1 6 4 .4 90.0
20.51 68.25 -4 .8 9 8 -2 0 1 .0 292.0 91.0
20.49 68.24 -4 .895 -2 0 1 .6 90.4 90.5
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Table I ( C o n tin u ed )

<t>L(rn-p,i) — A v .

Run Qi, <t>L <pL(.Vly,i) , <t>L (W pii)i <t>L{rrip,i),
no. 103?ii 103TOp,t 108mv ,i cal. cal./mole cal./mole cal./mole cal./mole

20.51 99.00 -5 .066 -2 1 6 .4 307 90.6
20.49 98.96 -5 .0 5 4 -216 .6 90.4
20.54 127.8 -4 .959 -222 .6 313 90.4
20.51 127.7 -4 .921 -222 .5 90.5

66 48.32 2666 80.79 -1 2 .1 2 -2 5 0 .8 300 49.2
48.32 80.79 -12 .11 -250 .6 49.4
48.26 156.7 -13 .57 -266 .0 313 47.0
48.22 156.7 -1 3 .6 0 -266 .3 46.7 48.3
48.27 228.4 -11 .90 -259 .5 307 47.5
48.37 228.3 -11 .87 -259 .5 47.5
48.25 296.0 -9 .8 3 -245 .5 295 49.5
48.33 296.0 -9 .8 2 -2 4 5 .4 49.6

68 17.89 864.3 29.78 -2 .1 1 4 -118 .1 243.7 125.6 125.8
17.89 864.3 29.78 -2 .1 0 6 -117 .7 126.0
14.94 715.2 52.82 -2 .263 -110 .1 278.2 168.1 169.5
14.94 715.2 52.80 -2 .220 -107 .3 170.9
13.39 636.8 71.94 -1 .8 9 4 -101 .1 294.7 193.6 193.7
13.40 636.8 71.93 -1 .892 -100 .9 193.8
10.43 490.7 85.34 -0 .979 -6 0 .5 302.2 241.7 240.5
10.43 490.7 85.33 -1 .005 -6 3 .0 239.2

69 29.36 1488 48.95 -7 .8 5 -2 6 7 .4 273.9 6.5 7.0
29.36 1488 48.95 -7 .8 2 -2 6 6 .4 7.5
42.47 2283 116.2 -14 .33 -311 .3 311.2 - 0 . 1 - 0 .6
42.46 2283 116.2 -14 .36 -312 .3 -1 .1
52.54 2970 195.5 -11 .45 -214 .1 314.0 99.9 99.8
52.69 2970 195.7 -11 .49 -214 .3 99.7
70.92 4429 299.5 16.29 195.0 294 489 490
70.77 4429 299.5 16.37 196.6 491

v a lu e  c h a n g e d  f r o m  2 9 4 .5  t o  2 9 2 .0  c a l. m o le - 1 . A  

f u r th e r  r e d u c t io n  in  t h e  c o n c e n tr a t io n  r a n g e  d id  n o t  

r e s u lt  in  s ig n ific a n t  c h a n g e s  o f  th e  f it . T a b le  I I  s u m 

m a r iz e s  t h e  r e le v a n t  d a t a .

Table H: Least-Squares Pit of Eq. 6

A B C
Concn. range, 

M

o-fit,
cal./
mole

M g (C 1 0 4)2 3.25 -8 33 .7 1074 0.002-0.114 1.36
S r (C 1 0 4)2 3.44 -1 85 .5 2332 0.002-0.068 1.03

T h e  v a lu e s  o f  4>L(mp,,)  —  <i>z.(wiTji) g i v e n  in  c o lu m n  6  

o f  T a b le  I  w e r e  c a lc u la te d  f r o m  e q . 3 . V a lu e s  o f  <pL- 
( m T, i - i )  —  <A ,(?»v ,i) f o r  u s e  in  th is  e q u a t io n  a n d  t h e  

v a lu e s  o f  4>L{mv ,4) in  c o lu m n  7  w e r e  d e r iv e d  f r o m  th e  

e x t r a p o la t io n  o r , f o r  d a t a  o u t s id e  t h e  r a n g e  o f  th e  e x 

t r a p o la t io n , f r o m  la r g e -s c a le  p lo t s  o f  cf>L vs. to . T h e  

v a lu e s  o f  ^ ¿ ( m p>j) in  c o lu m n s  8  a n d  9  a re  c a lc u la te d  

f r o m  th e  d a t a  in  c o lu m n s  6  a n d  7 .

R e la t i v e  a p p a r e n t  m o la l  e n th a lp ie s  <j>L a n d  r e la t iv e  

p a r t ia l  m o la l  e n th a lp ie s  L 2 w e r e  c a lc u la te d  a t  e v e n  c o n 

c e n tr a t io n s  u s in g  a  m e t h o d  s im ila r  t o  t h a t  s u g g e s te d  

b y  S c a t c h a r d  a n d  E p s t e i n .2b’ 18 E x c e s s  p a r t ia l  m o la l  

e n tr o p ie s  w e r e  a ls o  c a lc u la te d  u s in g  t h e  r e la t io n

TA Â e  =  ¿ 2  —  RTv In

T h e  m e a n  m o la l  a c t i v i t y  c o e ffic ie n ts  w e r e  t a k e n  f r o m  

R o b in s o n  a n d  S t o k e s .19 T h e s e  r e s u lts  a re  g iv e n  in  

T a b le s  I I I  a n d  I V .

T h e  4>l fo r  M g ( C 1 0 4)2 n e a r  0 .1  M  is  c lo s e  t o  th o s e  

f o r  a ll o f  t h e  a lk a lin e  e a r th  h a lid e s . I n  t h e  c a se  o f  

S r ( C 1 0 4)2 t h e  <j>L c u r v e  is  a  l i t t le  b e lo w  t h a t  o f  t h e  

h a lid e s . T h e  r e s u lts  o f  S w a n s o n 20 f o r  B a ( C 1 0 4) 2 

s h o w  t h a t  <j>L f o r  th is  s a l t  is  o v e r  1 0 0  c a l . /m o l e  b e lo w  

th o s e  f o r  t h e  h a lid e s  a n d  c lo s e  t o  t h a t  f o r  S r ( N 0 3) 2

(1 8 ) G . S c a tc h a r d  a n d  L . F . E p s te in , Chem. Rev., 3 0 , 2 11  (1 9 4 2 ) .

(1 9 ) R .  A .  R o b in s o n  a n d  R . H .  S to k e s , “ E le c t r o ly t e  S o lu t io n s ,”  2 n d  
E d . ,  A c a d e m ic  P ress  I n c . ,  N e w  Y o r k ,  N . Y . ,  1955 .

(2 0 ) J . A .  S w a n so n , P h .D . T h e s is , U n iv e r s i t y  o f  N e b r a s k a , L in c o ln ,  
N e b .
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Table IH: 0£) U, and TSB for Mg(C104)2

Concn.,
m,

moles/
kg. S

d B/ 
dmVs

<>L,
cal./
mole

U
cal./
mole n r s E

0.05 -522 854.8 319 410
0.1 -439 937.5 383 477 0.577 1455
0.2 -324 666.6 449 541 0.565 1556
0.3 -267 517.8 485 574 0.576 1555
0.4 -2 2 4 467.4 512 606 0.599 1517
0.5 -190 430.2 534 637 0.633 1450
0.6 -162 364.7 554 662 0.673 1366
0.8 -111 423.8 596 775 0.780 1217
1.0 -6 6 435.2 645 909 0.925 1048
1.5 37 470.6 810 1402 1.498 684
2.0 130 490 1044 2095 2.59 404
3.0 303 640 1731 4392 8.99 489

Table IV;: La, and TSE for Sr(C104)2

Concn.,

moles/ d B/
kg. B dmV2 </>L U y± t s b

0.05 -1398 2591 275 332
0.1 -1193 2125 308 345 0.528 1480
0.2 -1005 1151 313 290 0.494 1543
0.3 -900 928.5 295 228 0.488 1503
0.4 -830 738.5 269 155 0.494 1408
0.5 -780 600.0 239 77 0.507 1284
0.6 -742 562.5 206 12 0.525 1157
0.8 -676 548.7 144 -8 4 0.573 906
1.0 -620 540.5 91 -147 0.638 652
1.5 -498 529.8 8 -148 0.868 103
2.0 -398 511.1 -1 2 13 1.220 -340
3.0 -240 461.5 102 671 2.57 -1006

a t  0 .1  M. T h u s ,  <f>L v a lu e s  f o r  t h e  p e r c h lo r a t e s  

s e e m  t o  b e  lo w e r  t h a n  th o s e  f o r  t h e  h a lid e s  in  g e n e r a l  

b u t  n o t  n e a r ly  s o  lo w  a s  th o s e  f o r  t h e  c o r r e s p o n d in g  

n itr a te s . F o r  t h e  a lk a lin e  e a r th  n it r a t e s  t h e  lo w  

v a lu e s  o f  <fiL a r e  a s s o c ia te d  w it h  io n  p a ir in g .21 T h u s ,  

s t r o n t iu m  a n d  b a r iu m  p e r c h lo r a t e s  a p p e a r  t o  b e  s l ig h t ly  

io n  p a ir e d , b u t  t h e  e f fe c t  is  n o t  s o  m a r k e d  a s  w it h  t h e  

n it r a t e s .

T h e  e x p e r im e n ta l  v a lu e s  o f  t h e  e x c e ss  p a r t ia l  m o la l  

e n tr o p ie s  a n d  th o s e  p r e d ic te d  b y  t h e  c o r r e la t io n  o f  

W o o d 2a a t  0 .1  m  a re  c o m p a r e d  in  T a b l e  V .  T h e  co r 

r e la t io n  o f  W o o d  is  o f  t h e  f o r m

TSe =  A  +  B(P+ +  P _  -  C)

w h e r e  A  a n d  B  d e p e n d  o n  t h e  c o n c e n tr a t io n . T h e  

P+  v a lu e s  w e r e  t a k e n  f r o m  W o o d ,  a n d  t h e  P -  v a lu e  

f o r  th e  p e r c h lo r a t e  io n  w a s  t a k e n  f r o m  J o n e s  a n d  

W o o d .2b T h e  v a lu e  f o r  b a r iu m  p e r c h lo r a t e  is  b a s e d

o n  t h e  tf>L d a t a  g iv e n  b y  S w a n s o n .20 T h e  c o r r e la t io n  

a n d  t h e  d a t a  f o r  t h e  c h lo r id e s , b r o m id e s , n it r a t e s ,  

a n d  p e r c h lo r a te s  o f  t h e  a lk a lin e  e a r th  m e t a ls  a re  g iv e n  

in  F ig u r e  1 . T h e  lin e  r e p r e s e n ts  t h e  c o r r e la t io n  o f

Table V : Test of TSE Correlation

P+ +  P- TŜ  exptl T calcd
ŷ ĉalcd “

Mg(C104)2 1.402 1455 1465 +  10
Sr(C104)2 1.382 1480 1395 -8 5
Ba( C104)2 1.390 1548 1430 +118

W o o d .  O f  t h e  p e r c h lo r a t e s , o n ly  t h e  m a g n e s iu m  

s a l t  f its  t h e  c o r r e la t io n  w e ll . T h e  v a lu e  f o r  s t r o n t iu m  

p e r c h lo r a t e  is  a b o v e  t h e  lin e  w h ile  t h e  v a lu e  f o r  b a r iu m  

p e r c h lo r a te  is  b e lo w  t h e  lin e  in  t h e  s a m e  d ir e c t io n  a s  

b a r iu m  n it r a t e . T h e  f a c t  t h a t  t h e  p e r c h lo r a t e s  a re  

m u c h  c lo s e r  t o  t h e  lin e  t h a n  t h e  c o r r e s p o n d in g  n it r a t e s  

in d ic a te s  t h a t ,  a lt h o u g h  th e r e  m a y  b e  s o m e  io n  p a ir in g  

in  t h e  h e a v ie r  a lk a lin e  e a r th  p e r c h lo r a te s , i t  is  m u c h  

le s s  t h a n  w it h  t h e  n it r a t e s . T h e  d e v ia t io n s  o f  p e r 

c h lo r a te s  o f  s t r o n t iu m  a n d  b a r iu m  a re  s m a ll  e n o u g h  * 592

(21) E. C. Righellato and C. W. Davies, Trans. Faraday Soc., 26,
592 (1930).
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t h a t  t h e y  m a y  b e  d u e  t o  e ffe c ts  o t h e r  th a n  io n  p a ir in g .  

S m a ll  d iffe r e n c e s  in  t h e  w a t e r  s tr u c t u r e  a r o u n d  t h e  

io n s  c o u ld  e a s i ly  e x p la in  t h e  d e v ia t io n s .
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The Wetting of Gold and Platinum by Water

by K. W. Bewig and W. A. Zisman
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W h e n  a  s e s s ile  d r o p  o f  p u r e  w a t e r  is  p la c e d  o n  a  c le a n  s u r fa c e  o f  p u r e , p o lis h e d  g o ld  o r  

p la t in im i , i t  w i ll  s p r e a d  s p o n t a n e o u s ly  o v e r  t h e  m e t a l  a n d  e x h ib it  a  z e r o  c o n t a c t  a n g le .  

H o w e v e r , in  o r d e r  t o  r id  th e s e  m e t a l  s u r fa c e s  o f  a d s o r b e d  h y d r o p h o b i c  c o n t a m in a n t s ,  i t  is  

n e c e s s a r y  t o  h e a t  t h e m  t o  w h it e -h o t  te m p e r a t u r e s  in  f lo w in g  s tr e a m s  o f  h ig h  p u r i t y  g a s e s . 

A f t e r  s u c h  a  h e a t  t r e a t m e n t ,  a  p r o lo n g e d  e x p o s u r e  o f  t h e  m e t a ls  t o  th e s e  g a s e s  r e n d e r e d  

t h e m  n o n w e t t i n g  b e c a u s e  o f  t h e  g r a d u a l  a d s o r p t io n  o f  tr a c e  h y d r o p h o b i c  c o n t a m in a n t s  

p r e s e n t  in  t h e  g a s  s tr e a m s . H o w e v e r , i f  t h e  g a s e s  w e r e  fr e e d  f r o m  s u c h  tr a c e  c o n t a m in a n t s  

b y  a n  a d s o r b e n t  c o ld  t r a p  a n d  t h e  g o ld  a n d  p la t in u m  s p e c im e n s  w e r e  in i t ia l ly  c le a n , t h e y  

w e r e  c o m p le t e ly  w e t t e d  b y  p u r e  w a t e r  a n d  e x h ib i te d  z e r o  c o n t a c t  a n g le s .

Introduction
T h e r e  h a s  b e e n  a  5 0 -y e a r  h is t o r y  o f  d iff ic u lt ie s  in  

d e t e r m in in g  t h e  s u r fa c e  p r o p e r t ie s  o f  in o r g a n ic  s o lid s  

in  th e  a b s e n c e  o f  o r g a n ic  c o n t a m in a t in g  f i lm s . T h e  

c o n t a m in a n t  p r o b le m  h a s  b e e n  e s p e c ia l ly  im p o r t a n t  

in  f u n d a m e n t a l  s tu d ie s  o f  t h e  w e t t in g , a d h e s iv e , a n d  

fr ic t io n a l  p r o p e r t ie s  o f  s u c h  s o lid s  b e c a u s e  o f  t h e  w e l l -  

d e m o n s t r a t e d  f a c t  t h a t  a n  a d s o r b e d  m o n o la y e r  o f  a n  

o r g a n ic  c o m p o u n d  c a n  c a u s e  m a jo r  c h a n g e s . M u c h  

o f  t h e  e a r ly  r e s e a r c h  in  th e s e  p r o p e r t ie s  w a s  v i t ia t e d  

b y  in a d e q u a t e  a t t e n t io n  t o  t h i s  p r o b le m . A d a m 1 

b r ie f ly  s u m m a r iz e d  in  1 9 4 1  t h e  s t a t e  o f  k n o w le d g e  o f  

t h e  s p r e a d in g  o f  o r d in a r y  l iq u id s  o n  in o r g a n ic  s o lid s  

w it h  th e  s t a t e m e n t :  “ M o s t  o r g a n ic  liq u id s  a n d  w a te r  

f o r m  z e r o  ( c o n t a c t )  a n g le s  w it h  clean g la s s  a n d  s ilic a , 

a ls o  w it h  c le a n  m e t a ll ic  s u r fa c e s .”  A u t h o r i t a t iv e  

r e v ie w s  b y  W a r k  a n d  S u t h e r la n d 2 a n d  G a u d i n 3 c o v e r 

in g  t h e  f ie ld  o f  o r e  f lo t a t io n  r e v e a l  t h a t  r e a lly  c le a n  

s u r fa c e s  o f  n e a r ly  a ll  m in e r a ls , in c lu d in g  o x id e s  a n d  

s u lfid e s , h a v e  z e r o  o r  s m a ll  c o n t a c t  a n g le s . T h e  la t e r  

e x te n s iv e  in v e s t ig a t io n  o f  th e  w e t t in g  o f  h ig h -e n e r g y  su r 

fa c e s  b y  F o x , H a r e , a n d  Z i s m a n 4 le d  t o  t h e  c o n c lu s io n  

t h a t  all pure liquids s p r e a d  s p o n t a n e o u s ly  o n  h ig h -e n e r g y  

s u r fa c e s  u n le s s  t h e y  b e lo n g  t o  t h e  s p e c ia l  c la s s  o f  or
ganic l iq u id s  w h ic h  w e r e  e ith e r  “ a u t o p h o b ic ”  o r  w e r e  

h y d r o ly z e d  o n  c o n t a c t  w it h  t h e  s o lid  s u r fa c e . F r o m  

th e ir  w o r k  a s  a n  im p o r t a n t  s p e c ia l  c a s e , i t  c a n  b e  c o n 

c lu d e d  t h a t  p u r e  w a t e r  w ill  s p r e a d  o n  a n y  h ig h -e n e r g y  

s u r fa c e  i f  i t  is  fr e e  f r o m  a d s o r b e d  o r g a n ic  f i lm s .

P r o lo n g e d  e x p o s u r e  o f  a  c le a n  (i.e., o r g a n ic -fr e e )  

h y d r o p h i l ic  s o lid  s u r fa c e  t o  a n y  a t m o s p h e r e , o t h e r  t h a n  

a  m o s t  c a r e fu l ly  p u rifie d  g a s , w ill  r e s u lt  in  t h e  s u r fa c e  

e x h ib i t in g  w a t e r  c o n t a c t  a n g le s  f r o m  a  f e w  d e g r e e s  u p  

t o  9 0 ° ,  d e p e n d in g  o n  th e  n a t u r e  o f  t h e  o r g a n ic  c o n t a m i 

n a n t  p r e s e n t  a n d  its  s u r fa c e  c o n c e n tr a t io n . A s  w e

(1 )  N . K .  A d a m , “ T h e  P h y s ic s  a n d  C h e m is t r y  o f  S u r fa c e s ,”  3 r d  
E d .,  O x fo r d  U n iv e r s ity  P re ss , L o n d o n , 1941 .

(2 )  K .  L . S u th e r la n d  a n d  I .  W .  W a r k , “ P r in c ip le s  o f  F l o t a t i o n , ”  
A u s tra la s ia n  I n s t it u t e  o f  M in in g  a n d  M e t a llu r g y , M e lb o u r n e , 1 95 5 .

(3 )  A .  M .  G a u d in , “ F lo t a t io n ,”  2 n d  E d .,  M c G r a w -H i l l  B o o k  C o . ,  
I n c . ,  N e w  Y o r k ,  N . Y . ,  1957 .

(4 )  H . W .  F o x ,  E .  F . H a re , a n d  W .  A .  Z is m a n . J. Phys. Chem., 5 9 , 
1097  (1 9 5 5 ) .
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h a v e  r e c e n t ly  d e m o n s t r a t e d ,5 6 e v e n  n o n p o la r  o r g a n ic  

v a p o r s , s u c h  a s  t h o s e  o f  p u r e  h e x a n e  o r  b e n z e n e , c a n  

a d s o r b  o n  c le a n  m e t a l  s u r fa c e s , in c lu d in g  g o ld  a n d  

p la t in u m , a n d  t h e  la s t  m o n o la y e r  o f  t h e  r e s u lt in g  f i lm  

w ill n o t  e v a p o r a t e  f r o m  t h e  s u r fa c e  u n le s s  t h e  t e m p e r a 

tu r e  o f  t h e  m e t a l  is  ra is e d  b y  1 0 0 ° .  T h e  a p p a r e n t  

ir r e v e r s ib i li ty  e n c o u n te r e d  a r ise s  f r o m  p o la r iz a t io n  o f  

t h e  a d s o r b e d  v a p o r  b y  t h e  e le c t r o s ta t ic  f ie ld  e m a n a t in g  

f r o m  t h e  m e t a l  s u r fa c e . S u c h  m o n o la y e r s  a r e  u s u a lly  

a d s o r b e d  w it h  t h e  m o le c u le s  ly i n g  a s  f la t  a s  p o s s ib le  in  

th e  s u r fa c e ; t h e  c o n d e n s e d  m o n o la y e r  c a u s e s  t h e  w a t e r  

c o n t a c t  a n g le  t o  b e  f r o m  5 5  t o  7 5 ° ,  d e p e n d in g  o n  th e  

m e t a l  s u r fa c e .

H o w e v e r , in  t h e  p a s t  1 2  y e a r s  a  f e w  in v e s t ig a t o r s  

h a v e  r e p o r te d  r e s u lts  t o  t h e  c o n tr a r y . E s p e c ia l  

e m p h a s is  w a s  g iv e n  in  th e ir  e x p e r im e n ts  t o  s u c h  r e a d i ly  

c le a n e d  m e t a ls  a s  g o ld  a n d  p la t in u m . B a r t e l l  a n d  

S m i t h 6 o b t a in e d  a d v a n c in g  w a t e r  c o n t a c t  a n g le s  in  

w a t e r  v a p o r  o r  a ir  o f  7  ±  1 °  o n  g o ld . M o r e  r e c e n t ly ,  

W h i t e ’ s7 e x p e r im e n ts  o n  t h e  c o n t a c t  a n g le  o f  c o n 

d e n s e d  w a te r  v a p o r  o n  g o ld  in  a  P y r e x  a n d  m e t a l  

s y s t e m  le d  h im  t o  c o n c lu d e  t h a t  a n  u n o x id iz e d  s u r fa c e  

o f  p u r e  g o ld  is  h y d r o p h o b i c , a n d  o n l y  w h e n  th e r e  is  a  

s u r fa c e  o x id e  p r e s e n t , is  th e r e  a  z e r o  w a t e r  c o n t a c t  

a n g le . E r b 8 a ls o  m e a s u r e d  t h e  c o n t a c t  a n g le  o f  w a t e r  

o n  p u r e  g o ld  u n d e r  c o n t in u o u s  c o n d e n s in g  c o n d it io n s  

in  p u r e  s t e a m  a n d  o b s e r v e d  c o n t a c t  a n g le s  o f  5 5 - 8 5 ° .  

H e  c o n c lu d e d  t h a t  p h y s ic a l ly  a d s o r b e d  o r g a n ic  c o n 

t a m in a t io n  c o u ld  b e  r e m o v e d  in  h is  a p p a r a t u s  w it h in  

a  f e w  h o u r s  a n d  c h e m is o r b e d  c o n t a m in a t io n  w it h in  a  

f e w  d a y s . A f t e r  s e v e r a l  t h o u s a n d  h o u r s  o f  c o n t in u o u s  

o p e r a t io n  in  h is  a p p a r a t u s , t h e  m e t a ls  s h o u ld  h a v e  b e e n  

c le a n , a n d  y e t  g o ld  c o n t in u e d  t o  e x h ib i t  a n  a d v a n c in g  

c o n t a c t  a n g le  f r o m  5 0  t o  9 0 ° .  H e  a ls o  c o n c lu d e d  

t h a t  g o ld  n e e d e d  s u r fa c e  o x id a t i o n  t o  e x h ib i t  a  z e r o  

c o n t a c t  a n g le  w it h  w a te r .

B e c a u s e  o f  th e s e  r e c e n t  p u b lis h e d  o b s e r v a t io n s  a n d  

o p in io n s , w e  h a v e  r e -e x a m in e d  t h e  w e t t in g  o f  p u r e  

g o ld  a n d  p la t i n u m  s u r fa c e s  in  a  m u c h  s im p le r  s y s t e m  

b y  fir s t  r e d u c in g  t h e  m e t a ls  in  e x t r e m e ly  p u r e  f lo w in g  

h y d r o g e n  g a s  s t r e a m s  a t  h ig h  t e m p e r a t u r e s  a n d  th e n  

m e a s u r in g  t h e  w a t e r  c o n t a c t  a n g le  o f  t h e  c o o le d  s u r fa c e  

a t  d iffe r e n t  t im e s  a f t e r  e a c h  h e a t  t r e a t m e n t .  W e  h a v e  

a ls o  c o n d u c te d  s im ila r  e x p e r im e n t s  in  g a s e o u s  a t m o s 

p h e r e s  o f  o t h e r  p u r e  g a s e s . T h e  r e s u lts  a r e  s u m 

m a r iz e d  h e r e .

Experimental Techniques
T h e  s a m e  p r o c e d u r e s  u s e d  in  o u r  p r e v io u s  s t u d y 6 

o f  t h e  c h a n g e s  c a u s e d  in  t h e  c o n t a c t  p o t e n t ia ls  o f  m e t a ls  

b y  a d s o r b e d  n o n p o la r  c o m p o u n d s  w e r e  a ls o  f o l lo w e d  

h e r e  in  t h e  f ir s t  s t a g e  o f  p r e p a r in g  t h e  g o ld  a n d  p la t i 

n u m  s p e c im e n s . T h r e e  g o ld  s p e c im e n s  w e r e  e m p lo y e d

f r o m  t h e  fo l lo w in g  s o u r c e s : ( 1 )  E n g le h a r d  I n d u s t r ie s ,

9 9 . 9 9 %  p u r i t y ;  (2 )  H a n d y  a n d  H a r t m a n , 9 9 . 9 9 9 9 %  

p u r i t y ;  a n d  ( 3 )  N a t i o n a l  B u r e a u  o f  S t a n d a r d s  e le c 

t r o ly t ic  g o ld , k in d ly  s u p p lie d  b y  D r .  E .  W ic h e r s  

a n d  la t e r  m o ld e d  in t o  a n  in g o t  in  a n  in e r t  a r g o n  a t 

m o s p h e r e  u s in g  s p e c ia l  m o ly b d e n u m  c r u c ib le s  b y  M r .

E .  J . C h a p in  o f  t h e  M e t a l lu r g y  D i v i s i o n  o f  N . R . L .  

N o  d is t in c t io n  w a s  o b s e r v e d  i n  t h e  e x p e r im e n ta l  

b e h a v io r  o f  t h e  th r e e  g o ld  s a m p le s . T h e  p la t in u m  u s e d  

w a s  s u p p lie d  b y  E n g le h a r d  I n d u s t r ie s  a n d  w a s  9 9 . 9 9 %  

p u r e . E a c h  m e t a l  s p e c im e n  w a s  a b r a d e d , p o lis h e d ,  

a n d  d r ie d  a s  in  t h e  p r e v io u s  w o r k .6 M e t a l  s p e c im e n s  

w e r e  0 .9 5  c m . in  d ia m e t e r  a n d  0 .1 6  c m . t h i c k ;  e a c h  

h a d  b e e n  fa b r ic a t e d  w it h  a n  in t e g r a l  p in  o f  t h e  s a m e  

m a te r ia l , 0 .2 5  c m . in  d ia m e t e r  a n d  0 .6 4  c m . lo n g  o n  its  

b a c k  s u r fa c e , in  o r d e r  t o  f a c i l i t a t e  t h e  m e c h a n ic a l  

h a n d lin g  o f  t h e  s p e c im e n  a n d  t o  b e  s u r e  t h a t  t h e  fr e e  

s u r fa c e  w o u ld  n o t  b e  t o u c h e d  d u r in g  m a n ip u la t io n s .

E a c h  m e t a l  s p e c im e n  t o  b e  s tu d ie d  w a s  n e x t  in t r o 

d u c e d  in t o  t h e  g la s s  s y s t e m  s h o w n  in  F ig u r e  1 . I n  th is  

s y s t e m  t h e  o n ly  n o n g la s s  m a t e r ia ls  p r e s e n t  b e t w e e n  t h e  

g a s  a d s o r b e n t  s y s t e m  a n d  t h e  s p e c im e n  c h a m b e r  w e r e  

t w o  s m a ll ,  c le a n  T e f lo n  c o n n e c t in g  c o lla r s  in  t h e  g a s  

s tr e a m . T h e  s im p le , c o m p a c t ,  s p e c im e n  c h a m b e r  

( v o lu m e  o n ly  5 0  m l . )  w a s  d e v is e d  b e c a u s e  i t  w a s  n e c e s 

s a r y  t h a t  e a c h  p ie c e  o f  g la s s w a r e  in  i t  h a d  t o  b e  c a p a b le  

o f  b e in g  d is a s s e m b le d  a n d  c le a n e d  b y  a c id  w a s h in g  a n d

S P E C I M E N  C H A M B E R

Figure 1. Gas purification apparatus and 
metal specimen heat cell.
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b a k in g  j u s t  b e fo r e  e a c h  e x p e r im e n t  in  o r d e r  t o  a v o id  

t h e  e v o lu t io n  o f  o r g a n ic  c o n t a m in a n t s  b y  t h e  in te r io r  

w a ll  t o  c o n t a m in a t e  t h e  g a s  s t r e a m . T h e  s t o p c o c k s  

a n d  g r o u n d  j o i n t s  o f  t h e  s y s t e m  w e r e  n o t  lu b r ic a t e d .  

T h e  c o ld  t r a p  a n d  a d s o r b e n t  s y s t e m  c o o le d  b y  l iq u id  

n it r o g e n  is  o f  t h e  s a m e  d e s ig n  u s e d  s u c c e s s fu l ly  b y  t h e  

N a t i o n a l  B u r e a u  o f  S t a n d a r d s 9 in  t h e  p u r if ic a t io n  o f  

h e li u m  g a s ;  i t  c o n ta in e d  F is h e r  a c t iv a t e d  c o c o n u t  

c h a r c o a l  a d s o r b e n t , 6 - 1 4  m e s h , w h ic h  w a s  o u t g a s s e d  

f r e q u e n t ly  a t  3 2 0 °  a n d  1 0 ~ 4 m m . W i t h o u t  th is  c o ld  

tr a p  t o  r e m o v e  t h e  la s t  tr a c e s  o f  o r g a n ic  c o n t a m in a n t s  

in  t h e  g a s  s tr e a m , a p p r e c ia b le  c o n t a c t  a n g le s  w e r e  e n 

c o u n te r e d  o n  t h e  m e t a l  s p e c im e n s  e v e n  w h e n  t h e  p u r e s t  

o b t a i n a b le  c o m m e r c ia l  h y d r o g e n  g a s  w a s  u s e d . H y 

d r o g e n  c y lin d e r  g a s  u s e d  w a s  L in d e  C o . r e s e a r c h  g r a d e  

h a v in g  t h e  fo l lo w in g  a n a ly s is  o f  im p u r i t ie s :  o x y g e n  

< 1  p .p .m . ,  n it r o g e n  < 5  p .p .m . ,  c a r b o n  m o n o x i d e  < 1  

p .p .m . ,  c a r b o n  d io x id e  < 1  p .p .m . ,  a r g o n  < 1  p .p .m . ,  

h y d r o c a r b o n s  < 1  p .p .m . ,  m e t h a n e  < 1  p .p .m . ,  a n d  

m o is t u r e  < 1  p .p .m .

A f t e r  e a c h  m e t a l  s p e c im e n  w a s  p o lis h e d  a n d  c le a n e d  

a s  p r e v io u s ly  d e s c r ib e d , i t  w a s  p la c e d  in  t h e  s p e c im e n  

c h a m b e r  o n  t h e  q u a r t z  t u b e  h o ld e r . A  g a s  f lo w  r a te  

o f  1 5 0  m l . /m i n  a t  1 5 °  w a s  a llo w e d  to  p u r g e  t h e  s p e c i

m e n  c h a m b e r  f o r  3 0  m in . T h e n , t h e  m e t a l  s p e c im e n  

w a s  h e a t e d  w it h  a  h ig h -f r e q u e n c y  in d u c t io n  h e a te r  

f o r  3  m in . w h ile  r e m a in in g  in  th e  f lo w in g  g a s  s tr e a m .  

T h e  s p e c im e n  w a s  n e x t  a l lo w e d  t o  c o o l  t o  t h e  te m p e r a 

tu r e  o f  t h e  f lo w in g  g a s  s t r e a m , a n d  th is  u s u a lly  re 

q u ir e d  1 0  m in . A f t e r  t h a t ,  t h e  g r o u n d -g la s s  c a p  o f  

t h e  s p e c im e n  c h a m b e r  w a s  r e m o v e d , a  s m a ll  se ss ile  

d r o p  o f  c le a n  p u r e  w a t e r  w a s  to u c h e d  t o  t h e  p o lis h e d  

m e t a l  s u r fa c e  b y  m e a n s  o f  a  p r e v io u s ly  f la m e -c le a n e d  

p la t in u m  w ir e , a n d  t h e  c h a m b e r  w a s  c lo s e d  a g a in  b y  

r e p la c in g  t h e  c a p . T h i s  o p e r a t io n  r e q u ir e d  a b o u t  1 se c . 

T h e  t e s t  w a t e r  w a s  o b t a in e d  b y  p a s s in g  t h e  e ff lu e n t  

o f  a  S t o k e s  w a ll  s t i l l  th r o u g h  a n  A m e r s i l  B i - D i s t i l l a 

t io n  u n it  o f  f u s e d  q u a r t z . I f  t h e  w a t e r  d r o p  d id  n o t  

s p r e a d  c o m p le t e ly  o v e r  a l l  o f  th e  p la n e  s u r fa c e  o f  t h e  

m e t a l  d is k , i ts  c o n t a c t  a n g le  w a s  m e a s u r e d  b y  m e a n s  o f  

a  te le s c o p e  f i t t e d  w it h  a  g o n io m e t e r  e y e p i e c e .10 N o  

a t t e m p t  w a s  m a d e  t o  d is t in g u is h  b e tw e e n  a n  a d v a n c in g  

a n d  a  r e c e d in g  c o n t a c t  a n g le .

Experimental Results
A. Results of Heating and Cooling Metal Specimens 

in a Hydrogen Stream. T h e  o u t p u t  p o w e r  o f  t h e  in 

d u c t i o n  h e a te r  w a s  a d ju s t e d  t o  h e a t  t h e  m e t a l  s p e c im e n  

t o  a n  in it ia l  o b s e r v a b le  d u ll  r e d  c o lo r . R e s u lt s  o n  th e  

w e t t a b i l i t y  w e r e  e r r a tic  w it h  b o t h  g o ld  a n d  p la t in u m .  

O c c a s io n a lly , e a c h  m e t a l  w a s  c o m p le t e ly  w e t  b y  th e  

w a t e r  d r o p  a n d  s h o w e d  z e r o  c o n t a c t  a n g le s . I n  r e p e a t  

e x p e r im e n ts  t h e  w a t e r  d r o p  s o m e t im e s  d id  n o t  c o m 

p le t e ly  w e t  e ith e r  m e t a l , a n d  c o n t a c t  a n g le s  b e t w e e n  4  

a n d  8 °  w e r e  o b s e r v e d . I n c r e a s in g  t h e  t im e  o f  h e a t i n g  

t o  a  d u ll  r e d  f r o m  3  m in . t o  a s  lo n g  a s  3 0  m in . d id  n o t  

im p r o v e  r e l ia b i l i ty . I n c r e a s in g  t h e  h y d r o g e n  f lo w  

r a te  f r o m  1 5 0  to  5 0 0  m l . /m i n .  a ls o  p r o d u c e d  n o  o b s e r v 

a b le  c h a n g e  in  t h e  r e s u lts  o f  r e p e a te d  e x p e r im e n ts .  

R e d u c in g  t h e  h y d r o g e n  f lo w  r a t e  t o  z e r o  b y  c lo s in g  t h e  

s t o p c o c k s  o n  e ith e r  s id e  o f  t h e  s p e c im e n  c h a m b e r - i n 

c r e a s e d  th e  c o n t a c t  a n g le s  t o  a b o u t  6  t o  1 3 ° ,  a n d  n o  

z e r o  c o n t a c t  a n g le s  w e r e  o b s e r v e d .

T h e  m e t a ls  w e r e  n e x t  h e a t e d  u n t i l  w h it e  h o t ,  a n d  

g r e a t  c a r e  h a d  t o  b e  e x e r c is e d  w it h  t h e  g o ld  in  o r d e r  

t o  p r e v e n t  i t  f r o m  m e lt in g . I n  f a c t ,  t h e  o u t p u t  

c o u p lin g  o f  t h e  in d u c t io n  h e a te r  w a s  in c r e a s e d  u n t i l  

t h e  s u r fa c e  o f  t h e  g o ld  w a s  o b s e r v e d  t o  b e g in  m e l t i n g ;  

t h e n  t h e  o u t p u t  c o u p lin g  w a s  r e d u c e d  j u s t  b e lo w  th e  

s e t t in g  w h e r e  m e lt in g  o f  t h e  g o ld  w o u ld  n o t  o c c u r  u n d e r  

c o n t in u o u s  p r o lo n g e d  h e a t in g . A f t e r  t h e  3 -m i n .  h e a t  

t r e a t m e n t ,  f o l lo w e d  b y  q u ic k  c o o lin g  in  a  1 5 0 - m l . /m i n .  

h y d r o g e n  s t r e a m , t h e  p la t in u m  a n d  t h e  th r e e  g o ld  

s p e c im e n s  a lw a y s  e x h ib i te d  z e r o  w a t e r  c o n t a c t  a n g le s .  

W h e n  t h e  h y d r o g e n  f lo w  r a t e  w a s  c u t  o ff , w a t e r  c o n t a c t  

a n g le s  o f  a b o u t  6  t o  1 3 °  w e r e  a g a in  o b s e r v e d ; h o w e v e r ,  

in  th r e e  o f  th e s e  e x p e r im e n ta l  r u n s  z e r o  c o n t a c t  a n g le s  

w e r e  s t i l l  o b ta in e d . L o n g e r  m e t a l  h e a t i n g  t im e s  d id  

n o t  c h a n g e  t h e  r e s u lts .

F r o m  1 0  to  1 5  r e p e a te d  e x p e r im e n ts  w e r e  m a d e  o n  

e a c h  o n e  o f  t h e  p la t in u m  a n d  g o ld  s p e c im e n s . I f  a  

c o m p le t e ly  w e t t in g  w a t e r  f i lm  w a s  a llo w e d  t o  e v a p o r a t e  

in  t h e  1 5 0 - m l . /m i n .  d r y  h y d r o g e n  s t r e a m , a f t e r  6  m in .  

t h e  f i lm  b e g a n  t o  r e c e d e  a s  a  f la t  le n s  f r o m  t h e  e d g e s  o f  

t h e  m e t a l  s u r fa c e s . T h e s e  w a t e r  le n s e s  s h o w e d  im 

m e a s u r a b ly  s m a ll  c o n t a c t  a n g le s  ( < 1 ° ) ,  a n d  o p t i c a l  

in te r fe r e n c e  c o lo r s  c o u ld  b e  o b s e r v e d  b e y o n d  t h e  e d g e s  

o f  t h e  e v a p o r a t in g  f la t  w a t e r  le n s  b y  r e f le c t in g  l ig h t  

f r o m  a  w h ite  p a p e r  c a r d  p la c e d  b e h in d  t h e  s p e c im e n  

c h a m b e r . T h e  l ig h t  s o u r c e  w a s  e ith e r  a  fo c u s e d  m ic r o 

s c o p e  l a m p  w it h  a  b lu e  f i lte r  o v e r  its  o b je c t  le n s  o r  a  

G a t e s  s o d iu m  v a p o r  la m p .

I n  o t h e r  e x p e r im e n ts , a f te r  t h e  w h i t e -h o t  h e a t  t r e a t 

m e n t  o f  t h e  m e t a l  s p e c im e n , i t  w a s  a l lo w e d  t o  r e m a in  

in  t h e  f lo w in g  h y d r o g e n  s t r e a m  f o r  e x t e n d e d  t im e s  

b e y o n d  t h e  1 0  m in . r e q u ir e d  f o r  c o o lin g  o f f . A f t e r  

3 0  m in . in  t h e  h y d r o g e n  s t r e a m , s m a ll  w a t e r  c o n t a c t  

a n g le s  b e g a n  t o  b e  o b s e r v e d , a n d  a f t e r  6 0  m in . c o n t a c t  

a n g le s  o f  5  t o  1 1 °  w e r e  o b s e r v e d  o n  g o ld  a n d  o n  p la t i 

n u m  s p e c im e n s . E x p e r im e n t s  la s t in g  lo n g e r  w e r e  n o t  

c o n d u c t e d  in  o r d e r  t o  c o n s e r v e  t h e  s u p p ly  o f  r e s e a r c h  

g r a d e  h y d r o g e n .

(9 )  R .  B . S c o t t ,  “ C r y o g e n ic  E n g in e e r in g ,”  D .  V a n  N o s t r a n d  C o . ,  
I n c . ,  N e w  Y o r k ,  N . Y . ,  1959 , C h a p te r  3 .

(1 0 )  W .  C . B ig e lo w , D .  L .  P ic k e t t ,  a n d  W . A .  Z is m a n , J. Colloid 
Sci., 1 , 5 13  (1 9 4 6 ) .

T h e  J o u rn a l  o f  P h y s ic a l  C h em is try
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B. Results of Heating Specimens in Room Air and in 
Navy Grade, Water-Pumped Breathing Air. F o r  c o m 

p a r is o n  w it h  t h e  p r e c e d in g  r e s u lts  o b s e r v e d  in  a  p u r e  

h y d r o g e n  a t m o s p h e r e , t h e  g r o u n d -g la s s  c a p  o n  th e  

s p e c im e n  c h a m b e r  w a s  r e m o v e d , a n d  t h e  m e t a l  sp e c i

m e n  w a s  h e a t e d  t o  a  w h it e  h e a t  w h ile  b e in g  e x p o s e d  

t o  t h e  a ir  o f  a n  u n u s u a lly  “ c le a n ”  la b o r a t o r y . I n  

n o  c a se  w a s  c o m p le t e  w e t t in g  b y  w a t e r  o b t a in e d  a f t e r  

th is  t r e a t m e n t ;  c o n t a c t  a n g le s  v a r y i n g  f r o m  6  t o  2 1 °  

w e r e  m e a s u r e d  o n  s u c c e s s iv e  d a y s  o f  t h e  e x p e r im e n t .  

T h e r e  w e r e  n o  s ig n ific a n t  d iffe r e n c e s  in  e x p e r im e n ts  

w ith  g o ld  a n d  p la t in u m .

I n  a n o th e r  e x p e r im e n t , a  c y lin d e r  o f  N a v y  s to r e s ,  

w a t e r -p u m p e d  b r e a t h in g  a ir  w a s  s u b s t i t u t e d  f o r  th e  

L in d e  r e s e a r c h  g r a d e  h y d r o g e n  g a s  c y lin d e r . T h i s  a ir  

w a s  a ls o  r u n  t h r o u g h  t h e  c o ld  g a s  a d s o r p t io n  t r a p  a n d  

t h e  c lo s e d  s p e c im e n  c h a m b e r  a t  a  f lo w  r a te  o f  1 5 0  m l . /  

m i n . ;  a n  a c e t o n e -D r y  I c e  m ix t u r e  w a s  u s e d  a s  a  re 

fr ig e r a n t  in s t e a d  o f  t h e  l iq u id  n it r o g e n . A f t e r  h e a t in g  

t h e  m e t a l  s p e c im e n  t o  a  w h it e  h e a t  a n d  t h e n  c o o lin g  

i t ,  t h e  r e s u lts  o f  p la c in g  d r o p s  o f  w a t e r  o n  b o t h  t h e  g o ld  

a n d  t h e  p la t in u m  m e t a ls  w e r e  p r a c t ic a l ly  id e n t ic a l  

w it h  th o s e  o b s e r v e d  in  t h e  h y d r o g e n  g a s  r e d u c t io n  

t r e a t m e n t .  T h e s e  e x p e r im e n ts  w e r e  r u n  f o r  a s  lo n g  

a s  1 2 0  m in . a f te r  h e a t in g  t h e  s p e c im e n s , a n d  z e r o  c o n 

t a c t  a n g le s  w e r e  s t i l l  o b t a in e d . S in c e  s u ffic ie n t  q u a n 

t i t ie s  o f  b r e a th in g  a ir  w e r e  a v a i la b le , e la p s e d  t im e  ru n s  

o f  2 4  h r . w e r e  a ls o  m a d e ;  a f t e r  s u c h  lo n g  e x p o s u r e s  t o  

t h e  a ir , t h e  g o ld  a n d  p la t in u m  s p e c im e n s  g r a d u a l ly  

e v id e n c e d  in c r e a s in g  w a t e r  c o n t a c t  a n g le s  w h ic h  a t 

ta in e d  v a lu e s  f r o m  2 4  t o  3 0 °  o w in g  t o  t h e  a c c u m u la t e d  

a d s o r p t io n  o n  t h e  c le a n  m e t a l  o f  h y d r o p h o b i c  c o n t a m i 

n a t io n  f r o m  t h e  a ir  s t r e a m . T h u s ,  e v e n  a f t e r  p a s s a g e  

th r o u g h  th e  g a s  a d s o r p t io n  t r a p , c o o le d  b y  a c e t o n e  a n d  

D r y  I c e ,  t h e  a ir  s t i l l  c o n t a in e d  a  tr a c e  o f  o r g a n ic  c o n 

t a m in a t io n .

C. Results of Heating Specimens in High Purity 
Inert Gases. F u r t h e r  e x p e r im e n ts  w e r e  p e r fo r m e d  

u s in g  c y lin d e r s  o f  t h e  f o l lo w in g  L in d e  C o . re se a r c h  

g r a d e  g a s e s : k r y p t o n , n e o n , a r g o n , a n d  n it r o g e n .  

T h e  p r o c e d u r e s  w e r e  id e n t ic a l  w it h  t h o s e  e m p lo y e d  

u s in g  h y d r o g e n , e x c e p t  t h a t  a  m ix tu r e  o f  a c e t o n e  a n d  

D r y  I c e  w a s  u s e d  a s  a  r e fr ig e r a n t  in  o r d e r  t o  p r e v e n t  

th e s e  g a s e s  f r o m  l iq u e fy in g  in  t h e  c o ld  tr a p . T h e  o u t 

p u t  c o u p lin g  o f  t h e  in d u c t io n  h e a te r  a ls o  h a d  t o  b e  d e 

c r e a se d  s in c e  t h e  in e r t  g a s e s  h a v e  lo w e r  t h e r m a l  c o n 

d u c t i v it i e s  t h a n  h y d r o g e n , a n d  c o n s e q u e n t ly  t h e  effi

c ie n c y  o f  t h e  in d u c t io n  h e a te r  w a s  in c r e a s e d . C o m p le t e  

w e t t in g  a n d  z e r o  c o n t a c t  a n g le s  c o u ld  a lw a y s  b e  o b 

ta in e d  w it h  w h it e -h o t  h e a t in g  o f  t h e  g o ld  a n d  p la t in u m  

m e ta ls . A t  d u l l  r e d  h e a t in g , j u s t  a s  w it h  t h e  h y d r o g e n  

s t r e a m , f in ite  c o n t a c t  a n g le s  w e r e  o b s e r v e d  w it h  e a c h  

o f  th e s e  g a s e s . T h e  e x p o s u r e  t im e s  f o r  w h ic h  s p o n 

t a n e o u s  w e t t in g  c o u ld  b e  m a in t a in e d  a fte r  t h e  h e a t  

t r e a t m e n t  o f  t h e  m e t a ls  v a r ie d  b e t w e e n  3 0  a n d  1 2 0  

m in . T h e  c o n c e n tr a t io n s  o f  im p u r it ie s  in  th e s e  in e r t  

g a s e s  (a s  sp e c ifie d  b y  t h e  s u p p lie r )  w e r e  c lo s e  t o  th o s e  

p r e s e n t  in  t h e  c y lin d e r  o f  r e s e a r c h  g r a d e  h y d r o g e n .

Discussion

A c c o r d in g  t o  K u b a s c h e w s k i  a n d  H o p k i n s ,11 a lt h o u g h  

p la t in u m  is  c o n s id e r e d  t o  b e  a  n o b le  m e t a l  a n d  in  b u lk  

is  n o t  e a s i ly  c o n v e r t e d  in t o  o x id e s , n e v e r t h e le s s  a  

s t r o n g ly  a d s o r b e d  la y e r  o f  o x y g e n  is  f o r m e d  d u r in g  

e x p o s u r e  t o  a ir . A t  te m p e r a t u r e s  e v e n  a b o v e  1 2 0 0 °  

r e p e a te d  h y d r o g e n  r e d u c t io n  a n d  v a c u u m  o u t g a s s in g  

is  r e q u ir e d  in  o r d e r  t o  r e m o v e  th is  a d s o r b e d  o x y g e n  

f i lm . O n  t h e  o t h e r  h a n d , r e c e n t  p a p e r s  b y  M a i r ,  

et al.,u ~u d e s c r ib e  lo w -e n e r g y  e le c tr o n  d iffr a c t io n ,  

e le c tr o n  m ic r o s c o p y , a n d  X - r a y  e m is s io n  e x p e r im e n ts  

w h ic h  in d ic a te  t h a t  h e a t in g  g o ld  in  o x y g e n  d o e s  n o t  

p r o d u c e  s ta b le  o x id e s  o n  t h e  s u r fa c e  a t  r o o m  t e m p e r a 

tu r e , a n d  h e a t in g  i t  t o  a b o u t  9 0 0 °  in  o x y g e n  c a n  r e m o v e  

c o n t a m in a t io n  m o r e  r e a d i ly  t h a n  h e a t in g  in  o th e r  

g a s e s .

T h u s , t h e  h ig h -t e m p e r a t u r e  r e d u c t io n  o f  o u r  v e r y  

p u r e  g o ld  s p e c im e n s  in  c le a n e d -u p  r e s e a r c h  g r a d e  h y 

d r o g e n  w a s  d o n e  t o  a s s u r e  t h a t  a  m i n i m u m  o x id a t io n  

o f  t h e  s u r fa c e  w o u ld  o c c u r . C e r t a in ly  n o  g r o s s  a n o d ic  

o x id e  a s  m e n t io n e d  b y  W h i t e 7 13 a n d  r e fe r r e d  t o  b y  E r b 8 15 

c o u ld  h a v e  b e e n  p r e s e n t  o n  th e s e  g o ld  s u r fa c e s . E v e n  

in  t h e  c a s e  o f  t h e  p la t in u m  s p e c im e n , th e  h ig h -t e m p e r a -  

tu r e  h y d r o g e n  r e d u c t io n  t r e a t m e n t  u s e d  m a k e s  v e r y  

im p r o b a b le  th e  p r e s e n c e  o f  a n y  s ig n ific a n t  o x id e  o r  

a d s o r b e d  o x y g e n .

T h e  in c o n s is te n t  w e t t in g  r e s u lts  o b t a in e d  w it h  lo w e r  

d u ll  r e d  t e m p e r a t u r e s  w a s  s o m e w h a t  su r p r is in g . 

H o w e v e r , W h e e l e r 18 a n d  K a m i n s k y 16 * s t a t e  t h a t  th e  

t e m p e r a t u r e  re q u ir e d  t o  g u a r a n te e  a n  a d e q u a t e  t h e r m a l  

c le a n in g  o f  a  m e t a l  s u r fa c e  c a n  b e  e s t im a t e d  r o u g h ly  as  

2 0  t im e s  th e  b in d in g  e n e r g y  in  k c a l . /m o l e  o f  t h e  la y e r  

o f  im p u r i t y  a t o m s  o n  t h e  s u r fa c e . T h u s ,  a c c o r d in g  

t o  K a m i n s k y ,16 a  te m p e r a t u r e  o f  1 7 7 0 °  w o u ld  b e  

r e q u ir e d  t o  d e s o r b  e th e n e  f r o m  tu n g s te n .

(11) O. Kubaschewski and B. E. Hopkins, “Oxidation of Metals 
and Alloys,” 2nd Ed., Butterworths and Co. Ltd., London, 1962.
(12) D. Clark, T. Dickinson, and W. N. Mair, J. Phys. Chem., 65, 
1470 (1961).
(13) D. Clark, T. Dickinson, and W. N. Mair, Trans. Faraday Soc., 
55, 1937 (1959).
(14) L. G. Carpenter and W. N. Mair, ibid., 55, 1929 (1959).
(15) A. Wheeler, “ Structure and Properties of Solid Surfaces,” 
B.. Gomer and C. S. Smith, Ed., University of Chicago Press, Chicago, 
111., 1953, p. 455.
(16) M. Kaminsky, “Atomic and Ionic Impact Phenomena on Metal
Surfaces,” Academic Press Inc., New York, N. Y., 1965, pp. 28, 29.
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I t  is  w e ll  k n o w n  t h a t  p o lis h e d  m e t a l  s u r fa c e s  a re  

n o t  n a s c e n t ly  c le a n , c r y s t a l lin e  la t t ic e  p la n e s . H o w 

e v e r , s u c h  a  s u r fa c e  (a n d  fo r  t h a t  m a t t e r  a n  o x id iz e d  

m e t a l)  o th e r w is e  fr e e  f r o m  organic c o n t a m in a t io n  

s h o u ld  h a v e  a  c r it ic a l  s u r fa c e  te n s io n  o f  w e t t i n g 17 

w h ic h  w o u ld  c a u s e  a  se ss ile  d r o p  o f  w a t e r  t o  s p r e a d  

s p o n t a n e o u s ly  o n  t h e  m e t a l . A  m e t a l  s u r fa c e  e n t ir e ly  

fr e e  f r o m  o x id e s  w o u ld  h a v e  a  h ig h e r  s u r fa c e  e n e r g y  

t h a n  a n  o x id iz e d  m e t a l ;  c o n s e q u e n t ly , w a t e r  s h o u ld  

s p r e a d  m o r e  r e a d i ly  o n  t h e  fo r m e r  s u r fa c e  r a th e r  t h a n  

t h e  la t t e r . I f  a  se ss ile  w a te r  d r o p  d o e s  n o t  s p o n t a 

n e o u s ly  w e t  a  “ c le a n ”  m e t a l  s u r fa c e , i t  is  p r o b a b ly  a n

in d ic a t io n  o f  m e a s u r a b le  c o n t a m in a t io n  b y  a  h y d r o -  

p h o b ic  o r g a n ic  im p u r i t y . A n  e x c e p t io n  t o  th is  w o u ld  

b e  c o n t a m in a t io n  b y  a n  o r g a n ic  w e t t in g  a g e n t 18 h a v in g  

a  p o la r  g r o u p  in  t h e  o u t e r m o s t  s u r fa c e  o f  t h e  a d s o r b e d  

m o le c u le ;  s u c h  a n  im p u r i t y  o n  a  m e t a l  s u r fa c e  w o u ld  

p r o m o t e  t h e  s p o n t a n e o u s  s p r e a d in g  o f  a  se ss ile  d r o p  o f  

w a te r .

(17) W. A. Zisman, Advances in Chemistry Series, No. 43, American 
Chemical Society, Washington, D. C.t 1964, p. 12.
(18) S. J. Gregg, “ The Surface Chemistry of Solids,” 2nd Ed., Rein- 
hold Publishing Corp., New York, N. Y.t 1961, p. 220.

The Use of Combined Schlieren and Absorption Optics in an Electrophoretic 

Study of the Reversibly Interacting System Dextran Sulfate-Carboxyhemoglobin12

by York Tsang and T. E. Thompson

Department of Physiological Chemistry, Johns Hopkins University, School of Medicine, 
Baltimore, Maryland (.Received July 6, 1966)

T h e  b e h a v io r  d u r in g  m o v i n g -b o u n d a r y  e le c tr o p h o r e s is  o f  in t e r a c t in g  d e x t r a n  s u l f a t e s -  

c a r b o x y h e m o g lo b in  in  a q u e o u s  s o lu t io n  h a s  b e e n  s tu d ie d  u t i l iz in g  c o m b in e d  s c h lie r e n  

a n d  a b s o r p t io n  o p t ic s . I n t e r a c t io n  w a s  s tu d ie d  o v e r  a  p H  r a n g e  o f  7 .4  t o  8 .5  a n d  io n ic  

s tr e n g th  r a n g e  o f  0 .0 5  t o  0 .2 0  M  a n d  a t  v a r io u s  c o n c e n tr a t io n  r a t io s  o f  in t e r a c t a n t s . T h e  

v a r ia t io n  o f  t h e  in t e r a c t io n , d e c r e a s in g  w it h  in c r e a s in g  p H  a n d  io n ic  s t r e n g t h , c a n  b e  

e x p la in e d  a s  d u e  t o  a t t r a c t io n  b e tw e e n  t h e  a n io n ic  s u l fa t e  g r o u p s  o f  t h e  d e x t r a n  s u lfa te s  

a n d  c a t io n ic  g r o u p s  o n  t h e  h e m o g lo b in . I n t e r a c t io n  c o n s t a n t s  h a v e  b e e n  c a lc u la t e d  b y  

t w o  d iffe r e n t  m e t h o d s . T h e  in f o r m a t io n  p r o v id e d  b y  t h e  c o m b in e d  s c h lie r e n  a n d  a b s o r p 

t io n  o p t ic a l  s y s t e m s  e n a b le s  a  m o r e  a c c u r a te  e s t im a t e  o f  t h e  e ffe c ts  o f  n o n id e a l  e le c tr o 

p h o r e s is  a n d  r e d u c e s  u n c e r ta in t ie s  i n v o lv e d  in  t h e  in t e r p r e t a t io n  o f  t h e  m o v in g -b o u n d a r y  

p a t t e r n s  o f  in t e r a c t in g  m a c r o m o le c u le s  t o  a  le v e l  c o m p a r a b le  w it h  t h a t  i n v o lv e d  f o r  n o n 

in t e r a c t in g  s y s t e m s  o f  m a c r o m o le c u le s .

N u m e r o u s  s tu d ie s  h a v e  b e e n  r e p o r te d  o n  t h e  b e 

h a v io r  in  f r e e -b o u n d a r y  e le c tr o p h o r e s is  o f  s y s t e m s  

o f  in t e r a c t in g  m a c r o m o le c u le s .8 F o r  m a n y  o f  th e s e  

s y s t e m s , t h e  b e h a v io r  a s  r e fle c te d  in  t h e  r e fr a c to m e t r i -  

c a lly  d e t e r m in e d  m o v in g -b o u n d a r y  p a t t e r n s  is  s u c h  as  

t o  s u g g e s t  t h a t  c o n t in u o u s  r e a d ju s t m e n t  o f  th e  c o n 

c e n tr a t io n s  o f  e a c h  s p e c ie s  is  o c c u r r in g  in  t h e  b o u n d a r y  

r e g io n . T h e  p a t t e r n s  c a n  n o  lo n g e r  b e  r e la t e d  in  a n y

(1) Presented in part at the 145th National Meeting of the American 
Chemical Society, New York, N. Y., Sept. 1963.
(2) Portions of this paper are derived from the Ph.D. dissertation of 
Y. T., Johns Hopkins University, 1964.
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s im p le  m a n n e r  t o  c o n d it io n s  in  t h e  h o m o g e n e o u s  

s o lu t io n .

S e v e r a l  m e t h o d s  h a v e  b e e n  d e v e lo p e d  t o  e v a lu a t e  

th e  p a t t e r n s  o f  r a p id ly  e q u i l ib r a t in g  s y s t e m s . C a l 

c u la t io n s  h a v e  u s u a lly  u t i liz e d  t h e  r e la t io n s h ip s  d e 

r iv e d  f r o m  t h e  m o v i n g -b o u n d a r y  e q u a t io n s .4 A l 

te r n a te ly , t h e  d iffe r e n tia l  e q u a t io n s  d e s c r ib in g  t h e  t r a n s 

p o r t  b e h a v io r  o f  t h e  in t e r a c t in g  s y s t e m s  c a n  b e  u s e d .  

A n a ly t ic a l  s o lu t io n s  h a v e  b e e n  o b t a in e d  f o r  t h e  e q u a 

t io n s  d e s c r ib in g  t h e  r e a c t io n  A  +  B  ;=± C ,  a s s u m in g  in 

s ta n ta n e o u s  e q u i l ib r a t io n  a n d  n e g le c t in g  th e  e ffe c ts  o f  

d iffu s io n .6 C o m p u t e r  s o lu t io n s 6 h a v e  b e e n  o b t a in e d  f o r  

th e  e q u a t io n s  d e s c r ib in g  t h e  is o m e r iz a t io n  r e a c t io n  A  

B  f o r  d iffe r e n t  r e a c t io n  r a te s  a n d  d iffu s io n  c o n s t a n t s  a n d ,  

m o r e  r e c e n t ly , f o r  e q u a t io n s 7 d e s c r ib in g  t h e  r e a c t io n  A  

+  nB C ,  a s s u m in g  in s t a n ta n e o u s  e q u il ib r a t io n .

T h e  p r o b le m  o f  in t e r p r e t in g  t h e  m o v i n g -b o u n d a r y  

p a t t e r n  o b t a in e d  w it h  in t e r a c t in g  s y s t e m s  is  c o m p li 

c a te d  b y  t h e  f a c t  t h a t  t h e  u s u a l r e fr a c to m e t r ic  m e t h o d s  

fo r  r e c o r d in g  c o n c e n tr a t io n  d is tr ib u t io n s  s u m  t h e  c o n 

t r ib u t io n s  o f  a l l  s p e c ie s  p r e s e n t  in  t h e  b o u n d a r y .  

W h a t ,  in  f a c t , is  d e s ir e d  is  t h e  c o n c e n tr a t io n  d is tr ib u 

t io n  o f  e a c h  in d iv id u a l  in t e r a c t a n t  in  t h e  b o u n d a r y  

r e g io n . T h i s  in f o r m a t io n  c a n  b e  o b t a in e d  in  a  t w o -  

in t e r a c t a n t  s y s t e m  b y  e m p lo y in g  l ig h t  a b s o r p t io n  

m e a s u r e m e n t s  in  c o n ju n c t io n  w it h  a  r e f r a c to m e t r ic  

m e t h o d , p r o v id e d  t h a t  o n e  in t e r a c t a n t  h a s  s u it a b le  

a b s o r p t io n  c h a r a c te r is t ic s .

I n  th is  in v e s t ig a t io n  t h e  e le c t r o p h o r e t ic  b o u n d a r ie s  

o f  t h e  in t e r a c t in g  s y s t e m  c a r b o x y h e m o g lo b in -d e x t r a n  

s u lfa te  h a v e  b e e n  in v e s t ig a t e d  u s in g  a  T is e liu s  a p p a r a tu s  

e q u ip p e d  w it h  b o t h  s c h lie r e n  a n d  a b s o r p t io n  o p t ic s .  

T h is  in t e r a c t a n t  s y s t e m  w a s  s e le c t e d  f o r  s t u d y  b e c a u s e  

o f  t h e  c o n v e n ie n t  l ig h t  a b s o r p t io n  c h a r a c te r is t ic s  o f  

th e  c a r b o x y h e m o g lo b in  a n d  b e c a u s e  o f  t h e  g e n e r a l  

in t e r e s t  in  in t e r a c t io n  b e t w e e n  p r o te in s  a n d  c h a r g e d  

p o ly s a c c h a r id e s .8 -1 4

Experimental Section
H u m a n  c a r b o x y h e m o g lo b in  ( C O H b )  w a s  tw ic e  

c r y s t a l liz e d  b y  t h e  m e t h o d  o f  D r a b k i n .16 S t o c k  s o lu 

t io n s  r a n g in g  f r o m  8  t o  1 2 %  ( g . / 1 0 0  m l .  o f  s o lu t io n )  

w e r e  k e p t  u n d e r  C O  a t  4 ° .  I n  t h e  b u f fe r  s y s t e m s  u s e d ,  

t h e  e le c t r o p h o r e t ic  m o b i l i t y  w a s  l in e a r  w it h  p H  o v e r  

th e  r a n g e  6 .0  t o  9 .0  w it h  t h e  is o e le c tr ic  p o in t  a t  p H

6 .8 .  N o  v a r ia t io n  in  m o b i l i t y  w i t h  io n ic  s tr e n g th  w a s  

o b s e r v e d  in  t h e  e x p e r im e n ta l  r a n g e  0 .0 5  t o  0 .2 0  M. 
S in g le  s y m m e t r ic a l  b o u n d a r ie s  w e r e  o b t a in e d  in  b o t h  

c e ll l im b s  u n d e r  a l l  c o n d it io n s  o f  p H  a n d  io n ic  s tr e n g th  

e m p lo y e d .

S o d iu m  d e x t r a n  s u l fa t e s  ( D S )  w e r e  s y n t h e s iz e d  f r o m  

d e x tr a n  s a m p le s  p r e p a r e d  b y  a c e t o n e  f r a c t io n a t i o n  o f  

a c id  h y d r o ly s a t e s  o f  n a t i v e  d e x tr a n s . T h e  c o m p o s i 

t io n  a n d  e le c tr o p h o r e t ic  p r o p e r t ie s  a re  g i v e n  in  T a b le s  

I  a n d  I I .  D - 8  a n d  E - 4  w e r e  g i f t s  o f  D r .  C o lin  R ic k e t s  

o f  t h e  U n i v e r s i t y  o f  B ir m in g h a m , E n g la n d . P h -  

1 5 0  w a s  s y n t h e s iz e d  a c c o r d in g  t o  t h e  p r o c e d u r e  o f  

R i c k e t t s .16 T h e  a s c e n d in g  e le c t r o p h o r e t ic  p e a k  w a s  3 4 5 6 7 8 9 10 11 12 13 14 15 16

Table I : Properties of Dextran Sulfates

M o l. wt.
(num ber-

P repn . average)
%

sulfur

N o. of 
sulfate 

groups per 
glucose

D-8 1.0 X 10s 18.9 2.3
E-4 6.0 X 104 11.1 1.4
Ph-150 3.0 X 106 16.7 2.0

Table II: Electrophoretic Mobilities of Dextran Sulfates
u X  106,

r / 2, cm .2 s e c .-J
P repn . pH M v.-1

D-8 7.4 0.05 17.8
0.10 14.4
0.20 11.9

8.0 0.05 15.5
0.10 14.2
0.20 11.9

8.5 0.05 15.6
0.10 14.2
0.20 11.8

E-4 7.4 0.10 14.4
0.20 12.0

Ph-150 7.4 0.10 14.4
0.20 12.0

(3) R. A. Brown and S. N. Timasheff in “ Electrophoresis,” M. Bier, 
Ed., Academic Press Inc., New York, N. Y., 1959.
(4) L. G. Longsworth in “Electrophoresis,” M. Bier, Ed., Academic 
Press Inc., New York, N. Y., 1959.
(5) G. A. Gilbert and R. C. LI. Jenkins, Proc. Roy. Soc. (London), 
A253, 420 (1959).
(6) J. R. Cann and H. R. Bailey, Arch. Biochem. Biophys., 93, 576 
(1961).
(7) J. R. Cann and W. M. Goad, J. Biol. Chem., 240, 148 (1965).
(8) P. Bemfeld, V. M. Donahue, and M. E. Berkowitz, ibid., 2 2 6 ,  

51 (1957).
(9) S. E. Komguth and M. A. Stahmann, Arch. Biochem. Biophys., 
91, 32 (1960).
(10) M. Schubert and E. C. Franklin, J. Am. Chem. Soc., 83, 2920 
(1961).
(11) P. Bemfeld and T. Kelley, J. Biol. Chem., 238, 1236 (1963).
(12) H. Noguchi, Biochim. Biophys. Acta, 22 , 459 (1959).
(13) H. Noguchi, J. Phys. Chem., 64, 185 (1960).
(14) T. E. Thompson and W. M. McKernan, Biochem. J., 81, 12 
(1961).
(15) D. A. Drabkin, Arch. Biochem. Biophys., 21, 224 (1949).
(16) C. R. Ricketts, Biochem. J., 51, 129 (1952).
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a lw a y s  h y p e r s h a r p , a n d  t h e  d e s c e n d in g  p e a k , b r o a d  

a n d  a s y m m e t r ic a l .

T h e  m o v in g -b o u n d a r y  a p p a r a tu s  w a s  o f  t h e  K l e t t -  

L o n g s w o r t h  t y p e  e q u ip p e d  w it h  p h a s e  p la t e  a n d  c y lin 

d r ic a l  l e n s .4 A  s in g le  s e t  o f  o p t ic a l  c o m p o n e n t s  p r o v e d  

a d e q u a t e  f o r  b o t h  s c h lie r e n  a n d  a b s o r p t io n  m e a s u r e 

m e n t s .  T h e  m o d if ic a t io n s  n e c e s s a r y  f o r  a b s o r p t io n  

m e a s u r e m e n t s  in c lu d e d  t h e  in s t a l la t io n  o f  a  p r e c is e ly  

a d ju s t a b le  m o u n t  fo r  t h e  l ig h t  so u r c e , t h e  u s e  o f  a  p e n c il -  

t y p e  t u n g s t e n  f i la m e n t  la m p  ( G E  T 3 Q /C 1  Q u a r t z l in e ) ,  

in te r fe r e n c e  f ilte r s  t o  is o la te  t h e  d e s ir e d  w a v e  le n g th ,  

a n d  a  m e c h a n ic a l  s c a n n e r  lo c a te d  a t  t h e  im a g e  p la n e  

o f  t h e  c a m e r a  le n s .

T h e  s e a r c h -h e a d  u n it  c a r r y in g  a  p h o t o m u lt ip l ie r  

( I P  2 1 )  w a s  m o u n t e d  o n  a  0 .5 - i n .  n o . 1 6  b r a s s  sc r e w  

d r iv e n  b y  a  B o d in e  s y n c h r o n o u s  m o t o r  ( K Y C - 2 3 R B ) .  

T h e  u n it  w a s  p o s it io n e d  t o  s c a n  a  2 .5  c m . w id e  s tr ip  

a t  t h e  im a g e  p la n e  lo c a te d  o n  t h e  o p p o s it e  s id e  f r o m  

t h e  s c h lie r e n  b a s e  lin e . T h u s , e x c e p t  w h e n  t h e  g r a d ie n t  

w a s  v e r y  s te e p , t h e  s c a n  w a s  n o t  c u t  b y  t h e  sc h lie r e n  

p e a k . S c a n n in g  s l it  w id t h  w a s  0 .6  m m . M i c r o 

s w itc h e s  s e r v e d  t o  l im it  t h e  s c a n  t o  7 .5  c m . S c a n n in g  

t im e  w a s  f ix e d  a t  2 0  se c . c o r r e s p o n d in g  t o  a  re c o r d e r  

s tr ip  o f  1 7 .2  c m .

T h e  r e c o r d in g  c ir c u it  c o n s is te d  o f  t h e  I P 2 1  t u b e , a

d .c .  a m p lif ie r , a  lo g a r i th m ic  c o n v e r s io n  c ir c u it , a n d  a  

1 0 - m v .  B r o w n  re c o r d e r . T h e  p h o t o m u lt ip l ie r  s ig n a l  

w a s  d .c .  a m p lif ie d , c o n v e r t e d  t o  i t s  lo g a r i t h m , a n d  r e a d  

o u t  in t o  th e  re c o r d e r . T h e  lo g a r i t h m ic  c o n v e r s io n  

c ir c u it  w a s  o f  t h e  b ia s e d  d io d e  t y p e  a n d  u s e d  f o u r  6 A 1 5 ’s  

t o  a p p r o x im a t e  t h e  lo g  o f  t h e  a m p lif ie d  s ig n a l  o v e r  a  

tw o -d e c a d e  r a n g e . T h e  l in e a r i ty  w a s  ± 1 % ,  f u ll  sc a le . 

P h o t o m u lt ip l ie r  p o w e r  w a s  s u p p lie d  b y  6 7 .5 - v .  

b a tte r ie s . C u r r e n t  d r a in  w a s  b e lo w  1 0 0  m a . w it h  

m a x im u m  a n o d e  c u r r e n t  0 .3  m a . D r i f t  o f  t h e  o v e r -a l l  

c ir c u it  w h e n  in  c o n t in u o u s  o p e r a t io n  o v e r  s e v e r a l  

d a y s  w a s  0 . 2 %  o f  t h e  fu ll -s c a le  i n p u t .17

T y p i c a l  l in e a r i ty  a n d  r e p r o d u c ib il ity  a re  s h o w n  in  

F ig u r e  1 . P o in t s  fo r  d iffe r e n t  p r e p a r a t io n s  o f  C O H b  

a ll  fe l l  w i t h in  t h e  c ir c le s . L in e a r i t y  w a s  p r e s e r v e d  u p  

t o  0 . 4 %  C O H b  c o n c e n tr a t io n  (o n e  d e c a d e )  w it h  th e  

5 9 6 -m /i  in te r fe r e n c e  f i lte r  a n d  u p  t o  0 . 8 %  w it h  t h e  6 1 0 -  

m/n f ilte r . P o i n t  r e p r o d u c ib i l i ty  w a s  b e t t e r  t h a n  ± 2 % ,  

f u ll  sc a le . T u b e s  w e r e  a g e d , a s  w e r e  t h e  b a t te r ie s ,  

a n d  m a t c h e d  i f  n e c e s s a r y , b e fo r e  u s e . F o r  c o m p a r i 

s o n , t h e  l in e a r i t y  o f  t h e  in t e g r a t e d  s c h lie r e n  p a t t e r n  

vs. c o n c e n t r a t io n  o f  C O H b  is  s h o w n  in  F ig u r e  2 . T h e  

a g r e e m e n t  o f  t h e s e  tw o  t y p e s  o f  m e a s u r e m e n t  is  s h o w n  

in  F ig u r e  3 . T h e  n o n lin e a r it y  a t  h ig h e r  C O H b  c o n 

c e n tr a t io n s  o b s e r v e d  w it h  t h e  a b s o r p t io n  r e c o r d  w a s  

p r o b a b ly  d u e  t o  t h e  f in ite  b a n d  w id t h  o f  t h e  l ig h t  is o 

la t e d  b y  t h e  in te r fe r e n c e  f ilte r . B o t h  t h e  e x t in c t io n  

c o e ffic ie n t  o f  C O H b  a n d  t h e  s e n s i t iv i t y  o f  t h e  p h o t o -

%C0H b
Figure 1. Linearity and reproducibility of absorption scanning 
system. Plot of pen deflection vs. COHb concentration.

%COH b
Figure 2. Linearity and reproducibility of schlieren system.
Plot of integrated schlieren area (arbitrary square 
units) vs. COHb concentration.

m u lt ip lie r  in  t h e  w a v e  le n g t h  r e g io n  o :  t h e  f i lte r s  u s e d  

d e c r e a s e d  a p p r e c ia b ly  w it h  in c r e a s in g  w a v e  le n g t h .  

C a lib r a t e d  n e u t r a l  d e n s i t y  f ilte r s  g a v e  l in e a r  r e s p o n s e  

u p  t o  1 .8  d e c a d e s .

T h e  c o n c e n tr a t io n  o f  C O H b  w a s  d e t e r m in e d  w it h  a  

B e c k m a n  D U  s p e c t r o p h o t o m e t e r  a t  5 3 8  a n d  5 6 8  m /i  

u s in g  E\%cm. =  8.55. D e x t r a n  s u l fa t e  c o n c e n tr a t io n s  

w e r e  d e t e r m in e d  b y  d r y  w e ig h t .

S o d iu m  p h o s p h a t e  b u ffe r s  w e r e  u s e d  a t  p H  7 .5  a n d

7 .0 .  C a c o d y la t e  b u f fe r  w a s  u s e d  a t  p H  6 .0 .  T r i s -  

( h y d r o x y m e t h y l ) a m in o m e t h a n e  ( T r is )  b u ffe r s  w e r e  

u s e d  a t  a ll  o t h e r  p H  v a lu e s . A l l  s o lu t io n s  w e r e  0 .0 5  

io n ic  s tr e n g th  in  t h e  b u ffe r  w it h  s o d iu m  c h lo r id e  m a k in g  

u p  t h e  r e s t  o f  t h e  io n ic  s tr e n g th . S o lu t io n  c o n d u c t iv i 

t ie s  w e r e  d e t e r m in e d  in  a  d ip p i n g -t y p e  c e ll w i t h  e ith e r  

a n  I n d u s t r ia l  I n s t r u m e n t  b r id g e  ( M o d e l  R C 1 6 B 2 )  

o r  a n  L K B  T y p e  3 2 1 6  B  in s t r u m e n t . A l l  p H  a n d  c o n -

(17) Y. Tsang, Thesis, Johns Hopkins University, 1964.
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x

Figure 3. Superposition of absorption and integrated schlieren 
patterns. COHb alone; phosphate buffer; pH 7.4; 
r/2 =  0.20.

d u c t a n c e  d e t e r m in a t io n s  w e r e  c o r r e c te d  t o  1 ° ,  th e  

t e m p e r a t u r e  a t  w h ic h  t h e  e le c tr o p h o r e t ic  m e a s u r e 

m e n t s  w e r e  m a d e .

A  m in im u m  o f  th r e e  s e ts  o f  s c h lie r e n  a n d  a b s o r p t io n  

p a t t e r n s  w a s  t a k e n  d u r in g  e a c h  r im . T h e  s c h lie r e n  

p h o t o g r a p h  w a s  f ir s t  t a k e n , t h e n  t h e  s e a r c h -h e a d  

u n it  s w u n g  in t o  p la c e , a n d  t h e  a b s o r p t io n  s c a n  m a d e .  

A  m a x im u m  o f  4  m in . w a s  r e q u ir e d  f o r  th e s e  o p e r a t io n s .  

B e fo r e  c o m p a r in g  t h e  a b s o r p t io n  s c a n  w it h  t h e  in te 

g r a t e d  s c h lie r e n  p a t t e r n , c o r r e c t io n  w a s  m a d e  f o r  th e  

a b s o r p t io n  b a s e  lin e , t h e  r e s u lt in g  p a t t e r n  r e d u c e d  b y  

d iv id in g  t h e  d e n s i t y  a t  e a c h  p o in t  b y  t h e  m a x im u m  

d e n s i ty , a n d  t h e  r e d u c e d  p a t t e r n  th e n  m u lt ip l ie d  b y  

th e  r e fr a c t iv e  in d e x  in c r e m e n t  in  a r b it r a r y  s q u a r e  

u n its .

Results
T h e  in t e r a c t io n  s tu d ie s  w e r e  c a r r ie d  o u t  o v e r  a  p H  

r a n g e  o f  7 .4  t o  8 .5 ,  a t  a n  io n ic  s t r e n g t h  r a n g e  o f  0 .0 5  

t o  0 .2 0  M, a n d  a t  d iffe r e n t  in t e r a c t a n t  c o n c e n tr a t io n  

r a t io s . T h e  c r ite r ia  fo r  a s c e r ta in in g  w h e t h e r  in t e r a c 

t io n  o c c u r s  h a v e  b e e n  d is c u s s e d  in  o t h e r  s t u d ie s .4’ 14 

B y  t h e s e  c r ite r ia  t h e  s y s t e m s  s tu d ie d  h e r e  w e r e  o f  th e  

r e v e r s ib le , r a p id ly  e q u i l ib r a t in g  t y p e .  B o t h  s c h lie r e n  

a n d  a b s o r p t io n  p a t t e r n s  in d ic a t e d  t h a t  t h e  c o n c e n tr a 

t io n  d is tr ib u t io n s  in  a ll  r u n s  s h o w in g  in t e r a c t io n  c o u ld  

b e  c la s s ifie d  a s  o f  t h e  “ t w o - m o v i n g -b o u n d a r y ”  t y p e .  

I n  t h e  d e s c e n d in g  l i m b , t h e  s lo w  b o u n d a r y , w h ic h  w a s  

s y m m e t r ic  o r  o n l y  v e r y  s l ig h t ly  s k e w e d , m o v e d  w it h  

t h e  m o b i l i t y  o f  fr e e  h e m o g lo b in . A  c o m p a r is o n  o f  

s c h lie r e n  a n d  a b s o r p t io n  p a t t e r n s  s h o w e d  t h a t  th is  

b o u n d a r y  c o n s is te d  o f  h e m o g lo b in  o n ly .  T h e  f a s t ,  

d e s c e n d in g  b o u n d a r y  w a s  a n  a s y m m e t r ic  r e a c t io n  

b o u n d a r y .4 I n  t h e  a s c e n d in g  l im b , t h e  s h a r p , s y m 

m e tr ic , f a s t  b o u n d a r y  c o n s is te d  e n t ir e ly  o f  d e x tr a n  

s u lfa te  a n d  m o v e d  w it h  t h e  m o b i l i t y  o f  fr e e  d e x tr a n  

s u lfa t e . T h e  s lo w , a s c e n d in g  b o u n d a r y  w a s  a n  a s y m 

m e t r ic  r e a c t io n  b o u n d a r y .

T h e  e le c t r o p h o r e t ic  r e s u lts  a r e  s u m m a r iz e d  in  

T a b le  I I I .  I n  t h e  t a b le ,  a is  t h e  fr a c t io n  o f  t o t a l  

C O H b  m o v i n g  w it h  t h e  m o b i l i t y  o f  fr e e  C O H b  in  

th e  d e s c e n d in g  c e ll u n i t .  T h e  fr e e  C O H b  c o n c e n tr a 

t io n  w a s  o b t a in e d  d ir e c t ly  f r o m  t h e  a b s o r p t io n  p a t t e r n .  

T h e  e m p ir ic a l  m e a s u r e  o f  in t e r a c t io n  u s e d  w a s  1 —  

a w h ic h  m a y  v a r y  f r o m  0  f o r  n o  in t e r a c t io n  t o  1 f o r  

m a x im u m  in t e r a c t io n  w it h o u t  e q u i l ib r a t i o n .14 I t  c a n  

b e  s e e n  t h a t ,  a t  c o n s t a n t  io n ic  s t r e n g t h , t h e  in t e r a c t io n  

a s  m e a s u r e d  b y  1 —  a d e c r e a s e d  s h a r p ly  w it h  in c r e a s in g  

p H .  A t  p H  8 .5 ,  t h e  p a t t e r n s  w e r e  th o s e  o f  a  s im p le ,  

n o n in te r a c t in g  s y s t e m  o f  t w o  m a c r o m o le c u la r  c o m 

p o n e n ts . A t  c o n s t a n t  p H ,  t h e  in t e r a c t io n  d e c r e a s e d  

r a p id ly  w it h  in c r e a s in g  io n ic  s tr e n g th . T h e  in t e r a c 

t io n  in c r e a s e d  s o m e w h a t  w it h  in c r e a s in g  m o le c u la r  

w e ig h t  o f  t h e  d e x tr a n  s u lfa te . I t  s h o u ld  b e  m e n t io n e d  

t h a t  p r e lim in a r y  e x p e r im e n ts  w it h  d e x t r a n  s u lfa te s  o f  

t h e  s a m e  m o le c u la r  w e ig h t  a s  t h e  E - 4  p r e p a r a t io n  b u t  

w it h  s u lfu r  c o n t e n t s  o f  1 5 .2  a n d  1 8 . 2 %  g a v e  n e a r ly  

id e n t ic a l  p a t t e r n s , w it h  t h e  d e g r e e  o f  in t e r a c t io n  in 

c r e a s in g  o n l y  s l ig h t ly  w it h  in c r e a s in g  s u lfu r  c o n te n t .  

V a r ia t i o n  o f  t h e  c o n c e n t r a t io n  r a t io s  o r  t h e  t o t a l  c o n 

c e n tr a t io n s  d id  n o t  a p p r e c ia b ly  c h a n g e  t h e  v a lu e  o f  

1  —  a .

A d d it io n a l  in f o r m a t io n  c a n  b e  o b t a in e d  b y  c o n s id e r 

in g  t h e  r e la t iv e  m o b i l i t ie s , r , o f  t h e  r e a c t io n  b o u n d a r ie s .  

A  r e la t iv e  m o b i l i t y  r Ds c a n  b e  d e f in e d  f o r  t h e  f a s t ,  

d e s c e n d in g  b o u n d a r y  a s

TPS =  ( « T lS  —  « C O H b ) / ( « D S  ~  «C O H b )

a n d  in  a  s im ila r  m a n n e r  r o o m  c a n  b e  d e f in e d  f o r  t h e  

s lo w , a s c e n d in g  b o u n d a r y

J"COHb =  1 —  («D S  —  W,C O H b ) /(% )S  —  «C O H b )

H e r e  « d s  a n d  « c o m  a re  t h e  m o b i l i t ie s  o f  u n c o m p le x e d  

d e x t r a n  s u lfa te  a n d  c a r b o x y h e m o g lo b in , r e s p e c t iv e ly ,  

w 'd s  a n d  « 'c o m  a re  t h e  w e ig h t -a v e r a g e  m o b i l i t ie s  o f  

t h e  f a s t ,  d e s c e n d in g  b o u n d a r y  a n d  t h e  s lo w , a s c e n d in g  

b o u n d a r y , r e s p e c t iv e ly , c a lc u la t e d  f r o m  t h e  c o n tr o id a l  

o r d in a t e  o f  t h e  g r a d ie n t  c u r v e .4 I f  t h e  w e ig h t -a v e r a g e  

m o b il i t ie s  o f  t h e  r e a c t io n  b o u n d a r ie s  a re  t a k e n  a s  m e a s 

u r e s  o f  t h e  c o n s t i t u e n t  m o b i l i t i e s ,18 t h e n  i t  is  e v id e n t  

t h a t  t h e  r e la t iv e  m o b i l i t y  is  a  c o n v e n ie n t  m e a s u r e  o f  

t h e  d iffe r e n c e  b e t w e e n  t h e  c o n s t i t u e n t  m o b i l i t y  a n d  

t h e  m o b i l i t y  o f  t h e  c o r r e s p o n d in g  fr e e  in t e r a c t a n t .  

I t  c a n  b e  se e n  b y  e x a m in a t io n  o f  T a b le  I I I  t h a t  rps * 47

(18) R. A. Alberty and H. H. Marvin, J. Phys. Colloid Chem., 54,
47 (1950).
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Table III : Summary of Electrophoretic Data

p H r /2
C O H b, 

g./100 ml.
D S ,

g./100 ml.
D S,

m ol. w t. 1 -« ro s rCOHb n n' A r /2

7.42 0.10 0.205 0.470 1.0 X 106 0.85 0.88 0.70 5.5 10 0.0085
8.00 0.10 0.208 0.455 1.0 X 106 0.32 0.92 0.50 2.0 6 0.004
8.52 0.10 0.305 0.455 1.0 X 10« 0.02 1.0 0.10 0.004

7.40 0.20 0.207 0.450 1.0 X 106 0.45 0.92 0.45 3.0 9 0.008
7.96 0.20 0.209 0.460 1.0 X 106 0.07 0.91 0.10 0.5 0.005
8.45 0.20 0.202 0.415 1.0 X 106 0 1.0 0 0.004

7.44 0.05 0.208 0.302 1.0 X 108 1.00 0.85 0.85 10.2 15 0.004
7.42 0.10 0.205 0.470 1.0 X 108 0.85 0.88 0.70 5.5 10 0.0085
7.40 0.20 0.207 0.450 1.0 X 106 0.45 0.92 0.45 3.0 9 0.008

7.98 0.05 0.205 0.460 1.0 X 108 0.92 0.86 0.95 6.0 18 0.003
8.00 0.10 0.208 0.455 1.0 X 108 0.32 0.92 0.50 2.0 6 0.004
7.96 0.20 0.209 0.460 1.0 X 108 0.07 0.91 0.10 0.5 0.005

7.43 0.10 0.170 0.420 6.0 X 104 0.25 0.98 0.30 0.1 3 0.007
7.40 0.20 0.156 0.245 6.0 X 104 0 1.0 0 0.005

7.43 0.10 0.170 0.420 6.0 X 104 0.25 0.98 0.30 0.10 3 0.007
7.43 0.10 0.271 0.435 3.0 X 108 0.22 0.84 0.10 0.7 2 0.0095
7.43 0.10 0.205 0.470 1.0 X 108 0.85 0.88 0.70 5.5 10 0.0085

7.43 0.10 0.298 0.63 6.0 X 104 0.29 0.95 0.30 0.12 2 0.011
7.43 0.10 0.360 0.265 6.0 X 104 0.15 0.92 0.20 0.18 4 0.004
7.42 0.10 0.170 0.420 6.0 X 104 0.25 0.98 0.30 0.10 3 0.007

8.00 0.10 0.208 0.455 1.0 X 10« 0.32 0.92 0.50 2.0 6 0.004
8.00 0.10 0.77 0.390 1.0 X 108 0.37 0.77 0.40 10.8 26 0.004

7.96 0.20 0.209 0.460 1.0 X 108 0.07 0.91 0.10 0.5 0.005
7.96 0.20 0.395 0.440 1.0 X 108 0.08 0.93 0.05 1.5 0.005

is  e q u a l  t o  1 o r  v e r y  n e a r ly  s o  in  a ll  c a s e s . T h i s  c a n  

o b t a i n  o n l y  i f  t h e  m o b i l i t ie s  o f  a l l  t h e  c o m p le x e s  are  

e s s e n t ia l ly  e q u a l  t o V Ds- I f  th is  is  t h e  c a s e , t h e n  r o o m  

s h o u ld  d e c r e a s e  a s  t h e  d e g r e e  o f  in t e r a c t io n  d e c r e a s e s . 

E x a m i n a t i o n  o f  T a b le  I I I  s h o w s  t h a t  t h is  is  in d e e d  t h e  

c a s e . H e n c e , i t  is  a p p a r e n t  t h a t  a ll  D S - C O H b  

c o m p le x e s  p r e s e n t  in  t h e  s y s t e m , r e g a r d le s s  o f  th e ir  

s t o ic h io m e t r y , h a v e  m o b i l i t ie s  e s s e n t ia l ly  e q u a l  t o  

Uds ■
T h e  m i n i m u m  n u m b e r  o f  m o le s , n, o f  C O H b  c o m -  

p le x e d  p e r  m o le  o f  d e x tr a n  s u lfa te  c a n  b e  d ir e c t ly  e s ti 

m a t e d  f r o m  t h e  k n o w n  c o n c e n tr a t io n s  o f  t o t a l  C O H b  

a n d  t o t a l  d e x tr a n  s u lfa te  a n d  f r o m  t h e  c o n c e n t r a t io n  o f  

u n c o m p le x e d  C O H b  a s  d e t e r m in e d  f r o m  t h e  s lo w , d e 

s c e n d in g  b o u n d a r y  a s s in n in g  t h a t  a ll  t h e  d e x t r a n  s u l

f a t e  is  a v a i la b le  f o r  a s s o c ia t io n . T h e  m a x i m u m  q u a n 

t i t y ,  n', o f  m o le s  o f  C O H b  c o m p le x e d  p e r  m o le  o f  d e x 

t r a n  s u l fa t e  c a n  b e  o b t a in e d  f r o m  t h e  u n c o m p le x e d  

d e x t r a n  s u l fa t e  c o n c e n tr a t io n  in  t h e  f a s t ,  a s c e n d in g  

b o u n d a r y . A s  t h e  m o b i l i t ie s  o f  t h e  c o m p le x e s  are  

n o t  v e r y  d if fe r e n t  f r o m  t h a t  o f  t h e  d e x tr a n  s u lfa te ,  

t h e  q u a n t i t y  n c a n n o t  b e  v e r y  m u c h  le s s  t h a n  th e  

a c tu a l  v a lu e  in  t h e  h o m o g e n e o u s  in t e r a c t io n  s o lu t io n .

I t  c a n  b e  s e e n  in  T a b le  I I I  t h a t  th e s e  q u a n t i t ie s  r u n  

p a r a lle l  t o  t h e  d e g r e e  o f  in t e r a c t io n . W i t h  t h e  m o le  

r a t io s  u s e d , i t  c a n  b e  c o n c lu d e d  t h a t ,  e x c e p t  a t  lo w  d e 

g r e e s  o f  in t e r a c t io n , t h e  a v e r a g e  c o m p o s i t i o n  o f  th e  

c o m p le x  c h a n g e d  w it h  b o t h  p H  a n d  io n ic  s t r e n g t h .

I n t e r a c t io n  (d is s o c ia t io n )  c o n s t a n t s  w e r e  c a lc u la te d  

f r o m  t h e  m o v i n g -b o u n d a r y  e q u a t io n s 4’ 18 o r  f r o m  th e  

p a r t ia l  d iffe r e n tia l  e q u a t io n s  o f  G i lb e r t  a n d  J e n k in s .6 

F o r  t h e  m o v i n g -b o u n d a r y  c a lc u la t io n s , t h e  in t e r a c t io n  

w a s  c o n s id e r e d  t o  b e  o f  t h e  t y p e  A  +  n B  A B „ ,  

w h e r e  A  is  t h e  d e x t r a n  s u lfa te , B  is  t h e  c a r b o x y h e m o -  

g lo b in , a n d  n is  t h e  n u m b e r  o f  m o le s  o f  C O H b  a s s o c ia te d  

p e r  m o le  o f  d e x t r a n  s u lfa te . I n  t h e  G i lb e r t  c a lc u la 

t io n s , n — 1 .

I n  u t i l iz in g  t h e  G i lb e r t  a n d  J e n k in s  e q u a t io n s , a  

p r o c e d u r e  e m p lo y in g  in f o r m a t io n  d e r iv e d  f r o m  b o t h  

a b s o r p t io n  a n d  s c h lie r e n  p a t t e r n s  w a s  d e v e lo p e d . T h e  

a s y m p t o t ic  e q u a t io n s  w e r e  r e a r r a n g e d  t o  g iv e

d o r  Va —  Vc v —  Vb 
d&T Vb —  Vc v —  vA

w h e r e  o t  =  a +  c a n d  hr =  b +  c . T h e  s y m b o ls  a r e  

th o s e  o f  G i lb e r t  a n d  J e n k in s .6 H e r e  a r e p r e s e n ts  t h e
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Table IV : Summary of Interaction Constant Calculations

■Mol. w t. o f  DS-
6.0 X 10« 6.0 X 10« 6.0 X 10« 1.0 X 10« 1.0 X 10« 1.0 X 10« 1.0 X 10« 3.0 X 10»

pH 7.43 7.43 7.43 8.00 8.00 7.95 7.95 7.43
r / 2 0.10 0.10 0.10 0.10 0.10 0.20 0.20 0.10
[COHb], M  X 4.40 5.30 2.50 3.06 11.3 3.07 5.80 4.00

10- s
[DS], M  X 10-6 10.5 4.4 7.0 0.46 0.39 0.46 0.44 1.40
[COHb], free, 3.10 4.50 1.85 2.10 7.1 2.85 5.20 3.10

M  X 10"6
w ' ds X 19~6, cm .2 13.8 13.3 14.1 13.2 11.3 11.2 11.1 12.2

sec.-1 v .-1

n 1 1
Moving
1

boundary
12 12 2 2 1

K, M  X 106 12.5 12.5 13.0 25 X 10 86 X 10- 49 18 X 10- 6 12 X 10 ~6 1.3

vk = «db X 104, 6.6 6.6
Gilbert-Jenkins 

6.6 5.4 5.4 2.31 2.31 6.7
cm./sec.

« B  = « C O H b  X 104, 0.33 0.33 0.33
cm./sec.

Vc =  « A B  X IO4, 5.5 4.1 5.5 5.3 5.3 2.10 2.10 6 . 2

cm./sec. 0.63 0.18 0.63 0.96 0.96 0.80 0.80 0.85
K, M  X 10s, eq. 0.0085 0.0110 0.011

16, ref. 5
K, M  X 10s, eq. 0.185 0.30 0.65

19, ref. 5
K, M  X 10s 22 20 18 1.7

( « A  =  vc)

c o n c e n tr a t io n  o f  u n c o m p le x e d  D S ,  b  r e p r e s e n ts  t h e  

c o n c e n tr a t io n  o f  u n c o m p le x e d  C O H b ,  a n d  c r e p r e s e n ts  

t h e  c o n c e n tr a t io n  o f  t h e  1 - 1  c o m p le x . T h e  v a lu e  o f  t h e  

d e r iv a t iv e , dar/dbr, w a s  o b t a in e d  b y  d if fe r e n t ia t io n  o f  

a  p lo t  o f  t h e  v a lu e s  o f  Ot v s . bT in  t h e  b o u n d a r y  r e g io n s . 

T h e  v a lu e  o f  vc  c o u ld  th u s  b e  u n e q u iv o c a lly  d e t e r 

m in e d . W i t h  vc k n o w n , t h e  d is s o c ia t io n  c o n s t a n t s  w e r e  

c a lc u la te d  u s in g  e ith e r  e q . 1 6  o r  1 9  o f  r e f . 5 .

I n  a d d it io n , d is s o c ia t io n  c o n s t a n t s  w e r e  c a lc u la te d  

a s s u m in g  vc is  e q u a l  t o  vA. I t  is  o f  in t e r e s t  t o  n o t e  t h a t  

w it h  t h e  c o m b in e d  s c h lie r e n  a n d  a b s o r p t io n  d a t a ,  

s u c h  a  p r o c e d u r e , u s in g  o n ly  t h e  d e r iv a t iv e s  o f  th e  

p a r t ia l  d iffe r e n tia l  s y s t e m , c o u ld , in  p r in c ip le , b e  e x 

t e n d e d  t o  h ig h e r  o r d e r  c o m p le x e s  t o  in c lu d e  t h e  e ffe c t  

o f  c h a n g e s  in  c o n d u c ta n c e s  t h r o u g h  t h e  r e a c t io n  b o u n d 

a r y . H o w e v e r , t h e  p r e c is io n  o f  t h e  d a t a  o b t a in e d  

in  t h i s  s t u d y  d id  n o t  w a r r a n t  s u c h  a  p r o c e d u r e .

T h e  r e s u lts  o f  c a lc u la t io n s  u s in g  b o t h  t h e  m o v in g 

b o u n d a r y  e q u a t io n s  a n d  t h e  G i lb e r t -J e n k i n s  d iffe r e n tia l  

e q u a t io n s  f o r  s e le c t e d  r u n s  a r e  s u m m a r iz e d  in  T a b le

I V .  I n  t h e  c a s e  o f  t h e  in t e r a c t io n  o f  E A  a n d  P h - 1 5 0  

w it h  C O H b  a t  p H  7 .3 ,  ( r / 2) —  0 .1 0 ,  t h e  b e s t  f i t  w it h  

t h e  m o v i n g -b o u n d a r y  e q u a t io n s  w a s  o b t a in e d  f o r  n =
1 . I n  t h e s e  s y s t e m s  d is s o c ia t io n  c o n s t a n t s  c a lc u la te d

b y  t h e  tw o  m e t h o d s  a g r e e  w e ll , p r o v id e d  vA =  vc . 
T h e  a g r e e m e n t  is  p o o r  w h e n  e q . 1 6  o r  1 9  o f  r e f . 5  are  

u s e d  w it h  v a lu e s  o f  v c  c a lc u la te d  f r o m  d a r / d b i .  A t  

h ig h e r  v a lu e s  o f  p H  a n d  io n ic  s tr e n g th , t h e  m o v in g 

b o u n d a r y  e q u a t io n s  r e q u ir e d  v a lu e s  o f  n >  1 . U n d e r  

th e s e  c ir c u m s t a n c e s , a p p lic a t io n  o f  t h e  G i lb e r t -J e n k in s  

e q u a t io n s  le a d s  t o  n e g a t iv e  v a lu e s  f o r  t h e  d is s o c ia t io n  

c o n s ta n ts .

Discussion

I n  a d d it io n  t o  t h e  a s s u m p t io n s  o f  h o m o g e n e o u s  s o lu t e s  

a n d  o f  s im p le  s t o ic h io m e t r y , b o t h  t h e  t r e a t m e n t  

u t i l iz in g  t h e  m o v i n g -b o u n d a r y  e q u a t io n s  a n d  th e  

G i lb e r t -J e n k i n s  e q u a t io n s  a s s u m e  t h a t  e x p e r im e n t a lly  

a t t a in a b le  c o n s t a n t  w e ig h t -a v e r a g e  v e lo c it ie s  c a n  b e  

r e a c h e d  a n d  t h a t  e le c tr o p h o r e s is  is  in  a l l  o t h e r  r e s p e c ts  

id e a l.

I n  f a c t ,  e le c tr o p h o r e s is  w a s  n o n id e a l  a s  e v id e n c e d  

b y  t h e  la r g e  a r e a  d u e  t o  t h e  s t a t io n a r y  b o u n d a r ie s .  

A t  t h e  io n ic  s tr e n g th  a n d  p H  r a n g e  f o r  w h ic h  in t e r 

a c t io n  w a s  o b s e r v e d , n o n id e a l i t y  c a n  b e  a t t r ib u t e d  t o  

t h e  la r g e  e q u iv a le n t  c o n c e n tr a t io n  o f  t h e  d e x t r a n  s u l

f a t e .  T h u s , in  r u n s  w it h  d e x t r a n  s u l fa t e  a lo n e , t h e  

d e s c e n d in g , s t a t io n a r y  b o u n d a r y  a c c o u n t e d  f o r  1 5 -
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3 0 %  o f  t h e  t o t a l  a r e a  u n d e r  t h e  s c h lie r e n  c u r v e s . T h e  

a r e a  w a s  u s u a lly  l in e a r  w it h  r e s p e c t  t o  t h e  p e r  c e n t  

c o n c e n t r a t io n  o f  d e x tr a n  s u lfa te  b u t  v a r ie d  w it h  t h e  

b u ffe r  s y s t e m  u s e d . F o r  a  g iv e n  c o n c e n tr a t io n  i t  w a s  

n e a r ly  in d e p e n d e n t  o f  io n ic  s tr e n g th . T h e  a r e a s  o f  th e  

s t a t io n a r y  b o u n d a r ie s  in  r u n s  w it h  C O H b  a lo n e  w e r e  

n e a r  t h e  e x p e r im e n ta l  e rr o r  f o r  a r e a  m e a s u r e m e n t s .

A n  e s t im a t e  o f  t h e  io n ic  s tr e n g th  c h a n g e  th r o u g h  

t h e  r e a c t io n  b o u n d a r ie s  c a n  b e  o b t a in e d  b y  u s e  o f  th e  

m o v i n g -b o u n d a r y  e q u a t io n s .4’ 19 T h e  r e s u lts  a r e  s h o w n  

in  t h e  la s t  c o lu m n  o f  T a b le  I I I .  S o d iu m  o r  T r is  d e x 

t r a n  s u l fa t e  w a s  a s s u m e d  t o  b e h a v e  a s  a  u n iv a le n t  

e le c t r o ly t e  in  it s  c o n t r ib u t io n  t o  t h e  io n ic  s t r e n g t h .20 

E q u i v a l e n t  c o n c e n tr a t io n s  w e r e  e s t im a t e d  f r o m  t h e  

a r e a  o f  t h e  d e s c e n d in g , s t a t io n a r y  b o u n d a r y  in  r u n s  

w it h  d e x tr a n  s u lfa te  a lo n e . C o m p a r is o n  o f  t h e  a b s o r p 

t io n  a n d  s c h lie r e n  p a t t e r n s  in d ic a te d  t h a t  t h e  s t a t io n a r y  

a r e a s  in  t h e  in t e r a c t io n  e x p e r im e n ts  w e r e  t h e  s a m e  a s  

th o s e  e s t im a t e d  f o r  t h e  in t e r a c t in g  s y s t e m s . T h e s e  

r e s u lts  a re  in  a g r e e m e n t  w it h  c o u n te r io n  b in d in g  

s tu d ie s  o n  o t h e r  p o ly e le c t r o ly t e s .21

T h e  t w o  t y p e s  o f  b o u n d a r y  s y s t e m s  a s s u m e d  fo r  

t h e  c a lc u la t io n s  w e r e

N a + ,  C l -  H 2P 0 4~ ,  H P 0 42i  | N a + ,  C D ,  H 2P 0 4~ ,  H P 0 42- ,

C O H b  08) N a + ,  C l -  

H 2P 0 4-  H P 0 42- ,  C O H b ,  

D S ,  c o m p le x e s  ( a )  ( I )

N a + ,  T r i s H + ,  C l -| | N a + ,  T r i s H + ,  C l “ , C O H b  (/3)

N a + ,  T r i s H + ,  C l " ,  C O H b ,  D S ,

c o m p le x e s  ( a )  ( I I )

S in c e  t h e  in t e r a c t io n  a s  m e a s u r e d  b y  t h e  p a r a m e te r  

1 —  a d e c r e a s e d  w it h  in c r e a s in g  io n ic  s tr e n g th  a t  a  

g iv e n  p H ,  i t  m a y  b e  e x p e c te d  t h a t ,  o w in g  t o  th is  e ffe c t  

a lo n e , t h e  o b s e r v e d  d e g r e e  o f  in t e r a c t io n  w o u ld  b e  

0 . 0 2 - 0 . 0 5  lo w e r  t h a n  in  t h e  h o m o g e n e o u s  in t e r a c t io n  

s o lu t io n . I n  a d d it io n , t h e  c o n d u c t iv i t y  o f  t h e  /3 

s o lu t io n  w o u ld  b e  h ig h e r  t h a n  t h a t  o f  t h e  a s o lu t io n .  

T h e  in c r e a s e  in  t h e  d e g r e e  o f  in t e r a c t io n  w o u ld  b e  

s m a ll  s in c e  t h e  m o b i l i t y  o f  t h e  r e a c t io n  b o u n d a r y  is  

c lo s e  t o  t h a t  o f  fr e e  d e x t r a n  s u lfa te .

T h e  e ffe c ts  o f  n o n id e a l  e le c tr o p h o r e s is  w o u ld  b e  

m o r e  se r io u s  in  c a lc u la t io n s  in v o lv in g  t h e  G i l b e r t -  

J e n k in s  e q u a t io n s  t h a n  w it h  t h e  m o v i n g  b o u n d a r y  e q u a 

t io n s . F o r  t h e  la t t e r , t h e  in c r e a s e  o f  t h e  m _ d s  —  Vcosb 
w o u ld  b e  o f fs e t  b y  a  d e c r e a s e  in  [ C O H b ]  —  [ C O H b ] T -  

I n  t h e  f o r m e r  c a lc u la t io n s , [ D S  ]t , t h e  t o t a l  c o n c e n tr a 

t i o n  o f  d e x t r a n  s u lfa te , w a s  o b t a in e d  b y  s u b t r a c t in g  

t h e  a b s o r p t io n  p a t t e r n  f r o m  t h e  s c h lie r e n  p a t t e r n  a n d  

a s s u m in g  t h a t  t h e  c h a n g e  in  r e fr a c t iv e  in d e x  c a u s e d  b y  

c h a n g e s  in  t h e  c o n c e n t r a t io n  o f  b u f fe r  a n d  s a lt  io n s

Figure 4. Variation of concentration distribution with time:
--------- , 20 min.; — , 50 min.; --------- , 95 min. pH 7.43;
r /2  = 0.10; COHb and DS concentrations 0.170 and 
0.420 g./lOO ml., respectively; DS molecular weight 
6.0 X 104.

th r o u g h  t h e  r e a c t io n  b o u n d a r y  w a s  lin e a r  in  t h e  c h a n g e  

in  r e fr a c t iv e  in d e x  d u e  t o  c h a n g e s  in  t h e  s o d iu m  (o r  

T r is )  d e x tr a n  s u lfa te  c o n c e n tr a t io n . F o r  t h e  c o n c e n 

t r a t io n  r a n g e  u s e d , a  g iv e n  p e r  c e n t  d e v ia t io n  in  t h e  

a s s u m e d  lin e a r  r e la t io n  w o u ld  c a u s e  a n  e rr o r  in  th e  

e x p e r im e n ta l  v a lu e  r a n g in g  f r o m  0 .2 5  t o  0 .5 0  o f  t h e  p e r  

c e n t  d e v ia t io n .

T h e  p o in t  a t  w h ic h  t h e  o r ig in a l  h o m o g e n e o u s  s o lu 

t io n  b e g in s  a n d  t h e  p o in t  a t  w h ic h  t h e  s o lu t io n  c o n ta in 

in g  u n c o m p le x e d  c o m p o n e n t s  b e g in s  w e r e  d iff ic u lt  t o  

d e t e r m in e  w it h  p r e c is io n . P lo t s  o f  v(x/t) vs. c /c o  

(F ig u r e  4 )  in d ic a te  t h a t ,  f o r  a ll  s y s t e m s  s t u d ie d , a  

“ q u a s i -s t e a d y -s t a t e ”  w a s  r e a c h e d  w it h in  t h e  e x p e r i 

m e n t a l  t im e  l im it s .

T h e r e  h a v e  b e e n  n u m e r o u s  s tu d ie s  o n  t h e  in t e r a c t io n  

b e t w e e n  d iffe r e n t  m a c r o m o le c u le s  c a r r y in g  n e t  c h a r g e s  

o f  t h e  s a m e  s i g n .3’8- 14 U s u a l ly ,  th e r e  a re  o t h e r  a t t r a c 

t i v e  fo r c e s  w h ic h  c o m p e n s a te  f o r  t h e  lo n g -r a n g e  re 

p u ls io n . T h u s , fo r  a n t i b o d y -a n t i g e n  in t e r a c t io n , th e  

la r g e  s u r fa c e  a r e a  a v a i la b le  fo r  s h o r t -r a n g e  a t t r a c t io n  

c o n tr ib u t in g  t o  s te r ic  f it  is  s u ffic ie n t  t o  b a la n c e  o u t  th e  

c o u lo m b ic  r e p u ls io n . F o r  in t e r a c t io n s  in v o lv i n g  p o ly 

e le c t r o ly te s , t h e  f le x ib le -c o i l  p r o p e r t ie s  a r e  p r o b a b ly  

a s  im p o r t a n t  a s  t h e  c h a r g e  d e n s it ie s . D i p o le  a n d  n o n 

p o la r  e ffe c ts  a re  p r o b a b ly  n o t  s u f f ic ie n t .12

T h e  m a r k e d  v a r ia t io n  o f  in t e r a c t io n  w it h  io n ic  

s tr e n g th  a n d  p H  o b s e r v e d  in  t h i s  s t u d y  in d ic a te s  t h a t  

t h e  in t e r a c t io n  p r o b a b ly  in v o lv e s  t h e  s u l fa t e  a n io n  o f  

t h e  d e x tr a n  s u lfa te  a n d  c a t io n ic  g r o u p s  o n  t h e  C O H b . 14

(19) J. de Wael and E. Wegelin, Rec. trav. chim., 71, 1035 (1952).
(20) C. Tanford, “ Physical Chemistry of Macromolecules,’’ John 
Wiley and Sons, Inc., New York, N. Y., 1961, p. 468.
(21) G. Sitaramaiah and D. A. I. Goring, J. Polymer Sci., 58, 1107 
(1962).
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W h i le  t h e  t o t a l  c h a r g e  p e r  p o ly e le c t r o ly t e  m o le c u le  is  

h ig h  (e v e n  w it h  e x te n s iv e  c o u n te r io n  b in d in g ) ,  i t  is  

d is tr ib u te d  t h r o u g h  a  la r g e  v o lu m e . T h u s ,  fo r  e x a m p le ,  

E - 4 ,  w h ic h  h a s  a p p r o x im a t e ly  t h e  s a m e  a v e r a g e  m o le c 

u la r  w e ig h t  a s  C O H b ,  c a n  b e  c a lc u la te d  t o  h a v e  a n  

e q u iv a le n t  h y d r o d y n a m ic  r a d iu s  o f  2 8 0  A .  a s  c o m p a r e d  

t o  3 2  A .  f o r  C O H b . 22’23 T h e  n e a r  n e u t r a l i t y  o f  th is  

la r g e  p e r m e a b le  s p h e r e ,24 in  a d d it io n  t o  t h e  n e a r ly  

r a n d o m  m o t io n s  o f  t h e  f ix e d  c h a r g e s  w it h in  t h e  v o lu m e ,  

is  f a v o r a b le  f o r  a  c lo s e  a p p r o a c h  b y  t h e  C O H b  m o le 

c u le  a n d  m u lt ip le  in t e r a c t io n s  o f  t h e  lo c a l  f ie ld  o f  u n lik e  

c h a rg e s . W i t h  in c r e a s in g  p H ,  t h e  d e c r e a s e  in  t h e  a v a il 

a b le  c a t io n ic  g r o u p s  o n  t h e  C O H b  w o u ld  b e  a  c a u s e  

f o r  d e c r e a s e d  in t e r a c t io n s . T h e  t i t r a t io n  c h a r g e s  o f  

C O H b  a r e  — 2 , — 7 ,  a n d  — 1 4  a t  p H  7 .4 ,  8 .0 ,  a n d  8 .5 ,  

r e s p e c t iv e ly ,25 a n d  t h e  c a lc u la te d  e le c tr o p h o r e t ic  

c h a r g e s  a r e  — 2 , — 4 ,  a n d  — 6 . 26 T h e  d is a p p e a r a n c e  o f  

in t e r a c t io n  o c c u r s  a t  a  m u c h  lo w e r  c h a r g e  t h a n  t h a t  

o b s e r v e d  fo r  d e x tr a n  s u l f a t e -b o v i n e  s e r u m  a lb u m in  

in t e r a c t io n .14 T h i s  c o r r e la te s  w it h  t h e  e x te n s iv e  a n io n 

b in d in g  p r o p e r t ie s  o f  B S A  w h ic h  is  in  c o n tr a s t  w it h  t h e  

b e h a v io r  o f  h u m a n  h e m o g lo b in  w h ic h  e x h ib i ts  l i t t le  

o r  n o  b in d in g  o f  m o n o v a le n t  a n d  d iv a le n t  c a t io n s  a n d  

m o n o v a le n t  a n i o n s .27 T h e  d e c r e a s e  in  in t e r a c t io n  

m a y  a ls o  b e  p a r t ly  a t t r ib u t e d  t o  c o u n te r io n  b in d in g  

o f  T r i s H +  io n  r e s u lt in g  in  a  g r e a te r  e x c lu d e d  v o lu m e  

w it h in  t h e  e q u iv a le n t  s p h e r e .

I t  h a s  b e e n  o b s e r v e d  t h a t  v a lu e s  o f  in t e r a c t io n  c o n 

s t a n t s  o b t a in e d  f r o m  t r a n s p o r t  e x p e r im e n ts  u s u a lly

d o  n o t  a g re e  w it h  v a lu e s  o b t a in e d  f r o m  e q u ilib r iu m  

e x p e r im e n t s .4’28 I t  h a s  b e e n  s u g g e s te d  t h a t  tr a n s p o r t  

a n d  e q u il ib r iu m  e x p e r im e n ts  c o n s t i t u t e  t w o  g e n e r a l  

c la sse s  o f  e x p e r im e n ts  f r o m  w h ic h  t w o  d iffe r e n t  q u a n t i 

t ie s  c a n  b e  o b t a i n e d .29 A n  a p p lie d  f ie ld  w i ll  m o d i f y  

t h e  c h a r g e  d e n s i t y  in  t h e  io n ic  a t m o s p h e r e , q u it e  

a p a r t  f r o m  a n y  e ffe c t  d u e  t o  t h e  f in ite  m o b i l i t ie s  o f  th e  

i o n .30 I n  t h e  s tu d ie s  r e p o r te d  h e r e , a s  h a s  b e e n  m e n 

t io n e d , t h e  f ie ld  s t r e n g t h  w a s  v a r ie d  o v e r  a  s ix fo ld  

r a n g e  w it h  c u r r e n ts  f r o m  2 .5  t o  1 5  m a . w it h  o n ly  s l ig h t  

c h a n g e s  o c c u r r in g  in  t h e  p a t t e r n s .
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V a p o r iz a t io n  a n d  t h e  p h a s e  r e la t io n s h ip s  in  t h e  b e r y l l iu m  o x i d e -b o r o n  o x id e  s y s t e m  w e r e  

s tu d ie d  b y  K n u d s e n  e ffu s io n  u s in g  a  v a c u u m  b a la n c e  a n d  a  m a s s  s p e c t r o m e t e r  a n d  b y  

d iffe r e n tia l  t h e r m a l  a n a ly s is . G a s e o u s  b e r y l l iu m  m e t a b o r a t e ,  B e ( B 0 2) 2, w a s  id e n tif ie d  

m a s s  s p e c t r o m e t r ic a l ly  in  t h e  v a p o r  a b o v e  t h e  s y s t e m . S o lid  B e 3B 20 6 ( m .p .  1 4 9 5  ±  5 ° )  

w a s  f o u n d  t o  b e  t h e  o n ly  c o n d e n s e d  m ix e d  o x id e . T h e  f o l lo w in g  t h e r m o d y n a m i c  v a lu e s  

w e r e  o b t a in e d  f o r  t h e  f o r m a t i o n  o f  g a s e o u s  b e r y l l iu m  m e t a b o r a t e  f r o m  b e r y l l i u m  o x id e  

a n d  g a s e o u s  b o r o n  o x id e : B e O ( c )  +  B 20 3(g )  =  B e ( B 0 2) 2(g )  (AHim =  2 2  ±  5  k c a l . /  

m o le ;  AiSVoo =  6  ±  2  e .u . /m o l e ) .  F o r  t h e  fo r m a t i o n  o f  s o lid  B e 3B 20 6 f r o m  t h e  c o n d e n s e d  

o x id e s , 3 B e O ( c )  +  B 20 3(1) =  B e 3B 20 6(c ) (AHls0o =  —  2 3  ±  5  k c a l . /m o l e ;  ASUm =  

— 1 3  ±  3  e .u . /m o l e ) .  T h e  m e t a l - a n i o n  b o n d  s t r e n g t h s  in  t h e  g a s e o u s  l i t h iu m  a n d  b e r y l 

l iu m  m e t a b o r a t e s  s h o w  t h e  s a m e  r e la t io n  t o  e a c h  o t h e r  a s  t h e  b o n d  s tr e n g th s  in  t h e  co r 

r e s p o n d in g  c h lo r id e s , t h u s  fu r th e r  c o n fir m in g  t h e  p s e u d o h a lid e  c h a r a c te r  o f  t h e  g a s e o u s  

m e t a b o r a t e s .

Introduction
A  m a s s  s p e c tr o m e tr ic  s t u d y 28 o f  g a s e o u s  s o d iu m  a n d  

l i t h iu m  m e t a b o r a t e  s h o w e d  c o n s id e r a b le  s im ila r it y  

b e t w e e n  th e s e  c o m p o u n d s  a n d  t h e  g a s e o u s  a lk a li  h a l 

id e s .211 W e  w e r e  th e r e fo r e  le d  t o  in v e s t ig a te  t h e  e x is t 

e n c e  o f  g r o u p  I I  m e t a b o r a t e s  in  th e  v a p o r  p h a s e . G a s 

e o u s  b e r y l liu m  m e t a b o r a t e , B e ( B 0 2) 2, w a s  in  f a c t  

id e n tif ie d  m a s s  s p e c tr o m e tr ic a l ly  in  th e  v a p o r  a b o v e  

a  m ix tu r e  o f  b e r y l liu m  o x id e  a n d  b o r o n  o x id e .3 T o  

d e r iv e  r e lia b le  t h e r m o d y n a m ic  d a t a  f o r  t h e  g a s  p h a s e  

c o m p o u n d , c o n d e n s e d  p h a s e  d a t a  f o r  t h e  B e 0 - B 20 3 

s y s t e m  a re  r e q u ir e d . W h i le  o n e  c o n d e n s e d  b e r y l liu m  

b o r a t e  h a s  b e e n  id e n t i f ie d ,4 5'6 n o  p h a s e  d ia g r a m  f o r  th e  

e n tir e  s y s t e m  h a s  b e e n  r e p o r te d , n o r  a r e  t h e r m o d y 

n a m ic  d a t a  a v a i la b le . A  s t u d y  o f  t h e  p h a s e  r e la t io n s  

in  t h e  B e 0 - B 20 3 s y s t e m  b y  m e a n s  o f  w e ig h t -lo s s  

e ffu s io n  e x p e r im e n ts  a n d  m e lt in g  p o in t  m e a s u r e m e n t s  

w a s  th e r e fo r e  u n d e r ta k e n . T h e  r e s u lts  o f  b o t h  th e s e  

a n d  t h e  m a s s  s p e c tr o m e tr ic  s tu d ie s  a re  r e p o r te d  h e re .

Experimental Section
T h e  e x p e r im e n ts  t o  b e  d is c u s s e d  b e lo w  in c lu d e

(1 )  w e ig h t  c h a n g e  m e a s u r e m e n t s  b y  m e a n s  o f  a n  

a u t o m a t ic a l ly  r e c o r d in g  m ic r o b a la n c e , (2 )  m e lt in g

p o in t  m e a s u r e m e n t s  b y  d iffe r e n tia l  th e r m a l  a n a ly s is ,  

a n d  ( 3 )  m a s s  s p e c tr o m e tr ic  m e a s u r e m e n t s  o f  h e a ts  

o f  v a p o r iz a t io n  o f  in d iv id u a l  v a p o r  sp e c ie s .

Microbalance Measurements. V a p o r  p r e s s u r e  a s  a  

fu n c t io n  o f  c o m p o s it io n  in  t h e  B e 0 - B 20 3 s y s t e m  w a s  

o b t a in e d  b y  d e t e r m in in g  t h e  r a te  o f  e ffu s io n  f r o m  a  

K n u d s e n  ce ll w h o s e  w e ig h t  c h a n g e  w a s  c o n t in u o u s ly

(1) This work was supported by the TJ. S. Air Force Office of Scientific 
Research, Contract No. AF 49(638)-1171, ARPA Order No. 315-62 
and by the U. S. Army Research Office, Contract No. DA-19-020- 
ORD-5584, ARPA Order No. 40-62, with funds provided by the 
Advanced Research Projects Agency.
(2) (a) A. Btlchler and J. B. Berkowitz-Mattuck, J. Chem. Phys., 
39, 286 (1963); (b) for a review of alkali halide vaporization, cf.
S. H. Bauer and R. F. Porter in “Molten Salt Chemistry,” M. 
Blander, Ed., Interscience Publishers, Inc., New York, N. Y., 1964, 
pp. 607-680.
(3) A. Btlchler, J. B. Berkowitz-Mattuck, and J. L. Stauffer, paper 
presented at Tenth Annual Meeting, ASTM Committee E-14 on 
Mass Spectrometry, New Orleans, La., June 1962. On the basis of 
these experiments a preliminary value of 35 kcal./mole was reported 
for the heat of reaction BeO(c) +  B20»(g) Be(BOj)2(g) with the 
assumption that BeO(c) was present at unit activity. The present 
work shows that the phases present were in fact BesB206(c) +
B203(1).
(4) H. Menzel and S. Slivinski, Z. anorg. allgem. Chem., 249, 357 
(1942); H. Menzel and J. Adams, Glaalech. Ber., 22, 237 (1949).
(5) L. Y. Mazelev, Izo. Akad. Nauk Belorussk. SSR, 4, 105 (1953).
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m e a s u r e d  b y  m e a n s  o f  a n  a u t o m a t ic  r e c o r d in g  m ic r o 

b a la n c e .

T h e  m ic r o b a la n c e  (F ig u r e  1 )  c o n s is ts  o f  a  q u a r t z  

tr u s s  b e a m  s u p p o r t e d  a t  t h e  f u lc r u m  b y  s te e l  p iv o t s  

r e s t in g  in  s a p p h ir e  c u p s . T h e  p a n -s u p p o r t  k n ife  

e d g e s  a t  t h e  e n d  o f  e a c h  a r m  a re  r e p la c e d  b y  q u a r t z  

f ib e r s  s e a le d  d ir e c t ly  t o  t h e  b e a m  a n d  t o  q u a r t z  h o o k s .

T h e  b a la n c e  is  h e ld  a t  i t s  n u ll  p o s it io n  a u t o m a t ic a l ly  

b y  a n  e le c t r o m a g n e t  a c t in g  o n  a  m a g n e t  r o d  s u s p e n d e d  

f r o m  o n e  a r m  o f  t h e  b a la n c e . T h e  n u ll  p o s it io n  is  

d e t e c t e d  w it h  a  v a r ia b le  p e r m e a n c e  tr a n s d u c e r  w h ic h  

s u r r o u n d s  a  s te e l  r o d  h a n g in g  b e lo w  t h e  m a g n e t  r o d . 

W h e n  t h e  b a la n c e  is  d is p la c e d  f r o m  it s  n u ll  p o in t , a  

s ig n a l is  g e n e r a te d  b y  t h e  t r a n s d u c e r -c o n t r o l le r  w h ic h  

d r iv e s  a  p o t e n t io m e t e r  th r o u g h  a  s e r v o  m e c h a n is m .  

T h e  p o t e n t io m e t e r  c h a n g e s  t h e  c u r r e n t  f lo w in g  in  t h e  

e le c t r o m a g n e t  r e s to r in g  t h e  b a la n c e  t o  i t s  n u ll  p o s it io n .  

T h e  c u r r e n t , w h ic h  is  p r o p o r t io n a l  t o  t h e  w e ig h t  c h a n g e ,  

is  r e c o r d e d  c o n t in u o u s ly . C o c h r a n ’ s  c o n tr o l  d e s ig n 6 

w a s  u s e d  f o r  g o v e r n in g  t h e  b a la n c e .

T h e  v a c u u m  s y s t e m , d e s ig n e d  t o  a c h ie v e  p r e s s u r e s  

in  t h e  h i g h -v a c u u m  r a n g e , is  p u m p e d  w it h  a  C o n s o li 

d a t e d  P M C U  7 2 1  d iffu s io n  p u m p , a  fo r e lin e  t r a p , a n d  

a  5 - f t . 3/m i n .  m e c h a n ic a l  p u m p . T h e  s y s t e m  is  su r 

r o u n d e d  b y  a  la r g e  d e g a s s in g  o v e n , a n d  h e n c e  c a n  b e  

b a k e d  o u t  a t  a  t e m p e r a t u r e  o f  a b o u t  5 0 0 ° .  T h e  v a c u u m  

s y s t e m  is  m a d e  o f  s ta in le s s  s te e l, P y r e x  g la s s , a n d  

K o v a r .  A l l  jo in t s  a r e  s e a le d  w it h  m e t a l  g a s k e t s  

o f  g o ld  o r  c o p p e r . B o t h  t h e  e le c t r o m a g n e t  a n d  th e  

tr a n s d u c e r  m e n t io n e d  a b o v e  a r e  m o u n t e d  o u t s id e  th e  

s y s t e m  s o  t h a t  t h e y  m a y  b e  r e m o v e d  d u r in g  b a k e o u t .

A f t e r  b a k e o u t , p r e s s u r e s  a s  lo w  a s  2  X  1 0 ~ 9 to n -  

h a v e  b e e n  a c h ie v e d . W i t h  t h e  v a c u u m  f u r n a c e  a t  

1 3 0 0 ° ,  t h e  p r e s s u r e  g e n e r a lly  rises  t o  t h e  1 0 ~ 7 t o  1 0 - 8  

t o r r  ra n g e .

T h e  fu r n a c e  c o n s is ts  o f  a  w a t e r -c o o le d  s ta in le s s  s h e ll  

c o n ta in in g  a  2 5 -c m . lo n g  r e s is t a n c e -h e a t e d  p l a t i n u m -  

4 0 %  r h o d iu m  t u b e  w it h  th r e e  p la t in u m  r a d ia t io n  

sh ie ld s . T h e  fu r n a c e  e n d s  a r e  p la t i n u m  r im s  c la m p e d  

b e tw e e n  w a te r -c o o le d  n ic k e l  f la n g e s . T h e  e le c tr ic a l  

le a d s  a re  w a t e r -c o o le d  t u b in g  b r o u g h t  t h r o u g h  th e  

fu r n a c e  w a ll  w it h  V a r ia n  h ig h  c u r r e n t  fe e d th r o u g h s .  

A  p la t in u m — 1 0 %  r h o d i u m -p l a t i n u m  c o n tr o l  t h e r m o 

c o u p le  is  w e ld e d  t o  th e  c e n te r  o f  t h e  fu r n a c e  tu b e .  

T h e  le a d s  a r e  in s u la t e d  f r o m  t h e  r a d ia t io n  sh ie ld s  

b y  s a p p h ir e  tu b e s . T h e  fu r n a c e  is  c a lib r a te d  w it h  a  

th e r m o c o u p le  in s id e  t h e  v a c u u m  s y s t e m . T h i s  c a li

b r a t io n  is  c h e c k e d  a g a in s t  t h e  m e lt in g  p o in t  o f  g o ld .  

T h e  fu r n a c e  h a s  b e e n  u s e d  a t  te m p e r a t u r e s  u p  t o  1 6 0 0 °  

w it h  te m p e r a t u r e s  c o n tr o l le d  t o  ± 1 ° .

T h e  fu r n a c e  is  f e d  b y  a  s t e p d o w n  tr a n s fo r m e r ,  

g o v e r n e d  b y  a  L e e d s  a n d  N o r t h r u p  C A T  c o n tr o lle r  

th r o u g h  a  m a g n e t ic  a m p lif ie r  a n d  s a t u r a b le  r e a c to r .  

V o l t a g e  f r o m  t h e  c o n tr o l  t h e r m o c o u p le  is  r e c o r d e d  

t o g e t h e r  w it h  t h e  w e ig h t  c h a n g e .

T h e  e x p e r im e n ts  w e r e  c a r r ie d  o u t  b o t h  in  p la t in u m  

K n u d s e n  c e lls  o f  c o n v e n t io n a l  d e s ig n , a n d  in  p la t in u m  

c e lls  w h ic h  w e r e  0 .6 3  c m . in  d ia m e t e r  a n d  0 .9 4  c m . h ig h  

w it h  a  c o n ic a l b a s e  p r o je c t in g  i n t o  t h e  c y lin d e r . T h e  

s a m p le  w a s  c o n ta in e d  in  t h e  g r o o v e  b e t w e e n  t h e  

c y lin d r ic a l  w a ll  a n d  t h e  c o n ic a l  b a s e . T h e  o r ific e  

w a s  a t  t h e  v e r t e x  o f  t h e  c o n e . T h e s e  c e lls , d e s ig n e d  

a ft e r  F r e e m a n ,7 w e r e  u s e d  t o  d ir e c t  t h e  e ffu s in g  g a s  

to w a r d  th e  b o t t o m  o f  t h e  a p p a r a tu s , th u s  r e d u c in g  

c o n d e n s a t io n  o n  t h e  s u p p o r t  w ir e . S in c e  t e m p e r a t u r e  

is  n o t e d  a n d  c o n tr o lle d  a u t o m a t ic a l ly ,  c o n t in u o u s  m e a s 

u r e m e n ts  m a y  b e  m a d e  f o r  w e e k s  a t  a  t im e .

Differential Thermal Analysis. T h e  e x p e r im e n ta l  

p r o c e d u r e  u s e d  is  d e s c r ib e d  b e lo w  t o g e t h e r  w it h  t h e  

m e a s u r e m e n t s .

High-Temperature Mass Spectrometry. T h e  e x p e r i

m e n t s  w e r e  c a r r ie d  o u t  w it h  a  N u c li d e  C o r p o r a t io n

(6) C. N. Cochran, Rev. Sci. Instr., 29, 1135 (1958).
(7) R. D. Freeman, private communication, March 1963.
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1 2 - in .  r a d iu s , 6 0 °  s e c to r , m a g n e t ic  d e f le c t io n  m a s s  

s p e c tr o m e te r . T w o  t y p e s  o f  c r u c ib le s  w e r e  u s e d .  

T h e  fir s t  w a s  a  t w o -p ie c e  n ic k e l  c r u c ib le  o f  t h e  d e s ig n  

d e s c r ib e d  e a r lie r .2a T h e  s e c o n d , i l lu s tr a te d  in  F ig u r e  2 , 

w a s  a  p la t in u m -l in e d  tw o -p ie c e  m o ly b d e n u m  c r u c ib le  

in t o  w h ic h  a  s m a ll  p la t in u m  ce ll w a s  p la c e d .

Materials. C r y s t a l lin e  B 20 3 w a s  fu r n is h e d  b y  t h e

U .  S . B o r a x  a n d  C h e m ic a l  C o r p . N o  s ig n ific a n t  im 

p u r it ie s  w e r e  in d ic a te d  b y  s p e c tr o g r a p h ic  a n a ly s is .  

A  w a t e r  c o n t e n t  o f  4 .5  w t . %  in  m a te r ia l  a s  r e c e iv e d  

w a s  f o u n d  b y  t i t r a t in g  s a m p le s  a c id im e t r ic a f ly  fo r  

th e ir  B 2O 3 c o n te n t , th e n  c a lc u la t in g  f o r  w a t e r  b y  d if 

fe r e n c e . S a m p le s  w e r e  th e r e fo r e  c a r e fu l ly  d r ie d  b y  

h e a t in g  a t  9 5 0 °  f o r  s e v e r a l  h o u r s  u n d e r  v a c u u m  b e fo r e  

u s in g . A b s e n c e  o f  H 20  w a s  in d ic a te d  b y  la c k  o f  w e ig h t  

lo s s  d u r in g  h e a t in g  a t  lo w e r  t e m p e r a t u r e s  d u r in g  e f

fu s io n  m e a s u r e m e n t s . H i g h  p u r i t y  B e O  w a s  s u p p lie d  

b y  N u c le a r  M e t a l s ,  I n c .

B e 0 - B 20 3 s a m p le s  w e r e  p r e p a r e d  f r o m  th e  p u r e  

o x id e s  a n d  lo a d e d  in t o  K n u d s e n  c e lls  a t  N u c le a r  M e t a l s .  

W e i g h e d  p o w d e r s  w e r e  t h o r o u g h ly  m ix e d , f u s e d  a t  9 5 0 °  

in vacuo f o r  2  h r ., g r o u n d , a n d  m ix e d  a g a in . S a m p le s  

f r o m  a  s in g le  b a t c h  w e r e  a n a ly z e d  p h o t o m e t r ic a l ly  

f o r  B e O  a n d  B 20 3 t o  t e s t  f o r  u n ifo r m  m ix in g .

M a s s  s p e c tr o m e tr ic  s a m p le s  w e r e  p r e p a r e d  in  o u r  

la b o r a to r ie s . T o  o b t a i n  t h e  m ix e d  o x id e  B e 3B 20 6, 

a  m ix tu r e  o f  B e O  a n d  B 20 3 p o w d e r s  w a s  a llo w e d  t o  re 

a c t  in  s e a le d  p la t in u m  c a p s u le s  a t  1 3 0 0 °  f o r  1 0 0  h r .

Results

Weight Change Measurements. T h e  fir s t  w e ig h t  

c h a n g e  m e a s u r e m e n t s  w e r e  m a d e  in  t h e  t e m p e r a t u r e  

r a n g e  b e tw e e n  1 0 8 0  a n d  1 2 5 0 ° ,  w i t h  o r ific e  a r e a s  b e 

tw e e n  2 .3  X  1 0 - 3  a n d  1 .8  X  1 0 ~ 2 c m .2. T h e s e  d a t a  

in d ic a te d  t h e  e x is te n c e  o f  a  t w o -p h a s e  r e g io n  e x te n d in g  

f r o m  B 20 3(1) t o  a t  le a s t  5 0  m o le  %  B e O , a s  m a n ife s te d  

b y  a  c o n s t a n t  p r e s s u r e  e q u a l  t o  t h a t  o f  B 20 3(1). T h e  

e x is te n c e  o f  a t  le a s t  o n e  c o m p o u n d  w a s  r e v e a le d , fo r  

t h e  p r e s s u r e  d e c r e a s e d  in  t h e  r a n g e  f r o m  5 0  t o  7 5  

m o le  %  B e O . I n  n o n e  o f  th e s e  m e a s u r e m e n t s , h o w 

e v e r , w a s  e q u ilib r iu m  e s ta b lis h e d  a f t e r  th e  p r e ssu r e  

d r o p p e d . T h i s  is  e v id e n c e d  b y  th e  la c k  o f  c o n s t a n t  

p r e s s u r e  r e g io n s  c o r r e s p o n d in g  t o  o t h e r  t w o -p h a s e  

d o m a in s . T o  o b t a i n  c o n s is te n t  r e s u lts , a s  s h o w n  b y  

w e ll -d e f in e d  t w o -p h a s e  a r e a s , i t  w a s  n e c e s s a r y  t o  u s e  

v e r y  s m a ll  o r ific e s . T w o  s e p a r a te  m e a s u r e m e n t s  

w e r e  m a d e , o n e  a t  1 5 6 2 ° K .  w it h  a n  o r ific e  a r e a  o f  5.5 X  
1 0 - 4  c m .2, a n d  a  s e c o n d  a t  1 3 9 8 ° K .  w it h  a n  o r ific e  

a r e a  o f  1 .4  X  1 0 - 3  c m .2. T h e  la r g e r  o r ific e  w a s  

n e c e s s a r y  a t  t h e  lo w e r  t e m p e r a t u r e  b e c a u s e  o f  t im e  

l im it a t io n s . E v e n  w it h  a n  o r ific e  o f  th is  s iz e , t h e  m e a s 

u r e m e n t  r e q u ir e d  3  w e e k s . D u p l i c a t e  m e a s u r e m e n t s

Figure 2. Molybdenum-platinum crucible.

Figure 3. Boric oxide activity as a function of composition.

o n  B 20 3 p r e s s u r e s  w e r e  r e p r o d u c ib le  t o  b e t w e e n  3  a n d  

7 % .

T h e  r e s u lts  o f  t h e  t w o  e x p e r im e n ts  a r e  s h o w n  in  

F ig u r e  3 ,  in  w h ic h  t h e  lo g a r i t h m  o f  t h e  B 20 3 a c t i v i t y  

w it h  B 20 3(1) a s  s ta n d a r d  s t a t e  is  p lo t t e d  a g a in s t  c o m 

p o s it io n . T h e  d a t a  o f  F ig u r e  3  in d ic a t e  t h a t  t h e  

c o m p o u n d  B e 3B 20 6 id e n tif ie d  e a r lie r  b y  lo w -t e m p e r a r  

tu r e  X - r a y  s tu d ie s 4’6 is  in  f a c t  t h e  o n ly  s t a b le  in t e r m e 

d ia t e  p h a s e  in  t h is  s y s t e m . T h e  d r o p -o f f  in  B 20 3 a c t iv 

i t y  a s  t h e  7 5 %  c o m p o s it io n  is  a p p r o a c h e d  is  t y p i c a l  

o f  a  p h a s e  c h a n g e  in  b in a r y  s y s t e m s .8’9 A  d r o p -o f f  

in  a c t i v i t y  a s  p u r e  B e O  is  a p p r o a c h e d  m a y  b e  d u e  t o  

a  d e c r e a s e  in  e f fe c t iv e  e v a p o r a t in g  s u r fa c e  th r o u g h  

f o r m a t io n  o f  B e O  a n d  t o  a  lo w  e v a p o r a t io n  c o e ffic ie n t  

f o r  th e  v a p o r i z a t io n  o f  B 20 3 f r o m  B e ^ - D e .

Differential Thermal Analysis Measurements. T o  

c o n s tr u c t  a  p h a s e  d ia g r a m  f o r  t h e  B e 0 - B 20 3 s y s t e m  

c o n s is te n t  w it h  t h e  v a p o r i z a t io n  d a t a , i t  w a s  n e c e s -

(8) P. E. Blackburn, J. Phys. Chem., 62, 897 (1958).
(9) O. Kubaschewski and E. L. Evans, “Metal Physics and Physical 
Metallurgy,” Pergamon Press, New York, N. Y., 1958, p. 66.
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s a r y  t o  e s ta b lis h  t h e  m e lt in g  p o i n t  o f  t h e  c o m p o u n d  

B e 3B 20 6. T h e  l iq u id u s  in  t h e  n e ig h b o r h o o d  o f  th is  

c o m p o u n d  w a s  f o u n d  b y  d iffe r e n tia l  t h e r m a l  a n a ly s is .  

I n  th is  p r o c e d u r e , t h e  d iffe r e n c e  in  t e m p e r a t u r e  b e 

t w e e n  a  s e a le d  c a p s u le  c o n ta in in g  a  m ix tu r e  o f  B e O  

a n d  B 20 3 in  t h e  r a t io  3 B e O :  1 .1 5 B 20 3 a n d  a  s e c o n d  

c a p s u le  c o n ta in in g  a lu m i n u m  o x id e  w a s  m e a s u r e d  

d u r in g  c o o lin g . T h e  tw o  c a p s u le s , p la c e d  s id e  b y  

s id e , w e r e  h e a te d  in  a  g lo b a r  t u b e  fu r n a c e . P la t in u m —  

p l a t i n u m - 1 0 %  r h o d iu m  th e r m o c o u p le s  in s e r t e d  in  

w e lls  in s id e  e a c h  c a p s u le  w e r e  u s e d  t o  m e a s u r e  t e m p e r a 

tu r e . O n e  r e c o r d e r  w a s  u s e d  t o  in d ic a te  t h e  t e m p e r a 

tu r e  o f  t h e  c a p s u le  c o n ta in in g  t h e  e x p e r im e n ta l  m ix 

tu r e , w h ile  a  s e c o n d  r e c o r d e r  w a s  u s e d  f o r  th e  t e m p e r a 

tu r e  d iffe r e n c e  b e t w e e n  t h e  t w o  c a p s u le s . T h r e e  in 

f le c t io n s  w e r e  o b s e r v e d : (1 )  t h e  p o in t  a t  w h ic h  fr e e z in g  

s t a r t e d , 1 4 8 8 ° ;  (2 )  t h e  te m p e r a t u r e  w h e r e  fr e e z in g  

c e a s e d , i.e., th e  e u te c t ic  t e m p e r a t u r e , 1 4 4 1 ° ;  ( 3 )  th e  

p o in t  w h e r e  th e  c o o lin g  d iffe r e n tia l  b e tw e e n  th e  tw o  

c a p s u le s  w a s  r e -e s ta b lis h e d . N o  o t h e r  in f le c t io n s  w e r e  

o b s e r v e d  in  th e  d iffe r e n tia l c u r v e , in d ic a t in g  t h e  a b 

s e n c e  o f  o t h e r  p h a s e s  s ta b le  a t  lo w e r  t e m p e r a t u r e s .  

O u r  d a t a  y ie ld  a  m e lt in g  p o in t  f o r  t h e  s to ic h io m e tr ic  

c o m p o u n d  B e 3B 20 6 o f  1 4 9 5  ±  5 ° .  T h u s , a ll v a p o r  

p r e s s u r e  m e a s u r e m e n t s  w e r e  m a d e  o v e r  s o lid  B e 3B 20 6  

a n d  e ith e r  B e O ( c )  o r  B 20 3(1). O n  t h e  b a s is  o f  th e  

d a t a  a  p h a s e  d ia g r a m  o f  t h e  B 20 3- B e 0  s y s t e m  c a n  

b e  d r a w n  a s  s h o w n  in  F ig u r e  4 .

Mass Spectromelric Studies. F o u r  se rie s  o f  m a s s  

s p e c tr o m e tr ic  m e a s u r e m e n t s  w e r e  m a d e , th r e e  o v e r  th e  

t w o -p h a s e  r e g io n  B 20 3(1) +  B e 3B 20 6(c) a n d  o n e  o v e r  

t h e  t w o -p h a s e  r e g io n  B e 3B 20 6(c ) +  B e O ( c ) .  I n  e a c h  

c a se , t h e  p r in c ip a l  io n ic  s p e c ie s  o b s e r v e d  w a s  B 20 3+ , 

c o r r e s p o n d in g  t o  t h e  n e u tr a l  b o r o n  o x id e  B 20 3(g ) .  

T h e  p r in c ip a l  b e r y l l iu m -c o n t a i n in g  io n ic  s p e c ie s  w a s  

B e ( B 0 2) 2+ , c o r r e s p o n d in g  t o  n e u tr a l  b e r y l l iu m  m e t a 

b o r a te  B e ( B 0 2) 2( g ) .

T h e  th r e e  m e a s u r e m e n t s  o n  t h e  s a m p le  c o n ta in in g  

e x c e ss  B 20 3 y ie ld e d  r e s u lts  a p p a r e n t ly  u n a ffe c te d  b y  

t h e  q u a n t i t y  o f  s a m p le  m a t e r ia l  o r  th e  c e ll o r ific e  a r e a s . 

T w o  o f  th e s e  m e a s u r e m e n t s  w e r e  m a d e  w it h  n ic k e l  

c e lls  o f  t h e  d e s ig n  d e s c r ib e d  e a r lie r ,2a o n e  c o n ta in in g  

a b o u t  5  m g . e a c h  o f  B e O  a n d  B 20 3, a n d  o n e  c o n ta in in g  

2 6  m g . o f  B 20 3 a n d  1 0  m g . o f  B e 3B 20 6. B o t h  c e lls  h a d  

o r ific e s  o f  7 .8  X  1 0  _ s  c m .2. I n  t h e  th ir d  e x p e r im e n t  

t h e  c r u c ib le  d e s ig n  o f  F ig u r e  2  w a s  u s e d  w it h  t h e  

p la t i n u m  c e ll h a v in g  a n  o r ific e  a r e a  o f  4 .8  X  1 0 ~ 4 

c m .2. T h e  r e s u lts  o f  t h e  th r e e  e x p e r im e n ts  w e r e  

c o m b in e d  t o  g i v e  th e  d a t a  s h o w n  in  F ig u r e  5  w h ic h  

g iv e s  t h e  t e m p e r a t u r e  d e p e n d e n c e  o f  t h e  B 20 3+  a n d  

B e ( B 0 2) 2+  io n  in te n s it ie s . T h e  s e c o n d -la w  h e a t  o f  

v a p o r i z a t io n  f o r  B 20 3 f o u n d  f r o m  th e s e  e x p e r im e n ts  

is  9 1  k c a l . /m o l e  w it h  a  s ta n d a r d  d e v ia t io n  o f  ± 0 . 5
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Figure 4. B20 3-B e0 phase diagram.

Figure 5. Plot of I +T vs. l/T for vaporization of B20 3(g) 
and Be(B02)2(g) from the system Be3B206(c)-B20 3(l).

k c a l . /m o l e ,  in  g o o d  a g r e e m e n t  w it h  9 3  ±  3  k c a l . /  

m o le  o b t a in e d  in  e a r lie r  e x p e r im e n t s .2a T o  o b t a i n  

d a t a  f o r  t h e  B e O -r ic h  s id e  o f  t h e  d ia g r a m  a  m o ly b d e n u m  

c r u c ib le  w a s  u s e d  w it h  a  p la t in u m  c e ll lin e r  c o n ta in in g  

6 8  m g . o f  B e 3B 20 6  a n d  1 2  m g . o f  B e O  a n d  h a v in g  a n  

o rific e  a r e a  o f  4 .8  X  1 0 - 4  c m .2. T h e  d a t a  o b t a in e d  

f o r  b o t h  B 20 3 a n d  b e r y l l iu m  m e t a b o r a t e  g a s  a re  s h o w n  

in  F ig u r e  6 .

T h e  s e c o n d -la w  h e a ts  in d ic a te d  in  F ig u r e s  5  a n d  6  

c o r r e s p o n d  t o  t h e  f o l lo w in g  r e a c tio n s .
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Figure 6. Plots of I +T  vs. l/ T  for vaporization of B20 3(g) 
and Be(BOj)2(g) from the system Be3B20 6(c)-Be0(c).

(а )  B20 3 (l)-BesB20 6(c) {Figure 5)

B 20 3(1) — >  B 20 3(g )  A Ht =  9 1  ±  0 .5  k c a l . (1 )  

V s B e s B ^ e i c )  +  2/ 3 B 20 3(l)  >  B e ( B 0 2) 2(g )

AH2 =  1 1 8  ±  2  k c a l . (2 )

(б ) BezB2Os{c)-BeO{c) {Figure 6)

B e 3B 20 6(c ) — >  3 B e O  (c )  +  B 20 3(g )

A f f ,  =  1 1 2  ±  l  k c a l . (3 )  

B e 3B 20 6(c )  — ► 2 B e O  (c )  +  B e ( B 0 2) 2(g )

AHi =  1 3 7  ±  3  k c a l . (4 )

F r o m  th e s e  le a s t -s q u a r e s  d a t a  t h e  h e a ts  o f  f o r m a t io n  

o f  t h e  c o n d e n s e d  p h a s e  m ix e d  o x id e , B e 3B 20 6( c ) , a n d  

t h e  g a s e o u s  m ix e d  o x id e , B e ( B 0 2) 2( g ) ,  c a n  b e  o b 

ta in e d . T h e  h e a t  o f  r e a c t io n  f o r

3 B e O ( c )  +  B 20 3(1) — * -  B e3B 20 6(c )  (5 )

c a n  b e  o b t a in e d  f r o m  t h e  p a ir s  o f  r e a c t io n s  1 a n d  3  

a n d  2  a n d  4 ,  w h ic h  g iv e  — 2 1  ±  2  a n d  — 2 8 .5  ±  5  

k c a l . /m o l e ,  r e s p e c t iv e ly . A  th ir d  v a lu e  f o r  t h e  h e a t  

o f  th is  r e a c t io n  c a n  b e  d e r iv e d  f r o m  t h e  B 20 3 a c t iv i t y  

d a t a  o b t a in e d  in  t h e  w e ig h t  lo s s  e x p e r im e n ts  ( a t  

1 3 9 8 ° K ,  aBjO» =  0 .1 8  a n d  a t  1 5 6 2 ° K . ,  a B2oi =  0 .3 9 ) ,  

w h ic h  g iv e  —  2 0  ±  2  k c a l . /m o l e  ( e s t im a t e d  u n 

c e r t a in t y ) . T h e  b e s t  e s t im a t e  f o r  r e a c t io n  5  is  th e r e 

fo r e  A Hb =  2 3  ±  5  k c a l . /m o l e .  T h e  u n c e r t a in t y  in

AH5 is w it h in  t h e  s ta n d a r d  d e v ia t io n s  o f  t h e  s lo p e s  f r o m  

w h ic h  i t  w a s  c o m p u t e d . F o r  t h e  h e a t  o f  f o r m a t i o n  o f  

t h e  g a s e o u s  b e r y l l iu m  m e t a b o r a t e  f r o m  t h e  o x id e s

B e O ( c )  +  B 20 3(g )  — ► B e ( B 0 2) 2(g )  (6 )

a  v a lu e  o f  2 5  ±  3  k c a l . /m o l e  is  o b t a in e d  d ir e c t ly  f r o m  

t h e  g a s e o u s  e q u il ib r iu m  o n  t h e  B e O -r ic h  s id e . T h e  

B e ( B 0 2) 2(g )  d a t a  o n  t h e  B 20 5 -r ic h  s id e  in  c o m b in a t io n  

w it h  A Hi g iv e  a  v a lu e  o f  1 9  ±  3  k c a l . /m o l e .  F r o m  

th e s e  tw o  v a lu e s  w e  th e r e fo r e  o b t a in  a s  t h e  b e s t  e s t i 

m a t e  fo r  r e a c t io n  6 , A f f 6 =  2 2  ±  5  k c a i . /m o l e .  T h e  u n 

c e r t a in t y  in  AH6 is  s t a t is t ic a l ly  c o n s is te n t  w it h  t h e  

v a lu e s  f o r  r e a c t io n s  1 th r o u g h  4 .

I n  o r d e r  t o  o b t a i n  e n t r o p y  v a lu e s  c o n s is te n t  w it h  th e  

m e a s u r e d  p re s s u r e s  a n d  s e c o n d -la w  h e a ts , e n t r o p y  

c h a n g e s  f o r  r e a c t io n s  1 t h r o u g h  4  w e r e  c a lc u la te d  

f r o m

* o A  I f  1500
A<Shoo -  +  R In  p (7 )

w h e r e  p is  t h e  v a p o r  p r e s s u r e  o f  t h e  g a s e o u s  s p e c ie s  a n d  

AHi6oo is  t h e  h e a t  o f  r e a c t io n  c o m p u t e d  f r o m  t h e  

v a lu e s  in  T a b le  I . 10 T h e  B 20 3 p r e s s u r e  a t  1 5 0 0 ° K .  

g iv e n  b y  o u r  v a c u u m  b a la n c e  d a t a  is  2 .7 0  X  1 0 - 6  a t m .  

U s i n g  th is  p r e s s u r e , t h e  io n  in te n s it ie s  o f  B 20 3+  a n d  

B e ( B 0 2) 2+  f r o m  t h e  m a s s  s p e c tr o m e tr ic  d a t a , a n d  

O t v o s  a n d  S t e v e n s o n ’ s 11 io n iz a t io n  c r o ss  s e c t io n s , t h e  

p re ssu re s  w e r e  c o m p u t e d  a t  1 5 0 0 ° K .  f o r  r e a c t io n s  2  

t h r o u g h  4 .  T h e  d a t a  t a k e n  f r o m  p la t in u m  c e lls  o v e r  

t h e  B e 0 - B e 3B 20 6 s y s t e m  w e r e  n o r m a liz e d  t o  th e  

o rific e  a r e a  a n d  s a m p le -t o - io n  s o u r c e  d is ta n c e  o f  t h e  

n ic k e l  c e lls .

Table I: Thermodynamic Values for the Be-B-0 System

S ° 1500,

kcal./mole e.u./mole

BeO(c)“ -1 4 2 .3 19.8
B20 3(ir - 2 9 4 .7 61.3
B20 3(g)4 -2 0 4 101
Be3B20 6(c / -7 4 5 108
Be(B02)2(g)6 - 3 2 4 127

° See ref. 10. 1 This work.

U s i n g  t h e  a b o v e  p r o c e d u r e , t h e  fo l lo w in g  p r e s s u r e s  

(in  a t m o s p h e r e s )  a n d  e n t r o p y  c h a n g e s  w e r e  c a lc u la t e d  

f o r  r e a c t io n s  1 t h r o u g h  4 :  ( 1 )  P B!o , =  2 .7  X  1 0 - 6 ,

(10) "JANAF Thermochemical Tables,” The Dow Chemical Co., 
Midland, Mich.; BeO, Sept. 1963; B2Os, Dec. 1964.
(11) J. W. Otvos and D. P. Stevenson, J. Am. Chem. Soc., 78, 546 
(1956).
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A &  =  3 9 .6  ±  0 .3  e . u . ; (2 )  P Be(b o *  =  2 .5  X  l O “ 7, 

A  St =  5 0 .3  ±  1 .4  e .u . ;  (3 )  P b 2 o , =  9 .3  X  1 0 ~ 6, A  S3 =

5 3 .0  ±  0 .7  e .u . ;  (4 )  P Be(Bo2)2 =  1 .1  X  1 0  A f?4 =

5 9 .1  ±  2  e .u . T h e  d e v ia t io n s  in  t h e  e n t r o p y  c h a n g e s  

w e r e  c a lc u la te d  f r o m  th o s e  in  t h e  h e a ts  a s s u m in g  th e  

p re s s u r e s  to  b e  e x a c t .

T h e  e n tr o p ie s  f o r  r e a c t io n s  5  a n d  6  w e r e  c a lc u la te d  

f r o m  th e  e n t r o p y  c h a n g e s  f o r  r e a c t io n s  1 th r o u g h  4  b y  

t h e  s a m e  m e t h o d s  a s  t h e  h e a ts . I n  th is  m a n n e r  o n e  

o b ta in s  A<35 =  — 1 3  ±  3  e .u . /m o l e  a n d  ASe =  6  ±  2

e .u . /m o l e  a t  1 5 0 0 ° K .  ASi, ASs, a n d  A P 6 a re  c o m b in e d  

w it h  J A N A F 10 e n tr o p ie s  a t  1 5 0 0 ° K .  f o r  B 20 3(1) a n d  

B e O ( c )  t o  g iv e  t h e  r e m a in in g  e n tr o p ie s  in  T a b le  I .

I t  s h o u ld  b e  n o t e d  t h a t  o u r  v a lu e  o f  P 1500 =  1 0 1  e .u . 

f o r  B 20 3(g )  c o m p a r e s  w e ll  w it h  S o m m e r , W h i t e ,  

L in e v s k y , a n d  M a n n ’ s 12 v a lu e  P i60o =  1 0 0 .2  e .u .  

T h e  m o d e l  a s s u m e d  b y  th e s e  a u t h o r s  is  t h a t  o f  a  V -  

s h a p e d  m o le c u le .

Discussion
Phase Diagram. T h e  B e 0 - B 20 3 p h a s e  d ia g r a m  o f  

F ig u r e  4  h a s  b e e n  d r a w n  in  a n a lo g y  w ith  th e  d ia g r a m  

f o r  t h e  M g 0 - B 20 3 s y s t e m . 13 T h e  a lk a lin e  e a r th  

o x i d e -b o r o n  o x id e  s y s t e m s  a ll  s h o w  r e g io n s  o f  l iq u id  

m is c ib i l i ty . H o w e v e r , f r o m  m a g n e s iu m  o n w a r d  b o r o n  

o x id e  r ic h  s o lid  o x id e s  w it h  lo w  m e lt in g  p o in t s  a re  a ls o  

s t a b le . B e 0 - B 20 3 a p p e a r s  t o  b e  t h e  h ig h e s t  m e lt in g  

s y s t e m . T h e  t h e r m o d y n a m ic  d a t a  f o r  th e  v a r io u s  

c o m p o u n d s  in  t h is  s y s t e m  a re  s u m m a r iz e d  in  T a b le  I .

T h e  p r o p e r t ie s  o f  t h e  g a s e o u s  a lk a li  m e t a b o r a t e s  

s u g g e s te d  t h a t  th e s e  c o m p o u n d s  c o u ld  b e  r e g a r d e d  a s  

p s e u d o -h a lid e s  a n d  t h e  e x is te n c e  o f  g a s e o u s  b e r y l liu m  

m e t a b o r a t e  w a s  o r ig in a lly  p o s t u la t e d  o n  th is  b a s is .

I t  is  th e r e fo r e  o f  in t e r e s t  t o  c o m p a r e  th e  h e a ts  o f  

f o r m a t i o n  o f  b e r y l liu m  a n d  l i t h iu m  m e t a b o r a t e  w it h  

th o s e  o f  th e  c o r r e s p o n d in g  f lu o r id e s  a n d  c h lo r id e s . 

U s i n g  h e a ts  o f  f o r m a t io n  o f  t h e  a t o m s  a n d  h a lid e s  

g iv e n  b y  t h e  “ J A N A F  T a b le s , ” 10 w e  o b t a i n  t h e  fo l lo w 

in g  h e a ts  o f  r e a c t io n  a t  1 5 0 0 °

L i f e )  +  V a B e F s fe )  — >

L i F f e )  +  y 2B e ( g )  A H =  1 4  k c a l .  

L i f e )  +  y 2B e C l 2(g )  — >

L i C l ( g )  +  y 2B e ( g )  A H  =  —  1  k c a l .  

L i f e )  +  y 2B e ( B 0 2) 2(g )  — >

LiB02(g) +  y 2Be(g) A H  =  — 2  k c a l .

T h e  fir s t  o f  th e s e  r e a c t io n s  s h o w s  t h a t  t h e  b e r y l liu m  

f lu o r id e  s in g le  b o n d  is  a c t u a lly  s tr o n g e r  t h a n  t h e  

l i t h iu m  flu o r id e  b o n d , w h e r e a s  in  t h e  c o r r e s p o n d in g  

c h lo r id e s  t h e  tw o  b o n d  s tr e n g th s  a r e  e s s e n t ia l ly  e q u a l .  

T h e  r e la t io n  o f  t h e  l i t h iu m  m e t a b o r a t e  a n d  b e r y l liu m  

m e t a b o r a t e  s in g le  b o n d  s tr e n g th  is  v e r y  c lo s e  t o  t h a t  o f  

th e  c h lo r id e s  a n d  s u p p o r t s  th e  d e s c r ip t io n  o f  th e  

g a s e o u s  m e t a b o r a t e s  a s  p s e u d o -h a lid e s .
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N u c le a r  m a g n e t ic  r e s o n a n c e  a b s o r p t io n  in  a n h y d r o u s  s o d iu m  s te a r a t e , s o d iu m  p a lm i t a t e ,  

s o d iu m  m y r is t a t e ,  a n d  s o d iu m  la u r a t e  h a s  b e e n  in v e s t ig a t e d  in  t h e  te m p e r a t u r e  r a n g e  

f r o m  9 0  t o  4 7 3 ° K .  A b r u p t  c h a n g e s  in  th e  lin e  w id t h s  h a v e  b e e n  o b s e r v e d  w h ic h  c o r 

r e s p o n d  t o  p r e v io u s ly  r e p o r te d  c r y s t a l l i n e -c r y s t a l l in e , c r y s t a l l i n e -m e s o m o r p h ic ,  a n d  

m e s o m o r p h ic -m e s o m o r p h ic  p h a s e  tr a n s it io n s . T h e  w id t h s  o f  t h e  lin e s  r e s u lt in g  f r o m  

t h e  m e s o m o r p h ic  p h a s e s  h a v e  b e e n  m e a s u r e d  u s in g  tw o  c o n d it io n s  o f  m o d u la t i o n :  Hm «  

AH a n d  vm »  yAlI. T h e  la t t e r  m e t h o d  o f  m e a s u r e m e n t  is  f o u n d  t o  b e  m o r e  s e n s it iv e  t o  

lin e  w id t h  c h a n g e s  in  th e s e  s y s t e m s . A  p o s s ib le  e x p la n a t io n  o f  t h e  c r y s t a l l i n e -c r y s t a l l in e  

t r a n s it io n s  is  g iv e n  in  te r m s  o f  r o t a t o r y  a n d  o s c i l la t o r y  m o le c u la r  m o t io n s  in  t h e  s o lid  

s t a t e . T h e  m e s o m o r p h ic  p h a s e s  in  t h e  f o u r  s o a p s  p r o d u c e  lin e s  w h ic h  h a v e  a  “ s u p e r -  

L o r e n t z ia n ”  s h a p e . T h i s  s h a p e  is  b e l ie v e d  t o  r e s u lt  f r o m  a  d is tr ib u t io n  o f  c o r r e la t io n  

t im e s . T h e  r e s u lts  f o r  s o d iu m  s te a r a t e , p a lm it a t e ,  a n d  m y r is t a t e  a re  c lo s e ly  s im i la r  

T h e  s o d iu m  la u r a t e  d a t a  s u g g e s t  t h a t  th is  s o a p  m a y  b e  s ig n if ic a n t ly  d iffe r e n t  in  i t s  c r y s t a l  

s tr u c t u r e  a n d  p o s s ib ly  in  t h e  s tr u c t u r e  o f  t h e  m e s o p h a s e s . A  p h a s e  t r a n s it io n  n o t  p r e v i 

o u s ly  r e p o r te d  h a s  b e e n  d e t e c t e d  in  s o d iu m  m y r is t a t e .  I n  g e n e r a l, t h e  r e s u lts  f o r  t h e  

f o u r  s o a p s  a re  c o n s is te n t  w it h  t h e  s tr u c t u r a l  p ic tu r e  s u g g e s te d  f o r  th e s e  s y s t e m s  b y  X - r a y  

s tu d ie s .

Introduction

I t  h a s  lo n g  b e e n  k n o w n  t h a t  t h e  a lk a li  m e t a l  s a lt s  

o f  lo n g -c h a in  f a t t y  a c id s  a r e  c a p a b le  o f  e x is t in g  in  

s e v e r a l  p h a s e s  in  a d d it io n  t o  th e  c r y s t a llin e  p h a s e s —  

o f  w h ic h  th e r e  a re  a t  le a s t  fo u r — a n d  t h e  is o tr o p ic  

l iq u id  p h a s e . T h e s e  a d d it io n a l  p h a s e s  w h ic h  e x is t  

in  t h e  t e m p e r a t u r e  r a n g e  f r o m  r o u g h ly  1 0 0  t o  3 0 0 °  

a r e  o f  t h e  m e s o m o r p h ic  o r  l iq u id -c r y s t a l l in e  t y p e  

f r e q u e n t ly  o b s e r v e d  in  s u r fa c ta n ts , p o ly m e r s , lip id s , 

a n d  o t h e r  b io lo g ic a l  s y s t e m s .1'2

M e s o m o r p h i c  p h a s e s  in  a n h y d r o u s  s o a p s  a n d  s o a p -  

w a t e r  s y s t e m s  h a v e  b e e n  s tu d ie d  b y  s e v e r a l  p h y s ic a l  

m e t h o d s . P h a s e  tr a n s it io n s  b e tw e e n  m e s o m o r p h ic  

p h a s e s  h a v e  b e e n  d e t e c t e d  b y  X - r a y s , 3 -5  d i la t o m e t r y  

a n d  m ic r o s c o p y ,6-10  l ig h t  t r a n s m is s io n ,11 n u c le a r  m a g 

n e t ic  r e s o n a n c e  s p e c t r o s c o p y ,12-16 a n d  c a lo r im e t r y ,17-19  

a s  w e ll  a s  o t h e r  m e t h o d s .

N u c le a r  m a g n e t ic  r e s o n a n c e  s p e c tr o s c o p y  ( n .m .r .)  

c a n  d e t e c t  p h a s e  t r a n s it io n s 20-21 a s  w e ll  a s  g iv e  s o m e  

in d ic a t io n  o f  t h e  k in d s  a n d  th e  e x t e n t  o f  m o le c u la r  

m o t io n s  p r e s e n t  in  t h e  s o lid  s t a t e .22-24  S o m e  n .m .r .  

s tu d ie s  o f  t h e  a lk a li  m e t a l  s a lt s  o f  lo n g -c h a in  f a t t y  a c id s

h a v e  b e e n  m a d e  p r e v i o u s ly .12-16 I n  a ll o f  th e s e  s t u d ie s  

t h e  tr a n s it io n s  b e t w e e n  t h e  c r y s t a l lin e  p h a s e  a n d  t h e  

f ir s t  m e s o m o r p h ic  p h a s e  h a v e  b e e n  e a s i ly  d e t e c t e d . 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15

(1) G. W. Gray, “ Molecular Structure and the Properties of Liquid 
Crystals,” Academic Press Inc., New York, N. Y., 1962.
(2) G. H. Brown and W. G. Shaw, Chem. Rev., 57, 1049 (1957).
(3) A. E. Skoulios and V. Luzzati, Acta Cryst., 14, 278 (1961).
(4) H. Nordsieck, F. B. Rosevear, and R. H. Ferguson, J. Chem. 
Phys., 16, 175 (1948).
(5) F. G. Chesley, ibid., 8 , 643 (1940).
(6) M. J. Void, M. Macomber, and R. D. Void, J. Am. Chem. Soc., 
63, 168 (1941).
(7) M. J. Void, ibid., 63, 160 (1941).
(8) R. D. Void, F. B. Rosevear, and R. H. Ferguson, Oil & Soap, 
16, 48 (1939).
(9) M. J. Void and R. J. Void, J. Am. Chem. Soc., 61, 808 (1939).
(10) R. D. Void, R. Reivere, and J. W. McBain, ibid., 63, 1293 
(1941).
(11) D. P. Benton, P. G. Howe, and I. E. Puddington, Can. J. Chem., 
33, 1384 (1955).
(12) R. F. Grant and B. A. Dunell, ibid., 38, 1951, 2395 (1960).
(13) M. B. Barr and B. A. Dunell, ibid., 42, 1098 (1964).
(14) D. J. Shaw and B. A. Dunell, Trans. Faraday Soc., 58, 132 
(1962).
(15) R. F. Grant and B. A. Dunell, Can. J. Chem., 39, 359 (1961).

T h e  J o u rn a l  o f  P h y s ic a l  C h em istry



N.m.r. A bsorption  in  A nh ydrous  Na Soaps 4257

However, the mesomorphic-mesomorphic transitions 
have generally not been observed. The inability to 
detect transitions between mesomorphic phases in past
n.m.r. experiments is understandable when the widths 
of the lines resulting from these phases are considered. 
The line widths from mesomorphic phases are almost 
always less than 500 mgauss. In many previous 
studies the inhomogeneities of the static magnetic 
field used in the n.m.r. experiment have been large 
enough to mask partially any changes in spectra oc
curring as a result of phase transitions. In addition, 
the conventional derivative method of obtaining n.m.r. 
resonances in the wide-line experiment results in lines 
which are often artificially broadened by modulation25; 
this tends also to mask small line-width changes. 
This paper reports the results of an n.m.r. study of 
anhydrous sodium stearate (CnH&CChNa), sodium 
palmitate (Ci5H3iC0 2Na), sodium myristate (C13- 
H27C0 2Na), and sodium laurate (CuH23C 02Na) in 
the temperature range from 90 to about 473°K. In 
this study both of the handicaps mentioned above have 
been overcome.

Experimental Section

a. Samples. The sodium stearate used in this 
study was prepared from an Eastman Kodak White 
Label grade acid which was found to be about 99% 
pure by gas chromatographic analysis of the methyl 
ester. The palmitic, myristic, and lauric acids were 
prepared by saponification of methyl esters, which by 
chromatographic analysis were 9 9 + %  pure, with alco
holic KOH followed by acidification with an excess of 
aqueous HC1. Special care was taken to remove any 
traces of methyl or ethyl esters from the resulting acids. 
Gas chromatographic analysis indicated that these 
acids were 9 9 + %  pure.

To prepare the sodium salts the acids were dissolved 
in an 80:20 ethanol-water (V 1/V2) mixture and titrated 
to an alkaline end point. The indicator, thymol blue, 
was used externally. During the titration and all 
other operations, a stream of dry nitrogen was con
tinually bubbled through the solutions to prevent dis
solution of carbon dioxide. The excess solvent was 
evaporated using a steam bath and the resulting 
precipitate dried on a freeze drier. The fused soaps 
were then crushed and dried in an oven, under a nitro
gen stream, at 150° for about 1 hr. This treatment 
produces completely anhydrous soaps.

The n.m.r. samples were prepared by sealing portions 
of the soaps into either 10- or 5-mm. o.d. tubes under a 
nitrogen atmosphere. The samples were maintained 
under these conditions throughout the studies.

b. Instrumentation. The n.m.r. experiments were

conducted on a spectrometer assembled mainly from 
Varian Associates components. The magnet system 
consists of a 9-in. Model V-3400 magnet equipped 
with tapered pole caps and homogeneity control coils 
and powered by a Model VFR-2501 power supply 
equipped with a Fieldial sweep unit. A Varian 40-Mc. 
radiofrequency unit is used in conjunction with a 
Princeton Applied Research Model JB-5 lock-in ampli
fier. The output of the internal oscillator of the lock-in 
amplifier is fed through an Eico Model ST-70 stereo 
amplifier to the modulation coils. The resonances 
were recorded on a strip chart recorder and the widths 
measured from the recordings. The intrinsic inhomo
geneity of the magnetic field is about 7 mgauss as de
termined from the half-maximum intensity line width 
of a spinning 5-mm. sample of distilled water.

The heating and cooling of the samples were accom
plished by using a Varian Model V-4340 variable tem
perature probe unit. Temperatures below room tem
perature were obtained by passing a stream of dry 
nitrogen through a copper coil immersed in either a 
liquid nitrogen or a Dry Ice-acetone bath. The sample 
temperature was measured with a Brown recording 
potentiometer using a copper-constantan thermo
couple placed about 1.5 cm. above the surface of the 
sample. The reading from this thermocouple was 
calibrated against a second thermocouple placed directly 
into a sample.

Normally in the wide-line n.m.r. experiment the 
modulation frequency, vm, and the modulation ampli
tude, Hm, are chosen so that Hm «  AH and vm «  
yAH, where AH is the width of the line to be measured. 
However, it is not always possible to obtain a small 
enough Hm consistent with good signal-to-noise ratio. 
When Hm >  0.25 AH, the measured fine width will be 
greater than the true line width, and corrections for 
the effect of both the modulation frequency and ampli
tude must be applied.26-26 If, however, the modulation

(16) W. R. Janzen and B. A. Dunell, Trans. Faraday Soc., 59, 1260 
(1963).
(17) F. H. Stross and S. T. Abrams, / .  Am. Chem. Soc., 73, 2825 
(1951).
(18) R. D. Void, ibid., 63, 2915 (1941).
(19) R. D. Void, J. Phys. Chem., 49, 315 (1945).
(20) C. K. Coogan, G. G. Belford, and H. S. Gutowsky, J- Chem. 
Phys., 39, 3061 (1963).
(21) C. K. Coogan and H. S. Gutowsky, ibid., 40, 3419 (1964).
(22) E. R. Andrew, ibid., 18, 607 (1950).
(23) E. R. Andrew and R. G. Eades, Proc. Roy. Soc. (London), A218 
537 (1953).
(24) H. S. Gutowsky and G. E. Pake, J. Chem. Phys., 18, 162 
(1950).
(25) E. R. Andrew, Phys. Rev., 91, 425 (1953).
(26) K. Halbach, ibid., 119, 1230 (1960).
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frequency is chosen so that it is large compared to the 
line width, separate side band resonances will be 
obtained.27 The width of the side band resonances 
is then the true line width. Under normal operating 
conditions the center band resonance is removed by 
suitable phasing. This type of detection is normally 
called the “ first side band”  method.

The upper limit of line width which can be measured 
by this method depends upon the highest modulation 
frequency which can be obtained. In addition to the 
high modulation frequency, the amplitude of the modu
lation field must also be high. The upper frequency 
limit depends, for the most part, upon the amount of 
eddy current losses occurring in the probe. With 
the instrument used in this study, it is possible to 
produce modulation fields which range in frequency 
from 20 c.p.s. to 10 kc.p.s. With this range of fre
quencies, proton resonances which are about 1 gauss 
or less in width can be detected by the first side band 
method.

c. Methods. The line width at any given tempera
ture represents the average of from two to six recordings. 
Both increasing and decreasing magnetic field sweeps 
were used in recording the spectra. The variations 
in the measured line widths are about ±0.15 gauss for 
the wide lines and about ±5.0 mgauss for the narrow 
lines. The accuracy of the line widths measured at 
90 °K., however, is probably not better than ±0.5 
gauss because of the relatively poor signal-to-noise 
ratio at this temperature.

The accuracy of the stated temperatures is within 
± 0.2° at and near room temperature but only within 
±2.0° around 200°. The 90°K. value is probably not 
better than ±5.0°K .

The lines which have widths greater than approxi
mately 1 gauss were recorded as the derivative, and 
the widths were determined between points of maxi
mum slope. When obtaining these lines, a modulation 
frequency of either 80 or 20 c.p.s. was used, and the 
radiofrequency power level was maintained well below 
that required for saturation. In most cases the modu
lation amplitude was chosen so that Hm/AH <  0.2, 
where AH is the line width. Amplitudes of this mag
nitude should produce errors of less than 2%  between 
the measured and true line widths.28 No attempt 
was made to correct the line widths themselves for the 
effect of either the modulation frequency or the modu
lation amplitude.

Lines which are less than about 1 gauss in width were 
obtained by two different methods. In addition to 
obtaining the line widths by using very small modu
lation amplitudes, which become increasingly difficult 
when the lines become very sharp, the lines were re

corded under modulation conditions such that »»m > >  
yAH; usually vm/yAH >  5. These conditions pro
duce the absorption curve. The width, which now is 
not affected by the modulation amplitude, is measured 
at the point of half-maximum intensity. In addition 
to the advantage of obtaining the true line width by 
this method, there is additional information to be gained 
by measuring the widths by two different methods. A 
comparison of the line widths, as measured at the half
maximum intensity and at the point at which the slope 
changes, provides information about the shape of the 
line. Likewise, the difference between the widths 
obtained by the two methods, observed as a function of 
temperature, provides information about the effect of 
temperature on the line shape. These points will be 
discussed in more detail in following sections.

Results and Discussion
a. Temperature Dependence of the Line Widths. 

The line widths of anhydrous sodium stearate (here
after NaS), sodium palmitate (NaP), sodium myristate 
(NaM), and sodium laurate (NaL) are shown in Figures 
1 through 4, respectively, for temperatures between 
0 and 200°. In these figures the line widths have been 
placed on a log scale to afford more meaningful com
parisons of the line width changes. In addition to the 
measurements shown in the figures, the line widths 
of all four of the materials were determined at liquid 
nitrogen temperature (~90°K .). Some measurements 
were also made between 0 and —25° for NaP. The 
liquid nitrogen temperature line widths are 13.9 ±  0.5,
14.6 ±  0.5, 14.1 ±  0.5, and 13.7 ±  0.5 gauss, respec
tively, for NaS, NaP, NaM, and NaL.

Before each line width determination was made, suf
ficient time was allowed for the system to reach thermal 
equilibrium. The length of time varied, depending 
upon the point on the line width vs. temperature curve 
where the measurement was being made. In some 
cases only about 1 hr. was found to be sufficient to 
establish equilibrium, but in the regions where the line 
width changes rapidly, several hours was allowed. 
If there was any doubt about whether or not the system 
had attained equilibrium at any temperature, the tem
perature was held constant overnight and the line width 
remeasured. In all of the cases in which this happened 
the line width did not change significantly from the 
value which had been obtained after the system had 
equilibrated for 2 or 3 hr. Sodium laurate appears 
to require more time to equilibrate than do the other

(27) W. A. Anderson, “ NMR and EPR Spectroscopy,” Pergamon 
Press Inc., New York, N. Y., 1960, Chapter 14.
(28) G. W. Smith, J. Appi. Phys., 35, 1217 (1964).
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Figure 1. The line width of sodium stearate 
as a function of temperature.

samples, particularly in the 150 to 200° temperature
range.

Several discontinuities are present in the line width 
vs. temperature curves of the four soaps. These 
transitions correspond reasonably well with phase 
transitions which have been found to occur in these 
materials by other means.3_13-17-19 The temperatures 
at which the line width changes occur are tabulated in 
Table I along with the range of transition temperatures 
previously reported by other methods.

There is some question of whether the names given 
in Table I to the various phases should be applied to 
all four of these soaps. The name “ subwaxy,”  
for example, was originally associated with those 
particular phases found in NaP and NaS,6 but more 
recent X-ray studies by Skoulios and Luzzati3 indicate 
that all of the phases mentioned in Table I are distinct 
phases and are similar in structure in all four soaps.

The first two transitions listed in Table I require 
some comment. The existence of a transition in an
hydrous soaps at or near the melting point of the cor
responding fatty acid was first reported by Thiessen 
and Ehrlich29 and given the name “ genotypical.”  
This transition has been observed by other workers

Figure 2. The line width of sodium palmitate 
as a function of temperature.

in NaP and NaS6'19 and is believed to be a second- 
order transition. Of the four soaps studied here, only 
NaL shows any line width change at or near the melting 
point of the corresponding fatty acid. (The melting 
points are: NaS, 69°; NaP, 63°; NaM, 54°; and 
NaL, 44°.) In NaL the line width changes by about 
1 gauss at 42°. The nature of the structural change 
producing this line width change is not understood. 
The sample of NaL used in this study does not contain 
free acid which has been suggested as being the cause 
of this transition.

Several workers6'18-19 have observed a transition in 
anhydrous soaps which occurs below the crystalline- 
mesomorphic transition. This transition has been 
designated as a curd-curd or a curd-supercurd transi
tion by Void.18'19 X-Ray data collected in these 
laboratories indicate that no major structural changes 
occur in this temperature range, but there do appear to 
be some structure modifications. Pronounced changes 
occur around 80° in the n.m.r. line widths of NaS, 
NaP, and NaM. These transitions are listed in Table 
I as crystalline-crystalline transitions. The absence

(29) P. A. Thiessen and E. Ehrlich, Z. physik. Chem. (Leipzig), 
A16S, 453, 464 (1933).
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Table I : Phase Transitions in Anhydrous Sodium Soaps

--------------------------------------------------------------------Transition temperatures, °C.-------------------------------------------------------
,------Sodium stearate------% ✓------Sodium palmitate------ * -■------Sodium myristate------ s ------------- Sodium laurate-

Phase This Lit. This Lit. This Lit. This Lit.
transitions work values0 work values6 work values® work values'*

Genotypical .. . 65-70 . . . 67 . . . . . . 42 M.p. of lauric 
acid =  44

Crystalline-crystalline8,7 85 86-96 82 80 79-80
Crystalline-subwaxy 114 108-118 113 114-125 108 98-113 104 98-100
Subwaxy-waxy 131 129-134 142-144 134^140 141

(162)
133-142 147-149 130-142

W axy-superwaxy 157-159 165-180 172-175 172-176 182 175-182 190-192 182-187
Superwaxy-subneat 178-181 188-210 > 2 0 0 195-211 202-204 204-218 > 2 0 0 20 0 -2 2 0

“ Taken from ref. 3, 6, 7, 11-13, and 17-19. 6 Taken from ref. 3-9 and 18. 0 Taken from ref. 3, 6, 10, and 18. d Taken from 
ref. 3, 6, 7, and 18. ‘  The crystalline phase present in these soaps at 25° is the «-phase as described by R. H. Ferguson, Oil & Soap, 
21, 6 (1944). /  This transition is probably the curd-curd transition reported by Void.18

TEMP (“Cl

Figure 3. The line width of sodium myristate 
as a function of temperature.

Figure 4. The line width of sodium laurate 
as a function of temperature.

of this transition in NaL is puzzling; however, it may between this and the transitions in NaS, NaP, and
be attributed to the relatively larger effect of the polar NaM, plus the large difference in the magnitude of
groups in this material due to the shorter length of the change in the line width, seems to preclude this group-
hydrocarbon chains. It could be argued that the small ing. It appears more reasonable to place the crystal-
change in line width which occurs at 42° in NaL should line-crystalline transition in NaL, if it is present at all,
be grouped with the transitions designated as crystal- at about 100°, where it merges with the crystalline-
line-crystalline, but the large temperature difference subwaxy transition.
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The line width transitions occurring near 80° for 
NaS, NaP, and NaM are interpreted as arising from 
increased molecular motion in the hydrocarbon chains 
of the soaps. It was with this origin of the line width 
decrease in mind that the suggestion was made that 
the same transition may occur in NaL at a higher tem
perature. The larger effect of the polar end of the 
molecule in this material should reduce the amount of 
motion present in the paraffinic chains.

The type of molecular motion assumed to be present 
here could give rise to a second-order phase transition,30 
and preliminary calorimetric studies made in our labor
atories do indeed indicate that these transitions are of 
the second kind.

A  comparison of the transition temperatures de
termined by other methods with those found in this 
study (see Table I) indicates that for the most part the 
agreement is relatively good. The largest discrepancies 
occur in the waxy-superwaxy and the superwaxy- 
subneat transitions in sodium stearate. Both of these 
transition temperatures are about 8° below any 
previously reported values. This difference is too 
large to be attributed to errors in measuring the tem
perature, and other explanations must be sought.

It is not completely unexpected that n.m.r. transition 
temperatures would differ somewhat from those found 
by other methods. One reason that one would expect 
to find differences is that, in addition to structural 
changes, molecular motions play a large part in de
termining where n.m.r. line width transitions occur, 
and, in fact, these motions can be relatively small in 
both frequency and amplitude. To narrow an n.m.r. 
line, the motion must have a frequency of only the order 
of the line width in frequency units. This means, 
for the most part, frequencies no greater than 104 to 
106 c.p.s. In a system such as sodium stearate, where 
the motions of the hydrocarbon chains are the domi
nant ones, it is not unreasonable to expect that the rate 
of reorientation of those chains becomes comparable 
to the fine width before actual structural changes 
occur since changes in structure involve the polar 
groups of the molecules. Premelting-narrowing of
n.m.r. fines has been observed previously in several 
systems.22-23 As a further indication of the sensitivity 
of n.m.r. line widths and second moments to low-fre
quency motions, recent n.m.r. and X-ray studies of the 
benzene-silver perchlorate complex should be men
tioned.31 The n.m.r. results indicate that the benzene 
molecule rotates about the hexad axis more or less 
freely at room temperature while X-ray diffraction 
measurements indicate that the carbon atoms spend 
a significant amount of their time at specific positions.

Aside from the fact that n.m.r. fines are affected by

relatively low frequency motions, which in itself may 
cause n.m.r. transition temperatures to differ from those 
found by other means, X-ray studies of mesomorphic 
phases in anhydrous soaps8 indicate that transitions 
between two phases may take place through a mixture 
zone made up of the two surrounding phases. This 
perhaps is a result of the high viscosity of the systems 
which slows up the establishment of equilibrium. The 
coexistence of two phases would probably lead to 
narrowing of the n.m.r. fine since the recorded fine is 
an average fine for the system.

In addition to the discrepancies in transition tem
peratures already discussed, the n.m.r. fine width of 
NaM decreases quite sharply at about 152°. This 
change is reproducible with both increasing and de
creasing temperature and has all the indications of a 
phase change; however, a phase transition has not 
been reported at this temperature by other methods.

The fine widths of the various soaps show some con
sistency with chain length changes. For example, in 
the crystalline phase at room temperature (28°), the 
fines increase slightly with decreasing chain length. 
The values are 12.4, 12.6, 12.9, and 13.0 gauss, respec
tively, for NaS, NaP, NaM, and NaL. This small 
change results undoubtedly from a slight difference in 
the amount of motion present in these systems at a 
given temperature. The longer chains would be ex
pected to possess more freedom of motion.

In the mesomorphic phases, however, the same order 
is not observed. The widths of the fines from NaS, 
NaP, and NaM appear to be in order, but the fines of 
NaL have widths which in general are intermediate 
between those of NaP and NaM. This may indicate 
that the structures of the mesomorphic phases in NaL 
are not the same as that in the higher homologs al
though X-ray studies have not indicated that this is 
true.3

b. Line Shapes in the Mesomorphic Phases. It is 
obvious from the data shown in Figures 1 through 4 
that the sensitivity of the line width to changes in the 
system depends to some extent upon the manner in 
which the widths are measured. In these systems the 
fine widths measured at half the maximum intensity 
are more sensitive to changes in the system than 
those measured at the inflection points. This dif
ference in sensitivity is produced by the peculiar fine 
shapes which are found in the mesomorphic phases of 
these soaps. In all of the mesomorphic phases in the

(30) J. R. Partington, “ An Advanced Treatise on Physical Chemis
try,” Voi. 3, Longmans, Green and Co., London, 1952, pp. 399-406.
(31) (a) D. F. R. Gilson and C. A. McDowell, J. Chem. Phys., 39, 
1825 (1963); (b) H. G. Smith, ibid., 40, 2412 (1964); (c) D. F. R. 
Gilson and C. A. McDowell, ibid., 40, 2413 (1964).
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anhydrous soaps, the n.m.r. lines are very narrow in the 
center portion but have more intensity in the wings 
than does a lorentzian line. A typical example of the 
line shape is shown in Figure 5. A calculated lorentzian 
line shape is also shown to illustrate the difference. 
The points at which the slope changes—where the width 
is measured from the derivative curve— are very near 
the top of the line, and thus any changes occurring 
in the wings would not produce a change in the line 
width measured between these points.

Figure 5. The n.m.r. spectrum of sodium stearate at 126°.
The smooth curve is a calculated lorentzian line.

The ratio between the widths measured at the two 
points, half-maximum intensity (AiL/imax) and in
flection points (A //p_p), further illustrates the differ
ence between the lines found in the mesomorphic 
phases and a lorentzian or gaussian line. This ratio 
for a lorentzian line is 1.73 and for a gaussian line is 
1.18. For the lines found in these soap phases, the 
ratio is temperature dependent but varies from about 
5 to about 3 in NaS, decreasing with increasing tem
perature. The directional variation with temperature 
is the same in all of the soaps, and the ratio decreases 
from about 4 to 3, 3.5 to 2.6, and 3.2 to 2.6 for NaP, 
NaM, and NaL, respectively. The lines from the 
mesomorphic phases can possibly be best described 
by the term “ super-lorentzian”  since the ratio of the 
two widths (Aiix/2max/AJTp_p) is greater than that 
found in a lorentzian curve. In none of the meso
morphic phases do the lines become pure lorentzian 
in shape, but they do tend to become more nearly 
so at the higher temperatures. This leads one to 
expect that the isotropic phases of these soaps, which 
generally occur above 300°, would have lines very 
nearly lorentzian in shape.

Some insight into how such a line shape could arise 
in systems of this type can perhaps be gained by con
sidering the proposed structures of the mesomorphic 
phases in anhydrous soaps.

Skoulios and Luzzati3 have grouped the mesomorphic 
phases of anhydrous soaps into two structural families. 
The first family is made up of the subwaxy, waxy, 
superwaxy, and subneat phases; the second family

contains only the neat phase. In the first group of 
phases, which includes all of the phases occurring in 
the temperature range covered in this study, the polar 
ends of the soap molecules are believed to be arranged 
in double layers. These layers are “ ribbonlike”  in 
structure with finite widths and indefinite lengths. 
The layering of the polar groups results in the formation 
of “ ribbons”  of molecules having a thickness of ap
proximately two molecular lengths. The hydro
carbon chains fill in the space between the polar 
“ ribbons”  and exist more or less as they would in a 
liquid with the exception of a partial loss in transla
tional freedom. Differences in the width of the ribbons 
are believed to be the predominant difference among 
the various members of this family of phases in a given 
soap. The structure of the neat phase, although not 
encountered in this study, is considered to be a lamel
lar-type structure. The polar groups are again located 
in double layers which are parallel and equidistant 
from each other, the distance between layers being 
substantially less than twice the length of the hydro
carbon chains. These layers do not have finite widths.

In all of the mesomorphic phases, the structures are 
such that the hydrocarbon chains of the soap molecules 
are rather strongly fixed in place on the one end with 
the opposite end more or less enjoying the kinds of 
freedom found in the liquid phase, with the exception 
of translational freedom. If one then considers the 
effect of molecular motion upon an n.m.r. line, it is 
apparent that the line one obtains should be made 
up of a distribution of lines resulting from the individual 
methylene groups in the hydrocarbon chains. The 
positions of these lines would be almost the same, 
with the exception of the methylene group adjacent 
to the polar group, but the widths of the lines should 
change depending upon the amount of motion avail
able to the group giving rise to the line. The line 
shapes found in these systems—very sharp in the center 
but having very wide wings— appear to be a reflection 
of the distribution of motion in the paraffin chains.

Whenever a transition between two of these meso
morphic phases occurs, the width of the polar layer 
decreases, according to Luzzati’s proposed structure, 
thus affecting that portion of the line arising from 
methylene groups nearer the polar groups to a much 
greater extent than those near the end of the hydro
carbon chains. This then explains why more change 
is seen in the line width when measured at half-maxi
mum intensity than if measured at the inflection points, 
the former points being farther from the center of the 
line. As the temperature is increased, of course, the 
amount of motion enjoyed by the fixed ends increases, 
the relative difference between the two ends of the

The Journal of Physical Chemistry



N.m.r . A bsorption  in  A nhydrous Na Soaps 4263

chains becomes less, and the line shape thus approaches 
a lorentzian shape.

A comparison of the ratios stated above indicates 
that, as the length of the hydrocarbon chains decreases, 
the lines also become more lorentzian in shape. This 
change results, no doubt, from the smaller motional 
gradient in the shorter chains, perhaps not from a 
decrease in the rigidity of the polar “ ribbons”  but by a 
decrease in the amount of motion present in the free 
ends of the chains. This decrease in the amount of 
motion in the chain as the length decreases also would 
predict the order of the line widths mentioned in the 
previous section. However, it must be mentioned 
again that NaL is an exception.

c. Molecular Motion in the Solid State— Crystalline- 
Crystalline Transition. The narrowing of n.m.r. 
lines by molecular motion, so-called “ motional narrow
ing,”  has been observed in many solid systems.22-24 
Discussions of motional narrowing are facilitated by 
employing a correlation time or correlation frequency. 
The correlation frequency (v0) can be considered as the 
rate at which the molecular or atomic environment 
about a given nucleus changes significantly.32 In 
terms of the line widths the correlation time (r0) can 
be expressed as24

r0 =  l/(2yA H) tan (tt/2)
(A H 2 -  A H "2) 
CAH' 2 -  A H "2)

where AH is the fine width in the line-narrowing region, 
AH' is the line width before motional narrowing (rigid 
lattice), and AH " is the line width after motional 
narrowing has taken place.

By assuming that the molecular motions can be de
scribed by a single correlation time (this has been found 
in other systems22’23) which varies with temperature 
according to an Arrhenius-type equation

To =  To e x p ( H a c t /H T )  ( I I )

values of Hact can be obtained from plots of the In 
Tc against 1/T. E^t is an energy related to the height 
of the potential barrier which must be overcome 
in order for the nucleus or molecule to reorient. Its 
magnitude produces information about the nature of 
the reorientation process. However, because of the 
uncertainties in eq. I 23'24 and because the line shape 
undoubtedly changes with temperature, the numbers 
obtained by this method have little significance beyond 
orders of magnitude.

Plots of the type described above have been made 
for the soaps studied here (Figures 6 -and 7). The 
values of AH’ are the rigid lattice line widths deter
mined at liquid nitrogen temperatures. They are listed 
above. The values of AH " used are the line widths

Figure 6. The correlation times of sodium stearate and 
sodium palmitate as a function of the inverse temperature.

100 75 50 25 0 °C

Figure 7. The correlation times of sodium myristate and 
sodium laurate as a function of the inverse temperature.

(32) K. Bloembergen, E. M. Purcell, and R. V. Pound, Phys. Rev.,
73, 679 (1948).

Volume 69, Number IS December 1965



4264 K en n eth  D. L aw son  and  T homas J. F lautt

just prior to the crystalline-sub waxy transitions. 
These widths are 3.67, 4.00, 6.00, and 5.12 gauss, re
spectively, for NaS, NaP, NaM, and NaL.

The data for the four soaps, Figures 6 and 7, do not 
fall on particularly straight lines, and, in addition, the 
data for NaL are complicated by the presence of the 
genotypical transition; however, from the slopes 
of the best straight lines drawn through the points, 
values of EMi of about 3 kcal./mole are obtained from 
the low-temperature segments for all four soaps. This 
value is about the order of magnitude usually associated 
with the rotation and/or small-amplitude torsional 
oscillations of the ends of hydrocarbon chains,33 
a reasonable motion in this temperature range.

In view of the limitations in eq. I and of the large size 
of these molecules, it is not surprising that the plots 
are not completely linear. Even if the treatment were 
exact, the presence of a single correlation time in such 
systems would be surprising. In a long chain of 
methylene groups, fixed rather firmly in place on one 
end, each individual group would be in a potential well 
whose depth and shape would depend upon the distance 
of the methylene group from the fixed end of the chain. 
In these systems the fixed end of the chain might be 
bound by the ionic layers. Molecular motions in 
such a system could be governed by a distribution of 
correlation times and activation energies. Multiple 
dielectric relaxation times have been observed in long- 
chain halides34 35 and in methyl palmitate.36

d. Second-Moment Data— Crystalline Phases. The 
second moments of the four soaps are shown in Figures 
8 and 9 as a function of temperature. At the crystal- 
line-subwaxy transition the second moments drop

Figure 8. The second moments of sodium stearate and 
sodium palmitate as a function of temperature.

Figure 9. The second moments of sodium myristate and 
sodium laurate as a function of temperature.

abruptly from values of several gauss2 to values which 
are less than 1 gauss2. The values shown in Figures 8 
and 9 and elsewhere have been corrected for the effect 
of modulation amplitude26 but not for modulation 
frequency.26 This latter correction is considered to 
be negligible under the conditions used here. The 
moments were not measured at every temperature at 
which a line-width measurement was made but were 
measured about every 8 to 10°.

In Table II are listed the theoretical moments ex
pected for certain molecular motions and also the values 
expected for rigid-lattice conditions. Also shown in 
Table II are the experimental moments measured at 
various significant temperatures.

The theoretical rigid-lattice moments were ob
tained by using the equation of Van Vleck36 for a 
powdered sample. For a system of this type, contain
ing two kinds of magnetic nuclei, this equation is

AH2 =  (6/51)1(1 +  1 ) g W N - 1T,rt,-* +
i>j

(4/15)7X7, +  1 )^V oW - 4E L / - 6 (HI)
oJ

Here gyo7 and <7,mo7 ,  are the magnetic moments of the 
hydrogen and sodium atoms, respectively, and N  is 
the number of magnetic nuclei over which the sums 
are taken. In these salts the contribution to the 
second moment from the sodium atoms (the last part 
of eq. I ll)  is very small and has been disregarded.12

(33) D. w. McCall and W. P. Slichter, J. Polymer Sei., 26, 171 
(1957).
(34) J. D. Hoffman, J. Chem. Phys., 20, 541 (1952).
(35) W. Jackson, Nature, 164, 486 (1949).
(36) J. H. Van Vleck, Phys. Rev., 74, 1168 (1948).
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Table II : Experimental and Theoretical Second Moments for Anhydrous Sodium Soaps

•Moments, gauss^
Condition

90°K.

—------NaS--------- . ,---------NaP---------.

Experimental
25.8 ±  1.5 27.9 ± 1 .5

, ■■ - -NaM------

27.6 ±  1.6

.-----— NaL—

19.7 ±  3.0
After the crystalline-crystalline 9.6 ±  0.2 11.2 ±  0.2 13.8 ±  0.2 a

transition (88.0°) (86.7°) (89.7°)
Prior to the crystalline-subwaxy 7.8 ±  0.2 11.6 ±  0.2 12.7 ±  0.2 b

transition (95.4°) (105.5°) (95.2°)

Rigid lattice
Theoretical

28.2 ±  1.0 27.9 ± 1 .0 27.6 ±  1.0 27.4 ±  1.0
Rotation of the methyl groups 24.3 23.9 23.1 22.2
Rotation of the hydrocarbon 9.6 9.4 9.3 9.1

chains as a unit about the 
long axes

“ This transition is not present in NaL. 6 The line-width change is not sufficiently sharp to allow an exact point to be chosen.

The details of the molecular arrangements in the 
unit cells have not yet been determined for these sodium 
soaps. However, it has been assumed that the struc
tures are similar to those of the silver salts for which 
the structures are known.37 The intramolecular con
tribution to the rigid-lattice moments were calculated 
by assuming that the hydrocarbon chains are arranged 
in a zigzag configuration with tetrahedral angles 
throughout. The carbon-hydrogen bond length was 
taken as 1.094 A. and the carbon-carbon distance as

o
1.54 A. Because of the uncertainty about the crystal 
structures of the sodium salts, the intermolecular con
tributions were not calculated in detail but were esti
mated from the values which have been calculated 
for other sodium and potassium soaps.12’16 The values 
of the intermolecular contributions which have been 
used for the rigid-lattice calculations are 9.4, 9.1, 8.8, 
and 8.5 gauss2 for NaS, NaP, NaM, and NaL, respec
tively. These values are estimated to be within ±0.5 
gauss2 of the actual values unless the structures of 
sodium and silver salts differ considerably.

A comparison of the calculated rigid-lattice moments 
and the experimental moments determined at liquid 
nitrogen temperature indicates that some rotation of the 
end methyl groups is probably occurring in NaS even 
at liquid nitrogen temperature. However, the NaP 
and NaM lattice appear to be rigid at this tempera
ture. Unfortunately, the experimental data for NaL 
are not sufficiently accurate to allow definite conclu
sions about the degree of rigidity to be made. It 
appears that there is more motion present in this ma
terial, however, than would be expected if NaL has 
the same crystal structure as the longer chain soaps. 
This idea will be discussed in more detail later.

Of interest also are the values of the experimental 
moments just prior to the crystalline-sub waxy transi
tions and just after the crystalline-crystajhne transi
tions. The values of the moments at these points allow 
conclusions to be drawn about the kinds and magni
tude of motions present in the crystalline phases.

Gutowsky and Pake24 have shown that the reduction 
in the second moment resulting from molecular motions 
can be calculated if the nature of the motion is known. 
For rotational motions, this calculation involves 
multiplying each term in the summation in eq. I l l  
by the factor

F(0) =  V 4(3 cos2 4>tj -  l )2 (IV)

where </) is the angle between the radius vector rv  and 
the axis of motion. When the two axes are parallel, 
there is no reduction, and, when the two axes are 
perpendicular, the second moment is oné-fourth of the 
rigid-lattice value. Andrew22 has treated the effect 
of torsional oscillations upon the second moments and 
found that the reduction is given by

p = 1 -  8/ 4[(l -  /o2(«)) sin2 2y  +
(1 — J02(2a)) sin4 7 ] (V)

In this equation p is the ratio of the moments for the 
oscillating and rigid cases, 7  is the angular amplitude of 
the motion, a is the angle between the axis of reorien
tation and the internuclear vector rv, and Ja is a Bessel 
function.

From the data shown in Table II it appears that in 
NaS the hydrocarbon chains are effectively rotating

(37) V. Vand, A. Aitken, and R. K. Campbell, Acta Cryst., 2, 398 
(1949).
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freely about their long axes just after the crystalline- 
crystalline transition. However, as pointed out by 
Andrew,22 it is impossible to decide which kind of 
motion is responsible for the reduction in the second 
moment without a detailed knowledge of the depth 
and shape of the potential wells, but it is quite likely 
that both rotations and oscillations are present. The 
rotational states, no doubt, become more populated 
as the temperature is increased. Using the calculations 
of Grant and Dunell12 for the effect of torsional oscil
lations upon the second moment of NaS, one would 
require torsional oscillations with amplitudes of about 
150° alone to account for the observed second moment. 
The observed values of 7.8 gauss2 for the second mo
ment of NaS prior to the crystalline-sub waxy transi
tion indicates that some longitudinal flexing of the hy
drocarbon chain may also be present at this tempera
ture.

The data for NaP and NaM suggest that as the 
chain length decreases, the amount of motion de
creases. The values of the moments for these two 
soaps could be accounted for either by torsional 
oscillations or by rotations about the long axes of the 
hydrocarbon chains.

It appears quite reasonable, on the basis of the 
second moment values, just after the crystalline- 
crystalline transition in NaS, NaP, and NaM, that this 
transition is a second-order transition resulting from 
molecular rotations and/or oscillations. It is interest
ing that preliminary calorimetric data collected in our 
laboratories indicate the presence of a transition of the 
second kind in the temperature ranges in which the 
crystalline-crystalline transitions occur.

The behavior of NaL in the crystalline phase appears 
to be significantly different from the other soaps. A 
comparison of Figure 4 with Figures 1 through 3 will 
disclose the difference in the behavior of the line width. 
The crystalline-crystalline transition observed in the 
other three homologs is not present in NaL. A com
parison of the second-moment data of NaL with those 
of the other soaps (see Figures 8 and 9) also illustrates 
the peculiar behavior of NaL as compared to NaS, 
NaP, and NaM. In the temperature range between 
about 80 and 100° the second moment of NaL is less 
than that of NaM. However, Figures 3 and 4 show 
that in this same temperature region the line width 
of NaL is the larger. This results from a difference 
in the line shape. In this region the NaM lines evi
dently have a larger proportion of the total intensity 
in the wings although this is not too obvious from com
parison of the spectra.

The value of the second moment of NaL around 80°, 
about the point where the line width begins to decrease

significantly, is about 12 gauss2. Table II indicates 
that this value would be indicative of violent oscilla
tions, or almost free rotation, about the long axes of the 
hydrocarbon chains based on a structure of the crystal
line phase similar to that of the other homologs. In 
addition, the second-moment value at 100°, the point 
at which the last of the crystalline phase is present, is
5.0 gauss2. On the basis of the calculations illustrated 
in Table II, this value would indicate ihat translational 
motions are present at this temperature. Very little 
translational motion is expected in the crystalline 
state; however, self-diffusion of molecules in the crys
talline state has been observed.38 Self-diffusion results 
from the formation of lattice vacancies as a crystal
line material is brought to its melting point.

e. Second-Moment Data— Mesomorphic Phases. The 
measurable second moment expected from an isotropic 
liquid is of the order of 10~4 to 10“ 5 gauss2. As men
tioned previously, the second moments of NaS, NaP, 
NaM, and NaL decrease from values of several gauss2 
to values of less than 1 gauss2 at the crystalline- 
subwaxy transitions. The moments did not drop 
to the values one would expect for isotropic liquids. 
In Table III the second moments of the various phases 
in the four soaps are tabulated. The values for the 
subwaxy phase are the least reliable of the meso
morphic phase moments because of the extreme wings 
on the spectra at these temperatures. The moments 
were not measured at all points within a given phase 
at which line width measurements were made. The 
moments listed in Table II are, for the most part, 
near the center of the temperature ranges in which the 
various phases exist. The moments probably show

Table III: Experimental Moments of the Mesomorphic 
Phases in Anhydrous Soaps

Phase

Subwaxy
Waxy
Superwaxy
Subneat

Subwaxy

Waxy

Superwaxy
Subneat

Mi, Mt/ Temp., Mi, Mi/ Temp.,
gauss2 M22 °c. gauss2 M22 ”C.

"NTaSJ.'l no * -
0.84 8.5 126.4 0.29 5.5 133.6
0.36 5.8 139.7 0.25 6.0 157.0
0.24 7.1 169.7 0.13 9.5 185.0
0.11 8.5 196.5

_ MoK/Ta.'I CtlYL *' •” JN8Ju '
0.92 4.3 132.6 0.37 6.0 130.3
0.60 /  4.9 j 149.8
0.39 \ 6 . 2 l 169.6 0.21 6.3 155.0
0.24 6.5 190.2 0.18 4.8 195.0
0.16 8.9 200.0

(38) L. Petrakis and A. Rao, J. Chem. Phys., 39, 1633 (1963).
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approximately the same temperature dependence 
within a given phase as do the line widths. Two 
moment values are listed for the waxy phase of NaM. 
It should be recalled that the line width indicates a 
phase transition in the temperature range which has 
previously been considered to cover only the waxy 
phase. The moments in Table III were measured 
above and below that transition temperature and offer 
further proof of the transition.

The values of the moments in the mesomorphic 
phases indicate that isotropic molecular motion is 
certainly not present; however, the motion is more 
extensive than just rotational and/or oscillatory. 
The moment values are quite reasonable for the kind 
of structure believed to exist in these phases—that of 
the hydrocarbon chains existing in a “ liquidlike”  
state with diffusion restrained. Completely free trans
lational motion is restrained by the ionic layers. The 
width of the polar “ ribbons”  decreases at the phase 
transitions, allowing more motion and thus reducing 
the moment. The moments approach the value ex
pected for an isotropic liquid as the temperature in
creases.

A comparison of the moments for each of the soaps 
in a given phase indicates that of the two factors 
mainly responsible for the values of the moments, 
temperature and structure, the temperature determines 
the moment value for the most part. Although the 
moments were not determined at the same tempera
tures for each of the samples, it appears that the 
moments follow about the same order with respect to 
chain length as do the line widths.

Of interest also are the ratios of the fourth moment 
to the square of the second moment (Mi/Mi1)  for the 
mesomorphic phases. This ratio is an indication to 
some extent of how the line shape changes with tem
perature. For a lorentzian line, of course, the ratio 
depends upon the points at which the wings are trun
cated, but, for a gaussian line, the ratio is 3.39 This 
ratio is greater than 3 in all cases and in general in
creases with temperature. This fact, coupled with the 
knowledge that the ratio of the line width measured 
at half-maximum intensity to the line width meas
ured at the inflection points decreases with increasing 
temperature, illustrates, to some extent, how the line 
shapes in the mesomorphic phases change with tem
perature. It appears that the lines become sharper 
near the center with relatively more change occurring 
in the vicinity of half-maximum intensity than toward 
the top of the line where the width is determined at 
the inflection points. While this is happening, how
ever, the intensity far out in the wings remains rela
tively large. This latter fact accounts for the increase

in the ratios of fourth to second moment squared. 
Actually, the wings tend to shrink in toward the center 
but not as rapidly as the center sharpens. This be
havior is consistent with the motion of the hydro
carbon chains increasing with temperature while one 
end remains fixed rather firmly in place by the action 
of the ionic layer.

Summary

From the line widths, second moments, and line 
shapes some conclusions can be made about the be
havior of the four soaps in the temperature range 
covered in this study.

There are only small differences among the data for 
sodium stearate, sodium palmitate, and sodium 
myristate, and these can be accounted for reasonably 
well by the differences in the length of the hydro
carbon chains. The data from sodium laurate suggest 
that there may be significant differences between the 
crystal structure of this material and those of the 
other soaps, and possibly some differences also be
tween the structures of the mesomorphic phases.

The prominent forms of motion in the crystalline 
state are probably oscillations and rotations of the 
paraffin chains. This motion appears to be com
pletely frozen out in sodium palmitate and sodium 
myristate at liquid nitrogen temperature, but in sodium 
stearate there appears to be some rotation of the 
methyl groups at this temperature. Again, it appears 
that the value of the second moment of sodium laurate 
at this temperature cannot be reconciled with the ex
pected motions if the crystalline structure is assumed 
to be the same as the other homologs.

Crystalline-crystalline phase transitions, which ap
pear to be of the second kind, are present in sodium 
stearate, sodium palmitate, and sodium myristate. 
If an identical transition is present in sodium laurate, 
it evidently merges with the crystalline-sub waxy tran
sition. The widths and moments of the lines from the 
mesomorphic phases are consistent with the structural 
picture suggested by X-ray studies for these phases.3 
The shape of the lines— “ super-lorentzian” — observed 
in the mesomorphic phases appears to result from the 
hydrocarbon chains existing in a “ liquidlike”  environ
ment on the one end and a “ solidlike”  environment on 
the other. This situation produces a distribution of 
correlation times which, in turn, produces a resonance 
band which is made up of a distribution of lines having 
varying widths.

(39) A. Abragam, “The Principles of Nuclear Magnetism,” Oxford 
University Press, London, 1961.
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Measurement of the lines arising from the meso
morphic phases under the condition vm »  7  AH 
produces a line width which is very sensitive to changes 
in the systems and, in addition, removes the artificial 
line broadening produced by the modulation field Hm.

All known phase transitions in the temperature 
range covered in this investigation have been detected. 
In addition, in sodium myristate an apparent transition

at 162° has been detected. This transition has not 
previously been reported.
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Thermodynamics of the Exchange of Tétraméthylammonium with Sodium 

Ions in Cross-Linked Polystyrene Sulfonates at 2 5 °1 2

by A. Schwarz and G. E. Boyd

Oak Ridge National Laboratory, Oak Ridge, Tennessee 37881 (.Received July 12, 1965)

A thermodynamic computation of the selectivity coefficient for the ion-exchange equi
librium between tétraméthylammonium (TMA) and sodium ion in dilute aqueous mix
tures and cross-linked polystyrene sulfonates was carried out by applying the Gibbs- 
Donnan equation to measurements of equivalent water contents and volumes on lightly 
cross-linked preparations. A comparison of the experimentally determined selectivity 
coefficients with those computed showed satisfactory agreement within the errors involved. 
The configurational free energy increase in the molecular network of the ion exchanger 
when the relatively large TM A cation was taken up was shown to be an important factor 
in determining the observed strong inversion in the selectivity coefficient as the cross linking 
was increased. Indirect indication of “ site binding”  of Na+ ion in the more highly cross- 
linked preparations was obtained from the calculated behavior of the activity coefficient 
ratio for sodium and TMA ions in the exchanger.

Ion-exchange reactions involving the quaternary 
ammonium ions in aqueous solutions are of interest be
cause studies with them serve to shed light on the role 
of size and hydration in determining the selective up
take of cations by cross-linked organic ion exchangers. 
In previous work,2a’b a quantitative description of the 
dependence of the mass law concentration product 
ratio for ion-exchange equilibria on exchanger cross 
linking and ionic composition was achieved with the 
Gibbs-Donnan equation.3 This equation, which may 
be written as

log K> =  P  Av/2.3RT (I)

relates the thermodynamic equilibrium constant, 
K &, for an exchange reaction to the configurational

(1) Presented before the Division of Physical Chemistry, 150th 
National Meeting of the American Chemical Society, Atlantic City, 
N. J., Sept. 1965. Research sponsored by the U. S. Atomic Energy 
Commission under contract with the Union Carbide Corp.
(2) (a) G. E. Myers and G. E. Boyd, J. Phys. Chem., 60, 521 (1956); 
(b) G. E. Boyd, S. Lindenbaum, and G. E. Myers, ibid., 65, 577 
(1961).
(3) F. G. Donnan and E. A. Guggenheim, Z. physik Chem., 162A, 
346 (1932).
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free energy change in the molecular network of the
ion exchanger, which may be expressed as a product of
a pressure and a partial molal volume change. A
method for estimating the mass law concentration
product ratio, or selectivity coefficient, D, can be based
on eq. 1. Thus, the selectivity coefficient for the ex
change of singly charged cations, 1 and 2, with 2, the
preferred ion, is2a.

log DI 2 = P(tit - v2)/2.3RT +
log ('Ylh2) r - 2 log ("(tI "(2) w (2)

When the quantity P in eq. 2 is large, as with highly
cross-linked exchangers, and/or when (VI - V2) is
large, as in exchange reactions with large cations, neglect
of the first term on the right-hand side of eq. 2 may lead
to large errors. For example, in the exchange of tetra
alkylammonium ion with Na+ ion, the quantity p!J.v/
2.3RT may be more important in setting the value of
log D12 than the term log ("(1/ "(2)r. In our earlier in
vestigations2a. on the exchange of H+, Li +, K+, and Cs+
ions with Na+ ion, the term log ("(lh2)r was dominant.
This paper reports a study of the exchange of tetra
methylammonium ion (TMA) with Na+ ion in several
cross-linked polystyrene sulfonates. Each of the terms
on the right-hand side of eq. 2 will be computed, and
their sum will be compared with values of log D12 meas
ured in equilibrium distribution experiments at 250.

Experimental Section

Materials. Four polystyrene sulfonate exchangers
nominally cross linked with 0.5, 2, 4, and 8% divinyl
benzene (DVB) were used. These preparations were
obtained from the Dow CheInical Co. and were desig
nated as Dowex 50W. Their exchange capacities,
measured by electrometric pH titrations in 2 N aque
ous salt solutions, were 5.46, 5.20, 5.32, and 5.19
mequiv./g. of dry H-form, respectively. 4 The ex
change capacity for tetramethylammonium ion (TMA),
which was determined by self-exchange with HC
labeled TMA and by elution of an aliquot of exchanger
in the HC-labeled TMA form with HCl, was the same
as for sodium ion within experimental error for all but
the 8% DYE preparations where a value of 5.01 (96.6%
of full capacity) was found.

After pretreatment to remove metallic impurities and
linear polyelectrolyte, a bed of exchanger in the Na
form was placed in a jacketed column maintained
at 25°, and an excess of solution of the desired composi
tion was passed until equilibrium was reached. After
removing the solution from the bed, the exchanger was
washed and stored in a closed vessel over saturated
MgCl2solution at room temperature. The water con
tent of an aliquot was determined by drying to a con-

stant weight under vacuum trapped with liquid
nitrogen. These preparations of varying ionic com
position5 and cross linking were employed in the meas
urements of selectivity coefficients and in the equiva
lent water and equivalent volume determinations
described below.

Reagent grade cheInicals were used as received except
for the tetramethylammonium chloride, which was
purified additionally by recrystallization from meth
anol-water.

Selectivity Coefficumt Measurements. Determinations
of the equilibrium selectivity coefficients, DNaTMA
were performed with mixed aqueous electrolyte solu
tions at an ionic strength, p. = 0.1, except with the
0.5% DYE exchanger where p. = 0.01. Carbon-14
labeled TMA6 and 14.8-hr. 24Na were employed as
tracers. Further purification of the TMA HC was
achieved by heating the compound under reduced
pressure (2-3 mm.) at 50° and collecting the volatile
impurities in a liquid nitrogen-chilled trap. This
operation was repeated until negligibly small amounts
of HC activity (4-5 times background) were condensed.
Proof of the purity of the TMA HC employed was ob
tained by eluting a small sample from the top of a
columnar ion-exchange bed (Dowex 50W-8, Na form)
with 0.1 M NaCl. The elution curve showed but a
single peak whose area was equal to the initial activity
placed on the bed. Additionally, the weight distribu
tion coefficient computed from the column parameters
was in agreement with that estimated from other ex
periments.

Assays of the "(-ray eInitting 24Na were performed
with a well-type thalliated NaI crystal scintillation
counter. Carbon-14 was measured by liquid scintilla
tion methods; however, it was necessary to count
aqueous electrolyte solutions so that the more highly
efficient toluene-base counting mixture could not be
used. The following mixture gave a 47% counting
yield (including instrument losses) without phase sepa
ration when 1 ml. of 0.1 M neutral aqueous electrolyte
was dissolved in 15 ml.: (a) 3000 ml. of p-dioxane
(Matheson Coleman and Bell); (b) 300 g. of naphthal
ene recrystallized from alcohol (Eastman Organic
CheInical Co.); 28.0 g. of 2,5-diphenyloxazole, PPO
(packard Instrument Co.); (d) 1.0 g. of 1,4~bis-2

(5-phenyloxazolyl)benzene, POPOP (Packard Instru
ment Co.); (e) 200.0 g. of deionized water. A Model

(4) Analyses for the sulfur content of the exchangers were in agree
ment with these exchange capacity values.

(5) Ionic composition was expressed as equivalent fraction of TMA,
<l>1'MA.

(6) Nuclear Chicago Co., Des Plaines, m. Specific activity =
1.5 mcuries/mmole; radiochemical purity 99% by dilution analysis.
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314 E X  Tri-Carb liquid scintillation counting system 
was employed.

A rate study was conducted to determine the time 
necessary for the attainment of ion-exchange equilib
rium. The homoionic 14C-labeled TM A salt of the 8% 
DVB cross-linked exchanger was caused to exchange 
with TM A in aqueous solution in a “ finite bath”  
experiment. Eighty per cent of equilibrium was 
reached in 2.0 min.; a 24-hr. period, accordingly, was 
considered sufficient for the establishment of an isotopic 
redistribution.

The possibilities that UC in the TM A might ex
change with the ion-exchange copolymer or that not all 
of the labeled TM A is removed from the exchanger 
when it was eluted with 1 M  HC17 were investigated. 
A 14C-labeled TMA salt of the 8%  DVB exchanger was 
prepared and allowed to stand. The exchanger was 
then converted to the H form by treatment with an ex
cess of 1.0 M  HC1. Approximately 1.6 g. was dis
solved in 100 ml. of 6%  H20 2 containing 150 mg. of 
FeS04'7H20  and the gases evolved were collected in 
0.1 M  NaOH. Virtually no 14C activity was found in 
either the aqueous solution or in the base, indicating 
that the amount of 14C that might have entered the 
structure of the exchanger or remained attached to ex
change sites was negligible.

Self-exchange reactions with 14C-labeled TM A and 
24Na were employed in the selectivity coefficient de
terminations. Aliquots of pre-equilibrated exchanger 
whose preparation was described above were placed 
in contact with solution identical in composition with 
that with which it had been brought to equilibrium but 
containing 24Na and T M A -14C tracers. After mixing 
in a thermostated bath at 25.0° for 24 hr., the phases 
were separated and the exchanger was regenerated 
with 1.0 M  HC1. The 24Na y-ray activity in an 
aliquot of the eluate was counted with a well-type crys
tal scintillation counter setting the discriminator level 
high enough to exclude pulses from 14C bremmstrahlen. 
The 24Na half-life and y-ray spectrum were compared 
with standards to establish the purity of the tracer. 
The ratio of y-activity in the exchanger to that in the 
aqueous phase was observed not to change with 
time, indicating that an isotope of constant half-life 
was measured in both phases. On several occasions in 
self-exchange experiments where ztma =  1.00 the 
aqueous phase was analyzed for sodium by flame pho
tometry. The amount of Na found was close to the limit 
of detection of the method and, hence, was vanishingly 
small. The absence of sodium confirmed the assump
tion that a valid self-exchange experiment had been 
performed.

The 14C-labeled TM A in the 1 M  HC1 eluate8 was

measured after a lapse of at least 12 half-lives of the 
24Na. The activity of the latter was found to have 
decreased to background after this time when measured 
either with a multichannel analyzer or by an integral 
count rate determination. As an additional check, 
the p activities of two samples, one of which had had 
24Na added, were compared with a liquid scintillation 
counter. There was no interference by the 24Na with 
the 14C activity measurement after a decay of 7 days.

Numerical values for the selectivity coefficient for 
the uptake of the preferred TMA ion9 were derived 
from measurements of the radioactivities of the TM A 
and Na+ ions in the exchanger and in the aqueous 
phase, respectively

£ Na™A = t (TM A) r/  (TM A) w ]/ [ (Na +) r/  (Na+) w ] (3)

The equivalent fraction of TM A in the exchanger, 
£ t m a ,  was obtained from

£tma =  -Dna™ a(3;tma)w/
[1 +  (7)Na™A — 1)(^tma)w] (4)

where (xtma)w is the aqueous phase equivalent frac
tion. An activity balance was made in each experi
ment to reduce the possibility of systematic errors 
caused by adsorption losses, etc.

The fact that only 96.6% of the exchange capacity 
of the 8%  DVB preparation was available for the TMA 
ion (see above) made it necessary to correct Z)Na™ A 
for the unavailable exchange sites. The selectivity 
coefficients reported for this preparation, therefore, 
must be considered less accurate than with the other 
preparations because they have been based on capacity 
rather than on counting ratio determinations.

Equivalent Water Content Measurements. The iso- 
piestic vapor pressure comparison procedure for the 
measurement of the equivalent water contents, xw, 
of the various ion exchanger preparations as a function 
of water activity, a», has been described.10 Saturated 
salt solutions of accurately known Ow were used as 
references11 when available; otherwise, NaCl solutions

(7) Micro amounts of tetraethylammonium ion were found by D. K. 
Hale, D. I. Paekham, and K. W. Pepper, J. Chem. Soc., 844 (1953), 
to be taken up strongly by the H-form of a 15% DVB cross-linked 
polystyrene sulfonate.
(8) The presence of acid or salts at concentrations above 0.1 m 
caused an appreciable lowering in the efficiency for counting TMA- 
14C. Unsuccessful attempts were made to overcome this “ chemical 
quenching.” The procedure finally used was to adjust the counting 
mixtures prepared from the aqueous and eluent phases, respectively, 
to the same composition.
(9) The “preferred ion” was defined as that ion which is selectively 
extracted by the most weakly cross-linked exchanger (i.e., the 0.5% 
DVB preparation).
(10) S. Lindenbaum and G. E. Boyd, J. Phys Chem... 68, 911 (1964)
(11) R. H. Stokes and R. A. Robinson, Ind. Eng. Chem., 41, 2013 
(1949).
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were employed. These latter solutions were analyzed 
for Cl-  ion by potentiometric titration when vapor 
pressure equilibrium had been attained. Isopiestic 
equilibrium with the exchangers was approached 
from both directions (i.e., by the uptake or loss of 
water), and measurements were conducted in duplicate 
on the 0.5, 2, and 8%  DVB exchangers. Water con
tents of the 4% DVB preparation in equilibrium with
0. 1 m electrolyte solutions were found by measuring 
the increase in concentration of a 32P-tagged high molec
ular weight polyphosphate solution when partially 
dried exchanger was immersed in it and osmotic equi
librium was established.

Equivalent Volume Measurements. Varying com
positions (i.e., xtua) of the 2%  DVB exchanger in 
equilibrium with various known water activities were 
employed in the equivalent volume measurements. 
Dry n-octane (synthetic, Matheson Coleman and Bell) 
was used as a displacement liquid in a pycnometric 
technique described elsewhere.2b The n-octane was 
dried by passing it through a deep bed of Linde 4A 
molecular sieve. The density of the dried liquid was 
found in good agreement with the literature value.

Experimental Results and Treatment of Data

The variation of the selectivity coefficient, DNa™ A 
for the uptake of TM A with exchanger cross linking 
and composition is shown in Figure 1. The curves 
drawn through the experimental points shown repre
sent a least-squares fit to a quadratic equation in Xt m a - 
An unusual feature is the strong selectivity reversal 
as the cross linking of the polystyrene sulfonate in
creased. With the 0.5% DVB exchanger, tétraméthyl
ammonium ion was preferred for all compositions; 
with the 8% DVB exchanger, Na+ ion was preferred 
for all compositions.12 This behavior contrasts with 
the selective uptake of Cs+ ion by the sodium form of 
polystyrene sulfonates where DNa+C3+ was observed 
to increase with cross linking.2“

The measurements of the equivalent water contents,
1, „  are given in Table I as a function of water activity 
(i.e., —log aw) and ionic composition for the 0.5 and 
2%  DVB preparations. These data, and those for the 
8% DVB exchanger which are not listed, were converted 
to weight normalities by the relation Nm =  1000/xw 
and fitted by least squares to a polynomial in —log
«W13

N m =  a +  /3( log aw) +  y( log aw)2
( x t m a  constant) (5)

Equation 5 was applied in several ways in the com
putation of the first and second terms on the right-hand

Figure 1. Equilibrium selectivity coefficients at 25° for the 
exchange of tétraméthylammonium with sodium ions on 
variously cross-linked polystyrene sulfonate; (¿i = C.10).

side of eq. 2. In the estimation of the configurational 
free energy, the quantity P  is computed from14

P  =  (RT/vw) In (aw'/a„) (Nm constant) (6)

where vw is the partial molal volume of water in the 
exchanger and a„' and a,, are the water activities in 
a cross-linked preparation and in a chemically identical 
exchanger so lightly cross linked that P  =  0, respec
tively.

The data of Table I also were employed in the evalua
tion of the activity coefficient ratio, log (7N»/7TMA)r, 
by means of the equation2“

log ( y n b / 7 T M  a )  r =

log (7 N8* /7 TMA*)r -  0.055517r (7a) 

where the integral, In, is defined by

(12) A pronounced reversal in the selectivity coefficient with cross 
linking in polystyrene sulfonate exchangers also has been observed 
in the exchange of tetramethylammonium ion with potassium ion 
by H. P. Gregor and J. I. Bregman, J. Colloid Sci., 6, 323 (1951).
(13) The constants a, ft and y in eq. 5 will be supplied on request.
(14) G. E. Boyd and B. A. Soldano, Z. Elektrochem., 57, 162 (1953).
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f* — log Ow

I r =  ! (ôxw/ôa;TMA)aw d (— log aw)
Jo

( x t m a  constant) (7b)

The quantity, log (7 Na*/7TMA*)r, was obtained from 
measurements of the selectivity coefficient, £>*, on the 
0.5% DVB preparation in equilibrium with highly 
dilute aqueous electrolyte mixtures. In this case the 
first and third terms on the right-hand side of eq. 2 
become negligibly small, and

log D* =  log (7Na*/7TMA*)r (8)

The required values of the coefficient, (àxw/àxTMA)0w, 
which is a function of —log Ow and £ t m a , were found 
by computing xw for chosen values of ætma and — log 
aw from eq. 5. These interpolated xw values were 
fitted by least-squares methods to an empirical equa
tion of the form

Xw = a +  fr̂ TMA +  cx TMA2
( —log aw constant) (9)

A plot of the derived (àxw/àxTUA.)aw values as a func
tion of — log ctw =  y for the 0.5% DVB and 2%  DVB 
exchangers with ztma =  0.0, 0.5, and 1.0 is given in 
Figure 2. The curves shown were computed from the 
“ least-squares”  equation

(cW ôztma )aw = A ie- A*v + A * - * "  (10)

This equation was employed because of the unsym- 
metric maxima observed in Figure 2. The appropriate 
values of —log a* for the upper limit of the integral 
in eq. 7b were obtained by substituting the xw values 
for the more highly cross-linked exchangers in eq. 5 
for the 0.5% DVB preparation and solving the quad
ratic. It is evident from Figure 2 that the quantity 
I r is positive over a wide range in —log Ow.

The measured equivalent volumes, Ve, were em
ployed to compute the quantity (ÿNa — vtma), also 
required to estimate the configurational free energy of 
the copolymer molecular network. The experimental 
Ve (ml. equiv.-1) for ztma =  0.00, 0.342, 0.569, 0.800, 
and 1.00 taken on the 2%  DVB exchanger with varying 
xw (g. of H20  equiv.-1) were fitted to the empirical 
equation2b

Ve =  Ve +  1.00298*w7(& +  Xw) (11)

where Va is the equivalent volume of the anhydrous 
exchanger and b is the fractional molar volume defect 
(Table II). Values of 142.0 and 221.0 ml. equiv.-1 
were observed experimentally for Va for the s o d i u m  

and tétraméthylammonium forms, respectively. The 
computation of the difference in the partial molal 
volumes of these forms was based on the equation2a
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(#n* — »tma) =  A 7 a — J ( d v w/ d x T M A )z wd x w

(ztma constant) (12)

The required values of the partial molal volume of 
water, vw =  {àVJ'àxy,)xtma> were computed from eq. 
11 and fitted to the empirical equation

vw =  a +  bxrux +  cxtma2 (xw constant) (13)

from which (ôz/w/ 5 xtma)i w values were computed. 
These differential coefficients were fitted to empirical 
equations which were used to evaluate the integral

- log aw

Figure 2. Variation of (dZw/AcTMA)», with —log ow 
for cross-linked polystyrene sulfonate.

Table II : Least-Squares Parameters for the Variation of 
Equivalent Volumes (ml.) of Tetramethylammonium-Sodium 
Salt Forms with Equivalent Water Content 
(g. equiv.-1) According to Eq. 11

X T M A Ya b R ange of xw

0.000 1 4 4 . 8 2 5 . 1 0 . 1 - 3 8 5 . 9

0 . 3 4 2 1 6 8 . 4 2 1 . 4 0 . 1 - 3 9 5 . 3

0 . 5 6 9 1 8 7 . 7 1 7 . 3 0 . 1 - 4 2 0 . 1

0 . 8 0 0 2 0 3 . 9 1 3 . 7 0 . 1 - 3 7 3 . 7

1.000 2 1 9 . 2 1 2 . 6 0 . 1 - 4 0 8 . 3

Figure 3. Variation of partial molal volume difference of 
tétraméthylammonium and sodium resinate 
with weight normality.

in eq. 12. The results of the calculations based on 
eq. 12 are shown in Figure 3 where it may be seen that 
the difference, (% „ — ütma), is relatively quite large. 
For example, the difference, (%» — vcb) was but — 18 
ml. equiv.-1 , approximately.28 Recent measurements15 
of the partial molal volumes of tétraméthylammo
nium bromide in aqueous solutions allow a calculation 
of the difference, (SN»Br — VrMABr), which is shown in 
Figure 3 for purposes of comparison.16 It is seen that 
a fair concordance between the two sets of measure
ments exists as would be expected; this fact suggests 
that Ve values measured on the 2 %  D V B  exchanger 
are reliable.

The third term on the right-hand side of eq. 2 , - 2  
log (tnsci/ ttmacOw, is a measure of the ionic inter
actions in the dilute aqueous electrolyte mixture in 
equilibrium with the ion exchanger. The contribution 
of this term for a 0.1 m solution is expected to be small. 
Its evaluation was accomplished by applying Harned’s 
rule and estimating a with a procedure17 suggested by 
Guggenheim. The equation was

log (YNaCi/ttmacOw =

log (7NaCl(0)/7TMAOl«») — (fi/NaCl “  b'TMACl)W (14)

where yNacuo) and ttmacko) are the activity coefficients 
of pure NaCl and TMAC1 solutions at molality, m, 
and the quantities b' are obtained from the relation 
b' — 0.4342 (10$ — 9.19), where $ is the molal osmotic 
coefficient at m. The derived value of 2 log (yneCi/  
7 tmaci)w was 0.0210 when m =  0.1, independent 
of the equivalent fraction of TMAC1 in the mixed

(15) W. Y. Wen and S. Saito, J. Phys. Chem., 68, 2639 (1964).
(16) Values for VNaBr as a function of concentration were computed 
with the equations and values of <Pv° and Sy given by H. S. Hamed 
and B. B. Owen, “Physical Chemistry of Electrolyte Solutions,” 
Reinhold Publishing Corp., New York, N. Y., 1959, p. 361.
(17) R. A. Robinson and R. H. Stokes, “ Electrolyte Solutions,” 
Butterworth and Co. Ltd., London, 1955, p. 440.
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Table III : Computation of the Equilibrium Selectivity Coefficient, Z>NaTMA, for the Exchange of Tétraméthylammonium with 
Sodium Ion for Varioua Ionic Compositions of Nominal 2, 4, and 8% DVB Cross-Linked Polystyrene Sulfonate“

log Z>NaTMA = PAS/2.3RT -f- log ( 7 N»/tthaL — 0.0210

%
DVB ZTMA Xyf

— log
f lW

log
(7Na*/ 7TMA*)r 0 .0 5 5 5  I / r

log
(to a/ 7TMA)r P — Av

- P M /  
2 .3  R T Dcalcd

Dobfld/ 
DCa led

0.00 503 0.0077 0.2058 0.0136 0.1922 20 91.9 0.0317 1.38 0.97
2 0.50 497 0.0084 0.1830 0.0192 0.1638 22 90.6 0.0350 1.28 0.88

1.00 486 0.0099 0.1408 0.0410 0.0998 26 89.3 0.0417 1.09 0.86

0.00 310 0.0157 0.2058 0.0557 0.1501 45 91.2 0.0721 1.14 1.08
4 0.50 249 0.0266 0.1830 0.0854 0.0976 79 89.8 0.1251 0.89 0.97

1.00 190 0.0467 0.1408 0.1330 0.0078 141 88.4 0.2215 0.58 1.03

0.00 192 0.0306 0.2058 0.1300 0.0758 91 90.1 0.1451 0.81 1.13
8 0.50 180 0.0431 0.1830 0.1390 0.0440 130 89.2 0.2058 0.66 0.88

1.00 174 0.0529 0.1408 0.1430 -0.0022 161 88.3 0.2517 0.53 0.91

“ Based on the 0.5% DVB exchanger.

Table IV : Computation of the Equilibrium Selectivity Coefficient, Dn»tma, for the Exchange of Tétraméthylammonium with
Sodium Ion for Various Ionic Compositions of Nominal 4 and 8% DVB Cross-Linked Polystyrene Sulfonate“

log DNa™A = PM/2.3RT +  log ( W w ) r  -  0.0210

%
DVB ITMA %

—log
O w

log
(7Na*/ 7TMA*)r 0 .0 5 5 5 1 /r

log
(TOa/7TMA)r P — M

- P M /
2 .3 R T Dealcd

Dobsd/
Doalcd

0.00 310 0.0114 0.1801 0.0145 0.1656 45 91.2 0.0721 1.18 1.04
4 0.50 249 0.0214 0.1047 0.0263 0.0784 79 89.8 0.1251 0.86 1.01

1.00 190 0.0416 0.0349 0.0505 -0.0156 141 88.4 0.2215 0.55 1.08

0.00 193 0.0295 0.1801 0.0593 0.1208 91 90.1 0.1451 0.90 1.01
8 0.50 180 0.0390 0.1047 0.0614 0.0433 130 89.2 0.2058 0.66 0.88

1.00 174 0.0486 0.0349 0.0645 -0.0296 161 88.3 0.2517 0.50 0.97

“ Based on the 2.0% DVB exchanger corrected to P — 0 and n — 0.01.

electrolyte. The values for ytmackoj and Ritmaci at 
0.1 m were taken from a recent publication.10

Discussion and Conclusions
A summary of the calculations of the selectivity co

efficient, Z>Na™A, as a function of the cross linking and 
ionic composition of the exchanger is afforded by Table
III. These calculations were based on the measured 
properties of the most lightly cross-linked preparation 
(e.g., 0.5% DVB) which was taken as the reference ex
changer. In principle, the thermodynamic procedure 
described above allows the calculation of the selectivity 
coefficient for any cross-linked exchanger relative to 
the properties of a more lightly cross-linked one. 
This point is illustrated by Table IV, where the 2%  
DVB exchanger was taken as the reference.

The calculated DNa™ A values in Tables III and IV 
are believed to show a satisfactory agreement with the 
experimentally measured values. The agreement is

better with the 2% DVB cross-linked exchanger as the 
reference principally because of the greater accuracy 
with which its equivalent water content was measured 
for small values of —log aw. However, an additional 
cause was the fact that the equivalent weight of the 
2%  DVB exchanger (192.1) was much closer to that 
for the 4%  (188.1) and for the 8%  (192.6) preparations 
than was the equivalent weight of the 0.5% DVB 
exchanger (183.0). The thermodynamic calculations 
were based on the assumptions that: (a) the ion ex
changers may be regarded as homogeneous, ternary 
mixtures of tetramethyl resinate, sodium resinate, and 
water, and (b) the lightly cross-linked reference ex
changers are chemically identical with the more highly 
cross-linked exchangers. Assumption b especially 
breaks down for preparations with 8%  DVB and greater 
because of the increased organic content of these 
exchangers, and because of the increasing number of 
sulfonate groups on the cross links. The importance
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of such changes in composition and structure have 
been elucidated in the extensive research of Bonner18 
with aqueous solutions of “ model” compounds. It 
may be concluded from these investigations that an 
increase in selectivity coefficient should accompany 
an increase in the equivalent weight of an exchanger, 
and it is of interest to note that the differences between 
the experimental and calculated selectivity coefficients 
given in Table III are in this direction.

The relative contributions of the various terms in 
eq. 2 to log DNa™ A for varying water content 
(and, hence, cross linking) when £tma =  0.0 are shown 
in Figure 4. It is evident that an important cause 
of the large decrease in the selective uptake of tétra
méthylammonium ion with increasing cross linking is 
the large increase in the configurational free energy 
(i.e., the PAv/2.3RT term) of the polymer molecular 
network when the large quaternary ammonium ion 
enters the exchanger. The magnitude of the selectivity 
coefficient reversal is accounted for quantitatively by 
the right-hand side of eq. 2, and this fact greatly in
creases our confidence in the essential correctness of 
the model on which the thermodynamic derivation of 
eq. 1 was based. The observed selectivity coefficient 
decrease, as the fraction of TM A in all the exchangers 
was increased (Figure 1), and the reversal found with 
the 4%  DVB exchanger also were reflected in the 
thermodynamic calculations (c/. Tables III and IV).

It is of further interest to note that the ionic inter
actions in the exchanger, which are reflected by the 
term log (t^ / tima^, were such as to decrease the 
selectivity for tétraméthylammonium ion with in
creased cross linking. This behavior, of course, indi
cates that the activity coefficient for Na+ ion in the 
exchanger decreases more rapidly with increased Nm 
than does t t m a ,  and it suggests that possibly “ site 
binding”  of Na+ ion becomes increasingly important 
as the water content of the exchanger decreases. The 
TM A ion is believed to be only slightly hydrated,19 
and the mechanism of its interaction with the sulfo
nate groups probably does not change significantly as 
xw is decreased. This difference in the interaction of 
TM A and sodium ions with the sulfonate group also 
manifests itself in aqueous solutions. Recent measure
ments20 of thermodynamic activity coefficients of the 
sodium and tétraméthylammonium salts of ethane- 
sulfonic acid have shown that y± for the latter salt at 
small concentrations is less than that for the Na salt, 
but that when m >  1.5 the reverse is true.

The selective uptake of the tétraméthylammonium 
cation by the most lightly cross-linked exchanger may 
be regarded as a consequence of water-water interac-

Figure 4. Comparison of terms contributing to calculated 
log D for the tetramethylammonium-sodium exchange on 
variously cross-linked Dowex 50 at 25°; x t m a  = 0.0.

tions which act to force large unhydrated ions from their 
aqueous solutions. This type of an effect has been 
proposed21 to explain the large selectivity coefficients 
shown by strong-base anion exchangers for large, 
unhydrated anions such as C104- , R e04, I - , ions, etc., 
and for the uptake of quaternary ammonium ions by 
cation exchangers in which “ structure-enforced ion 
pairs” 22 in the exchanger presumably are formed. 
It seems unlikely, however, that such ion pairs even 
if they are formed with polystyrene sulfonates can be 
very stable because of the strong hydration of the 
sulfonate group. When the cross linking is increased, 
these pairs become progressively more unstable and 
strong selectivity reversals occur. The conclusion 
from this research is that both ionic size and hydration 
are important in determining the uptake of tétraméthyl
ammonium ion by cross-linked polysulfonate cation 
exchangers.
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(I960); 65, 981 (1961); O. D. Bonner and J. R. Overton, ibid., 67, 
1035 (1963).
(19) E. R. Nightingale, Jr., ibid., 66, 894 (1962), on the basis of 
viscosity measurements has described the (CHî)dN+ ion as weakly 
perisurface hydrated.
(20) H. P. Gregor, M. Rothenberg, and N. Fine, ibid., 67, 1110 
(1963).
(21) B. Chu, D. C. Whitney, and R. M. Diamond, J. Inorg. Nucl. 
Chem., 24, 1405 (1962).
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Diffusion and Frictional Coefficients for Two Concentrated Compositions 

of the System Water-Mannitol-Sodium Chloride at 25°;

Tests of the Onsager Reciprocal Relation1

by Peter J. Dunlop2

Chemistry Department and Institute for Enzyme Research, University of Wisconsin, 
Madison, Wisconsin 68706 (.Received July 12, 1966)

Using a Gouy diffusiometer, diffusion and refractive index data have been measured for 
two concentrated compositions of the system H20- Tnan n itol-NaCl at 25° and compared 
with other diffusion data which were obtained by Kelly with a diaphragm cell for the same 
system. Frictional coefficients for four compositions of this system have been computed 
from the diffusion data reported here, the diffusion data of Kelly, and the activity data of 
Kelly, Robinson, and Stokes. The frictional coefficients indicate that the Onsager recipro
cal relation for isothermal diffusion is valid for this system. Diffusion, density, and re
fractive index data are also reported for the systems H20-mannitol and H20-N aC l at 
25°.

In the last decade, a number of papers in the litera
ture have reported diffusion data for isothermal ter
nary systems. For some of these systems,3 4 5 6 7“ 8 thermo
dynamic data have also been available and this has 
permitted the Onsager reciprocal relation (ORR) for 
isothermal diffusion in these systems to be rigorously 
tested.3“ 9 For other systems,10 it was necessary to 
make certain simplifying assumptions for the thermo
dynamic data before approximate tests of the ORR 
could be made. However, in all cases the ORR was 
found to be valid within the estimated error of measure
ment.

This paper reports diffusion data which were ob
tained with the Gouy diffusiometer for two concen
trated compositions of the system H20-mannitol- 
NaCl. The experiments were undertaken to comple
ment data obtained by Kelly8 with the diaphragm 
cell for two other compositions of this system. Dif
fusion and refractive index data, obtained with the 
Gouy diffusiometer, are also reported for the binary 
systems H20-mannitol and H20-NaCl. The former 
are compared with the data of Kelly.8 The ternary 
diffusion data are combined with the thermodynamic 
data of Kelly, Robinson, and Stokes11 to test the ORR

by computing frictional coefficients for this system 
both from the data reported here and also from the 
data of Kelly.8

(1) This investigation was supported in part by National Science 
Foundation research grant GP-179 and by National Institute of 
Arthritis and Metabolic Diseases (U. S. Public Health Service) 
Research Grant AM-05177.
(2) Department of Physical and Inorganic Chemistry, Adelaide 
University, South Australia.
(3) I. J. O’Donnell and L. J. Gosting, “ The Structure of Electrolytic 
Solutions,” W. J. Hamer, Ed., John Wiley and Sons, Inc., New 
York, N. Y ., and Chapman and Hall, London, 1959. See also, H. 
Fujita and L. J. Gosting, ./. Phys. Chew,., 64, 1256 (1960), where 
these data were analyzed by an improved procedure for calculating 
the diffusion coefficients.
(4) P. J. Dunlop, ibid.., 63, 612 (1959).
(5) D. G. Miller, ibid., 63, 570 (1959).
(6) L. A. Woolf, D. G. Miller, and L. J. Gosting, J. Am. Chew. Soc., 
84, 317 (1962).
(7) R . P. Wendt, J. Phys. Chern., 66, 1279 (1962).
(8) F. J. Kelly, Ph.D. Thesis, University of New England, Armidale, 
New South Wales, Australia, 1961.
(9) P. J. Dunlop and L. J. Gosting, J. Phys. Chem., 63, 86 (1959).
(10) F. 0 . Shuck and H. L. Toor, ibid., 67, 540 (1963).
(11) F. J. Kelly, R. A. Robinson, and R. H. Stokes, ibid., 65, 1958 
(1961).
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Theory
It is possible to describe ternary isothermal dif

fusion by two equivalent formulations.12 The first 
involves flow equations for the two (arbitrarily chosen) 
solutes, 1 and 2, diffusing in a solvent denoted by 0. 
The flows ( / i)v and ( / 2) y  of these components are 
written as linear functions of the independent solute 
concentration gradients at constant temperature, T, 
and pressure, P. The equations which have been 
suggested13 and tested experimentally14 are

(J l) v =  (Dn)v(àCi/^x)x,p,t —
(Pla)v(àC lt/àx)T ,P ,t (1)

(Ji)r = (D2l)y(i>Cl/dx)T,P,t —
(D 2 2) y ( ô C '2/ ô o ; ) r , p , i  (2 )

(Z)i2)y >■ 0 as Ci ■ ^ 0

(D2i)y ^ 0 as (72 0

where Ci and C2 are the solute concentrations in moles 
cc._1, (Du) F and (Z )22) y  are the main diffusion coef
ficients, and (P>n)v and ( D 2i ) y  are the cross-term 
diffusion coefficients. The subscript V  is used to indi
cate the volume frame of reference defined by

E  Vi(Jl)y  =  0 (3)
» = 0

where the V{ are the partial molar volumes of the com
ponents. In spite of the fact that four diffusion co
efficients appear in these flow equations, only three are 
independent8’15’16 if the principle of microscopic re
versibility17’18 is invoked. However, experimentally 
it is almost always necessary to measure all four co
efficients in order to completely describe ternary dif
fusion. It should be noted that no “ activity data" 
appear explicitly in eq. 1 and 2.

The second method for describing ternary diffusion 
has been suggested by both Onsager19 and Lamm,20 
though in slightly different forms. Their formulations 
are equivalent to the suggestion that it is possible to 
describe relative motion between components in terms 
of a set of frictional coefficients R ik defined by the equa
tions21-26

X i =  E  PikCk[(pi)y (r*)y] (4)
i = 0

Rue ~  Rki (4a)

where the X { are the gradients of the chemical poten
tials, p{, and are assumed to be the forces causing rela
tive motion of the components

X i =  —(àui/à%)T,p,t (5)

2
Z C iX t =  0 (5a)
1 =  0

and the {v̂ )v are diffusion velocities, for ;he volume 
frame of reference, defined by

(Ji)v = Ci(Vi)y (6)

Thus for ternary systems the diffusion process may be 
described in terms of only three independent frictional 
coefficients.

For ternary diffusion the equalities expressed by eq. 
4a are equivalent to the linear relationship5’15’16 24 which 
reduces the four dependent diffusion coefficients to 
three which are independent. It should be noted that, 
because velocity differences appear in eq. 4, the Rik 
are independent of the frame of reference used to define 
the diffusion coefficients.

The above two formulations are entirely equivalent 
and it has been shown25 for ternary systems that the 
R tk may be expressed in terms of the ( D „ ) y  by the rela
tions26

Rio =
Ci(CiPn +  (72Pi2)
Co(Ciau +  C2ai2) (7)

Rl2 =
Ci(anP 11 U11-P12) 

(C1OH1 +  Cïan) (8)

R2I =
C'ìÌOjìiP  22 — a22P 21) 

(C1U21 +  P2U22) (9)

R20 =
C\(CiP21 +  C2P22) 
Co(C\an +  CìOìÌ) (10)

where

(12) S. Ljunggren, “Ultracentrifugal Analysis in Theory and Experi
ment,” J. W. Williams, Ed., Academic Press, Inc., New York, N. Y., 
and London, 1963, p. 29.
(13) R. L. Baldwin, P. J. Dunlop, and L. J. Gosting, J. Am. Chem. 
Soc., 77, 5235 (1955).
(14) P. J. Dunlop and L. J. Gosting, ibid., 77, 5238 (1955).
(15) G. Hooyman, Physica, 22, 751 (1956).
(16) J. G. Kirkwood, R. L. Baldwin, P. J. Dunlop, L. J. Gosting, 
and G. Kegeles, J. Chem. Phys., 33, 1505 (1960).
(17) L. Onsager, Phys. Beni., 37, 405 (1931).
(18) L. Onsager, ibid., 38, 2265 (1931).
(19) L. Onsager, Ann. N. Y. Acad. Sci., 46, 241 (1945).
(20) O. Lamm, Acta Chem. Scand., 11, 362 (1957).
(21) A. Klemm, Z. Naturforsch., 8a, 397 (1953).
(22) R. W. Laity, J. Phys. Chem., 63, 80 (1959).
(23) R. J. Bearman, ibid., 65, 1961 (1961).
(24) S. Ljunggren, Trans. Roy. Inst. Tech., Stockholm, 172, 1 (1961).
(25) P. J. Dunlop, J. Phys. Chem., 68, 26 (1964).
(26) It should be noted that the frictional coefficients used by 
Bearman, Klemm, and Dunlop are the negative of those suggested 
by Onsager. Laity adopted those of Onsager.
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a «  =  5« +  (CiVt/CoVo) (■i, k = 1, 2) (11)
Pn = - W K ) ;  P12 = (M12/K )

(12)
P 21 =  (N*/K); P22 =  - ( N n/K)

K  =  |ATwj = (NnNn ~  N uNn) (12a)

A n  =  (A-Dii) fM22 ' (P 12) yM2i ]/^

N 12 =  [(Dii) fM12 ~  (-Dl2)yMll]/^
(13)

A 21 — [ (-D22)yM21 ~  (P2i) fM22]/0 

A 22 = [;P22)fM11 (P2l) fM12 ]/^

d =  \n t i\ =  (/211/U22 —  M12/U21) (13a)

and

=  j) T ,p ,ch9< (13b)

The validity of the ORR for a given system at a certain 
composition would result in the equality25 of the fric
tional coefficients Ru and Rn, the numerical values of 
which are independent of the frame of reference. The 
difference between these two quantities is a measure 
of the accuracy of the test of the ORR. Thus it is 
convenient to define

A% (exptl.) =  100(P12 — P2i)/P  (14)

where
R =  t(|Pi2| +  M / 2 ]  (14a)

In this paper eq. 7-13 are used to compute frictional 
coefficients for four compositions of the ternary system 
H20-mannitol-NaCl from the diffusion data reported 
here and from the data of Kelly,8 by using the thermo
dynamic data of Kelly, Robinson, and Stokes.11 A 
detailed description of the method used to compute 
the Rik is given in a later section.

Experimental Section
Materials. The mannitol used in all experiments 

was a British Drug Houses microanalytical reagent and 
the sodium chloride was a B.D.H. Analar product. 
Both of these chemicals were used without further 
purification and were dried in vacuo over phosphorus 
pentoxide. The diffusion coefficients and refractive 
index derivatives obtained for the two-component ex
periments with mannitol agreed, within the experi
mental error, with the results of an experiment per
formed in this laboratory with another sample of 
mannitol that had been recrystallized three times by 
Kelly8 and used for his work. Diffusion experiments 
performed by Ellerton27 with another sample of
B.D.H. microanalytical grade mannitol also agreed, 
within the error of measurement, with the results 
reported here.

All solutions were prepared with distilled water that 
had been treated in a Barnstead water purification 
system.28 The molecular weights29 of water, mannitol, 
and sodium chloride were taken to be 18.015, 182.175, 
and 58.443, respectively, while the corresponding com
ponent densities which were used to reduce all weighings 
to vacuum were 0.997048, 1.489, and 2.165 g. cc.-1, 
respectively. The density of brass was taken to be
8.40 g. cc.-1 and the density of the stainless steel 
Mettler weights to be 7.76 g. cc.-1. The correct 
procedure for reducing weights to vacuum is described 
in a Mettler publication.30

Solutions. All solutions were prepared by weight 
and the solute concentrations31 in moles/1000 cc., 
&i, calculated by means of the solution densities, p, 
in g. cc.-1, and the solute molecular weights. All 
solution densities were determined in quadruplicate 
with Pyrex matched 30-cc. single-neck pycnometers.

Apparatus, Experimental Quantities, and Computa
tions. The Gouy diffusiometer used for all of the ex
periments reported here has been adequately described 
elsewhere.14-32’33 * All of the experimental quantities 
used in this paper have been defined in another publi
cation.6 This paper should be read in conjunction with 
that article which also gives a description of the method 
of performing the experiments and the calculation 
procedures for obtaining the final results. Occasion
ally equation numbers in that article will be referred 
to here and identified by the letter W (e.g., 31W). 
The same fused quartz cell, SH-1 (cell 2 of ref. 7), 
was used for all experiments: its thickness, a, along 
the light path was 2.5075 cm. and the optical lever 
arm, b, was 306.64 cm. All experiments were per
formed within ± 0.003° of 25°.

Results
Two-Component Systems. Seven diffusion experi

ments were performed with the system I f20-mannitol. 
The data obtained are reported in Table I. The value 
of 6 corresponds to the average of the concentrations 
of the two solutions which were used in each experi
ment while the value of A6 is the corresponding dif
ference between these two concentrations. The total

(27) H. D. Ellerton, private communication.
(28) G. Reinfelds and L. J. Gosting, J. Phys. Chem., 68, 2464 (1964).
(29) Using atomic weights compiled in International Union of Pure 
and Applied Chemistry, Information Bulletin No. 14b (1961).
(30) Mettler News, (1-22)E, 81 (1961). This publication is avail
able from local Mettler agents.
(31) e ; =  lOOOC,- and (06 i/a C ^ r .p .c j^  ,■ =  1000.
(32) L. J. Gosting, E. M. Hanson, G. Kegeles, and M. S. Morris, 
Rev. Sci. Instr., 20, 209 (1949).
(33) P. J. Dunlop and L. J. Gosting, J. Am. Chem. Soc., 75, 5073
(1953).
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Table F : Diffusion Data for the Binary Systems at 25°

System e AC

TbO-mannitol 0.026183 0.052366
WO-mannitol5 0.032690 0.065380
TbO-mannitol 0.040918 0.081836
HîO-mannitol 0.195452 0.064971
TbO-mannitol 0.399622 0.06435g
IbO-mannitol 0.688826 0.057741
EbO-mannitol 0.799871 0.060561
EbO-NaCl 1.50046 0.19988
EbO-NaCl 3.00010 0.20013

J
(An/AC) 

X 103 D X 10“ Q X 10*

62.42 25.958 0.6608 0.1
77.92 25.954 0.6597 0.2
97.51 25.948 0.6576 0.0
77.26 25.896 0.6274 1.5
76.34 25.831 0.5867 - 1 .3
68.17 25.710 0.5360 0.5
71.49 25.707 0.5170 0.4
84.04 9.156 1.494g - 1 .6
78.26 8.516 1.5555 - 1 .5

“ Units: concentrations 6, moles 1000 cc.-1; diffusion coefficients D, cm.2 sec.-1; refractive index derivatives (An/AC), 1000 cc. 
mole-1, referred to the velocity of light in air at standard temperature and pressure and for wave length 5460.7 X 10-s cm. in air. 
b This sample was obtained from R. H. Stokes and had been recrystallized three times by F. J. Kelly.

number of fringes, J, obtained in each Gouy experi
ment together with the corresponding refractive index 
derivatives, (Aw/AG), and diffusion coefficients, D, 
are also included in the table. The Q values6 are the 
areas of the graphs of the relative fringe deviations, 
0, vs. the reduced fringe numbers f(£).6 If the Gouy 
apparatus is optically perfect, the magnitude of Q 
is a measure of the deviation of the refractive index 
gradient curve from gaussian shape.

Several density measurements were made with the 
mannitol solutions to complement results which had 
been obtained elsewhere.34 The results of a total of 
twelve experiments are best represented by the equa
tion
p = 0.997048 +  0.0631 loG -

0.000754c 2 (G ^ 0.9) (15)

with an average deviation of ±0.0002%. These density 
results are approximately 0.005% lower than those of 
Kelly,8 who obtained 118.90 cc. mole-1 for the limiting 
partial molar volume of mannitol. The results sum
marized by eq. 15 give 119.42 cc. mole-1 for the same 
limiting partial molar volume. Equation 15 was used 
to compute the solute concentrations for all the manni
tol diffusion experiments in Table I.

The densities for the sodium chloride solutions were 
computed using the following equation85 for the ap
parent molar volume of NaCl, $

$Naci =  16.50 +  2.034G1/! +
0.0121G8/2 (0 < 5.3) (16)

Using the diffusion and refractive index data for the 
system HaO-mannitol in Table I, the method of least 
squares was used to obtain the equations

D X 10s =  0.6664 -  0.20886 +
0.0278G2 (G ^ 0.8) (17)

with an average deviation of ±0.05% , and 

(Aw/AG) X 103 = 25.964 -
0.34qC (C ^ 0.8) (18)

with an average deviation of 0.02%. The limiting 
diffusion coefficient obtained for this system is 2.2% 
lower than that obtained by Kelly,8 while both sets of 
data agree when C = 0.2. The refractive index data 
obtained in this work are an average of 1% lower than 
that of Kelly. A somewhat similar situation was 
found by Woolf36 when comparing his diffusion results 
for the system pentaerythritol-H20  with the correspond
ing data of Kelly. Woolf36 has discussed several pos
sibilities which might explain the discrepancies be
tween the data reported here and the results of Kelly.

Table II : Comparison of Diffusion and Refractive Index 
Data at 25° for Two Compositions of the 
System NaCl-H20

Stokes37
(dia

phragm Lyons38 W oolf36 Dunlop
cell) (Gouy) (Gouy) (Gouy)

D X 105
(e = 

1.495
1.5)
1.498 1.4966 1.494s

(An/AC) X 103 9.170 9.182 9.156

D X 105
(e = 

1 . 5 4 4
3.0)
1.565 1.5555

(An/AC) X 103 8.564 8.516

(34) P. J. Dunlop, unpublished data.
(35) H. S. Harned and B. B. Owen, “The Physical Chemistry of 
Electrolyte Solutions,” Reinhold Publishing Corp., New York, 
N. Y „ 1958, p. 397.
(36) L. A. Woolf, J. Phys. Chem., 67, 273 (1963).
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Table in'1: Experimental Data for the System H20-Maimitol-NaCl at 25° (0 = H20 ; 1 =  Ma.nnit.nl - 2 = NaCl)

1 — O . uu—-----—
Co = 48. 675 Co = 46. 819

1 Cell SH-1 SH-1 SH-1 SH-1 SH-1 SH-1 SH-1 SH-1
2 (6 0 a 0.750051 0.743058 0.722058 0.716633 0.749897 0.748429 0.716889 0.714131
3 (C2)a 1.40404 1.40718 1.4812g 1.50176 2.89322 2.90652 2.99662 3.00394
4 ( p ) a 1.09760g 1.097334 1.098819 1.099239 1.151621 1.152025 1.153374 1.153470
5 (6i)b 0.74998g 0.757238 0.778304 0.783165 0.750375 0.751815 0.783104 0.785982
6 ( G 2 ) b 1 .60284 1.59700 1.52047 1.50285 3.10339 3.09649 2.99685 2.99595
7 ( p ) b 1.104991 1.105181 1.103613 1.103243 1.159112 1.15892s 1.157204 1.157326
8 G i 0.750020 0.75014s 0.750181 0.74989g 0.750136 0.750122 0.749996 0.750056
9 C2 1.50344 1.5020g 1.50088 1.50230 2.99830 3.00150 2.99674 2.99994

10 J exptl 80.20 92.82 80.17 76.49 79.95 75.44 73.71 76.84
11 Jcalcd 80.20 92.86 80.13 76.51 79.89 75.50 73.70 76.85
12 Oil -0.0009 0.1746 0.8026 0.9942 0.0066 0.0498 0.9988 1.0393
13 (» A).xpti X 106 1.380i 1 .1026 0.57565 0.48925 1.4629 1.360g 0.43129 0.41507
14 (Da)calcd X 106 1.3815 1.1014 0.57561 0.48934 1.462s 1.3611 0.4309g 0.41534
15 Qexptl X 10* -154.86 3.47 106.51 45.85 -198.30 -129.50 106.34 85.82
16 Qcalcd X 104 -156.04 5.25 104.94 46.81 -198.74 -129.01 105.7s 86.33
17 Ik 269.21 259.99
18 Sk 183.91 221.97
19 E0b -4.1743 -5.4679
20 ES 28.7542 41.0490
21 ES 22.5569 30.5117
22 Vo = 17.997 Vi =  122.58 V, =  21.39 Vo = 17.909 Vi = 123.7g Vs =  22.89
23 (Ri X 103 = 24.898 (Rj X 108 = 8.793 (R, X 103 =  24.208 (R2 X :108 =  8.224
24 OCj X 102 = 5.947 0C2 X 102 = 3.703 3Ci X 102 = 5.765 3C2 X 102 = 3.542
25 p(Ci,e2) = 1.101170 p(Ci,C2) = 1.155409

“ Units: concentrations S n  moles 1 0 0 0  cc._1; densities p, g. cc. 1; reduced height-area ratios D a , cm.2 sec.-1. b More than the mini
mum number of significant digits were retained in these values to minimize the accumulation of errors in the calculations.

Experiment 5 in Table I was performed with the same 
sample as was used by Kelly.

Two binary diffusion experiments were also per
formed with the B.D.H. Analar sodium chloride sample. 
The results are listed in Table I. Table II gives a 
comparison of the results obtained with those of three 
other workers.87 -37 38

It is seen that all the results at Q =  1.5 show quite 
good agreement, but that at C =  3.0 the deviations 
between the various results in Table II are much larger 
than one would expect with an estimated accuracy 
in D for the Gouy and diaphragm cell methods of 0.1 
and 0.2%, respectively. However, because most 
diffusion coefficients are functions of concentration, 
it is possible that these deviations may be due to the 
fact that the Gouy data reported in Table II are, 
strictly speaking, integral values. Inspection of all 
the Q values in Table I indicates that the refractive 
index gradient curves obtained with the samples 
used in this work were of gaussian shape within the 
error of measurement.

Three-Component Systems. All of the pertinent ex
perimental data for the two compositions of the 
system H20  -maim itol-NaCl studied in this work are

reported in Table III. Throughout this paper 0 is 
used to designate the solvent (an arbitrary choice) 
while 1 and 2 are used to designate the solutes mannitol 
and NaCl, respectively.

Lines 2 to 7 give the concentrations and the cor
responding densities of the two solutions A (upper) 
and B (lower) used in each diffusion experiment, while 
lines 8 and 9 give the arithmetic averages, e<, of these 
solution concentrations. The total number of fringes, 
Jexpti, used for each experiment are listed in the table 
together with the corresponding values of / caicd 
which were computed from the concentration dif
ferences, AC,, and the two refractive index derivatives,39 
(Ri, calculated by the method of O’Donnell and Gosting.3 
The values of ai (see eq. 39W) are given in line 12. The 
experimental and computed height-area ratios, 2DA, are 
listed in lines 13 and 14 while lines 15 and 16 give the 
corresponding experimental and computed areas of the 
fringe deviation graphs for each experiment. It is

(37) R. H. Stokes, J. Am. Chem. Soc., 72, 2243 (1950).
(38) V. Vitagliano and P. A. Lyons, ibid., 78, 1549 (1956).
(39) A script letter has been used here to represent the refractive 
index increments to avoid confusion with the frictional coefficients, 
Rik.
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believed that, in this work, each Qexpti value is known 
to approximately ±2.0 X 10~4. Lines 17 to 21 report 
certain intermediate quantities which are obtained in 
the calculations6 for the (Z)y)F values.

Stability criteria20-40 were applied to the ternary 
diffusion experiments and indicated in each case that 
the diffusion boundaries were gravitationally stable.

The method of least squares was used to express 
the solution densities for each composition of the 
system by means of the equation

p  =  p ( e i , e 2) +  3 C i( e i  -  <3i) +  3e2( e 2 -  e 2) (1 9 )

where Ci and e 2 define the composition of the system 
and the 5Ce are defined by the equation

3Ct =  (19a)

Values of 3Ci, 3C2, and p(6i,C2) are reported in lines 24 
and 25 of Table III. The 3C{ values were employed 
to compute41 the partial molar volumes, Vt, listed in 
line 22 of the same table. In both cases the density 
data are represented by eq. 19 with an average devia
tion of ±0.0007%.

The pertinent data in Table III were then used to 
compute the (i% )F values which appear in columns 
C and D of Table IV. The diffusion data of Kelly 
which were obtained with the diaphragm cell method 
are listed in the same table for comparison. The 
methods used for computing the (D{j) v have been 
given in great detail elsewhere.6 All computations in 
this article were performed with programs previously 
written by R. P. Wendt (Intercom 1000) and H. D. 
Ellerton (IBM 1620). The errors in each (D{j)v 
in Table IV were computed by assuming errors of ±2.0 
X 10-4 in each Q value. As has been previously indi
cated,7-42 the errors in the values of Q cause much greater 
errors in the (DW)F than the corresponding errors in the 
values of the SDA.

It is interesting to note that the {Du)v and (D2i)r 
values in Table IV can be represented within the error 
of measurement by the two equations

(Dn) v =  6i(0.06332 -  0.00033(32) (20)

(D21)f = e2(0.16290 -  0.052186i) (2 1 )

Table IV“’*1 ; Diffusion and Frictional Coefficients

A B C D

Gi 0 .2 0 0 .2 0 0.75 0.75
e2 1.50 3.00 1.50 3.00
{Dn)y X 106 0.559 0.446 0.4598 0 .3848

±0.004 ±0.006 ±0.C0l2 ± 0 .001o
{Dn)v X 106 0.016 0.013 0.C462 0.0466

± 0.010 ±0.008 ± 0.0006 ± 0.0004
(D2i)f X 105 0.2315 0.456 0.1794 0.3744

± 0 .001o ±0.003 ± 0 .0 0 8 4 ±0.0075
(D2i)v X 105 1.390 1.469 1.0989 I.UO3

± 0 .0 0 2 ±0.003 ±0.(1034 ±0.003o
«io X 10 ~17 0.7563 0.8877 1 .0192 1-1194
(i«io)i X 10"” ±0.0477 ±0.0922 ±0.0046 ± 0 .0 0 6 1
(SÆio)s X 10-17 ±0.0016 ±0.0027 ±0.0040 ± 0 .0062
jRi! X 10-17 3.4309 3.8637 4.5022 5-8726
(.SRi2)i X IO- 17 ±1.5858 ±1.4441 ±0.0387 ±0.0264
(«fili)2 X IO- 17 ±0.0358 ±0.0348 ±0.04io ±0.0381
« 2 1 X IO- 17 4-1825 4.2472 4.1201 5 .5604
(*fiii)i X IO- 17 ± 0 .0 2 x9 ±0.0507 ±0.4=971 ±0.3085
(«fi21)2 X IO- 17 ±0.0790 ±0.1057 ±0.1106 ±0.1381
«20 X IO“ 17 0.6922 0.84j2 0.9123 1.1312
(îfijo)i X IO-17 ± 0.0010 ±0.0014 ±0.0097 ± 0 .0 0 6 8
(« « 20)2 X IO- 17 ± 0.0035 ±0.0069 ± 0 .0 0 6 2 ±0.0115
A% (exptl.) -1 9 .7 -9 .6 8 .8 5.6
A% (calcd.) ±45.2 ±40.3 ±15.9 ± 8 .9

0 Units: concentrations <5,¡, moles 10 0 0 cc. 0 diffusion coef-
ficients (Dij)v, cm.2 sec. 1; frictional coefficients Rik, erg cm.
sec. mole 2. 6 The (Di})v in columns A and E were obtained 
by Kelly with the diaphragm cell.

2

P« = 'llAikBkj (i, j  — 1, 2) (22)
k = 1

where

A ik = {bjXi/i)mk)T,p,mi7ik (22a)

and

Bkj X 10-3 =  (dmfc/de^K.p.e^ oj (22b)

The molalities mk are related to the corresponding 
Qk and the solution density p by

mk =  (e*//3) (k =  1, 2) (23)

where
which also satisfy the restrictions (Du)v —•► 0 as (3i -*■ 0 
and CD2i) f —► 0 as ©2 —*■ 0 (see eq. 1 and 2). 0 = P -  E T f ï C i / 1 0 0 0

¿ = 1
(23a)

Tests of the Onsager Reciprocal Relation
Derivatives of the Solute Chemical Potentials. In 

order to evaluate the derivatives in eq. 13, these 
derivatives are first related to the corresponding deriva
tives on the molality concentration scale by the rela
tion

and Mi is the molecular weight of component i. Ex-

(40) R. P. Wendt, / .  Phys. Chem., 66, 1740 (1962).
(41) See the Appendix of ref. 9.
(42) P. J. Dunlop and L. J. Gosting, J. Phys. Chem., 6 8 , 3874 
(1964).

Volume 69, Number 1 % December 1965



4282 P eter  J. D unlop

pressions for the Bkj may be readily obtained by dif
ferentiating eq. 23 with respect to Q}

Bkj X 10 -3 =  \j30kj -  e*(3e, -  M }/1000) ]/d2 (24)

The derivatives A ilc are functions of the solute con
centrations, mt, and the corresponding activity co
efficients, Tj,43 which appear in the expressions for the 
chemical potentials, jm, of the two-solute components

Hi =  mi0 +  v\RT In yimi (25)

(vi =  1; vi =  2)

M2 =  M2° +  vJRT In 7 2m2 (26)

In these expressions mi0 and M20 are the standard chemi
cal potentials and R is the gas constant. Differentia
tion of these equations with respect to the appropriate 
molalities gives

Aik =  RTvi[(ôik/vii) +  lb*] (i, k — 1, 2) (27) 

where

Vik =  (Ô In yî/àmk)Ttptmi_é]c (27a)

VjYik =  r j k (i X  k) (27b)

The derivatives Yik may be obtained directly from the 
series expressions for the In y t reported by Kelly, 
Robinson, and Stokes11 for the system H20-mannitol- 
NaCl, the data of Robinson and Stokes44 45 for the system 
H20-mannitol, and the vapor pressure data48 for the 
system H20-N aCl which is used as a reference standard 
for the isopiestic vapor pressure method. The data for 
these two-component systems are reported as osmotic 
coefficients, <pt, as functions of the solution molality, mt

<Pi =  — (1000/riTOiMo) In oo (28)
i r mi

=  1 4 ------I d In 7 4° (i =  1 , 2)
m Jo

where y ?  is the activity coefficient of the solute and a0 
and Mo are the activity and molecular weight, respec
tively, of the solvent. An intermediate quantity 
r 4i°, which is used in obtaining the Yik, may be ob
tained by differentiating the expression for the <pt with 
respect to mt and using the Gibbs-Duhem relation. 
Thus we obtain

Yu0 =  (d In 7 jVdmOr.p (i =  1, 2)

= ('d<pt/àmt)T.p +  [(#>< ~  1 )/mi] (29)

If the experimental osmotic coefficients are expressed 
as series expansions in the molality, the Yit0 may be 
found by differentiation of these series expressions and 
using eq. 29.

As a first step in obtaining the Hu for testing the ORR

for several compositions of the system H20 -mannitol- 
NaCl, it is necessary to compute values for the Yik. 
These values were obtained by differentiation of the 
four equations11'44'46 *

In 7 i =  In 7 i° +  am2 +
(6/2)to22 +  (c/3)m23 +  emim2 (30)

In 72 =  In 72° +  (a/2)mi +
(b/2)mim2 +  (c/2)mim22 +  (e/4)wii2 (31)

[a =  -0.0145, b =  0.00184,
c =  -0.0022, e =  0.0032]

#>1 =  1 +  0.0034m! +  0.0042m!2 (32)

<p2 =  0.9353 +  0.034997(m2 -  1) +
0.01745o(m2 -  l ) 2 -

0.005765(m2 -  l ) 3 +  0.00124i(m2 -  l )4 -  

0.000109i(m2 -  l )8 [1.0 <  m2 <  5.0] (33)

together with eq. 27a-29 and are listed in Table V.

Table V“'6: Computation of the Chemical 
Potential Derivatives Ha

I II III IV
Cl 0.20 0.20 0.75 0.75
62 1.50 3.00 1.50 3.00
m,i 0.21178 0.21926 0.85531 0.88921
m2 1.5884 3.2889 1.71062 3.55682
r u° 0.00947 0.00956 0.01758 O.OI8O0
r 22° 0.02589 0.08856 0.03358 0.09434
r u 0.01455 0.02008 0.02305 0.02938
r*i2 = 2 T2I -0.01645 -0.03155 -0.01505 -0.03295
P22 0.02534 0.08717 0.03115 0.0882o
An X 10-10 11.74172 11.3560g 2.95553 2.86072
(4.12 = 4 .21) X 

10-10
-0.04078 -0.07821 -0.03731 -0.08168

4 22 X 10-10 3.24704 1.93970 3.05283 1.83125
Bn X io -8 1.08608 1.12516 1.2601o 1.31689
Bn X 10-8 0.00461 0.00534 0.02088 0.02428
Ba X 10-8 0.20389 0.44502 0.23937 0.52511
B22 X 10-8 1.0934s 1.17633 1.18218 1.28271
Mil X 10-18 12.7442 12.7518 3.7153 3.7244
Mis X 10-18 0.0095 -0.0314 0.0176 -0.0353
M21 X 10-18 0.6178 0.7751 0.6837 0.8540
M22 X 10-18 3.5505 2.2813 3.6082 2.3470

“ More than the minimum number of significant digits have 
been retained on the Bijt and Hij values to minimize the 
accumulation of errors in calculating the Rik. b The Hij have 
units cc. erg mole-1.

(43) 71 and 72 are functions of both mi and m2.
(44) R. A. Robinson and R. H. Stokes, J. Phys. Chem., 65, 1954 
(1961).
(45) R. A. Robinson and R. H. Stokes, “Electrolyte Solutions,” 
Butterworth and Co., Ltd., London, 1959, p. 476.
(46) Equation 33 was obtained from the data cited in ref. 45 by the
method of least squares.
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The A ik were then obtained from the Tik and the mt by 
means of eq. 27 and are also listed in the same table. 
The Bkj, the other quantities which appear in the ex
pressions for the Hij, were computed from the 3Cj 
in Table III and eq. 24. Equation 20 was then used 
to calculate the in Table V.

Calculation of the R ik. Frictional coefficients R ik 
were computed from the pertinent data in Tables III 
to V by means of eq. 7 to 13. The values so ob
tained are listed in Table IV. In these calculations 
the value of the gas constant, R, and the value of the 
absolute zero of temperature were taken to be 8.3144 
X 107 ergs deg.-1 mole-1 and —273.16°, respectively.

At the bottom of Table IV the A% (exptl.) values, 
which were calculated by means of eq. 14, provide a 
measure of the validity of the ORE (microscopic re
versibility) for a given composition of the system. 
The A% (calcd.) values in the next line were calculated 
as follows. The main errors in the Rik were assumed 
to be due to the errors in the (Dtj)v listed in Table IV 
and to the errors in the I V 47 On this basis it was pos
sible to compute both the errors (SRik)i caused by the 
errors in the (D v)v and the errors (<5KW)2 caused by the 
estimated errors48 of ±0.002 in ri2 and r21 and ±0.003 
in Tn and r22. Values for (8Rik)i and {8R,ik)2 are listed 
in Table IV. In computing the A% (calcd.) values 
the absolute values of the estimated errors in Ri2 and 
Rn were substituted in the relation

2
A% (calcd.) =  ±(100/2?)£|(«i2»)j| (34)

i,k,l = 1
(ty*&)

where R is defined by eq. 14a. The errors in Rn and 
|?2i in Table IV indicate that, as far as the data ob
tained with the Gouy diffusiometer are concerned 
(columns C and D), the errors in the R (k are somewhat 
larger for the estimated errors in the (Z)y)F than for 
the estimated errors in the T{k.

The (Dtj)r  values in Table IV indicate that the dif
fusion coefficients obtained for this system by the 
diaphragm cell8 and the results obtained in this work 
with the Gouy diffusiometer are known, when all the 
(Z)y)F are considered, with essentially the same ac
curacy. However, for ternary diffusion, a complete 
check of the accuracies of the two methods has yet to 
be made. This would require measuring the (D{j)v 
by the Gouy and diaphragm cell methods in the same 
laboratory and with the same samples of the solutes 
and solvent.

Acknowledgment. The author wishes to thank 
Professor L. J. Gosting for many stimulating discus
sions and suggestions and Professor R. H. Stokes for 
his criticism of this article.

(47) Thus it is assumed that errors in the 6,-, the m-, the Vi, and the 
<pi are negligible compared to the errors in the Tit.
(48) It is extremely difficult to estimate the errors in the F»*. The 
error of ±0.002 in Tu and Tii was adopted on the basis of similar 
isopiestie results obtained in this laboratory by Mr. H. D. Ellerton 
for the system BUO-suerose-urea. He was able to represent his 
ISO experimental points by a series of expansion in both mi and m% 
with an average deviation of ± 0.0 0 17 . Since integration followed 
by differentiation is involved in obtaining Tu and T22, the larger 
error of ±0.003 was adopted for these quantities.
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Triplet State of Fluorobenzene

by I. Unger1

Department of Chemistry, University of Texas, Austin, Texas (Received July 12, 1966)

The sensitized emission of biacetyl and the cis-trans isomerization of butene-2 have been 
applied to fluorobenzene. Approximately 90% of the fluorobenzene molecules excited by 
2537-A. radiation cross over to the triplet state. The effect of wave length has also been 
studied.

Introduction

Although the triplet state of benzene was detected 
by Lewis and Kasha in 1944,2 by its strong phosphores
cence in a rigid medium at low temperatures, it was 
not found either in solution or in the gas phase until 
much later. Ishikawa and Noyes3 4 5 6 7 developed a tech
nique based on the sensitized emission of biacetyl 
which clearly demonstrated the existence of triplet 
benzene. These authors also showed that, within 
experimental error, all of the benzene molecules 
which had absorbed 2537-Â. radiation and did not 
fluoresce crossed over to the triplet state. Cundall 
and co-workers4-7 used the sensitized cis-trans isomeri
zation of butene-2 to detect the triplet state of benzene. 
Their estimate of the amount of triplet produced is in 
agreement, within experimental error, with that given 
by Ishikawa and Noyes.

It was thought of interest to apply the above-out
lined techniques to some halogenated derivatives of 
benzene to detect indirectly their triplet states and to 
try to observe a McClure effect.8 Fluorobenzene is 
the only monohalogenated benzene which does not de
compose when irradiated at 2537 A.9 (Loeff, Revetti, 
and Stein10 have noted a very small quantum yield of 
decomposition of fluorobenzene in solution when 
irradiated at 2537 A.)

Fluorobenzene shows strong absorption over the 
same region as benzene. Its triplet state (detected 
by oxygen perturbation) lies very close to that of 
benzene.11 It has a weak fluorescent emission in all 
phases but does not show any triplet state emission 
even in a glassy matrix.12 It seemed therefore that 
this molecule would be very well suited for the type of 
study outlined above.

Experimental Section
Materials. The fluorobenzene used was Eastman 

White Label, purified by bulb-to-bulb distillation in 
vacuo. The cyclohexane was Matheson Coleman and 
Bell Chromatoquality reagent used without further 
purification; benzene was Matheson Coleman and 
Bell Spectroquality reagent purified in the same way 
as the fluorobenzene; biacetyl was also obtained from 
Matheson Coleman and Bell and purified by bulb 
to bulb distillation in vacuo. Research grade cis- 
and frans-butene-2 were obtained from the Phillips 
Petroleum Co., and vapor phase chromatography 
showed them to be essentially pure.

A conventional high-vacuum, grease-free line was 
employed. All experiments were carried out in a 60 
mm. long T-shaped cell. The horizontal windows of

(1) The University of New Brunswick, Saint John, New Brunswick, 
Canada.
(2) G. N. Lewis and M. Kasha, J. Am. Chem. Soc., 66, 2100 (1944).
(3) (a) H. Ishikawa and W. A. Noyes, Jr., ibid., 84, 1502 (1962); 
(b) H. Ishikawa and W. A. Noyes, Jr., J. Chem. Phys., 37, 583 
(1962).
(4) R. B. Cundall and T. F. Palmer, Trans. Faraday Soc., 56, 1211
(1960) .
(5) R. B. Cundall and D. G. Milne, J. Am. Chem. Soc., 83, 3902
(1961) .
(6) R. B. Cundall, F. J. Fletcher, and D. G. Milne, J. Chem. Phys., 
39, 3536 (1963).
(7) R. B. Cundall, F. J. Fletcher, and D. G. Milne, Trans. Faraday 
Soc., 60, 1146 (1964).
(8) D. S. McClure, J. Chem. Phys., 17, 905 (1949).
(9) O. P. Semenova and G. S. Tsiknnov, Zh. Fiz. Khim., 18, 311 
(1944).
(10) I. Loeff, L. M. Ravetti, and G. Stein, Nature, 204, 1300 (1964).
(11) D. F. Evans, J. Chem. Soc., 2753 (1959).
(12) E. H. Gilmore, G. E. Gibson, and D. S. McClure, J. Chem. 
Phys., 20, 829 (1952), and correction to this publication: ibid., 23, 
399 (1955).
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the cell were 30 mm. in diameter while the vertical 
or emission window was 20 mm. in diameter. The cell 
was encased in an aluminum block which served a 
dual purpose in that it reduced stray light and could 
be used as a furnace. High-vacuum Teflon stopcocks 
(Delmar Corp.) were installed close to the cell in order 
to diminish the “ dead space.”

The light source was a Hanovia S-100 medium-pres
sure mercury arc (Alpine Burner) whose emission was 
focused by two quartz lenses on the entrance slit of 
a Bausch and Lomb grating monochromator, Model 
33-86-45. The reciprocal linear dispersion of this 
monochromator is given as 6.6 A./mm., and the slit 
widths used in this study were entrance slit 4 mm. and 
exit slit 1 mm. The light from the monochromator 
was focused by a quartz lens onto the window of the cell. 
The light transmitted through the cell was measured 
with an RCA 935 phototube connected to a Keithley 
Micro-Microammeter, Model 410. The emission in
tensity was measured by an RCA 1P28 photomultiplier. 
The associated electronics have been previously de
scribed.13 Fluorobenzene and benzene emission was 
viewed through a Corning No. 9863 filter which trans
mits from 2400 to 4000 A., while biacetyl emission was 
viewed through a Coming C.S. 373 filter which trans
mits wave length longer than about 4400 A.

All materials were thoroughly degassed before ad
mission to the cell. Mixing was accomplished by flash 
vaporization, and in the cases where the components 
had widely separated boiling points the flash vapori
zation procedure was repeated several times. Pres
sures below 3 mm. were measured by allowing a rela
tively large pressure into the cell and then expanding 
into large calibrated flasks.

In order to measure fluorobenzene fluorescence and 
the sensitized emission of biacetyl, the following tech
nique was used. Benzene or benzene biacetyl mixtures
were introduced into the cell and photolyzed at 2537 ° . .A. The absorbed and emitted intensities were noted
at several pressures for which quantum yields of emis
sion and sensitized emission have been given by 
Ishikawa and Noyes.3b These quantum yields were 
then set equal to

Q = yZ (1)

where Q is the absolute quantum yield of either fluores
cence or sensitized emission, Ie is the photocurrent due 
to emitted light, / a is the difference in photocurrent 
due to transmitted light when the cell is empty and 
when it is full, and Z is a dimensionless constant of 
the system which allows the conversion of these arbi
trary photocurrents into quantum yields. Z values

obtained in this way could then be used to obtain 
quantum yields of fluorescence either of fluorobenzene 
or of biacetyl emission sensitized by fluorobenzene. 
These Z values were reproducible and were checked 
prior to and at the end of each set of experiments. 
When measuring emission of biacetyl sensitized by 
fluorobenzene the pressure of fluorobenzene was kept 
at about 3 mm. This pressure of fluorobenzene has 
an absorption equal to about 20 mm. of benzene. To 
keep these experiments consistent with those of 
Ishikawa and Noyes, cyclohexane was introduced to 
make up the difference in pressure. The added cy
clohexane has no effect on the fluorobenzene but does 
inhibit biacetyl decomposition. The potassium fer- 
rioxalate actinometer described by Parker14 and by 
Hatchard and Parker15 was used in conjunction with 
the Cundall technique.

cis- and frans-butene-2 were analyzed on a Wilkens 
HyFi Aerograph Chromatograph, Model 600-C 
equipped with a 7.6-m. benzyl ether (20%) on firebrick 
(60-80 mesh) column followed by a 3.05-m. silicone 
gum rubber column which acted as a scrubber. Both 
columns were at room temperature. The retention 
time for frans-butene-2 under these conditions was 12 
min. 19 sec. and for cis-butene-2 was 14 min. 2 sec.

Although Beer’s law is not obeyed for fluorobenzene 
(see Table I) absorption by fluorobenzene, particularly 
at the pressures used in this study, is so much higher 
than that of biacetyl that, for most of the mixtures 
used, effectively all of the light was absorbed by fluoro
benzene.

Table I : Variation of Apparent Extinction Coefficient e 
with Fluorobenzene Pressure at 2537 A. and 27°“

Fluoro
benzene
press.,
mm.

c,
10 >M

43.5 23.272 128
33.5 17.922 129
24.5 13.107 156
9.0 4.815 202

“ Length of cell: 6 cm. b e = 1/Cl log Io/It, where 70 is the 
incident intensity and In is the transmitted intensity at C moles/ 
liter of fluorobenzene in the cell.

Results
A. Fluorobenzene Fluorescence. Fluorobenzene

o

when excited at 2537 A. shows a relatively strong

(13) J. Heicklen, Ph.D. Thesis, University of Rochester, 1958.
(14) C. A. Parker, Proc. Roy. Soc. (London), A22C, 104 (1953).
(15) C. G. Hatchard and C. A. Parker, ibid., A235, 518 (1956).
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fluorescence, and the fluorescence yield is almost as 
great as that of benzene. The absolute fluorescence 
yield based on benzene extrapolates to 0.235 at zero 
pressure. It should be emphasized that this extrapola
tion to zero pressure cannot be used to predict behavior 
at very low pressures. Plots of 1 /Q{ vs. P  are probably 
not linear at low pressures.16 Self-quenching for fluoro- 
benzene is small but larger than that of benzene. 
Since fluorobenzene absorbs very strongly at 2537 A., 
it is possible that the observed self-quenching is mainly 
due to a geometrical effect and that actual self-quench
ing is much smaller. Fluorescence quenching by bi
acetyl is stronger than self-quenching while cyclohexane 
has little or no effect on the fluorescence of fluoro
benzene.

A plot of 1/Qf vs. (fluorobenzene) at room tempera
ture follows the equation

1/Q{ =  4.22 +  2.05 X 103(FPh) (2)

where (FPh) is the fluorobenzene concentration in 
moles per liter.

A plot of 1 /Qi vs. (biacetyl) follows the equation

1 /Qt =  4.44 +  6.1 X 103(B) (3)

where (B) is the biacetyl concentration in moles per 
liter. (All concentrations in this paper are expressed 
in moles per liter.) The data mentioned above are 
summarized in Figure 1.

The addition of cfs-butene-2 has no effect on the 
fluorescence of fluorobenzene (see Table II and Figure
1). There is a considerable amount of scatter in the 
data. This is probably due to the inefficient mixing 
of the two gases.

B. Sensitized Emission of Biacetyl. A sensitized 
emission of biacetyl is observed when fluorobenzene 
is excited in the presence of biacetyl. The sensitized

Table II : Effect of cfs-Butene-2 on the Fluorescence Yield 
of Fluorobenzene at 2537 A. and 27°“

Fluorescence
cis-Butene-2 yield of fluoro
press., mm. benzene

54 0.23
48 0.24
42 0.21
36 0.20
30 0.23
24 0.23
17.5 0.25
12 0.24
6 0.24
0 0.24

Fluorobenzene pressure: 3 mm.

Figure 1. Variation of l/(fluorescence yield of 
fluorobenzene) with increasing fluorobenzene pressure, O; 
at 3.5 mm. of fluorobenzene and increasing pressure 
of biacetyl, 9 ; and the effect of 40 mm. of cyclohexane 
on l/(fluorescence yield of fluorobenzene) at various 
fluorobenzene pressures, ©. Temperature 27°.

Figure 2. Variation of l / (  sensitized emission 
yield of biacetyl) with biacetyl pressure at constant 
fluorobenzene pressure. Temperature 27°.

emission yield of biacetyl passes through a maximum 
at approximately 4.5 mm. of biacetyl. The sensitized 
emission yield at 3 mm. of fluorobenzene and room 
temperature follows the equation (see Figure 2)

1/Q. =  5.5 +  4.4 X 103(B) (4)

Equation 4 is not obeyed at very high and very low 
values of (B). Increasing the pressure of fluoro
benzene decreases the sensitized emission yield. The

(16) P. Sigai, J. Chem. Phys., 42, 1953 (1965).

The Journal of Physical Chemistry



T riplet  State  of F lu orobenzene 4287

Figure 3. Variation of l/(sensitized emission yield of 
biacetyl) with increasing fluorobenzene pressure, biacetyl 
pressure remaining constant at 5 mm. Temperature 27°.

Figure 4. Variation of l/(sensitized emission yield of 
biacetyl) with cis-butene-2 pressure. Fluorobenzene pressure 
2 mm.; biacetyl pressure 6 mm. Temperature 27°.

equation for 1 /QB for a constant biacetyl pressure of 
5 mm. and room temperature is given by (see Figure 3)

1/0« = 5.5 +  4.67 X 103(FPh) (5)

The sensitized emission yield is strongly quenched by 
cfs-butene-2, and the data may be represented by (see 
Figure 4)

I/O« = 6 +  1.02 X 104(m-butene-2) (6)

In this connection it should be noted that cfs-butene-2 
was found to have no effect on the emission of biacetylo
when biacetyl was excited at 4050 and 4358 A. This 
would be expected because of the low energy values for 
the singlet and triplet states of biacetyl and is in agree
ment with data in the literature.17

C. Variation of Sensitized Emission with Incident 
Wave Length. The sensitized emission yield of biacetyl 
is essentially constant from 2640 to 2420 A. but appears 
to drop off sharply at 2350 A .; the data are summarized 
in Table III. The value at 2350 A. must be regarded

with caution because the low-incident intensity at this 
wave length will magnify any error. It is interesting 
to contrast these data with those obtained for the 
benzene-sensitized emission of biacetyl. Benzene- 
sensitized emission of biacetyl drops off rapidly with 
wave length and is zero, within experimental error, at 
2420 A. even in the presence of large pressures of a 
quenching gas such as cyclohexane.

Table III: Variation of Sensitized Emission 
Yield of Bianetyl with Wave Length“

Wave Sensitized
length, emission

A. yield

2350 0.036
2420 0.139
2480 0.121
2537 0.148
2537 0.123
2537 0.137
2640 0.125

“ Pressure: biacetyl, 5 mm.; fluorobenzene, 2-3 mm.; cy
clohexane, 20 mm. Temperature 27°.

D. cis-trans Isomerization of cis-Butene-2. Fluoro
benzene excited at 2537 A. sensitizes the cis-trans 
isomerization of cfs-butene-2. This was found to be

o
true even at 2420 A. where there is no longer any 
observable fluorescence from fluorobenzene. In marked 
contrast, no cis-trans isomerization was observed when 
benzene was used as sensitizer at 2420 A. even under 
prolonged irradiation. The experimental technique 
used in this study, in conjunction with the Cundall type 
of experiments, was not precise enough to allow accurate 
estimates of the amount of triplet state molecules of 
fluorobenzene produced, mainly because of difficulty 
with the chromatography. It was, however, sufficient 
to show unequivocally that isomerization of cis-butene- 
2 had occurred and that it did not occur in blank runs. 
One of the better results indicated that 90% of the 
fluorobenzene molecules which adsorbed radiation ended 
up in the triplet state.

Discussion
There are several ways of determining whether or not 

one is dealing with a triplet state. These methods must 
be used with caution since triplet states of different 
molecules will not respond to any given test in the same 
manner.18 The experimental observation of a strong,

(17) N. A. Coward and W. A. Noyes, Jr., J. Phys. Chem., 22, 1207 
(1954).
(18) D. W. Sester, D. W. Placzek, R. J. Cvetanovio, and B. S. 
Rabinovitch, Can. J. Chem., 40, 2179 (1962).
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sensitized emission of biacetyl when fluorobenzene is 
excited at 2537 A. is not in itself sufficient evidence for 
postulating the existence of a triplet state of fluoro- 
benzene. Only if the ratio of the integrated green 
to the integrated blue is much larger than 60:119>20 
can biacetyl emission be used as conclusive evidence 
of triplet sensitization. To obtain good values of the 
blue-to-green ratio requires exposures of up to 12 days 
at the intensities available. In the present study, 
rather than go to such long exposures, the cis-trans 
isomerization of butene-2 was used as confirming evi
dence for triplet fluorobenzene. The evidence for the 
formation of triplet fluorobenzene may now be sum
marized as follows.

(1) The sensitized emission yield of biacetyl reaches 
a maximum value of 0.136 ±  0.013 at 2537 A. The 
value for the phosphorescence efficiency when biacetyl 
is excited directly at 4358 A. has been given by Almy 
and Gillette21 as 0.15 ±  0.03. The data on sensitized 
emission therefore indicate that 80 to 97% of all the 
initially excited fluorobenzene molecules transfer their 
energy to biacetyl. The fluorescence yield of fluoro
benzene with the pressure of biacetyl at the maximum 
is about 0.16. The total lies between 0.96 and 1.13. 
With the rather large errors in the data, all of the 
initially excited fluorobenzene molecules either fluoresce 
or cross over to the triplet state.

(2) One plate of the sensitized emission was taken, 
and it showed the integrated green-to-blue ratio to be 
much larger than the 60:1 value obtained when bi
acetyl is excited directly.

(3) Michael and Noyes22 have given a derivation 
which shows that, if one takes slope over intercept 
from a plot of biacetyl concentration, over sensitized 
emission vs. biacetyl concentration, (B)/Qs vs. (B), 
it will be equal to slope over intercept of a plot of 
1 /Q (where Q is the quantum yield of any measurable 
quantity for some process such as fluorescence or de
composition) vs. biacetyl concentration if both processes 
occur from the same spin state. In our case, slope 
over intercept for sensitized emission is 0.72 whereas 
slope over intercept for fluorescence quenching of 
fluorobenzene by biacetyl is 0.13, or that state of fluoro
benzene which undergoes fluorescence cannot be the 
same one which passes on its energy to biacetyl. The 
kinetics shown below elucidate this point.

(4) The observations in the presence of cts-butene-2 
are in themselves quite strong evidence that a large 
fraction of the excited fluorobenzene molecules reaches 
the triplet state. The singlet state of fluorobenzene 
cannot transfer energy to the olefin since the singlet 
state of the former is lower in energy than the singlet 
state of the latter.23 The olefin has no effect on the

emission of biacetyl, but it does strongly quench the 
sensitized emission. It is, therefore, removing triplet 
fluorobenzene molecules before they can sensitize the 
emission of biacetyl. Moreover cis-trans isomerization 
of the olefin is observed when fluorobenzene is excited 
in its presence. This is typical of triplet state behav
ior.24 25

The following mechanism is consistent with the 
experimental results and the photochemical behavior 
of biacetyl26

FPh +  hv — > T P h 1 I a (7)

T P h1 — > FPh +  hv (8)

T P h 1 (+ M ) — > 3FPhJ (+ M ) (9)

T P h 1 +  FPh — > 2FPh (10)

»FPh1 (+ M ) FPh (+ M ) (11)

T P h 1 +  B -—>  lBu +' FPh (12)

3FPhJ +  B — > 3BT +  FPh (13)

1Bn — > dissociates (14)

1B11 (+ M ) 1BI (+ M ) (15)

iB1 — >  3B: (16)

1BI — >  B +  hv (17)

3BJ — > hv +  B (18)

3BI (+ M ) — > B (+ M ) (19)

In the above scheme FPh represents a ground-state 
fluorobenzene molecule, B is a ground-state biacetyl 
molecule, M is any molecule capable of removing 
vibrational energy, the superscripts refer to singlet and 
triplet states, and the Roman numerals refer to the 
first and second excited states.

All radiationless processes are shown as possibly 
being bimolecular. It is difficult to conceive of any 
of the occurring without the removal of vibrational 
energy although this may not be the rate-determining

(19) H. Okabe and W. A. Noyes. Jr., J. Am. Chem. Soc., 79, 801 
(1958).
(20) H. L. J. Bâckstrom and K. Sandros, Acta Chem. Scand., 14, 
48 (1960).
(21) G. M. Almy and P. R. Gillette, J. Chem. Phys., 11, 188 (1943).
(22) J. L. Michael and W. A. Noyes, Jr., J. Am. Chem. Soc., 85, 
1027 (1963).
(23) P. G. Wilkinson and R. S. Mulliken, J. Chem. Phys., 23, 1895 
(1955).
(24) H. M. Frey, J. Am. Chem. Soc., 82, 5947 (1960).
(25) W. A. Noyes, Jr., G. B. Porter, and J. E. Jolley, Chem. Rev.,
56, 49 (1956).
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s te p . 26 R e a c tio n  14  is m u c h  m o re  rap id  th a n  ( 1 5 ) .27 28 
W e  m a y  th erefore  n eg lec t step s 15 , 16 , an d  17.

F o r  th e  sch em e sh o w n  a b o v e  th e  expression  fo r  
flu orescence efficien cy o f flu orob en zen e can  b e  sh ow n  

to  be

i/Qf = i +  r  +  r (FPh) +  r ( B) (2°)k$ k$ k$

F o r  th e  case o f  n o  b ia c e ty l p resen t, th e  la st te rm  o n  th e  
r ig h t-h a n d  side o f  (2 0 ) v an ish es , a n d  on e sh ou ld  h a v e  a  
stra igh t line w ith  s lop e eq u a l to  kw/kg. W h e n  th e  
flu orob en zen e is k e p t  c o n sta n t, w e  sh ou ld  again  h a v e  
a stra igh t lin e, a n d  th is  t im e  th e  s lop e w ill b e  ku/kg. 
T h e  ex p e rim en ta l resu lts  sh o w  th a t  th is  is in deed  th e  
case a n d  th a t  ku/kg ■ — 2 .0 5  P. 1 0 3 vdiereas kn/kg —

6 .1  X  1 0 3; th ese  d a ta  in d icate  th a t  ku is a b o u t three  
tim e s  as large as ,'cio. S lo p e  o v e r  in te rce p t fo r  co n sta n t  
flu orob en zen e  in  eq . 2 0  w ill b e  g iv en  b y

slope kv (21)
in tercep t ks +  kg fcio(FPh)

I f  rea ction  13  does n o t  o ccu r a n d  sen sitized  em ission  
is d u e  to  (1 2 ) fo llow ed  b y  ( 1 5 ) - ( 1 9 ) ,  th e n  o n e o b ta in s  
fo r  (B)/Qa

(B )

Q s

(kig +  k u ) (k u  +  k n ) (k u  +  k u )  X  

(kg +  kg +  fcjo(FPh) +  &i2 (B ))

kigkigkuki2

A t  c o n sta n t (F P h ) th e  s lop e o f  (2 2 ) w ill b e

kn(kig +  ku)(ku +  kn)(k\6 -f- ku)
slope = ---------------r m ----------------

El8M 6 'Cl6 ^ 1 2

an d  th e  in te rc e p t o f  (2 2 ) w ill be

(kg +  kg fcio(FPh))(fci8 +  ku) X

( k u  +  k n )(k ig  +  k u )

(22)

(2 3 )

in tercep t =
k\gk\gkigki‘

(2 4 )

a n d  th e  s lop e o v e r  th e  in te rce p t is th e  sa m e as (2 1 ) .  
O n  th e  o th er  h a n d , if (1 3 ) does occu r, th e n  (B ) /  Q_, w ill 
b e g iv e n  b y

(B )

Q s

(ku +  ku) ( M B )  fcji) X

(kg +  kg +  A io(F P h) +  M B ) )
(2 5 )

kigkukg

F r o m  th e  a b o v e  w e can  con clu d e th a t  th e  sin glet

sta te  o f  flu orob en zen e is n o t  th e  on e w h ich  causes th e  
sen sitized  em ission  o f  b ia c e ty l since s lop e o v e r  in ter

c e p t can  in  n o  w a y  eq u a l (2 1 ) . A n  ex a m in a tio n  o f  eq . 
2 5  sh ow s th a t  ku is n o t n egligib le  w ith  respect to  kn 
(B ) . I f  th is  w ere th e  case, th e  s lop e o v e r  in tercep t o f  
\/Qs vs. (B ) sh ou ld  eq u al th e  s lop e o v e r  in tercep t for  
l/Qi vs. (B ) a t  co n sta n t flu orob en zen e pressure.

T h e  in tegrated  m o la r  a b so rp tiv ity  o f  flu orob en zen e  
h as b een  g iv en  as 2 .0 3  X  10 6 28; th is lead s to  a  fluores

cence lifetim e (r) o f  1 .1 4  X  1 0 - 7  sec.

T h e  a b o v e  y ie ld s  8 .7 7  X  10 6 se c . - 1  as th e  lim itin g  
v a lu e  o f  kg. F r o m  eq . 2  an d  2 0  a n d  k$, kg is fo u n d  to  
b e 2 .8 2  X  10 7 s e c .- 1 . F r o m  th e  s lop e o f  eq . 2 0  a t  
zero b ia c e ty l pressure, kv> can  b e  ca lcu lated  an d  is 
fo u n d  to  b e  2 .9 8  X  1 0 - 1 1  m o le c u le - 1  c m . 3 s e c .- 1 . 
T h is  lead s to  a  se lf-q u e n c h in g  cross section  o f  2 .0 7  X  
1 0 - 1 6  c m . 2 for flu orob en zen e. T h e  ratio  c f  ku to  kw 
is 3 . T h is  leads to  a  v a lu e  o f  8 . 8  X  1 0 - 1 1  m o le c u le - 1  

c m . 3 sec . - 1  for ku. W e  m a y  n o w  u se  kn to  e stim ate  
an effective  cross section  fo r  q u en ch in g  o f  s in glet flu oro

b en zen e b y  b ia c e ty l w h ich  tu rn s o u t  to  b e  a b o u t 6 .0  X  
1 0 - 1 6  c m .- 2 . S h o u ld  th is  b e  th e  correct v a lu e , th en  
o n e w o u ld  b e  fo rced  to  con clu d e th a t  b ia c e ty l qu en ch es  
th e  sin glet s ta te  o f  flu orob en zen e v e r y  e ffe ctiv e ly .

E arlier  in  th is discu ssion  it  w a s n o te d  th a t  ku is n o t  
n egligib le  w ith  respect to  kn (B ) . I f , h ow ev er , th is  
a ssu m p tio n  is m a d e  an d  th e  a p p rop riate  v a lu e s  are  
in serted  in to  eq . 2 5 , w e  can  o b ta in  fci8/(& i 8 +  ku), i.e., 
th e  fraction  o f trip let s ta te  b ia c e ty l m olecu les w h ich  
em its . O n  goin g  th ro u gh  th e  a b o v e  p rocedu re, kw/  
(kig +  ku) is fo u n d  to  b e  a b o u t 0 .2 4  w h ich  is rath er  
h igh  b u t  n o t to o  fa r  o u t  o f  a g reem e n t w ith  th e  v a lu e  
o b ta in ed  b y  A lm y  a n d  G ille t te . 21
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Kinetics of the Attack of Molybdenum by Dissociated Chlorine1

by Daniel E. Rosner and H. Donald Allendorf

AeroChem Research Laboratories, Inc., Subsidiary of Pfaudler Permutit Inc., 
Princeton, New Jersey 085Ifi {Received July 13, 1966)

T h e  tru e k in etics o f th e  a tta c k  o f m o ly b d e n u m  su rfaces b y  b o th  a to m ic  a n d  d ia to m ic  
ch lorin e h a v e  b een  stu d ied  u sin g  m icro w a v e  d isc h a r g e -fa st  flow  s y ste m  tech n iq u es co u p led  
w ith  electrical resistan ce h ea tin g  an d  m on itorin g  o f th e  reactin g  sp ecim en s. E x p e r i

m e n ta l resu lts are rep orted  h erein  o ver  th e  su rface tem p e ra tu re  ran ge fro m  4 0 0  to  1 5 3 0 ° K . ,  
a t rea cta n t p a rtia l pressures o f th e  order o f  10  ~ 3 4 to  1 0 " 1 torr. In  c on trast to  th e  b e h a v io r  
o f n ickel, d issociation  m a rk e d ly  increases th e  ch lorin ation  p ro b a b ility  o f m o ly b d e n u m  
o v e r  th e  en tire tem p e ra tu re  ran ge in v e stig a ted , th e  en h a n cem en t b e in g  o f th e  order of  
1 0 0 -fo ld  a t a b o u t 1 0 0 0 ° K .  T h e  h igh  reaction  p ro b a b ility  for C l 2 (g) a tta c k  o f h ig h -te m -  
p era tu re  n ickel, p rev io u sly  rep orted  b y  M c K in le y  and  S h u ler, h as b een  v erified . W h e n  
exposed  to  d issociated  chlorine, th e  ratio  o f th e  n ick el ch lorin ation  ra te  to  th e  C l  a to m  
rec o m b in a tio n  rate  decreases w ith  decreasin g  su rface tem p e ra tu re— on  4 2 0 ° K .  n ickel 
filam en ts  th e  reco m b in a tio n  coefficient y h as b een  fo u n d  to  b e  1/ 2. T h e  im p lic a tio n s  o f  
th ese resu lts w ith  regard  to  d isso cia tiv e  ad sorp tion  on  an d  ev a p o ra tio n  fr o m  n ic k e l and  
m o ly b d e n u m  su rfaces are d iscu ssed  in th e ligh t o f a va ilab le  k in etic  an d  th erm o ch em ica l  
d a ta  fo r  th ese  an d  rela ted  h eterogen eou s reaction s.

Introduction
D isso c ia tiv e  a d so rp tio n  on  eith er m e ta l su rface sites  

or ch em isorb ed  h a log en  a to m  m o n o la y e rs  p la y s  a  
m a jo r  role in  d eterm in in g  th e  o b se rv ed  k in etics o f  th e  
h ig h -te m p e ra tu re  h eterogen eou s rea ction s b etw een  
m e ta ls  an d  th e  gaseou s d ia to m ic  h alogen s X 2 ( = C l 2 , 
B r 2, . .  . ) . 2 - 4  W h ile  m a n y  su ch  reaction s (e.g., th e  
ch lorin ation  o f cop per 5 an d  n ic k e l2’6) h a v e  b een  re

p orted  to  occu r w ith  v e r y  h igh  reaction  p rob ab ilities  
(e >  1 0 _1 ) o ver  a  w id e  tem p era tu re  ran ge, several 
(e.g., th e  reaction  b etw e en  p la tin u m  an d  iod in e 7 and  
th e  m o ly b d e n u m -c h lo r in e  reaction  d iscu ssed  b elow ) 
exh ib it m u c h  low er reaction  p ro b a b ilities an d  cor

resp o n d in gly  h igh  a c tiv a tio n  energies. I n  v ie w  o f  
th ese d ifferences, a series o f  stu dies o f  th e  k in etics o f  
h ig h -te m p era tu re  m e ta l h a lo g én a tio n  reaction s in  
p a rtia lly  dissociated gas m ixtu re s  h as b een  in itia ted  a t  
th is la b o ra to ry  w ith  th e  ex p e cta tio n  th a t  a  com p arison  
o f th e  resu lts w ith  th ose o b ta in ed  in  u n d issociated  
gases w ill sh ed  lig h t o n  th e  re la tiv e  im p o rtan ce  o f dis

so cia tiv e  a d sorp tion  as a  ra te -lim itin g  step  in  th is  
class o f  h eterog en eou s reaction s. T h e se  d a ta  sh ou ld  
also p ro v id e  v a lu a b le  in fo rm a tio n  o n  th e  respon se o f  
refra cto ry  m e ta ls  in  p a rtia lly  d isso cia ted  h a lo g en -c o n 

ta in in g  gas m ixtu re s , su ch  as occu r in  la m p s  and  
th erm ion ic  d evices u tiliz in g  c h e m ic a l-tra n sp o rt re

action s7 ' 8 an d  in  th e  c o m b u stio n  p ro d u c ts  o f  cu rren t  
an d  fu tu re  gen eration  solid  p ro p ellan ts.

T h e  ex p erim en ts rep orted  h erein  w ere d esign ed  to  
p ro vid e  th e  first h ig h -te m p era tu re  d a ta  o n  th e  a tta c k  
o f p o ly c ry sta llin e  m o ly b d e n u m  b y  a to m ic  ch lorin e  
u n der con d ition s such th a t  th e  o b serv ed  rea ctio n  rates

(a ) w o u ld  n o t  b e  falsified  b y  rea cta n t or  p ro d u c t d if-  

fu sion al lim ita tio n s 9 ' 10 an d  th erm a l a c c o m m o d a tio n

(1) Supported by the Propulsion Division of the Air Force Office of 
Scientific Research under Contract AF 49(638)1195.
(2) J. D. McKinley, J. Chem. Phys., 40, 120 (1964).
(3) J. N. Smith, Jr., and W. L. Fite, “ Rarefied Gas Dynamics,”  
Vol. 1, J. A. Laurmann, Ed., Academic Press, Inc., New York, N. Y ., 
1963, p. 430.
(4) (a) J. D. McKinley, J. Chem. Phys., 40 , 576 (1964); (b) ibid., 
41, 2814 (1964).
(5) L. Frommer and M. Polanyi, Z. physik. Chem. 137A, 201 (1928).
(6) J. D. McKinley and K. E. Shuler, J. Chem. Phys., 28, 1207 
(1958).
(7) L. K. Tower, Advan. Energy Conversion, 3, 185 (1963).
(8) H. Schafer, “ Chemical Transport Reactions," translated by H.
Frankfort, Academic Press Inc., New York, N. Y ., 1964.
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effects an d  (b ) cou ld  be d irectly  c om p ared  w ith  chlori

n ation  rates fo r  d ia to m ic  chlorine o n  th e  sa m e m o ly b 

d en u m  su rface u sin g  th e  sa m e ex p erim en ta l tec h 

n iqu es. D e s p ite  th e  ra p id ity  o f  th e  C l  a to m  a tta c k , 
th is h a s  b een  a cco m p lish ed  a t  su rface tem p e ra tu res  
u p  to  1 5 3 0 ° K .  b y  c o m b in in g  th e  con d ition s o f  lowr p res

sure, h igh  p u m p in g  speed , an d  sm a ll sp ecim en  size, 
as described b e lc w . I n  a d d ition , w e  h a v e  d eterm in ed  
th e  recom b in ation  coefficien t fo r  C l a to m s  on  n ick el 
and confirm ed th e  h igh  rea ctio n  p r o b a b ility  fo r  C l2 

on  nickel filam en ts  a b o v e  1 0 0 0 ° K . ,  first rep orted  b y  
M c K in le y  an d  S h u le r . 6

Experimental Section

T h e  tech n iq u es u sed  h ere are sim ilar  to  th ose  d e

v e lo p ed  in  ou r p rev iou s k in etic  stu d ies o f  th e  o x y g en  
a to m  a tta c k  o f m o ly b d e n u m 9 10 11 an d  g ra p h ite , 12 ’ 13 

th e  prin cip al differences b ein g  th ose  n ecessita ted  in  
th e  area o f chlorine a to m  d etectio n .

Atom Production. A s  in d icated  sc h em a tic a lly  in  
F ig u re  1, th e a p p a ra tu s con sists  o f  a  p a rt V y c o r , p a rt  
P y re x  v a c u u m  flow  s y ste m  cou p led  to  a  2 5 - l . /s e c .  
m ech an ica l p u m p  (n o t sh o w n ). M e te re d  A r - C l 2 

g as m ixtu res (d ilu te  in  C l2) are p assed  th ro u gh  a  
2 4 5 0 -M c ./ 's e c .,  1 2 5 -w . m icro w a v e  d isch arge c a v ity , 14 15 

2 8  c m . d o w n strea m  o f w h ich  th e  gas en cou n ters th e  
electrica lly  h ea ted  filam en t b ein g  stu d ied . F lo w  
m eterin g  w a s acco m p lish ed  u sin g  sonic flow  orifices  
fa b ric a te d  fro m  jew eled  w a tch  b ea rin g s . 16 T h e  C l2 

flow  rate  w a s calib rated  u sin g  a b so rp tio n  b y  In d ic a rb 16 

as th e  p rim a ry  stan d a rd . U n le ss  o th erw ise  specified , 
th e  sta tic  pressure leve l a t  th e  sp ecim en  lo c a tio n  w as  
m ain ta in ed  a t  1  torr, an d  th e  flow  rate  w a s m a in ta in e d  
a t 2 1 .7  cc. ( S T P ) /s e c .  T h is  corresp on d ed  to  a  linear  
v e lo c ity  o f a p p ro x im a te ly  2  X  1 0 4 c m ./s e c . in  th e  dis

charge tu b e  or a  residen ce tim e  o f 4 5  nsec./cm .

H 3 P O 4  w a s u sed  to  p o ison  th e  Y y c o r  w alls  o f  th e  dis

charge tu b e  to  th e  h eterogen eou s rec o m b in a tio n  o f C l  
a to m s . 17 A t  co m p a ra b le  pressure an d  gas c o m p o si

tio n s (an d  a t  m u c h  low er flow  rates) O g r y z lo 17 verified  
th e  p ro d u ctio n  o f C l  a to m s  u sin g  a  W r e d e  gau ge, 
th e  d isco loration  o f silver m irrors, an d  th e  rem o v a l  
o f C l a to m s b y  h o m o g e n eo u s rea ction  w ith  N O C I  
(u sin g  a  calorim etric  p robe as th e  t itra tio n  en d p o in t  
d e te c to r) . In d e ed , com p arison  o f th e  ch em ical t itra 

tio n  m e th o d  w ith  th e  o u tp u t  o f  a  calorim etric  d e te c to r  
led  to  th e  con clu sion  th a t  b elo w  4  torr C l a to m  reco m 

b in a tio n  w a s  so le ly  resp on sib le  fo r  th e  su rfa ce -c a ta ly zed  
h ea tin g  o f  n ick el d e te cto rs  a t  T  «  4 0 0 ° K .  I n  th e  
p resen t ex p erim en ts  a  n ick el w ire d e te cto r  revealed  
th a t  a ten fo ld  v a r ia tio n  in  C l  a to m  con cen tration  (a t  

d e te c ta b le  le ve ls) w a s  o b ta in ed  th ro u g h  v a ria tio n s o f  
th e  C l2 m o le  fra c tio n  in  th e  feed  gas an d  ch an ges in

( ------- O ---------- -E< —

A 0ISCHAR3E TUBE (VYCOR) 
B MICROWAVE CAVITY 
C AUXILIAFY IN LET
0 AUXILIARY IN LET 
E PRESSURE TAP
F PYROMETER SIGHT TUBE 
G REACTING FILAMENT 
H TO VACUUM PUMP
1 GROUND JOINT
J  TO  PO TENTIO M ETER  
K TO  DC POWER SUPPLY

Figure 1. Filament chlorination apparatus.

m icro w a v e  c a v ity  tu n in g . I n  m o st  o f  th e  experi

m e n ts  rep orted  b elo w , th e  C l a to m  m o le  fra ction  
w a s m ain ta in ed  a t  4 .3  X  1 0 - 3  an d  th e  in itia l C l2 m ole  
fra c tio n  in  th e  feed  w a s 1 0 ~ 2. T h is  c o n d ition  cor

respon ds to  th e  d issociation  o f ro u g h ly  2 2 %  o f th e  C l2 

m olecu les passin g  th ro u gh  th e  m icro w a v e  disch arge.

Reaction Rate. T h e  tech n iq u e  u sed  fo r  fo llow in g  th e  

rate o f  th e  h eterogen eou s ch lorin ation  reaction  w as to  
m o n ito r  c o n tin u ou sly  th e  re s is ta n c e -tim e  cu rve o f an  
electrically  h ea te d  filam en t an d  to  re la te  th is to  th e  
d ia m eter  red u ction  cau sed  b y  th e  rea ction  o f m o ly b 

d e n u m  to  fo r m  v o la tile  p ro d u c ts . 11 T h e  m o ly b 

d e n u m  filam en ts, o f  in itia l d ia m eter  0 .0 3 8 1  c m . (1 5  
m ils) and to ta l len gth  3 c m ., w ere e lectrica lly  h ea ted  
u sin g  a regu lated  d .c . p ow er su p p ly . T o g e th e r  w ith  
cu rren t m ea su rem en ts , th e  v o lta g e  drop  across th e  
cen tral 0 .5 5  c m . o f  th e  fila m en t w as co n tin u o u sly  
m on itored  u sin g  sp rin g -lo ad ed  c o n ta c ts  (c /. F ig u re  1) 
lead in g  to  a  recordin g  p o ten tio m eter . D u r in g  a  ru n  
th e filam en t w a s m a in ta in ed  a t c o n sta n t surface  
tem p era tu re  b y  m a n u a lly  a lterin g  th e  cu rren t in  
accord  w ith  an  o p tic a l p y ro m e te r  o u tp u t  (for T >  
9 0 0 ° K .)  or a  th erm o cou p le  o u tp u t 18 (T <  9 0 0 ° K . ) ,

(9) D. E. Rosner, AIA A 2, 593 (1964).
(10) D. E. Rosner, AeroChem TP-111, April 1965; Intern. J. Heat 
Mass Transfer, submitted.
(11) D. E. Rosner and H. D. Allendorf, J. Chem. Phys., 40, 3441 
(1964).
(12) D . E. Rosner and H. D. Allendorf, Carbon, in press.
(13) D. E. Rosner and H. D . Allendorf, A IA A  J., 3, 1522 (1965).
(14) Raytheon Microtherm generator and cavity supplied by Opthos 
Instrument Co., Rockville, Md.
(15) D. E. Rosner, J. Basic Eng., 84, 458 (1962).
(16) Fisher Scientific Co. acid absorbent.
(17) E. A. Ogryzlo, Can. J. Chem., 39, 2556 (1961).
(18) A  0.0127-cm. chromel-alumel thermocouple junction diagonally 
lashed (with spring loading) across the center of the reacting molyb
denum filament was used for this purpose. As will be seen below, 
data at the upper end of this temperature range satisfactorily matched 
data obtained using optical pyrometer temperature control.
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th e re b y  a llow in g  th e  decrease in  fila m en t d ia m eter  
cau sed  b y  th e  reaction  (ty p ic a lly  less th a n  a  to ta l o f  
0 .0 0 5  c m .) to  b e  related  to  th e  o b se rv ed  in crease  
in  electrical resistan ce. I t  sh ou ld  b e  stressed  th a t, 
w h ile  th e  o p tica l p y ro m e te r  or th erm o cou p le  w a s u sed  
to  m a in ta in  c o n sta n t fila m en t te m p e ra tu re  d u rin g  an  
exp erim en t, th e  absolute value o f  th e  su rface te m p e ra 

tu re , w h ich  in  th e  p resen t ex p erim en ts  w a s  in  th e  ran ge  
4 0 0 - 1 5 3 0 °  K ., w a s d eterm in ed  fro m  th e  in itia l filam en t  
resistan ce in  accord w ith  its  re s is tiv ity -te m p e r a tu re  
re la tio n . 19 A  ty p ic a l p lo t  o f  in ferred fila m en t d ia m eter  
vs. t im e  is sh ow n  in  F ig u re  2 , in  w h ich  d a ta  fo r  b o th  
u n d isso cia ted  an d  d isso cia ted  ch lorin e are in clu d ed  
fo r  com p arison . I n  each  case th e  rea ctio n  ra te  (p ro 

p o rtio n a l to  th e  a b so lu te  v a lu e  o f th e  slope) is  seen  to  
b e  co n sta n t in  t im e , as is to  be ex p ected  fo r  h etero 

gen eou s reaction s fo rm in g  v o la tile  (n o n p ro tec tiv e )  

p ro d u cts . O w in g  to  th e  large increase in  reaction  
rate  u p o n  a ctiv a tio n  o f th e  electrical d isch arge an d  the  

sm a ll con cen tration s o f  C l2 (g ) p resen t, th e  observ ed  
rea ction  rate  fo r  th e  d issociated  g as c on d ition  is fo rtu 

n a te ly  d o m in a te d  b y  th e  C l a to m  con trib u tio n , th ereb y  
n ecessitatin g  o n ly  sm a ll correction s (ty p ic a lly  less th a n  
3 % )  fo r  th e  C l2 con trib u tion .

Atom Detection. O w in g  to  th e  h igh  flow  rates u sed , 
it  w a s n o t  possib le to  u tilize  th e  N O C 1  titra tio n  to  
d eterm in e  ab so lu te  C l  a to m  con cen tration s. In stea d , 
calorim etric  tech n iq u es b ased  on  th e  h e a t  release u p on  
su rfa ce -ca ta ly zed  C l a to m  recom b in ation  w ere in

v o k e d . 17’ 20 T w o  ty p e s  o f  n ickel c a ta ly tic  d etecto rs  
w ere u sed , on e fo r  re la tiv e  a to m  con cen tration  d eterm i

n ation s and th e  o th er  fo r  a b so lu te  d e te rm in a tio n  a t  
one flow  con d ition . T h e  first con sisted  o f an  electrically  
h ea te d  0 .0 3 8 1 -c m . d ia m eter  n ickel w ire sp a n n in g  th e  
flow  (a t  th e  m o ly b d e n u m  sp ecim en  lo c a tio n  w h en  th e  
sp ecim en  w a s re m o v e d ). I n  th is case th e  a to m  con 

c en tra tio n  is ta k e n  to  b e  p ro p ortion al to  th e  ch an ge in  
pow er requ ired to  m a in ta in  co n sta n t filam en t tem p e ra 

tu re ( ~ 4 2 0 ° K . )  in  th e  presence a n d  absen ce o f C l  
a to m s . 21 A b s o lu te  a to m  con cen tration s w ere d eter

m in ed  in  a  sim ilar w a y , b u t  u sin g  in ste ad  a  1 6 3 -c m . 
len gth  o f n ickel w ire w ra p p ed  in  th e  sh ap e o f a cone  
(b a se  d ia m eter  1 .2  cm , a ltitu d e  6 .4  c m ., ap ex  d o w n 

stre am ) m o u n te d  a t  th e  en d o f th e  d isch arge tu b e  in  
su ch  a w a y  as to  recom b in e  all o f  th e  a to m s passin g  
th ro u gh  th e  tu b e  in to  th e  te st  section . T h e  observed  
p ow er d ifferen ce 21 w a s con v erted  to  C l a to m  con cen tra 

tio n  b y  a ssu m in g  th a t  each  a to m  releases its  th e rm o 

d y n a m ic  h ea t o f  reco m b in a tio n  a t th e  nickel ca lorim 

eter  su rface . T h is  m ea su re m e n t w a s  rep eated  seven  
tim e s, w ith  th e  resu lt d isp lay in g  a  7 %  average  d e v ia 

tio n  fro m  th e  m ea n . C o n firm a tio n  th a t  a ll a to m s w ere  

rem ov ed  fro m  th e  s tre a m  w as o b ta in e d  b ased  on  c o m -

Figure 2. Effect of dissociation on the chlorination rate 
of molybdenum.

p arison s w ith  sim ilar results u sin g  lon ger filam en ts  
(len g th  2 3 7  c m .) coiled  in  th e  sa m e fash ion .

Materials. A l l  th e d a ta  in clu d ed  h erein  w ere o b 

ta in ed  u sin g  c o m m erc ia lly  a v a ila b le  p o ly c ry sta llin e  
m o ly b d e n u m  (W e stin g h o u se  L a m p  D iv is io n , B lo o m 

field , N .  J ., T y p e  A , P rocess C 3 H )  an d  n ick el (In te r 

n a tio n a l W ir e  P ro d u c ts  C o ., N e w  Y o r k , N .  Y . ,  G ra d e  
A )  filam en ts . H ig h  P u r ity  grade (M a th e s o n ) chlorine  
a n d  W e ld in g  grade (A ir  R e d u c tio n  C o r p .) argon  cylin d er  
gases w ere u sed  w ith o u t p retrea tm en t. S ta tic  p res

sure a t  th e  filam en t lo c a tio n  w a s m ea su red  u sin g  a  U -  
tu b e  m a n o m e te r  (eq u ip p ed  w ith  a  m icro m e te r  d e p th  
gau ge) con ta in in g  d ib u ty l p h th a la te .

Results
I t  w ill p ro v e  in stru ctiv e  to  cast th e  ex p e rim en ta l  

resu lts  fo r  b o th  th e  C l ( g ) -M o ( s )  a n d  C l 2 ( g ) - M o ( s )  
reaction s in  term s o f d im en sion less rea ctio n  p ro b a b ili

ties. I n  th e  p resen t case th is can  b e  d o n e  w ith o u t a  
k n o w led g e  o f th e  p ro d u c t gas species d istrib u tio n  b y  
in tro d u cin g  th e  chlorination probability «, defin ed  here

(19) J. L. Everhart, W. E. Lindlief, J. Kanegis, P. G. Weissler, and 
F. Siegel, National Bureau of Standards Circular No. C447, U. S. 
Government Printing Office, Washington, D. C., 1943.
(20) D. E. Rosner, J. Am. Rocket Soc., 32, 1065 (1962); see also 
L. Elias, E. A. Ogryzlo, and H. I. Schiff, Can. J. Chem., 37, 1680 
(1959).
(21) Since the gas temperature (as measured by a poisoned, glass- 
covered thermocouple) is appreciably altered by the presence of the 
electrical discharge, as well as by the presence or absence of Cb 
when the discharge is on, the following modified procedure was 
adopted. The power required in the presence of a discharge through 
the Ch-Ar mixture was compared to the power required to maintain 
the same detector surface temperature in a pure argon discharge at 
the same flow rate but with the tuning adjusted tc maintain the same 
gas temperature.
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as th e ratio  o f th e  flu x  o f m o ly b d e n u m  a to m s  (regardless  
o f their ch em ica l s ta te  o f  agg rega tio n ) a w a y  fro m  th e  
surface to  th e  collision  flu x  o f C l(g )  or C l2 (g) w ith  th e  
su rface . T h e  m o ly b d e n u m  a to m  flu x, Z "Mo, is o b 

ta in ed  fro m  th e  o b se rv ed  rate  o f  fila m en t d ia m eter  
ch an ge, th e  d e n sity  o f  th e  fila m en t ( 1 0 . 0  g . /c c . ) ,  and  
th e  m olecu la r  w e ig h t o f  m o ly b d e n u m  (9 5 .9 5  g ./m o le ) .  
T h e  in cid en t C l(g )  or C l2 (g) flu x  (Z"Ci, Z "Ci2) is d i

re c tly  p ro p ortion al to  th eir  k n o w n  p artia l pressures  
an d  is o b ta in ed  fr o m  th e  H e r tz -K n u d s e n  eq u a tio n  

ev a lu a ted  a t  th e  fila m en t su rface tem p e ra tu re  T

w h ere i =  C l  or C l2, p\ a n d  mi are, resp e c tiv e ly , th e  
p a rtia l p ressu re a n d  m o lec u la r  m a ss  o f  species i, and  
k is th e  B o ltz m a n n  c o n sta n t. T h u s , if Z "m 0  is experi

m e n ta lly  fo u n d  to  b e  p ro p ortion al to  th e  n th  pow er o f  
th e  chlorine p a rtia l pressure, w h ere n  is th e  reaction 
order, th e  p ro b a b ility  e w ill b e  p ro p ortion al to  th e  n —  
1  p o w e r o f ch lorin e p a rtia l pressure (a n d , h en ce, in d e

p e n d e n t o f  th e  la tte r  w h en  th e  rea ction  is first order,

i.e., w h en  n  =  1 ) . I t  is also seen  fr o m  eq . 1 th a t  th e  
a p p a re n t a c tiv a tio n  en erg y  lo c a lly  inferred fr o m  an  
A rrh e n iu s p lo t  o f  In e vs. 1/T  w ill exceed  th a t  o b ta in ed  
fr o m  a p lo t  o f In Z "Mo vs. l /T  b y  th e  a m o u n t RT/2, 
w h ere R is th e  u n iversa l g as  c o n sta n t.

The Chlorination Probability and Its Temperature 
Dependence. F igu re  3  su m m a rizes  th e  resu lts o f  2 7  
exp erim en ts o n  th e  ch lo rin ation  p r o b a b ility  as a  fu n c 

tio n  o f m o ly b d e n u m  su rface tem p e ra tu re , fo r  b o th  
chlorine a to m  a n d  ch lorin e m o lec u le  a tta c k . I t  is 
clear th a t  o ver  th e  en tire  tem p e ra tu re  ran ge stu d ied  
C l a to m  strik es are sign ifica n tly  m o re  e ffectiv e  th a n  
C l2 strikes in  r e m o v in g  m o ly b d e n u m  a to m s  fr o m  th e  
filam en t. E v e n  a t  4 0 0 ° K .  ro u g h ly  1 o u t  o f  e v e r y  3 5  
C l a to m  strik es is su ccessfu l, an d  a t  tem p e ra tu res  
n ear 1 0 0 0 ° K .  th e  rea ction  p r o b a b ility  a tta in s  v a lu e s  
o f th e  order o f  2  o u t o f  ev e ry  3 collision s. I n  con trast, 
th e  C l2 rea ction  p r o b a b ility  (a t  poi2 =  3  X  1 0 - 2  torr) 
n ev er  exceeded  ~ 1 / 1 0 0  an d , a t  tem p e ra tu res less th a n  
1 0 0 0 ° K . ,  d iffered fr o m  th e  corresp on d in g  C l a to m  
rea ctio n  p ro b a b ility  b y  m o re  th a n  tw o  orders o f  m a g n i

tu d e . N e ith e r  rea ction  p r o b a b ility  d isp la y s sim p le  
A rrh e n iu s (c o n sta n t a c tiv a tio n  en ergy) b eh a v io r , an d  
each , in  fa c t , ex h ib its  a  tru e  m a x im u m . H o w e v e r , 
th is  m a x im u m  is v e r y  sh a llo w  in  th e  case  o f th e  C l  
a to m  a tta c k , fo r  w h ich  a  tem p e ra tu re  ch an ge o f so m e  
4 0 0 ° K .  p ro d u ces n o  a p p reciab le  ch an ge in  th e  rea ction  
p ro b a b ility . A t  su rface tem p e ra tu res b e lo w  a b o u t  
1 1 0 0 ° K .  th e  C l 2 d a ta  can  b e  rep resen ted  b y  a stra igh t  
lin e , corresp on d in g  to  an  o b se rv ed  a c tiv a tio n  en ergy  
o f 1 3 .7  k c a l . /m o le . F o r  th e  C l  d a ta  th e  o b serv ed

SURFACE TEMPERATURE T , °K 
1600 1000 800 600  400

Figure 3. Chlorination probabilities for the attack of 
molybdenum by atomic and diatomic chlorine.

[Cl] DETECTOR OUTPUT, A(VI), watts

Figure 4. Kinetic order plot for the attack of 
molybdenum by atomic chlorine.

a c tiv a tio n  en ergy  v aries  co n tin u o u sly  w ith  tem p e ra 

tu re an d  appears to  p ass th ro u g h  a  m a x im u m  near  

6 0 0 °  K .
Kinetic Order of the Cl Atom Attack. A  series o f  ex 

p erim en ts w a s  p erform ed  o n  1 0 5 0 ° K .  m o ly b d e n u m  
filam en ts to  d eterm in e  th e  k in etic  order o f  th e  C l  a to m  
a tta c k  m e c h a n ism  in  th e  ran ge o f m a x im u m  rea ction
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p ro b a b ility . T h e  C l a to m  con cen tration  w a s varied  
o ver  a b o u t a  sev en fo ld  ran ge, as determ in ed  fro m  th e  
o u tp u t  o f  a 4 2 0 ° K .  n ick el fila m en t c a ta ly tic  d e te c to r . 21 

T h is  p rod u ced  th e  v a riatio n s in  ch lorin ation  rate  (<* 
Z"uo) sh ow n  in  F igu re  4 . S in ce th ese d a ta  are w ell 
rep resen ted  b y  a  stra igh t line o f  u n it  slope (on  lo g -  

lo g  c o o rd in ates), one m a y  con clu d e th a t  th e  reaction  
order is u n ity  u n d er th ese  con d ition s, and  h en ce th e  
m a x im u m  C l a to m  reaction  p ro b a b ilities, sh ow n  in  
F igu re  3  fo r  th e  case pci =  4 .3  X  IC C 3 torr, w o u ld  re

m a in  in va ria n t w ith  (a t  least com p arab le ) ch an ges in  
C l a to m  pressure.

Chlorination of High-Temperature Nickel. M c K in le y  
a n d  S h u ler h a v e  rep o rted 6 v a lu e s fo r  th e  rea ction  p ro b 

a b ility  fo r  th e  a tta c k  o f n ickel b y  diatomic ch lorin e o f 
th e  ord er o f 22 V 2  a t  filam en t tem p era tu res b etw een  
1 2 0 0  an d  1 7 0 0 ° K . an d  a t  chlorine partia l pressures o f  

0 .8  X  1 0 - 1  to  4  X  1 0 _ 1  torr. I f  th e  C l 2 (g) reaction  
p ro b a b ility  on  a  n ickel su rface is in deed  th is h igh , th en  
one sh ou ld  n o t ex p ect a  drastic  in crease in reaction  
efficien cy u p o n  prior d issociation  o f chlorine. T o  

te st th is  p red iction  and to  con firm  th e resu lts o f ref. 6 , 
several exp erim en ts w ere perform ed  on  th e  ch lorin ation  
o f n ick el filam en ts o f  th e  ty p e  p rev iou sly  u sed for a to m  
d e te ctio n . I n  th is case the filam en ts w ere electrically  
h ea ted  to  an estim a ted  tem p era tu re  o f 1 0 8 0 ° K . in  
an a rg o n -c h lo rin e  s tre a m  con tain in g  1 %  C l2 (g ) a t a  
to ta l pressure o f 1 torr. I n  th e  ab sen ce o f a disch arge, 
th e  o b served  rate o f  d ia m eter  decrease ( ~ 1 . 3  X  1 0 ~ 4 

c m ./s e c .)  in deed  correspon ded  to  a  reaction  p ro b a b ility  
o f a p p ro x im a te ly  1/ 2. M o re o v e r , in  c on trast to  th e  
corresp on d in g  resu lt for m o ly b d e n u m  (c /. F igu re  2 ) ,  
a c tiv a tio n  o f th e disch arge prod u ced  v ir tu a lly  no  
ch an ge in  th e  o b served  rate  o f  d ia m eter  decrease. 
T h e se  resu lts, w h ich  are con sisten t w ith  th ose o f  ref. 

6 , reveal sign ifican t differences b etw een  th e  nickel 
an d  m o ly b d e n u m  ch lorin ation  reaction s.

Cl Atom Recombination Probability on a Nickel 
Surface. T h e  o u tp u t  o f  th e rela tiv e  a to m  con cen tra 
tio n  d e te cto r  described earlier is p ro p ortion al to  th e  

p ro d u c t o f th e  reco m b in a tio n  coefficient 7  an d  th e  C l  

a to m  con cen tration . C o n se q u e n tly , an  in d ep en d en t  

d e te rm in ation  o f th e  a b so lu te  C l a to m  con cen tration  

u sin g  th e  coiled  nickel filam en t d etecto r  m a d e  possib le  

th e  q u a n tita tiv e  estim a te  7  ~  * / ,  fo r  C l  a to m  recom b i

n a tio n  on  a  4 2 0 ° K .  n ickel surface. T h is  resu lt, w h en  

ta k en  to g eth er  w ith  th e  o b se rv a tio n  th a t  th e  nickel 

ch lorin ation  rate  a t  th is  lo w  tem p e ra tu re  w a s n ot  

m ea su ra b le , reveals th a t , as th e  filam en t tem p e ra 

tu re is decreased , reco m b in a tio n  (rath er th a n  chlori

n a tio n ) b ecom es th e  fa v o red  fa te  fo r  th e  C l a to m . 

S im ilar tren d s a p p a re n tly  ch aracterize th e  in teraction

o f 0  a to m s  w ith  g ra p h ite 12’ 13; i.e., th e  ra tio  o f  e to  
7  is an  in creasin g  fu n ctio n  o f su rface tem p e ra tu re .

Discussion
Identity of the Active Species. B a se d  o n  th e  w o rk  o f  

O g r y z lo 17 u sin g  sim ilar a to m  p ro d u ctio n  an d  d e te ctio n  

tech n iq u es, as w ell as th e  d a ta  presen ted  in  F igu re  4 ,  
it  is con clu d ed  th a t  th e  o b se rv ed  r e a c tiv ity  o f  th e  

ch lorin e p assed  th ro u gh  th e  m icro w a v e  d isch arge  is 
d u e to  th e  presence o f grou n d  s ta te  C 1 (2P>/,) a to m s .

A t  c om p arab le  m icro w a v e  pow er leve ls  a n d  pressu res  
O g r y z lo 17 rep orted  agreem en t b etw een  th e  C l  a to m  
con cen tration  as d eterm in ed  fro m  th e  q u a n tita tiv e  
gas p h ase t itra tio n  reaction

C l +  N O C I  — >  N O  +  C l 2 (2 )

an d  th e  o u tp u t  o f  a calorim etric  n ickel d e te c to r . W h ile  
C l2 ( A 3n ou+) h as been  identified  in  th e  p ro d u cts  o f  
ch lorin e d isch arg es , 23  its  presence here d u e  to  p ro d u c

tio n  in  th e  d isch arge or b y  su b seq u en t p rea ssocia tio n  
o f C 1(2 P j/ 2) a to m s  can  b e  ruled  o u t o n  th e  b asis o f  resi

den ce t im e  con sid eratio n s . 24

F in a lly , th e  fa c t  th a t  th e  observ ed  ch lo rin ation  rate  
increased lin early  w ith  th e  C l a to m  c o n ce n tration  in

ferred from  th e  o u tp u t  o f  a  nickel ca lorim eter  d e te c to r  
(see F igu re  4 )  c on stitu tes  fu rth er  in d irect ev id en ce  
th a t  excited  C l 2 m olecu les (w ritten  C l2*) p la y  a  n egli

g ib le  role in  th e  p resen t w ork . T h e s e  exp erim en ts  
cov er  a  tw o fo ld  ran ge o f in itial C l2 m o le  fra c tio n s  and  

w ere carried o u t  a t  m icro w a v e  pow er le v e ls  fr o m  60  
to  9 0 %  o f fu ll pow er. I f  excited  ch lorin e m o lec u les  
p la y ed  a  sign ifican t role b o th  in  th e  o b se rv ed  k in etic s  
an d  in  th e  nickel d e te cto r  respon se, it  is u n lik e ly  th a t  
a linear correlation  w o u ld  b e  o b serv ed  o ver  th e  resu ltin g  
range o f [C l2* ] /  [C l] ratios.

Absence of Transport Limitations. W h ile  red u ction s  

in  th e a p p a re n t a c tiv a tio n  en ergy  o f h ig h -te m p e ra tu re  
h eterogen eou s reaction s are fre q u e n tly  a ssociated  w ith  
a local d ep letio n  o f re a cta n t d u e to  p h y sica l lim ita tio n s  
on  its  rate  o f  su p p ly  (b y  co n v e c tiv e  d iffu sion ) , 9 ’ 10' 25’ 26 

previou s stu d ies o f  th e o x id a tio n  o f  m o ly b d e n u m , 
tu n g sten , an d  grap h ite  a t  co m p a ra b le  rea ction  rates,

(22) Based on the filament temperature. The corresponding value 
based on the use of the upstream gas temperature in eq. 1 was 1/t.
(23) L. W. Bader and E. A. Ogryzlo, J. Chem. Phys., 41, 2926 
(1964).
(24) The radiative lifetime of Cl2(3n ou+) is shorter23 than 10“ 3 sec* 
Moreover, using the termolecular rate constant k^r = 4 X 10l6 
cm.6 mole ~2 sec.-1 for the homogeneous recombination of Cl atoms 
with argon as a third body (L. W. Bader and E. A. Ogryzlo, Nature, 
201, 491 (1964)), the residence time required for the initial Cl atom 
concentration to fall to half of its original value would exceed 10 sec. 
in the present experiments.
(25) D. E. Rosner and H. D. Allendorf, J. Electrochem. Soc., I l l ,  
759 (1964).
(26) D. E. Rosner and H. D. Allendorf, ibid., 112, 653 (1965).
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reactan t flow  rates, su rface tem p era tu res , an d  rea cta n t  
partial pressures h a v e  d e m o n stra te d  th e  ab sen ce o f  
th is class o f  p h y sica l p h e n o m en a  in  th e  p resen t re

a cto r . 1 1 - 1 3  T h u s , rep o rted  rea ction  ra te s 1 1 - 1 3  are fo u n d  
to  b e  in d ep en d en t o f  b o th  r e a cta n t flow  ra te  an d  
id e n tity  o f  th e  carrier g a s . 26 C o n se q u e n tly , th e  o b 

served  departu res o f  th e  m o ly b d e n u m  ch lorin ation  

p robab ilities fro m  sim p le  A rrh en iu s b eh a vior  are be

liev ed  to  b e  tru e k in etic  p h e n o m en a , ch aracteristic  
o f th e tem p era tu re  a n d  ch lorin e p a rtia l pressure leve ls  
en countered h erein  and n o t pecu liar to  th is p articu lar  
reactor configu ration .

Mechanistic Considerations. I f  e v e r y  in cid en t C I2 

m olecu le  p rod u ced  o n e  M o C k f e )  p ro d u c t m olecu le , 
e w o u ld  b e  u n ity . S im ila rly , if  e v e ry  in cid en t C l  a to m  
is u sed  to  p ro d u ce  o n e M o C l 2 (g ) m olecu le , e w o u ld  be  
V 2 . W h e n  e is con sid erab ly  b e lo w  th ese v a lu e s , 27 

it  is clear th a t  so m e ch lorin e is b ein g  reflected  fr o m  th e  
su rface a n d /o r  is a d sorb ed  b u t  la ter  ev a p o ra te d  as 
eith er C l 2 (g) or C l(g )  b efore  ch em ical rea ction  can  
occu r.

C on sid erin g  first th e  rea ctio n  o f C l2 (g) w ith  M o (s )  
a n d  N i(s ) ,  w e n o te  th a t  th e  m o ly b d e n u m  ch lorin ation  
p ro b a b ility  passes th ro u g h  a  m a x im u m  an d  th en  fa lls  
off sh arp ly  a t h igh er tem p e ra tu res (c /. F igu re  3)  
w h ereas, u n der sim ilar con d ition s, th e  nickel ch lorin a

tio n  p ro b a b ility  does n o t  exh ib it th is  fe a tu re . 6 T h is  
su gg ests  th a t  th e  chlorine a d sorb ed  o n  m o ly b d e n u m  is 
m ore  w e a k ly  b o u n d  an d  th u s  m o re  lik e ly  to  e v a p o ra te 28 

as C l(g )  an d  C l2 (g ). T h is  redu ces th e  h ig h -te m p e ra 

tu re reaction  p ro b a b ility  o f  m o ly b d e n u m . 29 T h e  large  
v a lu e  o f e for h ig h -te m p e ra tu re  n ick el a lso im p lies a  
h igh  sticking probability w h en  C l2 (g) is in cid en t u p o n  
th is su rfa ce ; i.e., a  sign ifican t fra c tio n  o f in cid en t  
m olecu les d isso cia tiv e ly  ad sorb  on  th e  C l  a to m  covered  
n ick el su rfa ce . 30 W i t h  th is  com b in a tio n  o f h igh  stick in g  
p ro b a b ility  an d  lo w  ev a p o ra tio n  rate  o f  u n reacted  
chlorine, it is n o t  su rprisin g  to  fin d th a t  prior d issocia 

tio n  o f th e in cid en t ch lorin e causes no sign ifican t in 

crease in  th e  h ig h -te m p e ra tu re  rea ctio n  p ro b a b ility  

o f n ickel. I n  th e  case  o f  m o ly b d e n u m , h ow ev er , th e  

stic k in g  p ro b a b ility  is a p p a re n tly  lo w , an d  th e  ev ap ora 

tio n  ra te  o f  u n reacted  ch lorin e is larger. P rior  dis

so cia tio n  can  th erefore  g re atly  increase th e  o ver -a ll  

rea ction  p ro b a b ility  e in  tw o  d istin ct w a y s : (i) b y  

in creasin g  th e  stick in g  p ro b a b ility , le a v in g  th e  re

m ain d e r o f th e  rea ction  m ec h a n ism  essen tia lly  u n 

a ltered , an d  (ii) b y  in tro d u cin g  a  R id e a l-ty p e  m ec h a 

n ism  in  w h ich  a  C l a to m  fr o m  th e  g as p h ase can  react  

d irec tly  w ith  ad sorb ed  chlorine a to m s  to  fo r m  a  co m 

p lex  lead in g  to  th e  d esorp tion  eith er o f  rea ction  p ro d 

u c t  or o f d ia to m ic  ch lorin e . 31 B o th  o f th ese  m e c h 

a n ism s are rea d ily  reconciled  w ith  th e  o b serv ed  first- 
ord er k in etic  b eh a v io r  o f th is  rea ction  (cf. F igu re  4 ) . 32

Homogeneous Thermal Dissociation. A t  1 5 0 0 ° K .  th e  
ex te n t o f  C l2 d isso cia tio n  p red icted  thermodynamically 
is appreciable. In d e e d , b ased  o n  th e  1 5 0 0 ° K .  eq u i

lib riu m  c on stan t, Pc iPc i2~ i/! =  1 0 - 1 - 226 a t m .1/2,

(27) The corresponding values for the reaction product MoClzfg) 
are 2/s and Vs. respectively. For MoCl(g) they are 2 and 1, respec
tively.
(28) In the absence of adsorption heat data some insight into the 
relevant binding energies can be obtained from an examination of 
the relative bond strengths of the gaseous metal chlorides. At 
298.16°K. the dissociation energy of NiCl(g) is given as 115 kcal./ 
mole: A. G. Gaydon, “ Bond Dissociation Energies,”  Chapman and 
Hall, 1953. From the heats of formation of the tungsten chlorides 
W Cl„(g) (n =  2, 4, 5, 6) given in the “ JANAF Thermochemical 
Tables,” Dow Chemical Co., Midland, Mich., we estimate the WC1 
bond strength to be about 113 kcal./mole. While a reliable value 
for the MoCl bond does not appear to be available, the tungsten 
value given here and ratios taken from L. L. Quill, “ The Chemistry 
and Metallurgy of Miscellaneous Materials, Thermodynamics,”  
McGraw-Hill Book Co., Inc., New York, N. Y ., 1950, indicate an 
M oCl bond strength of about 99 kcal./mole. For comparison, note 
that the Cl-Cl bond in Chtg) has a strength of only 57.1 kcal./mole 
(c/. Gaydon, cited previously in this footnote) and the heat of sub
limation of molybdenum is 155.5 kcal./mole: T. L. Cottrell, “ The 
Strengths of Chemical Bonds,”  Butterworth and Co. Ltd., London, 
1958.
(29) While reliable data on the thermodynamics of the M o-C l 
system do not appear to be available, calculations of the partial 
pressures of WCl„(g) (n — 2, 4, 5, 6), Cl(g), and Cl2(g) in equilibrium 
with a tungsten surface can be made based on the JANAF thermo- 
chemical data. When this is done we find that the equilibrium 
Cl(g) and Cli(g) pressures become comparable to the imposed Cl(g) 
and Cli(g) pressures (in the present experiments) at surface tem
peratures in the range 1050-1250°K. At these and higher surface 
temperatures, the reaction to form the stable metal chlorides is thus 
thermodynamically not favored. Further verification of this tend
ency is provided by similar thermodynamic calculations and experi
ments on the molybdenum-oxygen and tungsten-oxygen systems. 
In contrast to the chlorination reactions studied here, we expect and 
find that, at comparable reactant partial pressures, the oxidation 
probability of tungsten and molybdenum monotonically increases in 
precisely the temperature range in which the chlorination probability 
drops off. For the attack of molybdenum and tungsten by 0 2 (g) 
these kinetic measurements extend to a surface temperature of 2600° 
K .: D. E Rosner and H. D. Allendorf, AeroChem TN-61, May 
1964; D D C AD 438 927. However, at lower O2 pressures, maxima 
in e have been experimentally observed below this surface tempera
ture (cf., e.g., J. B. Berkowitz-Mattuck, et al., J. Chem. Phys., 39, 
2722 (1963), Figure 8, and P. O. Schissel and O. C. Trulson, ibid., 43, 
737 (1965)).
(30) it  is interesting to note here that, quite apart from bond strength 
considerations, the (2.49-A.) minimum internuclear distance in the 
nickel crystal is closer to the (1.99-A.) internuclear distance in 
chlorine than is the (2.72-A.) minimum internuclear distance in the 
molybdenum lattice. Moreover, since the metal specimens studied 
are polycrystalline, the nickel structure, being f.c.c., presents more 
closely packed crystal faces to the clorine than the b.c.c. molybdenum 
structure.
(31) It is anticipated that the relative importance c f these routes 
can be assessed by independent measurements of the atom recom
bination probability on high-temperature reacting surfaces, or 
transient measurements of the average residence time of a Cl atom 
on the surface (when the specimen is subjected to a modulated 
atomic beam, in the spirit of ref. 2).
(32) Interestingly enough, at these reactant partial pressure levels, 
all high-temperature kinetic studies carried out thus far of 0  atom 
reactions on the refractory metals (Mo, W ),u graphite,12,13 and 
platinum (cf. G. C. Fryberg, J. Chem. Phys., 24, 175 (1956)) have 
revealed large enhancements in the reaction rate and first-order 
kinetic behavior.
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th e  gas w e ttin g  th e  filam en t w o u ld  con ta in  a  C l a to m  

p a rtia l pressure o f 5 .6 0  X  1 0 - 2  torr, ev en  in  th e  absen ce  
o f a m icro w a v e  disch arge. A t  first s igh t, th is  casts  
d o u b t on  th e  significance o f th e d a ta  in  “ u n d issociated  
ch lorin e”  a t  th ese  filam en t tem p era tu res. H o w e v e r , 
w h ile  it  is lik e ly  th a t  th e  gas tem p e ra tu re  is raised  
lo c a lly  to  th e  fila m en t su rface tem p e ra tu re , 33 it  is u n 

lik e ly  th a t  a d eq u ate  t im e  is a va ilab le  fo r  h om o gen eou s  
d issociation  in  th e  v ic in ity  o f  th e  filam en t. T h is  can  
b e verified  b y  com p arin g  th e  residen ce tim e  fo r  a  gas  
m olecu le  w ith in  th e  th erm a l la ye r  o f th e  fila m en t (a t  

m o s t  o f  th e order o f  d 2/D c i 2-Ar, w h ere d is th e  filam en t  
d ia m eter  and  D cij-A r is th e  F ic k  C l2- A r  in terd iffusion  
coefficient) to  th e  characteristic  t im e  (fcd.ArWAr) - 1  for  

h om o gen eou s C l2 d isso cia tio n  (w here fcd.Ar is th e  ap
p rop riate  d isso cia tio n  rate  c o n sta n t 34 a n d  nat is th e  
argon  m olecu le  n u m b e r  d e n sity ). S in ce th e  residence  
t im e  is fo u n d  to  b e  to o  sm all b y  m ore  th a n  five  orders  
o f  m a g n itu d e , w e  are led  to  th e  con clu sion  th a t  ev en  
a t th e  h igh e st filam en t tem p era tu res in v e stig a te d  C l  
a to m s  w ere e ffe ctiv ely  a b sen t as a  p o ten tia l rea cta n t  
in  all ch lorin ation  ex p erim en ts carried o u t  w ith  th e  
electrical disch arge off.

Conclusions
B a se d  u p o n  th e exp erim en tal d a ta  an d  th e  discu ssion  

a b o v e , th e  fo llow in g  con clu sion s m a y  b e  draw n .

(1 ) A  c on v en ien t exp erim en tal tech n iq u e , m a k in g  
use o f a  m icro w a v e  disch arge, a  fa st-flo w  s u b a tm o s-  
pheric pressure sy ste m , and resistan ce h e a tin g -m o n i

torin g  o f th e  sp ecim en , h as b een  d e v e lo p ed  to  s tu d y  th e  
tru e k in etics o f rap id  m e ta l ch lorin ation  b y  b o th  C l(g )  
a n d  C l2 (g ) a t partia l pressures o f  th e order o f  1 0 - 3  

torr an d  greater. T h e  m o ly b d e n u m  and  n ick el chlori

n a tio n  reaction s occu r a t  c o n stan t (tim e-in d ep en d e n t)  

rates, as exp ected  fo r  reaction s fo rm in g  v o la tile  (n o n -  
p ro te ctiv e ) p rod u cts.

(2 ) T h e  h igh  reaction  p ro b a b ility  (e ~  l/ 2)  o f  C l2 (g) 
on  nickel a t  su rface tem p era tu res a b o v e  1 0 0 0 ° K . ,  
first rep orted  b y  M c K in le y  an d  S h u ler , 6 h as b een  v eri

fied. C o n sisten t w ith  th is resu lt, p artia l d issociation  
o f chlorine in  th e  m icro w a v e  disch arge h as n o  appre

ciab le effect o n  th e  ch lorin ation  ra te  o f n ickel.

(3 ) I n  con trast, w ith  m o ly b d e n u m , C l a to m s are  
con sid erab ly  m ore  rea ctive  th a n  d ia to m ic  chlorine

o ver  th e  en tire tem p era tu re  ran ge in v e stig a te d  ( 4 0 0 -  
1 5 3 0 ° K .) .  E v e n  a t 4 0 0 ° K . ,  o n ly  3 5  C l a to m  strik es  
are n ecessary  to  re m o v e  o n e m o ly b d e n u m  a to m  fr o m  
th e  filam en t, an d  a t tem p era tu res near 1 0 0 0 ° K .  th e  
rea ction  p ro b a b ility  (w hich  is in d ep en d en t o f  C l a to m  
con cen tration ) a tta in s v a lu e s o f  th e  ord er o f  2  o u t  o f  
e v e ry  3 collisions. C orresp on d in g  rea ctio n  p ro b a b ilities  
fo r  C l2 (g ) a tta c k  o f m o ly b d e n u m  n ev er  exceed ed  ~ 1 /  
1 0 0  (a t  pch =  3 X  1 0 ~ 2 torr).

(4 ) T h e se  resu lts su ggest th a t  th e  stic k in g  p r o b 

a b ility  fo r  C l2 (g ) d isso cia tiv e  ad sorp tion  o n  (ch lorin e  
a to m  covered ) n ick el is m u c h  larger th a n  o n  (ch lorin e  
a to m  covered ) m o ly b d e n u m . I n  th e  p resen ce o f C l  
(g ) , th is  k in etic  d ifficu lty  o n  m o ly b d e n u m  is c ircu m 

v e n te d , an d  a  n ew  (R id e a l-ty p e ) m ec h a n ism , in v o lv in g  
reaction  as a  resu lt o f d irect gas p h a se  a to m  strikes, 
also b ecom es availab le .

(5 ) A b o v e  a b o u t 1 2 0 0 ° K . th e  m o ly b d e n u m  chlori

n a tio n  p ro b a b ility  (for b o th  a tta c k  b y  C l(g )  a n d  C l 2 (g ))  
decreases w ith  increasin g  su rface te m p e ra tu re , in d i

c atin g  ap p reciable  ev a p o ra tio n  o f C l2 a n d /o r  C l fr o m  
th e  filam en t a t  th ese  tem p era tu res . T h e  corresp on d 

in g  b eh a v io r  for th e  o x id a tio n  o f m o ly b d e n u m  and  
tu n g sten  b y  0 2 (g ) a t th ese  p artia l pressu re leve ls  has  
n o t b een  o b se rv ed  a t  tem p era tu res u p  to  2 6 0 0 ° K .

(6 ) T h e  recom b in ation  p ro b a b ility  fo r  C l  a to m s  on  
4 2 0 ° K .  n ick el filam en ts is a b o u t y 2. A s  th e  su rface  
tem p e ra tu re  increases, th e ratio  o f  th e  ch lo rin ation  
rate  to  th e  reco m b in a tio n  rate  increases sh arp ly .

Acknowledgment. T h e  auth ors g ra te fu lly  a ck n o w l

ed ge th e  a d vice  and assistan ce o f D r . A .  F o n tijn  in  
th e  areas o f  th e  gen eration  an d  d e te c tio n  o f  a to m ic  
species. W e  are esp ecially  in d eb ted  to  th e  P ro p u lsio n  
D iv is io n  o f  th e  U n ite d  S ta te s  A ir  F o rce  O ffice o f  S cien 

tific R ese arch  fo r  its  in terest in  an d  fin an cia l su p p ort  
o f th is research. In  a d d ition , w e w ish  to  th a n k  D rs .

J . D .  M c K in le y  an d  O . C . T ru lso n  fo r  h e lp fu l c o m m e n ts  
o n  th is w ork .

(33) Since the filament diameter is of the order of 10 times the mean 
free path of the gas, molecules approaching the filament make an 
appreciable number of collisions with molecules which have either 
already interacted with the filament or collided with those that 
have.
(34) fcd,At ~  10s cm.3 mole-1 sec.-1 at 1500°K.: H. Hiraoka and 
R. Hardwick, J. Chem. Phys., 36, 1715 (1962).
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Recoil Tritium Reaction: Ring Opening and Alkyl Replacement in 

Substituted Cyclopropanes1
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I n  a d d itio n  to  th e  tw o  c o m m o n  reaction s o f a b stractio n  o f an d  su b stitu tio n  for h y d ro g en  
a to m s, en ergetic recoil tr it iu m  a to m s react w ith  su b stitu te d  c yclop ro p a n es b y  a tta c k  on  
th e  C - C  b o n d  w ith  rin g  op en in g  a n d  th e  fo rm a tio n  o f an  ex cited , tr it iu m -la b e le d  rad ical. 
T h e se  free rad icals su b se q u e n tly  d e com p o se  b o th  b y  C - C  b o n d  b re a k  to  a  sm aller rad ica l 
a n d  an  olefin  a n d  also  b y  th e  h igh er a ctiv a tio n  en ergy  process o f loss o f a  h y d ro g en  a to m , 
in  a b o u t eq u a l y ie ld s . T h e  rep lacem en t o f  a lk y l grou p s su b stitu te d  on  th e  c yc lop ro p a n e  
rin g  b y  energetic tr it iu m  a to m s  also occurs, an d  th e  ex cited  m e th y lc y c lo p ro p a n e -i  an d  
cyclopropane-^  m olecu les so fo rm e d  are su ffic ien tly  ex cited  to  u n dergo  u n im olecu lar  
isom eriza tio n . T h e  h igh er y ie ld s  o f olefinic p ro d u cts fr o m  th e  r in g -op e n in g  rea ction  obscu re  
th ese  isom e riza tio n  reaction s an d  p rev en t q u a n tita tiv e  estim a tes  o f th e  energies o f ex cita 

tio n  in v o lv e d  in  th e  su b stitu tio n  o f an  en ergetic tr it iu m  a to m  for an  a lk y l grou p .

Introduction
E n e rg etic  tr it iu m  a to m s  fo rm e d  b y  n u clear  recoil 

rea ct w ith  cyc lan es, as w ith  a lk an es, p rim arily  b y  th e  
tw o  h o t  reaction s o f a b stra c tio n  o f h y d ro g en  a to m s  
an d  su b stitu tio n  fo r  th e m , as in  reaction s 1  and 2 . 3 - 1 6

T *  +  R H  — >  H T  +  R  (1)

T *  +  R H  — >  R T  +  H  (2)

I n  th e  h y d ro c a rb o n  a n d  h a loca rb o n  sy ste m s, sm aller  
y ie ld s  are regu larly  fo u n d  fo r  th e  p ro d u c ts  correspon d

in g  to  th e  su b stitu tio n  o f h o t  tr it iu m  fo r  a lk y l grou ps, 

as in  reaction  3 . In v e stig a tio n s  o f th ese  reaction s in

T *  +  R - R '  — ■> R T  +  R '

\  (3)
R  +  R 'T

alk an e sy ste m s  are c o m p a ra tiv e ly  stra igh tfo rw ard  
since b o th  R T  an d  R 'T  are s ta b le  m olecu les, each  
sim p le , sm aller  re la tiv es o f  th e  p a ren t m olecu le  R - R ' .  
I n  exp erim en ts carried o u t  w ith  cyclan es, h ow ev er , 
th ese  reaction s are n o t  so d irectly  in v e stig a te d  since  
th e  e q u iv a le n t rep la cem e n t b y  th e  h o t  tr it iu m  a to m  
o f a  carb on  a to m  b o n d e d  to  a n o th e r  sh ou ld  lead  to  th e  
fo rm a tio n  o f a  la b e le d  free rad ical, as in  (3 a ) , w h ose  
su b seq u en t rea ction  m u s t  also  be u n d erstoo d .

T *  +  C H 2 ( C H 2) kC H 2 — ^  C H 2T ( C H 2) kC H 2 (3a)

S evera l y ears  ago , th e  su b stitu tio n  o f tr it iu m  fo r  h y 

d rogen  in  cyc lop ro p a n e w a s p o stu la te d  to  le a v e  th e 1 2 3 4 5 6 7 8 9 10 11 12 13 14
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lab eled  cyclop ro p a n e m olecu le  in such  an ex cited  sta te  
th a t  th e  m olecu le  w a s a b le  to  u n dergo  su b seq u en t  
isom eriza tio n  to  p ro p ylen e , an d  b o th  la b eled  cyclo 

p ro p an e an d  lab eled  p ro p ylen e  are fou n d  in  th e sy ste m  
in a greem en t w ith  th is p o stu la te . 3 ' 4 F u rth erm o re , 
th e  m ea su red  y ie ld  o f  c y c lo p ro p a n e -i increases w ith  
th e  g as  pressure du rin g  irrad iation , as ex p ected  fo r  a  
c o m p etitio n  b etw een  isom erization  a n d  collisional 
sta b iliza tio n  fo r  an  energetic ex cited  m o le c u le . 4 S u b 

seq u en tly , a careful in ve stig ation  o f th e  c y c lo b u ta n e  
sy s te m  disclosed  c o m p lem en ta ry  p ressu re-d ep en d en t  
y ie ld s  o f c y c lo b u ta n e -i a n d  th e  ex p ected  p ro d u c t o f  its  
d e com p o sitio n , C 2H 3T , an d  led  to  a n  e stim a te  o f  5  
e .v . as th e  average  ex cita tio n  en ergy  o f c -C 4H 7T  m ole 

cules fo rm e d  b y  reaction  2  w ith  c y c lo b u ta n e . 5 E x c i

ta tio n  energies in th is ran ge are a lread y  sufficient to  
p rod u ce v ariou s d ecom p o sitio n  a n d  isom eriza tio n  proc

esses w ith  a ctiv a tio n  energies in  th e  3 -4 - e .v .  ran ge . 1 7 - 1 9

S m a ll y ie ld s  o f  b u te n e -1  fr o m  recoil tr it iu m  reaction s  

w ith  c y c lo b u ta n e  su p p ort th e  h y p o th e sis  o f  th e  rin g

o p en in g  reaction  (3 a ) in cyclan e  s y s te m s . 6 H o w ev er , 
corresp on d in g  d eta iled  stu d ies o f  th e c yc lop ro p a n e  
s y ste m  are com p lic a ted  b y  th e fa c t  th a t  th e  exp ected  
p ro d u c t o f reaction  3a , fo llow in g  loss o f  an  H  a to m  
fro m  th e  ex cited  rad ical, w ill b e  C H 2T C H = C H 2, 
w h ile  th e  isom erization  o f excited  cyc lo p ro p a n e -f  
fo rm e d  b y  reaction  2  w ou ld  also  lead  to  tr it iu m -  
la b eled  p ro p y len e . 20 ' 21 O u r p resen t s tu d y  o f sim ilar  
reaction s w ith  su b stitu te d  cyclop ro p a n es h as been  
u n d ertak en  to  fu rn ish  m ore  d e fin itive  in fo rm a tio n  
a b o u t th e  occu rren ce o f th e  rin g -op en in g  reaction  in  
c yclan e  sy ste m s. S im u lta n e o u sly , th e p o ssib ility  also  
exists fo r  in ve stig ation  o f th e secon d ary  reaction s fo llow 

in g  rep lacem en t b y  tr it iu m  a to m s  o f a lk y l grou p s  
b o n d ed  to  cyc lop ro p a n e rings, th ereb y  p ro vid in g  a  
rou gh  estim a te  o f th e average  e x cita tio n  en ergy  
rem ain in g  in  th e  m olecu le  a fter  th a t  h o t  reaction . 
T h e se  recoil tr itiu m  ex p erim en ts  h a v e  been  carried  

o u t w ith  e th y l cyc lop rop an e (E C ) ,  c fs -1 ,2 -d im e th y l-  
cyclop ro p a n e (c t s -D M C ) , an d  fr c m s-l ,2 -d im e th y lc y c lo -  
p ro p an e ( ir a n s -D M C ).

Experimental Section

T h e  exp erim en tal m e th o d s  are q u ite  sim ilar to  th ose  
described in  recen t recoil tr itiu m  p u b lication s fro m  th is  
research  grou p . T h e  g as p h ase sa m p les  u tilized  th e  
n u clear reaction  H e 3 ( n ,p )H 3 as tr itiu m  so u rce ; th e  
liq u id  sa m p les  w ere con d en sed  o n to  L iF  in  capillaries, 
in w h ich  tr it iu m  w a s  fo rm e d  b y  th e  L i6 ( n ,a ) H 3 reac

tio n . 19 ' 22 N e u tr o n  irradiation s w ere carried o u t pri

m a rily  in  a  n o m in a l n eu tro n  flu x  o f 1 0 11 n e u tr o n s / 
c m . 2 sec. fo r  p eriods as lo n g  as 3 h r. T h e  a ctu a l

n eu tron  flux w ith in  th e  irrad iation  b u lb s  w a s a b o u t  
5 X  1 0 10 n e u tr o n s /c m . 2 sec. b ecau se  o f n e u tro n  a tte n u a 

tio n  in  th e  b o ron -r ich  1 7 2 0  P y re x  g lass u sed  in  th e  b u lb s .

T h e  d istrib u tio n  o f tr itiu m  a c tiv ity  a m o n g  v a rio u s  
m olecu les w as d eterm in ed  b y  rad io  gas c h ro m atog 

r a p h y . 23 T h e  chief difficulties in  th e  a n a ly ses  o f these  
recoil tr it iu m  s y ste m s  arose fro m  th e  la rg e  n u m b e r  of 
lab eled  m olecu les o b serv ed , ev en  in  sc a v e n g e d  sy ste m s, 
an d  th e  n ecessity  for m ea su rin g  certain  p a rticu la r  

c o m p o n en ts  in  rath er lo w  y ie ld s. T h e  rad io  gas  
c h ro m a to g ra m  o f F igu re  1 is illu stra tiv e  o f  th e  c o m 

p le x ity  o f  th e  a n a ly sis  fo r  th e  lab eled  m olecu les  fo rm e d  
in a  sy ste m  th o ro u g h ly  scav en g ed  to  e lim in a te  all 
th erm a l reaction s.

T h e  to ta l h yd ro c a rb o n  a n a ly ses  w ere m a d e  p rim a rily  
on  one or tw o  o f th e  fo llow in g  th ree c o lu m n s (a ll p a ck e d  
in  0 .6 4 -c m . o .d . C u  tu b in g ) : ( 1 ) 1 5 .2 5 -m . D M S :

3 5 %  d im eth y lsu lfo la n e  on  3 0 -6 0 -m e s h  firebrick , o p 

erated  a t  2 4 .5 ° ,  2 0  p .s .i . o f H e , a n d  2 5  m l . /m i n . (2)

1 5 .2 5 -m . S A F :  3 5 %  safrole on  3 0 -6 0 -m e s h  a cid -  

w a sh ed  firebrick op erated  a t  0 ° ,  2 0  p .s .i . o f  H e , a n d  4 4  
m l./m i n . (3 ) 2 4 .4 -m . A A :  1 6 %  a ce to n y la c e to n e  on

3 0 -4 0 -m e s h  acid -w ash ed  firebrick , o p era ted  a t  0 ° ,  
12 p .s .i . o f H e , an d  3 0  m l . /m i n . T h e  lig h te st m olecu les  
w ere sep arated  on  th e  fo llow in g  c o lu m n : 1 5 .2 5 -m .

P C A :  9 .6 %  p ro p ylen e  carb on a te  o n  3 0 -5 0 -m e s h  
a c tiv a te d  a lu m in a  ( F - l ) ,  o p erated  a t  0 ° ,  10  p .s .i . o f  
H e , a n d  2 9  m l . /m in .

T h e  p a ren t m olecu les, E C , c f s -D M C , a n d  iran s- 
D M C  , w ere all A .P .I .  prep ared  sa m p les  w ith  a  sta te d  
p u rity  o f > 9 9 . 7 % ,  con firm ed b y  gas c h ro m a to g ra p h y . 
T h e  exp erim en ts in v o lv in g  gas p h ase irrad iation s w ere  
lim ite d  on  th e  u p p er en d  o f th e  pressure ran g e  b y  th e  
v a p o r  pressure a t  th e 2 0 °  tem p e ra tu re  o f th e  irradia 

tio n  fa c ility : c i s -D M C , 3 8  c m .; i r a n s -D M C , 5 2  c m .;  
E C , 3 9  cm .

(15) A. Odell, A. Rosenberg, R. D. Fink, and R. Wolfgang, J. Chem. 
Phys., 40, 3730 (1964).
(16) Y . N. Tang, E. K . C. Lee, and F. S. Rowland, J. Am. Chem. 
Soc., 86, 1280 (1964).
(17) E. K. C. Lee, Y. N. Tang, and F. S. Rowland, ibid., 86, 5038
(1964).
(18) Y . N. Tang and F. S. Rowland, ibid., 87, 1265 (1965).
(19) Y . N. Tang and F. S. Rowland, ibid., 87, 3304 (1965).
(20) The recent development of isotopic separation techniques for 
radio gas chromatography permits some estimate of the relative con
tributions of these two processes, for the former produces propylene 
with tritium only in the alkyl position, while the latter forms pro
pylene with both alkyl and olefinic tritium.21 Both contributions 
have been shown to be present in unpublished experiments by 
E. K . C. Lee.
(21) E. E . C. Lee and F. S. Rowland, Anal. Chem., 36, 2181 (1964).
(22) Y .-N . Tang, Ph.D. Thesis, University of Kansas, 1964.
(23) J. K . Lee, E. K. C. Lee, B. Musgrave, Y .-N . Tang, J. W. Root, 
and F. S. Rowland, Anal. Chem., 34, 741 (1962).
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Figure 1. Radio gas chromatographic analysis of radioactive products from recoil tritium reactions with ds-l,2-dimethylcyclopropane.

Results and Discussion
Grouping of Hot Products. T h e  ra d io a c tiv ity  a n a ly 

ses o f th ese  sa m p les  sh ow  a t least 2 0  sign ifican t tr itia ted  
species in  w e ll-sc a v en g ed  runs an d  m a n y  a d d ition al 
sa tu rated  h y d ro carb on s in  exp erim en ts carried o u t in  
th e  absen ce o f scaven gers. W e  b e lie ve  th a t  these  
resu lts  can  b e  m ore  m e a n in g fu lly  p resen ted  if th e y  
are lis ted  in  sm all correlated  grou p s rath er  th a n  in  a  
large ta b le  o f  a ll p ro d u c ts  fo rm e d  u n d er a  v a r ie ty  o f 
ex p e rim en ta l con d ition s. F u rth e r , w e sh all p resen t th e  
resu lts  in term ix ed  w ith  a  d iscu ssion  o f th e  reaction s  
in v o lv e d  sin ce th e ap p rop riate  sm a ll grou p s m a y  b est  
b e  ch osen  w ith  th e  m ech an ism s in  m in d . T h e  d a ta  
are all p resen ted  as re la tiv e  y ie ld s , w ith  th e m easu red  
y ie ld  o f  th e  p a ren t h y d ro c a rb o n  serv in g  as th e  b ase  
( =  1 0 0 ) . A n y  com p arison  o f sa m p les  irrad iated  a t  
differen t pressures th erefore  requires proper correction  
fo r  a n y  v a ria tio n s  in  th e  p a ren t y ie ld  w ith  th e  pressure  

o f irradiation .
Energetic Addition of Tritium Accompanied by Ring 

Opening. T h e  rea ction  o f an  en ergetic tr it iu m  a to m

w ith  on e o f th e  ring carb on  a to m s  to  fo rm  a stab le  
C - T  b o n d , w h ile s im u lta n eo u sly  op en in g  th e  rin g  as 
in  reaction  3a , w o u ld  p rod u ce th e  la b e le d  free  radicals  
sh ow n  in  th e cen ter co lu m n  o f T a b le  I . T h e  lab eled  
olefins an d  free rad icals ex p ected  fr o m  th e  d ecom p o si

tio n  o f th ese  rad icals th ro u gh  b reak ag e  o f th e  w eak est  
C - C  b on d s are su m m arized  in  th e  r ig h t-h a n d  colu m n s. 
I n  ad d ition , since th ese reaction s are ex oth erm ic  
ev en  w ith o u t th e  k in etic  en ergy  o f th e  reactin g  tr itiu m  

a to m , th ese  rad icals w ill p ro b a b ly  b e  fo u n d  in  v e ry  
ex cited  states , a n d  d e c o m p o sitio n  b y  oth er  p a th s , e.g., 
loss o f  H  a to m s, cou ld  also b e  exp ected .

Energetic Substitution of Tritium for Alkyl Groups. 
T h e  rep lacem en t o f  an  a lk y l grou p b y  an  energetic  
tr it iu m  a to m , as in  reaction  3 , h a s  b een  o b se rv ed  w ith  
ev ery  a lk an e larger th a n  C H 4 an d  h as fu rth er  been  
n o ted  fo r  all possib le R  grou p s in  each  o f th ese  m o le 

cules. T h e  correspon din g  reaction s in E C  w ill prod u ce  
C H 3T , C 2H 6T , C H 2T - c- C 3H 6, a n d  c -C 3H 6T , w h ile  th ose  
w ith  eith er D M C  w ill fo r m  C H 3T  an d  C H 3-c -C 3H .tT . 
I f  th e  m e th y lc y c lo p ro p a n e -i an d  cy c lo p ro p a n e -i m o le -
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Table I : Ring-Opening Reactions with Substituted Cyclopropane Molecules by Energetic Tritium Atoms

Reactants

rp*
+

CH2

c h 3c h 2ch

c h 2

+
c h 2

CH3CHCHCH3

Excited radical Radicals
— Labeled products------- ------- --------------- —

Olefins

c h 2
/  \

c h 3c h 2c h t  c h 2- c h 3c h 2c h t -
c ii2t

CH3CH2CH/ / c h 2t - c h 2t c h = c h 2
\

c h 2-
c h 2t

c h 3c h 2c h  / c h 2t - c h 2t c h 2c h = c h !
u

c h 2
/  \

CHsCHT ÇHOH, CHaCHT-
•c h 2

c h 3c h t c h c h 3 CHaCHT- c h 3c h t c h = c h 2
c h 2t

/ .
CH3CH—CHCHCHs CH2T-

c h 2t c h = c h c h 3
(cis +  trans)

Table II: Relative Yields of Butenes, Propylene, Cyclopropane, and Methylcyclopropane from Recoil
Tritium Reactions with Substituted Cyclopropanes“ (Parent Molecule = 100)b

Relative rates of 
----- formation------

Ref. 25, 
468° K., 
pyrolysis

Ref. 26, 
2600 Â., ketene 
+ cyclopropaneProduct EC cis-D M C irans-DM C

/ V 4.0 ±  0.2 1.6 ±  0.1 1.5 ±  0.1 1.00 1.00
0.14 ±  0.05 c 0.15 ±  0.05 0.16 0.27

W 0.11 ±  0.05 2.3 ±  0.2 2.0 ± 0 .1 0.63 0.66

H 0.13 ±  0.05 2.6 ±  0.1 2.5 ±  0.2 0.28 0.63

r ~ 8.2 ±  0.2 2.8 ±  0.2 2.5 ±  0.2

A. 1.3 ±  0.1 1.9 ±  0.1 1.6 ± 0 .2

A 0.9 ± 0 .1 0.0 ±  0.1 0.0 ±  0.1

“ Those underlined are products expected from ring-opening mechanism. 5 Experiments carried out at approximately 0.5 atm.; 0 2- 
scavenged. c Concealed in butene-1 peak.

cules th u s  fo rm e d  are created  w ith  excess v ib ra tio n a l  
en ergy  in  th e  gas p h ase, u n im o lecu lar  isom erization s  
in  m ea su ra b le  y ie ld s  w o u ld  b e  ex p ected . T h e r m a lly  
ex cited  cyclo p ro p a n e  isom erizes to  p ro p y len e , 24  w hile  
m e th y lc y c lo p ro p a n e  isom erizes to  each  o f th e  fo u r  
p o ssib le  b u te n es in  v a r y in g  y ie ld s . 25 ’ 26 A  q u a lita tiv e  
d istin ction  can  th e n  b e  d raw n  b etw een  th e  rin g -op en in g  
m ec h a n ism  a n d  th e  seq u en ce o f isom eriza tio n  fo llow in g

a lk y l re p la c e m e n t: all b u te n es are ex p ected  fro m  th e  
la tter , w h ile  o n ly  b u te n e -1  is a n tic ip a ted  fr o m  E C  
an d  isob u ten e  is n o t ex p ected  fro m  D M C  fr o m  th e  
form er.

(24) See S. Benson, “ The Foundations of Chemical Kinetics,” 
McGraw-Hill Book Co., Inc., New York, N. Y ., 1962, p. 252.
(25) J. P. Chesick, J. Am. Chem. Soc., 82, 3277 (1960).
(26) J. N. Butler and G. B. Kistiakowsky, ibid., 82, 759 (1960).
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Table III: Relative Yields of Geometrical and Structural Isomers from 
Recoil Tritium Reactions with Substituted Cyclopropanes

Products

Thermal 
isomerization, 

ref. 27

-cis-DMC----
Ring

opening
reaction

A . Parent No

A (6 6 ) ' No

zV No

A A  /  V  \ 0 Yes

AA 0.93 Yes

A - / 0.81 Yes

A 0.58 Yes

0 Yes

) = \ 0.55 Yes

-frarcs-DMC-
Thermal Ring-

Obsd. isomerization, opening
yields ref. 27 reaction

(100)° (28)' No

8.2' Parent No

0 . . .  No

1.0 0 Yes

2.2 0.54 Yes

6 0.35 Yes

1.0 0.58 Yes

1.6 0 Yes

2.2 0.54 Yes

■EC-

Obsd.
yields

Thermal 
isomerization, 

ref. 29

Ring-
opening
reaction

Obsd.
yields

~ 5 .2 / No 0

(100)“ No 0

0 Parent No (100)'

0 .8 (1.0)J Yes 2.5

2.2 0.4 Yes 1.5

b 0 .6 Yes b

1.2 0 .2 Yes 0.9

1.7 0 No 0

1.9 0 No 0

“ Arbitrary yield standard for comparison purposes. Samples were Orscavenged at ~0.5 atm. 6 Concealed in cts-DMC or EC 
peak. ' Rate constants for isomerization27 at 430.9° in units of 106fci, sec.-1. d Relative rates of formation at 467.8°.29 * 2.6 in liquid 
phase; 10.6 in gas sample at 10 cm. f Ca. 1 in liquid; ~ 6  in gas sample at 10 cm.

Yields of C3H5T and CMiT Molecules. T h e  rad io 

a c t iv ity  y ie ld s  o f  p ro p ylen e , th e  b u te n es, c y c lop ro p a n e , 
a n d  m e th y lc y c lo p ro p a n e  o b se rv ed  fo r  com p arab le  

sa m p les  o f each  o f th ree  C 5 cyc lop ro p a n e s are collected  
in  T a b le  I I .  F o r  con v en ien ce  in  com p arison  o f th e  
d a ta , th ose y ie ld s  are u n d erlin ed  in  th e  ta b le  fo r  w h ich  
th e  rin g -op en in g  rea ction  is a  su ita b le  m ec h a n ism . T h e  

d a ta  sh ow  im m e d ia te ly  th a t  th e  tw o  h igh  y ie ld  olefins  
fr o m  E C  are p ro p y len e  a n d  b u te n e -1 , as ex p ected  fr o m  
th e  r in g -op e n in g  m ec h a n ism , w hile th e  rem ain in g  th ree  
b u te n es h a v e  y ie ld s  a n  ord er o f  m a g n itu d e  less th a n  
th a t  o f  b u te n e -1 . T h e  b u ten es o b se rv ed  fr o m  D M C  
in clu d e th e  a n tic ip ated  rin g -op en in g  p ro d u c ts  in  h igh  
y ie ld s , w h ile  th a t  o f  isob u ten e , w h ich  sh ou ld  n o t  be  
fo rm e d  b y  th e  r in g -op e n in g  reaction s, is an  ord er o f  
m a g n itu d e  less. T h e  m e th y lc y c lo p r o p a n e -i  a n d  c y c lo -  
p ro p a n e -i y ie ld s  are m ea su ra b le  w h e n  a  sim p le  T - f o r -R  
reaction  w ill fo r m  th em , b u t  c y c lo p ro p a n e -f is n o t  
fo rm e d  fr o m  th e  D M C  m olecu les, fo r  w h ich  a  m ore  
com p lex  m ec h a n ism  w o u ld  b e  requ ired .

O n  th e  o th er  h an d , n on e o f th e  b u te n e  y ie ld s  is ever  

zero , a n d  rep e a ted  ex p e rim en ts  sh ow  th ese  y ie ld s  to  
b e  q u ite  reprodu cible . W e  in terp ret th e  d a ta  o f 
T a b le  I I  to  in d icate  th a t  th e  a d d itio n  rea ction  w ith  
ring o p en in g , fo llo w ed  b y  C - C  b o n d  b re a k  in  th e  ex

cited  rad ical, a cco u n ts  fo r  th e  m a jo r  fra c tio n  o f b u te n e  
p ro d u ctio n  in  each  case b u t  th a t  isom e riza tio n  o f  
m e th y lc y c lo p ro p a n e -f is also c o n tr ib u tin g  to  th e  fo r

m a tio n  o f th e b u te n e -f m olecu les in  lesser y ie ld s .

T h e  y ie ld s  o f  p ro p y le n e -i fr o m  each  o f th e  D M C  
m olecu les are n o t  a cco u n te d  fo r  b y  e ith er o f th e  m e c h 

a n ism s a b o v e  an d  w ill b e  con sidered  again  la te r. T h e  
h igh  y ie ld  o f p ro p y le n e -i fr o m  E C  su gg ests  a  c o n trib u 

tio n  to  it  fr o m  th e  sa m e m e c h a n ism  o p e ra tiv e  in  th e  
D M C  cases. T h e  isom eriza tio n  o f c y c lo p ro p a n e -i  
m a y  also  co n tr ib u te  to  th e  fo rm a tio n  o f p ro p y len e -i  
fr o m  E C , b u t  th e  y ie ld  is c o m p le te ly  ob scu red  b y  th e  
m u c h  larger y ie ld  o b serv ed  fro m  ring open in g.

Geometrical and Structural Isomerizations. T h e  c y 

clop rop an e h y d ro ca rb o n s are su scep tib le  to w a rd  th e
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sa m e isom eriza tio n  reaction  to  p ro p ylen ic  com p ou n d s  
o b se rv ed  w ith  cyc lop ro p a n e itse lf if th e  ex cita tio n  
en ergy  is su fficien tly  h igh . H o w e v e r , th e  isom eriza 

tio n  rates o f D M C  a n d  E C  are m u c h  slow er th a n  th ose  
fo r  c yc lop ro p a n e m olecu les w ith  eq u a l ex cita tio n  
en ergies . 2 5 - 2 9  T h e  fa ste st o b se rv ed  isom eriza tio n  re

action s o f b o th  cis- a n d  trans-D M C  are th e  geom etric  
isom eriza tio n s to  th e  op p o site  iso m e r ; stru ctu ra l 
isom erization s to  p en ten es occu r w ith  rate  con stan ts  
o n e -te n th  to  o n e -tw e n tie th  tim es as fa s t , 27 as sh ow n  in  

th e  “ th erm al isom e riza tio n ”  colu m n s o f T a b le  I I I .

T h e  rad io active  y ie ld s  o f th e  v ariou s C 5H 9T  m o le 

cules fro m  each  o f th e  p a ren t cyc lop ro p a n es are su m 

m arized  in  T a b le  I I I .  T h e  c f s -D M C  is fo u n d  as a  
ra d io a c tiv e  p ro d u c t fr o m  T *  reaction s w ith  trans- 
D M C ,  an d  vice versa; n o  isom eriza tio n  in  eith er direc

tio n  is o b se rv ed  b etw e en  E C  an d  eith er o f  th e  D M C  
m o le c u le s ; th e  y ie ld s  o f  cis- an d  ir a n s -D M C  fro m  each  
o th e r  are b o th  sm all ( < 1 0 % )  re la tiv e  to  th e  a c tiv ity  
fo u n d  in  th e  sa m e fo rm  as th e  irrad iated  p a ren t m o le 

cule. A lth o u g h  th e  cis-trans isom eriza tio n  is a  rever

sib le p rocess , 27 29 eq u ilib riu m  is n o t  o b se rv ed  in  either  
sy ste m . S o m e  o f th e lab eled  p a ren t m olecu les (i.e., 
c f s -D M C -i  fro m  T *  +  c f s -D M C , e tc .) are fo rm e d  w ith  
ex cita tio n  energies in su fficien t fo r  th e  iso m e riza tio n ; 
oth ers are fo rm e d  w ith  sufficient en ergy  b u t  lo se  it  b y  
collision  b efore th e isom eriza tio n  can  a ctu a lly  occur. 
Sin ce th e  en v iro n m en ta l s y ste m  is a t  ro o m  tem p e ra 

tu re  du rin g  th e irrad iation  an d  o n ly  th e  fre sh ly  su b 

stitu te d  m olecu les th em selv es  h a v e  h igh  ex cita tio n  
en ergy , collision al d e -e x c ita tio n  q u ic k ly  redu ces th e  
in tern al en ergy  o f ex cited  m olecu les d o w n  to  leve ls  
fo r  w h ich  th e  isom eriza tio n  process is n eg lig ib ly  slow . 
T h e  resu lts g iv en  in  T a b le  I I I ,  sh ow in g  th a t  th e  cis
to-trans isom eriza tio n  p roceed s m ore  rea d ily  th a n  th e  
reverse, are in  agreem en t w ith  p rev iou s o b se rv ation s  
o f th e  re la tiv e  rates o f  iso m e riza tio n . 27

T h e  to ta l gas pressures fo r  th e  s y ste m s  sh ow n  in  
T a b le  I I I  are all a p p ro x im a te ly  3 5  cm . A t  th is  p res

sure, o n ly  8  a n d  5 %  o f th e  lab eled  o p p o site  g eom etrica l 
isom ers w ere o b se rv ed  re la tiv e  to  th e  a c t iv ity  o b serv ed  
in  th e  ch em ical fo rm  o f th e  p a ren t su b sta n ce . I f  th e  
rela tiv e  ra te  c on stan ts  o b ta in ed  in  th e rm a l p y ro ly sis  
exp erim en ts are u sed  to  p red ict re la tiv e  y ie ld s  o f  stru c

tu ra l isom eriza tio n  processes in  recoil tr it iu m  sy ste m s, 
th e  y ie ld s  o f  th e  ap p rop ria te  p en ten es w o u ld  b e  esti

m a te d  to  b e  o f  th e  ord er 0 .1  or less. F o r  each  p aren t  
m olecu le , o n ly  fo u r  (on e g rou p  o f fo u r  fo r  E C  an d  
a n o th e r  o n e fo r  th e  D M C  su b sta n ces) o f  th e  p en ten es  
are ex p e cte d  fr o m  stru ctu ra l isom e riza tio n  reaction s. 
T h e  p resen ce o f ap p reciable  y ie ld s  o f  th e  tw o  u n ex p ected  
p e n te n e -i p ro d u c ts  in  each  sy s te m  w o u ld  b e  stro n g  ev i

den ce fo r  a n o th er  source o f th e  p e n te n e -i m olecu les.

Pentene-t. A n o th e r  p o te n tia l sou rce o f p e n te n e -f  
m olecu les in  th ese  c yc lop ro p a n e s y ste m s  arises th ro u gh  
th e loss o f  a n  H  a to m  fro m  th e  excited  rad ica ls fo rm e d  in  
th e  in itia l a d d itio n  process. E x a m in a tio n  o f th e  rad i

cals sh ow n  in  T a b le  I  d iscloses th a t  th e  p en ten es ex 

p e cte d  fro m  E C  b y  H -a t o m  loss fr o m  a n  ex cited  rad ical 
are th e  sa m e  fo u r  p en ten es ex p ected  fr o m  th e  stru ctu ra l 
iso m e riza tio n  m ech an ism . T h e  ab sen ce  o f radio

a c tiv ity  as 3 -m e th y lb u te n e -l  an d  2 -m e th y lb u te n e -2  
is g o o d  ev id en ce  fo r  th e specific n atu re  o f th e  p e n te n e -  
fo rm in g  reaction  processes. H o w e v e r , in  th e  tw o  D M C  
cases, a ll o f th e  p e n te n e -i m olecu les are fo r m e d  in  
ro u g h ly  co m p a ra b le  y ie ld s  a lth o u g h  n eith er 3 -m e t h y l

b u te n e -l  n or p en ten e - 1  is exp ected  th ro u gh  th e  th e rm a l  
isom e riza tio n  process. T h e se  o b se rv a tio n s c learly  
in d icate  th a t  th e  p rim ary  source o f p e n te n e -i in  th ese  
s y s te m s  is th ro u gh  th e  loss o f  H  a to m s  fr o m  th e ex

cited  rad icals fo rm e d  b y  h o t  tr it iu m  a d d itio n , w ith  
op en in g  o f th e  c yc lop ro p a n e ring. T h e  to ta l y ie ld s  o f 
p e n te n e -i m olecu les are c om p arab le  to  th e  y ie ld s  o f th e  
la b eled  sm aller  olefins sh ow n  in  T a b le  I I ,  in d icatin g  
th a t  m a n y  o f th e  rad icals are d e c o m p o sin g  w h ile  v e r y  
excited , in asm u ch  as d e com p o sitio n  b y  th e m u c h  higher  
a c tiv a tio n  en erg y  p a th  a cco u n ts fo r  a b o u t h a lf o f the  
reaction s.

Substitution with Inversion. I f  th e  en ergetic  su b 

s titu tio n  o f T  fo r  H  a t  an  a sy m m e tric  carb on  p o sitio n  
fo llo w ed  a  course in v o lv in g  in version  o f th e  con figu ra

tio n , th e  o p p o site  geom etric  isom er w o u ld  b e  th e  d irect  
resu lt. P rev io u s exp erim en ts w ith  g lu c o s e -g a la c to s e , 30 

L ( + ) -a la n i n e , 31 an d  sec -b u ty l a lcoh ol (o n ly  th e  la tter  
in  th e  gas p h a se ) 32 h a v e  all sh ow n  th a t  su ch  h o t  su b 

stitu tio n s  ta k e  p lace p re d o m in a n tly  ( > 9 0 % )  w ith  
reten tio n  o f con figu ration  in  th o se  m olecu les  a n d  w o u ld  
in d icate  th a t  little  in version  sh ou ld  b e  e x p e c te d  here. In  
th ese  exp erim en ts, it  is n o t  feasib le  to  set a n y  lim its  on  
th e  a m o u n t o f  su b stitu tio n  w ith  in versio n  b ecau se  o f  

th e  larger a m o u n ts  fo rm e d  b y  g eo m e tric  isom eriza tio n . 
I n  prin cip le , th e  tw o  m ec h a n ism s are d istin gu ish ab le  
sin ce th e  in versio n  m ec h a n ism  w o u ld  fo r m  m olecu les  
lab eled  o n ly  a t  th e  a sy m m e tric  ca rb o n  position s. 
H o w e v e r , in  th is s y ste m  a t  least, th e  ex p erim en ta l 
difficu lties in  d eterm in in g  th e  ch em ical lo c a tio n  o f the

(27) M. C. Flowers and H. M. Frey, Proc. Roy. Soc. (London), 
A257, 122 (1960).
(28) M. C. Flowers and H. M. Frey, ibid., A260, 424 (1961).
(29) M. L. Halberstadt and J. P. Chesick, J. Phys. Cherrt., 69, 429
(1965).
(30) F. S. Rowland, C. N. Turton, and R. Wolfgang, J. Am. Chem. 
Soc., 78, 2354 (1956); H. Keller and F. S. Rowland, J. Phys. Chem., 
62, 1373 (1958).
(31) J. G. Kay, R. P. Malsan, and F. S. Rowland, J. Am. Chem. Soc., 
81, 5050 (1959).
(32) M. Henchman and R. Wolfgang, ibid., 83, 2991 (1961).
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tritiu m  in  c is -D M S  fr o m  trans-, or vice versa, h a v e  
p reclud ed  d e te rm in a tio n  o f th e  in tra m o lecu lar  tr itiu m  
d istrib u tion . E v e n  th e  fo rm a tio n  o f th e  la b eled  o p 

p osite  geom etric  isom er in  liq u id  p h ase irrad iation s  
is n o t  p ro o f o f th e  in versio n  m ec h a n ism , fo r  p rev iou s  
w o rk  w ith  h exen e - 2  h as d e m o n stra te d  th e  d e co m 

p o sitio n  o f excited  rad ica ls  in  th e  liq u id  p h a se . 33

Highly Unsaturated Products. S evera l h ig h ly  u n 

sa tu rated  tritiu m -la b e le d  p ro d u cts , in clu d in g  acety len e , 
allene, p rop yn e , an d  1 ,3 -b u ta d ie n e , are all o b se rv ed  in  
low , b u t defin ite , y ie ld s  fr o m  th ese su b stitu te d  cy clo 

propan e sy ste m s, as su m m a rized  in  T a b le  I V . P ro d 

u cts o f th is ty p e  are regu larly  fo u n d  in  a lk an e sy ste m s  
and are p o stu la te d  as arisin g fr o m  th e  d e com p o sitio n  

o f th e  m o s t  h ig h ly  ex cited  m olecu les  fo rm e d  in  th e  
in itial h o t  su b stitu tio n  reaction s. In a sm u c h  as these  

m olecu les are th u s  con sidered  as th e  en d  p ro d u cts  o f  a  
seq u en ce  o f tw o  or m o re  reaction s, it  is re la tiv e ly  d if

ficu lt to  iso late  th e  v a rio u s step s in  th e  ch ain  lead in g  
to  th eir  fo rm a tio n .

Table TV: Relative Yields of Light and Highly 
Unsaturated Products from Recoil Tritium Reactions 
with Substituted Cyclopropanes“

Products
c is -

D M C
tra n s- 

D M C EG

C2H3T 10.0 9 . 6 9 . 9 “

c2h t 1.1 N.M.6 0.2
Allene 0 . 7 0 . 7 0 . 9

Propyne 0 . 3 N.M. N.M.
1,3-Butadiene 2 . 3 N.M. 2.1

“ Product yields are all relative to tritium-labeled parent as 
100. 6 N.M.: not measured. c Including CjHjT  yield.

1 ,3 -B u ta d ie n e  h as b een  o b se rv ed  as a  th e rm a l d e

c o m p ositio n  p ro d u c t in  th e  E C  sy s te m  a t  4 5 4 ° ,  w ith  a  
y ie ld  in th e  sa m e ord er o f  m a g n itu d e  as th a t  o f  th e  
p en ten es fo rm e d  b y  stru ctu ra l iso m e riza tio n . 29 T h e  
m ec h a n ism  su g g ested  fo r  its  fo rm a tio n  in  p y ro ly sis  
in v o lv e s  an  in te rm e d ia te  in  w h ich  th e  e th y l grou p  
b e n d s  b a c k  o v e r  th e  cyc lop ro p a n e  ring an d  w o u ld  n o t  
b e ex p e cte d  to  fo r m  b u ta d ien e  in  th e D M C  com p ou n d s. 
T h e  a c tu a l m easu red  y ie ld s  o f  1 ,3 -b u ta d ie n e  are co m 

p a rab le  fr o m  b o th  E C  an d  D M C  an d  are y ie ld s  an  
ord er o f  m a g n itu d e  h igh er th a n  o b se rv ed  fo r  th e  p e n 

ten es fr o m  stru ctu ra l isom eriza tio n . A c c o rd in g ly , 
w e assu m e th e  b u lk  o f 1 ,3 -b u ta d ie n e  fo rm e d  fr o m  re

a ction  w ith  E C  a n d  D M C  arises fr o m  a d ifferen t m e c h 

a n ism  corresp on d in g  to  th e  sa m e eq u a tion s

T *  +  C 6H io — >  C 5H 9T *  +  H  (4)

C 6H 9T *  — >  C 4 H 5 T  +  C H 4 (5)

A  sim ilar  set o f  rea ction s h as b een  w ritte n  fo r  th e  fo rm a 

tio n  o f p ro p y len e -f in  reaction s o f  T  w ith  n eop en ta n e , 
in  w h ich  th e T  a to m  replaces o n e  C H 3 grou p , an d  th e  
ex cited  iso b u ta n e -f th e n  d ecom p o ses to  p ro p ylen e-f 
p lu s m eth a n e . I n  th e  n eo p e n ta n e  sy ste m , con firm a

tio n  o f th is  m ec h a n ism  h as been  o b ta in e d  th ro u gh  
an a ly sis  o f  th e in tra m o le cu lar  lo c a tio n  o f ehe tritiu m  
a to m  in  th e  p ro p ylen e  m olecu le . T h e  o n ly  p ro p y len e -f  
m olecu le  ex p ected  fr o m  th is set o f  rea ction s is C H 3C T =  
C H 2, a n d  radio gas c h ro m atog rap h ic  an a ly sis  h as  
d e m on stra te d  th a t  th e  tr itiu m  a c tiv ity  is fo u n d  o n ly  
in  olefinic p o sitio n s . 17’ 34 35 R e a c tio n s  o f this k in d , 
occu rrin g  in  lo w  y ie ld s , sh ou ld  b e  fo u n d  in  *he cyclan e  
sy ste m s, as w ell as in  th e  a lk a n e  an d  a lkene sy ste m s, 
an d  can  rea d ily  acco u n t fo r  th e  h ig h ly  u n sa tu ra ted  

p ro d u c ts  o f T a b le  I V .

T h e  fo rm a tio n  o f a p p reciab le  y ie ld s  o f  C 2H 3T  in  
each  sy ste m , th e  o b se rv a tio n  o f p ro p y le n e -f in  th e D M C  
sy ste m s, a n d  th e  re la tiv e ly  h igh  y ie ld  o f p ro p y len e -f  
fro m  E C  all in d icate  th e  existen ce o f m ech an ism s fo r  
th e  fo rm a tio n  o f sm a ll olefins. T h e se  m ech an ism s  
are p ro b a b ly  sim ilar to  th a t  su gg ested  a b o v e  fo r  th e  
fo rm a tio n  o f b u ta d ien e— th e  b reak u p  o f  a  v e r y  ex cited  
p a ren t m olecu le  a fter th e  su b stitu tio n  o f T  fo r  H  or 
fo r  an  a lk y l g rou p . O n e possib le  fo r m  fo r  su ch  b reak u p  
can  b e  su gg ested  fro m  th e o b se rv ed  sp lit , a fter  a b so rp 

tio n  o f u ltra v io le t lig h t, o f  cyc lop ro p a n e in to  m eth y le n e  
plu s e th y le n e . 36 T h e  a n alogou s reaction  w ith  D M C  
cou ld  p ro d u ce  d irectly  p ro p ylen e  an d  th e  eth y lid en e  
rad ical, w ith  th e  la tte r  isom erizin g  to  eth y len e . S im i

la rly , su ch  a  reaction  w ith  E C  cou ld  fo r m  d irec tly  
eth y len e  an d  p ro p ylid en e , w ith  isom eriza tio n  to  pro

p y le n e  fo r  th e  la tter . T h e se  m ec h a n ism s are o n ly  
sp e cu lative  su ggestion s fr o m  th e  p resen t d a ta , an d  are  
n o t rea d ily  in v e stig a ted  fu rth er  in  th e  c o m p le x ity  o f  
th ese  sy ste m s.

Hot Abstraction Reaction. T h e  p ro d u c t o f  h igh est  
y ie ld  in  each  o f th ese  sy ste m s  is H T ,  fo rm e d  b y  h o t  
a b stractio n  fro m  th e  p a ren t m olecu le . E x p e rim e n ts  
w ith  sim p ler  m olecu les h a v e  a m p ly  d e m o n stra te d  th a t  
th e  y ie ld  o f H T  d ep en d s s tro n g ly  on  th e  b o n d  dis

sociation  en ergy  o f th e  C - H  b o n d  a tta c k e d  a n d  w ill 
th erefore v a r y  su b sta n tia lly  fr o m  p o sitio n  to  p o sitio n  
w ith in  th e D M C  a n d  E C  m olecu les. T h e  h igh  y ie ld  
rela tiv e  to  th ose  o f th e  la b eled  p a ren t m olecu les in di

(33) E. K. C. Lee and F. S. Rowland, J. Chem. Phys., 36, 554 
(1962).
(34) E. K. C. Lee, J. W. Root, and F. S. Rowland, “ Chemical 
Effects of Nuclear Reactions and Radioactive Transformations,” 
International Atomic Energy Agency, Vienna, 1965, in press.
(35) C. L. Currie, S. J. H. Okabe, and J. R. McNesby, J. Phys.
Chem., 67, 1494 (1963).
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c ates  th a t  so m e o f th e  C - H  b on d  p o sitio n s in  b o th  
E C  an d  D M C  h a v e  b o n d  d issociation  energies su b 

sta n tia lly  low er th a n  th ose o f  c yc lop ro p a n e or c yc lo 

b u ta n e , b u t  n o  sign ifican t m ea su re m e n ts  can  b e  m a d e

w ith o u t exp erim en ts o n  se lec tiv e ly  d e u te ra te d  c o m 

pou n ds.
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T h e  h e a t  cap acities fr o m  12  to  3 7 0 ° K . ,  h ea ts  o f  fu sio n , trip le  p o in ts , a n d  p u rities o f  n -p r o p y l-  
b en zen e a n d  n -b u ty lb e n z e n e  w ere m ea su red  in  an a d iab atic  ca lorim eter. B o th  c o m p o u n d s  
exh ib ited  m o n o tro p ism  w ith  th e  m e ta sta b le  crysta ls  m e ltin g  2 .0 2 °  b e lo w  th e  s ta b le  crysta ls  
in  th e  case  o f  n -p r o p y lb e n z e n e  a n d  0 .1 6 °  b e lo w  th e  sta b le  c r y sta ls  in  th e  case  o f  n -b u t y l -  
b en zen e . F r o m  th e  c a lo r im e tr ic a lly  m ea su re d  d a ta  th e  th e rm o d y n a m ic  fu n c tio n s  (Gs — 
H°o)/T, (Hs —  H°0)/T, Hs— H ° 0, Sa, a n d  Cs w ere ca lcu lated  a t  se lected  te m p e ra tu re s  fo r  

each  co m p o u n d  fo r  b o th  th e  m e ta sta b le  a n d  s ta b le  cry sta ls  a n d  th e  liq u id  p h a se . F o r  each  
co m p o u n d , th e  en tro p ie s  a t  2 9 8 .1 5 ° K .  in  th e  liq u id  s ta te  ca lcu lated  b y  m e ta s ta b le  a n d  b y  
stab le  p a th s  agreed  w ith in  ex p e rim en ta l error, p ro v id in g  a n o th e r  ch eck  o f th e  th ird  la w  o f  

th e rm o d y n a m ic s . T h e  e n tro p y  in cre m e n t o b ta in e d  b etw e en  ra-propyl- a n d  n -b u ty lb e n z e n e  
is  a b o u t  0 .2 5  e .u . g re a ter  th a n  th e  c o n sta n t e n tr o p y  in crem en t fo r  th e  n o rm a l paraffin s  
fr o m  C 6 to  Cis in  b o th  th e  liq u id  a n d  ideal gas sta tes . T h is  s lig h tly  la rg er  in c re m e n t fr o m  
n -p r o p y l to  n -b u ty l su b stitu tio n  h a s  b e e n  n o tic ed  earlier in  m o n o a lk y l-s u b s titu te d  c y c lo 

p e n ta n es a n d  c y c lo h ex a n e s . F r o m  in c o m p lete  m e a su re m e n ts  o n  n -d e c y lb e n ze n e , v a lu e s  o f  
th e  h e a t  o f  m e ltin g  a n d  trip le  p o in t  te m p e ra tu re  w ere o b ta in ed . E s t im a te s  o f  th e  en trop ies  
o f n -d e c y lb e n ze n e  a t 2 9 8 .1 5 ° K .  in  th e  liq u id  a n d  id ea l g a s  s ta te s  w ere m a d e .

Introduction
A s  p a rt o f  th e  c on tin u in g  p ro gram  o f  research  c o n 

d u c ted  in  th is  la b o ra to ry  o n  th e  th e rm o d y n a m ic  
properties o f  h y d ro carb on s an d  rela ted  su b sta n ces, 
lo w -tem p era tu re  calorim etric  stu d ies h a v e  b een  m a d e  
o n  correspon din g  m em b ers o f  sev era l h o m o lo g o u s  
series o f  c om p ou n d s. F r o m  th e  s tu d y  o f  selected  
m em b ers o f  each  series, it  h as b een  possib le  to  calcu late  
th e  effect o n  th e  en tro p y  o f  th e  liq u id  fo r  each  m e th y l

en e g rou p  ad d ed . F o r  th e  n -p araffin s th is en tro p y  
in cre m e n t h as b een  fo u n d 1' 2 to  b e  essen tia lly  co n sta n t  
fo r  C 5 th ro u g h  C i8. F o r  th e w -l-o le fin s  th is in crem en t  

w as fo u n d  b y  M c C u llo u g h , et al.,3 to  b e  co n sta n t fro m

C 5 to  Cio b u t  b e c a m e  irregular fr o m  C i 0 to  C «  o w in g  to  
o rien tation  disord er in th e cry sta ls . T h e  d a ta  o f  

M e s se r ly , et a h , 4 5 o n  n -a lk y lc y c lo p e n ta n e s  a n d  o f F in k e , 
et al.,b o n  n -a lk y lcy c lo h e x a n e s  h a v e  sh o w n  th a t  th e  
en tro p y  in crem en t fro m  n -p r o p y l to  n -b u ty l  is s lig h tly

(1) H. L. Finke, M. E. Gross, G. Waddington, and H. M. Huffman, 
J. Am. Chem. Soc., 76, 333 (1954).
(2) Unpublished data, this laboratory.
(3) J. P. McCullough, H. L. Finke, M. E. Gross, J. F. Messerly, 
and G. Waddington, J. Phys. Chem., 61, 289 (1957).
(4) J. F. Messerly, S. S. Todd, and H. L. Finke, ibid., 69, 353 (1965).
(5) H. L. Finke, S. S. Todd, and J. F. Messerly, ibid., 69, 2094 
(1965).
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Table I: Heat Capacity (cal. deg.-1 mole-1)

T, "K .‘ Cab T, °K .a C ,b T, “ K .1* C .b T, °K .° C .b T, °K .° C ,b

OMO

C ,b

w-Propylbenzene n-Butylbenzene
Stable crystals Stable crystals

11.36 0.7929 30.09 6.283 108.04 20.143 11.40 0.943 32.84 7.967 114.16 23.569
11.99 0.9598 33.40 7.273 113.49 20.812 12.04 1.106 36.34 9.069 118.65 24.209
12.45 1.0515 37.04 8.273 117.10 21.258 12.52 1.243 40.05 10.149 124.61 25.052
13.12 1.208 40.88 9.267 119.23 21.543 13.04 1.380 43.93 11.206 130.37 25.891
13.65 1.348 44.90 10.225 122.27 21.924 13.72 1.589 48.54 12.373 135.96 26.706
14.37 1.525 49.67 11.275 127.76 22.602 14.16 1.718 54.19 13.647 140.23 27.284
14.98 1.689 55.10 12.350 133.08 23.258 14.93 1.940 54.60 13.737 141.40 27.483
15.78 1.913 55.21 12.366 138.60 23.938' 15.46 2.103 59.64 14.816 146.07 28.147
16.47 2.090 59.82 13.230 142.22 24.372' 16.25 2.356 65.35 15.963 147.21 28.327'
17.52 2.397 64.77 14.100 144.31 24.647' 17.06 2.600 71.11 16.988 152.26 29.058'
18.16 2.606 70.37 14.980 146.43 24.906' 17.83 2.845 76.88 17.979 153.37 29.256'
19.59 3.024 76.07 15.836 147.82 25.079' 18.72 3.148 82.71 18.991 155.21 29.513'
20.09 3.179 81.83 16.724 147.88 25.068' 19.74 3.496 85.52 19.457 158.28 29.929'
21.87 3.742 87.67 17.567 149.87 25.359' 20.48 3.756 88.26 19.898 159.37 30.146'
22.12 3.811 93.60 18.335 152.13 25.645' 21.93 4.256 90.52 20.211 161.23 30.473'
24.33 4.515 97.63 18.828 154.43 25.935' 22.54 4.476 94.13 20.737 163.12 30.702'
24.44 4.552 99.63 19.092 158.22 26.479' 24.29 5.086 95.76 20.959 164.14 30.900'
26.91 5.312 102.89 19.495 160.79 26.829' 24.79 5.263 101.34 21.755 167.07 31.505'
27.15 5.392 105.41 19.825 164.40 27.394' 26.82 5.956 102.75 21.943 169.33 31.904'
29.90 6.216 27.23 6.106 107.21 22.592 169.82 32.079'

Metastable crystals 29.45 6.838 108.56 22.773 176.91 34.640'
11.45 0.964 30.44 6.824 101.81 19.452 29.82 6.969 112.85 23.393
12.37 1.204 33.56 7.763 107.40 20.148 Metastable crystals
13.43 1.493 37.03 8.721 107.90 20.199 55.25 13.937 117.08 24.064 159.64 30.I l l '13.59 1.553 40.81 9.683 113.32 20.876 60.19 14.982 123.13 24.916 160.35 30. 118'14.66 1.837 45.25 10.723 119.03 21.578 65.81 16.089 128.97 25.729 161.85 3 0 . 4 9 8 '14.99 1.939 50.35 11.806 124.57 22.263 71.47 17.093 135.19 26.586 163.12 30.710'16.07 2.238 54.57 12.601 130.29 22.951 77.25 18.083 141.76 27.501 165.18 30.937/16.58 2.394 55.35 12.750 136.20 23.658 83.16 19.107 148.14 28.392 165.40 31.050'
17.69 2.736 59.55 13.508 141.93 24.356* 88.45 20.027 149.99 28.637 165.44 31.152'
18.49 2.998 65.25 14.470 143.96 24.556* 89.26 20.078 153.73 29.221 169.89 31.799'19.56 3.334 71.29 15.372 147.52 25.044* 93.80 20.788 154.33 29.284 171.19 32.346'
20.63 3.691 76.90 16.185 151.25 25.458* 99.49 21.598 156.01 29.560 174.49 32.763/21.72 4.040 82.59 17.023 152.83 25.727* 105.46 22.447 157.63 29.797' 180.15 35.826'22.92 4.446 85.87 17.492 153.76 25.869* 111.19 23.254 159.51 30. US724.03 4.800 88.39 17.831 155.73 25.869*
25.31 5.222 91.10 18.161 158.31 26.357* Liquid
26.51 5.619 96.50 18.820 159.75 26.639* 193.81 49.760 260.84 54.472 319.52 60.486
27.73 5.987 101.75 19.465 160.92 26.631* 197.29 49.919 270.91 55.416 329.67 61.593
29.25 6.448 205.85 50.356 280.81 56.389 340.00 62.728

Liquid 211.83 50.698 290.55 57.366 350.16 63.842
180.87 43.689 246.19 46.990 310.45 52.465 221.83 51.356 300.15 58.375 360.17 64.947
186.47 43.838 256.30 47.726 320.98 53.489 231.69 52.051 309.92 59.432 370.02 66.011
194.80 44.121 266.24 48.524 331.34 54.495 241.42 52.807
204.78 44.531 276.02 49.345 341.52 55.476
204.89 44.542 285.65 50.188 351.54 56.479
214.57 45.025 295.13 51.014 361.50 57.433
225.11 45.614 300.12 51.460 370.54 58.362
235.95 46.291 304.48 51.902

“ T is the mean temperature of each heat capacity measurement. 1 C„ is the heat capacity of the condensed phase under saturation 
pressure. Values of C, for the crystals are not corrected for effects of premelting caused by impurities. ' ’*’e,/ The temperature incre
ments of these measurements are, in order of increasing temperature, in °K.: (c) 5.794, 5.665, 5.633, 5.515, 5.525, 6.654, 5.486, 5.905, 
6.455, 6.276, 6.269, 6.086; (d) 5.663, 7.413, 5.515, 7.175, 7.031, 5.302, 5.284, 6.951, 6.818, 5.144; (e) 6.255, 6.102, 6.077, 6.105, 5.939, 
5.918, 5.929, 6.132, 5.778, 5.765, 6.110, 5.596, 8.595; (/)  5.062, 6.019, 5.834, 4.895, 5.769, 5.914, 4.779, 5.676, 5.844, 4.666, 5.661, 
4.548, 6.786.
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Table II: Equations for Heat Capacity of Liquid

C, = A +  BT +  CT* +  DT3, cal. deg.-1 mole'1
Range, Av. dev., Max. dev.,

Compd. A B 10'C lorn °K. cal. cal.

n-Propylbenzene 58.710 -0.22063 9.2097 -8.8580 180-370 0.01 0.02
n-Butylbenzene 65.158 -0.24196 10.343 -10.108 195-380 0.01 0.02

larger th a n  th a t  fo u n d  fo r  « -a lk a n e s , b u t  th e  average  
v a lu e s o b ta in ed  on  th e  « - b u t y l -  to  « -d e c y l-s u b s t itu te d  
c o m p o u n d s agree w ell w ith  th ose  o b ta in ed  fo r  th e  « -  
a lk a n es an d  « - 1 -o le fin s. T h e  d a ta  o f  P erson  and  
P im e n te l6 o n  th e  en trop ies o f  th e  n -a lk a n e s  fro m  C 8 

to  C i 6 in  th e  ideal gas s ta te  a t 2 9 8 .1 5 ° K .  h a v e  sh ow n  
th e  en tro p y  in crem en t per m eth y len e  g rou p  to  b e  es

sen tia lly  c o n sta n t. T h is  c on stan t en tro p y  in crem en t  
h as b een  sh ow n  to  b e  th e  sa m e as th e  a verage en tro p y  
in cre m e n t fo u n d  for th e  « -a lk y lc y c lo p e n ta n e s 4 an d  « -  
a lk y lc y c lo h ex a n e s 5 fro m  n -b u ty l to  « -d e c y l .

T h is  w ork  w as p ro jected  as a  s tu d y  o f  « -p r o p y l- ,  
« -b u t y l - ,  an d  n -d ecy lb en ze n e s to  v e r ify  th ese  relation 

sh ips fo u n d  fo r  th e  en tro p y  in crem en t. A lth o u g h  d a ta  
o n  n -b u ty lb e n z e n e  w ere a v a ila b le , 7 th e  lim ite d  ran ge o f  
th e d a ta  an d  th e  u n k n o w n  p u r ity  o f  th e sa m p le  m ad e  

a  re stu d y  o f this c o m p o u n d  desirable. T h e  m easu re

m e n ts  w ere c o m p leted  on  « -p r o p y l-  a n d  « -b u ty lb e n z e n e ,  
b u t  w ork h ad  to  b e  a b a n d o n ed  on  n -d e c y lb e n ze n e  
o w in g  to  ex p erim en ta l difficulties. (T w o  sam p le  
con tain ers w ere fo u n d  to  b e  ru p tu red  a fter  rep eated  
c y c lin g  o f  th e  vessels th ro u gh  th e  so lid -s o lid  p h ase  
tra n sitio n  a t a p p ro x im a te ly  2 3 5 ° K .)

E ffo rts  w ere m a d e  to  procu re a  pu re sa m p le  o f  a  
h ea vier  « -a lk y lb e n z e n e  in  ord er to  d eterm in e  if the  
a vera ge  en trop y  in crem en t b ey o n d  « -b u t y l  w as th e  
sa m e as in th e « -a lk y lc y c lo p e n ta n e s  an d  -cv c lo h ex a n es. 
A  sa m p le  o f  « -d o d e c y lb e n z e n e  w as o b ta in ed , b u t  th e  
p u rity , as d eterm in ed , w as to o  lo w  to  o b ta in  a reliable  
v a lu e  o f A 2 9 8 .15 fo r  th is com p ou n d .

Experimental Section

Apparatus and Physical Constants. T h e  lo w -te m 

p era tu re  calorim etric  m ea su re m e n ts  w ere m a d e  w ith  
a p p a ra tu s described b y  H u ffm a n  a n d  c o -w o rk ers . 8 

T h e  1951 In tern a tio n a l A to m ic  W e ig h ts 9 an d  v a lu es o f  
th e  fu n d a m e n ta l p h y sica l c o n sta n ts 10 w ere u sed . 
M e a su r e m e n ts  o f  tem p era tu re  w ere m a d e  w ith  p la ti

n u m  resistan ce th erm o m eters  ca lib rated  in  term s o f the  
In te rn a tio n a l T e m p e ra tu re  S ca le  o f  1 9 4 8 11 fr o m  9 0  to  
4 0 0 ° K . ,  a n d  th e p ro vision a l scale o f  th e N a tio n a l  
B u re au  o f  S ta n d a r d s 12 fro m  11 to  9 0 ° K .  C elsiu s  
tem p e ra tu res w ere c on v erte d  to  K e lv in  tem p eratu res

b y  th e  a d d ition  o f 2 7 3 .1 5 ° .13 E n e rg y  w a s m ea su re d  
in jo u les  an d  c on v erte d  to  calories b y  th e re la tio n , 1  

cal. =  4 .1 8 4  (e x a c tly ) jou les. M e a su re m e n ts  o f  m a ss , 
electrical p o ten tia l, and resistan ce w ere m a d e  in  te rm s  

o f s tan d a rd  d evices ca lib rated  a t th e  N a tio n a l B u re a u  
o f  S ta n d ard s.

S o m e  o f  th e results in  th is p a p er  w ere o rig in a lly  
ca lcu lated  w ith  p h y sica l c on stan ts  a n d  tem p e ra tu res  
related  to  th e  defin ition  0 °  =  2 7 3 .1 6 ° K .  T e m p e r a 

tu res rep orted  here are in  term s o f th e  n ew er d e fin itio n , 13 

b u t  o n ly  p a rt o f  th e ex p erim en tal resu lts  w ere recal

cu lated . N u m e ric a l in con sisten cies less th a n  th e  pre
cision o f  th e  exp erim en tal d a ta  m a y  h a v e  b een  in tro 

du ced  b y  th is p rocedu re.

Materials. A l l  o f  th e  sam p les u sed  in  th is  s tu d y  w ere  
A P I  R esearch  h y d ro c a rb o n s . 14 T h e  sa m p le s  w ere  

frozen  in th e  a m p ou les as received , a n d  th e  liq u id  
ju s t  a b o v e  th e  m eltin g  p o in t w as ex am in ed  fo r  traces  
o f  ice. In  o n ly  on e sa m p le , « -b u ty lb e n z e n e , w as th ere  
en ou gh  ice p resen t to  w arran t d ry in g . I n  th is case  
th e  sa m p le  w as dried w ith  ca lc iu m  h y d rid e  in  th e  
liq u id  p h ase. E a c h  sa m p le  w as tran sferred  to  th e  
calorim eter w ith o u t exposu re to  o x y g en  or w a ter .

Results

Heat Capacities. B o th  « -p r o p y lb e n z e n e  a n d  « -

(6) W. B. Person and G. C. Pimentel, J. Am. Chem. Soc., 75, 532 
(1953).
(7) H. M. Huffman, G. S. Parks, and M. Barmore, ibid., 53, 3876 
(1931).
(8) (a) H. M. Huffman, Chem. Rev., 40,1 (1947); (b) H. M. Huffman, 
S. S. Todd, and G. D. Oliver, J. Am. Chem. Soc., 71, 584 (1949); (c) 
D. W. Scott, D. R. Douslin, M. E. Gross, G. D. Oliver, and H. M. 
Huffman, ibid., 74, 883 (1952); (d) R. A. Ruehrwein and H. M. Huff
man, ibid., 65, 1620 (1943).
(9) E. Wichers, ibid., 74, 2447 (1952).
(10) F. D. Rossini, F. T. Gucker, Jr., H. L. Johnston, L. Pauling, 
and G. W. Vinal, ibid., 74, 2699 (1952).
(11) H. F. Stimson, J. Res. Natl. Bur. Std., 42, 209 (1949).
(12) H. J. Tlogii and F. G. Brickwedde, ibid., 22, 351 (1939).
(13) H. F. Stimson, Am. J. Phys., 23, 614 (1955).
(14) These samples of API Research hydrocarbons were made avail
able through the American Petroleum Institute Research Project 44 
on the collection, analysis, and calculation of data on properties of 
hydrocarbons and were purified by the American Petroleum Institute 
Research Project 6 on the analysis, purification, and properties of 
hydrocarbons.
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Table III: Triple Point Temperatures, Heats of 
Fusion, and Cryoscopic Constants

!Ttp,
AHm,
cal. A, B,

Compd. °K. mole-1 deg. “* l * * * * deg.-1

n-Propylbenzene
Stable crystals 173.59 2215 ±  2“ 0.03699 0.00235
Metastabie 171.6 2031 ±  50“ 0.03470 0.00204

crystals
ra-Butylbenzene

Stable crystals 185.30 2682 ±  2“ 0.03931 0.00289
Metastable 185.14 2691 db 4“ 0.03951 0.00264

crystals

“ The uncertainty shown here is the maximum deviation from 
the mean of two or more determinations.

b u ty lb e n ze n e  ex h ib it m o n o tro p ism , an d  in  each  case  
th e  m e ta sta b le  fo rm  cou ld  b e  rea d ily  o b ta in ed  and  

su percooled . C o m p le te  m ea su re m e n ts  o f  th e  h ea t  
cap acities o n  b o th  m e ta sta b le  an d  s ta b le  crysta ls  
fr o m  1 2 ° K .  to  th e  m e ltin g  p o in ts  w ere o b ta in ed  fo r  
th ese com p ou n d s. T h e  h e a t  cap acities o f  th e  liqu ids  
w ere m easu red  fro m  ju s t  a b o v e  th e  m e ltin g  p o in t to  
a p p ro x im a te ly  3 7 0 °  K .  O n ly  on e o f th e  tw o  crysta llin e  
fo rm s o f  n -b u ty lb e n ze n e , w h ich  m e lt  0 .1 6 ° K .  ap art, 
w a s rep orted  b y  H u ffm a n , et al.,7 an d  b y  R o ssin i . 16 

T h e  in c o m p le te c  s tu d y  on  n -d e c y lb e n ze n e  sh ow ed  a t  
le ast tw o  crysta llin e p o ly m o rp h s.

T h e  o b se rv ed  v a lu e s  o f  h e a t  c a p a c ity  a t  sa tu ration  
pressure, C„ are recorded  fo r  each  c o m p ou n d  in  T a b le

I . T h e  tem p era tu re  in crem en ts u sed  in  th e  m ea su re

m en ts  w ere sm a ll en o u gh  to  o b v ia te  correction s for

n on lin ear v a r ia tio n  o f Cs w ith  T. C orrectio n s fo r  th e

effect o f  p re m e ltin g  h a v e  n o t  b een  m a d e  to  th ese  d a ta ,

b u t  p ertin en t AT v a lu e s are in c lu d ed  to  p e rm it their  
calculation .

T h e  precision  u n c e rta in ty  o f  th e  resu lts w as, in  

gen eral, less th a n  0 . 1 % ,  an d  a b o v e  3 0 ° K .  th e  a ccu racy  
u n c e rta in ty  sh ou ld  n o t  exceed 0 .2 % ,  excep t in  regions  
n ear p h a se  tra n sfo rm a tio n s. N e a r  p h ase ch an ges th e  
d a ta  fo r  th e  so lid  s ta te  is less precise an d  accu rate  b e 
cau se o f  rap id  ch an ges o f  CB w ith  T, s lo w  eq u ilib ration , 
or u n certa in ties cau sed  b y  th e  p resen ce o f  im p u rities.

C u b ic  eq u a tion s in  T w ere fitted  to  th e  h e a t  ca p a c ity  
o f each  c o m p o u n d  in  th e  liq u id  sta te . T h e  con stan ts  
fo r  th ese  eq u a tion s are listed  in  T a b le  I I ,  to g eth er  w ith  
v a lu e s o f  th e  d e v ia tio n s fr o m  o b se rv ed  d a ta  as an  esti

m a te  o f  re lia b ility .
Heats of Fusion, Triple Point Temperatures, and 

Purity of Samples. T h e  h ea ts  o f  fu sio n , AHm, w ere  
d eterm in ed  fro m  th e  h e a t  c a p a c ity  d a ta  an d  e n th a lp y  
m ea su re m e n ts  m a d e  o v e r  a p p rop ria te  tem p e ra tu re

Table IV : Melting Point Summaries

F 1 / f Tf , °K . Tcalcdt °K .

n--Propylbenzene (impurity =  0.03 mole %)°
Stable crystals

0.0988 10.12 173.5123 173.5076
0.2603 3.842 173.5575“ 173.5575
0.5150 1.942 173.5719 173.5727
0.7466 1.339 173.5775“ 173.5775
0.9318 1.073 173.5820 173.5796
1.0000 1.000 173.5802
Pure 0 173.5882

Metastable crystals
0.1300 7.69 171.5100“ 171.51
0.2542 3.93 171.5321 171.54
0.4025 2.48 171.5566“ 171.55
0.8474 1.18 171.62246 171.56
1.0000 1.00 171.57
Pure 0 171.58

71--Butylbenzene (impurity =  0.08 mole %)c
Stable crystals

0.0971 10.299 185.0961 185.0786
0.2459 4.067 185.2093“ 185.2093
0.4872 2.053 185.2511 185.2516
0.6878 1.454 185.2648 185.2641
0.8912 1.122 185.2711“ 185.2711
1.0000 1.000 185.2737
Pure 0 185.2947

Metastable crystals
0.3892 2.569 185.0746 185.0726
0.5928 1.687 185.0940“ 185.0940
0.8578 1.166 185.1066“ 185.1066
1.0000 1.000 185.1106
Pure 0 185.1348

n-Decylbenzene (impurity = 0.05 mole %)
0.0880 11.36 258.6699 258.6494
0.2374 4.21 258.7185 258.7147
0.4870 2.05 258.7345“ 258.7345
0.6867 1.46 258.7405 258.7399
0.8865 1.13 258.7429“ 258.7429
1.0000 1.000 258.7441
Pure 0 258.7532

“ Straight lines through these points were extrapolated to 
1 / f  =  0 to calculate triple point temperature. 6 This point 
was thought to be high owing to the partial transposition to the 
higher melting [i.e., stable) form. e The impurities listed are 
those calculated from the melting point studies on the stable 
crystals. From the melting point study of the metastable crys
tals of ra-propylbenzene an impurity of 0.03  mole % was also 
found; for n-butylbenzene the impurity was estimated at be
tween 0 .05  and 0.09  mole %, from a study of the metastable 
form.

(15) A. F. Forziati, W. R. Norris, and F. D. Rossini, J. Res. Nall. 
Bur. Std., 43, 555 (1949).
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Table V : Thermodynamic Functions for Condensed Phases“

- ( G .  - (Hs -
Ss, C B,

cal. deg. -1 cal. deg.-1 1 o cal. deg .-1 cal. d e g .-]
T .  " K . mole -1 mole-1 cal. mole 1 m ole-1 m ole-1

w-Propylbenzene
Stable crystals

10 0.047 0.140 1.40 0.187 0.557
12 0.080 0.242 2.90 0.322 0.954
14 0.128 0.376 5.27 0.504 1.428
16 0.188 0.541 8.65 0.729 1.963
18 0.262 0.731 13.15 0.993 2.542
20 0.350 0.942 18.83 1.292 3.147
25 0.623 1.540 38.49 2.163 4.718
30 0.961 2.198 65.93 3.159 6.254
35 1.352 2.884 100.93 4.236 7.719
40 1.782 3.572 142.88 5.354 9.044
45 2.242 4.248 191.15 6.490 10.243
50 2.724 4.903 245.16 7.627 11.343
60 3.728 6.140 368.4 9.868 13.262
70 4.761 7.280 509.6 12.041 14.922
80 5.803 8.329 666.3 14.132 16.439
90 6.842 9.312 838.1 16.154 17.877

100 7.871 10.232 1,023.2 18.103 19.139
110 8.887 11.098 1,220.8 19.985 20.385
120 9.889 11.924 1,430.9 21.813 21.649
130 10.874 12.724 1,654.1 23.598 22.885
140 11.846 13.492 1,888.9 25.338 24.100
150 12.802 14.241 2,136.1 27.043 25.354
160 13.745 14.976 2,396.2 28.721 26.659
170 14.68 15.70 2,669.4 30.38 27.976
173.60 15.01 15.96 2,770.9 30.97 28.458

Liquid
173.60 15.01 28.72 4,986 43.73 43.55
180 16.06 29.25 5,265 45.31 43.67
190 17.65 30.02 5,703 47.67 43.95
200 19.22 30.72 6,144 49.94 44.33
210 20.73 31.38 6,590 52.11 44.79
220 22.21 32.00 7,040 54.21 45.32
230 23.64 32.60 7,497 56.24 45.91
240 25.04 33.16 7,959 58.20 46.56
250 26.41 33.71 8,428 60.12 47.26
260 27.74 34.25 8,904 61.99 48.02
270 29.04 34.77 9,389 63.81 48.84
273.15 29.44 34.94 9,543 64.38 49.11
280 30.31 35.29 9,881 65.60 49.69
290 31.56 35.80 10,382 67.36 50.58
298.15 32.56 36.22 10,798 68.78 51.32
300 32.78 36.31 10,893 69.09 51.49
310 33.99 36.81 11,412 70.80 52.43
320 35.16 37.32 11,941 72.48 53.38
330 36.31 37.82 12,480 74.13 54.34
340 37.45 38.32 13,028 75.77 55.32
350 38.57 38.82 13,587 77.39 56.31
360 39.67 39.32 14,155 78.99 57.31
370 40.75 39.82 14,733 80.57 58.31

Metastable crystals
10 0.055 0.164 1.64 0.219 0.651
12 0.094 0.282 3.38 0.376 1.105
14 0.149 0.437 6.12 0.586 1.644

T , " K .

- ( G ,  -  
R ° ° )/ T ,  

cal. deg .-1 
mole -1

(H a -  
H ° „ )/ T ,  

cal. deg .-1
mole -1

H a -  H °o , 
cal. m ole-1

S s,
cal. d e g .-1 

mole-1

Ga,
cal. deg. -: 

mole-1

1 6 0 . 2 1 9 0 . 6 2 4 9 . 9 8 0 . 8 4 3 2 . 2 2 4

18 0 . 3 0 5 0 . 8 3 5 1 5 . 0 3 1 . 1 4 0 2 . 8 3 0

20 0 . 4 0 4 1 . 0 6 7 2 1 . 3 3 1 . 4 7 1 3 . 4 7 1

2 5 0 . 7 1 1 1 . 7 1 2 4 2 . 8 0 2 . 4 2 3 5 . 1 3 8

30 1 . 0 8 6 2 . 4 2 7 7 2 . 8 2 3 . 5 1 3 6 . 7 1 5

35 1 . 5 1 3 3 . 1 4 3 1 1 0 . 0 0 4 . 6 5 6 8 . 1 5 6

40 1 . 9 7 9 3 . 8 5 5 1 5 4 . 1 9 5 . 8 3 4 9 . 4 9 0

45 2 . 4 7 4 4 . 5 4 7 2 0 4 . 6 2 7 . 0 2 1 1 0 . 6 6 7

50 2 . 9 8 7 5 . 2 1 4 2 6 0 . 6 8 8 . 2 0 1 1 1 . 7 3 4

60 4 . 0 5 0 6 . 4 5 8 3 8 7 . 5 1 0 . 5 0 8 1 3 . 5 8 5

70 5 . 1 3 2 7 . 5 9 4 5 3 1 . 6 1 2 . 7 2 6 1 5 . 1 9 5

80 6 . 2 1 5 8 . 6 3 5 6 9 0 . 8 1 4 . 8 5 0 1 6 . 6 4 1

90 7 . 2 8 9 9 . 6 0 3 8 6 4 . 3 1 6 . 8 9 2 1 8 . 0 2 9

100 8 . 3 4 8 1 0 . 5 0 7 1 , 0 5 0 . 7 1 8 . 8 5 5 1 9 . 2 4 7

1 1 0 9 . 3 8 9 1 1 . 3 5 7 1 , 2 4 9 . 3 2 0 . 7 4 6 2 0 . 4 7 4

1 2 0 1 0 . 4 1 2 1 2 . 1 6 8 1 , 4 6 0 . 1 2 2 . 5 8 0 2 1 . 6 9 5

1 3 0 1 1 . 4 1 7 1 2 . 9 4 8 1 , 6 8 3 . 2 2 4 . 3 6 5 2 2 . 9 1 1

1 4 0 1 2 . 4 0 5 1 3 . 7 0 2 1 , 9 1 8 . 3 2 6 . 1 0 7 2 4 . 1 0 8

1 5 0 1 3 . 3 7 5 1 4 . 4 3 7 2 , 1 6 5 . 5 2 7 . 8 1 2 2 5 . 3 3 4

1 6 0 1 4 . 3 3 0 1 5 . 1 5 7 2 , 4 2 5 . 1 2 9 . 4 8 7 2 6 . 6 0 6

1 7 0 1 5 . 2 7 1 5 . 8 7 2 , 6 9 7 . 6 3 1 . 1 4 2 7 . 8 8 2

1 7 1 . 6 7 1 5 . 4 2 1 5 . 9 9 2 , 7 4 4 . 3 3 1 . 4 1 2 8 . 0 9 8

Metastable liquid
1 7 1 . 6 7 1 5 . 4 2 2 7 . 8 2 4 , 7 7 5 4 3 . 2 4 4 3 . 5 0

1 7 3 . 6 0 1 5 . 7 4 2 7 . 9 9 4 , 8 5 9 4 3 . 7 3 4 3 . 5 5

n-Butylbenzene 

Stable crystals
10 0.057 0.169 1.69 0.226 0.669
12 0.098 0.288 3.46 0.386 1.115
14 0.153 0.444 6.22 0.597 1.662
16 0.225 0.634 10.15 0.859 2.275
18 0.312 0.851 15.32 1.163 2.903
20 0.413 1.090 21.80 1.503 3.583
25 0.728 1.763 44.08 2.491 5.331
30 1.113 2.501 75.02 3.614 7.035
35 1.557 3.265 114.29 4.822 8.655
40 2.043 4.033 161.33 6.076 10.135
45 2.561 4.787 215.43 7.348 11.486
50 3.103 5.520 275.98 8.623 12.713
60 4.234 6.903 414.2 11.137 14.893
70 5.396 8.184 572.9 13.580 16.797
80 6.567 9.369 749.5 15.936 18.524
90 7.735 10.480 943.2 18.215 20.153

100 8.894 11.517 1,151.7 20.411 21.553
110 10.037 12.495 1,374.4 22.532 22.990
120 11.165 13.428 1,611.4 24.593 24.399
130 12.275 14.327 1,862.5 26.602 25.821
140 13.369 15.199 2,127.9 28.568 27.258
150 14.45 16.05 2,407.6 30.50 28.683
160 15.51 16.89 2,701.8 32.40 30.17
170 16.56 17.72 3,012 34.28 31.89
180 17.60 18.57 3,343 36.17 34.46
185.30 18.14 19.05 3,530 37.19 35.96
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- ( G .  -  ( R b -

T, “ K .

H °  o) T , 
cal. d e g .“ 1 

mole -1

H ° „ )/ T ,  
cal. d e g ._1 

mole _1
H a -  H ° o, 
cal. mole-1

S a,
cal. deg .-1 

mole _1

Us,
cal. deg. -I 

mole - 1

Liquid
1 8 5 . 3 0 1 8 . 1 4 3 3 . 5 2 6,212 5 1 . 6 6 4 9 . 4 1

190 1 8 . 9 8 3 3 . 9 2 6 , 4 4 4 5 2 . 9 0 4 9 . 6 0

200 2 0 . 7 5 3 4 . 7 1 6 , 9 4 2 5 5 . 4 6 5 0 . 0 5

210 2 2 . 4 5 3 5 . 4 6 7 , 4 4 6 5 7 . 9 1 5 0 . 5 9

220 2 4 . 1 2 3 6 . 1 6 7 , 9 5 5 6 0 . 2 8 5 1 . 2 3

23 0 2 5 . 7 4 3 6 . 8 3 8 , 4 7 0 6 2 . 5 7 5 1 . 9 3

240 2 7 . 3 3 3 7 . 4 7 8 , 9 9 3 6 4 . 8 0 5 2 . 6 9

250 2 8 . 8 7 3 8 . 1 0 9 , 5 2 4 6 6 . 9 7 5 3 . 5 2

260 3 0 . 3 7 3 8 . 7 1 1 0 , 0 6 4 6 9 . 0 8 5 4 . 4 0

2 70 3 1 . 8 5 3 9 . 3 0 1 0 , 6 1 2 7 1 . 1 5 5 5 . 3 3

2 7 3 . 1 5 3 2 . 3 1 3 9 . 4 9 1 0 , 7 8 7 7 1 . 8 0 5 5 . 6 3

280 3 3 . 2 8 3 9 . 9 0 1 1 , 1 7 1 7 3 . 1 8 5 6 . 3 1

290 3 4 . 6 9 4 0 . 4 8 1 1 , 7 3 9 7 5 . 1 7 5 7 . 3 1

2 9 8 . 1 5 3 5 . 8 2 4 0 . 9 5 1 2 , 2 0 9 7 6 . 7 7 5 8 . 1 6

300 3 6 . 0 8 4 1 . 0 6 1 2 , 3 1 7 7 7 . 1 4 5 8 . 3 6

3 1 0 3 7 . 4 4 4 1 . 6 3 1 2 , 9 0 6 7 9 . 0 7 5 9 . 4 4

32 0 3 8 . 7 6 4 2 . 2 1 1 3 , 5 0 6 8 0 . 9 7 6 0 . 5 4

330 4 0 . 0 7 4 2 . 7 8 1 4 , 1 1 7 8 2 . 8 5 6 1 . 6 3

340 4 1 . 3 6 4 3 . 3 5 1 4 , 7 3 9 8 4 . 7 1 6 2 . 7 3

3 5 0 4 2 . 6 2 4 3 . 9 2 1 5 , 3 7 1 8 6 . 5 4 6 3 . 8 3

360 4 3 . 8 6 4 4 . 4 9 1 6 , 0 1 5 8 8 . 3 5 6 4 . 9 3

3 7 0 4 5 . 1 0 4 5 . 0 5 1 6 , 6 7 0 9 0 . 1 5 66.01
380 4 6 . 3 0 4 5 . 6 2 1 7 , 3 3 5 9 1 . 9 2 6 7 . 1 2

Metastable crystals
10 0 . 0 5 6 0 . 1 7 0 1 . 7 0 0 . 2 2 6 0 . 6 7 5

12 0 . 0 9 7 0 . 2 8 9 3 . 4 7 0 . 3 8 6 1 . 1 1 7

1 4 0 . 1 5 3 0 . 4 4 6 6 . 2 4 0 . 5 9 9 1.666
1 6 0 . 2 2 5 0 . 6 3 6 1 0 . 1 7 0 . 8 6 1 2 . 2 7 7

18 0 . 3 1 2 0 . 8 5 3 1 5 . 3 6 1 . 1 6 5 2 . 9 1 2

20 0 . 4 1 4 1 . 0 9 3 2 1 . 8 5 1 . 5 0 7 3 . 5 9 0

2 5 0 . 7 2 9 1 . 7 6 7 4 4 . 1 8 2 . 4 9 6 5 . 3 4 0

30 1 . 1 1 5 2 . 5 0 6 7 5 . 1 7 3 . 6 2 1 7 . 0 4 3

3 5 1 . 5 6 0 3 . 2 7 1 1 1 4 . 5 0 4 . 8 3 1 8 . 6 7 4

40 2 . 0 4 6 4 . 0 4 1 1 6 1 . 6 5 6 . 0 8 7 1 0 . 1 6 1

4 5 2 . 5 6 6 4 . 7 9 8 2 1 5 . 9 0 7 . 3 6 4 1 1 . 5 2 0

50 3 . 1 1 0 5 . 5 3 3 2 7 6 . 6 4 8 . 6 4 3 1 2 . 7 5 7

60 4 . 2 4 3 6 . 9 2 3 4 1 5 . 4 1 1 . 1 6 6 1 4 . 9 4 4

70 5 . 4 0 7 8 . 2 0 9 5 7 4 . 6 1 3 . 6 1 6 1 6 . 8 3 8

80 6 . 5 8 2 9 . 3 9 5 7 5 1 . 6 1 5 . 9 7 7 1 8 . 5 6 3

90 7 . 7 5 4 1 0 . 5 0 6 9 4 5 . 5 1 8 . 2 6 0 2 0 . 1 9 6

100 8 . 9 1 6 1 1 . 5 5 0 1 , 1 5 5 . 0 2 0 . 4 6 6 2 1 . 6 7 1

110 1 0 . 0 6 3 1 2 . 5 3 5 1 , 3 7 8 . 8 2 2 . 5 9 8 2 3 . 0 8 7

120 1 1 . 1 9 4 1 3 . 4 7 2 1 , 6 1 6 . 6 2 4 . 6 6 6 2 4 . 4 7 6

1 3 0 1 2 . 3 0 8 1 4 . 3 7 2 1 , 8 6 8 . 4 2 6 . 6 8 0 2 5 . 8 6 0

1 4 0 1 3 . 4 0 6 1 5 . 2 4 1 2 , 1 3 3 . 8 2 8 . 6 4 7 2 7 . 2 4 0

1 5 0 1 4 . 4 8 1 6 . 0 9 2 , 4 1 3 . 2 3 0 . 5 7 2 8 . 6 4 1

1 6 0 1 5 . 5 5 1 6 . 9 2 2 , 7 0 7 . 1 3 2 . 4 7 3 0 . 1 8

1 7 0 1 6 . 6 0 1 7 . 7 4 3 , 0 1 6 3 4 . 3 4 3 1 . 6 9

180 1 7 . 6 4 1 8 . 5 7 3 . 3 4 2 3 6 . 2 1 3 3 . 4 9

1 8 5 . 1 4 1 8 . 1 7 1 8 . 9 9 3 , 5 1 7 3 7 . 1 6 3 4 . 4 7

Metastable liquid
1 8 5 . 1 4 1 8 . 1 7 3 3 . 5 3 6 , 2 0 8 5 1 . 7 0 4 9 . 4 0

1 8 5 . 3 0 1 8 . 1 9 3 3 . 5 5 6 , 2 1 6 5 1 . 7 4 4 9 . 4 1

“ The values tabulated are the Gibbs energy function, enthalpy 
function, enthalpy, entropy, and heat capacity of the condensed 
phase at saturation pressure.

in terv a ls  th a t  in clu d ed  th e  trip le  p o in t  tem p era tu re . 
C orrection s to  A Hm fo r  th e  effect o f  p rem e ltin g  caused  
b y  im p u rities w ere a p p lied  to  each  m ea su re m e n t. 

F o r  n -p ro p y lb e n ze n e  an d  n -b u ty lb e n z e n e , m ea su re 

m e n ts  w ere also m a d e  fo r  th e  h e a t  o f  fu sion  o f th e  m e ta 

stab le  ph ase. T h e  large u n c e rta in ty  in  d ie  h ea t o f  
fu sion  o f th e  m e ta sta b le  c rysta llin e  fo rm  o f  t i-p ro p y l-  
b en zen e is p ro b a b ly  cau sed  b y  difficu lties in  securing  
p u re m e ta sta b le  crysta ls  o w in g  to  p a rtia l tran sp osition  
to  th e s ta b le  p h a se  if  cry sta lliza tio n  is to o  slow  an d  to  
in c o m p lete  cry sta lliza tio n  i f  it  is to o  ra p id ly  cooled . 
T h e  v a lu es o f  A Hm listed  in  T a b le  I I I  represen t th e  
average  o f  tw o  or  m ore  m ea su re m e n ts  fo r  each  fo rm  
o f  each  c om p ou n d . (A n  a p p ro x im a te  v a lu e  o f  7 7 9 0  
cal. m o le - 1  w a s fo u n d  fo r  th e  h e a t  o f  fu sio n  o f n -  
d ecy lb en zen e .)

T h e  trip le p o in t tem p e ra tu re  a n d  sa m p le  p u r ity  fo r  
each  c o m p ou n d  w ere d e te rm in ed  fr o m  stu d ies  o f  th e  
eq u ilib riu m  m e ltin g  tem p e ra tu re  as a  fu n c tio n  o f  th e  
fra c tio n  o f sa m p le  m e lte d . 16 T h e  m e ltin g  p o in t  d a ta  
fo r  b o th  stab le  an d  m e ta sta b le  crysta ls  are su m m arized  
in  T a b le  I V .  A lso  listed  in  T a b le  I V  is a  m e ltin g  p o in t  
stu d y  o f w -decylben zen e. I n  a ll cases th e  eq u ilib riu m  
tem p era tu res, Tv, w ere p lo tte d  as fu n c tio n s  o f  1 / f , 

th e  reciprocal o f  th e fra ction  o f  th e  to ta l sa m p le  in  
th e  liq u id  sta te . T h e  trip le  p o in t  tem p e ra tu res , 
Ttp, w ere determ in ed  b y  lin ear  e x tra p o la tio n s  to  
th e  zero v a lu e  o f 1 / f . I f  th e  im pu rities fo r m  ideal 
so lu tio n s in  th e  liq u id  ph ase an d  are in so lu b le  in  th e  
solid  p h ase, th e  rela tion  b etw e en  m o le  fra c tio n  o f to ta l  
im p u rity , ,V 2*, and m e ltin g  p o in t d epression , AT =  

T tp -  Tf, is 17

- I n  (1 -  N2) =  a A T (1  +  b A T  +  . . . )  (1)

w h ere V 2 =  N2*/f. T h e  c ryo sco p ic  c o n sta n ts , a  =  
AHm/RTtp2 an d  b  =  1 /T tp — ACm/2AHm, w ere cal

cu la ted  fro m  th e  v a lu e s  o f  A Hm and T tp in  T a b le  V ,  
an d  v a lu e s o f  A Cm, th e  differen ce b etw e en  th e  h ea t  
cap acities o f  th e  co m p o u n d  in  th e  so lid  a n d  liq u id  sta tes  
a t th e  trip le  p o in t, w ere o b ta in e d  fro m  d a ta  in  T a b le  
V  (d iscussed  in  th e  fo llow in g  se c tio n ). V a lu e s  o f  a  

a n d  b  are in clu d ed  in  T a b le  I I I .  Im p u r ity  v a lu e s  
g iv en  in  T a b le  I V  w ere ca lcu lated  u sin g  eq . 1 in  its  
sim plified  fo rm  (for V 2*  < <  1 ) ,  N2* =  a f A T .  T h e  
m e ltin g  p o in t d a ta  fo r  th e  a lk y l-su b stitu te d  ben zen es  
sh ow ed  a  greater d ep artu re fr o m  lin ea rity  th a n  u su al, 
b u t  it  w as fe lt  a  so lid  so lu tio n  tre a tm e n t o f  th e  d a ta  
w a s n o t  a p p lic a b le . 16

(16) J. P. McCullough and G. Waddington, Anal. Chim. Acta, 17, 
80 (1957).
(17) A. R. Glasgow, Jr., A . J. Streiff, and F. D. Rossini, J. Res. 
Nail. Bur. Std., 35, 355 (1945).
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Table VI: Vapor Pressure Expressed by the Cox Equation“

Dev. from
B, s------ obsd. data, mm.-------  ̂ Range,

Compd. °K . a 103ò 10'c Av. Max. mm.

n-Propylbenzene 432.368 0.865134 — 0.666546 0.559068 0.02 0.06 48-780
n-Butylbenzene 456.420 0.895932 —0.743599 0.627427 0.05 0.32 48-780

“ Log p(mm.) = A (1 — B/T), where B is n.b.p. in °K. and A is defined by log A = a +  bT +  cT2; T in °K.

Chemical Thermodynamic Properties in the Solid and 
Liquid States. T h e  lo w -tem p era tu re  d a ta  fo r  b o th  th e  
sta b le  a n d  m e ta sta b le  fo rm s o f n -p ro p y lb e n ze n e  an d  
n -b u ty lb e n z e n e  w ere u se d  in  ca lcu latin g  v a lu e s  o f  th e  
G ib b s  en ergy  fu n ction , e n th a lp y  fu n ction , en th a lp y , 

en tro p y , a n d  h e a t  c a p a c ity  fo r  th e  co m p o u n d s in  th e  
solid  an d  liq u id  sta tes  a t  selected  tem p era tu res fro m  1 0  

to  3 7 0 ° K .  T h e  v a lu e s  a t  1 0 ° K .  w ere c o m p u te d  fro m  
a D e b y e  fu n ction , th e  p a ra m eters 18 o f  w h ich  w ere  
e v a lu a ted  fro m  th e  h ea t c a p a c ity  d a ta  b etw een  1 1  

a n d  2 0 ° K .  T h e r m o d y n a m ic  prop erties a b o v e  1 0 ° K .  
w ere ca lcu lated  fr o m  v a lu es o f  h e a t  a n d  tem p era tu re  
o f  p h ase ch an ges a n d  fro m  ap p rop ria te  n u m erica l 

in te g ra tio n  o f sm o o th e d  v a lu e s  o f  CB a t  regu lar in tervals . 
T h e  resu lts in  T a b le  V  sh ow  th a t  th e en trop ies o f  b o th  
p o ly m o rp h s  o f  each  c o m p o u n d  agree w ith in  experi

m e n ta l error a t  th e  m e ltin g  p o in t o f  th e  stab le  fo r m ;  
correction s fo r  th e  effects o f  p rem e ltin g  w ere a p p lied  
as n ecessary  in  c o m p u tin g  th e  “ s m o o th e d ”  d a ta  in  

T a b le  V .
Vapor Pressures and Calculation of Heats and En

tropies of Vaporization. I n  ord er to  ca lcu late  th e  
en tro p y  a n d  e n th a lp y  o f  th e  c o m p o u n d s in  th e  ideal 
gas sta te  a t  2 9 8 . 1 5 ° K ,  valu es o f  th e  h e a t  o f  v a p o riza tio n  
and v a p o r  pressure w ere requ ired fo r  each  c o m p o u n d . 

F o r  n -p ro p y lb e n ze n e  th e h ea t o f  v a p o r iz a tio n  m easu red  
b y  O sb o rn e  a n d  G in n in g s 19 w as u sed . F o r  n -b u ty l

b en zen e  an  ex p e rim en ta lly  d eterm in ed  h e a t  o f  v a p o ri
za tio n  w as n o t  a va ilab le . T o  o b ta in  a  reliable h e a t  o f  
v a p o r iz a tio n , 4  a  C o x  eq u a tion  w as fitted  to  th e  experi

m e n ta lly  d eterm in ed  v a p o r  pressures fr o m  th e  litera 

tu re . 16 F r o m  th e  C la p e y ro n  e q u a tio n  a n d  th e  v a lu e  
o f  dp/(IT d eterm in ed  fro m  th e  C o x  e q u a tion , th e h ea ts  
a n d  en trop ies o f  v a p o r iz a tio n  w ere ca lcu lated . C o r 

rection s fo r  effects o f  gas im p erfectio n  w ere negligib le  
a n d  w ere o m itte d . T h e  c on stan ts  fo r  th e C o x  eq u a 

tio n  a n d  m a x im u m  an d  a vera ge  d e v ia tio n s fro m  th e ex

p e rim e n ta lly  o b se rv ed  d a ta  are g iv en  fo r  b o th  co m 

p o u n d s in  T a b le  V I .  T h e  h ea ts  o f  v a p o riz a tio n  a t  
2 9 8 .1 5 ° K .  ca lcu lated  fo r  b o th  co m p o u n d s are g iv en  in  

T a b le  V I I ,  to g eth er  w ith  ex p e rim en ta lly  d eterm in ed  
v a lu e  o f O sb o rn e  a n d  G in n in g s 19 fo r  n -p ro p y lb en ze n e .

Table VII : Heats and Entropies of Vaporization at 298.15°K.

,----------------- C a le d -
A<Svap> Lit.

A/?vapf cal. A-Hvap»
cal. deg .- ' cal.

Compd. mole - 1 mole -1 mole

n-Propylbenzene 11,020 ±  50 36.96 11,03719
n-Butylbenzene 12,202 ±  70 40.93

Table VIII: Molal Entropies at 298.15°K. (cal. deg.-1 mole-1)

--------------------------------- Substituents---------------------------------*
------- rc-Propyl------ < /-------n-Butyl------ -

A S / AS/ n-Decyl
Ring s° c h 2 s° CH2 S°

Liquid
Cyclopentane 74.29 7.89 82.18 7.76 128. 71
Cyclohexane 74.54 7.91 82.45 7.78 129. 10
Benzene 68.78 7.99 76.77 123. 4“

Ideal gas
Cyclopentane 99.06 9.40 108.46 9.33 164. 45
Cyclohexane 100.35 9.54 109.89 9.35 165..97
Benzene 95.09 9.56 104.65 161 .1 ±  0.5'
“ Estimated.

Discussion
T h e  en tropies a t  2 9 8 .1 5 ° K . ,  d e te rm in ed  b y  th is  re

search  fo r  n -p r o p y l-  an d  n -b u ty lb e n z e n e  in  th e  liqu id  
an d  ideal gas sta te , are g iv en  in  T a b le  V I I I  togeth er  
w ith  p rev io u sly  d eterm in ed  v a lu e s fo r  th e  n -a lk y lc y c lo -  
p e n ta n es 4 a n d  n -a lk y lc y c lo h e x a n e s . 6 I n  e v e ry  case  
th e  en tro p y  in crem en t o b served  b etw e en  an  n -p r o p y l-  
a n d  T r-b u tyl-su b stitu ted  ring is so m e w h a t g re a ter  
th a n  th e  average  in crem en t fo u n d  b etw een  n -b u t y l -

(18) The number of degrees of freedom and the characteristic Debye 
temperature, respectively, were as follows: n-propylbenzene: stable 
crystals, 5.5 and 114.8°; metastable crystals, 5.5 and 108.8°; n- 
butylbenzene: stable crystals, 5.5 and 107.8°; metastable crystals, 
5.5 and 107.8°.
(19) N. W . Osborne and D. C. Ginnings, J. Res. Natl. Bur. Std., 39, 
468 (1947).
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an d  n -d e c y l-su b stitu te d  rings. A s  sa tis fa c to ry  d a ta  
cou ld  n o t b e  o b ta in e d  on  n -d ec y lb en ze n e  or n -d o d e c y l-  
ben zen e, th is  d e v ia tio n  w as n o t  con firm ed fo r  th e  n- 
alk y lb en zen es. T h e  en tro p y  in crem en t, 7 .9 9  cal. 
d e g . - 1  m o le - 1 , fo u n d  fro m  ?i-p ro p y l- to  n -b u ty lb e n z e n e  
is a  little  larger th a n  th e a n a lo go u s in crem en ts fo u n d  
fo r  th e  su b stitu te d  cyc lo p e n ta n es a n d  cycloh exan es  

a n d  is, like th e m , su b sta n tia lly  larger th a n  th e average  
m eth ylen e  e n tro p y  in cre m e n t (7 .7 4  cal. d e g . - 1  m o le - 1 ) 
fo r  th e n -a lk an es. T h e  a verage v a lu e s o f  m e th y le n e  
en trop y  in crem en t fr o m  n -b u t y l -  to  n -d e c y lc y c lo p e n -  
tanes an d  -c y c lo h ex a n es  are n ea rly  th ose  o b serv ed  for  
n -a lk a n e s . 1' 2 B y  th e  u se  o f  an  a verage v a lu e  o f  7 .7 7  
cal. d e g . - 1  m o le - 1 , th e en tro p y  o f n -d ec y lb en ze n e  
a t 2 9 8 .1 5 ° K .  is estim a ted  to  b e  1 2 3 .3 9  cal. d e g . - 1  

m o le - 1  fo r  th e liq u id .

T h e  agreem en t b etw e en  th e  a verage en tro p y  incre

m e n t fo r  th e su b stitu te d  7i-a lk y lcyclo p en ta n es a n d  
-cy c lo h ex a n es in  th e  id eal gas sta te  a n d  th e  average  
id e a l g as  in crem en t o f  9 .3 1  cal. d e g . - 1  m o le - 1  calcu 

la te d  fo r  th e n -a lk a n e s  b y  P e rso n  a n d  P im e n te l6 is 
q u ite  goo d . A g a in , th e  n -p r o p y l to  n -b u ty l in crem en t  
is h igh er th a n  th e  a vera ge  a n d  in d icates th a t  irregu

la r ity  is o b ta in ed  fo r  su b stitu e n ts  low er th a n  b u ty l. 
F o r  th is  reason , th e  large v a lu e  o f  th e  en tro p y  incre

m e n t  fo r  th e  ideal gas sta te  fo u n d  in  g o in g  fr o m  n -  
p r o p y l-  to  n -b u ty lb e n z e n e  is n o t  u n ex p ec ted , a n d  a  
so m e w h a t low er m e th y le n e  in crem en t w o u ld  b e  ex 

p e cte d  in  e stim a tin g  th e  e n tro p y  o f n -d e c y lb e n ze n e  in  
th e  id ea l gas sta te . T h is  m a y  b e  d o n e  b y  tw o  p a th s :  
on e , b y  estim a tin g  th e  e n tro p y  o f  v a p o r iz a tio n  o f n -  
d ecylb en zen e a t  2 9 8 .1 5 ° K .  a n d  th e  e n tro p y  o f  c o m 

pression  an d  ad d in g  th ese to  th e  estim a ted  e n tro p y  in

th e  liq u id  sta te  a t  2 9 8 .1 5 ° K . ; or, tw o , b y  a d d in g  an  
estim a ted  en tro p y  in crem en t to  th e  calcu lated  en trop y  
o f n -b u ty lb e n z e n e  in  th e  id eal gas sta te . F o r  th e first 
p a th , th e  en tro p y  o f v a p o riz a tio n  is e stim a te d  b y  ad d in g  
7  X  1 1 8 0  to  th e o b se rv ed  h e a t  o f  v a p o riz a tio n  o f n- 
p ro p ylb en zen e  o f  O sb o rn e  a n d  G in n in g s 19 a ccord in g  to  
th e  m e th o d  o u tlin ed  b y  L oeffler  a n d  R o ss in i . 20 21 T h is  

ca lcu lation  g ives a  h e a t  o f  v a p o r iz a tio n  o f 1 9 ,2 9 7  cal. 
m o le - 1  an d  an  e n tr o p y  o f  v a p o r iz a tio n  a t  2 9 8 .1 5 ° K .  
o f  6 4 .7 2  cal. d e g . - 1  m o le - 1 . T h e  e n tro p y  o f com p res

sion  w a s calcu lated  fr o m  a C o x  e q u a tio n  fitte d  to  th e  
v a p o r  pressure d a ta  o f  C a m in , et al.,n a n d  fo u n d  to  
b e  — 2 6 .6 2  cal. d e g . - 1  m o le - 1 . T h e  e n tro p y  o f  n- 
d ecylb en zen e  in  th e  ideal gas s ta te  ca lcu lated  b y  this  
m e th o d  is 1 6 1 .4 9  cal. d e g . - 1  m o le - 1 .

T h e  secon d  p a th  u sed  y ie ld e d  a  v a lu e  o f 1 6 0 .6 9  cal. 
d e g . - 1  m o le - 1  fo r  th e  e n tro p y  o f  n -d e c y lb e n ze n e  in  th e  
id ea l gas s ta te  w h e n  a  reason ab le  v a lu e  o f 9 .3 4  cal. 
d e g . - 1  m o le - 1  w a s u sed  fo r  th e  m e th y le n e  e n tro p y  in

crem en t fo r  th e  g a s . T h e  d iscrep a n cy , 0 .8  ca l. d e g . - 1  

m o le - 1 , o b serv ed  b etw e en  th ese  tw o  p a th s , is  n o t  u n 

ex p ected  in  v ie w  o f  th e  lo n g  ex tra p o la tio n  in v o lv e d . 

T h e  m e a n  v a lu e  o f  1 6 1 .1  ±  0 .5  cal. d e g . - 1  m o le - 1  is 
fo u n d  in  T a b le  V I I I .

Acknowledgments. T h e  assistan ce o f  M r s . M .  E .  
G ro ss , M r s . T .  C . K in c h elo e , a n d  D r . J . P . M c C u llo u g h  
w ith  so m e o f th e  m ea su re m e n ts  is g ra te fu lly  a ck n ow l
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Further Critical Opalescence Measurements on the 

Nitrobenzene-n-Heptane System1
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Department of Chemistry, Syracuse University, Syracuse, New York 13210 (Received July 19, 1965)

L ig h t  scatterin g  m ea su re m e n ts  o n  th e  n itro b en zen e-re -h ep ta n e  s y ste m  n ea r  th e  c r itic a l  
d em ix in g  tem p e ra tu re  can  b e  rep resen ted  to  a  g o o d  a p p rox im ation  b y  th e  O r n s te in -  
Z e r n ik e -D e b y e  fo rm a lism  a n d  y ie ld  a  D e b y e  l v a lu e  o f ^ 9  A . S m a ll-a n g le  X - r a y  
results y ie ld  p a ram eters in con sisten t w ith  lig h t sc a tte r in g ; th ere is a stro n g  su gg estion  
th a t  p lo ts  o f  I~l vs. s in 2 (6/2)/ X 2 are cu rv ed  o v e r  a  su fficien tly  large ran ge o f th e  la tter  
v ariab le , a n d  th a t  a n  exten sion  o f th e  p resen t th eories is req u ired  to  a c c o u n t fo r  th ese  
ob serv ation s.

Introduction

T h e  th eory  o f critical p h e n om en a  h as received  con 

siderable  a tten tio n  in  recen t y e a rs . 2' 8 I n  order to  
te st so m e o f th e  pred iction s an d  to  fu rn ish  an  in

creasin gly  reliable b o d y  o f exp erim en tal d a ta , w e  h a v e  
u n d ertak en  a  series o f  exp erim en ts m easu rin g  th e  
scatterin g  o f e lectro m ag n etic  rad ia tio n  fro m  critically  
o p alescen t sy ste m s. 4 5’£ T h is  pap er reports lig h t scatter 

in g  m ea su re m e n ts  on  th e n itrob en zen e-re-h ep tan e  
sy s te m , an d  com p ares th e m  to  sm a ll-a n g le  X - r a y  m ea s

u rem en ts . 4

Experimental Techniques

Purification of Materials. N itro b e n ze n e  w a s puri

fied  b y  trip le  v a c u u m  fra ction a tio n  an d  ch ecked  b y  
v .p .c . O n ly  o n e p e a k  w a s o b serv ed . re-H eptan e, 
u sed  w ith o u t fu rth er  pu rification , w a s o b ta in ed  a t  a  
p u rity  o f  9 9 .9 6  m o le  %  fro m  P h illip s P e tro leu m  C o .

Sample Preparation. A l l  sam p les w ere prepared  
b y  d irect w eigh in g  in to  th e lig h t sc atterin g  cells inside  
a d ry b o x  u n d er a n  inert atm osp h ere . C o m p o sitio n s  
w ere knowm  to  ± 0 . 0 3  w t . % .  N o  o b se rv ab le  difference  
in  th e  scatterin g  w a s n oticed  for filtered an d  unfiltered  
sam p les.

Phase Diagram. T h e  p h ase d ia gram  o f th e  sy ste m  
in  th e  critical region  w a s d eterm in ed  b y  th e  m e th o d  o f  
R ic e  an d  A t a c k . 6 T h e  sep aration  tem p e ra tu re  a t  th e  
critical co m p o sitio n , 4 9 .6 0  ±  0 .0 3  w t. %  re-heptane, 
w as fo u n d  to  b e  1 9 .0 3  ±  0 .0 0 5 °  fo r  th e  sam p les u sed  
in  th is in v e stig ation .

Temperature Measurements. A l l  tem p e ra tu re  d if

ferences w ere m easu red  w ith  a  B e c k m a n n  th erm o m eter  
w h ich  h ad  b een  calib rated  an d  ch ecked fo r  lin ea rity  
in  th e  ap p rop riate  range a ga in st a  certified p la tin u m  
resistan ce th erm o m eter , u sin g  a  G - 2  L ee d s  a n d  N o r th -  
rup M u lle r  b rid ge . 7 T h e  sa m e th e rm o m e te r  w as  
u sed to  d eterm in e  th e  critical tem p e ra tu res a t  v ariou s  
com p ositio n s and th e  tem p era tu re  o f th e  sa m p les  in  th e  
lig h t sc atterin g  cell.

Temperature Control. F igu re  1  sh ow s th e  te m p e ra 

tu re -co n tro lled  lig h t  sc atterin g  cell. W a te r  fro m  a  

c o n sta n t-te m p era tu re  b a th  w a s circu lated  ra p id ly  to  
th e  h e a t  exch an ger coil, F , th ro u g h  h e a v ily  in su lated  

cop per tu b in g ; in ta k e  a n d  o u tflow  p ip es in  th e  b a th  
w ere lo c a ted  to  en cou rage m a x im u m  m ix in g . T h e  
cylin d rica l cell ja c k e t  w a s con stru cted  o f  b rass, w ith  a

(1) This paper represents part of a Ph.D. dissertation submitted to 
the Department of Chemistry, Syracuse University, by R. Pancirov. 
Portions of this work were reported at the IUPAP Conference on 
Thermodynamics and Statistical Mechanics, Aachen, June 1964.
(2) (a) M. Fixman, Advan. Chem. Phys., 6, 175 (1964); (b) M. E. 
Fisher, J. Math. Phys., S, 944 (1964).
(3) A. Münster in “ Fluctuation Phenomena in Solids,” R. E. Bur
gess, Ed., Academic Press, New York, N. Y ., 1965, p. 180.
(4) H. Brumberger and W. C. Farrar, “ Proceedings of the Inter
disciplinary Conference on Electromagnetic Scattering,” Pergamon 
Press, London, 1963, p. 403.
(5) R. Pancirov and H. Brumberger, J. Am. Chem. Soc., 86, 3562 
(1964).
(6) O. K. Rice and D. Atack, J . Chem. Phys., 22, 382 (1954).
(7) The authors are grateful to the Carrier Corporation Laboratory,
Syracuse, N. Y., for its assistance.
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Figure 1. Temperature-controlled light scattering cell:
A, stirrers; B, stirrer bearings; C, centering collar for E;
D, cap for E; E, light scattering sample cell; F, heat 
exchanger coil of copper tubing, soldered to brass wall;
G, insulation; H, glass portion of constant-temperature 
bath; I, centering sleeve for insertion of cell into 
photometer; J, brass base plate; K, direction of primary- 
light beam; L, well for Beckmann thermometer; M, set screw.

tra n sp a ren t p o rtio n , H ,  cem en ted  to  it  an d  to  a  brass  
b ase  p late , J . H  w a s  a  le n g th  o f  p recision -b ore 5 -c m .  
P y re x  tu b in g ; J  an d  I  p e rm itte d  cen terin g  th e  entire  
a p p a ra tu s re la tiv e  to  th e  o p tic a l sy s te m  o f th e  lig h t  
sc atterin g  p h o to m e te r  b y  m e a n s  o f a  s leev e  an d  set  
screw . T h e  ja c k e t  w a s  filled  w ith  stirred carb on  
tetrach lorid e to  m in im ize  in terfacia l reflection s. T u r 

b id ity  d u e to  th e  stirring  a ctio n  w a s  fo u n d  to  b e  
n eglig ib le .

M e a su r e d  ceL tem p e ra tu res w ere c o n sta n t to  ± 0 . 0 0 5 °  
fo r  sev era l h ou rs, a n d  to  ± 0 .0 0 2 °  d u rin g  a  sin gle  ru n . 
T e m p e ra tu re  g rad ien ts w ere fo u n d  to  b e  u n im p o rta n t  
in  d eterm in in g  A T v a lu e s , w ith in  th ese  lim its .

Light Scattering Photometer. A  B ric e -P h o e n ix  p h o 

to m eter , m od ified  su b sta n tia lly  b y  in tro d u cin g  tw o  1 X  
1 0 -m m . tw o -s lit  co llim ators  (b e tw een  source an d  sa m p le , 
a n d  b etw e en  sa m p le  a n d  p h o to m u ltip lie r ), w a s  u sed . 
T h e  lig h t source w a s  m o n ito re d  a n d  a d ju ste d  to  m a in 

ta in  c o n sta n t in te n sity  fo r  a ll exp erim en ts.

Light Scattering Measurements. A l l  o f  th e  m ea su re

m e n ts  o f  a n g u la r  d istrib u tio n  o f scattered  in te n sity

w ere m a d e  w ith  v e rtic a lly  p o larized  in cid en t rad ia 

tio n . T w o  w a v e  le n gth s, 4 3 6 0  a n d  5 4 6 0  A . (in vacuo), 
w ere u sed an d  o b se rv a tio n s  w ere m a d e  a t  six  to  eigh t  
tem p e ra tu res n ear th e  critical tem p e ra tu re  T0, for  
each  o f th ree com p ositio n s— 4 2 .9 7 ,  4 9 .6 0 , a n d  5 0 .9 9  
w t. %  n -h e p ta n e . S evera l cell d ia m eters  w ere u sed , 
o f w h ich  8  an d  6  m m . w ere fo u n d  to  g iv e  th e  m o s t  re

p ro d u cib le  d a ta . N o  q u a lita tiv e  differen ces in  scatter 

in g  b eh a vior  w ere o b se rv ed  fo r  th e  6 -  a n d  8 -m m . cells. 
A l l  o f  th e  d a ta  rep o rted  h ere w ere o b ta in e d  w ith  th e  
la tte r  cell d ia m eter  a t  5 4 6 0  A . ,  an d  h a v e  b e e n  corrected  
fo r  ch an ges in  scatterin g  v o lu m e  b y  m u ltip lic a tio n  
w ith  sin  6. T h e  m ea su re m e n ts  m a d e  a t  th e  shorter  
w a v e  len gth  d isp la y ed  d efin ite  in te n sity  m a x im a  b e

tw een  6 0  an d  7 0 °  6, p r o b a b ly  d u e  to  m u ltip le  scatterin g .

A l l  cells w ere tested  fo r  s y m m e tr y  w ith  fluorescein  
so lu tion . C orrectio n s fo r  in tern a l reflection s w ere  
fo u n d  n egligib le . I t  w a s  a ssu m ed  th a t  a tten u a tio n  
correction s are tem p e ra tu re  d e p e n d en t o n ly , 8 a n d  w o u ld  
th u s  h a v e  n o  effect o n  th e  s lo p e -in te r c e p t  ratios o f  th e  
O rn ste in -Z e rn ik e  (O Z ) p lo ts , w h ich  are u sed  to  cal

cu la te  th e  D e b y e  p aram eters.

N o  effect o f  c on tin u ed  irrad iation  o n  th e  lig h t  

scatterin g  b eh a v io r  o f  th e  n itro b e n z e n e -h e p ta n e  
sa m p les  w a s n o te d ; ch an ges in  co m p o sitio n  d u e  to  
e v a p o ra tio n  in  th e course o f  a  ru n  w ere fo u n d  to  be  
n egligib le . R u n s  m a d e  a t  w id e ly  d ifferen t t im e s  w ere  
rep rod u cible  w ith in  th e  ex p erim en ta l error.

Experimental Results
F ig u re  2  sh ow s ty p ic a l cu rves o f  in te n sity  vs. scatter

in g  angle a t  v a rio u s tem p e ra tu re  d istan ces AT fr o m  th e  
critical tem p era tu re  Tc, a t  th ree c om p ositio n s. T a b le  
I  in d icates th e  c o m p ositio n s a n d  critical tem p era tu res  
o f th ese  m ixtu res. T h e  m a x im u m  o b se rv ed  in te n sity  
drop s su b sta n tia lly  ev en  1  w t . %  a w a y  fr o m  th e  critical 
com p ositio n , a n d  th e  d issy m m e tr y  n o tic e a b ly  decreases  

as w ell.

A c c o rd in g  to  th e  D e b y e  th e o ry 8 ’ 9 in  th e  ap p rox im a 

tio n  in clu d in g  th e effect o f  th e  a vera ge  sq u are o f th e

Table I

Demising Irei at
Composition, temp., A T  = 0.02°,

wt. %  n-heptane °c . 9 = 30°

42.97 ±  0.03 18.92 ±  0.005 69

49.60 (critical comp.) 19.03 1 7 9

50.99 18.99 123

(8) P. Debye, B. Chu, and H. Kaufmann, J. Chem. Phys., 36, 3378 
(1962).
(9) P. Debye, ibid., 31, 680 (1959).
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6  ( d e g )

7 - 1  =  CF (T) TXT -  Tc 
T l  T0 +

8 7C l2

3X 2
s in 2 (6/2) (1 )

w here C is  a  p ro p o rtio n a lity  c o n sta n t, F(T) is a  te m 

p era tu re -d ep e n d en t a tten u a tio n  fa c to r , l is th e  D e b y e  
“ ran ge o f  in term olecu lar fo rc es ,”  an d  X is  th e  w a v e  
len gth  in  th e  m e d iu m . F o r  a  g iv en  c o m p o sitio n  an d  
w a v e  le n g th

I “ 1 =  A(T) +  B(T) s in 2 (6/2) (2 )

A  p lo t  o f  in verse  in te n sity  vs. s in 2 (6/2) sh ou ld  th ere 

fo re  b e  lin ear a t  each  tem p e ra tu re . A  sim ilar  resu lt  
is o b ta in ed  if th e  O rn ste in -Z e rn ik e  p a ir  correlation  
fu n c tio n  G(r), w h ere

G(r) =  A r _ 1  e x p (—  kt) (3 )

in th e  a s y m p to tic  a p p ro x im a tio n  fo r  r —*■ <d , 10 is in 

serted  in to  th e  gen eral scatterin g  e q u a tio n  fo r  a flu id  
m ed iu m

s*a> STTI
I(s) «  ( 4 irr2G(r)---------  dr (4 )Jo sr

w here s =  4irX - 1  sin  (6/2).
A n  O Z  p lo t  o f  th e  d a ta  o b ta in ed  a t  th e  critica l c om 

p o sitio n  is sh ow n  in  F igu re 3 ;  o n e d oes in d eed  find

Figure 2. Angular distribution of relative intensities 
as a function of AT T — T.- for three 
compositions: O, 50.99 wt. % heptane; •, 49.60 
wt. % heptane; 9, 42.97 wt. % heptane.

Figure 3. Typical Omstein-Zemike plot 
at the critical composition.

c o n ce n tration  flu ctu a tio n  a m p litu d e  an d  th e  average  
sq u are  o f th e  flu ctu a tio n  grad ien t, th e  in te n sity  o f  
lig h t scattered  a t  a n  angle 6 fro m  a s y ste m  n ear Tc can  
b e  rep resen ted  b y

Figure 4. Plot of extrapolated zero-angle 
intercepts from Figure 3 vs. AT.

(10) L. S. Omstein and F. Zernike, Proc. Roy. Acad. Sci. Amsterdam, 
17, 793 (1914),
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Figure 5. Plot of Debye L parameter vs. 
AT at the critical composition.

rea son a b ly  lin ear b eh a v io r  ex cep t a t  th e  sm allest  
an d  la rg est sc atterin g  angles. A  sy ste m a tic  u p w ard  
d e v ia tio n  a t  h igh  angles a n d  a n  u p w ard  d e v ia tio n  a t  
sm a ll angles w h ich  decreases w ith  AT are o b ta in e d ; 
su ch  o b se rv ation s see m  fa ir ly  gen eral, an d  h a v e  also  
b een  fo u n d  fo r  th e  2 , 6 -d im e th y lp y r id in e -w a te r  sy s 

te m 6 a n d  fo r  th e  p o ly sty re n e -c y c lo h e x a n e  s y s te m . 11 

P o ss ib ly  m u ltip le  scatterin g  effects are respon sible, 
b u t  th is  h y p o th e sis  h as n o t  so fa r  b een  tested  in  a  
clearcu t fash ion .

T h e  tem p e ra tu re  d ep en d en ce  o f th e  ex tra p o lated  
ze ro -a n gle  in te rce p ts  o f  th e  O Z  p lo t  is  p red icted  to  b e  
lin ear fo r  a  m o d e l su ch  as D e b y e ’ s. F igu re  4  in d icates  
th a t  an  u p w ard  d e v ia tio n  fr o m  lin ea rity  is fo u n d , 
a ga in  in  a greem en t w ith  o th er  such  ob serv ation s. 

T h e re  is, o f  cou rse , a  m easu re o f d o u b t  con cern in g  th e  
relia b ility  o f  th e  e x tra p o lation , p a rtic u la rly  in  v ie w  o f  
th e  resu lts  o f  M c I n t y r e , et al.,u an d  o f o u r  o w n  lo w -  
an gle  X - r a y  d a ta  fo r  th e  n itrob en zen  e -n -h  ep ta n e  
sy s te m , d iscu ssed  b e lo w .

F r o m  th e  O Z  p lo ts , th e  D e b y e  l p a ra m eter  can  b e  
ca lcu lated  u sin g  eq . 1 ;  a  v a lu e  o f 9 .3  ±  0 .9 4  A .  is 
fo u n d  an d  th e  correlation  ran ge, L, d e te rm in ed  w ith  
th is l v a lu e  fr o m

L 2 = (5)

(w h ere t  =  T/Tc), is p lo tte d  vs. AT in  F igu re  5 . A s  is

ex p ected , th e  correlation  ran ge in creases v e r y  rap id ly  
as th e  critical tem p e ra tu re  is ap p roa ch ed . F r o m  th e  
d efin ition  o f L

fG(r)r2dv
fG(r)dv (6)

v a lu e s fo r  th e  O Z  c o n sta n t k m a y  b e  o b ta in ed  b y  su b 

s titu tio n  o f (3 ) y ie ld in g

*  =  ( V e ) /l  (7 )

k v a lu e s  vs. AT are sh ow n  in  T a b le  I I .  F ig u re  6  show s  
a p lo t  o f k2 vs. AT, an d  in d icates  a  s m o o th  ex tra p o la 

tio n  th ro u gh  th e  origin .

Table II

AT, K,

°K. Â.-1 X 10J
0.39 9.62
0.30 8.45
0.19 6.72
0.11 5.13
0.06 3.77
0.04 3.07
0.02 2.18

Comparison to X-Ray Observations
T h e  X - r a y  d a ta  so fa r  a va ilab le  fo r  th is  s y ste m  h a v e  

n o t  as y e t  b een  ex ten d ed  to  sm a ll en ou gh  angles to  
overlap  th e  lig h t  scatterin g  cu rves, an d  to  th is  exten t  
are still u n sa tisfa cto ry . T h e re  is, h ow ev er , sufficient 
evid en ce to  in d icate  th a t  th e  O Z  p lo t  is in ad eq u ate  * 3019

(11) D . McIntyre, A. Wims, and M . S. Green, J. Chem. Phys., 37,
3019 (1962).
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o ver  a  large  ran ge o f sin  ( 0 /2 ) /X .  T h e  m o s t  strik in g  
fa c ts  are th e s e : th e  O Z  p lo t  fo r  th e  lig h t scatterin g  
d a ta  sh ow s a  series o f  cu rves fo r  th e  differen t tem p e ra 

tu res w h ich  are n ea rly  p arallel o v e r  th e  tem p era tu re  
in te rv a l o f  a b o u t  0 .4 °  fro m  T c w h ich  w e  exam in ed . 
T h e  correspon din g  X - r a y  cu rves (in  th e  sa m e tem p e ra 

tu re  in te rv a l fr o m  T0 fo r  th e  origin al X - r a y  sam p le)  
sh ow  a ch an ge in  slope b y  a  fa c to r  o f  n ea rly  five. F u r 

th er, th e  l v a lu e  calcu lated  fro m  th e  X - r a y  d a ta  is

3 .5  ±  0 .4  A . ,  a b o u t o n e -th ird  o f th e  lig h t  scatterin g  
v a lu e . T h e  zero -a n gle  ex tra p o lation  fr o m  th e  X - r a y  
d a ta  is th u s  a lm o st  certa in ly  u n reliab le . T h e re  is, 
in  fa c t, n o  assuran ce th a t  th e  sa m e m a y  n o t  b e  tru e  o f  

th e  lig h t  sc atterin g  ex tra p o la tio n ; th ere is so m e ex

p e rim en ta l ev id en ce th a t  O Z  cu rves m a y  sh ow  a d o w n 

w a rd  tren d  a t  sm a llest a n g les . 6’ 11

T h e  m o s t  reason able  con clu sion  on e m a y  d ra w  fro m  
th ese fa c ts  is th a t  th e  O Z  p lo t  is lik e ly  to  b e  cu rved  

o v e r  a  su fficien tly  large ran ge o f [sin ( 0 / 2 ) / \ ] 2. Su ch  
ob serv ation s w ere a lso  m a d e  b y  C h u 12 an d  D e b y e . 1 3 ’ 14 15 

D e b y e 13 ’ 14 h a s  su ggested  th a t  cu rv atu re  m a y  b e  in

tro d u ced  b y  in clu d in g  h igh er-ord er term s in  th e  series 

exp an sion  fo r  th e  in verse  scattered  in te n sity . I n  a  
recen t p u b lic a tio n , 14 th e  s y ste m  p e rflu o ro tr ib u ty l-  
a m in e -iso p e n ta n e  is in d icated  to  sh ow  a cu rved  O Z  p lo t  
o v e r  a  large range o f s. W h ile  th e  in version  o f th e  in

te n s ity  cu rve to  o b ta in  in fo rm a tio n  a b o u t th e  in terac

tio n  p o ten tia ls  rem ain s an  u n so lve d  p ro b le m  fo r  th e  
tw o -c o m p o n e n t sy ste m , D e b y e  argues b y  a n a lo gy  to

th e  o n e -c o m p o n e n t sy ste m , fo r  w h ich  r e la tiv e ly  s im p le  
m o d e ls  are a va ilab le , th a t  o n ly  th e  in itia l s lop es o f  th e  
O Z  cu rves y ie ld  a  m ea su re  o f th e  ran ge o f in te rm o le c u -  

la r  in tera ctio n  l, an d  th a t  th e  slopes a t  large v a lu e s  o f  s 
h a v e  a  d ifferen t (th o u g h  u n k n o w n ) p h y sica l in terp re

ta tio n . P re su m a b ly  d e via tio n s fr o m  lin ea rity  w ill  
b e m o re  ea sily  o b serv ed  in  tw o -c o m p o n e n t s y ste m s .

I t  appears, fro m  o u r m ea su re m e n ts  an d  th o se  o f  
oth ers, th a t  d e v ia tio n s  fro m  th e  O Z D  th e o r y  are in  
fa c t  real an d  n o t  ex p erim en ta l artifa cts. T h e  ex a ct  

n a tu re  o f th ese  d e v ia tio n s is b y  n o  m e a n s  w e ll k n o w n , 
h ow ev er , an d  m u c h  m ore  precise ex p erim en ts  v e r y  
close to  Tc an d  o v e r  a  large ran ge o f  s w ill n eed  to  b e  
d o n e to  ascertain  it. S u ch  m ea su re m e n ts  w ill req u ire  
a  closer lo o k  a t  th e  p ro b lem  o f m u ltip le  scatterin g , a n d  
are lik e ly  to  b e  c om p licated  b y  n ew  p h e n o m en a  w h ich  
w ill b e c o m e  in creasin gly  im p o rta n t n ea r  Te.w

Acknowledgment. T h e  a u th ors are g ra te fu l to  th e  
N a tio n a l Scien ce F o u n d a tio n  fo r  su p p o rtin g  th is  re

search  u n d er N .S .F .  G r a n t  G -1 9 2 8 2 .

(12) (a) B. Chu, J. Chem. Phys., 42, 2293 (1965); (b) B. Chu and 
W. P. Kao, ibid., 42, 2608 (1965).
(13) P. Debye, ref. 4, p. 393.
(14) P. Debye, D . Caulfield, and J. Bashaw, J. Chem. Phys., 41, 
3051 (1964).
(15) D . McIntyre, private communication. Dr. McIntyre observes 
a change in T„ when cell thicknesses are made very small (~ 0 .1  
mm.).
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T h e  p h o to o x id a tio n s  o f  m e th y lcy c lo h e x a n e , cyc loo cten e , o cte n e -1 , b en zen e , to lu en e , 
cu m en e, a n d  ch lorob en zen e h a v e  b een  in v e stig a te d  u n d er con d ition s w h ich  m in im ize d  
in itia tion  b y  th e  p h o to ly sis  o f  “ im p u ritie s .”  T h e  dep en d en ces o f  th e  in itia l ra te  o f  o x id a 

tio n  u p o n  th e  o x y g e n  pressure, th e  su b stra te  con cen tration , an d  th e  in cid en t lig h t in te n sity  
w ere o b ta in e d  fo r  so m e o f th e  sy ste m s. T h e  resu lts  are in terp reted  assu m in g  tw o  p rim ary  
processes, th e  ch arge -tran sfer  ex cita tio n  an d  th e  o x y g e n -p e rtu rb e d  S  T  ex citation . 
T h e  re la tiv e  sign ifican ce o f th ese  tw o  processes in  p h o to o x id a tio n  is d iscu ssed . T h e  
o v e r -a ll q u a n tu m  y ie ld s  o f in itia tio n  are g iven .

Introduction

T h e  p rim ary  processes in itia ted  b y  a llow ed  tra n sition s  
in  th e  p h o to o x id a tio n  o f a ro m atic  h y d ro carb on s h a v e  
b een  rev ie w e d 1'2; th e  p h o to o x id a tio n  o f a lip h atic  h y 

d rocarb on s h as n o t  received  m u c h  a tte n tio n . T h e  
p rim a ry  concern  o f th is  c o m m u n ica tio n  is th e  m e c h 

a n ism  o f in itia tion  o f p h o to x id a tio n  in  th e  w a v e  

le n g th  regions w h ere  th ere  are n o  a llow ed  tra n sitio n s : 
> 2 0 0 0  A . fo r  a lip h atic  h y d ro c a rb o n s an d  > 3 1 0 0  A .  
fo r  a ro m atic  a n d  olefinic h yd ro carb on s.

T h e re  are sev era l p o ssib le  p r im a ry  processes. T h e  
first p o ssib ility  ( I )  is th e  p h o to ly sis  o f “ im p u rities”  
su ch  as h yd ro p ero xid es

R O O H  +  hv — ■> R O • +  O H -  ( 1 )

A c c o rd in g  to  th is  m ec h a n ism , th e  in d u ctio n  period  
sh ou ld  increase a n d  th e  ra te  o f  o x id a tio n 3 sh ou ld  de

crease w ith  in creasin g  p u r ity  o f  th e  su b stra te . A t  
th e  lim it  o f h igh  o x y g e n  pressu re , 4 5 th e  ra te  is in d ep en d 

en t o f  o x y g en  pressure.

T h e  secon d  p o ssib le  process ( I I )  is th e  ex cita tio n  of 
o x y g e n  via th e  H e rzb e rg  fo rb id d en  tra n sition  to  th e  
32 u+  sta te . T h is  s ta te  cou ld  react w ith  th e  su b strate  
b y  eith er a  d irect reaction  or an  en e rg y -tra n sfe r  p ro c 

ess . 6 F u rth e rm o re , it  cou ld  cross o ver to  th e  rea ctive  
42 g+  or 4A g sta te . T h e  ra te  o f  o x id a tio n  sh ou ld  in 

crease w ith  o x y g e n  pressure. T h e  reaction s o f  0 2 

( 4A g) are stro n g ly  d e p e n d en t u p o n  th e  n atu re  o f th e  
su b stra te . 6 F r o m  con sid eration  o f th e  o ccu p a tio n a l  
n u m b e r  o f th e  a n tib o n d in g  o rb ita ls , 0 2 O S g -1-) cou ld  b e  
a m ore  electroph ilic  an d  se lectiv e  species th a n  0 2 ( 1A g) .

A  th ird  possib le  process ( I I I )  is th e  o x y g en -p e rtu rb e d  
S  —*■ T  tra n sition  w h ich  is k n o w n  in  olefinic a n d  aro

m a tic  h y d ro c a rb o n s . 7 F o r  a ro m a tic  h y d ro carb on s, 
th e  trip let s ta te  is p resu m ed  to  in te ra ct w ith  o xy gen  
to  g iv e  d irectly  th e  p ro d u c t p e ro xid e2; it  is n o t  v e ry  
rea ctive  in  h y d ro g en  a b stra c tio n  rea ctio n s . 8 - 1 1  T h e re  
is n o  sim p le  rela tion sh ip  b etw e en  th e  S -*■ T  ab so rp tio n  
in te n sity  a n d  th e  o x y g en  con cen tration  L it t le  or  
n o th in g  is k n o w n  a b o u t th e  trip let s ta te  en erg y  and  
th e  S - >  T  tra n sition  fo r  a lip h atic  h y d ro carb on s.

U ltra v io le t  a b so rp tio n s h a v e  b een  re p o rte d 12 for

(1) R. M. Hochstrasser and G. B. Porter, Quart. Rev. (London), 
14, 146 (1960).
(2) W. A. Noyes, Jr., G. S. Hammond, and J. N. Pitts, Jr., “ Advances 
in Photochemistry,”  Vol. 1, Interscience Publishers, Inc., New 
York, N. Y „  1963, p. 23.
(3) Unless otherwise stated, the rate of oxidation refers to the 
initial rate {vide infra).
(4) L. Bateman, Quart. Rev. (London), 8, 147 (1954); L. Bateman 
and A. L. Morris, Trans. Faraday Soc., 49, 1026 (1953).
(5) Analogous to the mercury photosensitization. See ref. 2, p. 209.
(6) E. J. Corey and W. C . Taylor, J. Am. Chem. Soc., 86, 3881 
(1964) ; C. S. Foote, private communication.
(7) D. F. Evans, J. Chem. Soc., 1735 (1960).
(8) The ground triplet state of naphthalene does not react with 
alcohol or ether solvent but the excited triplet state does.9 The i r *  
triplet state of 1-naphthaldehyde is found to be unreactive in photo
reductions.10 The lower vr*  triplet state of acridine is also said to 
be unreactive.11
(9) S. Siegel and K. Eisenthal, J. Chem. Phys., 42, 2494 (1965).
(10) G. S. Hammond and P. A. Leermakers, J. Am. Chem. Soc., 84, 
207 (1962).
(11) A. Kellmann and J. T. Dubois, J. Chem. Phys., 42, 2518 (1965).
(12) A. V. Munck and J. R . Scott, Nature, 177, 587 (1956).
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c ycloh ex an e  a n d  fo r  e th an o l (b o th  sa tu ra ted  w ith  o x y 

g en ). S im ila r  a b sorp tion s w ere also rep orted  fo r  aro

m a tic  c o m p o u n d s 13 a n d  fo r  n itro g en -c o n ta in in g  com 

p o u n d s . 14 T h e se  a b sorp tion s h a v e  b een  id en tified 14 

as c o n ta c t ch arge -tran sfer  abso rp tio n s. T h e se  ex

c ited  3C T  sta tes  (process I V )  cou ld  in itia te  p h o to o x i

d a tio n  b y  sev era l possib le  reaction s {vide infra). 
T h e  ra te  o f oxid a tio n  m a y  b e  ex p ected  to  increase  
w ith  b o th  th e  con cen tration s o f o x y g en  a n d  o f th e  su b 

strate .
T h e  p u rp o se  o f th is c o m m u n ica tio n  is to  ex a m in e  th e  

p o ssib le  roles o f th ese  processes in  th e  in itia tio n  of 

p h o to o x id a tio n s o f h yd ro carb on s.

Experimental Section
T h e  a lkan es u sed  in  th is w o rk  are P h illip s  research  

grade ch em icals. T h e se  are c yc loh ex an e , m e th y l-  
cycloh exan e , n -h e p ta n e , 2 ,3 -d im e th y lp e n ta n e , 2 ,2 -d i -  
m e th y lb u ta n e , 2 -m e th y lp e n ta n e , 2 ,4 -d im e th y lp e n ta n e ,  
a n d  2 ,2 ,4 -tr im e th y lp e n ta n e  (iso o c ta n e ). I n  variou s  
ex p erim en ts, th ese  a lk an es w ere purified  b y  a n y  o n e of 
th e  fo llo w in g  m e th o d s . I n  m e th o d  A ,  th e  c o m p o u n d  
w a s p a ssed  th ro u g h  a  0 .6 -m . c o lu m n  o f fresh ly  a cti

v a te d  a lu m in a 1 5 ,1 6  im m e d ia te ly  b efore  u se. I n  m e th o d  
B , th e  c o m p o u n d  w as fra c tio n a lly  d istilled  in  a 1 0 0 -  
p la te  T o d d  co lu m n . T h e  m id d le  th ird  (b .p . range  
+ 0 . 0 5 ° )  w as u sed . T r e a tm e n t  w ith  c on ce n trated  
su lfu ric  acid  w as in v o lv e d  in  m e th o d  C , fo llow ed  b y  
d ry in g , fra ctio n a tio n , a n d  tre a tm e n t w ith  a lu m in a . 

I n  m e th o d  D ,  th e  c o m p o u n d  w as reflu xed  o ver  cop per  
p ow d er u n d er a  n itro gen  a tm osp h ere  a n d  th en  flash -  
d istilled  a t redu ced  pressure.

T h e  fo llow in g  co m p o u n d s w ere fra c tio n a ted  a t  re

d u ced  pressure an d  stored  in  darkness a t 5 ° :  d ie th y l  
k e to n e , d i-f -b u ty l p eroxid e, cu m en e, o c te n e -1 , c y c lo -  
octen e , a n d  ch loroben zen e.

T h e  proced u re u sed  to  m easu re th e  u ltra v io le t  
a b so rp tio n  in ten sities o f  co m p o u n d s sa tu ra ted  w ith  
o x y g en  w as essen tia lly  id en tical w ith  th a t  described  
b y  T s u b o m u r a  a n d  M u llik e n . 14 T h e  d ep en d en ce o f  
a b so rp tio n  in te n sity  u p o n  o x y g en  con cen tration  w as  
d eterm in ed  a t  1  a tm . o f  o x y g e n  an d  a t 1  a tm . o f a ir ; 
th e  a p p lic a b ility  o f H e n r y ’s la w  w as a ssu m ed . T h e  
d ep en d en ce u p o n  don or con cen tration  w a s m easu red  
u sin g  su ita b le  so lv e n ts  w h ich  in  th e  presen ce o f o x y g en  
d o  n o t  absorb  in  th e  w a v e  le n g th  region  o f in terest

o
{i.e., C H 2C12 a t  > 2 1 5 0  A . ;  h ep ta n e  a n d  isoo cta n e  a t  
> 2 6 0 0  A .) .  T o  a v o id  con cen tration  ch an ges in  
th ese  exp erim en ts, th e  o x y g e n  w a s b u b b le d  in  a t  
red u ced  tem p eratu re.

T w o  lig h t  sources w ere u se d : a  H a n o v ia  S -1 0 0  la m p  
fo r  th e  m o n o c h ro m a tic  2 5 3 7 -A . r a d ia tio n 17 an d  a  G E  
A H - 6  la m p  w ith  a  N iS O f -C o S C h -C o r n in g  0 1 6 0  filter

o
s y ste m  fo r  th e  3 1 3 0 -A . rad iation  (th e  b a n d  w id th  a t  

h a lf-in te n sity  is a b o u t 7 0  A .) .  T h e  o u tp u t  o f th e  S -1 0 0  
la m p  w a s u n ch an ged  after 3 0 0  hr. o f  o p eration . T h e  
o u tp u t o f th e  A H - 6  la m p  decreased b y  as m u c h  as a  
fa c to r  o f 2  in  som e e x p e rim en ts ; th e  a rith m etic  
m e a n  o f in te n sity  m ea su re m e n ts 18 19 20 m a d e  b e fo re  and  
after  an  exp erim en t w a s tak en  to  b e  th e  a vera ge  in

ten sity .

P h o to o x id a tio n  w a s carried o u t in  a  cy lin d rica l 
cell, 10  cm . in  len gth  an d  3  cm . in  d ia m eter , w h ic h  w a s  
th erm o sta ted  ( ± 0 . 2 5 ° )  in  a  w a ter  b a th  c o n stru cted  
o f o p tica l grade q u artz . A l l  irradiation s o f sa tu ra te d  
h yd ro carb on s, o c te n e -1 , b en zen e, tolu en e, cu m en e, a n d  
chloroben zen e, w ere on  n ea t c om p ou n d s. F o r  c y c lo -  
octen e, b o th  th e  n ea t c o m p ou n d  (7 .6 2  M) an d  so lu 

tion s in  isooctan e w ere irradiated . P h o to o x id a tio n  
o f th e  so lv e n t in  th is sy ste m  is n eg lig ib le . 19 ,20

In  so m e exp erim en ts, th e rate  o f o x id a tio n  w a s  m ea s

u red  v o lu m e trica lly  b y  a  gas b u ret o p era ted  a u to m a ti

ca lly  a t co n sta n t pressure. T h e  p ositio n  o f th e  m e rc u ry 

leve lin g  b u lb  w as con tin u ou sly  recorded . T h e  oxi

d a tio n  cu rve is ch aracterized  b y :  ( 1 ) an  in itia l period  
o f re la tiv e ly  slow  an d  c on stan t o x y g en  con su m p tion , 
referred to  as th e  in itia l ra te ; (2 ) an  in crease in  th e  rate  
b egin n in g  a b o u t o n e -th ird  to  o n e -h a lf w a y  th ro u g h  the  
in d u ctio n  p e rio d ; an d  (3 ) a  period  o f “ m a x im u m  
ra te . ” 21 U n less  o th erw ise specified , th e  o x y g e n  pres

sure w a s 1  a tm .

I n  oth er  exp erim en ts, th e  su b strate  w a s  d istilled  on  a  
greaseless v a c u u m  lin e  th ro u gh  a  c o lu m n  o f a lu m in a  
in to  th e  reaction  cell. O n e  a tm osp h ere  o f an  o x y g e n  
m ixtu re  ( 8 1 %  0 232, 4 . 6 %  0 236, an d  6 . 5 %  A r )  w a s  in 

tro d u ced  w ith  stirring. A liq u o ts  o f gaseou s sa m p les  
(0 .6 7  m l.)  w ere ta k en  du rin g  th e  p h o to c h e m ic a l o x i

d a tio n  fo r  m a ss  sp ectrom etric  a n alysis . N o  iso to p ic

(13) D. F. Evans, J. Chem. Soc., 345 (1953).
(14) H. Tsubomura and R. S. Mulliken, J. Am. Chem. Soc., 82,5966 
(1960).
(15) It was reported16 and substantiated in our laboratory that 
alumina quantitatively removes hydroperoxides.
(16) K . U. Ingold and J. R. Morton, J. Am. Chem. Soc., 86, 3400 
(1964).
(17) The S-100 lamp also emits about 10% of 1850-A. radiation 
which was completely absorbed by the quartz cell and the quartz 
bath.
(18) The intensity of the incident light was measured by uranyl 
oxalate actinometry: W. A. Noyes, Jr., and P. A. Leighton, “ The 
Photochemistry of Gases,”  Reinhold Publishing Corp., New York, 
N. Y., 1941, p. 78.
(19) The charge-transfer absorption of cyclooctene-Cb at 3130 A. 
is about 500 times more intense than the corresponding absorption 
of isooctane and the allylic hydrogens of cyclooctene are much more 
active than the tertiary hydrogen of isooctane.22
(20) A. L. Williams, E. A. Oberright, and J. W. Brooks, J. Am. Chem. 
Soc., 78, 1190 (1954).
(21) A. V. Tobolsky, D. J. Metz, and R. B. Mesrobian, ibid., 72,
1942 (1950).
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m ixin g  w as d etected  w h en  th e  gaseou s o xy gen  m ixtu re  
w as irradiated  b y  3 1 3 0 -A . lig h t fo r  15  hr. in  th e  absence  

o f a  su b strate . O n ly  th e com p ositio n s o f th e o xy gen  
isotop es in  an irrad iated  so lu tio n  are rep orted  here. 
A  description  of oth er p ro d u cts  o f o x id a tio n  w ill b e  

g iv en  elsew here.

T h e  ratios o f rate  con stan ts , k2/k31/n', w h ere fc2 and  
fc3 are th e rate con stan ts  o f p ro p a g a tio n  a n d  term i

n ation , resp ectively , are n eed ed  in  calcu lation s o f 
q u a n tu m  yie ld s. V a lu e s  o f th is ratio  in  th e  a u to x id a -  
tio n  o f m eth ylcy clo h e xa n e  a t  6 2 .5  an d  7 2 .5 °  w ere de

term in ed  b y  th e m e th o d  o f H a m m o n d , et al, 22 T h e  
rate c on stan t o f d ecom p o sitio n  (kf) o f a zo b is(iso b u ty ro -  

nitrile) ( A I B N )  in  m eth y lcy c lo h e x a n e  w as fo u n d  to  b e

1 .4  X  IC C 5 an d  5 .2  X  1 0 " 6 sec . “ 1 a t  6 2 .5  an d  7 2 .5 ° ,  
resp ectiv ely . T h e  efficiency o f rad ical p ro d u ctio n

(a ) ,  w a s  fo u n d  to  b e  0 .6 1  a t 6 2 .5 °  an d  0 .7 3  a t  7 2 .5 ° .  
F o r  com p arison , 22  v a lu e s o f 1 .4  X  1 0 - 6  sec . - 1  an d  0 .6 5  
fo r  fci an d  a, resp ectiv ely , h a v e  b een  rep orted  a t 6 2 .5 °  
in  ch loroben zen e. T h e  v a lu e s o f kffkz ,̂ calcu lated  
fro m  th e  observed  rates o f o x id a tio n  b y

[RH ] (2 a [ A I B N  ]fci)1 /2  -

(1 -  a ) [ A I B N ] f c i

are 3 .9 5  X  1 0 - 4  a n d  8 .3  X  1 0 - 4 1. 1 /2  m o le “ 1/l! se c . _ 1 / 2  

a t 6 2 .5  an d  7 2 .5 ° ,  resp e ctiv ely . T h e  rate is in d e

p e n d en t 0 :  o x y g en  pressure fro m  15 to  7 6  c m .

T h e  valu es o f ki/k^1 fo r  cu m en e ox id a tio n , in terp o 

la te d  fro m  th e w o rk  o f M e lv ille  an d  R ic h a rd s , 23 are

1 .4 8  X  l O " 3, 2 .1  X  lO - 3 , an d  2 .9 4  X  1 0 - 3  VA m o le “ 1/2 

sec. ~~ 1/2 a t 3 0 , 4 5 , a n d  6 2 .5 ° ,  resp e c tiv e ly . F o r  o cte n e -1 , 
th is ratio  w a s g iv e n 24  to  b e  5 .4 7  X  1 0 ~ 4 l . I/z m o le _ 1 /!  
sec . 1/2 a t  2 5 ° .

Results and Discussion

Minimum Effective Concentration of “Impurity” 
in Photooxidation. I n  th e p relim in a ry  ex p e rim en ts  
rep orted  in  th is section , th e  m ea su red  in d u ctio n  
p erio d  is u sed  to  e stim a te  th e effect o f “ im p u r ity ”  
a n d  o f p u rification . U n p u rified  a lk an e u n dergoes  
p h o to o x id a tio n  a fter  a  re la tiv e ly  sh ort in d u ctio n  p erio d . 
P u rified  a lkan e p h o to ox id ize s  a fter  a  lon ger in d u ctio n  
period  w h ich  does n o t increase w ith  fu rth er  purifica 

tion . T h is  lim itin g  in d u ctio n  period  appears to  d e

p e n d  u p o n  lig h t in te n sity , w a v e  le n gth , a n d  tem p e ra 

ture . T a b le  I  su m m arizes  so m e o f th e  resu lts, each  
e n try  represen tin g  th e  average  o f d u p licate  experi

m en ts .

R e su lts  sim ilar to  th ose  g iv e n  in  T a b le  I  w ere also  
o b ta in ed  in  th e  p h o to o x id a tio n s  o f eth an o l, 1 -b u ta n o l, 
iso p e n ty l a lcoh ol, an d  tetra h y d ro fu ra n . W h e n  suffi-

Table I : Effect of Purification on Pliotooxidation 
of Alkanes

T o  x  
io»,
ein-

M ethod0 steins ¿ina X

Compound
of puri
fication

cm. ~2 
sec.-1

x,
Â.

Temp.,
5C.

io-4,
sec.

Methylcyclohexane A 0.46 2537 62.5 1.62
Methylcyclohexane A 0.46 2537 62.5 1.55
Methylcyclohexane A 2.52 3130 62.5 5.90
Methylcyclohexane B 2.33 3130 62.5 5.50
Methylcyclohexane C 3.07 3130 62.5 6.70
Methylcyclohexane D 2.33 3130 72.5 4.90
Isooctane A 0.46 2537 62.5 6.95
Isooctane A 0.46 2537 62.5 5.36
Isooctane B 0.46 2537 62.5 6.36
Isooctane D 1.05 2537 62.5 4.60
Isooctane A 2.32 3130 72.5 15.7
Isooctane C 2.32 3130 72.5 16.7
2,4r-Dimethylpentane B 2.60 3130 72.5 5.58
2,4^Dimethylpentane A 2.53 3130 72.5 5.30
“ See Experimental Section.

cien tly  pu re com p ou n d s are u sed , it  appears to  b e  m ea n 

in gfu l to  sp e ak  o f a  lim itin g  in d u c tio n  p erio d  for  
specified exp erim en tal con d ition s.

T h e  m in im u m  con cen tration  o f “ im p u rities”  n eces

sa ry  to  sh ow  an  effect in  p h o to o x id a tic n s  w a s  de

term in ed . B eca u se  in  m o s t  p h o to o x id a tio n s  th e  oxi

d a tio n  p ro d u cts (peroxides an d  ca rb o n y l co m p o u n d s)  
can  b e  p h o to ly ze d  to  in itia te  fu rth er  o x id a tio n s 23 

(secon d ary  in itia tio n s), th e  in itia l rates o f o x id a tio n  

w ere m easu red  b efore  th e  con cen tration s o f  o x id a tio n  
p ro d u cts  exceeded  th eir  resp ectiv e  m in im u m  effectiv e  
con centration s.

T h e  “ im p u rities”  ch osen  in  th is  s tu d y  are d i-i -b u ty l  
peroxid e ( D T B P )  an d  d ie th y l k e to n e  ( D E K ) .  T h e  
p h o to c h em istry  o f  b o th  o f  th ese  c o m p o u n d s h as b een  
stu d ied  e x ten siv e ly . 25 W h e n  e ith er o f th ese  co m p o u n d s  
is in trod u ced , th e  in d u c tio n  p e rio d  is g re a tly  redu ced , 
d ep en d in g  u p o n  th e  con cen tration  o f th e  a d d e d  “ im 

p u r ity ”  (T a b le  I I ) .  U n d e r  th ese  ex p e rim en ta l con 

d ition s, th e  m in im u m  effective  con cen tration  o f D T B P  
in  th e  p h o to o x id a tio n  o f c y c lo o cten e  is a b o u t 1 0 - 3  

m o le  l . - 1 ; it  is a b o u t 1 0 ~ 4  m o le  l . _ 1  in  th e  p h o to o x id a -

(22) G. S. Hammond, J. N. Sen, and C. E. Boozer. J. Am. Chem. 
Soc., 77, 3244 (1955).
(23) H. W. Melville and S. Richards, J. Chem. Soc., 944 (1954).
(24) L. Bateman and G. Gee, Proc. Roy. Soc. (London), A195, 391 
(1948).
(25) For example, G. R. McMillan, J. Am. Chem. Soc., 84, 2514 
(1962); R. D. Doepker and G. J. Mains, J. Phys. Chem., 66, 690 
(1962).
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Table I I : Minimum Effective “Impurity” 
Concentration in Photooxidations

¿ind X 10-4, sec.

Concn., Iso- Cyclo-
Compound mole 1. 1 octane® octene6

DTBPC 10-1 0.13 0.26
DTBP 10-a 2.52 0.46
DTBP 10-3 5.54 0.76
DTBP 10~4 7.55 1.25
DTBP 10-6 11.9 1.33
DTBP 1—1

 
o

 1 10.85 1.28

DEK“* 10-1 0.42
DEK 10-2 5.70
DEK 10-3 6.50
DEK 10- 4 12.0
DEK 10-6 11.2

“ Temperature 72.5°; X 3130 A .; Jo -  3 X 10-8 einstein
cm. 2 sec. t b Temperature 25°; X 3130 Â. ; Jo — 1.6 X 10-9
einstein cm.-2 sec.-1. c Di-i-butylperoxide. d Diethyl ketone.

tio n  o f isoo cta n e . T h e  m in im u m  effectiv e  con cen tra 

tio n  o f D E K  in  th e p h o to o x id a tio n  o f isooctan e is a b o u t  

1 0 - 3  m o le  l . _ 1 . S ince e3i3o fo r  D T B P  is 0 .9 3  a n d  e3i30 

fo r  D E K  is 2 .0 7 , D T B P  is a b o u t 2 0  tim e s as a ctiv e  as 
D E K .  T h is  is con sisten t w ith  th e  o b se rv e d 26 lo w  
q u a n tu m  y ie ld  o f d issociation  o f D E K  ( ~ 1 0 - 2 ) in  
p e rflu o ro d im eth y lcy c lo b u ta n e  so lu tion .

I f  th e sa m e a m o u n t o f “ im p u r ity ”  is n eed ed  to  h a v e  
an  effect on  b o th  th e rate  o f o x id a tio n  a n d  th e in d u c

tio n  period , th e  m ea su re m e n t o f  in itia l p h o to o x id a tio n  
rate  is m ea n in g fu l if  th e q u a n tity  o f o x y g en  con su m ed  
is less th a n  th e  m in im u m  effective  peroxid e con cen tra 

tio n . I n  50  m l. o f cyc loo cten e , a b so rp tio n  o f 1 m l. 
o f o x y g en  (S T P )  corresponds to  a b o u t 1 0 - 3  m o le

l . - 1  o f  o xy gen  reacted . E x p e rim e n ta lly , th e  rate  o f 
o xid a tio n  rem ain ed  re la tiv e ly  co n sta n t u p  to  a b o u t  
0 .5  m l. o f o x y g en  reacted  (F igu re  1 ). T h is  rate  is 
rep orted  in  th e  fo llow in g  section s as th e  in itia l rate  in  
3 1 3 0 -A . p h o to o x id a tio n s o f cyc loo cten e , o cte n e -1 , and  
cu m en e, a n d  2 5 3 7 -A . p h o to o x id a tio n  o f m e th y lc y c lo -  
h exan e . F o r  th e  3 1 3 0 -A . p h o to o x id a tio n  o f m e th y l-  
cycloh ex an e , th e  in itia l ra te  is ca lcu lated  fr o m  th e  t im e  
req u ired  to  con su m e 0 .0 5  m l. o f  o xy gen . T h e se  
m ea su re m e n ts  w ere m a d e  w ith  precision  m icrobu rets.

(6 ) Ultraviolet Absorption Spectra of RH-02 Systems. 
A l l  o f  th e  alkan es stu d ied  in  th is w ork , w h en  satu rated  
w ith  o x y g e n , p ossess u ltra v io le t ab so rp tio n s (F igu res  
2  a n d  3 ) .  T h e  a b so rp tio n  in ten sities are d irectly  p ro 

p o rtio n a l to  th e  o p tica l p a th  le n gth , to  th e  o xy gen  
con cen tration , a n d  to  th e  su b stra te  con cen tration . 
T h e  re la tion sh ip  w ith  su b stra te  con cen tration  is il

lu stra ted  fo r  th e  m e th y lc y c lo h e x a n e -0 2 sy s te m  in

Figure 1. Photooxidation of cyclooctene: Ia = 1.61 X 10“ ° 
pin stein l.-1 sec.-1, temperature 25°, poi = 1 atm., 
path length, 10 cm.

2200 2400 2600 2800 3000 3200 3400 3600 3800
WAVELENGTH, X

Figure 2. Ultraviolet absorption spectra ( 1-cm. path length,
1 atm. of oxygen) of: (1) 2,2-dimethylbutane;
(2) 2-methylpentane; (3) 2,3-dimethylbutane; (4) n-heptane, 
2,2,4-trimethylpentane (isooctane) and 2,4-dimethylpentane;
(5) 2,3-dimethylpentane; (6) cyclohexane and 
methylcyclohexane; (7) octene-1; (8) chlorobenzene; (9) 
cyclohexene and cyclooctene; (10) benzene; (11) 
cumene and toluene.

F igu re  4 . I n  th is  sy ste m , th e  a b so rp tio n  in te n sity  
increases b y  a  fa c to r  o f 2 .7  as th e  tem p e ra tu re  is low ered  
fro m  2 5  to  — 6 0 ° .

T h e se  a b so rp tio n s are n o t  b e lie v e d  to  b e  p ertu rb ed  
S  - >  T  tra n sition s b ecau se th ere is n o  in d ication  o f u n 

p e rtu rb e d  S  —► T  ab so rp tio n s in  th e  sa m e w a v e  le n g th  
region . O u r ex p erim en ta l con d ition s ex clu d ed  th e  
a ssig n m en t o f  th ese  a b sorp tion s to  th e  “ h igh  pressu re”  
b a n d s  o f 0 2 d iscovered  b y  W u l f . 26 T h e  H e rzb e rg

(26) O. R. Wulf, Proc. Natl. Acad. Sri., U. S., 14, 609 (1928).
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W AVELENGTH^ Â j

Figure 3. Ultraviolet absorption spectra (at 1 atm. of 
oxygen; path length = 1 0  cm.) of: ( 1 ) isooctane, 
and (2 ) methylcyelohexane.

[METHYCYCLOHEXANE], MOLE LITER-'

Figure 4. Variation of ultraviolet absorption intensity of 
methylcyclohexane-Ch with methylcyelohexane 
concentration (solvent, CH2CI2; path length, 1  cm.; 
po2 — 1 atm.).

f o r b id d e n  c o n t in u u m  h a s  a  v e r y  lo w  a b s o r p t io n  c o 

e f f ic ie n t .27 F o r  e x a m p le , t h e  o b s e r v e d  2 1 5 0 - A .  u ltr a 

v i o le t  a b s o r p t io n  o f  is o o c t a n e  a t  1 a t m . p r e s s u r e  o f  

o x y g e n  h a s  a n  o p t i c a l  d e n s i t y  o f  0 .6 5  a t  1 c m . o f  p a t h  

le n g t h , w h e r e a s  t h e  c o r r e s p o n d in g  a b s o r p t io n  in t e n s i t y  

o f  H e r z b e r g  b a n d s  f o r  1 a t m . o f  g a s e o u s  o x y g e n  is  o n ly

1 .6  X  1 0 ~ 4 o p t i c a l  d e n s i t y  u n it . T h e  s a m e  a b s o r p t io n  

in  s o lu t io n  is  e x p e c te d  t o  h a v e  m u c h  lo w e r  in t e n s it y  

b e c a u s e  o f  t h e  s o lu b i l i t y  o f  o x y g e n .28 T o  s o m e  e x te n t ,  

th is  r e d u c t io n  o f  a b s o r p t io n  in t e n s i t y  m a y  b e  c o u n t e r -

FREQUENCY OF ABSORPTION, C M . " 1

Figure 5. Frequency of ultraviolet absorption vs. ionization 
potentials: (1) 2,2-dimethylbutane; (2) isooctane; (3) 
2,4-dimethylpentane; (4) ethanol; (5) ra-heptane; (6 ) 
cyclohexane; (7) tetrahydrofuran; (8 ) diethyl ether;
(9) benzene; (10) cumene; (11) toluene; (12) 
dialkyl sulfides; (13) xylene; (14) mesitylene.

a c t e d  b y  t h e  p e r t u r b a t io n  o f  t h e  f o r b id d e n  tr a n s it io n  

b y  t h e  in t e r a c t io n  b e t w e e n  o x y g e n  a n d  t h e  s o lv e n t .

A  p lo t  o f  t h e  w a v e  le n g t h  f o r  e q u a l  a b s o r p t io n  in 

te n s i t y , c o r r e c te d  f o r  t h e  s o lu b i li t y  o f  o x y g e n  in  th e s e  

c o m p o u n d s ,29’30 vs. th e ir  r e s p e c t iv e  io n iz a t io n  p o t e n 

t ia l s 31 g iv e s  a  r e a s o n a b ly  s t r a ig h t  lin e  (F ig u r e  5 ) .  

O n  t h e  b a s is  o f  th e s e  c o n s id e r a t io n s , t h e  o b s e r v e d  

u lt r a v io le t  a b s o r p t io n s  f o r  t h e  a l k a n e - 0 2 s y s t e m s  a re  

a t t r ib u t e d  p r im a r i ly  t o  t h e  c h a r g e -tr a n s fe r  t r a n s it io n s .

C o m p a r is o n  o f  t h e  s p e c tr a  o f  o le fin s  a n d  a r o m a t ic  

c o m p o u n d s  s a t u r a t e d  w it h  o x y g e n  w it h  t h o s e  o f  a lk a n e s  

in  F ig u r e  2  s h o w e d  t h a t  t h e  f o r m e r  h a v e  m o r e  in t e n s e  

lo n g  w a v e  le n g t h  t a i l  a b s o r p t io n s . I n  p a r t ic u la r ,  

v ib r a t io n a l  fin e  s tr u c t u r e s  a r e  c le a r ly  d is c e r n a b le  in  

t h e  s p e c tr u m  o f  b e n z e n e . B o t h  t h e  u n p e r t u r b e d 32

(27) R. M. Langer, Phys. Rev., 85, 740 (1952).
(28) In fact, compounds with high ionization potentials, such as 
CHsCN and H20, have no absorptions down to the short wave 
length limit of the Cary-14 spectrometer.
(29) This treatment, similar to that employed by Tsubomura and 
Mulliken,1* is necessitated by the lack of absorption maxima in these 
spectra. The solubilities were obtained from the literature.30
(30) A. B. McKeown and R. R. Hibbard, Anal. Chem., 28, 1490 
(1956); C. B. Kretschmer, J. Nowakowka, and R. Wiebe, Ind. Eng. 
Chem., 38, 506 (1946); “ International Critical Tables,” Vol. Ill, 
McGraw-Hill Book Co., Inc., New York, N. Y., 1928, pp. 262, 263.
(31) F. H. Field and J. L. Franklin, “Electron Impact Phenomena,”, 
Academic Press Inc., New York, N. Y., 1957, pp. 243-309; G. 
Briegleb, “Elektronen-Donator-Acceptor-Komplexe,” Springer-Ver
lag, Berlin, 1961; W. C. Price, Chem. Rev., 41, 257 (1947); J. N. 
Murrell, Quart. Rev. (London), 15, 191 (1961).
(32) C. Reid, J. Chem. Phys., 18, 1299 (1950).
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Table III : Ultraviolet Absorption Intensities“

✓------- Optical density X 102-
Compound 3130 A. 2537

Methylcyclohexane 0.045 2 .,
Cyclooctene 1.5
Octene- 1 0.5
Benzene 7.0
Toluene 16.0
Cumene 1 0 . 0
Chlorobenzene 5.7

“ At 3130 Â., the oxygen-free absorption intensities for aro
matic compounds are less than 0.005 optical density unit; none 
is measurable for olefins and methylcyclohexane.

a n d  t h e  p e r tu r b e d 7 S  -*■ T  a b s o r p t io n s  h a v e  b e e n  re 

p o r t e d  a t  th e s e  w a v e  le n g th s  f o r  o le fin s  a n d  a r o m a t ic  

c o m p o u n d s . H o w e v e r , t h e  c o n t in u o u s  in c r e a s e  o f  

a b s o r p t io n  in t e n s i t y  w it h  d e c r e a s in g  w a v e  le n g t h  c a n n o t  

b e  a c c o u n te d  f o r  b y  S  — T  t r a n s it io n . I t  is  r e a s o n a b le  

t o  c o n s id e r  t h a t  th e s e  u lt r a v io le t  a b s o r p t io n s  r e p r e s e n t  

t h e  s u m  o f  c h a r g e -tr a n s fe r  a n d  S  -*• T  a b s o r p t io n s .  

W i t h o u t  m o r e  q u a n t i t a t iv e  m e a s u r e m e n t , t h e  re la 

t i v e  c o n tr ib u t io n s  o f  e a c h  tr a n s it io n  t o  t h e  o v e r -a l l  

a b s o r p t io n  in te n s it ie s  c a n n o t  b e  e s t im a t e d . T s u b o m u r a  

a n d  M u l l i k e n 14 c o n s id e r e d  t h a t  c h a r g e -tr a n s fe r  in te r 

a c t io n  is  la r g e ly  r e s p o n s ib le  f o r  t h e  p e r t u r b a t io n  o f  

S  T  a b s o r p t io n  b y  o x y g e n .

I n  F ig u r e  5 , t h e  p o in t s  r e p r e s e n tin g  x y le n e  a n d  m e s i -  

t y le n e , a n d  p o s s ib ly  to lu e n e  a s  w e ll , a p p e a r  t o  d e v ia t e  

f r o m  th e  l in e  s h o w n . T h i s  d e v ia t io n  is  p o s s ib ly  d u e  

t o  t h e  e n h a n c e d  S  T  a b s o r p t io n s  in  th e s e  c o m 

p o u n d s .

T h e  t o t a l  a b s o r p t io n  in te n s it ie s  o f  s e v e r a l  c o m p o u n d s

■ t

Figure 6 . Variation of rate of photooxidation of 
methylcyclohexane with oxygen pressure at 62.5° : O, 
X3130Â., 7o =  2.52 X 10-8 einstein cm. - 2  sec.-1; 9, 
X 2537 Â., Io =  4.6 X 10- 3  einstein cm. - 2  sec. - 1

Figure 7. Initial rate of photooxidation of cyclooctene as a 
function of incident light intensity (temperature 25°; po2 =  1 
atm.; path length =  10 cm.; X 3130 A.; [cyclooctene]
= 7.62 mole l.-1).

t o  b e  u s e d  in  t h e  c a lc u la t io n  o f  a b s o r b e d  l ig h t  in t e n s it ie s  

a re  s u m m a r iz e d  in  T a b le  I I I .

(c) Photooxidation of Methylcyclohexane. F ig u r e  6  

s h o w s  t h e  d e p e n d e n c e  o f  t h e  r a te  o f  p h o t o o x id a t io n  

o f  m e t h y lc y c lo h e x a n e  u p o n  o x y g e n  p r e s s u r e  a t  3 1 3 0  

a n d  2 5 3 7  A .  S in c e  t h e  r a te  o f  th e r m a l  o x id a t i o n  o f  

m e t h y lc y c lo h e x a n e  u n d e r  o th e r w is e  s im ila r  c o n d it io n s  

is  in d e p e n d e n t  o f  o x y g e n  p r e s s u r e , th e  o b s e r v e d  d e 

p e n d e n c e  is  a s s u m e d  t o  a r ise  f r o m  t h e  c h a n g e s  in  t h e  

a b s o r b e d  l i g h t  in t e n s i t y  w it h  o x y g e n  p r e s s u r e .

(d) Photooxidation of Olefins. T h e  in t e n s e  u l t r a 

v i o le t  a b s o r p t io n  in t e n s it y  o f  t h e  c y c l o o c t e n e - 0 2 

s y s t e m  e n a b le s  u s  t o  e x a m in e  t h e  d e p e n d e n c e  o f  in it ia l  

o x id a t io n  r a te  u p o n  o x y g e n  p r e s s u r e , c y c lo o c t e n e  c o n 

c e n tr a t io n , a n d  in c id e n t  l ig h t  in t e n s it y . T h e  la s t  

r e la t io n s h ip  is  s h o w n  in  F ig u r e  7 .  T h e  o t h e r  r e s u lts  

a r e  g i v e n  in  T a b le  I V .  A  lin e a r  p lo t  o f  —  d [ 0 2] /d i -  

( / » ) - 1  vs. / a “ 1/2, w h e r e  7 »  is  t h e  a b s o r b e d  l i g h t  i n t e n s i t y ,  

f o r  t h e  f ir s t  f o u r  e x p e r im e n ts  in  T a b l e  I V ,  is  s h o w n  in  

F ig u r e  8 .

Table IV: Photooxidation of Cyclooctene at 25 and 3130 A.

Oxygen [Cyolo- r . X io*, d[Oî]/di x  101,
pressure, octene], einsteins mole 1.-1

cm. mole 1.-1 cm.-2 sec.-1 sec.“ 1

76 7.62 16.1 3.9
50 7.62 4.4 1 . 1
31 7.62 1.7 0.58
15.2 7.62 5.6 0.75
76 5.72 8 . 0 1.65
76 3.81 1 2 . 0 1.39
76 1.90 24.0 0.99
76 0.76 32.0 0.45
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I - ' / 2  (10-3) 
a

Figure 8 . Photooxidation of oyclooctene at 25° and 3130 A. 
(both the oxygen pressure and incident light intensity 
were varied, [cyclooctene] = 7.62 mole l._1).

T h e  r e s u lts  o f  t h e  p h o t o o x id a t io n  o f  o c te n e -1  a n d  

o f  c u m e n e  a re  s u m m a r iz e d  in  T a b le  V .

(e) Photooxidation of Aromatic Compounds. T h e  

r e s u lts  in  T a b le  V  a l lo w  a  c o m p a r is o n  b e t w e e n  th e  

p h o t o o x id a t io n s  o f  o c te n e -1  a n d  c u m e n e . T h e  m a x i 

m u m  r a te  o f  o x id a t i o n ,23 g i v e n  in  t h e  la s t  c o lu m n , is  a  

f u n c t io n  o f  t h e  “ s t e a d y -s t a t e ”  h y d r o p e r o x id e  c o n c e n 

t r a t io n , o f  t h e  q u a n t u m  y i e ld  o f  i ts  d e c o m p o s it io n , a n d  

o f  k2/ks/2. O n  t h e  b a s is  o f  c o n s id e r a t io n  o f  t h e  la s t  

a n d  t h e  m o s t  s ig n ific a n t  f a c t o r , c u m e n e  is  e x p e c te d  t o  

o x id iz e  m o r e  r a p id ly  t h a n  o c t e n e -1 . C u m e n e ’ s  m o r e  

r a p id  o x id a t i o n  is  s u b s t a n t ia t e d  b y  th e  o b s e r v e d  

m a x im u m  r a te s . I n  c o n tr a s t , t h e  in it ia l  r a te s  o f  o x i

d a t io n , a s  w e ll  a s  t h e  in d u c t io n  p e r io d s , a r e  n e a r ly  

th e  s a m e  f o r  b o t h  s y s t e m s  w it h in  t h e  t e m p e r a t u r e  

r a n g e  s tu d ie d . F u r t h e r m o r e , t h e  u lt r a v i o le t  a b s o r p 

t io n  in t e n s it y  o f  c u m e n e - 0 2 is  a b o u t  s e v e n  t im e s  t h a t

Table V : Photooxidation of Octene-1 and of 
Cumene at 3130 A. and 1  Atm. of 0 2

/  d [ Q .] \

Jo X 10», d[Os]/di \ di / M

Com-
ein8tein
cm . -2 Temp.j

X  107, 
mole 1.-1

¿ind X  
10-4,

X  107, 
mole 1.-1

pound sec. " 1 °c. sec. -1 sec. sec. -1

Octene-1 1.43 30 2 . 2 3.32 4.1
Octene-1 1.50 45 5.9 1.85 9.1
Octene-1 2.04 62.5 14.0 0.65 22
Cumene 1.43 30 2.3 2.43 17
Cumene 1.50 45 5.7 1 . 2 28
Cumene 2.04 62.5 14.0 0.73 94

TIME, HOURS

Figure 9. Rates of oxidation of neat compounds at 25° and 
1 atm. pressure of isotopic 0 2: A, benzene; •, chlorobenzene;
O, toluene; A, cumene.

o f  t h e  o c t e n e - l - 0 2 s y s t e m  a t  3 1 3 0  A .  ( T a b l e  I I I )  ; 

t h e  p r im a r y  q u a n t u m  p r o c e s s e s  in  c u m e n e  a p p e a r  t o  

in it ia t e  p h o t o o x id a t io n  le s s  e ff ic ie n t ly  t h a n  t h o s e  in  

o c t e n e -1 . T h e  p h o t o o x id a t io n s  o f  o t h e r  a r o m a t ic  

c o m p o u n d s  w e r e  a ls o  e x a m in e d . T h e  r e s u lts  o f  o x y 

g e n  c o n s u m p tio n  a n d  is o to p ic  m i x i n g 33 c a u s e d  b y  p h o t o 

o x id a t io n s  a re  s u m m a r iz e d  in  F ig u r e  9 .

I n  b e n z e n e , c h lo r o b e n z e n e , a n d  to lu e n e , w h o s e  h y 

d r o g e n s  a re  m u c h  le ss  r e a c t iv e  t h a n  t h e  b e n z y l ic  h y 

d r o g e n  in  c u m e n e ,20 t h e  in it ia l  r a te s  o f  o x y g s n  c o n s u m p 

t io n  a n d  is o to p ic  m ix in g  a r e  n o t  s ig n if ic a n t ly  d iffe r e n t .  

P o s s ib ly  th e  p h o t o c h e m ic a l  r e a c t io n  is  p r im a r i ly  t h a t  

o f  f o r m a t io n  o f  p e r o x id e s . O n l y  c y c lic  p e r o x id e s  a n d  

n o t  h y d r o p e r o x id e s  a re  d e t e c t e d  b y  p o te n t io m e t r ic  

t it r a t io n  in  th e s e  o x id iz in g  m ix tu r e s  s a m p le d  d u r in g  

t h e  in d u c t io n  p e r io d .

T h e  in it ia l  r a te  o f  is o to p ic  m ix in g  in  c u m e n e  is  n o t ic e 

a b ly  fa s t e r  a n d  i t  a p p e a r s  t o  r e a c h  a  m a x i m u m  n e a r  th e  

e n d  o f  t h e  in d u c t io n  p e r io d . T h i s  is o to p ic  m ix in g  

c o u ld  r e s u lt  f r o m  t h e  in t e r a c t io n  o f  t w o  p e r o x y  r a d i

c a ls ,33 s u g g e s t in g  t h e  o c c u r r e n c e  o f  fr e e -r a d ic a l  r e a c t io n s  

a s  w e ll  a s  r e a c t io n  7 . S e m iq u a n t i t a t iv e  p o t e n t i o -

(33) T. G. Traylor and P. D. Bartlett, J. Am. Chem. Soc., 85, 2407 
(1963).
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Table VI: Quantum Yields for Photooxidations

Compound x, A. <f>

Methylcyclohexane 2537 0.023
Methylcyclohexane 3130 0 . 0 2
Cyclooctene 3130 0.018
Octene- 1 3130 0 . 0 1
Cumene 3130 0 . 0 0 2

m e tr ic  d e t e r m in a t io n s  s h o w e d  t h e  p r e s e n c e  o f  b o t h  

c y c lic  p e r o x id e s  a n d  h y d r o p e r o x id e s  in  th is  s y s t e m ;  

t h e  f o r m e r  a re  p r e s e n t  in  la r g e r  a m o u n t s  d u r in g  t h e  in 

d u c t io n  p e r io d .

T h e  r e s u lts  w it h  c h lo r o b e n z e n e  a r e  p a r t ic u la r ly  n o t e 

w o r t h y . C h lo r in e  is  k n o w n 34 35 t o  e x e r t  a  s ig n ific a n t  h e a v y  

a t o m  e ffe c t  o n  in t e r s y s t e m  tr a n s it io n s . T h e  l i fe t im e  

o f  th e  b e n z e n e  tr ip le t  is  m o r e  th a n  a  th o u s a n d fo ld  

lo n g e r  t h a n  t h a t  o f  t h e  c h lo r o b e n z e n e  t r ip le t  s ta te .  

S in c e  th e  u lt r a v io le t  a b s o r p t io n  in t e n s i t y  o f  c h lo r o 

b e n z e n e - 0 2  is  n o  m o r e  in te n s e  t h a n  th o s e  o f  t h e  o th e r  

a r o m a t ic  s y s t e m s , i t  is  s u g g e s t iv e  t h a t  th e  p r im a r y  

p r o c e s s e s  in  p h o t o o x id a t io n  are  f a s t  c o m p a r e d  t o  th e  

d e c a y  o f  t h e  t r ip le t  s t a t e .

(f) Quantum Yields of Photooxidations. I f  w e  

e x c lu d e  e ith e r  th e  p h o t o ly s is  o f  “ im p u r it ie s ”  o r  th e  

d ir e c t  a b s o r p t io n  b y  o x y g e n  m o le c u le s  a s  im p o r t a n t  

p r im a r y  p r o c e s s e s  (vide infra), th e n  t h e  m o s t  l ik e ly  

p r o c e s s  is

R H  O 2 d-  hv — ^  2 l i  • '2.(piit (2 )

w h e r e  t h e  n a t u r e  o f  R -  is  n o t  sp e c ifie d  a n d  t h e  re a c 

t io n  in c lu d e s  b o t h  c h a r g e -tr a n s fe r  a n d  p e r tu r b e d  

S  —► T  e x c it a t io n s . T o g e t h e r  w it h  t h e  o t h e r  r e a c tio n s  

c o m m o n ly  a c c e p t e d  in  a u t o x id a t io n 36

R  • -f - 0 2 — ^  R 0 2 • h (3 )

R 0 2 - 4 -  R H  — >  R O O H  4 -  R - k2 (4 )

2 R 0 2 • — >- p r o d u c ts  4 "  0 2 h (5 )

W e  o b ta in e d , f o r  t h e  in it ia l  r a te  o f  o x id a t io n

-  = m  V! +  4,1 * (6)

E q u a t i o n  6  ta k e s  in t o  a c c o u n t  th e  e v o lu t io n  o f  o x y g e n 33 

in  th e  t e r m in a t io n  r e a c t io n  ( 5 ) .  T h is  e q u a t io n  p r e d ic ts  

a  lin e a r  p lo t  o f  ( — d [ 0 2] /d 2 ) ( I a ) _ 1  vs- I s - '7’, s u c h  a s  t h a t  
s h o w n  in  F ig u r e  8 . T h e  q u a n t u m  y i e ld  c a n  b e  o b 

ta in e d  d ir e c t ly  f r o m  t h e  in t e r c e p t . A lt e r n a t iv e ly ,  i t  

c a n  b e  c a lc u la te d  f r o m  t h e  o b s e r v e d  r a te  o f  o x id a t io n  

u s in g  m e a s u r e d  o r  l ite r a tu r e  v a lu e s  o f  k2/kfh (vide 
supra). A v e r a g e  v a lu e s  o f  <£ a r e  s u m m a r iz e d  in  T a b le

V I .

T h e  v a lu e s  o f  4> f o r  m e t h y lc y c lo h e x a n e  a n d  o le fin s  

a re  n o t  g r e a t ly  d iff ic u lt . O n  t h e  o t h e r  h a n d , <j> in  

c u m e n e  is  s ig n ific a n t ly  s m a lle r . B e c a u s e  t h e  S  T  

tr a n s it io n  is  m o r e  e a s i ly  p e r tu r b e d  in  a r o m a t ic  c o m 

p o u n d s  t h a n  in  o le fin s ,7 i t  is  p o s s ib le  t h a t  t h e  lo w  v a lu e  

o f  0  m a y  b e  a s s o c ia te d  w it h  t h e  c h e m is t r y  o f  t h e  3A  

s t a t e . T h u s ,  in  a d d it io n  t o  r e a c t io n s  2  t o  5 , o n e  m a y  

a d d 2

3A  4 -  0 2 — p e r o x id e  (7 )

T h a t  th is  r e a c t io n  d o e s  n o t  e n t ir e ly  e x c lu d e  t h e  o t h e r  

r e a c t io n s , a t  le a s t  in  th e  c a se  o f  c u m e n e , is  e v id e n t  

f r o m  t h e  t e m p e r a t u r e  d e p e n d e n c e  o f  t h e  p h o t o o x i d a 

t io n  r a te  ( T a b le  V ) .  P o s s ib ly  a ls o  t h e  3A  s t a t e  h a s  lo w  

in tr in s ic  r e a c t iv i t y  b e c a u s e  o f  e le c tr o n  d e lo c a liz a t io n .

F r o m  t h e  s lo p e  o f  t h e  p lo t  in  F ig u r e  8 , a  v a lu e  o f  7 .0  

X  1 0 - 6 1. 172 m o le -172 s e c .~ '72 f o r  k2/k$^ in  c y c lo o c te n e  

o x id a t io n  a t  2 5 °  c a n  b e  c a lc u la te d . T h i s  v a lu e  a g re e s  

w e ll  w ith  t h a t  r e p o r te d 26 f o r  c y c lo h e x e n e  o x id a t i o n  a t  

2 5 ° ,  w h ic h  is  8 .5  X  1 0 ~ 6 l . 172m o l e ~ 1/2s e c . ~ l7!.

Conclusions
T h e  r e s u lts  p r e s e n te d  a b o v e  r a th e r  c o n v in c in g ly  

e lim in a t e d  t h e  p h o t o ly s is  o f  “ im p u r it ie s ”  ( I )  a s  a n  

im p o r t a n t  p r im a r y  p r o c e s s . P r o c e s s  I I ,  w h ic h  in 

v o lv e s  t h e  d ir e c t  e x c it a t io n  o f  o x y g e n , is  a ls o  u n lik e ly .  

U s in g  t h e  u p p e r  l im it  f o r  t h e  H e r z b e r g  b a n d  a b s o r p 

t io n  in t e n s it y , w e  e s t im a t e  t h a t  t h e  q u a n t u m  y i e ld  o f  

r a d ic a l  f o r m a t i o n  m u s t  e x c e e d  4 , e v e n  a t  2 5 3 7  A . ,  

t o  a c c o u n t  f o r  t h e  o b s e r v e d  o x id a t io n  r a te .

I n i t ia t io n  b y  t h e  tr ip le t  s t a t e , p r o c e s s  I I I ,  is  p r o b a b ly  

im p o r t a n t  in  t h e  p h o t o o x id a t io n s  o f  o le fin s  a n d  a r o 

m a t ic  c o m p o u n d s . W e  a s s u m e  t h a t  th is  p r o c e s s  is  

u n im p o r t a n t  in  t h e  p h o t o o x id a t io n s  o f  a lk a n e s  f o r  

r e a s o n s  g i v e n  a b o v e . I n  p r o c e s s  I I I ,  r e a c t io n  7  p r o b 

a b ly  p r e d o m in a te s . E v e n  t h o u g h  s in g le t  o x y g e n  m a y  

b e  p r o d u c e d  in  t h e  S  -►  T  t r a n s it io n , i.e.

A  4 -  0 2 4 -  hv — >  3A  4 -  0 2 ( xA g) (8 )

r e a c t io n  o f  O 2 ( xA g) is  p r o b a b ly  o f  m in o r  im p o r t a n c e  

in  th e s e  s y s t e m s . T h e  r e a c t iv i t y  o f  0 2 ( xA g) is  h ig h ly  

s e le c t iv e ,6’7 w h e r e a s  t h e  o b s e r v e d  in it ia l  r a te s  o f  o x i

d a t i o n  o f  b e n z e n e , to lu e n e , a n d  c h lo r o b e n z e n e  a re  n o t  

s ig n ific a n t ly  d iffe r e n t . H o w e v e r , i f  t h e  s in g le t  o x y g e n  

is  v i b r a t io n a l ly  e x c ite d , t h e  s t a t e m e n t  a b o v e  m a y  

n o t  b e  v a l id .

T h e  d e p e n d e n c e  o f  t h e  o x id a t io n  r a t e  u p o n  0 2 a n d  

s u b s t r a te  c o n c e n tr a t io n s  p a r a lle ls  t h e  d e p e n d e n c e  o f  

u lt r a v i o le t  a b s o r p t io n  in t e n s i t y  u p o n  th e s e  s a m e  

v a r ia b le s . S in c e  th e s e  a b s o r p t io n s  a r e  e ith e r  e n t ir e ly

(34) D. S. McClure, J. Chem. Phys., 17, 905 (1949).
(35) C. Walling, “Free Radicals in Solution,” John Wiley and
Sons, Inc., New York, N. Y., 1957, pp. 397-466.
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o r  p a r t ly  a t t r ib u t e d  t o  c h a r g e -tr a n s fe r  t r a n s it io n s ,  

th e  la t t e r  a re  a s s u m e d  t o  c o n tr ib u te  to w a r d  t h e  in it ia 

t io n  o f  o x id a t io n  o f  a ll  t h e  s y s t e m s  s tu d ie d , p a r t ic u la r ly  

in  t h e  p h o t o o x id a t io n  o f  m e t h y lc y c lo h e x a n e . T h e  

p h o t o c h e m is t r y  f o l lo w in g  c h a r g e -tr a n s fe r  e x c it a t io n  

o f  h a lid e  io n s  in  a q u e o u s  s o lu t io n  h a s  b e e n  s t u d i e d .36 37 1 

T h e  p r im a r y  q u a n t u m  p r o c e s s  w a s  p o s t u la t e d  t o  b e

X aq_  +  hv >  ( X aq +  e aq~ )  (9 )

T h o s e  s o lv a t e d  e le c tr o n s  w h ic h  h a d  e s c a p e d  c a g e  

r e c o m b in a t io n  w e r e  o b s e r v e d  b y  r e a c t io n  w it h  N 2O . 

P h o t o c h e m is t r y  o f  c h a r g e -tr a n s fe r  e x c it a t io n  in  o r g a n ic  

s y s t e m s  h a s  n o t  b e e n  s tu d ie d , t o  t h e  a u t h o r ’ s  k n o w le d g e ,  

b u t  a n  a n a lo g o u s  r e a c t io n  c a n  b e  w r it te n

R H  +  0 2 +  hv — ► ( R H +  +  0 2- )  ( 1 0 )

S e p a r a t io n  o f  io n ic  s p e c ie s  in  n o n s o lv a t in g  m e d ia  h a s  

lo w  p r o b a b i l i t y .57 H o w e v e r , s in c e  th e s e  p h o t o o x id a 

t io n s  a re  lo w  q u a n t u m  e ffic ie n c y  p r o c e s s e s , r e a c t io n

o f  th o s e  io n ic  s p e c ie s  w h ic h  h a v e  e s c a p e d  c a g e  r e c o m b i

n a t io n  c a n n o t  b e  e n t ir e ly  d is c o u n te d  a s  a n  in it ia t in g  

s p e c ie s . T h e r e  a re  s e v e r a l  o t h e r  a lt e r n a t iv e  p o s s ib i li 

t ie s . T h e  c a g e  r e c o m b in a t io n  o f  R H +  a n d  0 2~  c o u ld  

p r o d u c e  r a d ic a ls  o r  t h e  c h a r g e -tr a n s fe r  a b s o r p t io n  

c o u ld  b e  p a r t ly  d is s o c ia t i v e ;  th e s e  t w o  p o s s ib i lit ie s  

c a n n o t  b e  r e a d ily  d iffe r e n tia te d . T w o  o t h e r  p o s s ib le  

r e a c t io n s  are

3C T  — >  7C T  — >  SR H  +  30 2 ( 1 1 )

3C T  — >  3R H  +  70 2 ( 1 2 )

T h e  r e s u lts  o b t a in e d  s o  f a r  a r e  in s u ffic ie n t  t o  j u s t i f y  

s p e c u la t io n  a b o u t  t h e  r e la t iv e  im p o r t a n c e  o f  th e s e  re 

a c t io n s  in  p h o t o o x id a t io n .

(36) J. Jortner, M. Ottolenghi, and G. Stein, J. Phys. Chem., 6 8 , 
247 (1964).
(37) In the absence of an electric field, irradiation of hexane by 
1.5-Mev. 7 -rays gave less than 0.09 separated ion pairs per 100 e.v. 
of energy absorbed; A. O. Allen and A. Hummel, Discussions Fara
day Soc., 36, 95 (1963).
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R a t e s  o f  d e h y d r a t io n  o f  a c e t a ld e h y d e  h y d r a t e  h a v e  b e e n  s tu d ie d  b y  a  s c a v e n g in g  m e t h o d  

a n d  a n  n .m .r .  l in e -b r o a d e n in g  t e c h n iq u e . T h e  la t t e r  h a s  a ls o  b e e n  u s e d  t o  d e t e r m in e  t h e  

h y d r a t i o n  r a t e  f o r  t h e  a ld e h y d e . T h e  a g r e e m e n t  b e t w e e n  t h e  t w o  m e t h o d s  a n d  w it h  t h e  

o ld e r , th e r m a l  m a x i m u m  r e s u lts  is  s a t is fa c t o r y  a n d  s u g g e s ts  t h a t  a ll  o f  t h e  m e t h o d s  in v o lv e d  

a re  r e a s o n a b ly  r e lia b le .

T h e  r a te  o f  t h e  h y d r o n iu m  io n  c a t a ly z e d  a p p r o a c h  t o  

e q u i l ib r iu m  f o r  t h e  r e a c t io n  sh ow m  in  e q . 1 h a s  b e e n  

m e a s u r e d  b y  a  m e t h o d  b a s e d  o n  i t s  e v o lu t io n  o f  h e a t .2 

T h e  q u a n t i t y  o b t a in e d  d ir e c t ly  in  s u c h  a  m e a s u r e m e n t

C H 3C H = 0  +  H 20  C H 3C H ( O H ) 2 (1 )

is  Jc2 +  fc—2, w h e r e  k2 is  t h e  s e c o n d -o r d e r  r a te  c o n s t a n t  

f o r  t h e  a c id -c a t a ly z e d  h y d r a t i o n  (fir s t  o r d e r  in  s u b 

s tr a t e , f ir s t  o r d e r  in  H + )  a n d  is  t h e  s e c o n d -o r d e r  

r a t e  c o n s t a n t  f o r  d e h y d r a t io n . T h e  in d iv i d u a l  r a te

(1) (a) U. K. Gas Council Research Scholar, 1962-1964; (b) U. S.
National Science Foundation Postdoctoral Fellow 1961-1963; (c)
U. S. National Science Foundation Senior Postdoctoral Fellow 
1962-1963; Department of Chemistry, University of Minnesota, 
Minneapolis, Minnesota.
(2) (a) R. P. Bell, M. N. Rand, and K. M. A. Wynne-Jones, Trans. 
Faraday Soc., 52, 1093 (1956); (b) L. C. Gruen and P. T. McTigue, 
J. Chem. Soc., 5224 (1963).
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Figure 1. The methyl group doublets for acetaldehyde and 
its hydrate in (A) 4.4 X 10- 3  M HC104, (B) 1.2 X 10~ 2 M 
HCIO4, and (C) 2.3 X 10- 2  M HC104.

c o n s ta n ts  c a n  b e  o b ta in e d  f r o m  th is  s u m  b y  c o m b in in g  

i t  w it h  t h e  e q u il ib r iu m  c o n s ta n t , K. T h e  b e s t  a v a i l 

a b le  v a lu e  f o r  t h e  s u m  w o u ld  s e e m  t o  b e  a b o u t  9 5 0  

M ~l s e c . - 1 , 2 a n d  f o r  K, a b o u t  1 .5 3 (u s in g  t h e  c o n 

v e n t i o n  o f  u n it  a c t iv i t y  fo r  t h e  s o lv e n t , w a te r )  g iv in g  

a  v a lu e  o f  5 7 0  M ~x s e c . - 1  fo r  k2 a n d  3 8 0  M ~x s e c . - 1  

f o r  fc _2.

W e  h a v e  n o w  r e m e a s u r e d  b o t h  k2 a n d  & _ 2 b y  a n  n .m .r .  

l in e -b r o a d e n in g  te c h n iq u e 4 5 a n d  /c_2 b y  s c a v e n g in g  

a c e t a ld e h y d e  w it h  s e m ic a r b a z id e .6 T h e  v a lu e s  a re  

a ll in  r e a s o n a b le  a g r e e m e n t , c o n tr ib u t in g  t o  c o n fid e n c e  

in  a ll t h e  m e t h o d s  in v o lv e d .

Experimental Section

Scavenging. R e a c t io n  m ix tu r e s  w e r e  m a d e  c o n ta in 

in g  a b o u t  5  X  1 0 - 6  M  a c e t a ld e h y d e , 2 - 7  X  1 0 - 3  M  
s e m ic a r b a z id e , a n  a c e t ic  a c i d -s o d i u m  a c e t a te  b u ffe r , 

a n d  e n o u g h  s o d iu m  c h lo r id e  t o  b r in g  t h e  io n ic  s tr e n g th  

t o  0 .2 .  R e a c t io n s  w e r e  in it ia t e d  b y  a d d in g  a n  a q u e o u s  

s o lu t io n  o f  a c e t a ld e h y d e  t o  a  m ix tu r e  a lr e a d y  c o n ta in in g  

a ll  t h e  o t h e r  in g r e d ie n ts . T h e  p r o g r e s s  o f  t h e  r e a c t io n  

w a s  o b s e r v e d  b y  fo l lo w in g  t h e  b u i ld u p  o f  t h e  s e m i-  

c a r b a z o n e  b a n d  a t  2 3 6  m g  w it h  a  U n i c a m  S P 5 0 0  s p e c tr o 

p h o t o m e t e r , t h e  c e ll c o m p a r t m e n t  o f  w h ic h  w a s  m a in 

ta in e d  a t  2 5 .0  ±  0 . 1 ° .  T h e  u n h y d r a t e d  a c e t a ld e h y d e  

a ll r e a c te d  w it h  t h e  s e m ic a r b a z id e  b e fo r e  m e a s u r e 

m e n t s  w e r e  b e g u n , a n d  t h e  o b s e r v e d  o p t ic a l  d e n s it ie s  

o b e y e d  a  p s e u d o -f ir s t -o r d e r  r a te  la w  w it h  g o o d  p r e 

c is io n .6 T h e  p s e u d o -f ir s t -o r d e r  r a te  c o n s ta n ts , k%, 
w e r e  s h o w n  t o  b e  in v a r ia n t  u n d e r  c h a n g e s  in  t h e  in it ia l  

s e m ic a r b a z id e  c o n c e n tr a t io n  b e t w e e n  2  a n d  7  X  1 0 - 3

M. R e p e t i t io n  in d ic a te d  t h a t  t h e y  h a d  a  p r e c is io n  o f

± 2%.

F r o m  t h e  r a t io  o f  s e m ic a r b a z o n e  i n t e n s i t y  p r o d u c e d  

im m e d ia t e ly , o n  m ix in g , t o  t h a t  u l t i m a t e ly  p r o d u c e d ,  

K  c o u ld  b e  e s t im a t e d . T h e  v a lu e  o b t a in e d  w a s  1 .5 .

Line Broadening. I n  a  2 .5  M  n e u tr a l , a q u e o u s  s o lu 

t io n  o f  a c e t a ld e h y d e , n .m .r .  s p e c tr a  s h o w  t h e  d o u b le t  

a n d  q u a r t e t  c h a r a c te r is t ic  o f  t h e  h y d r a t e  (J, 5 .2  ±  

0 .1  c .p .s .)  a s  w e ll  a s  th o s e  f o r  th e  a ld e h y d e  ( / ,  2 .9  ±  

0 .1  c .p .s . ) .  N o  a t t e m p t  w a s  m a d e  t o  a s s ig n  v a lu e s  o f  

th e  c h e m ic a l  s h ifts  in  t h e  p r e s e n t  w o r k , b u t  q u a li t a 

t i v e ly  t h e y  s e e m e d  r e a s o n a b le . A s  a c id  w a s  a d d e d  t o  

s u c h  s o lu t io n s , th e  m u lt ip le t s  fir s t  b r o a d e n e d  a n d  

m e r g e d  in t o  s in g le ts , a n d  t h e n , a s  s t ill  m o r e  a c id  w a s  

a d d e d , th e  tw o  m e t h y l  p e a k s  m e r g e d  t o  a  s in g le  lin e  

a n d  t h e  tw o  m e th in e  p e a k s  d id  l ik e w is e . L in e  w id t h s  

w e r e  d e t e r m in e d  fo r  b o t h  d o u b le t s  in  p e r c h lo r ic  a c id  

r a n g in g  f r o m  4  t o  1 2  X  1 0 - 8  M, a  r e g io n  o f  a c id it y  

in  w h ic h  th e  m u lt ip le t  s tr u c tu r e  is  s t i l l  d is c e r n ib le . 

N u c le a r  m a g n e t ic  r e s o n a n c e  s p e c tr a  w e r e  o b t a in e d  

u s in g  t h e  R ic h a r d s 7 h ig h  r e s o lu t io n  n .m .r .  s p e c tr o m e te r  

o p e r a t in g  a t  2 9 .9  M e .  T h e  t e m p e r a t u r e  c o u ld  n o t  b e  

c o n tr o lle d  b u t  w a s  m e a s u r e d  a n d  f o u n d  t o  b e  w it h in  

1 °  o f  2 5 .8 °  fo r  a ll m e a s u r e m e n t s . E a c h  s p e c t r u m  

o n  w h ic h  q u a n t it a t iv e  m e a s u r e m e n t s  w e r e  m a d e  w a s  

r e p r o d u c e d  s ix  t im e s , a n d  t h e  r e s u lts  w e r e  a v e r a g e d .  

S p e c t r a  w e r e  s u ffic ie n t ly  e x p a n d e d  so  t h a t  m e a s u r e 

m e n t s  c o u ld  b e  m a d e  w it h  a  r u le r . F ig u r e  1 sh o w s  

t y p i c a l  s p e c tr a  a t  t h e  h ig h  a n d  t h e  lo w  e n d s  o f  t h e  a c id  

r a n g e  u s e d  fo r  q u a n t i t a t iv e  m e a s u r e m e n t s .

Results

T h e  ki v a lu e s  o b t a in e d  in  t h e  s c a v e n g in g  e x p e r i

m e n t s  w e r e  fo u n d  to  fit  e q . 2 , 2 w it h  a n  a v e r a g e  d e v ia 

t io n  o f  ~ 3 % .  T h e  v a lu e  o f  fc_2 w a s  5 6 5  M ~x s e c . - 1 .

h  = U  o +  M  H + )  +

/c h a ( C H 8C O O H )  +  fcA ( C H 3C O O - ) (2 )

T h e  o th e r s  w ill  b e  d is c u s s e d  e lse w h e r e . I n  e ig h t  o f  th e  

s c a v e n g in g  e x p e r im e n ts , t h e  t e r m  fc_2( H + )  in  e q . 2  

m a d e  u p  h a l f  o r  m o r e  o f  ki, s o  t h e  r e l ia b i l i t y  o f  k2 w o u ld  

s e e m  t o  b e  a b o u t  ± 5 % .  H y d r o n i u m  io n  c o n c e n tr a 

t io n s  w e r e  o b t a in e d  f r o m  t h e  b u ffe r  r a t io , t h e  d is s o c ia -

(3) (a) E. Lombardi and P. B. Sogo, J. Phys. Chem., 32, 635 (1960);
(b) R. P. Bell and J. C. Clunie, Trans. Faraday Soc., 48, 439 (1952);
(c) L. C. Gruen and P. T. McTigue, J. Chem. Soc., 5217 (1963).
(4) (a) A. Lowenstein and T. M. Connor, Ber. Bunsenges. physik. 
Chem., 67, 280 (1963) ; (b) J. Hine and J. G. Houston, J. Org. Chem., 
30, 1328 (1965).
(5) P. L. Hénaff, Compt. rend., 256, 1752 (1963).
(6) A. A. Frost and R. G. Pearson, “Kinetics and Mechanism,” 
John Wiley and Sons, Inc., New York, N. Y., 1962, pp. 27-31.
(7) J. B. Leane, R. E. Richards, and T. Schaefer, J. Sci. Instr., 36, 
230 (1959).
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Figure 2. Plots of n-Ari/, against perchloric acid
concentration for acetaldehyde,---------, and its hydrate,
— • —. The former slope is fe, and the latter is fc_2.
The shaded areas show a 10% uncertainty in the slopes.

t io n  c o n stan t o f  acetic  acid , a n d  th e  ionic stren gth  

b y  c on v en tion al eq u a tio n s p rev io u sly  d iscu ssed . 2

T o  ev a lu ate  th e  n .m .r . resu lts grap h s w ere con 

stru cted  o f R, th e  ratio  o f in te n sity  a t  th e  h igh er p eak  

to  th a t  in  th e  v a lle y , vs. AvyJJ, fo r  L o re n zia n  d o u b lets , 
for ratios o f in te n sity  in  th e  tw o  lin es com p osin g  th e  
d o u b let o f 1 .0 3  a n d  1 .0 9 . T h e  la tter  are th e  in te n sity  

ratios a p p rop riate  to  th e  d o u b le t p a rts  o f th e  tw o  
A 3B  sp ectra  w ith  th e  in d icated  sp ectroscopic p a ram eters  
and ex p erim en ta l con d ition s. T h e  fu ll w id th  a t  h a lf

h e ig h t is Avi/v B y  th ese graph s th e  v a lu e s o f A v y , 
w ere o b ta in ed  fro m  ex p erim en ta l R an d  J.

A t  f a ir ly  lo w  e x c h a n g e  r a te s  fa is  g iv e n  b y  e q . 3 , 4 

in  w h ic h  Aifii/, is  t h e  w id t h  a t  h a l f -h e ig h t  f o r  a  lin e  

u n b r o a d e n e d  b y  c h e m ic a l  e x c h a n g e . C o m b in in g  th is

Av°i/, +  fa/ir = Avi/2 (3 )

w ith  eq . 2  g iv es eq . 4  fo r  stro n g  acid  so lu tion s. A n  
en tire ly  eq u iv a le n t eq u a tio n  can  b e  o b ta in ed  fo r  h y -

ttAvi/ 2 — tAv°i/ 2 +  Ichio +  J L * (H + ) (4 )

d r a t io n , e x c e p t  t h a t  fa r e p la c e s  fc_2. F r o m  th is  i t  is  

p la in  t h a t  p lo t s  o f  ttAvi/ 2 a g a in s t  p e r c h lo r ic  a c id  c o n 

c e n tr a t io n  s h o u ld  b e  lin e a r  w it h  s lo p e , fa o r  fc_2. 

F ig u r e  2  s h o w s  t h a t  s u c h  p lo t s , b o t h  fo r  t h e  a ld e h y d e  

a n d  th e  h y d r a t e , a r e  a c c e p t a b ly  lin e a r . T h e y  g iv e  

s lo p e s  fa o f  6 0 5  M - 1  s e c . - 1  f o r  t h e  a ld e h y d e  a n d  fc_2 o f  

4 9 0  M - 1  s e c .- 1  f o r  t h e  h y d r a t e  ( d e te r m in e d  b y  in s p e c 

t io n ) .  T h e  s c a t te r  s h o w n  in  F ig u r e  2  s u g g e s ts  a n  u n 

c e r t a in t y  o f  ±  1 0 %  fo r  th e s e  v a lu e s , w h ic h  is  c o n s is te n t  

w it h  t h e  p r e v io u s  e x p e r ie n c e  w it h  t h e  n .m .r .  m e t h o d .4’8’ 9 

I m p r e c is io n  in  t h e  in t e r c e p t  a n d  in  a n y  e s t im a te d  

v a lu e  o f  A r ° i / ,  m a d e  i t  im p o s s ib le  t o  e v a lu a t e  fcH,o .

Discussion

C o n s id e r in g  t h e  p r e c is io n  o f  t h e  t w o  m e t h o d s  a n d  

t h e  d iffe r e n c e s  in  c o n d it io n s , t h e  a g r e e m e n t  b e tw e e n  

t h e  s c a v e n g in g  fc_2 a n d  t h a t  f r o m  t h e  n .m .r .  m e a s u r e 

m e n t s  is  e n t ir e ly  s a t is fa c t o r y . T h e  s u m  o f  fa a n d  ft_2 

f r o m  t h e  n .m .r .  m e a s u r e m e n t s , 1 0 9 5  M - 1  s e c . - 1 , is  in  

fa ir  a g r e e m e n t  w it h  t h e  t h e r m a l  m a x im u m  v a lu e  o f  fa +  

fc_2 ( 9 5 0  M ~x s e c .- 1 ) , 2 a n d  th e ir  r a t io , 1 .2 2 ,  is  in  fa ir  

a g r e e m e n t  w it h  t h e  a c c e p t e d  v a lu e  o f  A ,  1 , 5 3 10 B o t h  

v a lu e s  o f  fc_2 a n d  t h e  n .m .r .  v a lu e  o f  fa a re  in  fa ir  a g re e 

m e n t  w it h  r e c e n t ly  r e p o r te d  n .m .r .  v a lu e s , 4 8 0  M ~x 
s e c . - 1  fo r  fa a n d  4 0 0  M - 1  s e c . - 1  f o r  fc_2, o b ta in e d  a t  a  

s in g le -a c id  c o n c e n t r a t io n .11 ( T h e  m e t h o d  u s e d  w a s  

s o m e w h a t  d iffe r e n t  f r o m  o u r s  a n d  t h e  a c id  c o n c e n tr a -  

t i ln  s o m e w h a t  h ig h e r .)  T h e  a g r e e m e n t  b e t w e e n  t h e  

s c a v e n g in g  fc_2 a n d  t h a t  f r o m  t h e  th e r m a l  m a x im u m  

m e t h o d  is  a  l i t t le  d is a p p o in t in g , b u t  t a k e n  a l l  t o g e th e r  

t h e  g e n e r a l p a t t e r n  o f  a g r e e m e n t  a m o n g  v a lu e s  d e 

t e r m in e d  b y  d iv e r s e , in d ir e c t  te c h n iq u e s  c o n tr ib u te s  

c o n s id e r a b le  c o n fid e n c e  in  t h e  e ff ic a c y  o f  a ll  o f  t h e m .
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T h e  s t o ic h io m e t r y  o f  t h e  d e c o m p o s it io n  w a s  s tu d ie d  b y  u s e  o f  a  s im p le  n i t r o g e n -s w e p t  

t u b e  f u r n a c e , w it h  a n  a b s o r p t io n  tr a in  f o r  g a s  a n a ly s is ;  s o lid  r e s id u e s  w e r e  e x a m in e d  b y  

a  c o m b in a t io n  o f  “ w e t ”  c h e m ic a l  a n a ly s is , X - r a y  p o w d e r  d iffr a c t io n , a n d  in fr a r e d  s p e c tr o 

p h o t o m e t r y . T h e  d e h y d r a t io n  o f  t h e  c o m p le x  is  c o m p le t e  a t  1 5 0 ° ,  f a r  b e lo w  t h e  t e m p e r a 

tu r e  r e q u ir e d  f o r  a  m e a s u r a b le  r a te  o f  d e c o m p o s it io n  o f  t h e  a n h y d r o u s  m a t e r ia l  ( 3 5 0 ° ) .  

T h i s  la t t e r  p r o c e s s  t a k e s  p la c e , in  t h e  a b s e n c e  o f  o x y g e n , a c c o r d in g  t o  t h e  s c h e m e

K sC r ( C 20 4 ) 3 — >  3/ 2K 2C 20 4 +  V 2C r 20 3 +  3/ 2C 0 2 +  3/ 2C O  ( 1 )

K 2C 20 4 +  C r 20 3 — >- c a r b o n a t o c h r o m iu m  s u r fa c e  c o m p le x  (2 )

c a r b o n a t o c h r o m i u m  s u r fa c e  c o m p le x  — >  C r 20 3 +  K 2C 0 3 +  C O  (3 )

T h e  r a te s  o f  th e  a b o v e  r e a c t io n s  w e r e  d e t e r m in e d  m a n o m e t r ic a l ly  o n  a  v a c u u m  fu r n a c e  

a s s e m b ly , s u p p le m e n t e d  b y  p e r io d ic  s o lid  r e s id u e  a n a ly s is . A l l  o b e y  f ir s t -o r d e r  k in e t ic s .  

S o m e  c a r b o n -1 3 -c a r b o n -1 2  d is c r im in a t io n  s tu d ie s  p r o v id e  s tr o n g  e v id e n c e  t h a t  t h e  r a t e 

c o n tr o llin g  s te p  in  r e a c t io n  1  is  C - 0  b o n d  c le a v a g e , fo l lo w in g  a  s h o r t  in it ia l  in h ib it io n  

p e r io d . R e a c t io n s  2  a n d  3  o c c u r  o n  t h e  s u b  c r y s t a llin e  C r 20 3 s u r fa c e , a s  p r o v e n  b y  s p e c t r o 

s c o p ic  id e n t if ic a t io n  o f  t h e  s u r fa c e  in t e r m e d ia t e , C 0 2 g a s  p r e s s u r e -d e p e n d e n c e  s t u d ie s  o f  

t h e  r a te  c o n s t a n t  o f  (2 ) ,  a n d  s e p a r a te  m e a s u r e m e n t s  o f  th e r e  a c t io n  r a te s  o f  p u r e  K 2C 20 4  

a n d  h a n d -m a d e  C r 20 s - K 2C 20 4 m ix tu r e s . P o s s ib le  s tr u c t u r e s  o f  t h e  s u r fa c e  s p e c ie s  a n d  

i ts  m o d e  o f  f o r m a t i o n  a n d  d is in te g r a t io n  a r e  d is c u s s e d .

N o  p r e v io u s  k in e t ic  s tu d ie s  h a v e  b e e n  m a d e  o f  t h e  

t h e r m o ly s is  o f  s o lid  o x a l a t o c h r o m i u m ( I I I )  c o m p le x e s ,  

a lt h o u g h  s o m e  s ig n ific a n t  in f o r m a t io n  h a s  b e e n  o b 

t a in e d  b y  t .g .a .  a n d  d .t .a .  t e c h n iq u e s . 2 D a t a  o f  th is  

la t t e r  t y p e ,  h o w e v e r , d o  n o t  in  t h e m s e lv e s  o ffe r  c le a r -  

c u t  c h e m ic a l  e v id e n c e  c o n c e r n in g  t h e  n a t u r e  o f  t h e  re 

a c t io n s  in v o lv e d . S o m e  r e c e n t  p a p e r s  b y  Y a n k w i c h ,  

et al.,3 h a v e  r e p o r te d  c o m p le te  s tu d ie s  o f  t h e  d e c o m p o 

s i t io n  k in e t ic s  a n d  c a r b o n  is o to p e  e ffe c ts  in  t h e  p y r o ly 

sis  o f  s im p le  o x a la t e s  o f  t h e  t y p e  M C 20 4 ( M  =  M g ,  

M n ,  a n d  Z n ) ,  w h e r e  t h e  o v e r -a l l  r e a c t io n  is  in v a r i a b ly  

e q u im o la r  p r o d u c t io n  o f  M O ,  C O ,  a n d  C 0 2. I n  th e  

p r e s e n t  w o r k , d e t a i le d  s to ic h io m e tr ic  a n d  k in e t ic  

e x p e r im e n ts  w e r e  p e r fo r m e d  o n  r a c e m ic  c r y s ta llin e  

K 3C r ( C 20 4) 3 - 3 H 20 .  T h e  te c h n iq u e s  u s e d  in c lu d e d  

g a s e o u s  p r o d u c t  d e t e r m in a t io n  a n d  a  c o m b in a t io n  o f

“ w e t ”  c h e m ic a l  a n a ly s is , X - r a y  p o w d e r  d iffr a c t io n , a n d  

s p e c tr a l  e x a m in a t io n  o f  t h e  s o lid  r e s id u e s . T h e  

r e s u lts  o f  th e s e  e x p e r im e n ts , s u p p le m e n t e d  b y  s o m e  

c a r b o n -1 2 - c a r b o n -1 3  d is c r im in a t io n  s tu d ie s , le a d  t o  a  

r e a s o n a b ly  d e f in it iv e  c o n c e p t io n  o f  t h e  p r o c e s s . I n  

c o n t r a s t  w it h  t h e  “ s im p le ”  o x a la t e s  m e n t io n e d  a b o v e ,  

b o t h  m e t a l  o x id e  a n d  m e t a l  c a r b o n a t e  p r o d u c t s  a re  

o b t a in e d , a n d  t h e  p r o c e s s  o c c u r s  in  s e v e r a l  w e ll -d e f in e d  

s te p s . O n e  o f  t h e s e  s u b -r e a c t io n s  in v o lv e s  c h r o m ic

(1) Work done by R. M. Wing as part of the Ph.D. requirement of 
State University of New York at Buffalo, June 1964. Complete dis
sertation available from University Microfilms, Ann Arbor, Mich.
(2) (a) W. W. Wendlandt, T. D. George, and K. V. Krishnamurty,
J. Inorg. Nucl. Chem., 21, 69 (1961); (b) N. Dollimore and D.
Nicholson, ibid., 25, 739 (1963).
(3) P. E. Yankwich and P. D. Zavitsanos, J. Phys. Chem., 69, 442 
(1965), and other papers referred to therein.
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o x id e  p r o m o t e d  s u r fa c e  c a t a ly s is  o f  o x a la t e  io n  d e c o m 

p o s it io n .

Experimental Section
C r y s t a l l in e  K 3C r ( C 20 4 ) 3 - 3 H 20  w a s  o b t a i n e d  b y  

s t a n d a r d  p r o c e d u r e 4 5 a n d  p u r ifie d  b y  r e p e a te d  r e c r y s t a l 

l iz a t i o n  f r o m  w a te r . A n a l y s e s  f o r  w a t e r  a n d  o x a la t e  

c o n fir m e d  its  p u r i t y ,  w h ic h  w a s  a ls o  c h e c k e d  b y  

s p e c tr o p h o to m e tr ic  m e a s u r e m e n t s . 6 W h e n  r e q u ir e d ,  

c a r b o n  d io x id e  g a s  w a s  o b t a i n e d  b y  s u b l im a t io n  o f  

D r y  I c e . A l l  o t h e r  g a s e s  w e r e  t a k e n  d ir e c t ly  f r o m  h ig h -  

p u r it y  c o m m e r c ia l  c y lin d e r s . T h e  m e t a l  o x id e s  a n d  

g r a p h ite  u s e d  w e r e  o f  r e a g e n t  g r a d e .

T h e  stoichiometric data w e r e  o b t a i n e d  b y  u s e  o f  a  

s im p le  t u b e  f u r n a c e  c o u p le d  w it h  a  c o n v e n t io n a l  a b 

s o r p t io n  tr a in . A  P y r -O -V a n e  c o n tr o lle r  m a in t a in e d  

t h e  fu r n a c e  w ith in  ± 0 . 5 °  o f  t h e  d e s ir e d  t e m p e r a t u r e .  

T h e  w e ig h e d  s a m p le s  w e r e  fir s t  in t r o d u c e d  in t o  a n  

u n h e a t e d  z o n e  o f  t h e  fu r n a c e  a s s e m b ly , w h ile  t h e  s y s t e m  

w a s  f lu s h e d  w it h  p u r e  d r y  n it r o g e n , w h ic h  s e r v e d  as  

t h e  d r iv e r  g a s . T o  c o m m e n c e  a  r u n , t h e  s a m p le  w a s  

p u s h e d  in t o  t h e  h e a t e d  z o n e  a n d  its  te m p e r a t u r e  

w a s  c o n t in u o u s ly  r e c o r d e d  b y  m e a n s  o f  a  t h e r m o 

c o u p le  a t ta c h e d  t o  t h e  P y r e x  g la s s  s a m p le  h o ld e r .  

T h e  n o r m a l  “ h e a t -u p ”  t im e  w a s  o n ly  a  f e w  m in u t e s .

W a t e r  d e t e r m in a t io n s  w e r e  m a d e  b y  b o t h  w e ig h t  

lo s s  o f  t h e  s a m p le  a n d  c o lle c t io n  o f  t h e  e s c a p in g  w a te r  

v a p o r  o n  a n h y d r o u s  m a g n e s iu m  p e r c h lo r a te . C a r b o n  

d io x id e  w a s  d e t e r m in e d  b y  a b s o r p t io n  o n  A s c a r i t e  

a n d  c a r b o n  m o n o x i d e  s im ila r ly , a fte r  i t s  o x id a t io n  to  

c a r b o n  d io x id e  o n  c o p p e r  o x id e  w ir e  a t  3 0 0 ° .  T h e  

s o lid  re s id u e s  w e r e  a n a ly z e d  f o r  o x a la t e  b y  p e r m a n g a 

n a t e  t i t r a t io n , f o r  c h r o m iu m  b y  io d im e t r y  f o l lo w in g  

p e r o x id e  o x id a t io n , a n d  fo r  c a r b o n a t e  b y  t r e a t m e n t  

w it h  d ilu te  a c id , c o lle c t io n  o f  t h e  e v o lv e d  c a r b o n  d i

o x id e  in  a lk a li , a n d  b a c k -t i t r a t io n . U n c o m p le x e d  

o x a la t e  w a s  d is t in g u is h e d  f r o m  c o m p le x e d  b y  p r e c ip i

t a t io n  o f  t h e  f o r m e r  a s  t h e  c a lc iu m  s a lt , a n d  u n c o m 

p le x e d  c h r o m iu m  f r o m  c o m p le x e d  b y  u se  o f  a  D o w e x -  

5 0 X  c a t io n -e x c h a n g e  c o lu m n .

I n fr a r e d  s p e c t r a  o f  t h e  s o l id  r e s id u e s  w e r e  r u n  in  

N u j o l  m u lls  o n  a  P e r k i n -E lm e r  M o d e l  2 1  s p e c t r o 

p h o t o m e t e r ,  a n d  v i s ib le  a n d  u lt r a v i o le t  s p e c t r a  o n  a  

B e c k m a n n  M o d e l  D U  in s t r u m e n t . X - R a y  p o w d e r  

p a t t e r n s  o f  c a p i l la r y -m o u n t e d  s a m p le s  w e r e  o b t a in e d  

o n  a  N o r e lc o  X - r a y  d iffr a c t io n  s e t u p , u s in g  e ith e r  p h o t o 

g r a p h ic  o r  io n iz a t io n -c h a m b e r  r e c o r d in g  te c h n iq u e s .  

S u r fa c e  a r e a  m e a s u r e m e n t s  w e r e  m a d e  o n  a  B r u n a u e r -  

E m m e t t - T e l l e r  a p p a r a tu s , u s in g  n it r o g e n  a s  a  r e fe r 

e n c e  g a s .6 C a r b o n -1 2 - c a r b o n - 1 3  i s o t o p ic  d is c r im in a 

t io n  d a t a  w e r e  o b t a in e d  b y  c o n v e n t io n a l  is o t o p e  r a t io  

m a s s  s p e c t r o m e t r y  o f  c a r b o n  d io x id e  s a m p le s .7

M o s t  o f  t h e  kinetic runs w e r e  m a d e  in  a  v a c u u m

f u r n a c e  a p p a r a t u s  b y  fo l lo w in g  t h e  r a t e  o f  g a s  e v o lu 

t io n  m a n o m e t r ic a l ly . A  m a g n e t ic a l ly  c o n tr o l le d  s a m p le  

in t r o d u c t io n  d e v ic e  w a s  e m p lo y e d , a n d  s a m p le s  o f  

a b o u t  2 0 0 -m g .  s iz e  w e r e  in t r o d u c e d  w h ic h  w e r e  e s t i 

m a t e d  t o  r e a c h  te m p e r a t u r e  e q u il ib r iu m  in  t h e  f u r a n c e  

a lm o s t  im m e d ia t e ly .  A  l iq u id  n it r o g e n  c o o le d  tr a p  

e ffe c te d  t h e  s e p a r a t io n  o f  C 0 2 f r o m  C O , g a s  h a n d l in g  

b e in g  f a c i l i t a t e d  b y  a  T o e p le r  p u m p  a s s e m b ly . T h e  

m e r c u r y  m a n o m e t e r  r e a d in g s  w e r e  m a d e  w it h  a  c a th e -  

t o m e t e r  a n d  w e r e  a c c u r a te  t o  a b o u t  0 .0 0 1  c m . in  a  

t o t a l  d is p la c e m e n t  o f  1 o r  2  c m . p e r  r u n . T h e  g a s  

p r e s s u r e  d a t a  w e r e  c o n v e r t e d  t o  m o la r  u n it s  b y  u s e  o f  

t h e  id e a l g a s  la w , w it h  c o r r e c t io n s  f o r  t h e  h e a t e d  v o lu m e  

o f  t h e  g a s -h a n d l in g  s y s t e m . T h i s  v o lu m e  c o n s t i t u t e d  

a b o u t  1 0 %  o f  t h e  t o t a l .

Results and Discussion
(A ) . Dehydration o f  t h e  s a m p le  g o e s  t o  c o m p le t io n  

in  a  s h o r t  t im e  n e a r  1 0 0 ° .  I f  d o n e  s lo w ly  o n  a  t h in  

s a m p le  b e lo w  1 0 0 ° ,  a  n o n c r y s t a l l in e  p r o d u c t  is  o b 

t a in e d . H o w e v e r , i f  t h e  p r o c e s s  is  c a r r ie d  o u t  m o r e  

r a p id ly  b y  r a is in g  t h e  t e m p e r a t u r e  t o  1 1 0 °  a n d  a  t h ic k  

s a m p le  is  u s e d  (o r  a  t h i n  s a m p le  in  a  s e a le d  a m p o u le ) ,  

a  f u l ly  c r y s t a llin e  a n h y d r o u s  s a l t  is  o b t a i n e d . I t  

t h u s  a p p e a r s  t h a t  t h e  c r y s t a l l i n i t y  o f  t h e  a n h y d r o u s  

c o m p le x  is  d e p e n d e n t  u p o n  t h e  e x is te n c e  o f  h y d r o -  

th e r m a l  c o n d it io n s  d u r in g  d e h y d r a t io n . X - R a y  e x a m 

in a t io n  s h o w e d  t h a t  t h e  a n h y d r o u s  m a t e r ia l  h a s  a  c o m 

p le t e ly  d iffe r e n t  c r y s t a l  h a b i t  f r o m  t h a t  o f  * h e  h y d r a t e  

( tr ic lin ic  r a th e r  t h a n  m o n o c lin ic , t w o  f o r m u la  w e ig h ts  

p e r  u n it  c e ll  r a th e r  t h a n  f o u r ) .  N o  k in e t ic  s tu d ie s  

w e r e  m a d e  o f  t h e  d e h y d r a t io n  p r o c e s s , b u t  i t  c le a r ly  

c o m p r is e s  a  n u c le a t i o n -c r y s t a l  g r o w t h  p h e n o m e n o n ,  

a t  le a s t  in  t h e  p r e s e n c e  o f  r e s id u a l w a t e r  v a p o r . D e 

c o m p o s it io n  o f  t h e  a n h y d r o u s  c o m p le x  d o e s  n o t  t a k e  

p la c e  u n t i l  t h e  te m p e r a t u r e  e x c e e d s  3 0 0 ° .

(B) . The stoichiometry of the decomposition in  a n  

o x y g e n -fr e e  a t m o s p h e r e  w a s  d e t e r m in e d  o n  t h e  b a s is  

o f  t h e  f o l lo w in g  o b s e r v a t io n s .

(a )  C O  a n d  C 0 2 a r e  e v o lv e d  in  a  1 : 1  r a t io  u n t i l

1 .5  m o le s  o f  e a c h  p e r  m o le  o f  c o m p le x  is  r e le a s e d . T h e n  

C 0 2 e v o lu t io n  c e a s e s , b u t  a n o th e r  1 .5  m o le s  o f  C O  is  

e v o lv e d  fo r  a  f in a l  t o t a l  o f  4 .5  m o le s  o f  c a r b o n  o x id e s  

r e le a s e d  p e r  m o le  o f  t r i s o x a la t o c h r o m i u m ( I I I )  s a lt .

(4) J. C. Bailar, Jr., and E. M. Jones, Inorg. Syn., 1, 37 (1939).
(5) Peaks were observed at 5720 and 4200 A., with molar extinction 
coefficients of 74.9 and 97.5, respectively. A. W. Anderson and 
H. Sporer, J. Am. Chem. Soc., 80, 3867 (1958), report corresponding 
values of 5720 (75) and 4200 (97).
(6 ) Courtesy of Dr. D. A. Cadenhead and Mr. Russel MeCallum of 
this laboratory. Details reported by R. MeCallum, Senior Thesis, 
Chemistry Department, State University of New York at Buffalo, 
June 1963.
(7) Through the kind cooperation of the mass spectrometry group, 
McMaster University, Hamilton, Ont., Canada.
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Figure 1. Infrared spectra of various samples.
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( b )  X - R a y  p o w d e r  p a t t e r n s  o f  th e  re s id u e s  s h o w  

c le a r  e v id e n c e  f o r  t h e  e x is te n c e  o f  K 2C 2O 4 c r y s t a ls  a t  

t h e  p o in t  w h e r e  C 0 2 e v o lu t io n  c e a s e s . H o w e v e r , o n ly  

K 2CO3 c r y s t a ls  a r e  p r e s e n t  a f te r  g a s  e v o lu t io n  is  c o m 

p le te . C r 20 3, w h ic h  m u s t  n e c e s s a r ily  b e  a  f in a l  p r o d 

u c t  o f  t h e  d e c o m p o s it io n , d o e s  n o t  s h o w  in  t h e  X - r a y  

p a tt e r n s , a s  i t  is  a p p a r e n t ly  t o o  f in e ly  d iv id e d .

(c )  I n fr a r e d  s p e c tr a  o f  r e s id u e s  t a k e n  a t  v a r io u s  

fr a c t io n s  o f  t o t a l  r e a c t io n  c le a r ly  in d ic a te  t h e  d is a p 

p e a r a n c e  o f  t h e  c o o r d in a te d  C 20 4, w h ic h  is  c o m p le te  

b y  t h e  t im e  C 0 2 e v o lu t io n  c e a se s , a n d  t h e  c o n c o m it a n t  

b u ild u p  o f  “ fr e e ”  C 20 42^  io n  (se e  F ig u r e  1 , c u r v e s  A ,  

B ,  C ,  a n d  D ) .  O n e  t h e n  n o t e s  a  d e c a y  o f  t h e  C 20 42 -  

p e a k , w it h o u t  e q u iv a le n t  b u i ld u p  o f  t h e  C 0 32 -  p e a k ,  

t h o u g h  a  n e w  p e a k  d e v e lo p s  n e a r  8 5 0  c m . - 1  a s  t h e  C 2-  

0 42 -  io n  is  u s e d  u p . T h e  8 5 0 - c m ._ 1  p e a k  la t e r  d e c a y s  

a s  C 0 32 -  io n  a p p e a r s  in  q u a n t i t y  (F ig u r e  1 , c u r v e s  E ,

Table I : Analytical Data for Partial 
Trisoxalatochromium(III) Decomposition

Gas analysis data“ Wet analysis data“  Differences6
A ' B ' C' A " B " C " AA AB

0 .0 0 0.33 0.67 0.05 0.31 0.64 0.05 0 .0 2
0.03 0.73 0.24 0.30 0.47 0.23 0.27 0.26
0 .0 0 0.84 0.16 0.17 0 .6 6 0.17 0.17 0.18
0 .0 0 0.87 0.13 0.23 0.64 0.13 0.23 0.23

“ Fractions A, B, and C refer to the mole fraction of carbon 
appearing as COd-  ion, C20 42- ion, and C20 4 complex, respec
tively. 6 AA = (A ”  -  A '); AB = (B ' -  B ").

F ,  G ,  a n d  H ) .  C a r b o n a t o  c o m p le x e s  o f  o t h e r  tr a n s i

t io n  m e t a ls  a re  k n o w n  t o  e x h ib i t  c h a r a c te r is t ic  in 

fr a r e d  a b s o r p t io n  p e a k s 8 n e a r  8 5 0  c m . - 1 , s o  w e  in t e r p r e t  

o u r  o b s e r v a t io n s  t o  in d ic a te  t h e  a p p e a r a n c e  o f  a  

c a r b o n a t o c h r o m iu m  s u r fa c e  c o m p le x  a s  a  r e a c t io n  

in t e r m e d ia te  in  t h e  c o n v e r s io n  o f  C 20 42 -  io n  t o  C 0 32 -  

io n .

(d )  A  c o m p a r is o n  w a s  m a d e  o f  q u a n t i t ie s  o f  c a r b o n -  

c o n ta in in g  p r o d u c ts  in  f o u r  p a r t ia l ly  r e a c t e d  s a m p le s ,  

a s  c a lc u la te d  f r o m  t h e  g a s  e v o lu t io n  d a t a 9 a n d  s im ila r  

r e s u lts  b a s e d  o n  t h e  r e s u lts  o f  “ w e t ”  a n a ly s is  fo r  

c a r b o n a t e  ( b y  a c id  d e c o m p o s it io n )  a n d  t o t a l  o x a la t e  

( b y  p e r m a n g a n t e  t i t r a t io n ) .  T h e  d a t a  a r e  r e c o r d e d  

in  te r m s  o f  m o le s  o f  t h e  v a r io u s  c a r b o n -c o n t a in in g  

c o m p o u n d s  p r e s e n t  in  t h e  p r o d u c t  m ix t u r e  p e r  m o le  o f  

c a r b o n  in  t h e  o r ig in a l  s a m p le  o f  t r i s o x a la t o c h r o m iu m -

( I I I )  c o m p le x , a s  s h o w n  in  T a b l e  I .

T h e s e  d a t a  c o n fir m  t h e  c o n c lu s io n  d r a w n  e a r lie r  

t h a t  s o m e  o f  t h e  c a r b o n a t e  d o e s  a p p e a r  a s  a  c a r b o n a t o  

c o m p le x  w h ic h  la t e r  d e c o m p o s e s . T h e  d is c r e p a n c ie s

(8 ) J. Figata, A. E. Martell, and K. Nakamoto, J. Chem. Phys., 36, 
339 (1962), and other references given therein.
(9) This calculation is based on the assumption that the total 
stoichiometry for complete decomposition is given by eq. 1 , plus 
the reaction K2C2O4 —► K2CO3 +  CO. Then, if [KsCr^QOsJo is 
the initial number of moles of complex compound taken, after partial 
decomposition the following relations hold

[K3Cr(C20 4)„] =  [K3Cr(C2O4)3]0 -  2/ 3[C02]
[K2C20 4] =  2[C02] -  [CO]

[Cr20 3] = Va[C02]
[K2C03] = [CO] -  [C02]

T h e  J o u rn a l  o f  P h y s ic a l  C h em is try
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in  t h e  c a r b o n a t e  d e t e r m in a t io n s  ( A A )  b a la n c e  o u t ,  

w ith in  e x p e r im e n ta l  e rr o r , t h o s e  in  t h e  o x a la t e  io n  d e 

t e r m in a t io n s  ( A B ) ,  s h o w in g  t h a t  t h e  c a r b o n a t o  c o m 

p le x  “ l o s t ”  in  t h e  g a s  e v o lu t io n  d a t a  c o m p u t a t io n  

a p p e a r s , a s  i t  m u s t ,  a s  io n ic  o x a la t e . I t  is  a ls o  o b v io u s  

t h a t  n o  in t e r m e d ia te  is  f o r m e d  in  t h e  c o n v e r s io n  o f  

c o m p le x e d  o x a la t e  t o  “ fr e e ”  o x a la t e  io n  s in c e  A C  is  

z e r o  w ith in  e x p e r im e n ta l  e rro r .

(e )  F in a l ly , i t  w a s  c o n fir m e d  b y  “ w e t ”  a n a ly s is  

t h a t  c o m p le t e ly  r e a c te d  r e s id u e s  c o n t a in  1 .5  m o le s  o f  

C 0 32 -  p e r  m o le  o f  c h r o m iu m  ( I I I ) .  T h i s ,  w h e n  a d d e d  

t o  th e  t o t a l  o f  g a s e o u s  c a r b o n  o x id e s  e v o lv e d , c o m 

p le te s  t h e  c a r b o n  b a la n c e  fo r  t h e  s y s t e m .

A  s u it a b le  r e a c t io n  s c h e m e  t o  in t e r p r e t  t h e  m a t e r ia l  

b a la n c e  d a t a  f o r  d e c o m p o s it io n  in  a  n it r o g e n  a t m o s p h e r e  

f o l lo w s .

Decomposition of Anhydrous Trisoxalatochromium- 
{III) Complex

K 3C r ( C 20 4) 3 — >  3/ 2K 2C 20 4 +

1/ 2C r 20 *  +  3/ 2C 0 2 +  3/ 2C O  (1 )

Catalyzed Potassium Oxalate Decomposition 

K 2C 20 4 -J- C r 20 3 ^

c a r b o n a t o  c h r o m iu m  s u r fa c e  c o m p le x  (2 )

c a r b o n a t o c h r o m k im  s u r fa c e  c o m p le x  — >

C r 20 3 +  K 2C 0 3 +  C O  (3 )

A  f e w  d e c o m p o s it io n  e x p e r im e n ts  w e r e  c a r r ie d  o u t  in  

air in s t e a d  o f  n it r o g e n . I n v a r i a b l y ,  o n ly  0 .5  m o le  o f  

C 0 32 -  r e m a in s  a t  c o m p le t e  r e a c t io n  p e r  m o le  o f  c h r o 

m iu m , a n d  t h e  la t t e r  a ll  a p p e a r s  a s  c h r o m a te . C le a r ly ,  

“ c a r b o n a t e  fu s io n  o x id a t i o n ”  o c c u r s  u n d e r  th e s e  c o n 

d it io n s , a c c o r d in g  t o  t h e  o v e r -a l l  s t o ic h io m e t r y

2 K 3C r ( C 20 4) 3 +  3/ 20 2 — >

K 2C 0 3 +  2 K 2C r 0 4 +  6 C O  +  5 C 0 2 (4 )

N o  s t u d y  h a s  b e e n  m a d e  o f  t h e  k in e t ic s  o f  th is  p r o c e s s  

in  t h e  p r e s e n t  w o r k .

(C) .  The kinetics of the trisoxalatochromium(III) 
complex decomposition ( r e a c t io n  1 )  is  c le a r ly  fir s t  o r d e r  

a fte r  a  b r ie f  in d u c t io n  p e r io d . A s  in d ic a te d  b y  th e  

in fr a r e d  s p e c t r a  a n d  a n a ly t i c a l  d a t a  d is c u s s e d  a b o v e ,  

th e r e  is  n o  e v id e n c e  f o r  in t e r m e d ia te  p r o d u c ts  o f  a n y  

k in d . A  p lo t  o f  t h e  d a t a  f o r  a  t y p i c a l  r a n  is  p r e s e n te d  

in  F ig u r e  2 .  T h e  f ir s t -o r d e r  r a t e  c o n s t a n t  w a s  f o u n d  

t o  b e  o n ly  s l i g h t ly  d e p e n d e n t  o n  t h e  a d d it io n  o f  in e r t  

g a s e s  t o  t h e  s y s t e m , a n d  e q u a l ly  s o  f o r  a r g o n , C O ,  a n d  

C 0 2. F o r  e x a m p le , a  p r e s s u r e  o f  4 8  c m . o f  in it ia l ly  

a d d e d  C 0 2 r e d u c e d  t h e  r a t e  c o n s t a n t  f r o m  t h e  in vacuo 
v a lu e  o f  5 .0  X  1 0 - 2  m i n . - 1  a t  4 0 0 °  t o  3 .5  X  1 0 - 2 m i n . - 1 .

TIME, MIN.

Figure 2. Typical first-order kinetic plot 
for the complex decomposition.

I03T~'
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I03T -
Figure 3. Temperature dependence of the induction 
period, iu,d, and the rate constant, fei, for the 
decomposition of anhydrous K 3Cr( 0204)3.

B o t h  t h e  in d u c t io n  p e r io d  a n d  t h e  d e c o m p o s it io n  r a te  

c o n s t a n t  a re  s t r o n g ly  te m p e r a t u r e  d e p e n d e n t  (se e  

F ig u r e  3 ) .  T h e  in d u c t io n  p e r io d  h a s  a n  A r r h e n iu s  

a c t iv a t io n  e n e r g y  o f  5 9  k c a l . /m o l e .  T h e  E y r i n g -  

P o la n y i  a c t iv a t io n  p a r a m e te r s  f o r  t h e  d e c o m p o s it io n

V o lu m e  69 ,  N u m b er  12  D ecem b er  1966
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Table II

Species CO COa K2C2O4

C13 atom %  excess“ —15 ±  1 8 ±  1  5 ± 1
(X105)

“ As compared to a standard C02 sample with a carbon-13 
atom percentage of 1.113.

r e a c t io n  a re  AHi* =  3 4  k c a l . /m o l e  a n d  A & i*  =  — 2 1  

e .u .

T h e  isotope effect study c o n s is te d  o f  d e t e r m in in g  t h e  

c a r b o n -1 2 -c a r b o n -1 3  r a t io s  in  e a c h  o f  t h e  c a r b o n -c o n 

t a in in g  p r o d u c ts  o f  r e a c t io n  1 . T h e  a v e r a g e s  o f  th r e e  

in d e p e n d e n t  s e ts  o f  d a t a , t a k e n  f r o m  e x p e r im e n ts  in  

w h ic h  t h e  c o m p le x  o x a la t e  w a s  5 0 %  d e c o m p o s e d ,  

a r e  s h o w n  in  T a b le  I I .  I t  m u s t  in  lo g ic  b e  a s s u m e d  

t h a t  e a c h  p a ir  o f  C O  a n d  C 0 2 m o le c u le s  p r o d u c e d  in  

r e a c t io n  1  o r ig in a te s  f r o m  a  s in g le  C 20 4 u n it . T h e s e  

u n it s  m u s t  th e r e fo r e , o n  t h e  a v e r a g e , h a v e  a n  is o to p ic  

c o m p o s it io n  o f  a b o u t  — 4  X  1 0  ~5 a t o m  %  e x c e ss  o f  

c a r b o n -1 3 , w h ic h  c o m e s  c lo se  t o  b a la n c in g  o u t 10 t h e  

o b s e r v e d  5  X  1 0  ~ 6 v a lu e  f o r  t h e  u n d is s o c ia t e d  C 2O 4 

u n it s  a p p e a r in g  in  t h e  K 2C 2O 4. I t  s e e m s  lik e ly  t h a t  

t h e  in it ia l  s te p  o f  t h e  r e a c t io n  w h ic h  p r o d u c e s  t h e  

o x id e s  o f  c a r b o n  is  o x y g e n -c a r b o n  b o n d  c le a v a g e , w it h  

t h e  O - C 12 b o n d  fa v o r e d  o v e r  t h e  O - C 13 in  t h e  c o n 

v e n t i o n a l  m a n n e r .11 S u c c e e d in g  s te p s  t h e n  p r o d u c e  

C O  a n d  C 0 2, w it h  t h e  C O  a lw a y s  o r ig in a t in g  f r o m  th e  

e n d  o f  t h e  o x a la t e  g r o u p  w h ic h  w a s  t h e  s ite  o f  t h e  in it ia l

O - C  b o n d  c le a v a g e .

T h e  t o t a l  m e c h a n is m  o f  t h e  t r is o x a la t o  c o m p le x  io n  

d e c o m p o s it io n  is  m o r e  d iff ic u lt  t o  v is u a liz e . T h e r e  

a r e  t w o  d is t in c t  p o s s ib i lit ie s  w h ic h  le a d  t o  t h e  o b s e r v e d  

p r o d u c t  d is tr ib u t io n . O n e  c o m p r is e s  c h r o m i u m -o x y 

g e n  b o n d  b r e a k a g e 12 a t  o n e  e n d  o f  a  c h e la t e d  o x a la t e  

g r o u p , f o l lo w e d  b y  re le a s e  o f  t h e  c a r b o n  o x id e s  a n d  re 

a r r a n g e m e n t  o f  t h e  a m o r p h o u s  o x a la t e  io n -c h r o m i c  

o x i d e -p o t a s s i u m  io n  r e s id u e  in t o  c r y s t a l lin e  K 2C 2O 4 

a n d  s u b c r y s t a l l in e  C r 20 3. S u c h  a  m e c h a n is m  is  s u p 

p o r t e d  b y  d a t a  o n  t h e  a q u a t io n  o f  C r ( C 20 '4) 33 -  io n  in  

a c id ic  s o lu t io n . 13 S in c e  t h e  r e a c t io n  t a k e s  p la c e  in  

a q u e o u s  m e d iu m , th e  c o o r d in a t io n  p o s it io n s  r e v e r s ib ly  

v a c a t e d  b y  o n e -e n d e d  d is s o c ia t io n  o f  o x a la t e  g r o u p s  

a r e  i m m e d ia t e ly  r e -o c c u p ie d  b y  w a te r  m o le c u le s .  

T h i s  p r e s e r v e s  o c ta h e d r a l  s y m m e t r y  in  t h e  a c t iv a t e d  

s t a t e  f o r  c o m p le t e  re le a s e  o f  o x a la t e  io n , th u s  c a u s in g  

l i t t le  c h a n g e  in  t h e  c r y s t a l  f ie ld  s t a b i l iz a t io n  e n e r g y ,  

s in c e  w a te r  a n d  o x a la t e  h a v e  v e r y  n e a r ly  id e n t ic a l  

c r y s t a l  f ie ld  s tr e n g th s . I n  t h e  s o l id -s t a t e  d e c o m p o s i 

t i o n  r e a c t io n , h o w e v e r , a  s q u a r e -p y r a m id a l  a c t iv a t e d  

s t a t e  is  a lm o s t  a  n e c e s s ity , r e s u lt in g  in  a  lo s s  o f  c r y s t a l

f ie ld  s t a b i l iz a t io n  e n e r g y  o f  a b o u t  1 0  k c a l . /m o l e . 14 

I t  is  in t e r e s t in g  t h a t  t h e  a c t iv a t io n  e n t h a lp y  o f  t h e  

t h e r m a l  d e c o m p o s it io n  d o e s  e x c e e d  t h a t  o f  a q u a t i o n  

b y  a b o u t  th is  a m o u n t  ( 3 4  k c a l . /m o l e  a s  c o m p a r e d  

t o  2 3  k c a l . /m o l e ) .

S in c e  i t  a p p e a r s  p o s s ib le  t h a t  o x a la t e  io n s  a re  re 

le a s e d  in t a c t  f r o m  t h e  d e c o m p o s in g  t r is o x a la t o -  

c h r o m i u m ( I I I )  c o m p le x , a  m e c h a n is m  c a n  b e  s u g g e s te d  

f o r  t h e  t h e r m o ly s is  in  p u r e ly  io n ic  t e r m s . I t  c a n  b e  

v is u a liz e d  t h a t  h a l f  o f  t h e  o x a la t e  io n s , o n  r e le a s e  f r o m  

t h e  c o m p le x , b r e a k  u p  b y  a n  i o n -r a d i c a l  m e c h a n is m  

t o  y i e ld  C O , C 0 2, a n d  O 2 -  io n s , w h ile  t h e  r e m a in d e r  

p a ir  u p  w it h  K +  io n s  t o  y i e ld  c r y s t a l lin e  K 2C 2O 4. 

“ F r e e ”  o x a la t e  io n s  w it h  t h e  t w o  e le c tr o n ic  c h a r g e s  

d iv id e d  e q u a l ly  b e t w e e n  t h e  f o u r  o x y g e n s  w o u ld  h a v e  

a  c a r b o n -c a r b o n  b o n d  e n e r g y  o f  le ss  t h a n  1 0  k c a l . /  

m o le . 15 T h i s  is  m u c h  s m a lle r  t h a n  t h e  m i n i m u m  d e 

c o m p o s it io n  e n t h a lp y  d e fin e d  b y  t h e  o b s e r v e d  e n t h a lp y  

o f  a c t iv a t io n  ( 3 4  k c a l . /m o l e ) ,  s o  i t  is  o b v io u s  t h a t  

t h e  p o s it iv e  io n s  m u s t  p la y  a  c r it ic a l  r o le  in  s t a b i l iz in g  

t h e  o x a la t e  io n s  w h ic h  s u r v iv e  a s  K 2C 20 4.

(D). The catalyzed potassium oxalate decomposition, 
s y m b o liz e d  b y  r e a c t io n s  2  a n d  3 , w a s  s t u d ie d  b y  u s in g  

s a m p le s  o f  t r is o x a la t o  c o m p le x  w h ic h  h a d  b e e n  h e a te d  

u n t i l  a l l  c o m p le x e d  o x a la t e  w a s  d e c o m p o s e d  a c c o r d in g  

t o  r e a c t io n  1 (i.e., n o  m o r e  C 0 2 w a s  b e in g  e v o lv e d ) .  

T h e n  r e a c t io n  2  w a s  f o l lo w e d  b y  o b s e r v in g  K 2C 20 4  

d e c o m p o s it io n  (d e te r m in e d  b y  p e r m a n g a n a t e  t i t r a 

t io n )  a n d  r e a c t io n  3  b y  m a n o m e t r y  o f  c a r b o n  m o n o x id e  

e v o lv e d . T h e  d a t a  w e r e  t r e a te d  o n  t h e  b a s is  o f  s u c 

c e s s iv e  f ir s t -o r d e r  r e a c t io n s . T h e  E y r i n g - P o l a n y i  a c t i 

v a t i o n  p a r a m e te r s  fo r  th e  tw o  p r o c e s s e s , o b t a i n e d  f r o m

(10) The carbon-13 balance should be reckoned as follows, assuming 
no isotopic discrimination in the residual complex

2 AC13k2C20< +  ACl3co +  AC13co2 =  0

The actual summation gives 3 (± 2 ) X 10~6 atom % excess, which is 
not quite zero. The discrepancy may result from the assumption 
made concerning the residual complex isotopic composition.
(11) The expected isotope effect would be of the order of magnitude 
of 2% (see L. C. Melander, “ Isotope Effects on Reaction Rates,” 
Ronald Press Co., New York, N. Y., 1960). The apparent value in 
the present study is (AC13co2 — ACI8co)/C18„tandard = 2 .1 %.
(12) There is no direct evidence for this type of mechanism in the 
case of chromium(III)-carboxylic chelates. However, studies of the 
acid hydrolysis of chelated carbonate in Co(NH3)iCC>3+ ion clearly 
support the concept of metal-oxygen bond opening in the dechelation 
step prior to CO2 liberation (see F. A. Posey and H. Taube, J. Am. 
Ckem. Soc., 75, 4099 (1953)).
(13) K. V. Krishnamurty and G. M. Harris, J. Phys. Chem., 64, 
346 (1960); H. Helm and G. M. Harris, to be published.
(14) F. Basolo and R. G. Pearson, “ Mechanisms of Inorganic 
Reactions,” John Wiley and Sons, Inc., New York, N. Y., 1958, p. 
108 ff.
(15) This estimate is based on a simple electrostatic repulsion calcula
tion, assuming a charge separation of 5 A. (a reasonable maximum, 
since the diagonal 0 - 0  distance in oxalate ions is less than 4 A .)  
and a “normal” carbon-carbon bond energy of 80 kcal./mole.
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Figure 4. Temperature dependence of the rate constant 
for K 2C2O4 disappearance, fe, and for CO2 evolution, kx, 
during Cr20»-catalyzed K2C2O4 decomposition.

t e m p e r a t u r e  d e p e n d e n c e  d a t a  (se e  F ig u r e  4 ) ,  a r e  

A H2* =  3 5  k c a l . /m o l e ,  A S2* =  — 2 5  e .u . ,  A Hz* — 
4 6  k c a L /m o l e ,  a n d  A>S3*  =  —  9  e .u .

T h e  e ffe c t  o f  C 0 2 p r e s s u r e  o n  r e a c t io n  2  a t  4 2 0 °  

w a s  s tu d ie d , y ie ld in g  t h e  r e s u lts

Pco2, cm. 0.0 2.6 6.0 20.0
102*2, min.-1 4.3 3.0 1.7 1.2

A n  in h ib it io n  is  s e e n  t o  o c c u r  w h ic h  is  in t e r p r e t e d  

in  te r m s  o f  s u c c e s s iv e ly  g r e a te r  c o n t a m in a t io n  o f  t h e  

a c t iv e  C r 20 3 s u r fa c e  b y  a d s o r b e d  C 0 2 a s  t h e  p r e s s u r e  

o f  t h e  la t t e r  is  in c r e a s e d . T h i s  in t e r p r e t a t io n  is  s u p 

p o r te d  b y  t r e a t m e n t  o f  t h e  d a t a  o n  t h e  b a s is  o f  t h e  

L a n g m u ir  is o th e r m , w h ic h  le a d s  t o  a  r a t e  e x p r e s s io n  

o f  t h e  f o r m 16

p/Qc 0 —  k) =  a/k 0 +  p/k0 ( 5 )

I n  t h is  e q u a t io n , p is  t h e  p r e s s u r e  o f  C 0 2, k0 = k2 =  
r a t e  c o n s t a n t  o f  r e a c t io n  in vacuo (a s  r e g u la r ly  d e 

te r m in e d  a b o v e ) ,  a n d  k is  t h e  r a t e  c o n s t a n t  o f  th e  

in h ib it e d  r e a c t io n . F ig u r e  5  s h o w s  t h e  a p p lic a t io n  o f  

th is  r e la t io n  t o  t h e  d a t a  g iv e n . I t  is  s e e n  t o  b e  a  v e r y  

s a t is fa c t o r y  c o n fir m a t io n  o f  t h e  c o n c e p t , s in c e  t h e  o b 

s e r v e d  s lo p e  o f  t h e  c u r v e  ( 2 6  m i n .)  is  v e r y  c lo s e  t o  t h e  

e x p e c te d  v a lu e  o f  l / f c 2 =  2 3  m in .

T h e  n a t u r e  o f  t h e  c a t a ly s is  in  th is  p r o c e s s  w a s  e x 

a m in e d  b y  a n o th e r  p r o c e d u r e . H a n d -m i x e d  s a m p le s  

o f  f in e ly  d iv id e d  C r 20 3 a n d  K 2C 20 <  w e r e  p r e p a r e d  b y

Figure 5. Dependence of K2C20 4  decomposition rate 
(catalyzed by Cr2Oi) on external gas pressure.

TIME. MIN.

TIME, MIN.

Figure 6. Kinetic plots for decomposition of 
a hand mixture of K 2C2O4 and CtaOi.

th o r o u g h  g r in d in g  w it h  m o r t a r  a n d  p e s t le . T h e  

p r o g r e s s  o f  t h e  r e a c t io n  o f  t h is  m a t e r ia l , d e t e r m in e d  

a t  4 5 0 °  b y  t h e  u s u a l  o x a la t e  d e c o m p o s i t io n  p r o c e d u r e ,  

is  i l lu s tr a te d  in  F ig u r e  6 . I t  is  n o t e d  t h a t  t h e  c a t a ly z e d  

r e a c t io n  is  in c o m p le t e  (c u r v e  A ) ,  b u t  t h a t  t h e  in it ia l  

r a p id  p r o c e s s  is  fir s t  o r d e r  ( c u r v e  B ) ,  w i t h  a  h a lf 

t im e  o f  5 .7  m in . T h e  c o r r e s p o n d in g  r a t e  c o n s t a n t  is

(16) The Langmuir isotherm is usually written (1 — 9) = a/(a +  p), 
where 9 is the fraction of surface covered, a is a constant determined 
by the relative rates of adsorption and desorption, and p is the 
pressure of the gas being adsorbed. If it is assumed that the rate 
constant of reaction on the surface, fc, is proportional to the fraction 
of surface available, then k = feo(l — 9), where fco is the maximum 
rate constant, achieved in vacuo. Substituting for (1 — 9) and re
arranging, one derives eq. 6 .
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+ C032“

Figure 7. Mechanisms of reaction.

0 .1 2  m i n . - 1 , id e n t ic a l  w it h  t h e  fc2 v a lu e  a t  th is  t e m p e r a 

t u r e  f o r  C r 20 3- K 2C 20 4 m ix tu r e s  p r e p a r e d  in situ b y  

K 3C r ( C 20 4 )3  d e c o m p o s it io n . T h e  o n ly  d iffe r e n c e  is  

t h e  la c k  o f  c o m p le te n e s s  o f  t h e  r e a c t io n  o f  t h e  h a n d 

m a d e  m ix tu r e , u n d o u b t e d ly  b e c a u s e  o f  t h e  im p o s 

s ib i l i t y  o f  a c h ie v in g  t o t a l l y  in t im a t e  c o n t a c t  b e tw e e n  

C r 20 3 s u r fa c e s  a n d  C 20 42 -  io n s  b y  th is  p r o c e d u r e . T h e  

in situ m a t e r ia l , h o w e v e r , d e c o m p o s e s  c o m p le t e ly  b y  

t h e  c a t a ly z e d  m e c h a n is m , s in c e  h e r e  t o t a l  m ix in g  h a s  

b e e n  a c h ie v e d  b y  t h e  p r e p a r a t io n  p r o c e d u r e , a s  s h o w n  

b y  t h e  e x t r e m e ly  h ig h  s t a t e  o f  s u b d iv is io n  o f  t h e  m a 

t e r i a l .17 G o o d  f ir s t -o r d e r  k in e t ic s  a r e  th u s  o b s e r v e d  

o v e r  s e v e r a l  h a l f - t i m e s  o f  r e a c t io n  o f  t h e  in situ p r e p a 

r a t io n s .

T h e  e ffe c t iv e n e s s  o f  s o m e  o t h e r  s u b s t a n c e s  a s  c a ta 

l y s t s  f o r  K 2C 20 4 t h e r m a l  d e c o m p o s it io n  w a s  a lso  

s t u d ie d  b y  u s e  o f  t h e  h a n d -m a d e  m ix t u r e  t e c h n iq u e .  

T h e  r e s u lts  o f  t h e  e x p e r im e n ts , a ll  p e r fo r m e d  a t  4 5 0 ° ,  

w e r e

Catalyst CtoOs ZnO AI2O3 Graphite None18 19 20
Rate con- 0.12 2.1 X 10"2 8.7 X 10 “ • 6.9 X 10~4 1 . 7 X 1 0 " *

stant, 
min._1

T h e  m e t a l  o x id e s  a r e  a l l  n o t a b ly  b e t t e r  c a t a ly s t s  t h a n  

g r a p h it e . T h i s  s u p p o r t s  o u r  c o n c e p t  o f  a  m e t a l -  

c a r b o n a t o  s u r fa c e  c o m p le x  in t e r m e d ia te , f o r m e d  b y  

a d d it io n  o f  C 0 2~  r a d ic a ls  t o  t h e  e le c t r o n -a c c e p t in g  

m e t a l  o x id e  s u r fa c e s  a t  e x p o s e d  o x y g e n  s ite s . A ls o ,  

t h e  c a t a ly t ic  a c t i v i t y  o f  t h e  th r e e  o x id e s  fa lls  in t o  a n  

o r d e r  s im ila r  t o  th e ir  n - t y p e  c h a r a c te r  o r d e r  o f  Z n O  >  

C r 20 3 >  A 1 20 3. G r a p h it e  c a n  a c t  a s  a n  e le c tr o n  a c 

c e p to r , b u t  c a n  h o ld  t h e  C 0 2 o n ly  a s  a d s o r b e d  g a s , n o t  

a s  a  c a r b o n a t o  c o m p le x  s p e c ie s , a n d  s o  is  le ss  e ffe c t iv e  

b y  o n e  o r d e r  o f  m a g n it u d e .

O n e  c a n  v is u a liz e  t h e  c o m p le t io n  o f  t h e  c a ta ly s is  

p r o c e s s  in  e ith e r  o f  t w o  w a y s , b o t h  o f  w h ic h  a s s u m e  

in it ia l  s p li t t in g  o f  C 20 42~  io n  in t o  C 0 2~  r a d ic a l  io n s , 

w it h  s im u lt a n e o u s  a t t a c h m e n t  o f  t h e  la t t e r  a s  c a r b o n a t o

g r o u p s  o n  a d ja c e n t  s u r fa c e  o x y g e n  s ite s . I n  o n e  

m e c h a n is m , C 0 32 -  a n d  C O  a re  l ib e r a te d  b y  s im p le  e x 

c h a n g e  o f  o x y g e n  b e t w e e n  t h e  r a d ic a ls  ( F ig u r e  7 a ) .  

I n  t h e  o t h e r , a n  o x id e  v a c a n c y  m u s t  b e  t e m p o r a r i ly  

f o r m e d  in  t h e  m e t a l  o x id e  s u r fa c e  (F ig u r e  7 b ) . A  c h o ic e  

b e t w e e n  th e s e  m e c h a n is m s  m ig h t  b e  p o s s ib le  b y  m e a n s  

o f  e x p e r im e n ts  w it h  o x y g e n -1 8 - la b e le d  o x a la t e , t h o u g h  

o t h e r  p a t h s  o f  o x y g e n  e x c h a n g e  m i g h t  o b s c u r e  t h e  

r e s u lt .

C a r b o n a t o  s u r fa c e  c o m p le x e s  h a v e  b e e n  p r o p o s e d  

b e fo r e , in  c o n n e c t io n  w it h  t h e  o x id a t io n  o f  C O  t o  C 0 2 

o n  m e t a l  o x id e  s u r fa c e s ,19 in c lu d in g  s o m e  s u p p o r t in g  

in fr a r e d  d a t a .20 H o w e v e r , C o u r t o is  a n d  T e i c h n e r 21 

d o  n o t  c o n c u r  in  t h e  c a r b o n a t o  c o m p le x  c o n c e p t  f o r  t h e  

C O  +  0 2 r e a c t io n  o n  n ic k e l  o x id e  c a t a ly s t .  T h e y  m a y  

w e ll  b e  c o r r e c t  in  re fe r e n c e  t o  c a r b o n  d io x id e  a d s o r p 

t io n , s in c e  i t  h a s  l in e a r  g e o m e t r y . H o w e v e r ,  t h e  C 0 2~  

r a d ic a l  io n  o f  o u r  c o n c e p t  s a t is fie s  t h e  g e o m e t r ic a l  

r e q u ir e m e n ts  m u c h  b e t t e r , s in c e  i t  h a s  t h e  s a m e  C 2v 

p o in t  s y m m e t r y  a s  a  c a r b o n a t e  g r o u p .22 23 A ls o ,  t h e  

e x c e s s  e le c tr o n  s h o u ld  p r o m o t e  s t r o n g  b o n d  f o r m a t i o n  

w it h  s u r fa c e  o x y g e n .

F i n a l ly ,  s o m e  c o m m e n t  s h o u ld  b e  m a d e  c o n c e r n in g  

t h e  s ig n ific a n c e  o f  t h e  f ir s t -o r d e r  k in e t ic s  o b s e r v e d  in  

a ll  th r e e  r e a c t io n s  s tu d ie d . U s u a l ly ,  t h i s  t y p e  o f  

s o l id -s t a t e  k in e t ic s  is  a s s o c ia te d  w it h  r a n d o m  n u c le a t io n  

b y  s in g le -m o le c u le  d e c o m p o s it io n  a s  t h e  r a t e -c o n t r o l l in g  

p r o c e s s .28 T h is  is  f u l l y  c o n s is te n t  w it h  o u r  id e n tif ic a 

t i o n  o f  t h e  r a t e -c o n t r o l l in g  s te p s  in  a l l  t h r e e  r e a c t io n s  

a s  in t r a m o le c u la r  p r o c e s s e s  in v o lv in g  o n l y  o n e  io n ic  

s p e c ie s  a t  a  t im e , fo l lo w in g  a n  e q u i l ib r a t io n  p e r io d  o f  

b u ild u p  o f  d e c o m p o s it io n  n u c le i . T h e  la t t e r  p r o c e s s  

a c c o u n ts  fo r  t h e  s h o r t  in h ib it io n  t i m e  o b s e r v e d  in  

t h e  s t u d y  o f  r e a c t io n  1 .
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I n fr a r e d  a b s o r p t io n  s p e c tr a , d e r iv e d  f r o m  r e f le c t iv it y  m e a s u r e m e n t s , o v e r  t h e  r a n g e  4 0 0 0  

t o  2 0 0  c m . - 1  f o r  h y d r o ly z e d  m e l t s  o f  T a  ( V )  in  K F - L i F  h a v e  b e e n  s t u d ie d . A  b a n d  c h a r a c 

te r is t ic  o f  a  t a n t a lu m -o x y g e n  m u lt ip le  b o n d  is  f o u n d  a t  9 0 0  c m . - 1 , t h e  i n t e n s i t y  o f  w h ic h  

is  s t o ic h io m e t r ic a l ly  r e la t e d  t o  t h e  a m o u n t  o f  w a te r  r e a c te d  w it h  t h e  m e lt .  O n  t h e  b a s is  

o f  th e s e  r e s u lts  a n d  s p e c tr o s c o p ic  a n d  X - r a y  d iffr a c t io n  s tu d ie s  o f  t h e  s o lid if ie d  m e lt s ,  t h e  

T a O F e 8 -  a n io n  is  p r e s u m e d  t o  b e  t h e  s t a b le  s p e c ie s  in  th e s e  m o lt e n  s o lu t io n s .

Introduction
A  p r e v io u s  p a p e r 1 d is c u s s e d  t h e  c o m p le x  a n io n ic  

s p e c ie s  p r e s e n t  in  a lk a li  f lu o r id e  m e lt s  c o n ta in in g  

t a n t a lu m  flu o r id e . I n  t h e  K F - L i F  s o lv e n t , t h e  T a F 72 _  

s p e c ie s  w a s  f o u n d  b y  in fr a r e d  r e f le c t io n  s p e c tr o s c o p ic  

te c h n iq u e s  t o  b e  t h e  p r e d o m in a n t  o n e  o v e r  a  r a n g e  o f  

c o n c e n tr a t io n s  a n d  te m p e r a t u r e s .

T h e  p r e s e n t  in v e s t ig a t io n  is  a n  e x te n s io n  o f  th is  w o r k  

t o  s y s t e m s  in  w h ic h  w a t e r  is  a d d e d  t o  s t u d y  t h e  h y 

d r o ly s is  r e a c t io n s  w h ic h  t a k e  p la c e  in  m o lt e n  flu o r id e s  

a n d  t o  d e t e r m in e  w h a t  s p e c ie s  a r e  t h e  s t a b le  p r o d u c t s  

in  s u c h  m e lts .

Experimental Section
T h e  in fr a r e d  r e f le c ta n c e  m e a s u r e m e n t s , r e d u c t io n  o f  

d a t a , a n d  t h e  p r e p a r a t io n  o f  a n h y d r o u s  m e lt s  w ere  

c a r r ie d  o u t  a s  p r e v io u s ly  d e s c r ib e d .1

Q u a l i t a t iv e  h y d r o ly s is  e x p e r im e n ts  w e r e  c o n d u c te d  

b y  a d d in g  1 o r  2  d r o p s  o f  w a te r  t o  t h e  c o o le d  s o lid  a t  

r o o m  t e m p e r a t u r e . T h e  w e t  s a m p le  w a s  tr a n s fe r r e d  

t o  a n  e n c lo s e d  f u r n a c e  a s s e m b ly , p r o v id e d  w it h  a n  

a r g o n  f lo w , a n d  w a s  h e a t e d  t o  j u s t  a b o v e  t h e  m e l t in g  

p o in t  ( ~ 7 2 0 ° ) .  A f t e r  h o ld in g  i t  a t  th is  t e m p e r a t u r e  

f o r  1 h r . ,  o r  s o , i t  w a s  c o o le d  a n d  tr a n s fe r r e d  t o  t h e  

s p e c tr o s c o p ic  a s s e m b ly  w h e r e  t h e  in fr a r e d  r e fle c ta n c e  

s p e c t r u m  o f  t h e  m e l t  a t  7 2 0 °  w a s  d e t e r m in e d .

Q u a n t i t a t i v e  e x p e r im e n ts  w e r e  p e r fo r m e d  b y  m a in 

ta in in g  t h e  a n h y d r o u s  m e l t  in  t h e  c lo s e d -fu r n a c e  a s 

s e m b ly  p r o v id e d  w it h  a n  a r g o n  f lo w . T h r o u g h  a  

n ic k e l  t u b e  p la c e d  a b o u t  0 .6 4  c m . a b o v e  t h e  m e l t

s u r fa c e , a r g o n , s a t u r a te d  w it h  w a t e r  v a p o r  a t  2 5 ° ,  

w a s  p a s s e d  in  a t  a  r a te  o f  6 1 .2  l . / h r .  ( ~ 0 . 0 7 8  m o le  o f  

H 20 / h r . )  f o r  v a r io u s  t im e  p e r io d s . A t  th e  e n d  o f  e a c h  

p e r io d  th e  w e t  s t r e a m  w a s  c lo s e d  o f f  a n d  t h e  te m p e r a 

tu r e  m a in ta in e d  f o r  1 h r .,  o r  s o , t o  d r iv e  o f f  t h e  h y d r o 

g e n  f lu o r id e . I t  w a s  th e n  c o o le d , a n d  t h e  r e fle c ta n c e  

s p e c tr u m  o f  th e  m e l t  a t  7 2 0 °  w a s  o b t a in e d . F u r t h e r  

h y d r o ly s is  w a s  c a r r ie d  o u t  t h e  s a m e  w a y .

C h e m ic a l  a n a ly s e s  w e r e  c a r r ie d  o u t  o n  t h e  s a m p le s  

f o llo w in g  g r in d in g  in  a  d r y b o x  a n d  d r y in g  o v e r n ig h t  

a t  1 1 0 ° .  T h e  p y r o h y d r o ly s is  m e t h o d  w a s  u s e d  fo r  

f lu o r in e , t h e  g r a v im e tr ic  c u p fe r r o n  m e t h o d  f o r  t a n t a 

lu m , a n d  f la m e  p h o t o m e t r y  f o r  l i t h iu m , p o t a s s iu m , a n d  

n ic k e l. T h e  in e r t  g a s  fu s io n  m e t h o d  (u s in g  L a b o r a t o r y  

E q u i p m e n t  C o r p . a p p a r a t u s )  w a s  u s e d  fo r  o x y g e n  w h ic h  

a lw a y s  g iv e s  h ig h  r e s u lts  f o r  th e s e  s a m p le s  a n d  is  n o t  t o o  

re lia b le .

Results and Discussion
F ig u r e  1 s h o w s  t h e  in fr a r e d  a b s o r p t io n  s p e c tr u m  

f r o m  1 0 0 0  t o  2 0 0  c m r 1 o f  a  h y d r o ly z e d  m e l t  w it h  a n  

in it ia l c o m p o s it io n  o f  9  m o le  %  T a F 5 in  K F - L i F .  

N o t h i n g  o f  in t e r e s t  w a s  o b s e r v e d  in  t h e  4 0 0 0 -  t o  1 0 0 0 -  

c m . ' 1 r e g io n . I n  p a r t ic u la r , t h e  h y d r o x y l  O H  s tr e t c h 

in g  b a n d  in  t h e  3 5 0 0 -  t o  3 7 0 0 - c m ._ 1  r e g io n  w a s  n o t  

o b s e r v e d . T h i s  s p e c t r u m  c lo s e ly  re se m b le :?  t h a t  o f  t h e

(1) J. S. Fordyce and R. L. Banm, submitted to J. Chem. Phys 
see J. Electrochem. Soc., 112, 82C (1965), and Extended Abstracts 
of Electrothermics and Metallurgy Division, Vol. 3, Electrochemical 
Society, New York, N. Y., 1965, p. 135.
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Figure 1. Infrared spectra of melts: hydrolyzed Ta(V) in 
KF-LiF,--------- ; K F -L iF ,............

Figure 2. Infrared spectrum (KBr disk) of solidified, 
hydrolyzed Ta(V) in KF-LiF.

a n h y d r o u s  m e l t  w it h  t h e  e x c e p t io n  o f  t h e  b a n d  a t  9 0 0  

c m . - 1 . C h e m ic a l  a n a ly s is  o f  t h i s  s y s t e m  g a v e  a  c o m 

p o s i t io n : T a ,  2 2 . 1 ;  K ,  2 9 . 2 ;  L i ,  6 . 1 ;  N i ,  0 . 9 3 ;  F ,  

4 0 . 1 ;  a n d  0 , 4 . 8 % .  T h e  n ic k e l  a n a ly s is  w a s  p e r fo r m e d  

b e c a u s e  in  th e s e  h y d r o ly s is  e x p e r im e n ts  s l ig h t  a t t a c k  

o n  t h e  n ic k e l  c r u c ib le  w a s  e x p e r ie n c e d . T h e  X - r a y  

d iffr a c t io n  p o w d e r  p a t t e r n  o f  t h e  s o lid  s h o w e d  th e  

p r e s e n c e  o f  a  f a c e -c e n t e r e d -c u b ic  m a t e r ia l  w it h  a  c e ll  

e d g e  o f  8 .8 7  A .  T h i s  c e ll  d im e n s io n  a n d  t h e  lin e  in 

te n s it ie s  a re  in  g o o d  a g r e e m e n t  w it h  t h e  p a t t e r n  f o r  

K 3T a O F 6 g i v e n  in  t h e  l i t e r a t u r e 2 (a0 =  8 .9 0  A . ) .  T h e  

r e m a in in g  l in e s  c o u ld  b e  a s s ig n e d  t o  K F  a n d  L i F ,  a n d  

t h e  f e w  o t h e r  w e a k  o n e s , t o  K 2T a F 7. T h e  a n a ly t i c a l  

r e s u lts  c a n  b e  e x p la in e d  o n  th e  b a s is  o f  a  m ix t u r e :  

K 2T a F 7, 1 8 .6 2 ;  K 3T a O F 6, 3 1 .9 5 ;  L i F ,  2 2 . 8 0 ;  K F ,  

2 4 .9 5 ;  a n d  N i F 2, 1 .5 3 .  T h e r e fo r e , t h e  m e l t  s p e c t r u m  

is  f o r  a  m ix tu r e  o f  h y d r o ly z e d  a n d  u n h y d r o ly z e d  m a 

te r ia l.

T h e  in fr a r e d  a b s o r p t io n  s p e c t r u m  o f  t h e  s o l id  in  a  

K B r  d is k  is  s h o w n  in  F ig u r e  2 . T h e  s t r o n g  b a n d  a t  

8 8 8  c m . - 1  is  a p p a r e n t . T h e  lo w -f r e q u e n c y  r e g io n  

is  c h a r a c te r is t ic  o f  K 2T a F 7, 1 e x c e p t  t h a t  t h e  5 3 5 - c m . - 1  

b a n d  o f  t h a t  c o m p o u n d  is  s u p e r im p o s e d  o n  a  b a n d  

p e a k e d  a t  4 7 5  c m . - 1 . I n  m u l ls , a l l  o f  t h e  b a n d s  a b o v e  

1 0 0 0  c m . - 1  w e r e  v e r y  w e a k  a n d  a p p e a r e d  a t  d iffe r e n t  

fr e q u e n c ie s . I n  v i e w  o f  th e s e  d iff ic u lt ie s , t h i s  s p e c t r u m  

w ill  n o t  b e  in t e r p r e t e d  in  d e t a i l .

T h e  a p p e a r a n c e  o f  a  b a n d  in  t h e  9 0 0 -  t o  1 1 0 0 - c m . - 1  

r e g io n  is  a  c le a r  in d ic a t io n  o f  a  m e t a l - o x y g e n  b o n d  o f  

m u lt ip le  c h a r a c te r  a s  s e v e r a l  a u t h o r s  h a v e  p o in t e d  

o u t , p a r t ic u la r ly  K h a r i t o n o v  a n d  B u s l a e v ,3 w h o  s tu d ie d  

a  se rie s  o f  o x y f lu o r id e s  o f  m e t a ls  in  g r o u p s  I V  a n d  V  o f  

t h e  p e r io d ic  t a b le . F ie ld  a n d  H a r d y 4 g iv e  9 2 2  c m . - 1  

f o r  th e  N b = = 0  s tr e t c h  in  K 3N b O F 6 a n d  9 2 7  c m . - 1  

in  K 2N b 0 F B- H 20 .  U n f o r t u n a t e ly ,  n o  d a t a  f o r  t h e  

T a = 0  s tr e t c h  in  s im ila r  c o m p o u n d s  h a v e  b e e n  re 

p o r t e d ;  i t  s h o u ld  lie  v e r y  c lo s e  t o  b u t  s l ig h t ly  lo w e r  

t h a n  t h e  f r e q u e n c y  fo r  t h e  n io b iu m  c a se . T h i s  is  c o n 

s is t e n t  w it h  t h e  p r e s e n t  f in d in g s , i.e., 9 0 0  c m . - 1  in  t h e  

m e lt  ( 8 8 8  c m . - 1  in  t h e  s o l id ) . O n  t h e  b a s is  o f  t h e s e  

r e s u lts , i t  c a n  b e  c o n c lu d e d  t h a t  a n  o x y f lu o r o  a n io n  

o f  t a n t a lu m  is  t h e  s ta b le  h y d r o ly s is  p r o d u c t  in  th e s e  

m e lt s . I n  v i e w  o f  t h e  e x c e s s  f lu o r id e  p r e s e n t  a n d  t h e  

id e n t i t y  o f  t h e  c o m p o u n d  in  t h e  s o l id , i t  is  m o s t  l ik e ly  

t h a t  t h e  T a O F e3 -  sp e c ie s  is  p r e d o m in a n t , s h o w in g  t h a t  

s e v e n -c o o r d in a t io n  o f  t h e  t a n t a lu m  is  p r e s e r v e d . T h is  

io n  h a s  a n  o c ta h e d r a l  a r r a n g e m e n t  o f  f lu o r in e s  a r o u n d  

t h e  t a n t a lu m  w it h  t h e  o x y g e n  o f f  o n e  tr ia n g u la r  fa c e  

(p o in t  g r o u p  C 3v) 5 a n d  w o u ld  b e  e a s y  t o  f o r m  f r o m  th e  

T a F 72 -  io n  ( tr ig o n a l p r is m  w it h  o n e  f lu o r in e  a b o v e  a  

s q u a r e  fa c e )  if  t h e  tw o  f lu o r in e s  o n  t h e  a p e x  o f  th e  tr i 

g o n a l  p r is m  w e r e  m o s t  la b i le  t o  s u b s t i t u t io n  b y  o x y g e n .  

I f  o n ly  o n e  r e a c ts  w it h  w a te r , t h e  T a O F s 3“  io n  is  f o r m e d .  

I f  b o t h  r e a c t , t h e  o c ta h e d r a l  T a O F s2 -  io n  w o u ld  b e  

f o r m e d , b u t  in  t h e  p r e s e n c e  o f  e x c e s s  f lu o r id e  th is  m a y  

n o t  b e  s ta b le . T h e  T a O F 52 -  io n  w o u ld  a ls o  p o s s e s s

(2) A. E. Baker and H. M. Haendler, Inorg. Chem., 1, 127 (1962).
(3) Y. Y. Kharitonov and Y. A. Buslaev, Izv. Akad. Nauk SSSR 
Otd. Khim. Nauk, 393 (1962).
(4) B. O. Field and C. J. Hardy, Proc. Chem. Soc., 11 (1963).
(5) M. B. Williams and J. L. Hoard, J. Am. Chem. Soc., 64, 1139 
(1942).
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Figure 3. A. 900-cm.-1 band of hydrolyzed Ta(V) in 
KF-LiF melts for various times of exposure to
water-saturated argon stream: .........., 30 min. ; ----------,
60 min.; --------- , 90 min. B. 900-em._1 band
intensity plotted against the number of moles of 
water vapor passed into the melt.

a n  a b s o r p t io n  b a n d  a t  a b o u t  9 0 0  c m . - 1  a n d  th e r e fo r e  

c a n n o t  d e f in it e ly  b e  r u le d  o u t  a s  a  p o s s ib i lit y .

T h e  q u a n t i t a t iv e  h y d r o ly s is  s t u d y  w a s  u n d e r ta k e n  

t o  r e la te  t h e  i n t e n s i t y  o f  t h e  9 0 0 - e m . - 1  b a n d  t o  th e  

a m o u n t  o f  w a t e r  r e a c te d . T h e  r e f le c t io n  d a t a  w e r e  

o b t a in e d  o n ly  o v e r  t h e  r a n g e  o f  in t e r e s t  f o r  t h e  s t u d y  

o f  t h e  9 0 0 - c m . - 1  b a n d . T h e  in t e g r a t io n  w a s  c a rr ie d  

o u t  f r o m  7 6 6  t o  1 0 1 0  c m . - 1 .6 7 T h e  r a w  r e fle c t io n  

d a t a  g a v e  n e g a t iv e  v a lu e s  f o r  k b e c a u s e  a  s lo p in g  b a c k 

g r o u n d  w a s  e n c o u n te r e d . T o  o v e r c o m e  th is , t h e  b a c k 

g r o u n d  w a s  a p p r o x im a t e d  b y  a  c u r v e : R — — 1 4 . 6 / r 

+  1 .9 0 5  X  1 0 - 2 , w h ic h  w a s  s u b t r a c t e d  f r o m  t h e  o b 

s e r v e d  r e f le c ta n c e  c u r v e . T h e  o p t ic a l  c o n s t a n t s  w e r e  

d e t e r m in e d  a n d  a re  s h o w n  in  F ig u r e  3 A .  E v e n  t h o u g h  

in  o n e  c a s e  t h e  k v a lu e s  a r e  n e g a t iv e  in  t h e  b a n d  ta i ls ,  

i t  is  f e l t  t h a t  th is  p r o c e d u r e  a llo w s  a  b e t t e r  d e t e r m i

n a t io n  o f  t h e  in t e n s it y . T h e  b a n d  in t e n s i t y  (p e a k  

h e ig h t )  is  p lo t t e d  vs. t h e  n u m b e r  o f  m o le s  o f  w a t e r  

p a s s e d  o v e r  t h e  m e l t  in  F ig u r e  3 B .  T h e  l in e a r  r e la 

t io n s h ip  in d ic a te s  t h a t  t h e  9 0 0 - c m . - 1  b a n d  in t e n s it y  

a n d  t h e  c o n c e n tr a t io n  o f  t h e  T a O F 63 -  s p e c ie s  t o  w h ic h  

i t  b e lo n g s  is  s to ic h io m e tr ic  a l ly  r e la t e d  t o  t h e  n u m b e r  

o f  m o le s  o f  w a t e r  a d d e d , a n d  p r e s u m a b ly  a ll  o r  a t  le a s t  

a  c o n s t a n t  fr a c t io n  o f  t h e  w a t e r  r e a c ts  w it h  t h e  m e l t  

u n d e r  th e s e  c o n d it io n s  t o  f o r m  t h is  s p e c ie s . O n  th e  

b a s is  o f  t h e  r e a c t io n  K 2T a F 7 +  K F  +  H 20  - *  K 3T a O F 6 

+  2 H F f  a n d  t h e  a s s u m p t io n  t h a t  a ll t h e  w a t e r  r e a c te d  

in  t h is  m a n n e r , ^ 8 0 %  c o n v e r s io n  t o  t h e  o x y f lu o r id e  

is  e x p e c te d  w it h  t h e  a d d it io n  o f  0 .1 1 8  m o le  o f  w a te r .  

T h i s  is  c o n s is te n t  w it h  t h e  d iffr a c t io n  p a t t e r n  o f  t h e  

s o lid  w h ic h  s h o w e d  o n l y  K 3T a O F 6, K F ,  a n d  L i F  w ith  

a  tr a c e  o f  K 2T a F 7.

I n  o n e  e x p e r im e n t  a  la r g e  s to ic h io m e tr ic  e x c e s s  o f  

w a t e r  v a p o r  w a s  a d d e d  t o  t h e  m e lt .  X - R a y  d iffr a c 

t io n  e x a m in a t io n  o f  t h e  s o lid  a f t e r  r e a c t io n  s h o w e d  a  

p r e c ip ita t io n  o f  T a 20 5. K 3T a O F 6 w a s  h o m o g e n e o u s ly  

d is tr ib u te d  t h r o u g h o u t  w it h  t h e  K F  a n d  L i F .  T h is  

is  c o n s is te n t  w it h  t h e  in a b i l i t y  o f  K F - L i F  t o  d is s o lv e  

T a 20 5 a t  t e m p e r a t u r e s  u p  t o  8 0 0 ° .  T h i s  w a s  d e m o n 

s t r a t e d  b y  t h e  in fr a r e d  r e f le c t io n  s p e c t r u m  o f  m o lt e n  

K F - L i F  w it h  T a 20 6 p r e s e n t  a s  a  s o l id  p h a s e  w h ic h  

r e m a in e d  u n c h a n g e d  f r o m  t h e  p u r e  s o lv e n t . O n  

p r o lo n g e d  h e a t in g  a t  8 5 0 °  in  K F - L i F ,  t h e  s o lid  T a 20 6 

is  c o n v e r t e d  t o  s o lid  K T a 0 3 in  a g r e e m e n t  w it h  t h e  w o r k  

o f  P in g -h s in , et aU

Summary
T h e  s ta b le  s p e c ie s  in  h y d r o ly z e d  m o lt e n  s o lu t io n s  o f  

T a ( V )  in  K F - L i F  h a s  b e e n  s h o w n  t o  b e  t h e  T a O F 63 -  

a n io n . T h i s  s p e c ie s  is  f o r m e d  in  a  q u a n t i t a t iv e  re 

a c t io n  o f  w a t e r  w it h  t h e  T a F 72 -  a n io n . E x t e n s iv e  

h y d r o ly s is  le a d s  t o  t h e  p r e c ip ita t io n  o f  T a ^ O s f r o m  th e  

m e lt .
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A  m a s s  s p e c tr o m e tr ic  a r r a n g e m e n t  is  d e s c r ib e d  w h ic h  p e r m its  t h e  s t u d y  o f  c o m p o u n d s  

t h a t  a r e  s t a b le  o n ly  a t  c r y o g e n ic  te m p e r a t u r e s . T h e  lo w -t e m p e r a t u r e  o x y g e n  f lu o r id e s  

w e r e  s y n t h e s iz e d  a n d  th e ir  m a s s  s p e c tr a  w e r e  s tu d ie d  b e t w e e n  7 7  a n d  2 0 0 ° K . ,  b u t  n e ith e r  

t h e  p a r e n t  io n  o f  0 2F 2, 0 3F 2, o r  0 4F 2 n o r  t h e  u n a m b ig u o u s ly  a s s ig n a b le  f r a g m e n t  io n s  o f  

0 8F 2 o r  0 4F 2 w e r e  o b s e r v e d . H o w e v e r , A ( 0 2F + )  a n d  A ( O F + )  w e r e  m e a s u r e d  t o  b e  1 4 .0  ±  

0 .1  e .v .  a n d  1 7 .5  ±  0 .2  e .v . ,  r e s p e c t iv e ly , a t  1 3 0 ° K .  T h e s e  v a lu e s  a re  c o n s is t e n t  w it h  

o t h e r  r e la t e d  d a t a  a n d  in d ic a te  t h a t  th e s e  io n s  a re  b e in g  p r o d u c e d  b y  e le c t r o n  im p a c t  

fr a g m e n t a t io n  o f  0 2F 2. T h e  d a t a  p e r m it  t h e  d e v e lo p m e n t  o f  t h e  e n e r g e t ic s  o f  t h e  0 2F 2 

m o le c u le .

W i t h  t h e  e x c e p tio n  o f  O F 2, t h e  o t h e r  k n o w n  a n d  

p s e u d o -k n o w n  o x y g e n  f lu o r id e s  ( 0 2F 2, O F ,  0 2F ,  

0 3F 2 a n d  O J fi.)  c o n s t i t u t e  a  f a m i ly  o f  c o m p o u n d s  t h a t  

e x is t  a s  s ta b le  e n t it ie s  o n ly  so  lo n g  a s  t h e y  a re  m a in 

ta in e d  a t  s o m e  v e r y  lo w  t e m p e r a t u r e . T h i s  p a r t ic u la r  

f a m i ly ,  a s  w e ll  a s  o t h e r  in s t a n c e s  o f  s p e c ie s  e x h ib i t in g  

th is  u n u s u a l  c r y o g e n ic  s t a b i l i t y ,  h a v e  b e e n  d is c u s s e d  

in  a  r e c e n t  r e v ie w .1

T h e  m ic r o w a v e  s p e c tr a  o f  0 2F 2 h a v e  in d ic a te d  t h a t  t h e  

sp e c ie s  is  a  n o n p la n a r  s y m m e t r ic  c h a in  m o le c u le , b u t  n o  

u n e q u iv o c a l  d ir e c t  o b s e r v a t io n s  o f  t h e  o t h e r  lo w -t e m p e r 

a t u r e  o x y g e n  flu o r id e s  h a v e  b e e n  r e p o r te d . F o r  e x a m p le ,  

0 3F 2 is  r e p o r te d  b y  n u m e r o u s  in v e s t ig a t o r s  t o  b e  a  

b lo o d -r e d  l iq u id  a t  9 0 ° K .  a n d  t o  b e  e v id e n t ly  t h e  m o s t  

p o w e r fu l  o x id iz e r  k n o w n , b u t  w h e t h e r  o r  n o t  th is  

r e d  l iq u id  is  a c t u a lly  p u r e  m o le c u la r  0 3F 2 is  q u it e  u n 

k n o w n . D i r e c t  o b s e r v a t io n s  o f  th e s e  s p e c ie s  a re  n e e d e d  

fir s t  t o  c la r ify  th e ir  e x is te n c e , a n d  s e c o n d , b e c a u s e  o f  

th e ir  s ig n ific a n c e  in  a n  e x p lo r a t io n  o f  t h a t  l i t t le  k n o w n ,  

b u t  v e r y  in te r e s t in g , r e a lm  o f  c h e m is t r y  b e lo w  a b o u t  

1 5 0 ° K . ,  w h ic h  m a y  r e a s o n a b ly  b e  c a lle d  cryochemistry. 
M a s s  s p e c t r o m e t r y  o ffe r s  a  m e a n s  f o r  t h e  u n a m b ig u o u s  

o b s e r v a t io n  o f  th e s e  m o le c u le s  a s  w e ll  a s  a  m e a n s  t o  

s t u d y  th e ir  s y n t h e s is , th e ir  s t a b i l i t y ,  t h e ir  c h e m is t r y ,  

a n d  th e ir  e n e r g e tic s . B e c a u s e  o f  t h e  u n u s u a l  th e r m a l  

in s t a b i l i t y  a t  c r y o g e n ic  te m p e r a t u r e s , a b s o lu t e  t e m 

p e r a t u r e  c o n tr o l  is  im p e r a t iv e  a t  a l l  t im e s , a n d  h e n c e

n e w  e q u ip m e n t  a n d  p r o c e d u r e s  h a d  t o  b e  d e v e lo p e d .  

A  th e r m a l  g r a d ie n t  c r y o g e n ic  in le t  s y s t e m  h a s  b e e n  

d e v e lo p e d  in  w h ic h  a  m ix t u r e  o f  th e s e  h i g h ly  r e a c t iv e  

s p e c ie s  c a n  b e  s y n t h e s iz e d , s e p a r a te d , a n d  v a p o r i z e d  

d ir e c t ly  in t o  t h e  io n iz in g  e le c tr o n  b e a m  o f  a  t i m e - o f -  

f l ig h t  m a s s  s p e c tr o m e te r .

Experimental Section

Apparatus. A  B e n d ix  t im e -o f - f l ig h t  m a s s  s p e c t r o m 

e te r , M o d e l  1 2 - 1 0 7  w it h  a  M o d e l  S - 1 4 - 1 0 7  s o u r c e , w a s  

u s e d  in  th e s e  e x p e r im e n ts . A lt h o u g h  t h e  r a th e r  u n 

u s u a l  a u x il ia r y  e q u ip m e n t  t h a t  w a s  u s e d  is  d e s c r ib e d  

e ls e w h e r e ,2 a  b r ie f  d e s c r ip t io n  o f  t h e  c r y o g e n ic  r e a c to r  

a n d  in le t  s y s t e m  s e e m s  a p p r o p r ia t e . E s s e n t i a l ly ,  

t h e  s y s t e m  is  d e s ig n e d  s u c h  t h a t  a  c o ld , g a s e o u s  s a m p le  

c a n  b e  in je c t e d  d ir e c t ly  in t o  t h e  io n iz in g  e le c t r o n  b e a m  

o f  t h e  s p e c tr o m e te r . S in c e  t h e  s p e c ie s  a re  s t a b le  o n ly  

a t  v e r y  lo w  t e m p e r a t u r e s  a n d  s in c e  t h e  io n  s o u r c e  is  

a t  r o o m  t e m p e r a t u r e , t h e  n e c e s s a r y  f a s t  p u m p in g  t o  

r e m o v e  t h e r m a l ly  c r a c k e d  b a c k g r o u n d  g a s  f r o m  t h e  

s o u r c e  r a p id ly  w a s  p r o v id e d  b y  a  7 5 0  l . / s e c .  d iffu s io n  

p u m p  s y s t e m  ( N a t i o n a l  R e s e a r c h  C o r p o r a t io n , M o d e l  

H S 4 - 7 5 0 ) .

(1) H. A. McGee, Jr., and W. J. Martin, Cryogenics, 2 , 257 (1962).
(2) H. A. McGee, Jr., T. J. Malone, and W. J. Martin, to be pub
lished.
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R e fe r r in g  t o  t h e  s c h e m a t ic  s h o w n  in  F ig u r e  1 , t h e  

o u te r  s le e v e , A ,  s lid e s  th r o u g h  a  d o u b le  O -r in g  s e a l  in t o  

a  v a c u u m  lo c k  a r r a n g e m e n t  a n d  t h e n  in t o  t h e  s p e c t r o m 

e te r . T h i s  p e r m it s  t h e  r e m o v a l  o f  t h e  c r y o g e n ic  a s 

s e m b ly  f o r  a d ju s t m e n t s  o r  re p a ir s  w it h o u t  t h e  n e c e s 

s i t y  o f  b r e a k in g  v a c u u m  in  t h e  m a in  s p e c t r o m e t e r  

s y s t e m . I n  e s s e n c e , t h e  u n it  c o n s is ts  o f  a  s t r a ig h t  

tu b u la r  r e a c to r  a n d  c o n d e n s a t io n  s p a c e  w it h  a  t h e r m o -  

s t a t e d  c h a m b e r  ( B  a n d  C )  a t  e a c h  e n d . T h e  t e m 

p e r a tu r e s  o f  t h e  t w o  c h a m b e r s  a re  c o n tr o lle d  in d e p e n 

d e n t ly  b y  a c c u r a t e ly  b a la n c in g  t h e  h e a t  r e q u ir e d  t o  

v a p o r iz e  a  f in e ly  c o n tr o l le d  l iq u id  n it r o g e n  in p u t  s t r e a m  

a g a in s t  t h e  h e a t  a d d e d  b y  m e a n s  o f  a  r e s is ta n c e  h e a te r  

w o u n d  o n  t h e  c e n te r  p o s t s , D  a n d  E .  B y  v a r y in g  t h e  

l iq u id  n it r o g e n  r a te  a n d  t h e  h e a t e r  p o w e r , e a c h  c h a m b e r  

c o u ld  b e  r e a d ily  m a in t a in e d  a t  a n y  t e m p e r a t u r e  a b o v e  

t h e  n o r m a l  b o d in g  p o in t  o f  n it r o g e n  ( 7 7 ° K . ) .  T h e  

te m p e r a t u r e s  w e r e  a u t o m a t ic a l ly  c o n tr o l le d  w ith in  

± 1 . 0 ° K .  o f  t h e  d e s ir e d  v a lu e s  b y  t w o  L e e d s  a n d  

N o r t h r u p  S p e e d o m a x  H ,  A Z A R  r e c o r d e r -c o n tr o lle r s  

w h ic h  o p e r a te d  t h e  h e a te r s  in  t h e  s im p le  o n - o f f  m o d e .

A  m ix tu r e  o f  v e r y  r e a c t iv e  s p e c ie s  c a n  b e  e ith e r  in 

je c t e d  in t o  o r  s y n t h e s iz e d  in  t h e  r e a c to r  s p a c e , F ,  w h ile  

b o t h  B  a n d  C  a r e  a t  s o m e  lo w  t e m p e r a t u r e . T h e n  

b y  r a is in g  t h e  t e m p e r a t u r e  o f  B ,  a  t h e r m a l  g r a d ie n t  is  

im p o s e d  a lo n g  t h e  c o n n e c t in g  t u b e , G ,  b e t w e e n  B  a n d  

C  c a u s in g  t h e  s p e c ie s  t o  b e  s u c c e s s iv e ly  v a p o r iz e d  a n d  

r e c o n d e n s e d  a t  d is ta n c e s  a lo n g  G  w h ic h  d e p e n d  u p o n  

t h e  v o l a t i l i t y  o f  t h e  in d iv id u a l  s p e c ie s . T h e n  b y  m a 

n ip u la t in g  t h e  t e m p e r a t u r e s  o f  B  a n d  C  t h e  s p e c ie s  m a y  

b e  s u c c e s s iv e ly  t r a n s p o r t e d  t h r o u g h  t h e  c h a n n e l, H ,  

a n d  in t o  t h e  s p e c t r o m e t e r . T h e  b la d e -s h a p e d  n o s e ,  

I ,  w h ic h  is  a t  t h e  s a m e  te m p e r a t u r e  a s  C ,  is  in s e r te d  

d ir e c t ly  in t o  t h e  io n  s o u r c e  s o  t h a t  t h e  e le c t r o n  b e a m  

is  a c t u a lly  in  g r a z in g , t a n g e n t ia l  in c id e n c e  w it h  t h e  

s a m p le  in le t  h o le , J . H e n c e , m a s s  s p e c tr o m e tr ic  a n a l

y s is  o f  t h e  v a p o r s  is  a c h ie v e d  w it h o u t  w a r m u p  a b o v e  

t h e  te m p e r a t u r e  o f  C .

Procedure. T h e  s y n t h e s e s  w e r e  c o n d u c te d  in  t h e  

a s s e m b ly  s h o w n  in  F ig u r e  1 b y  u s in g  a  1 1 0 0 - v . ,  6 0 -  

c y c le  a n n u la r  d is c h a r g e  b e t w e e n  t h e  s in g le  e le c tr o d e ,

Figure 1. Schematic diagram of thermal gradient, 
cryogenic reactor, and inlet assembly.

K ,  a n d  th e  g r o u n d e d  m o n e l  w a lls  o f  t h e  r e a c to r  s p a c e . 

T h e  s y n t h e s is  g a s  w a s  a n  0 2 a n d  F 2 m ix t u r e  in  t h e  

s to ic h io m e tr ic  r a t io  c o r r e s p o n d in g  t o  e ith e r  0 2F 2 

o r  t o  0 3F 2, w h ic h  y ie ld s  0 2F 2 o r  0 3F 2 a s  t h e  p r e d o m in a n t  

p r o d u c t , r e s p e c t iv e ly .3

T h e  r e a c to r  p r e s s u r e  a n d  t e m p e r a t u r e  w e r e  2 5 - 3 5  

to r r  a n d  7 7 ° K . ,  r e s p e c t iv e ly . T h e  m ix t u r e  o f  f lu o r id e s  

w a s  p a r t ia l ly  s e p a r a te d  a n d  v a p o r i z e d  d ir e c t ly  in t o  

t h e  s p e c tr o m e te r  a s  d e s c r ib e d  a b o v e . T h e  a p p e a r a n c e  

p o t e n t ia ls  o f  t h e  io n s  o f  in t e r e s t  w e r e  d e t e r m in e d  u s in g  

t h e  F o x  r e ta r d in g  p o t e n t ia l  d iffe r e n c e  ( R P D )  m e t h o d ,4 

w it h  t h e  e n e r g y  s c a le  c a lib r a te d  i m m e d i a t e ly  b e fo r e  

a n d  a f t e r  e a c h  e n e r g y  m e a s u r e m e n t  u s in g  b o t h  a r g o n  

a n d  n it r o g e n . I n  m a k in g  t h e  e n e r g y  m e a s u r e m e n t s  

o n  t h e  h ig h ly  r e a c t iv e  f lu o r in e  c o m p o u n d s , i t  w a s  

n e c e s s a r y  f o r  t h e  io n  so u r c e  t o  b e c o m e  p a r t ia l ly  p a s s i 

v a t e d  b e fo r e  t h e  s p e c t r o m e t e r  w o u ld  s ta b i l iz e  e n o u g h  

t o  m a k e  a c c u r a te  a n d  r e p r o d u c ib le  m e a s u r e m e n t s .  

W i t h  c o n t in u o u s  in je c t io n  o f  t h e  f lu o r id e  s a m p le s ,  

t h e  t r a p  c u r r e n t  d e c r e a s e d  t o  a n  in o p e r a b le  le v e l  a f te r  

1 2 - 1 5  h r .

Results
Mass Spectrum as a Function of Temperature. S e v e r a l  

h u n d r e d  t r a c e s  o f  t h e  m a s s  s p e c t r u m  w e r e  m a d e  

o v e r  t h e  te m p e r a t u r e  r a n g e  o f  7 7 - 2 0 0 ° K .  in  f o u r  

0 3F 2 s y n t h e s e s  a n d  f o u r  0 2F 2 s y n t h e s e s . I n  a d d i

t io n , m a s s  s p e c tr a  a s  a  f u n c t io n  o f  t e m p e r a t u r e  w e r e  

o b t a in e d  f o r  t h e  u n r e a c t e d  f e e d  g a s  m ix t u r e  o f  0 2 a n d  

F 2, a s  w e ll  a s  fo r  S i F 4, w h ic h  tu r n e d  o u t  t o  b e  a  p a r 

t ic u la r ly  t r o u b le s o m e  im p u r i t y  in  t h e  p r o d u c t  m i x 

tu r e s . R e la t i v e  in t e n s it ie s  o f  a ll  io n  c u r r e n ts  w e r e  

t a b u la t e d  a t  e a c h  t e m p e r a t u r e .

T h e  l im it a t io n s  o f  t h e  s p e c t r o m e t e r  a n d  c o m p lic a t e d  

fe a tu r e s  o f  t h e  s p e c tr a  c o m b in e d  t o  n e c e s s ita te  c a r e  

in  m a k in g  m a s s  a s s ig n m e n ts  f o r  t h e  o b s e r v e d  io n s .  

M a s s  sc a le s  w e r e  p r e p a r e d  f o r  e a c h  s c a n  r a t e  u s in g  

m/e 1 6  ( 0  a t o m )  a n d  m/e 3 2  ( 0 2 m o le c u le )  a s  r e fe r 

e n c e  m a s s e s . U s i n g  o n ly  t h e  m e a s u r e d  d is ta n c e  b e 

tw e e n  t h e  r e fe r e n c e  m a s s e s  a s  v e r if ie d  f r o m  s e v e r a l  

tr a c e s , t h e  d is ta n c e  f r o m  m/e 1 6  t o  a l l  o t h e r  m a s s e s  

o u t  t o  m / e  1 3 0  w a s  c a lc u la te d  a n d  p lo t t e d  t o  y i e ld  

c o m p le t e ly  u n b ia s e d  s c a le s . T h e  u s e  o f  t h e s e  s c a le s  

r e s u lte d  in  c o n s is te n t  a n d  u n a m b ig u o u s  m a s s  a s s ig n 

m e n t s  f o r  1 2  m /e  iS 1 3 0  f o r  m o r e  t h a n  9 8 %  o f  a ll  

tr a c e s . T h e  s o u r c e  o f  e a c h  io n  w a s  t h e n  d e t e r m in e d  

f r o m  t h e  o b s e r v e d  r e la t iv e  in t e n s it ie s  a n d  r e p o r te d  

c r a c k in g  p a t t e r n s  o f  s p e c ie s  k n o w n  t o  b e  p r e s e n t  a s  

im p u r it ie s  in  c o m m e r c ia l  f lu o r in e  a n d  o x y g e n  (i.e., 
O F 2, C F 4, C 2F 6j N 2, H F ,  N F 3i C 0 2, S F 6i a n d  S i F 4) .  I n

(3) A. D. Kirshenbaum and A. V. Grosse, J. Am. Chem. Soc., 81, 
1277 (1959).
(4) E C.. Melton and W. H. Hamill, J. Chem. Phys., 41, 546 (1964).
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Figure 2. Representative variation of ion current intensities 
with temperature of the most interesting ions observed 
in the 0 3F2 synthesis experiments.

o r d e r  t o  id e n t i f y  e a c h  im p u r i t y  p r e s e n t  in  t h e  0 2 a n d  

F 2 fe e d  g a s  a n d  t o  d e t e r m in e  t h e  v o l a t i l i t y ,  a n d  h e n c e  

t h e  t e m p e r a t u r e  d e p e n d e n c e  o f  t h e  m a s s  s p e c tr a , th e  

u n r e a c te d  fe e d  g a s  w a s  p u m p e d  t h r o u g h  t h e  s y s t e m  

w it h  b o t h  B  a n d  C  a t  7 7 ° K . ,  w h e r e u p o n  a ll  s ig n ific a n t  

im p u r it ie s  w e r e  c o n d e n s e d . S p e c t r a  w e r e  t h e n  re 

c o r d e d  a t  2 - 3  ° K .  in t e r v a ls  o v e r  t h e  t e m p e r a t u r e  

r a n g e  o f  7 7 - 2 0 0 ° K .  F r o m  t h e  te m p e r a t u r e  r e q u ir e d  

f o r  t h e  o b s e r v a t io n  o f  t h e  v a r io u s  c o n d e n s e d  im p u r it ie s  

o f  k n o w n  v a p o r  p r e s s u r e , i t  w a s  d e t e r m in e d  t h a t  a  

s p e c ie s  e x e r te d  a  v a p o r  p r e s s u r e  o f  0 . 0 1 - 0 . 1  to r r  in  E  

(se e  F ig u r e  1 ) w h e n  i t  w a s  first  d e t e c t e d  in  t h e  s p e c t r o m 

e te r .

Ozone Difluoride. F ig u r e  2  i l lu s tr a te s  t h e  g e n e r a l  

v a r ia t io n  o f  t h e  m o r e  in t e r e s t in g  io n  c u r r e n ts  a s  a  

f u n c t io n  o f  te m p e r a t u r e  f o r  t h e  e x p e r im e n ts  in  w h ic h  

O 3F 2 w a s  t h e  p r in c ip a l  r e a c t io n  p r o d u c t . T h e  c u r v e s  

g i v e  a  c o m p o s ite  r e p r e s e n ta t io n  o f  t h e  io n  c u r r e n t  

in t e n s it ie s  o b s e r v e d  in  th r e e  o f  t h e  0 3F 2 s y n t h e s is  r u n s . 

T h e  in t e n s i t y  vs. t e m p e r a t u r e  c u r v e s  f r o m  t h e  f o u r t h  

O 3F 2 r u n  e x h ib i te d  a  s o m e w h a t  d iffe r e n t  c h a r a c te r  t h a t  

w a s  s im ila r  t o  t h a t  o f  t h e  0 2F 2 s y n t h e s is  e x p e r im e n ts . 

H e n c e , i t  w a s  c o n c lu d e d  t h a t  0 2F 2 w a s  l ik e ly  t h e  p r in 

c ip a l  r e a c t io n  p r o d u c t  in  t h a t  e x p e r im e n t . I n  F ig u r e  

2 ,  th r e e  te m p e r a t u r e  r a n g e s  a r e  a p p a r e n t  ( 8 0 - 9 5 ,  

1 0 2 - 1 1 8 ,  a n d  1 2 6 - 1 5 0 ° K . )  w it h in  w h ic h  s ig n ific a n t  

c h a n g e s  in  t h e  m a s s  s p e c tr a  o c c u r . T h e s e  t e m p e r a 

tu r e  r a n g e s  c o in c id e  w it h  t h e  m e l t in g  p o in t  o f  0 3F 2 

( 8 3 - 8 4 ° K . ) ,  t h e  d e c o m p o s it io n  t e m p e r a t u r e  o f  0 3 F 2 

( 1 1 0 - 1 1 6 ° K . ) ,  a n d  t h e  te m p e r a t u r e  r e g io n  ( 1 2 6 -

1 5 0 ° K . )  in  w h ic h  0 2F 2, a s  a  s ta b le  e n t i t y ,  e x e r t s  a  

s m o o t h ly  r is in g  v a p o r  p r e s s u r e . T h e  v a p o r  p r e s s u r e  

o f  0 2F 2 is  1 to r r  a t  a p p r o x im a t e ly  1 3 0 ° K .

T h e  p a r e n t  io n  o f  0 2F 2 (m/e 7 0 )  w a s  n o t  o b s e r v e d  

e v e n  w h e n  t h e  in le t  s y s t e m  v  a ise d  a b o v e  1 5 0 ° K .  

A  v e r y  s m a ll  s ig n a l  a t  m/e l o  w a s  o b s e r v e d  o n l y  w h e n  

a  v e r y  la r g e  io n  c u r r e n t  w a s  p r e s e n t  a t  m/e 6 9  d u e  t o  

C F 3+  f r o m  C F 4 o r  C 2F 6, a n d  w a s  e v id e n t ly  d u e  t o  th e  

is o t o p e  C 13F 3+  w h ic h  is  r e p o r te d  t o  b e  a p p r o x im a t e ly  

1 %  o f  t h e  C 12F 3+  c u r r e n t .

Oxygen Difluoride. I n  t h e  e x p e r im e n ts  in  w h ic h  t h e  

p r in c ip a l  s y n t h e s is  p r o d u c t  w a s  0 2F 2, t h e  m a s s  s p e c t r a  

a s  a  f u n c t io n  o f  t e m p e r a t u r e  f r o m  7 7  t o  1 5 0 ° K .  w e r e  

e s s e n t ia l ly  t h e  s a m e  a s  f o r  th e  e x p e r im e n ts  e x c e p t  

t h a t  a t  1 1 0 - 1 1 5 ° K .  t h e  0 2+  c u r r e n t  w a s  m u c h  less  

in te n s e  a n d  n o  e x c e s s  O F +  w a s  o b s e r v e d .

N o  io n  c u r r e n t  w a s  o b s e r v e d  a t  m/e 6 7  ( 0 3F + ) ,  

7 0  ( 0 2F 2+ ) ,  8 6  ( 0 3F 2+ ) ,  o r  1 0 2  ( 0 ^ + )  in  e ith e r  th e  

0 2F 2 o r  0 3F 2 e x p e r im e n ts . H o w e v e r , th e r e  w e r e  r a th e r  

in te n s e  c u r r e n ts  a t  m/e 6 6 ,  6 9 ,  8 5 ,  a n d  1 0 4  d u e  t o  S i F 2+ ,  

C O F 2, a n d  N 2F 2+ ;  C F 3+ ;  S i F 3+  a n d  N 2F 3+ ;  a n d  S i F 4+  

a n d  N 2F 4+ , r e s p e c t iv e ly . T h e  n it r o g e n  f lu o r id e s  w e r e  

fo r m e d  d u r in g  t h e  o x y g e n  f lu o r id e  s y n t h e s e s  d u e  t o  

s m a ll  a m o u n t s  o f  N 2 a n d  N F 3 in  t h e  fe e d  g a s . T h e  

p r e s e n c e  o f  th e s e  m a s s e s  a d ja c e n t  t o  t h e  e x p e c t e d  io n s  

f r o m  t h e  o x y g e n  f lu o r id e s  m a d e  th e  u n p r e ju d ic e d  p r o 

c e d u r e  d e s c r ib e d  a b o v e  f o r  m a k in g  m a s s  a s s ig n m e n ts  

d e fin ite ly  n e c e s s a r y . I n  a ll  o f  th e s e  e x p e r im e n ts  th e  

o n ly  im p u r it ie s  o b s e r v e d  w e r e  th o s e  p r e s e n t  in  t h e  0 2 

a n d  F 2 fe e d  g a s  a s  g iv e n  a b o v e  a n d  s m a ll  a m o u n t s  o f  

n it r o g e n  flu o r id e s  fo r m e d  d u r in g  t h e  s y n t h e s e s .

Energy Measurements. T h e  a p p e a r a n c e  p o t e n t ia ls  

w e r e  m e a s u r e d  a t  s e v e r a l  te m p e r a t u r e s  f o r  t h e  m o s t  

in t e r e s t in g  f r a g m e n ts  in  t h e  m a s s  s p e c t r u m  f r o m  t h e  

C>3F 2 e x p e r im e n ts . T h e  a p p e a r a n c e  p o t e n t ia l  o f  0 2+  

w a s  m e a s u r e d  a t  7 7 ,  9 0 ,  1 1 2  ( 0 3F 2 d e c o m p o s it io n  

t e m p e r a t u r e ) , a n d  1 3 0 ° K .  I t  w a s  fo u n d  t h a t  r i ( 0 2+ )  

a t  e a c h  o f  th e s e  te m p e r a t u r e s  w a s  e q u a l  t o  / ( 0 2) .  

T h e  la r g e  a m o u n t  o f  m o le c u la r  0 2 p r e s e n t  a s  b a c k 

g r o u n d  in te r fe r e d  w it h  t h e  m e a s u r e m e n t  o f  t h e  a p p e a r 

a n c e  p o t e n t ia l  o f  0 2+  f r o m  t h e  fr a g m e n t e d  o x y g e n  

f lu o r id e s , b u t  u n d e r  th e  u s u a l a s s u m p t io n s  i t  is  c le a r  

t h a t  A  ( 0 2+ )  f r o m  th e s e  s p e c ie s  is  g r e a te r  t h a n  I  ( 0 2) .

T h e  a p p e a r a n c e  p o t e n t ia l  o f  O F +  a t  9 0 ° K .  w a s  

m e a s u r e d  t o  b e  1 5 .8  ±  0 .2  e .v .  w h ic h  is  t h e  v a lu e  re 

p o r te d  b y  D ib e le r ,  R e e s e , a n d  F r a n k lin 5 f o r  A ( O F + )  

f r o m  O F 2. A t t e m p t s  t o  m e a s u r e  t h e  a p p e a r a n c e  

p o t e n t ia l  o f  t h e  O F +  io n  a t  t h e  d e c o m p o s it io n  t e m 

p e r a t u r e  o f  0 3F 2 ( 1 1 0 - 1 1 5 ° K . )  h a v e  b e e n  u n s u c c e s s fu l  

d u e  t o  t h e  r a p id i t y  o f  t h e  lo s s  p r o c e s s  w h ic h  c a u s e s  t h e  * 27

(5) V. H. Dibeler, R. M. Reese, and J. L. Franklin, J. Chem. Phys.,
27, 1296 (1957).
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io n  c u r r e n t  t o  d im in is h  t o  a n  im m e a s u r a b le  le v e l  w ith in

5 - 1 0  m in .

A t  1 3 0 ° K . ,  A ( 0 2F + )  a n d  A ( O F + ) ,  w e r e  m e a s u r e d  t o  

b e  1 4 .0  ±  0 .1  a n d  1 7 .5  ±  0 .2  e .v . ,  r e s p e c t iv e ly , a n d  

t h e y  w e r e  fo u n d  t o  b e  t h e  s a m e  f o r  b o t h  t h e  0 2F 2 a n d  

0 3F 2 e x p e r im e n ts . T h e  la r g e r  p o s s ib le  e r r o r  in  A  ( O F + )  

is  d u e  t o  t h e  f a c t  t h a t  t h e  O F +  c u r r e n t  w a s  s m a ll ,  

a n d  i t  w a s  m u c h  m o r e  d iff ic u lt  t o  m a k e  a c c u r a te  m e a s 

u r e m e n ts . A ( 0 2F + )  w a s  m e a s u r e d  t e n  t im e s  in  a  t o t a l  

o f  f o u r  s y n t h e s is  e x p e r im e n ts  w it h  a n  a v e r a g e  d e v ia t io n  

o f  ± 0 . 0 5  e .v .  f r o m  1 4 .0  e .v . ,  a n d  w it h  a  m a x i m u m  

d e v ia t io n  o f  0 .1 5  e .v .

Discussion

F o r  t h e  0 3F 2 s y n t h e s is  e x p e r im e n ts , t h e  in t e n s e  O F +  

a n d  O F 2+  io n  c u r r e n ts  o b s e r v e d  a t  8 5 - 9 0 ° K .  w e r e  

e v id e n t ly  a r is in g  f r o m  O F 2 s in c e  t h e  m e a s u r e d  A ( O F + )  

o f  1 5 .8  e .v .  w a s  t h e  s a m e  a s  r e p o r te d  f r o m  a n  e a r lie r  

e le c tr o n  im p a c t  s t u d y  o f  O F 2. T h e  O F +  c u r r e n t  o b 

s e r v e d  a t  t h e  d e c o m p o s it io n  te m p e r a t u r e  o f  O s F 2 

( 1 1 0 - 1 1 5 ° K . )  w a s  n e a r ly  tw ic e  a s  in t e n s e  a s  c o u ld  

r e a s o n a b ly  b e  a r is in g  f r o m  b o t h  O F 2 a n d  0 2F 2, a s  e s ti 

m a t e d  f r o m  t h e  o b s e r v e d  fr a g m e n t a t io n  p a t t e r n  o f  

th e s e  sp e c ie s . A t t e m p t s  t o  m e a s u r e  t h e  a p p e a r a n c e  

p o t e n t ia l  o f  th is  e x c e s s  O F +  h a v e  s o  fa r  b e e n  u n s u c c e s s 

f u l , b u t  m o d if ic a t io n s  in  th e  in le t  a s s e m b ly  h a v e  in d i

c a te d  t h a t  i t  s h o u ld  n o w  b e  p o s s ib le  t o  m a k e  th is  

m e a s u r e m e n t . T h e  O F 2+  c u r r e n t  w a s  a p p a r e n t ly  

d u e  t o  fr e e  O F 2 w h ic h  h a d  n o t  b e e n  p u m p e d  o u t  o f  th e  

s y s t e m . T h e  0 2F +  c u r r e n t  a p p e a r e d  t o  b e  d u e  t o  

0 2F 2 w h ic h  h a s  a  v a p o r  p r e s s u r e  o f  a b o u t  0 .0 5  to r r  a t  

1 1 0 - 1 1 5 ° K .  T h e  f a c t  t h a t  th e  0 2+  c u r r e n t  is  o f  t h e  

o r d e r  o f  1 0 0 0  t im e s  a s  in te n s e  a s  t h e  o x y g e n  f lu o r id e  

io n  c u r r e n ts  is  f u r th e r  e v id e n c e  t h a t  t h e  O J r i  s u b s t a n c e  

d e c o m p o s e s  a t  th is  te m p e r a t u r e  t o  f o r m  0 2 a n d  0 2F 2. 

A t  1 1 0 ° K . ,  0 3F 2 lia s  a  v a p o r  p r e s s u r e  o f  a b o u t  1 to r r  

a n d  r e p o r te d ly 6 c a n  b e  d is t i l le d  a t  th is  lo w  p r e s s u r e  

w it h  o n ly  s l ig h t  d e c o m p o s it io n . I f  th is  is  t r u e , th is  

m o le c u le  o r  c e r t a in ly  s o m e  o f  i t s  p o s s ib le  c r a c k in g  

s p e c ie s  s h o u ld  h a v e  b e e n  o b s e r v e d  b e t w e e n  1 0 5  a n d  

1 1 5 ° K .  A ls o ,  a t  le a s t  a  s m a ll  a m o u n t  o f  0 4F 2 s h o u ld  

h a v e  b e e n  fo r m e d  d u r in g  t h e  s y n t h e s e s , b u t  n e ith e r  o f  

th e s e  s p e c ie s  w a s  o b s e r v e d  in  th e s e  e x p e r im e n ts .  

S in c e  n e ith e r  0 3F 2 n o r  0 4F 2 w a s  o b s e r v e d , t h e  o b v io u s  

q u e s t io n  is  r a is e d  a s  t o  w h e t h e r  o r  n o t  th e s e  s p e c ie s  

r e a lly  e x is t  a s  s u c h  in  t h e  v a p o r  p h a s e . T h i s  is a  

p a r t ic u la r ly  in t e r e s t in g  q u e s t io n  in  v i e w  o f  t h e  f a c t  

t h a t  s e v e r a l  in v e s t ig a t o r s  fe e l  t h a t  th e s e  s u b s t a n c e s  

m i g h t  w e ll  b e  a n  e q u il ib r iu m  m ix t u r e  o f  lo w e r  m o le c u la r  

w e ig h t  s p e c ie s  (s u c h  a s  p o s s ib ly  0 2F  a n d  O F ,  o r  2 0 2F  

a n d  0 2F 2) in  a  r a t io  t o  g iv e  a  3 : 2  o x y g e n  t o  flu o r in e  

r a t io . A n o t h e r  p o s s ib i l i t y  is  t h a t  t h e  f r a g m e n t  io n s  

a re  n o t  s u ffic ie n t ly  s ta b le  a t  t h e  t e m p e r a t u r e s  a t  w h ic h

t h e y  a r e  b e in g  s tu d ie d  ( 1 0 0 - 1 1 5 ° K . )  t o  e x is t  f o r  th e  5 0  

u se e , r e q u ir e d  b y  t h e  B e n d ix  m a c h in e . T h e  c r y o g e n ic  

in le t  a s s e m b ly  u s e d  in  th is  w o r k  h a s  b e e n  m o d if ie d  t o  

p e r m it  d e t e c t io n  o f  s p e c ie s  e x e r t in g  a  v a p o r  p r e s s u r e  

o f  o n ly  1 0 - 4  t o  1 0 ~ 6 to r r , w h ic h  w ill  m a k e  i t  p o s s ib le  

t o  o b s e r v e  t h e  e q u il ib r iu m  v a p o r s  o f  t h e  o x y g e n  

f lu o r id e s  a t  m u c h  lo w e r  t e m p e r a t u r e s  t h a n  w e r e  n e c e s 

s a r y  f o r  th e s e  e x p e r im e n ts .

N ie ls o n 7 in v e s t ig a t e d  t h e  r e a c t io n  p r o d u c t s  r e s u lt in g  

f r o m  t h e  ir r a d ia t io n  o f  O F 2 a t  7 7 ° K .  u s in g  a  m a s s  

s p e c tr o m e te r  s im ila r  t o  t h a t  u s e d  in  th e s e  e x p e r im e n ts .  

H e  s u p p o s e d ly  o b s e r v e d  a n d  id e n tif ie d  0 2F 2 a s  w e ll  as  

0 3F 2 a n d  O J f j  a s  r e a c t io n  p r o d u c t s . T h e  io n s  a t tr ib 

u t e d  t o  0 3F 2 a n d  0 4F 2 w e r e  n e v e r  o b s e r v e d  b e lo w  

1 3 0 ° K . ,  a n d  in  s o m e  e x p e r im e n ts  th e s e  s p e c ie s  w e r e  

n o t  o b s e r v e d  u n t i l  th e  te m p e r a t u r e  w a s  g r e a te r  t h a n  

2 0 0 ° K .  S in c e  b o t h  0 3F 2 a n d  0 4F 2 h a v e  v a p o r  p r e s 

su r e s  g r e a te r  t h a n  1 .0  to r r  a t  1 1 2 ° K . ,  t h e y  s h o u ld  

h a v e  b e e n  o b s e r v e d  a t  th is  m u c h  lo w e r  te m p e r a t u r e .  

R e g a r d le s s  o f  th is  f a c t , i t  is  w e ll  k n o w n  t h a t  th e s e  

c o m p o u n d s  d e c o m p o s e  v e r y  r a p id ly  a t  t e m p e r a t u r e s  

( 1 0 5 - 1 1 5  ° K . )  m u c h  lo w e r  t h a n  th o s e  a t  w h ic h  h e  re 

p o r te d  t h e m  ( 1 3 0 - 2 1 1 ° K . ) .  I n  v ie w  o f  t h e  a b o v e  as  

w e ll  a s  t h e  f a c t  t h a t  n o  c o o le d  d e l iv e r y  s y s t e m  w a s  

u s e d , b u t  r a th e r  t h e  g a s e o u s  s a m p le s  w e r e  tr a n s p o r te d  

f r o m  th e ir  r e s e r v o ir  a t  c r y o g e n ic  t e m p e r a t u r e s  in to  

t h e  s p e c t r o m e t e r  th r o u g h  a  t u b e  a t  r o o m  te m p e r a 

tu r e , i t  s e e m s  im p o s s ib le  f o r  h is  r e p o r te d  id e n t if ic a t io n  

o f  0 3F 2 a n d  0 4F 2 t o  b e  r e lia b le .

Energetics of 0 2F2. I n  d e t e r m in in g  t h e  s o u r c e  o f  

t h e  0 2F +  a n d  O F +  io n s  f o r  w h ic h  t h e  a p p e a r a n c e  p o -

te n t ia ls  w e r e  m e a s u r e d , s e v e r a l  p o s s ib i lit ie s  w e r e  c o n 

s id e r e d , in c lu d in g  io n -p a ir  p r o d u c t io n . H o w e v e r , a ll  

p o s s ib i lit ie s  e x c e p t  t h e  f o l lo w in g  th r e e  w e r e  e a s ily  

e lim in a t e d  o n  t h e  b a s is  o f  e n e r g e t ic  a r g u m e n t s .

Case I

0 2F 2 T  e  ■ 0 2F +  +  F  +  2 e (1 )

0 2F 2 -f - e — >  O F +  +  O F  +  2 e (2 )

Case II
0 2F 2 +  e 0 2F +  +  F  +  2 e (3 )

0 2F 2 -T  e -  ± O F +  +  0  +  F  +  2 e (4 )

Case III  (Free 0 2F as the Source)
0 2F  +  e — >  0 2F +  +  2 e (5 )

0 2F  +  e — - >  O F +  +  O  +  2 e (6 )

(6 ) A. D. Kirshenbaum, J. G. Aston, and A. V. Grosse, U. S. De
partment of Commerce, Office Technical Services, PB Report 
149,443 (1961).
(7) R. P. Nielsen, paper presented at the Symposium on Advanced 
Propellant Chemistry, 149th National Meeting of *he American 
Chemical Society, Detroit, Mich., April 1965.
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D ib e le r ,  R e e s e , a n d  F r a n k lin 5 ( D R F )  m a d e  e le c tr o n  

i m p a c t  s tu d ie s  o n  t h e  O F 2 m o le c u le  a n d  r e p o r te d  A  

( O F  + ) Dr f  =  1 5 .8  e .v . ,  / ( O F )  =  1 3 .0 ,  a n d  D{O F )  =

1 .1  e .v .8 F r o m  th e s e  v a lu e s  a n d  t h e  a p p e a r a n c e  p o 

te n t ia ls  o f  t h e  0 2F +  a n d  O F +  io n s  m e a s u r e d  in  o u r  e x 

p e r im e n t s  a t  1 3 0 ° K . ,  i t  c a n  b e  s h o w n  r a th e r  c o n c lu 

s iv e ly  t h a t  th e s e  io n s  a re  fr a g m e n t s  o f  t h e  0 2F 2 m o le 

c u le  fo r m e d  b y  t h e  p r o c e s s e s  r e p r e s e n te d  b y  e q . 1 

a n d  2  in  c a se  1 . T h e r e fo r e , th is  c a se  w ill  b e  d is c u s s e d  

f irst , a n d  ju s t i f ic a t io n  f o r  e lim in a t io n  o f  c a se s  I I  a n d  

I I I  w ill  b e  d is c u s s e d  la s t .

Case I. N e g le c t i n g  a n y  e x c e s s  k in e t ic  e n e r g y  o r  

in t e r n a l  e x c it a t io n , t h e  a p p e a r a n c e  p o t e n t ia ls  are  

g iv e n  b y

A ( 0 2F + ) x =  D ( F - 0 2F )  +  Z ( 0 2F )  (7 )

A ( O F + ) i  =  D ( F O - O F )  +  / ( O F )  (8 )

F r o m  o u r  m e a s u r e d  A ( O F + ) i  o f  1 7 .5  e .v .  a n d  e q . 8 , 

t h e  0 - 0  b o n d  e n e r g y  in  0 2F 2 c a n  b e  c a lc u la te d  d i

r e c t ly . D ( F O - O F )  =  1 7 .5  -  1 3 .0  =  4 .5  ±  0 .2  e .v .  

o r  1 0 3 .5  ±  5  k c a l . T h is  r e s u lts  in  a n  e x p e r im e n ta l  

e n e r g y  o f  a t o m iz a t io n  f o r  0 2F 2, E&{0 2F 2) E, o f  1 0 3 .5  +  

2 ( 2 5 .4 )  =  1 5 4 .3  k c a l . =  6 .7  e .v . ,  f o r  t h e  p r o c e s s  0 2F 2 

2  ( O F )  2 ( 0 )  +  2 ( F ) .  S in c e  t h e  h e a t  o f  f o r m a t i o n  

o f  0 2F 2 h a s  b e e n  m e a s u r e d  c a lo r im e t r ic a l ly ,9 t h e  

e n e r g y  o f  a t o m iz a t io n  c a n  a ls o  b e  c a lc u la te d  th e r m o 

d y n a m ic a lly  u s in g  A / / { ° ( 0 2F 2) =  4 .7  k c a l . /m o l e ,

A Z 7 f ° ( 0 )  =  5 9 .2  k c a l . /m o l e ,  a n d  A 7 7 f ° ( F )  =  1 8 .9  

k c a l . /m o l e  t o  g iv e  a  h e a t  o f  a t o m iz a t io n  a t  2 9 8 ° K .  

o f  6 .5 5  e .v .  C a lc u la t io n s  h a v e  s h o w n  t h a t  th is  v a lu e  

is  e q u a l  t o  t h e  t h e r m o c h e m ic a l  e n e r g y  o f  a t o m iz a t io n ,  

Eg.( 0 2F 2) t , a t  1 3 0 ° I v .  w it h in  t h e  e x p e r im e n ta l  e rro r , 

a n d  i t  is  s e e n  t o  a g re e  v e r y  w e ll  w it h  t h e  v a lu e  o b t a in e d  

f r o m  o u r  lo w -t e m p e r a t u r e  e le c tr o n  im p a c t  d a ta .

T h e  c o n s is te n c y  o f  t h e  A ( O F + )  f r o m  0 « F 2 o b t a in e d  

in  o u r  e x p e r im e n ts  a n d  t h e  d a t a  r e p o r te d  b y  D R F  in  

th e ir  in v e s t ig a t io n  o f  O F 2 c a n  b e  b e t t e r  i l lu s tr a te d  b y  

t h e  e q u a t io n

F a( 0 2F 2)E  =  A ( O F + ) i  —  A  ( O F + ) d r f  —

A ( F ~ )  -  EA(F) +  K . E .  +  2 E a( O F 2) T (9 )

w h e r e  A ( F _ ) =  1 .2  e .v .  a n d  K . E .  =  2 .0  e .v .  a re  t h e  

a p p e a r a n c e  p o t e n t ia l  o f  t h e  n e g a t iv e  f lu o r in e  a t o m  a n d  

t h e  e x c e s s  k in e t ic  e n e r g y , r e s p e c t iv e ly , m e a s u r e d  b y  

D R F  f o r  t h e  p r o c e s s  O F 2 +  e  — O F  +  F -  - j -  K . E .  

EA(F) =  3 .6  e .v .  is  t h e  e le c tr o n  a f f in ity  o f  t h e  f lu o r in e  

a t o m  a n d  E a( O F 2) T =  3 .9  e .v .  is  t h e  t h e r m o c h e m ic a l  

e n e r g y  o f  a t o m iz a t io n  o f  O F 2 c a lc u la te d  f r o m  it s  h e a t  

o f  f o r m a t i o n  o f  7 .6  k c a l . S u b s t i t u t in g  th e s e  v a lu e s  

in t o  e q . 9  g iv e s  E a( 0 2F 2) E =  1 7 .5  -  1 5 .8  -  1 .2  -  3 .6  

+  2 .0  +  2 ( 3 .9 )  =  6 .7  e .v . ,  w h ic h  is  in  v e r y  g o o d  a g re e 

m e n t  w it h  E a( 0 2F 2)T  =  6 .5 5  e .v .

T h i s  e x c e lle n t  a g r e e m e n t  b e t w e e n  Z?a ( 0 2F 2)T  a n d  

E a( 0 2F 2) E in d ic a te s  t h a t  t h e  e x p e r im e n ta l  v a lu e s  o b 

ta in e d  b y  D R F  a n d  o u r  m e a s u r e d  A ( O F + ) i  a re  r e a s o n 

a b ly  a c c u r a te  a n d  th e  p r o c e s s  g i v e n  b y  e q . 2  r e a lly  

d o e s  o c c u r  w it h o u t  a n y  s ig n ific a n t  e x c e ss  k in e t ic  e n e r g y .  

T h i s  in  tu r n  w o u ld  in d ic a te  t h a t  t h e  r e s u lt in g  D 
( F O - O F )  = 4 . 5  e .v .  is  a  g o o d  v a lu e . T h e  f a c t  t h a t  

th is  b o n d  e n e r g y  is  n e a r ly  as la r g e  a s  t h a t  o f  0 2, D ( 0 2) =

5 .0 8  e .v . ,  a ls o  a g re e s  q u a li t a t iv e ly  w i t h  t h e  m ic r o -  

w a v e  d a t a  o f  J a c k s o n ,10 w h o  r e p o r te d  a  v e r y  s h o r t

0 - 0  b o n d  le n g t h  in  0 2F 2 o f  1 .2 1 7  A . ,  w h ic h  is  n e a r ly  

e q u a l t o  t h e  b o n d  le n g th  in  0 2 o f  1 .2 1  A .

S in c e  t h e  e n e r g y  o f  a t o m iz a t io n  o f  a  m o le c u le  is  

in d e p e n d e n t  o f  t h e  p a t h  f o llo w e d , w e  c a n  w r ite

K a( 0 2F 2) E =  6 .7  e .v .  =

D ( F - 0 2F )  +  D ( 0 2- F )  +  D(  0 2) ( 1 0 )

=  D ( F - 0 2F )  +  D ( O - O F )  +

D ( O F )  ( 1 1 )

F r o m  th e  k n o w n  b o n d  e n e r g y  o f  o x y g e n , D {0 2) =  5 .1  

e .v . ,  a n d  e q . 1 0

D ( F - 0 2F )  +  D ( 0 2- F )  =  6 .7  -  5 .1  =  1 .6  e .v .  ( 1 2 )  

a n d  f r o m  e q . 11

D ( F - 0 2F )  +  D ( O - O F )  =  6 .7  -  1 .1  =  5 .6  e .v .  ( 1 3 )

E q u a t i o n  1 2  s h o w s  t h a t  t h e  O - F  b o n d s  in  0 2F 2 are  

u n u s u a lly  w e a k . T h i s  a ls o  a g re e s  q u a l i t a t i v e ly  w it h  

t h e  m ic r o w a v e  r e s u lts  w h ic h  in d ic a te d  a n  u n u s u a lly  

lo n g  O - F  b o n d  le n g t h  o f  1 .5 7 5  A .  f o r  th is  m o le c u le .

I n  o r d e r  t o  c a lc u la te  D ( O - O F )  f r o m  e q . 1 3 , i t  is  

n e c e s s a r y  t o  e s t im a t e  t h e  r e la t iv e  v a lu e s  o f  D ( F - 0 2F )  

a n d  D ( 0 2- F ) .  A  r e a s o n a b le  a s s u m p t io n  w o u ld  b e  

t h a t  th e s e  t w o  b o n d  e n e r g ie s  a r e  e q u a l . T h i s  w o u ld  

g iv e  D ( F - 0 2F )  =  D ( 0 2- F )  =  0 .8  e .v .  A c t u a l l y ,  w e  

m i g h t  e x p e c t  D ( F - 0 2F )  t o  b e  1 0 - 1 5 %  g r e a te r  th a n  

D ( 0 2- F ) ,  b u t  th is  w o u ld  r e s u lt  in  a n  e rr o r  o f  o n ly  

~ 0 . 1  e .v .  in  t h e  e s t im a t e d  v a lu e  o f  0 .8  e .v .  L e v y  

a n d  W e s l e y 11 h a v e  e s t im a t e d  t h a t  D ( 0 2- F )  =  1 5  k c a l .  

=  0 .7  e .v .  f r o m  k in e t ic  d a t a  o n  t h e  th e r m a l  d e c o m p o 

s i t io n  o f  0 2F 2.

U s i n g  t h e  e s t im a t e d  v a lu e  o f  D ( F - 0 2F )  =  0 .8  e .v . ,  

e q . 1 3  g iv e s  D ( O - O F )  =  5 .6  —  0 .8  =  4 .8  e .v .  =  1 1 0  

k c a l . T h i s  a p p e a r s  q u a l i t a t iv e ly  in  t h e  r ig h t  r a n g e  

s in c e  w e  w o u ld  e x p e c t  D ( O - O F )  t o  b e  g r e a te r  t h a n

(8) .D(OF) of 2.4 e.v. has been estimated from data of A. Arkell, 
R. R. Reihard, and L. P. Larson, J. Am. Chem. Soc., 87, 1016 (1965).
(9) A. D. Kirshenbaum, A. V. Grosse, and J. G. Aston, ibid., 81, 
6398 (1959).
(10) R. H. Jackson, J. Chem. Soc., 4585 (1962).
(11) J. B. Levy and B. K. Wesley, J. Phys. Chem., 69, 408 (1965).
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7 ) ( F O - O F )  w h ic h  w a s  f o u n d  t o  b e  4 .5  e .v . ,  a n d  i t  w o u ld  

c e r ta in ly  b e  le s s  t h a n  D (0 2) o f  5 .0 8  e .v .  I n  v ie w  o f  

th is  la s t  s t a t e m e n t , w e  w o u ld  a ls o  h a v e  p r e d ic te d  f r o m  

e q . 1 3  t h a t  7 ) ( F - 0 2F )  w o u ld  b e  le s s  t h a n  5 .6  —  4 .5  =

1 .1  e .v .  a n d  c e r t a in ly  g r e a te r  t h a n  5 .6  —  5 .1  =  0 .5  e .v .  

U s i n g  th e s e  e x tr e m e  l im it s  w e  w o u ld  s a y  t h a t  DCF- 
0 2F )  =  0 .8  ±  0 .3  e .v . ,  w h ic h  is  t h e  v a lu e  o b ta in e d  

a b o v e  b y  s im p ly  a s s u m in g  t h a t  _ D ( F - 0 2F )  =  7 > ( 0 2- F ) .

W e  h a v e  n o t  n e e d e d  o u r  m e a s u r e d  a p p e a r a n c e  p o t e n 

t ia l  o f  t h e  0 ^ +  io n , A ( 0 2F + )  =  1 4 .0  ±  0 .1  e .v . ,  t o  

o b t a in  a n y  o f  t h e  a b o v e  r e s u lts , b u t  i t  is  n e e d e d  t o  

e s t im a te  th e  io n iz a t io n  p o t e n t ia l  o f  t h e  0 2F  fr e e  r a d ic a l. 

I n  o r d e r  t o  c h e c k  q u a l i t a t iv e ly  t h e  c o n s is te n c y  o f  t h e  

m e a s u r e d  A ( 0 2F + )  a n d  t h e  a s s u m p t io n  t h a t  n o  e x c e ss  

k in e t ic  e n e r g y  is  f o r m e d  in  th e  p r o c e s s  g iv e n  b y  e q . 1 , 

t h e  e n e r g y  o f  a t o m iz a t io n  c a n  b e  w r it t e n  as

i ? a ( 0 2F 2) E =  A ( 0 2F + ) x +

Z ) ( 0 2+ - F )  +  Z > ( 0 2+ )  -  Z ( O )  ( 1 4 )

U s i n g  th e  k n o w n  v a lu e s  o f  7 ) ( 0 2+ ) =  6 .4 8  e .v .  a n d  

J ( O )  =  1 3 .6  e .v . ,  e q . 1 4  g iv e s  7 ) ( 0 2+ - F )  =  6 .7  —

1 4 .0  —  6 .4 8  +  1 3 .6  =  — 0 .1 8  e .v .  T h i s  w o u ld  in d ic a te  

t h a t  t h e  0 2F +  io n  is  u n s t a b le , b u t  w e  k n o w  t h a t  i t  is  

s t a b le  f o r  a t  le a s t  5 0  ¡j.sec. s in c e  i t  is  o b s e r v e d  in  t h e  

m a s s  s p e c tr o m e te r . T h e  m o s t  r e a s o n a b le  e x p la n a t io n  

o f  th is  o b s e r v a t io n  is  t h a t  t h e  f o r m a t i o n  o f  t h e  0 2F +  

io n  is  a c t u a lly  a c c o m p a n ie d  b y  a t  le a s t  a  s m a ll  a m o u n t  

o f  e x c e ss  k in e t ic  e n e r g y . W i t h o u t  a c t u a lly  m e a s u r in g  

t h e  e x c e ss  k in e t ic  e n e r g y , a n  a c c u r a te  v a lu e  f o r  I ( 0 2F )  

c a n n o t  b e  c a lc u la t e d . H o w e v e r , u s in g  t h e  o b s e r v e d  

A ( 02F + ) i  =  1 4 .0  g iv e s  a n  u p p e r  l i m i t  f r o m  e q . 7  o f  

7 ( 0 2F )  ^  1 4 .0  —  0 .8  =  1 3 .2  e .v .  A  r e a s o n a b le  e s ti 

m a t e  o f  t h e  e x c e s s  k in e t ic  e n e r g y  c a n  b e  m a d e  f r o m  

a n  a n a lo g y  w it h  t h e  h y d r o g e n  p e r o x id e  m o le c u le . T h e  

d is s o c ia t io n  e n e r g ie s  o f  t h e  a n a lo g o u s  s p e c ie s  f r o m  

H 20 2 h a v e  b e e n  m e a s u r e d  b y  e le c tr o n  im p a c t  m e t h o d s  

t o  b e  7 > ( H - 0 2) =  2 .0  e .v .  a n d  7 > ( H - 0 2+ )  =  1 .9  e . v . , 12 

o r  t h e  d is s o c ia t io n  e n e r g ie s  o f  t h e  fr e e  r a d ic a l  a n d  t h e  

io n  a re  e s s e n t ia l ly  e q u a l . I f  w e  a s s u m e  t h a t  th is  is  

t h e  c a s e  f o r  t h e  0 2F 2 m o le c u le , t h e n  D ( 0 2+ - F )  =  

D ( 0 2- F )  =  0 .8  e .v .  T h e n  w e  c a n  c a lc u la te  a  p r o b a b le  

u p p e r  l im it  o f  t h e  e x c e s s  k in e t ic  e n e r g y  f r o m  t h e  e q u a 

t io n

A a( 0 2F 2) E =  6 .7  =  A ( 0 2F + ) j -  K . E .  +

U ( 0 2+ - F )  +  D ( 0 2+ )  -  7 ( 0 )  (1 5 )

T h i s  g i v e s  K . E .  =  1 4 .0  +  0 .8  +  6 .4 8  -  1 3 .6  -  6 .7  =

1 .0  e .v .  M a k i n g  a  c o r r e c t io n  f o r  t h is  e x c e s s  e n e r g y  

o f  1 .0  e .v .  in  e q . 7  g iv e s  a n  a p p r o x im a t e  v a lu e  o f  7  

( 0 2F )  =  1 4 .0  —  1 .0  —  0 .8  =  1 2 .2  e .v .  T h i s  s e e m s  lik e  

a  r e a s o n a b le  v a lu e  in  v i e w  o f  t h e  f a c t  t h a t  7 ( 0 2)  =  1 2 .2  

e .v .  a n d  7 ( H 0 2) =  1 1 .5  e . v . 13 T h e  f a c t  t h a t  t h i s  e s t i 

m a t e d  v a lu e  o f  7 ( 0 2F )  is  e q u a l  t o  7 ( 0 2) is  c o in c id e n ta l  

b u t  w e  w o u ld  e x p e c t  t h a t  i t  w o u ld  p r o b a b ly  b e  b e tw e e n  

7 ( 0 2) a n d  7 ( H 0 2) s in c e  t h e  f lu o r in e  a t o m  is  o n ly  lo o s e ly  

b o n d e d  t o  0 2 in  0 2F .

S in c e  t h e  p a r e n t  p e a k  o f  0 2F 2 w a s  n o t  o b s e r v e d , i t  is  

im p o s s ib le  t o  m e a s u r e  t h e  7 ( 0 2F 2)  d ir e c t ly , b u t  w e  c a n  

s a y  t h a t  7 ( 0 ^ )  :£  A ( 0 2F + )  =  1 4 .0  e .v .  T h i s  g iv e s  a  

m a x im u m  f o r  7 ( 0 2F 2) ,  b u t  a  m o r e  r e a s o n a b le  v a lu e  

w o u ld  b e  n e a r e r  1 3 .0  e .v .  w h ic h  t a k e s  in t o  a c c o u n t  t h e  

e s t im a t e d  e x c e s s  k in e t ic  e n e r g y  o f  1 .0  e .v .

Case II. T h e  a p p e a r a n c e  p o t e n t ia l  o f  t h e  0 2F +  

io n  is  t h e  s a m e  a s  in  c a s e  I  a n d  is  g i v e n  b y  e q . 7 .  T h e  

a p p e a r a n c e  p o t e n t ia l  o f  t h e  O F +  io n  is  g i v e n  b y

A ( O F + ) „  =  7 ) ( F - 0 2F )  +  D ( O - O F )  +  7 ( O F )  ( 1 6 )

T h e  A ( O F + ) n  r e q u ir e d  f o r  t h is  p r o c e s s  c a n  b e  r e a d ily  

c a lc u la te d  f r o m  e q . 1 6  u s in g  7 ) ( F - 0 2F )  +  D ( O - O F )  =  

E>{0 2F 2) t  -  D ( O F )  =  6 .6  -  1 .1  =  5 .5  e .v .  T h i s  

g iv e s  A ( O F + ) n  =  5 .5  +  1 3 .0  =  1 8 .5  e .v . ,  w h ic h  is  1 .0  

e .v .  g r e a te r  t h a n  t h e  m e a s u r e d  v a lu e  o f  1 7 .5  e .v .  

w h ic h  m e a n s  t h a t  th e  p r o c e s s  o f  e q . 4  is  n o t  c o r r e c t .

Case III. I n  th is  c a se  i t  is  a s s u m e d  t h a t  t h e  0 2F +  

a n d  O F +  io n s  are  a r is in g  f r o m  t h e  0 2F  fr e e  r a d ic a l .  

T h e r e fo r e , A  ( 0 2F + ) m  =  7 ( 0 2F )  =  1 4 .0  e .v .  a n d  t h e  

a p p e a r a n c e  p o t e n t ia l  o f  t h e  O F +  io n  is  g i v e n  b y

A ( O F + ) m  =  7  ( 0 2F )  +  7 ) ( 0 - O F - )  ( 1 7 )

E q u a t i o n  1 7  g iv e s  7 ) ( 0 - O F + )  =  1 7 .5  —  1 4 .0  =  3 .5  

e .v .  F r o m  t h e  r e la t io n

7 ) ( 0 - O F + )  +  D ( 0 + - F )  =  D ( 0 2+ - F )  +  7 ) ( 0 2+ )  ( 1 8 )

a n d  th e  d is s o c ia t io n  e n e r g y  o f  t h e  O F +  io n , D ( O F + )  =

1 .7  e .v . ,  r e p o r te d  b y  D B F ,  a  v a lu e  o f  7 ) ( 0 2+ - F )  =

3 .5  +  1 .7  —  6 .4 8  =  — 1 .3  e .v .  is  o b t a i n e d . T h i s  is  

a n  u n l ik e ly  v a lu e  a n d  in d ic a te s  t h a t  t h e  o b s e r v e d  a p 

p e a r a n c e  p o t e n t ia ls  a re  n o t  c o n s is t e n t  f o r  t h e  a s s u m p 

t io n  o f  a  fr e e  0 2F  r a d ic a l .

S in c e  th e r e  a r e  n o  o t h e r  p r o c e s s e s  t h a t  a r e  e n e r g e t i 

c a lly  r e a s o n a b le  a n d  t h e  r e s u lts  o b t a i n e d  f o r  c a s e  I  a re  

c o n s is te n t  w it h  b o t h  t h e  a v a i la b le  t h e r m o c h e m ic a l  

a n d  m ic r o w a v e  d a t a , i t  is  e v id e n t  t h a t  t h e  0 2F +  a n d  

O F +  io n s  are  f o r m e d  b y  t h e  p r o c e s s e s  g i v e n  b y  e q . 1 

a n d  2 . T h e  r e s u lts  t h a t  w e r e  o b t a i n e d  a re  s u m m a r iz e d  

in  T a b l e  I .

S e v e r a l  la b o r a to r ie s , in c lu d in g  o u r  o w n , a r e  p r e s e n t ly  

in v e s t ig a t in g  t h e  p o s s ib le  fr e e  e x is t e n c e  o f  t h e  O F  

fr e e  r a d ic a l . I n  t h e  m a s s  s p e c t r u m  g i v e n  in  T a b l e  I  

i t  c a n  b e  s e e n  t h a t  t h e  r a t io  o f  0 2F +  t o  O F +  f r o m  0 2F 2 

is  a b o u t  1 0 . I n  v ie w  o f  th is  a n d  t h e  v e r y  s t r o n g  0 - 0  

b o n d  ( 1 0 4  k c a l .)  a n d  v e r y  w e a k  O - F  b o n d s  (a p p r o x i -

(12) A. J. B. Robertson, Trans. Faraday Soc., 48, 229 (1952).
(13) S. N. Foner and R. L. Hudson, J. Chem. Phys., 36, 2681 (1962).
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Table I : Relative Abundance and Appearance Potentials of 
Positive Ions in the Mass Spectrum of
Dioxygen Difluoride

Ion

Relative
abundance,

%

Appearance
potential,

e.v. Remarks

O2F2+ ... /(O 2F2) g  14.0 e.v.

0 + 10 0 14.0 ±  0.1
(~ 13 .0e .v .‘ ) 

J(02F) g  13.2 e.v.

OF+ 1 0 . 1 17.5 ±  0.2
(—1 2 . 2  e.v.6) 

/(OF) = 13.0 e.v.c
o 2+ ( 1 0 2 0 )“ D(FO-OF) = 4.5 ±

0  + (305)“
0 . 2  e.v.

D (F -0 2F) = 0.8 e.v.

f 2+ (300)“ •T» •
D(O2-F ) = 0.8 e.v. 
-D(OF) = 1.1 e.v.c

F+ (1 2 0 )“ ••• D(O-OF) = 4.8 e.v.

“ Includes very large background due to decomposition
O2F2 in the spectrometer. 6 Accounts for excess kinetic energy 
in (0 2F+ +  F). c From ref. 5.

m a t e ly  1 8 .5  k c a l .) ,  i t  is  a lm o s t  c e r t a in  t h a t  t h e  t h e r m a l  

d e c o m p o s it io n  d o e s  n o t  i n v o lv e  t h e  f o r m a t i o n  o f  O F  

a s  a n  in t e r m e d ia te . A  r e a s o n a b le  m e c h a n is m  w o u ld  

b e  t h a t  p r o p o s e d  b y  G r o s s e  a n d  K ir s h e n b a u m 14

F02-F —> 0 2F- +  F-
02—F • -*■ 02 ~b F •

F -  +  F • ■— >  F 2

0 2F 2 — >  0 2 +  F 2 ( o v e r -a l l  r e s u lt )

T h i s  w o u ld  in d ic a te  t h a t  i f  O F  is  t o  b e  f o r m e d  in  a n y  

a p p r e c ia b le  a m o u n t  f r o m  0 2F 2, p h y s ic a l  te c h n iq u e s  f o r  

fr a g m e n t a t io n  o t h e r  t h a n  p y r o ly s is  ( s u c h  a s  ir r a d ia 

t io n , e le c tr ic a l  d is c h a r g e , e t c .)  w ill  l ik e ly  b e  r e q u ir e d .  

W i t h  a n y  o f  th e s e  te c h n iq u e s  i t  w o u ld  b e  e x p e c t e d  

t h a t  c o n s id e r a b ly  m o r e  0 2F  fr e e  r a d ic a l  w o u ld  b e  f o r m e d  

t h a n  O F .  W e  a re  p r e s e n t ly  a t t e m p t in g  t o  p r e p a r e  

0 2F  a n d  O F  a s  fr e e  s p e c ie s  u s in g  t h e  c r y o g e n ic  t e m p e r a 

tu r e  p r o c e d u r e s  t h a t  h a v e  b e e n  o u t l in e d  h e re .
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and Identification of the OF, O2F, and O3F Radicals,” Second 
Quarterly Progress Report, Air Force Contract No. AF 04(611)- 
9555, The Research Institute of Temple University, March 31, 1964.
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O s m o t ic  a n d  a c t i v i t y  c o e ffic ie n ts  a re  r e p o r te d  f o r  c e r t a in  d iv a le n t  s a l t s  o f  p -t o lu e n e s u lfo n ic ,  

b ib e n z y ld is u l f o n ic , a n d  1 ,2 ,3 -t r ip h e n y lp r o p a n e t r is u l f o n ic  a c id s . C o r r e s p o n d e n c e  w it h  t h e  

b e h a v io r  o f  s u lfo n a t e d  p o ly s t y r e n e -d i v i n y lb e n z e n e  io n  e x c h a n g e r s  is n o t e d  in  t h e  s e q u e n c e  

o f  a c t i v i t y  a n d  o s m o t ic  c o e ffic ie n ts  a n d  in  t h e  e ffe c t  o f  t e m p e r a t u r e  o n  th e s e  c o e ffic ie n ts . 

I o n  p a ir in g  a p p e a r s  t o  b e  g r e a t ly  r e d u c e d  in  t h e  p o ly s u l f o n a t e s  in  c o m p a r is o n  w it h  t h a t  

o b s e r v e d  in  “ n o r m a l”  e le c t r o ly te s  o f  s im ila r  v a le n c e  t y p e s .  L i m i t i n g  D e b y e - H i i c k e l  

b e h a v io r  is  a p p r o a c h e d  b y  t h e s e  e le c t r o ly t e s  o n ly  in  e x t r e m e ly  d i lu te  so lu tio n s ., i f  a t  a ll.

T h e  o s m o t ic  a n d  a c t i v i t y  c o e ffic ie n ts  o f  s e v e r a l  

a r o m a t ic  s u lfo n ic  a c id s  a n d  th e ir  s a lt s  h a v e  b e e n  re 

p o r t e d , a n d  th e s e  d a t a  h a v e  b e e n  r e la t e d  t o  t h e  in te r 

p r e t a t io n  o f  io n -e x c h a n g e  e q u il ib r iu m  d a t a  o n  s u lfo 

n a t e d  s t y r e n e -d iv in y lb e n z e n e  c o p o ly m e r s . T h e s e  re 

p o r t e d  in v e s t ig a t io n s  h a v e  b e e n  l im it e d  s o  f a r  t o  a c id s  

a n d  m o n o v a le n t  c a t io n ic  s a lt s  a lt h o u g h  p o ly s u f f o n a t e  

a n io n s  c o n ta in in g  v a r y i n g  n u m b e r s  o f  s u lfo n a t e  g r o u p s  

p e r  m o le c u le  h a v e  b e e n  u s e d . I t  h a s  b e e n  o b s e r v e d  

in  c o n c e n tr a te d  s o lu t io n s  w h e r e  th e  d is ta n c e s  o f  s e p a 

r a t io n  o f  io n ic  g r o u p s  a re  v i r t u a l ly  in d e p e n d e n t  o f  th e  

d e g r e e  o f  p o ly m e r iz a t io n  t h a t  t h e  lo w e r in g  o f  t h e  w a t e r  

a c t iv i t y  is  p r im a r i ly  a  f u n c t io n  o f  t h e  c o n c e n tr a t io n  o f  

io n ic  g r o u p s  a n d  n o t  o f  t h e  n u m b e r  o f  io n s  p r e s e n t .1 

T h e  d is u lfo n a te s  h a v e  b e e n  f o u n d  t o  d iffe r  m a r k e d ly  

f r o m  s u lfa te s  in  d i lu t e  s o lu t io n s  b e c a u s e  o f  t h e  s e p a r a 

t io n  o f  t h e  t w o  n e g a t iv e  c h a r g e s .2 O s m o t ic  a n d  

a c t i v i t y  c o e ffic ie n ts  o f  tr is u lfo n a t e s  a n d  h ig h e r  p o ly m e r s  

o r  o f  d iv a le n t  s a lt s  o f  “ m o d e l”  s u lfo n a t e s  in  d i lu t e  s o lu 

t io n s  h a v e  n o t  b e e n  r e p o r te d . A t k i n s o n 3 a n d  c o 

w o r k e r s  h a v e , h o w e v e r , m a d e  a n  e x te n s iv e  in v e s t ig a 

t io n  o f  t h e  c o n d u c ta n c e  o f  d iv a le n t  s a lt s  o f  m -b e n z e n e -  

d is u lfo n ic  a c id  a n d  o t h e r  b o la f o r m  e le c t r o ly te s . T h e y  

r e p o r t  t h a t  t h e  io n  p a ir in g  e x h ib i te d  b y  “ n o r m a l”

2 - 2  e le c t r o ly t e s  is  a b s e n t  in  th e s e  s o lu t io n s . B r u b a k e r 4 5 

c o n fir m s  th e s e  o b s e r v a t io n s  w it h  h is  m e a s u r e m e n t s  

o f  t h e  o s m o t ic  a n d  a c t i v i t y  c o e ffic ie n ts  o f  c e r t a in  m- 
b e n z e n e d is u lfo n a t e s . I t  s e e m e d  d e s ir a b le , th e r e fo r e ,  

t o  e x te n d  t h e  m e a s u r e m e n t s  o f  t h e  c o ll ig a t iv e  p r o p e r 

t ie s  t o  s o lu t io n s  o f  d iv a le n t  s a lt s  a n d  s im u lt a n e o u s ly

t o  r e la te  t h e  r e s u lts  t o  t h e  io n -e x c h a n g e  e q u il ib r iu m  

d a t a  w h ic h  a r e  a v a ila b le .

Experimental Section
T h e  o s m o t ic  p r o p e r t ie s  o f  c e r ta in  d iv a le n t  s a l t s  o f  

th r e e  s u lfo n ic  a c id s  h a v e  b e e n  in v e s t ig a t e d . I n  e a c h  

in s t a n c e , t h e  s a lt s  w e r e  p r e p a r e d  b y  r e a c t io n  o f  th e  

a c id  w it h  t h e  m e t a l  c a r b o n a t e s  w h ic h  c o u ld  b e  o b t a in e d  

in  v e r y  h ig h  p u r i t y .  T h e  s a l t s  w e r e  t h e n  r e c r y s t a l 

liz e d  a t  le a s t  th r e e  t im e s  f r o m  w a t e r  o r  w a t e r -m e t h a n o l  

s o lu t io n s . E q u i v a l e n t  w e ig h t s  w e r e  c h e c k e d  b y  c o m -  

p le x im e t r ic  t i t r a t io n  o f  s a m p le s  w h ic h  h a d  b e e n  d r ie d  

o v e r  P 20 5.

T h e  to lu e n e s u lfo n a t e s  w e r e  p r e p a r e d  f r o m  r e a g e n t  

g r a d e  p -t o lu e n e s u lfo n ic  a c id . B ib e n z y ld is u l fo n ic  a c id  

w a s  p r e p a r e d  b y  th e  d r o p w is e  a d d it io n  o f  l iq u id  S 0 3, 

d is s o lv e d  in  C C 1 4, t o  a  s o lu t io n  o f  b ib e n z y l  in  C C 1 4.6 

T h e  p a r e n t  h y d r o c a r b o n , 1 ,2 ,3 - t r ip h e n y lp r o p a n e , w a s  

s y n t h e s iz e d  in  t h e  p r e v io u s ly  d e s c r ib e d  m a n n e r ,1 

a n d  t h e  tr is u lfo n ic  a c id  w a s  p r e p a r e d  b y  t h e  s a m e  

p r o c e d u r e  u s e d  f o r  b ib e n z y ld is u l f o n ic  a c id .

T h e  o s m o t ic  c o e ffic ie n ts  w e r e  m e a s u r e d  in  d i lu te  

s o lu t io n s  a t  s e v e r a l  t e m p e r a t u r e s  b y  t h e  a d ia b a t ic

(1) 0. D. Bonner and J. R. Overton, J. Phys. Chem., 67, 1035 
(1963).
(2) 0. D. Bonner and O. C. Rogers, ibid., 65, 981 (1961).
(3) E.g. (a) G. Atkinson, M. Yokoi, and C. J. Hallada. J. Am. Chem.
Soc., 83, 1570 (1961); (b) G. Atkinson and S. Petrucci, J. Phys.
Chem., 67, 1880 (1963).
(4) C. Brubaker and P. G. Rasmussen, ibid., 67, 330 (1963).
(5) H. H. Roth, Ind. Eng. Chem., 46, 2435 (1954).
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is o p ie s t ic  m e t h o d  u s in g  t h e  M e c h r o la b  v a p o r  p r e s s u r e  

o s m o m e t e r . T h e  u s u a l  is o p ie s t ic  t e c h n iq u e 6 w a s  u s e d  

t o  o b t a i n  d a t a  o n  t h e  m o r e  c o n c e n tr a te d  s o lu t io n s .  

I n d i v i d u a l  m e a s u r e m e n t s  o f  d i lu te  s o lu t io n s  a r e  a c 

c u r a te  t o  a b o u t  0 . 5 % .  T h e  r e p o r te d  v a lu e s  a r e , h o w 

e v e r , t h e  a v e r a g e  o f  th r e e  o f  f iv e  m e a s u r e m e n t s  o f  e a c h  

s o lu t io n  a n d  s h o u ld  h a v e  a n  a c c u r a c y  o f  0 .2  t o  0 . 4 % .  

T h e  t a b u la r  v a lu e s  w e r e  o b t a in e d  f r o m  in t e r p o la t io n s  o f  

p lo t s  o f  t h e  o r ig in a l  d a ta .

Discussion and Results

T h e  d a t a  o b t a in e d  f o r  th e s e  “ m o d e l”  s u lfo n a t e s  a re  

o f  in t e r e s t  f o r  c o r r e la t io n  w it h  io n -e x c h a n g e  e q u il ib r iu m  

m e a s u r e m e n t s  in  t h a t  t h e  o r d e r  o f  d e c r e a s in g  o s m o t ic  

o r  a c t i v i t y  c o e ffic ie n ts  ( T a b le s  I —I I I )  o f  b o t h  t h e  m o n o 

s u lfo n a t e s  a n d  d is u lfo n a te s  is  t h e  s a m e  a s  t h e  o r d e r  o f  

in c r e a s in g  s e le c t iv it y  o f  a  c r o s s -l in k e d  io n  e x c h a n g e r  

f o r  th e s e  s a m e  io n s .7 T h i s  is  in  a g r e e m e n t  w it h  t h e  

in t e r p r e t a t io n  o f  M y e r s  a n d  B o y d 8 t h a t  t h e  a c t i v i t y  

c o e ffic ie n ts  o f  t h e  re s in  s u lfo n a t e s  m a k e  t h e  g r e a te s t  

c o n tr ib u t io n  t o  t h e  io n -e x c h a n g e  s e le c t iv i t y  c o e ffic ie n t .

Table I: Osmotic Coefficients of Some
Divalent p-Toluenesulfonates

Concn.,
M 25°

-C u T oh —  
37° 50°

ZnToU
37°

CdToU
37°

CaToh
37°

0 . 0 1 0.900 0.898 0.898 0.898 0.897
0 . 0 2 0.881 0.878 0.878 0.878 0.877
0.05 0.854 0.850 0.850 0.849 0.848
0 . 1 0 0.833 0.827 0.828 0.825 0.823
0 . 2 0 0.812 0.803 0.806 0.798 0.795
0.30 0.795 0.785 0.775 0.789 0.778 0.771
0.40 0.783 0.772 0.754 0.762 0.750
0.50 0.773 0.761 0.746 0.749 0.733
0.60 0.764 0.752 0.734 0.738 0.719
0.70 0.756 0.745 0.724
0.80 0.749 0.739 0.716
0.90 0.734 0.709

A  s e c o n d  s u b s t a n t i a t io n  o f  t h e  v a l i d i t y  o f  u s in g  

th e s e  m o d e ls  in  t h e  in t e r p r e t a t io n  o f  t h e  io n -e x c h a n g e  

e q u ilib r ia  is  n o t e d  w h e n  o n e  c o m p a r e s  t h e  e f fe c t  o f  

t e m p e r a t u r e  o n  b o t h  t h e  s e le c t iv i t y  c o e ffic ie n t  o f  th e  

e x c h a n g e r  a n d  t h e  a c t i v i t y  c o e ffic ie n ts  o f  th e  “ m o d e l”  

s u l fo n a t e s . T h e  b e h a v io r  o f  t h e  a c t i v i t y  c o e ffic ie n ts  

o f  c e r t a in  m o n o v a le n t  p -t o lu e n e s u lfo n a t e s 9 w a s  f o u n d  

t o  p a r a l le l  t h e  d e c r e a s e  in  t h e  s e le c t iv it y  o f  t h e  e x 

c h a n g e r  f o r  p a ir s  o f  m o n o v a le n t  io n s  a s  t h e  te m p e r a 

tu r e  is  in c r e a s e d . T h e  s e le c t iv i t y  t r e n d  is  r e v e r s e d ,  

h o w e v e r , in  e x c h a n g e s  in v o lv in g  a  d iv a le n t  a n d  a  m o n o 

v a le n t  i o n ;  i.e., t h e  s e le c t iv i t y  in c r e a s e s  a t  h ig h e r  t e m 

p e r a tu r e s . T h i s  r e q u ir e s  a  r e la t iv e ly  la r g e r  c h a n g e

Table It : Activity Coefficients of Some 
Divalent p-Toluenesulfonates

Concn., r—•—*— CuToU---------- « ZnToU C d T o l2 C a T o h
M 25° 37° 37° 37° 37°

0 . 0 1 0 . 7 1 2 0 . 7 1 1 0 . 7 0 5 0 . 7 1 0 0 . 6 9 3
0 . 0 2 0 . 6 4 9 0 . 6 4 6 0 . 6 4 1 0 . 6 4 5 0 . 6 3 0

0 . 0 5 0 . 5 5 7 0 . 5 3 1 0 . 5 4 7 0 . 5 5 0 0 . 5 3 7
0 . 1 0 0 . 4 9 0 0 . 4 8 0 0 . 4 8 0 0 . 4 8 1 0 . 4 6 9

0 . 2 0 0 . 4 2 3 0 . 4 1 1 0 . 4 1 4 0 . 4 0 9 0 . 3 9 8

0 . 3 0 0 . 3 8 4 0 . 3 7 1 0 . 3 7 3 0 . 3 6 8 0 . 3 5 6

0 . 4 0 0 . 3 5 7 0 . 3 4 4 0 . 3 3 9 0 . 3 2 5

0 . 5 0 0 . 3 3 7 0 . 3 2 4 0 . 3 1 4 0 . 3 0 3

0 . 6 0 0 . 3 2 0 0 . 3 0 6 0 . 2 9 7 0 . 2 8 4

0 . 7 0 0 . 3 0 5 0 . 2 9 2

0 . 8 0 0 . 3 0 2 0 . 2 8 1

0 . 9 0 0 . 2 7 1

Table HI : Osmotic Coefficients of Some 
Divalent Bibenzyldisulfonates

Concn.,
M

r-------- Ni]
25°

BB-------- .
37°

,-------- Zn!
25°

BB-------- s
37°

CuBB
25°

CaBB
37°

0 .0 5 0 .7 6 1 0 .7 4 3 0 .7 8 5 0 .7 6 8 0 .7 4 8 0 .7 5 7
0.10 0 .7 1 4 0 .6 9 4 0 .7 4 0 0 .7 2 5 0 .7 0 0 0 .7 0 2
0.20 0 .6 6 0 0 .6 3 8 0 .6 9 0 0.668 0 .6 4 2 0 .6 4 4
0 .3 0 0 .6 5 9 0 .6 3 8 0 .6 1 3
0 .4 0 0 .6 3 0

in  t h e  a c t i v i t y  c o e ffic ie n t  o f  t h e  d i v a le n t  io n  r e s in a te  

t h a n  is  t h e  c a s e  f o r  t h e  m o n o v a le n t  io n  r e s in a te . T h e  

d a t a  f o r  b o t h  t h e  m o d e l  m o n o s u lfo n a t e s  a n d  d is u l fo 

n a t e s  c o n fir m  th is  e ffe c t .

A lt h o u g h  a ll  o f  t h e  d a t a  w h ic h  h a v e  b e e n  a c c u m u 

la t e d  t o  th is  t im e  in d ic a te  t h a t  t h e  o r d e r  o f  in c r e a s in g  

a c t i v i t y  c o e ffic ie n ts  o f  m o n o v a le n t  o r  d i v a le n t  c a t io n ic  

s u lfo n a t e s  is  in d e p e n d e n t  o f  t h e  d e g r e e  o f  p o ly m e r i 

z a t io n  o v e r  t h e  r a n g e  f r o m  m o n o m e r s  t o  c r o s s -l in k e d  

p o ly m e r s , i t  is  in t e r e s t in g  t o  o b s e r v e  t h e  d iffe r e n c e s  in  

b e h a v io r  b e t w e e n  th e s e  e le c t r o ly t e s  a n d  “ n o r m a l”  

e le c t r o ly t e s  o f  t h e  s a m e  v a le n c e  t y p e s .  T h e  l im it in g -  

la w  t y p e  o f  e q u a t io n  f o r  t h e  s lo p e  o f  t h e  o s m o t ic  c o 

e ff ic ie n t  vs. t h e  s q u a r e  r o o t  o f  t h e  m o la l i t y  c u r v e  m a y  

b e  w r i t t e n  a s

(6) R. A. Robinson and 0. A. Sinclair, J. Am. Chem. Soc., 56, 1830 
(1934).
(7) O. D. Bonner and L. L. Smith, J. Phys. Chem., 61, 326 (1957).
(8) G. E. Myers and G. E. Boyd, ibid., 60, 521 (1956). The selec
tivity coefficient for the exchange of ions of like charge is D =  
(m2/?m)r6,in/(»i2/mi)aque£,ii». Upon applying Gibbs-Donnan equi
librium conditions it is found that log D = P{v 1 — vf)/RT +  log 
( ' l l /  7 2 ) resin  2  log ( 7 1 /  7 2 )aqueous-

(9) 0. D. Bonner and W. C. Rampey, ibid., 65, 1602 (1961).
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2 303
d(f>/d-\/m =  — '— AZ+Z-K

o

w h e r e  K  =  n is  t h e  io n ic  s tr e n g th , a n d  A  is

0 .5 0 9  f o r  w a t e r  a t  2 5 ° .  M o n o v a l e n t  b o la f o r m  e le c 

t r o ly t e s  h a v e  b e e n  s h o w n 2 t o  e x h ib i t  s ig n ific a n t  d e v ia 

t i o n s  f r o m  th is  “ id e a l”  b e h a v io r  b e c a u s e  o f  t h e  in 

c o m p le t e  o v e r la p  o f  t h e  io n ic  a t m o s p h e r e s . I t  w o u ld  

b e  e x p e c te d  t h a t  t h e  d e v ia t io n s  w o u ld  b e  e v e n  g r e a te r  

f o r  d iv a le n t  c a t io n s 3 o r  f o r  t r is u lfo n a t e  s a lt s . T h e  

d a t a  f o r  c o p p e r  b ib e n z y ld is u l f o n a t e  (F ig u r e  1 )  a n d  

s a lt s  o f  1 ,2 ,3 -t r ip h e n y lp r o p a n e t r is u l f o n ic  a c id  ( T a b l e  

I V ,  F ig u r e  2 )  in d ic a te  t h a t  th is  is  tr u e . T h e  o s m o t ic  

c o e ffic ie n ts  o f  c o p p e r  b ib e n z y ld is u l f o n a t e  a re  s ig n ifi

c a n t ly  h ig h e r  t h a n  t h a t  o f  t h e  n o r m a l  2 - 2  e le c t r o ly te ,  

c o p p e r  s u lfa te . T h e  s a m e  o b s e r v a t io n  m a y  b e  m a d e  

f o r  c o p p e r  tr ip h e n y lp r o p a n e tr is u lfo n a t e  a n d  p o t a s 

s iu m  fe r r ic y a n id e  a l t h o u g h  t h e  d iffe r e n c e  is  n o t  a s  

p r o n o u n c e d  s in c e  t h e  n e g a t iv e  c h a r g e s  o n  t h e  fe r r ic y a r  

n id e  io n  a re  a ls o  s o m e w h a t  d iffu s e . I n  t h e  c a s e  o f  th e

Table IV : Osmotic and Activity Coefficients of 
Some 1,2,3-Triphenylpropanetrisulfonates (Z)

Concn.,
m 0

—NaaZ------------- .
y

0113̂ 2“
4>

0 . 0 1 0.877 0.691
0.04 0.816 0.523 0.664
0.09 0.773 0.425 0.616
0.16 0.740 0.357 0.636
0 . 2 0.725 0.332 0.654
0.3 0.707 0.289 0.740
0.4 0.701 0.265 0.891
0.5 0.700 0.248 1.046
0 . 6 0.7046 0.235
0.7 0.7116 0.227
0 . 8 0 .7206 0 . 2 2 0
0.9 0.7326 0.216
1 . 0 0.7466 0.213
1 . 2 0.7776 0 . 2 1 0
1.4 0.8136 0 . 2 1 1
1 . 6 0.8516 0.214
1 . 8 0.890 0 . 2 2 0

“ Activity coefficients were not calculated for CU3Z2 because 
of the uncertainty in the extrapolation of the osmotic coefficient 
data to infinite dilution. 6 Also reported previously in ref. 1.

c o p p e r  s a l t  o f  t h e  t r is u lfo n a t e , t h e  o s m o t ic  c o e ffic ie n t  

b e h a v io r  b e a r s  n o  r e s e m b la n c e  t o  t h a t  o f  t h e  n o r m a l

3 - 2  e le c t r o ly t e  C r 2( S 0 4 ) 3. T h i s  b e h a v io r  i l lu s tr a te s  

fu r t h e r  t h e  m in im a l  im p o r t a n c e  o f  io n  p a ir in g  in  th e s e  

e le c t r o ly te s  a n d  e x p la in s  t h e  s im ila r it y  o f  t h e  p r o p e r t ie s

Figure 1 . Osmotic coefficients of bibenzyldisulfonate salts at 
25° (BB = bibenzyldisulfonate). Coefficients of CuSOi in 
two dilute solutions were also measured for comparisons.

Figure 2 . Osmotic coefficients of triphenylpropanetrisulfonate 
salts at 25° (Z = 1,2,3-triphenylpropanetrisulfonate). Data 
for K 3Fe(CN)6 and Cr2(SC>4)3 from R. A. Robinson and 
R. H. Stokes, “Electrolyte Solutions,”  2nd Ed.,
Academic Press Inc., London, 1959, p. 490.

o f  s a lt s  h a v in g  d iffe r e n t  d e g r e e s  o f  p o ly m e r iz a t io n .  

A  c o m p a r is o n  o f  t h e  w a t e r  a c t i v i t y  d a t a  f o r  s o lu t io n s  

o f  t h e  c o p p e r  m o n o s u lfo n a t e  a n d  t r is u lfo n a t e  s u g g e s ts  

t h a t  in  c o n c e n tr a te d  s o lu t io n s  t h e  v a p o r  p r e s s u r e  

lo w e r in g  o f  s o lu t io n s  o f  t h e  s a m e  w e ig h t  n o r m a li t y  

w o u ld  b e c o m e  v i r t u a l ly  in d e p e n d e n t  o f  t h e  d e g r e e  o f  

p o ly m e r iz a t io n  o f  t h e  s u l fo n a t e  a n io n . T h i s  s a m e  

b e h a v io r  w a s  n o t e d  f o r  t h e  m o n o v a le n t  c a t io n ic  s a lt s .
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( 4 0 - l ) - 1 4 3 7  is  g r a t e f u l ly  a c k n o w le d g e d .
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The Chemically Activated Decomposition of n-Butane and of Isobutane
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T h e  u n im o le c u la r  d e c o m p o s it io n  o f  n -b u t a n e  a n d  i s o b u t a n e  (n-CiHw* — >- 2C2B v ;

n -G J I i o *  — ->■ C H 3- +  n - C 3H 7- ; f - C 4H 10*  — ->■ C H 3- +  s - C s H 7- ) ,  c h e m ic a l ly  a c t i v a t e d  b y  

a d d it io n  o f  m e t h y le n e  r a d ic a ls  t o  p r o p a n e , h a s  b e e n  s t u d ie d  a t  2 5 °  f r o m  0 .0 3  t o  5 0 0  m m .  

in  t h e  p r e s e n c e  a n d  a b s e n c e  o f  o x y g e n . T h e  p r e s s u r e  c o u r s e  o f  t h e  p r in c ip a l  p r o d u c t s  h a s  

b e e n  d e t e r m in e d . T h e  d a t a  h a v e  b e e n  s o lv e d  b y  a n  i t e r a t io n  p r o c e d u r e  f o r  fci, fc2, a n d  /c3, 

w h ic h  a r e  e q u a l  t o  t h e  c o llis io n  r a t e  a t  0 .2 5 ,  0 .5 0 ,  a n d  1 .5 0  m m . ,  r e s p e c t iv e ly . E x p l a n a t i o n  

o f  t h e  p r o d u c t s  s u p p o r t s  e a r lie r  f in d in g s  (r e f . 7  a n d  1 2 )  t h a t  t r ip le t  m e t h y le n e  c a n  a r ise  in  

d i a z o m e t h a n e -s u b s t r a t e  s y s t e m s  in  r e la t iv e  a m o u n t s  w h ic h  in c r e a s e  w i t h  p r e s s u r e  u p  t o  

2 5 - 3 0 %  a t  h ig h  p r e s s u r e s , a n d  t h a t ,  a s  t h e  p r o p o r t io n  o f  t r ip le t  d e c r e a s e s , t h e  m e t h y le n e  

in s e r t io n  r a te s  in t o  v a r io u s  C - H  b o n d s  a p p r o a c h e s  t h e  s t a t is t ic a l  r a t io . I t  is  p r o p o s e d  t h a t  

t r ip le t  m e t h y le n e  c o m p lic a t e s  t h e  a p p a r e n t  in s e r t io n  r a t io  b y  a c t in g  a s  t h e  p r in c ip a l  H - a t o m  

a b s t r a c t io n  a g e n t . R R K M  c a lc u la t io n s  h a v e  b e e n  m a d e  w h ic h  f it  t h e  o b s e r v e d  d e c o m p o s i 

t io n  r a t e s  a n d  t h e  m o d e l  f o r  w h ic h  a g r e e s  w it h  a  v a lu e  f o r  e t h y l  r e c o m b in a t io n  o f  ~ 0 . 0 8 Z .  

T h e  d a t a  r e q u ir e  m i n i m u m  b u t a n e  v i b r a t i o n a l  e n e r g y  o f  1 0 2 .3  k c a l . m o le - 1 . T o g e t h e r  w it h  

d a t a  o n  c h e m ic a l ly  a c t i v a t e d  c y c lo p r o p a n e s , e t h a n e , a n d  m e t h a n e  d e c o m p o s it io n s , th is  

s u g g e s ts  t h a t  m e t h y le n e  r a d ic a ls  t r a n s p o r t  p r o g r e s s iv e ly  le s s  o f  t h e ir  e x c e s s  e n e r g y , a c 

q u ir e d  d u r in g  g e n e s is  b y  d ia z o m e t h a n e  p h o t o ly s is ,  in t o  t h e ir  c o m b in a t io n  p r o d u c t s  w it h  

o le fin s , w it h  p r o p a n e , w it h  m e t h a n e , a n d  w it h  h y d r o g e n ;  t h e  tr a n s p o r t e d  e x c e s s e s  a r e  e s t i 

m a t e d  a s  2 0 - 2 5 ,  1 2 , 9 ,  a n d  0 - 2  k c a l . m o le - 1 , r e s p e c t iv e ly . T h i s  is  e x p lic a b le  in  t e r m s  o f  in 

c r e a s in g  in e ffic ie n c y  o f  m e t h y le n e  r e a c t io n  a lo n g  t h e  se rie s , w i t h  p r o g r e s s iv e ly  in c r e a s in g  

p r o b a b i l i t y  o f  c o llis io n a l  t r a n s fe r  o f  t h e  e x c e s s  e n e r g y .

Introduction
T h e  s im p le  a lk a n e s  a r e  n o t o r io u s  f o r  th e ir  r e c a lc i

tr a n c e  to w a r d  y ie ld in g  s im p le , a c c u r a te  d a t a  f o r  t h e  

r a te s  o f  p r im a r y  d e c o m p o s it io n  in  t h e r m a l  c o llis io n a l  

a c t iv a t io n  s y s t e m s .2 T h e  h ig h  te m p e r a t u r e s  w h ic h  

p r e v a i l  in  s u c h  s y s t e m s  e n c o u r a g e  a b s t r a c t io n  a n d  

o t h e r  s e c o n d a r y  r e a c t io n s  w h ic h  le a d  t o  c o m p le x  

c h a in  m e c h a n is m s  a n d  w h ic h  o b s c u r e  t h e  p r im a r y  

r a te s . T h e s e  s y s t e m s  h a v e  ill  r e p a id  t h e  e f fo r t  la v is h e d  

o n  t h e m  a n d  f e w  r e lia b le  p r im a r y  r a t e  m e a s u r e m e n t s  

o f  t h i s  k in d  e x is t . W i t h  t h e  a id  o f  im p r o v e m e n t s  in  

e x p e r im e n t a l  a n d  a n a ly t i c a l  te c h n iq u e , s o m e  p r o g r e s s  

h a s  b e e n  m a d e  v e r y  r e c e n t ly , p a r t ic u la r ly  fo r  t h e  d e 

c o m p o s it i o n  o f  m e t h a n e ,3 4 5 e t h a n e ,4a a n d  n -b u t a n e . 4b-° 

E v e n  f o r  th e s e  e x a m p le s , c o n t r o v e r s y  h a s  n o t  b e e n  

la c k in g  w it h  r e g a r d  t o  f a c t  a s  w e ll  a s  in t e r p r e t a t io n .2 -6

V e r y  f e w  m e a s u r e m e n t s  o f  t h e  d e c o m p o s it io n  r a te s  

o f  v i b r a t io n a l ly  e x c it e d  a lk a n e s  h a v e  b e e n  m a d e  in

o t h e r  t h a n  th e r m a l  s y s t e m s . R e c e n t l y ,  B e l l  a n d  

K i s t i a k o w s k y 6 h a v e  d e s c r ib e d  t h e  d e c o m p o s i t io n  o f  

c h e m ic a l ly  a c t iv a t e d  m e t h a n e  a n d  e th a n e  a s  p r o d u c e d

(1) Weyerhaeuser Predoctoral Fellow.
(2) (a) E . W . R . Steacie, “ A tom ic and Free Radical R eactions,”
2nd Ed., Reinhold Publishing Corp., New Y ork, N . Y ., 1954; (b)
D . W . Setser and B . S. Rabinovitch, J. Chem. Phys., 40, 2427 (1964); 
B . S. R abinovitch and D . W . Setser, Advan. Photochem., 3 , 1 (1964) 
[in Table X IV , under k„, change 5.57 and 5.45 to  7.6 and 7.5; in 
Table X II I , m ultiply by  2],
(3) (a) G . B. Skinner and R . A . Ruehrwein, J. Phys. Chem., 03, 
1736 (1959); (b) H . B. Palmer and T . J. Hirt, ibid., 67, 709 (1963).
(4) (a) C. P . Quinn, Pros. Roy. Soc. (London), A275, 190 (1963); 
(b) J. H . Purnell and C. P. Quinn, ibid., A270, 267 (1962); Can. J. 
Chem., 43, 721 (1965), where the possible existence o f a molecular 
decom position mechanism for butane is opposed; (c ) A. Kupperm an 
and J. G . Larson, J. Chem. Phys., 33, 1264 (1960).
(5) R . W . Dexter and A . B . Trenwith, Proc. Chem. Soc., 392 (1964) ; 
Y . I. Kudryavstseva, V. I. Vedeneev, and B. V . Pavlov, Russ. J. 
Phys. Chem., 38, 530 (1964).
(6) J. Bell and G. B . Kistiakowsky, J. Am . Chem. Soc., 84, 3417 
(1962).
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b y  th e  a d d it io n  o f  m e t h y le n e  r a d ic a ls  t o  h y d r o g e n  a n d  

m e th a n e , r e s p e c t iv e ly

C H 4*  — >  C H :i +  H

C 2H 6*  — ^  2 C H 3

A  c o m p a r is o n  o f  th e s e  d a t a  w it h  t h e  p r e d ic t io n s  o f  

R R K M  t h e o r y  h a s  b e e n  m a d e  a n d  r e a s o n a b le  a g r e e 

m e n t  h a s  b e e n  o b t a i n e d 213; e x te n s io n  o f  t h e  th e o r e t ic a l  

t e s t s  t o  h ig h e r  m e m b e r s  w a s  n o t  p o s s ib le  a n d  t h e  d e 

s ir a b il it y  o f  a c c u m u la t in g  fu r t h e r  e x p e r im e n ta l  in 

f o r m a t io n  w a s  n o t e d . I t  w a s  t h e  p u r p o s e  o f  t h e  p r e s e n t  

re se a r c h  t o  m a k e  a n  e x p e r im e n ta l  d e t e r m in a t io n  o f  t h e  

r a te s  o f  d e c o m p o s it io n  o f  t h e  t w o  h ig h e r  a lk a n e s ,  

n -b u t a n e  a n d  is o b u t a n e . C o m p a r is o n  w it h  t h e  lo w e r  

m e m b e r s  s e e m e d  o f  e v e n  g r e a te r  in t e r e s t  s in c e  i t  h a s  

b e e n  f o u n d  v e r y  r e c e n t ly  f o r  t h e  a n a lo g o u s  a lk e n e s 7 

t h a t  t h e  d e c o m p o s it io n  o f  b u t e n e , o r  p e n t e n e , t o  g iv e  

a lk y l  r a d ic a l  p lu s  a l ly l  r a d ic a l  p r o c e e d s  t h r o u g h  a  m u c h  

t ig h t e r  a c t iv a t e d  c o m p le x  t h a n  d o e s  t h e  d e c o m p o s it io n  

o f  t h e  s m a lle r  m e m b e r , p r o p y le n e , t o  g i v e  H  a t o m  p lu s  

a l ly l .8

C h e m ic a l ly  a c t iv a t e d  d e c o m p o s it io n  p o s s e s s e s  s o m e  

a d v a n t a g e s  o v e r  th e r m a l  a c t iv a t io n  s y s t e m s . B y  

t h e  a d d it io n  o f  m e t h y le n e  t o  p r o p a n e , m -b u ta n e  a n d  

is o b u t a n e  w e r e  p r o d u c e d  w it h  e n o u g h  e x c e s s  v i b r a 

t io n a l  e n e r g y  t o  d e c o m p o s e  b y  c a r b o n -c a r b o n  r u p t u r e

C 3H 8 +  C H 2( 1A 1) — ^  n - C 4H 10*  — *■ C I I 3 +  n - C 3H 7

— ► 2 C 2H 5

— ►  ACJBo* — > CH 3 +  S-C3H7

T h e  r e a c t io n s  w e r e  c a r r ie d  o u t  a t  r o o m  te m p e r a t u r e  

so  t h a t  a b s t r a c t io n  a n d  o t h e r  u n w a n t e d  s e c o n d a r y  

p r o c e s s e s  o f  t h e  r a d ic a l  p r o d u c t s  w e r e  r e d u c e d . O x y 

g e n  a n d  n itr ic  o x id e  w e r e  a ls o  u s e d , o s t e n s i b ly  a s  s im p le  

s c a v e n g e r s  o f  fr e e  r a d ic a ls  a t  th is  t e m p e r a t u r e  ( b u t  

se e  la t e r ) , in  o r d e r  t o  t e s t  t h e  m e c h a n is m  f u r th e r .  

T h e  s p e c ie s  f o r m e d  b y  t h e  v a r io u s  r e c o m b in a t io n  a n d  

d is p r o p o r t io n a t io n  r e a c t io n s  o f  t h e  in it ia l  r a d ic a l  d e 

c o m p o s it io n  p r o d u c t s  h a v e  b e e n  in v e s t ig a t e d  o v e r  a  

w id e  r a n g e  o f  p r e s s u r e . T h i s  s y s t e m  h a s  b e e n  p r e 

v i o u s l y  s tu d ie d  b r i e f ly ,9 b u t  a t  p r e s s u r e s  a b o v e  t h o s e  a t  

w h ic h  d e c o m p o s it io n  o c c u r s .

Experimental Section
Materials. D ia z o m e t h a n e  ( D M )  w a s  p r e p a r e d  b y  

t r e a t in g  N ,N '-n i t r o s o m e t h y l u r e a  w it h  K O H  s o lu t io n  

a n d  w a s  s to r e d  in  a  d i -w -b u t y l  p h t h a la t e  m a t r i x  a t  

— 196° .

P r o p a n e  w a s  M a t h e s o n  in s t r u m e n t  g r a d e  a n d  w a s  

u s e d  w it h o u t  f u r th e r  t r e a t m e n t .  G a s  c h r o m a to g r a p h ic  

a n a ly s is  in d ic a t e d  s o m e  b u t a n e  ( a b o u t  0 . 0 1 % )  a n d  s o m e  

e th a n e  ( a b o u t  0 . 0 0 2 % ) ,  w h ic h  w e r e  n o t  s u ffic ie n t  t o

w a r r a n t  a n y  c o r r e c tio n s . P r o p a n e - 1 ,1 ,1 , 3 ,3 ,3 -d 6 w a s

o b t a in e d  f r o m  M e r c k  S h a r p e  a n d  D o h m e , M o n t r e a l .  

I t  h a d  6 %  -d5 im p u r i t y .  I t  c o n ta in e d  0 . 4 %  e th a n e  

a n d  0 . 0 0 3 %  b u t a n e  a s  t h e  p r in c ip a l  im p u r it ie s , a n d  

n o  m e t h a n e .

O x y g e n  w a s  A i r  R e d u c t i o n  C o .  t a n k  g r a d e  a n d  w a s  

u s e d  w it h o u t  p u r if ic a t io n . N i t r i c  o x id e  w a s  M a t h e s o n  

9 8 %  p u r it y . I t  w a s  p a s s e d  t h r o u g h  s il ic a  g e l a t  — 7 8 °  

s e v e r a l  t im e s  a n d  w a s  t h e n  s u b je c t e d  t o  a  n u m b e r  o f  

f r e e z e -p u m p -m e l t  c y c le s  a t  — 1 9 6 ° .  T h e  p u r ifie d  

s o lid  w a s  l ig h t  b lu e  in  c o lo r .

Apparatus and Procedure. A  c o n v e n t io n a l  v a c u u m  

s y s t e m  w a s  u s e d  f o r  g a s  h a n d lin g . S m a l l  s a m p le s  o f  

D M  w e r e  d is t i l le d  in t o  a  v o lu m e  o f  0 .9 6  c c . T h e  

a v e r a g e  p r e s s u r e  o f  D M  w a s  2  c m . s o  t h a t  t h e  t o t a l  

a m o u n t  o f  b u t a n e s  f o r m e d  w a s  le s s  t h a n  1 g m o le .  

T h e  D M  w a s  a d m ix e d  w it h  p r o p a n e  a n d /o r  o t h e r  

g a s e s . R u n s  w e r e  m a d e  in  s e a s o n e d  P y r e x  b u lb s .  

A  G .E .  A H - 6  h ig h -p r e s s u r e , w a t e r -c o o le d  m e r c u r y  

a rc  la m p  ( P y r e x  ja c k e t )  w a s  u s e d  a s  t h e  l ig h t  so u r c e  

f o r  t h e  p h o t o ly s is . A  c o m b in a t io n  o f  D o w  C o r n in g  

N o .  5 5 4 3  a n d  3 3 8 9  f i lte r s  c e n te r e d  t h e  r a d ia t io n
o

p r o x im a t e  t o  t h e  4 3 5 8 - A .  p e a k . A  s u m m a r y  o f  t h e  

v a r io u s  e x p e r im e n ta l  c o m b in a t io n s  e m p lo y e d  is  g iv e n  

in  T a b le  I .

Results and Interpretation of the Data
R e a c t io n  p r o d u c t s  w e r e  n o r m a liz e d  w i t h  r e s p e c t  t o  

J i-b u ta n e  p r o d u c t  a n d  a r e  p lo t t e d  in  F ig u r e  1 t o  4 .

Figure 1. Plot of isobutane:butane ratio vs. pressure; 
pure system, O; oxygen added, • ; NO added, ■. Solid 
curves represent calculated fit, as in text; 
dashed curve assumes no decrease in abstraction at 
lower pressures and rises to 0.9 at 10- 2  mm.

(7) F. H. Dorer and B. S. Rabinovitch, J. Phys. Chem., 69, 1952, 
1964 (1965).
(8 ) J. W. Simons, B. S. Rabinovitch, and F. H. Dorer, to be published.
(9) H. M. Frey, Proc. Chem. Soc., 318 (1959); J. Am. Chem. Soc., 
80, 5005 (1958).
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Table I : Summary of Experimental Run Conditions

B u n Pressure,
Photolysis

time, Propane/
Reactor

size,
no. mm. hr. D M cc.

22 540 1 1 6 . 6 0 . 5 6 2

20 3 9 4 0.75 1 6 . 7 0 . 5 6 2

49 32 0 2 1 0 . 5 0 . 9 5

4 5 280 2 1 2 . 6 0 . 9 5

50 250 2 9 . 1 0 . 9 5

32 2 5 0 2 1 0 . 4 0 . 5 6 2

1 6 1 9 4 1 1 6 . 0 1 . 3 2

8 100 0 .5 1 0 . 4 1 . 3 2

9 100 0 . 6 7 9 . 6 1 . 3 2

1 9 3 2 . 6 1 2 1 . 6 9 . 9 5

1 7 2 4 . 5 1 1 6 . 0 9 . 9 5

2 1 2 1 . 6 1 1 5 . 1 9 . 9 5

3 1 2 0 . 0 3 1 0 . 3 9 . 9 5

12 4 . 7 1 2 0 . 7 5 7 . 9

34 3 . 4 3 8 . 3 5 7 . 9

38 2 . 4 3 7 . 1 5 7 . 9

1 1 2 . 2 1 1 0 . 2 5 7 . 9

23 0 . 5 9 2 1 9 . 0 5 4 7

26 0 . 5 7 2 2 2 . 0 5 4 7

1 3 0 . 3 5 2 1 5 . 9 5 4 7

35 0 . 3 3 3 8 . 3 5 4 7

59 0 . 2 4 4 1 1 . 0 1000

63 0 . 2 6 3 1 1 . 6 1000

48 0 . 2 4 3 1 3 . 4 1000

6 1 0 . 2 3 3 1 0 . 0 1000

44 0 . 2 3 3 1 2 . 6 100 0

54 0 . 0 7 3 3 1 9 . 7 50 00

30 0 . 0 4 5 3 1 1 . 0 5000

60 0 . 0 4 3 3 1 0 . 3 5000

62 0 .0 4 0 4 1 0 . 5 5000

7 0 . 0 3 2 2 9 . 5 5000

O2 added: O2/CH 2N2 =* 2
42 450 3 10.4 0.95
51 340 2 9.2 0.95
15 168 1 15.0 1.32
36 4.0 3 7.7 57.9
37 0.4 3 7.6 547
14 0.35 2 15 547
65 0.28 3 1 1 . 2 10 00
67 0.28 3 1 0 . 0 1000
6 6 0.053 4 1 0 . 2 5000
64 0.052 4 11.3 5000
39 0.047 5 8 . 8 5000
40 0.038 5 6.9 5000
41 0.028 5 8.9 5000

NO added:: NO/CH2N2 =  2
81 0.31 3 12.5 10 00
82 0.30 4 9.7 10 00

Runs with l,l,l,3,3,3-propane-d6
76 0.30 3 13.0 1000
75 0.24 5 8.9 1000
74 0 . 2 2 4 8.3 10 0 0

Runs with propane-de; 0 2 as above
78 0.28 5.5 1 0 . 6 10 00
79 0.25 3 1 1 . 2 10 00

Figure 2. Plots of ethane:butane and ?i-pentane: isopentane 
ratios vs. pressure: •, for ethane; O, for
pentanes. Solid lines represent calculated fit; 
dashed line is ethane fit corrected as in text.

Figure 3. Plots of propylene: butane and isopentane: butane
ratios vs. pressure: propylene, O;
isopentane, •. Solid curve represents calculated
fit for propylene, dashed curve is for isopentane.

I n  t h e  p r e s e n c e  o f  o x y g e n , is o b u ta n e  a n d  b u t a n e  

w e r e  t h e  p r in c ip a l  p r o d u c ts  a t  h ig h  p r e s s u r e ; th e ir  

t o t a l  y ie ld s  w e r e  d r a s t ic a l ly  r e d u c e d  a t  lo w e r  p r e s s u r e s ,  

a s  e x p e c te d , s in c e  d e c o m p o s it io n  le d  t o  r a d ic a l  c a p t u r e  

b y  o x y g e n  w it h  n o  r e tu r n  b y  r e c o m b in a t io n . T h u s  

is o b u t a n e  w a s  w ip e d  o u t  (F ig u r e  1 )  a t  0 .0 3  m m . as  

w e r e  o t h e r  r a d ic a l  c o m b in a t io n  p r o d u c t s — p e n t a n e s  

a n d  h e x a n e s . T h i s  a p p e a r s  su r p r is in g , s in c e  re -b u ta n e  

s h o u ld  a ls o  a p p r o a c h  z e r o , u n t i l  i t  is  r e c a lle d  t h a t  b u 

ta n e  is  a n  im p o r t a n t  p r o d u c t  in  t h e  p h o t o ly s is  o f  p u r e  

D M  in  t h e  p r e s e n c e  o f  0 2. T h u s  u n d e r  o u r  c o n d it io n s ,  

t h e  p r o p o r t io n s  o f  th e  p r o d u c ts  C 2H 6 : C 2H 4 : C s H 6 : 

n -C T I i o i f -C t H i o  w e r e  f o u n d  in  b la n k  e x p e r im e n ts  

w it h  D M  a n d  D 2 t o  b e  o n  t h e  a v e r a g e  1 : 5 7 5 : 2 . 5 :  

1 3 0 : 4 ,  r e s p e c t iv e ly  ( th e  q u a n t i t a t iv e  p r e c is io n  in  

c h e c k  e x p e r im e n ts  w a s  p o o r , b u t  w a s  q u a l i t a t iv e ly  c o n 

s i s t e n t ) .10 T h u s  t h e  m a in  s o u r c e  o f  b u t a n e  in  t h e  l o w -

(10) By contrast, the pure DM photolysis products were (average), 
1:0.67:0.06:0.008 :~0; the radical origin of the ethane is thus 
evident.
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Figure 4. Plots of various hexane: butane ratios vs. 
pressure: «-hexane, O; isohexane, □; 2,3-dimethylbutane, •; 
sum of isohexane and 2,3-dimethylbutane, ■. Solid 
curves represent computer fit for «-hexane, isohexane, 
and the sum of isohexane and 2,3-dimethylbutane; 
the dashed curve is for 2,3-dimethylbutane.

p r e s s u r e  o x y g e n  w o r k  b e lo w  0 .1  m m . w a s  t h e  D M  s u b 

s t r a t e  it s e lf , a n d  t h e  r e la t iv e  d e c lin e  o f  is o b u t a n e  t o  

z e r o  is  o n ly  a p p a r e n t . B y  c o n tr a s t , t h e  a m o u n t s  o f  

is o b u t a n e  a n d  b u t a n e  a b o v e  0 . 1  m m . r ise  t o  v a lu e s  

w h ic h  a re  s u ffic ie n t ly  la r g e  e v e n  in  t h e  p r e s e n c e  o f  

o x y g e n  t o  b e  in d e p e n d e n t  o f  t h e  D M - r e l a t e d  c o n tr i

b u t io n s  a n d  th u s  a r e  s ig n ific a n t .

E t h y le n e  a n d  p r o p y le n e  w e r e  a ls o  f o r m e d  in  la r g e  

r e la t iv e  a m o u n t s  a t  lo w  p r e s s u r e  in  t h e  o x y g e n  s y s t e m .  

T h e  p r o p o r t io n s  t o  b u t a n e  w e r e  ~ 7 : 1  a n d  -— '3 : 1 ,  

r e s p e c t iv e ly , d r o p p in g  t o  0 . 4 : 1  f o r  e th y le n e  a n d  t o  

tr a c e  f o r  p r o p y le n e , a t  h ig h  p r e s s u r e . E v i d e n t l y ,  t h e  

lo w -p r e s s u r e  e t h y le n e  : b u t a n e  r a t io  r e p r e s e n ts  D M  

r e a c t io n  p r o d u c ts  in  la r g e  p a r t ;  t h e  h ig h  p r o p y le n e  

v a lu e  is  d is c u s s e d  la te r .

Reaction Scheme. T h e  p r e s e n t  s y s t e m  c a n  b e  la r g e ly  

a c c o u n t e d  f o r  b y  t h e  r e a c t io n  s c h e m e

C H 2N 2 - ^ >  C H 2 : +  N 2 (1 )

C I I 2 : +  C 3H S — ► n - C 4H 10*  ( 2 a)

— >  f - C 4H 10*  (2 b )

W-C4H10* ^  C4IÏ10 (3)

•¿-C4H10* - V  ¿-C4H10 (4)

n-CÆo* 2C2H5- (5)
to

— >  C H a -  +  n - C 3H 7 . (6 )

f-C4H10* CHr  +  s-C3H7 • 

2CH3- — > C 2H6 

C H r +  C 2H6- — > C 3H8 

C H 3 • T  n - C 3H 7 • > C 4H 10

CHS- +  s-C3H7 • — ►  AC4H 10 

CH3- +  C 2H6- — ^  CH4 +  C Æ  

CH3- +  n-C3H7 • — ►  CH4 +  C 3H6 

CH3- +  s- C 3H 6 • — CH4 +  C 3H6 

2 C 2H5 • ^ n-C4Hi0

2C2H5 ■ — > C 2H6 +  C 2H4 

C 2H6- +  n-C3H7- — ►  C5H 12

— ► c 2H6 +  c 3:t 6 

— ► c 2h 4 +  c 3h 8

C 2H 6- +  s- C 3H 7 ■ — >■ '¿ -C 5I I 12

— ► c 2h 6 +  c 3h 6 

— ► c 2H4 +  c 3h 8 

2 n - C 3H 7 • — >  n - C 6H i 4 

?i - C 3H 7 • T  s - C 3H 7 • >■ '¿ -C e lili

2 s- C 3H 7 ■ — >  ( C H 3) 2C H C H ( C H s) 2 

2 n - C 3H 7 • — >  C 3H 8 +  C 3H 6 

n - C 3H 7 • -T  s- C 3H 7 • > C 3H 8 - j -  C  3H 8

2 s - C 3H 7 • > C 3H 8 -f - C 3H 6

(7)

(8) 

(9)

(10)
(ID
(12)
(13)

(1 4 )

( 1 5 )

(1 6 )

( 1 7 )

( 1 8 )

( 1 9 )

(20) 
(21) 

(22)

( 2 3 )

(2 4 )

(2 5 )

( 2 6 )

( 2 7 )

( 2 8 )

S o m e  C 2H 4 a n d  C 2H 6 a re  a lso  f o r m e d  o n  d ia z o m e t h a n e  

p h o t o ly s is , a n d  th is  w ill  b e  c o n s id e r e d  a g a in  la t e r .

S o m e  a b s tr a c t io n  b y  C H 2 w a s  e v id e n c e d  b y  t h e  o c 

c u r r e n c e  o f  t h e  v a r io u s  h e x a n e s  a n d  p r o p y le n e  e v e n  

a t  t h e  h ig h e s t  p r e s s u r e ; th e s e  a r ise  b y  r e c o m b in a t io n  

a n d  d is p r o p o r t io n a t io n  o f  n -p r o p y l  a n d  is o p r o p y l  r a d i

c a ls  (e q . 2 3 - 2 8 ) .  A ls o ,  e t h y l  r a d ic a ls  w e r e  e v id e n t ly  

p r e s e n t  a t  h ig h  p r e s s u r e  s in c e  n -p e n t a n e  a n d  is o p e n ta n e  

w e r e  a ls o  fo r m e d  (e q . 1 7 - 2 2 ) .

Analysis of the Data. D u e  t o  t h e  c o m p le x  n a t u r e  o f  

t h e  a b o v e  s c h e m e  a n d  t h e  s c a t t e r  o f  s o m e  o f  t h e  d a t a ,  

i t  w a s  n o t  p r a c t ic a l  a n a ly t i c a l ly  t o  d e r iv e  v a lu e s  fo r  

fci, fc2, a n d  fc3 d ir e c t ly  f r o m  t h e  e x p e r im e n ta l  d a ta .  

I n s t e a d  a n  I B M  7 0 9 4  c o m p u t e r  w a s  p r o g r a m m e d  to  

s o lv e  t h e  s t e a d y -s t a t e  e q u a t io n s  w it h  a n  a s s u m e d  s e t  

o f  k v a lu e s  fo r  r e a c t io n s  3  t h r o u g h  2 8  a n d  t o  p lo t  th e  

c a lc u la te d  p r o d u c ts  a s  a  f u n c t io n  o f  p r e s s u r e . T h e  

a s s u m e d  s e t  o f  k v a lu e s  w a s  o p t i m iz e d  t o  g i v e  t h e  b e s t  

f it  t o  t h e  e x p e r im e n ta l  r e s u lts  b y  tr ia l  c o m b in a t io n s .
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T h e  o x y g e n  d a t a  h e lp e d  t o  p r o v id e  v e r y  s t r o n g  c o n 

s tr a in t s  o n  t h e  a l lo w e d  v a lu e s  o f  ( * x +  * 2) / * 3. I n  

p r a c t ic e , a s  w ill  b e  d is c u s s e d  la t e r , th is  p r o c e d u r e  

t u r n e d  o u t  t o  b e  n e ith e r  d iff ic u lt  n o r  a r d u o u s  s in c e  th e  

c o m p u t a t io n a l  r e s u lts  w e r e  o n ly  a  w e a k  f u n c t io n  o f  

t h e  r a t e  c o n s t a n t s  f o r  r e a c t io n s  8  t o  2 8 ,  p r o v id e d  c e r ta in  

r e a s o n a b le  r e s tr ic t io n s  w e r e  o b s e r v e d ; in  f a c t ,  th is  c a l-  

c u la t io n a l  p r o c e d u r e  p r o v id e d  c le a r e r  in s ig h ts  t h a n  

w o u ld  a n  a n a ly t i c a l  s o lu t io n  in t o  t h e  e f fe c t  o f  v a r io u s  

p a r a m e t e r  c h a n g e s  o n  t h e  a m o u n t s  a n d  p r e s s u r e  d e 

p e n d e n c e  o f  t h e  v a r io u s  p r o d u c ts . T h e  p r o g r a m  w a s  

w r it te n  s o  a s  t o  in c lu d e  b o t h  H  a t o m  a b s t r a c t io n , w it h  

p r o p y l  r a d ic a l  f o r m a t i o n , a n d  a lso  e t h y l  r a d ic a l  “ in 

p u t ,”  s o  t h a t  t h e  h ig h e r  p r e s s u r e  d a t a  c o u ld  b e  re 

p r o d u c e d ; t h e  p r o p o r t io n  o f  t h e  a b s t r a c t io n  r e a c t io n  

w a s  a ls o  r e d u c e d  a t  lo w e r  p re s s u r e s  f o r  r e a s o n s  d is 

c u s s e d  la t e r . I t  w ill  a ls o  b e  a s s u m e d , in  a n t ic ip a t io n  

o f  la t e r  d is c u s s io n , t h a t  r e a c t io n s  2 a  a n d  2 b  p r o d u c e d  

a c t iv a t e d  w -b u t a n e  a n d  is o b u t a n e  in  a  s l ig h t ly  le ss  

t h a n  s t a t is t ic a l  3 : 1  r a t io . T h e n , a t  a n y  p r e s s u r e  t h e  

relative a m o u n t s  o f  e t h y l , n -p r o p y l ,  s -p r o p y l ,  a n d  m e t h y l  

r a d ic a ls  w h ic h  a r o s e  in  t h e  s y s t e m  w e r e

[C 2H 5 - ] in =  2 . 7 * i / ( * i  +  * 2 +  « )  +  0 .6 8  

[w -C 8H r ]iB =  2.7k1/(h  +  fc2 +  « )  +  0 .3 1  

[s- C 3H 7 - ]m =  * 3/ ( * 3 +  co) +  0 .9 3

[ C H 3 * jin =  [W -C 3H 7 • ] in +  [S -C 3H 7 * ] in

T h e  n u m b e r s  0 .3 1  a n d  0 .9 3  r e p r e s e n t  t o t a l  H  a t o m  a b 

s t r a c t io n  e q u a l t o  2 5 %  o f  t h e  t o t a l  p r o d u c t  f o r m a t i o n ;  

a b s tr a c t io n  w a s  d e t e r m in e d  h e r e  f r o m  t h e  p e n t a n e  

p r o d u c t s  t o  f a v o r  s -p r o p y l  f o r m a t i o n  b y  a  n e t  r a t io  

o f  3 . 0 : 1 .  T h e  n u m b e r  0 .6 8  r e p r e s e n ts  a n  a m o u n t  o f  

e t h y l  r a d ic a l  f o r m a t i o n  ( 1 5 % )  n e c e s s a r y  t o  f i t  t h e  h ig h -  

p r e s s u r e  p e n t a n e  p r o d u c t s . T h e  o r ig in  o f  a ll  o f  th is  

e t h y l  is  n o t  c le a r ; i t  c o u ld  a r ise  b y  a t t a c k  o f  m e t h y l  

o n  d ia z o m e t h a n e . S t a b i l iz e d  n -b u t a n e  a n d  is o b u t a n e  

(r e a c t io n s  3  a n d  4 )  a r e  th e n  r e p r e s e n te d  b y

[n-C4Hi0]s =  2.7co/(fci +  fc2 +  co)

[ f -C 4H 10]s =  1 .0 o > / (* 3 +  w)

T o  o b t a i n  t h e  s t e a d y -s t a t e  v a lu e s  o f  t h e  r a d ic a l  c o n 

c e n tr a t io n s  t h e  f o l lo w in g  s im u lta n e o u s  q u a d r a t ic  e q u a 

t io n s  w e r e  s o lv e d  a t  e a c h  p r e s s u r e

[ C 2H 5- ] in =  [ C 2H 5 - ]ss{ [ C H 3- ]ss[fc(9) +  * ( 1 2 ) ]  +  

[G \ H 5 - U * ( 1 5 )  +  * ( 1 6 ) ]  +  

[ n -C 3H r U * ( 1 7 )  +  * ( 1 8 )  +  fc (1 9 ) ] +

[S -C 3H 7 • ] , s  [ * ( 2 0 )  +  * ( 2 1 )  +  * ( 2 2 )  ] }  (a )

[n-C3H7- ]in = [n-C3H7- ]S3{ [CH3- ]ss[*(10) +  fc(13)] +  
[C2H6- ]m[*(17) +  *(18) +  *(19)] +

[w-C3H7- ]ss[*(23) +*(26)] +
[s- C sH 7 - U * ( 2 4 )  +  * ( 2 7 ) ] }  (b )

[s-C3H7.]in =
[s-C3H7-]ss{ [CH,-U*(11) +  *(14)] +
[C2 HS- ]ss[*(20) +  *(21) +  *(22) ] +

[n-C3H7- ]ss [*(24) +  *(27)] +
[s-C3H7-]Ss[*(25) +  *(28)]} (c) 

[CH3 • ]in = [CH3- ]ss{ [CHS]ss[*(8 )] +
[C2H5- ]ss [*(19) +  *(12)] +

[ n -C 3H 7- ]ss[ * ( 1 0 )  +  * ( 1 3 ) ]  +

[ s -C 3H 7 - ] ss[ k ( l l )  +  * ( 1 4 ) ] }  (d )

w h e r e  k(n) r e p r e s e n ts  t h e  b im o le c u la r  r a t e  c o n s t a n t  f o r  

r e a c t io n  n. T h e  s o lu t io n s  w e r e  f o u n d  b y  i t e r a t io n .  

T h e  fir s t  s e t  w a s

[C 2H 5 - ] ss(1) =  { [C 2H 5- ] in/ [ * ( 1 5 )  + * ( 1 6 ) ] } 1A

[n-C3H7- ]ss(i) = { [n-C3H7- ]in/[*(23) +  *(26)]}1/!

[s-C3H7 • ]ss(i) = { [s-C8H7- ]in/[*(25) +  *(28) ] } 1/2

[ C H , . ] „ a) =  { [ C H 3 - ] i n / * ( 8 ) } I/2

T h e  s e c o n d  s e t  w a s  c a lc u la te d  f r o m  t h e  f i r s t ;  e.g., 
f o r  e t h y l  o n e  s o lv e s  e q . a  f o r  t h e  f t h  [C 2H 5 ■ ] ss f r o m  th e  

(i — 1) v a lu e s  o f  [C 2H 6 -]ss, [ n -C 3H 7 • ] „ ,  [s-C3H7-]ss 
a n d  [ C H 3- ]S3

[ C f i - U  =  —B +  (R 2 +  C ) 1/2

w h e r e

B =  {[CH,-]m((̂ [*(9) +  *(1 2 )] +

[n-C3H7- Issti-i) [*(17) +  *(18) +  *(19)] +  
[s-C3H7- ]ss(i_i) [*(20 +  *(21) +

*(22)]}/2[*(15) +  *(16)] 
C  =  [C2H6-]in/[*(15) +  *(16) ]

N o t e  t h a t  B a n d  C  a r e  p o s i t i v e ;  o n l y  t h e  p o s i t iv e  r o o t  

is  p o s s ib le . A f t e r  5 0  c y c le s  t h e  s o lu t io n s  h a d  c o n v e r g e d  

t o  c lo s e r  t h a n  1 % .  T h e  s t e a d y -s t a t e  v a lu e s  w e r e  th e n  

u s e d  t o  p r o d u c e  c a lc u la te d  r e s u lts , s u c h  a s  t h e  c u r v e s  

in  F ig u r e s  1 t h r o u g h  4 .  T a b le  I I  g iv e s  t h e  v a lu e s  o f  

* 1 , * 2, a n d  * 3 a n d  fc(8 ) t h r o u g h  *(28) w h ic h  w e r e  u s e d  

t o  o b t a i n  th e s e  p a r t ic u la r  c a lc u la te d  c u r v e s ;  t h e  

a m o u n t  o f  a b s t r a c t io n  w a s  a llo w e d  t o  d e c lin e  w i t h  

p r e s s u r e  a s  p / ( 0 .1  +  p). T h e  f it  o f  t h e s e  c u r v e s  

t o  t h e  d a t a  is  b e s t  fo r  n -h e x a n e , f o r  n- a n d  i s o p e n t a n e s ,  

f o r  p r o p y le n e , a n d  f o r  is o b u t a n e . T h e  f i t  is  c o r r e c t
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Table II : Rate Constants Used in Data Analysis Program“

h  = 0.506 *(17) = 9.5
h  = 0.256 *(18) = 0.75
h  = 1.506 *(19) = 0.55
*(8) = 8.8“ fc(20) = 7.5
m  = 14.0“ *(21) = 3.23
fc(10) = 12.0 *(22) = 1.5
*( 11) = 9.0 *(23) = 4.0
*(12) = 0.63 *(24) = 6.0
*(13) = 0.60 *(25) = 2.5
*(14) = 1.8 fc( 26) = 0.56
*(15) = 5.1“ *(27) = 2.4
k( 16) = 0.66 *(28) = 1.6

“ The rates of disproportionation are relative to the recombina
tion rates and values have been taken primarily from ref. 11 
and from S. W. Benson, Ann. Rev. Phys. Chem., 16, 397 (1965). 
h ki, *•>, and hi are expressed here in terms of pressure (mm.); 
i.e., the rate of decomposition (*¡) equals the rate of stabiliza
tion by collision (w) at the pressure specified. All other rates 
simply appear as relative values since the calculated data are 
normalized to n-butane. c Specific rates *(8), *(9), and *( 15) 
were adjusted by the following expressions to allow for onset of 
fall-off in recombination at lower pressures as governed by the 
constant in the denominator: *(8) =  8.8p/(0.5 +  p), *(9) = 
14.0p/(0.06 +  p), *(15) = 5.1p/(0.01 +  p), where p is the 
pressure in millimeters.

with regard to pressure dependence, but somewhat off 
in magnitude, for ethane. This will be considered in 
the Discussion.

Test for Molecular Decomposition. Some low-pres
sure work was also done with 1,1 ,1 ,3,3,3-propane-d6 
in order to test for molecular elimination, since it was 
found that a considerable amount of propylene prod
uct (one-tenth in absolute amount of that produced 
in the pure system) still arose in the runs with added 
oxygen. If propylene and methane can arise from 
molecular elimination

C4H io* — >  CH4 +  c 3h 6

then use of labeled propane in oxygen runs should 
allow a molecular decomposition methane product to 
be distinguished from any methane formed as a prod
uct from DM  photolysis. It is assumed that the 
deuteriobutanes would decompose by a molecular 
mechanism to give products such as

c d 3c h 2c d 2c h 2d * — ► c h 3d  +  c d 3c h = c d 2 

— ► c d 4 +  c h 2= c d c h 2d  

CD3CHCD3* — ► CH3D +  CD3C H = C D 2

CH3

— > c d 3h  +  c h 2= c h c d 3 

— > c d 4 +  c d 2= c h c h 3

It is evident that CD4 and CD3H products could not 
arise in methane formed by some molecular process 
from D M ; dideuteration would be the maximum extent 
of such deuteration of methane.

In actual fact, no methane could be detected in the 
oxygen system (the limit of sensitivity was ~ 10%  
of the pure system amount) at a pressure (Table I) 
at which decomposition is virtually complete, so that 
on this basis no molecular decomposition to give 
propylene occurred. In the pure system, rupture of 
C -C  bonds produces CD3, CH2D, and CH3 radicals, 
with the first preponderating. CD3 should give rise 
to a proportion of CD4 and CD3H products governed 
by the relative abstraction probabilities of secondary- 
H and primary-D from propane. For light propane, 
the secondary-.primary abstraction ratio11 is 7/3 = 
2.33; from primary-D, this ratio would be much higher. 
Methane was trapped in silica gel at —208° and ana
lyzed on a mass spectrometer. The following rela
tive amounts of methane were found

CH4 c h 3d  c h 2d 2 c h d 3 c d 4
5.0 3.0 0.40 2.4 1.0

The observed ratio 2.4:1.0 suggests some small amount 
of molecular reaction. Although most of the methane 
product obviously has a free-radical origin, we conclude 
that the present data allow the possibility of a very 
minor or trace amount of a molecular process of this 
type.4b'°

Propylene product was reduced by still another 
factor of 5 when NO was used instead of 0 2. What 
propylene was left in the NO system was small enough 
to be explicable as D M  photolysis product, as secondary 
reaction of methylene with ethylene, and as some other 
undetermined minor mechanism. Hence, there was 
no evidence of molecular elimination, and most of the 
propylene found in the presence of oxygen is con
jectured as arising in the course of an cxidation chain 
sequence; in this sense, oxygen did net function en
tirely as an idealized radical getter.

Discussion
Decomposition Rates; Fit of Data. The various 

alkyl radical rates of recombination, k(8)-k(28), 
are not known precisely, particularly for the higher 
alkyls; if they were, the corresponding average thermal 
unimolecular rate constants for decomposition of al
kanes could, of course, be easily deduced. In the light 
of this, several sets of product data were calculated 
to test their dependence on these rates; for fixed values 
of ki, ki, and k3, the values of k(8)-k(28) were varied

(11) J. A. Kerr and A. F. Trotman-Dickensoc, Progr. Reaction 
Kinetics, 1, 114 (1961).
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widely. An interesting result was found: when rough 
obedience to the “ rule of 2”  (i.e., /cab/(fcaafcbb)’/s —
2) was required for alkyl radical combinations, the 
calculated data were virtually independent of the 
assumptions regarding fc (8 ) - f c (2 8 ) . This requirement 
is well founded, particularly for alkyl radicals.11 Var
ious combinations of the ratios of recombination 
rates for the series methyl-methyl: ethyl-ethyl :n- 
propyl-n-propyl: and s-propyl-s-propyl, i.e., of fc(8): ■ 
fc (1 5 ) :fc (2 3 )  :k(25), were used. The following extreme 
variation of rate ratios all gave similar calculated results, 
8 . 8 : 5 . 1 : 4 . 0 : 2 . 5 ,  1 : 1 : 1 : 1 , 4 : 1 : 1 :4 ,  1 : 4 : 4 : 1 ,  and 2 . 5 :  

4 . 0 : 5 . 1 : 8 . 8 .  Of these, the first set was used in Table 
II since it is considered to be the most reasonable. 
It is unnecessary to illustrate all of these calculated 
results with detailed figures. If the calculated solid 
line curves in Figures 1 - 4  were replaced by heavy brush 
strokes (and not all curves would have to be so broad
ened, nor at all pressures) it would encompass virtually 
all of the variation. By contrast, a change in any single 
k(i) by only a factor of 2 made a significant change in 
at least some of the calculated values. In the same 
way, a change in any one of k lt k 2, or fc3 by a factor of 
2 changed the calculated relative product amounts 
substantially; also a uniform change of total rates at 
constant ratios, e.g., of the values of k\, k 2, and k 3 
while maintaining (fci - f  k2)/ k 3 =  constant, caused a 
marked and observable variation in the pressure at 
which characteristic changes in product amounts oc
curred. Various systematic combinations of the k t 
were explored over a range of a factor of 10 to 100 
in each. This method of data analysis led to the eval
uation of the absolute and relative magnitudes of the 
unimolecular constants k\, k2, and k 3 to within a factor 
of 2; more consistent data could have produced better 
precision.

Some error in the determination of the k { arises 
from the fact that the calculated fit of all of the prod
uct variations was not of uniform merit for all prod
ucts. The ratio of (fci +  k2) / k3 was weighted consider
ably by the oxygen data (the low isobutane/n-butane 
ratio found below 0.1 mm. was ignored as false for the 
reasons given above, and any attempt to fit that region 
caused the remainder of the fit to blow up completely). 
The ethane data could not be fitted much more closely 
without doing violence to the better agreement found 
for other products. The propylene, isobutane, pen
tanes, and hexanes were considered as the most crucial 
for optimization of fit in evaluation ki, k 2, and k 3. 
The total isohexane fit (Figure 4) is acceptable at pres
sures above 0.1 mm. but very poor below. The source 
of this discrepancy is not clear other than that the 
accuracy of determination of isohexane was less than

that for isobutane, isopentane, or propylene, which 
are closely related products; a more efficient recom
bination reaction than assumed for methyl radicals 
at low pressures would remove part of the discrepancy.

Actually, the ethane fit is better in two respects 
than first appears: first, the relative variation of 
ethane with pressure—which is important for the mag
nitude of ki— is correct (Figure 2); second, much of 
the discrepancy between the low-pressure experimental 
and calculated ratio to butane is explicable as follows. 
The low-pressure proportion of D M  in the reaction 
mixture was ~ 1 0 %  (Table I). Thus if 10% of the 
ethane product which is normally yielded by pure DM 
photolysis10 arose, this would be an amount equal 
roughly to 5%  of the DM used. But at low pressures 
n-butane is only two-fifths to one-third of the total 
products, i.e., as little possibly as 33% of the DM. 
Thus the ethane formation directly from DM  photol
ysis may reach 0.15 relative to the n-butane which, 
when added to the ethane calculated from the formal 
mechanism, puts the calculated ethane ratio up to 
0.41 which is in better agreement with the data of 
Figure 2.

Methylene Insertion Ratios. The measured relative 
amount of n-butane to isobutane at the high-pressure 
end was -—'2.5, which agrees with the work of Frey.9 
It should be kept in mind that some pentanes and 
hexanes arise at high pressures from radicals formed 
from propane by abstraction, say by methylene. The 
sec-propyl predominates in these products, so that 
combination with methyl gave additional butanes 
(especially iso-) such that the final calculated true 
insertion ratio becomes 2.7. This effect is probably 
present in many or most other gas phase systems; 
presumably, addition of 0 2 (which scavenges alkyl 
radicals) would alter the observed apparent insertion 
ratio. In the present oxygen systems, the absolute 
amounts of butanes formed were reduced at high 
pressures. However, the ratio of n-butane to isobu
tane was substantially unchanged (Figure 1). The 
oxygen data were too few to verify the expected in
crease.9

Effects Due to Triplet Methylene. It has recently 
been shown that 20 to 30% of triplet methylene can 
be formed in ketene and DM  systems at higher pres
sures, the percentage decreasing with lowering of sys
tem pressure.7’12 Nominally, little effect on the for
mation of the butanes in this system would be expected 
if, as is commonly believed, triplet radicals do not 
insert into carbon-hydrogen bonds. In any case,

(12) J. W. Simons and B. S. Rabinovitch, J. Phys. Chern., 68, 1322 
(1964).
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any effects due to the presence of triplet methylene 
in this system would be most pronounced at the higher 
pressures. Actually, it was found that the calculated 
low-pressure isobutane ratio in the pure system was 
much too high and would not fit the experimental 
values unless the amount of abstraction (which gives 
rise predominantly to isopropyl radical and eventually 
to isobutane) was drastically reduced as low pressure 
(Figure 1). The sets of data in the figures were cal
culated on the assumption that the abstraction reac
tion decreased at lower pressures as p j  (0.1 +  p). 
The constant, 0.1 mm., was subjected to variation. 
The optimum value used is lower than that found 
(>1 mm.) in our previous work,7’12 although all studies 
are in qualitative agreement regarding the effect of 
pressure. Since the reactions of such methylene species 
as are produced is independent of the mean time be
tween collisions with substrate molecules, in a system 
of constant composition, it is plausible that reduction 
of abstraction at low pressures by methylene is as
sociated with the reduced proportions of triplet CH2 at 
lower pressures and that virtually all H atom abstrac
tion by methylene is due to the triplet species.13 As 
mentioned in a prior section, when account is taken 
of abstraction, the apparent insertion values are cor
rected in the direction of the statistical ratio. The 
effect of triplet methylene in altering insertion ratios 
away from the statistical value has already been noted.7 15 
Virtually all old gas phase data in D M  and ketene sys
tems will bear correction of the apparent insertion ratios 
of C -H  bonds of various types.

Recently, Placzek and Rabinovitch14a offered an 
amplification of the “ pressure-independent” formation 
of product alkenes which arise from triplet cyclopro
panes upon reaction of triplet methylene with substrate 
alkenes16“ ; specifically considered was triplet state 
dimethylcyclopropane which, as pointed out earlier,ub 
may be regarded as a triplet trimethylene diradical,
I. Placzek and Rabinovitch proposed that the triplet

C -C -C -C  C -C  C-C
I \ /

•c c
I II

cyclopropane led by H migration steps on a triplet 
surface to relatively long-lived a,/? diradicals; these 
correspond to triplet state olefins that are known from 
Hg(3Pi) photosensitization studies to be readily inter- 
ceptible by collision.16 This mechanism does still 
not explain the “ pressure-independent”  pentene-2 
formation, unless CH3 migration16“ or alternative di
radical state, I I15b’° is invoked. We consider it likely 
that some of the pressure-independent alkene products

of triplet methylene with cis- or ¿rares-butene-2 arise 
via H abstraction: allylic H abstraction, the most 
favored, leads to both cis- and frans-pentene-2 on CH3 
combination if the methallyl radical does not com
pletely retain configuration, as is possible17 it should 
also lead to lesser amounts of 3-methylbut3ne-l, cor
responding to a canonical methallyl radical structure, 
which is less favored.17 Abstraction of vinylic H 
leads to 2-methylbutene-2. Insofar as 2-methylbutene- 
1 product is not explicable on this basis, support is 
still lent to the original interpretation of Cvetanovi6 
and Duncan, and possibly that of Bell,16b as having 
relevance for some of the products.

We are currently extending our investigations to 
higher pressures and liquid phase in an effort to dis
cover the nature of the intersystem crossing mech
anism leading to triplet methylene via the triplet 
precursor. Comparative absence of triplet methylene 
in liquid media studies of this type18 could cccur either 
because of specific ternary interactions which alter 
the effective rates of various processes or, quite possibly, 
because other collisional processes must be invoked. 
If so, the enhancement of triplet production in the gas 
phase with increase in pressure should eventually 
pass through a maximum at very high pressures.18a

Theoretical Calculations. The recombination of 
methyl radicals is known to occur at a rate very close 
to their singlet-state collision rate.19 This is usually 
accepted as signifying a very low activation energy for 
recombination. The critical energies for dissociation 
of alkanes into alkyl radicals may be taken as given 
by the heat of reaction at 0°K. If an Arrhenius- 
type dissociation rate equation is evaluated from the 
equilibrium constant and the radical recombination

(13) H. M. Frey and G. B. Kistiakowsky have independently come 
to the same conclusion (H. M. Frey, private communication).
(14) (a) D. W. Placzek and B. S. Rabinovitch, Can. J. Chem., 43, 
820 (1965); (b) D. W. Setser, B. S. Rabinovitch, and E. G. Spittler, 
J. Chem. Phys., 35, 1840 (1961).
(15) (a) F. J. Duncan and R. J. Cvetanovic, J. Am. Chem. Soc., 84,
3593 (1962); (b) J. Bell, Progr. Phys. Org. Chem., 2, 45 (1964).
(c) Although this same intermediate is believed to arise in the pen- 
tene-1 H g(3Pi)-photosensitized isomerization to 1,2-dimethylcyclo- 
propane,14a virtually no pentene-2 was formed in that process; this 
suggests the desirability of confirmatory evidence that this inter
mediate diradicai is the precursor of the pentene-2 in the triplet 
methylene system, as proposed by Bell.
(16) R. J. Cvetanovic and L. C. Doyle, J. Chem. Phys., 37, 543 
(1962).
(17) R. F. Kubin, B. S. Rabinovitch, and D. W. Setser, ibid., 37, 
937 (1962).
(18) D. B. Richardson, M . C. Simmons, and I. Dvoretsky, J. Am. 
Chem. Soc., 83, 1934 (1961).
(18a) N o te  A d de d  in  P r o o f . H abstraction by triplet methylene 
and the maximum suggested have now both been verified with cis- 
butene-2.
(19) G. B. Kistiakowsky and E. K. Roberts, J. Chem. Phys., 21, 
1637 (1953).
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rate, very large pre-exponential or' 'A ”  factors are ob
tained. The well-known Gorin treatment by absolute 
rate theory deals with these reactions as proceeding 
through a loose activated complex having free internal 
rotations. Such a model is fairly successful for the 
lower alkanes, methane, and ethane, but seems inap
propriate in general.20 When applied to n-butane de
composition213 it yields a frequency factor, 7.6 X  1018 
sec.-1, which is too high by a factor of ~ 8  at 873°K., 
relative to a classical recombination rate of the radi
cals. For the present calculations, a loosened vibra
tional model rather than the loose model was used.

For n-butane, a decomposition complex having 
lowered bending and torsional modes was constructed 
by fitting a calculated thermal pre-exponential factor, 
A, which was obtained by elimination between the 
ethyl radical-w-butane equilibrium constant at room 
temperature and the recombination rate for ethyl 
radicals. Shepp and Kutschke21 have measured the 
recombination at 50°; their value of 0.09Z was ad
justed to 0.08Z for 25°. The moments, frequencies, 
and cross sections used previously213 for ethyl radicals, 
plus the butane frequencies in Table III and the Ea 
value in Table IV gave rise to a calculated A factor of
1.4 X 1017 sec.-1. To fit this, the adiabatic moment 
of inertia ratio was taken as 1.6 (as described for de
composition of butene7), and in the activated complex 
four bending and rocking frequencies were lowered 
to one-tenth of their value and three torsions to one- 
sixth. This rather simplified description of frequency 
changes (Table III, complex 1) can nevertheless pro
vide realistic calculated values under the constraint 
that these changes have given the desired A  value.2b 
This prescription for degree of loosening was applied 
to the construction of the other two complexes in 
Table III.

RRK M  rate theory gives the well-known specific re
action rate expression for fcs as

,  Ir S  P(E,r)

E h N*(E)

where I  is an adiabatic partition function ratio and 
may include reaction path degeneracy considerations. 
2P(Z?Tr) represents the total sum of vibration-rotation 
states at an energy E + for the complex. E0 is the 
critical energy for reaction. N *(E ) is the density of 
states for the molecule.22

The average observed rates for a competitive de
composition system such as butane are given by

_  p  kmf(E)dE J r « cA(E)dE
J  Em m f a  E l  +  KEZ +  « ) /  J  Em in f a  E l  +  ^ £ 2  +  « )

fca2 = CO
/*“ k E 2 î ( E ) d E  / c  -  cof(Ë)cLË

f a  El +  k E 2 +  « ) / j  Em in 0e El +  k E  2 +  co)

to CO II 8 r œ k E z î ( E ) A E  j  r œ w î ( E ) d E
' E'min +  CO /  J E'mn k E  3 +  CO

Table HI: Frequency Assignments (cm.-1) for 
Molecules and Activated Complexes“

-Butane - ----------- ,
M ole- Com- Corn- r------ Isobutanec------ ■>
cule plex 1 plex 2 Molecule Complex

CH2, CHa bending 1180 118 1168 117
1152 115 115 981 98
972 97 97

C-C-C bending 431 43 43 381 38
271 27 418 42

Torsion 225 38 38 203(2) 34(2)
194 32 32 198 33
102 16 16

C-C stretch 1008 791
835

“ Only molecule frequencies which change in the complex are 
given; all other frequencies are assigned in footnotes b and c. 
6 J. H. Schachtschneider and R. G. Snyder, Spectrochim. Acta, 
19, 117 (1963). 0 R. G. Snyder and J. H. Schachtschneider, 
ibid., 21, 169 (1965).

Table IV : Rate Constants and Energy Parameters

Reaction

Pres
sure,
mm.

^exptl, 
sec.-1

Scaled, 
sec.-1

E0,a 
kcal. 

m ole _1

Emin » 
kcal. 

mole -1

U-C4 — 2 C2 102
1.4 X 108

1 .58 X 108 81.5 102.3

10-2 1.21 X 108
71-C4 —*■ C -f- 102 4.96 X 107 84.0 102.3

n-C3
10-2

7.0 X 107
3.62 X 107

irC4 - >  C + 102 5.18 X 108 81.6 103.95
S-C3

10-2
4.2 X 108

3.95 X 108

“ An error of 1 kcal. in this quantity alters the calculated rate 
by a factor of ~2 . 6 Based on Ai7f°o(it-butane) — Af7f0o(s-
butane) = 1.6 kcal. mole-1.

(20) H. S. Johnston and P. Goldfinger, J. Chem. Phys., 37, 700 (1962).
(21) A. Shepp and K. O. Kutschke, ibid., 26, 1020 (1957).
(22) The accuracy of the Haarhoff approximation as described by
M . J. Pearson, B. S. Rabinovitch, and G. Z. Whitten [ibid., 42, 2470 
(1965) (footnote 13)], has been overestimated somewhat: 3%
should be changed to 8%  and 10,000 cm .-1 to 20,000 cm .-1 in that 
reference.
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where integration is over the range of the distribution 
function f(-E'). The appropriate representation of 
energy distribution functions for methylene systems 
has been discussed earlier.23 f (E) may simply be 
chosen to be a room temperature thermal spread, 
appropriate for the butane and isobutane molecules. 
kE was evaluated over a wide energy range. The 
required level of minimum energy, Emin, upon which 
f (E) is to be imposed was then found by trial to be
102.3 kcal. for n-butane in order to match kai (calcd.) 
to ki (exptl.). The level of E mitl for isobutane is 
then 103.9 kcal., as governed by heats of formation.

Excess Methylene Energy. Heats of formation at 
0°K. from the A.P.I.-W Tables (1952) were used, to
gether with election of the values 102, 97, 97, and 93 
kcal. mole-1 for _D°0(C-H) for methane, ethane, 
primary, and secondary propane, respectively. These 
gave the values shown in Table IV. Table IV sum
marizes the results of these calculations.

The average internal energy of the formed n-butane, 
calculated from i(E) is 102.3 +  2.6 =  104.9 kcal. 
mole-1. Taking AJTf°o(CH2) =  87 kcal. mole-1 
for methylene,6 this gives a heat of reaction, AH°0, 
of 91.2 kcal. at 0°K. and an excess energy of 13.7 kcal. 
mole-1. Similar calculations yield AH ° 0 =  83.5 and 
27 kcal. excess for methylene in the dimethylcyclo- 
propane isomerization system (using 7.0 kcal.23 for 
AH{°o, dimethylcyclopropane). In the cyclopropane 
system, Af7°0 =  86 and 22 kcal. excess is found.24 
Likewise, for ethane decomposition, AH ° 0 is 87.5 
kcal. It has been found for ethane2b that at 90 kcal. 
the calculated rate is too low by a factor of 20 relative 
to the observed value6 to fit which an average of 98

kcal. is required for a bending vibration model. Thus
10.5 kcal. excess energy applies. Finally, AH ° 0 =  
103 kcal. and 1-3 kcal. excess for methane can be ob
tained.211 Any neglected energy distribution of the 
methylene formed in these photolysis systems, or error 
in A/7f°o(CH2), cancels for relative comparisons. 
The average heat capacity of reactants at 25° are only 
a few kcal. mole-1 and do not differ by more than 1-2 
kcal. mole-1. Hence the above excess energy quantities, 
if lower by 1-3 kcal. are the amounts transmitted by 
methylene into combination reactions.

In conclusion, the high-frequency factors predicted 
for alkane decomposition seem to be justified. The 
rates given here, although accurate to only a factor of 
2, can be fitted only by very loose-vibration complexes. 
The excess energy thereby predicted for the methylene 
seems quite reasonable when compared to related 
systems: the efficiency of C -H  insertion is enhanced 
by the number of sites available per molecule, yet is 
not as efficient as addition to double bonds as in the 
cyclopropane systems; the amount of energy trans
mitted increases with reaction cross section; collisional 
transfer probability and loss of excess energy from the 
methylene increases inversely with reaction efficiency.
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(23) D. W. Setser and B. S. Rabinovitch, Can. J. Chem., 40, 1425 
(1962).
(24) D. W. Setser, B. S. Rabinovitch, and J. W. Simons, J. Chem. 
Phys., 40, 1751 (1964); 41, 800 (1964).
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Fluorine Bomb Calorimetry. XIII. The Enthalpy of Formation 

of Arsenic Pentafluoride1

by P. A. G . O ’Hare and Ward N . Hubbard

Chemical Engineering Division, Argonne National Laboratory, Argonne, Illinois (Received August 2, 1965)

The energy of formation of arsenic pentafluoride was measured by direct combination of 
the elements in a bomb calorimeter. From these measurements the standard enthalpy 
of formation, Ai?/°298.i5(AsF6, g), was calculated to be — 295.5g ±  O.lg kcal. mole-1. 
The average bond strength in AsF6 (92.4 kcal. mole-1) is about 20 kcal. mole-1 less than 
it is in AsF3.

This investigation is part of a continuing program 
to determine the enthalpies of formation of various 
compounds by fluorine bomb calorimetry. An accurate 
value for the enthalpy of formation of arsenic penta
fluoride is a necessary prerequisite to the study of 
arsenic compounds by this method. This paper re
ports a value for AHf° (AsFB, g) calculated from meas
urement of the energy of combustion of crystalline 
black arsenic in fluorine, a spontaneous and complete 
reaction.

Experimental Section

Calorimetric System. The calorimeter, laboratory 
designation ANL-R2, has been described in detail.2 
The reaction vessel, laboratory designation NI6-T2, 
was the bomb-and-tank device previously dsecribed,3 
except that a direct screw drive of the value stem was 
substituted for the toggle arrangement. The energy 
equivalent of the calorimetric system was measured 
by combustion of benzoic acid (National Bureau of 
Standards Sample 39i) in oxygen. A series of eight 
calibration experiments yielded a value for S(Calor.) 
of 3363.94 cal. deg.-1 with a standard deviation of the 
mean of 0.21 cal. deg.-1 (1 cal. =  4.1840 abs. joules).

Materials. High-purity, zone-refined, crystalline 
black arsenic (Grade 1, Batch R77) was purchased 
from Johnson, Matthey and Co., London. No 
metallic impurities were detected by spectrochemical 
analysis (detection limit 5 p.p.m.). Chemical analyses 
by Ledoux and Co., Teaneck, N. J., showed 39 p.p.m. 
of carbon and 10 p.p.m. of nitrogen. Neutron activa
tion analysis, performed by Drs. E. H. Strain and W.

Ross, Oak Ridge National Laboratory, showed an 
oxygen content less than 10 p.p.m. Fluorine of 99.99% 
purity was prepared by distillation of a commercial 
sample in a low-temperature still.4 5

Procedure. Arsenic samples could be weighed in air 
as a 24-hr. exposure showed a weight change of less 
than 1 X 10-5 g. Before the calorimetric series, the 
bomb was preconditioned by several combustions of 
arsenic in fluorine. All subsequent operations in which 
the bomb was opened were performed in a helium at
mosphere glove box (H20  ~0 .1  p.p.m.). The sample on 
a 33-g. nickel dish was introduced into the bomb which 
was then connected to the tank charged with fluorine 
at 190 p.s.i.a. pressure. After overnight evacuation, 
the reaction vessel was transferred into the calorimeter 
and measurements were made in the usual manner.6

After selected experiments, the product gases were 
condensed in a liquid nitrogen-cooled trap. Excess 
fluorine was removed by repeatedly freezing, pumping, 
and melting the condensate. The liquid nitrogen

(1) (a) This work was performed under the auspices of the U. S. 
Atomic Energy Commission; (b) for the previous paper in this series, 
see H. A. Porte, E. Greenberg, and W. N. Hubbard, J. Phys. Chem., 
69, 2308 (1965).
(2) E. Greenberg, J. L. Settle, H. M. Feder, and W. N. Hubbard, 
ibid., 65, 1168 (1961).
(3) R. L. Nuttall, S. S. Wise, and W. N. Hubbard, Rev. Sci. Instr., 
32, 1402 (1961).
(4) L. Stein, E. Rudzitis, and J. L. Settle, “Purification of Fluorine 
by Distillation,” Argonne National Laboratory, ANL-6364, 1961. 
(Available from Office of Technical Services, U. S. Department of 
Commerce, Washington, D. C.)
(5) W. N. Hubbard, C. Katz, and G. Waddington, J. Phys. Chem.,
58,142 (1954).
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Table I : Resulta of Combustion Experiments

1 . to', g. 1.21521 1.37874 1.34229 0.97003 0.87221 0.70216 1.53364
2. Afe, deg. 1.42474 1.61563 1.56795 1.13928 1.01903 0.81992 1.79960
3. S(Calor.)( — Afc), cal. -4792.68* -5434.88 -5274.49 -3832.47 -3427.96 -2758.16 -6053.75
4. NEj contents, Cal. ’ -6 .1 4 -6 .9 9 -7 .4 7 -4 .8 0  -4 .3 0 -3 .4 5 -8 .2 3
5. Æ g a 3, cal. -0 .1 6 -0 .1 8 -0 .2 1 -0 .1 3  -0 .1 1 -0 .0 9 -0 .2 4
6. A F b la n k , Cal. 1.48 1.48 1.48 1.48 1.48 1.48 1.48
7. ¡f2, cal. 12.44 10.22 2.04 22.07 0.13 0.00 29.52
8. AEc ° /M ( sample ), -3937.64 -3938.63 -3932.57 -3931.68 -3933.41 -3931.04 -3932.62

cal. g.-1
Average AEc°/M(sample) =  --3933.94 cal. g.-1
Std. dev. of mean = 1.1 cal. g.-1
Impurity correction 0.5 cal. g.-1
AEc°/M(As, c , black) = —3933.4 cal. g.-1

A-Ŝ contents — S'(Coilt. )(£i -  25) +  Sf(Cont.)(25 -  U + A U ). 6 AFgas =  A£i(gas)]opi'!*” +  AFffgasflV““ ’ . c The internal
* For this experiment S(Calor.) was 3363.90 eal. deg.'

was then replaced by a —70° slush bath and a similar 
procedure was used to remove AsF6. At —70° the 
vapor pressure of AsF3 is minute, whereas that of AsF5 
is 290 torr.6 Thus, any AsF3 that might have been 
produced as a by-product of the combustion reaction 
should have been retained in the trap. A  subsequent 
infrared analysis of its contents failed to reveal any 
evidence for the presence of AsF3. In synthetic mix
tures as little as 0.02% AsF3 in AsF5 could be detected 
by this method.

The nickel dish increased in weight by varying 
amounts in each experiment. No arsenic was de
tected spectrochemically in scrapings from the surface 
of the dish after the calorimetric series was completed. 
The weight gain was ascribed to the formation of NiF2.

Results
Combustion Experiments. The data for seven ac

ceptable calorimetric experiments are summarized in 
Table I. The symbols in Table I are those used in ref.
7. Standard state corrections were made in the usual 
manner.7 For the conversion of the weight of arsenic 
to true mass its density was taken as 5.778 g. cc.-1.8 
For the calculation of item 4 the following heat capacity 
data were used: Cp =  0.106 and 0.080 cal. deg.-1 g.-1 
for Ni9 and As10 11; <7V =  5.50 and 21.27 cal. deg.-1 mole-1 
for F2n and AsF6,12 respectively. For the calculation 
of item 5, values of ¡i (atm.-1) and (dE/dP]^ (cal. 
atm.-1 mole-1) were derived from the force constants 
of F213 and the estimated force constants for AsF6.14 15 
These quantities, as functions of composition at 25°, 
are given by

/i =  0.000801(1 +  3.33x[l +  0.83x]) (1)
and

(bE/bP) x =  1.780(1 +  1.98x[l +  0.49x]) (2)

where x is the mole fraction of AsF5 in the final combus
tion gas mixture.

In spite of the preconditioning of the bomb and its 
prolonged evacuation, an exothermic effect (“ blank” ) 
was observed when fluorine was expanded into the 
empty bomb. Determinations of the magnitude of 
this blank were alternated with combustion experi
ments. Item 6, AFbiank, 1.48 ±  0.51 cal., is the uni
form correction applied. Item 7 is the correction 
applied for the formation of NiF2, based on a value of 
—2.76 cal. mg.-1 for the energy of combustion of nickel 
in fluorine.16 No correction was applied for the 
possible formation of less than 0.02% AsF3.

The sum of items 3 through 7 was divided by m' 
to obtain AEc°/M, the energy of combustion of the 
sample in fluorine. No obvious trends are apparent 
in the results although the mass of sample reacted was 
varied by a factor of two. The carbon, nitrogen, and

(6) O. Ruff, Z. anorg. allgem. Chem., 206, 59 (1932).
(7) W. N. Hubbard in “ Experimental Thermochemistry,” Vol. II, 
H. A. Skinner, Ed., Interscience Publishers Ltd., London, 1962, 
Chapter 6.
(8) H. E. Swanson, R. K. Fuyat, and G. M. Ugrinic, “Standard 
X-ray Diffraction Patterns,” Vol. Ill, National Eureau of Stand
ards Circular 539, U. S. Government Printing Office, Washington, 
D. C„ 1954.
(9) R. H. Busey and W. F. Giauque, J. Am. Chem. Soc., 74, 3157 
(1952).
(10) K. K. Kelley, U. S. Bureau of Mines Bulletin 476, U. S. Govern
ment Printing Office, Washington, D. C., 1963.
(11) W. H. Evans, T. R. Munson, and D. D. Wagman, J. Rea. 
Natl. Bur. Std., 55, 147 (1955).
(12) L. K. Akers, Ph.D. Thesis, Vanderbilt University, 1955.
(13) D. White, J. H. Hu, and H. L. Johnston, J. Chem. Phys., 21, 
1149 (1953).
(14) J. O. Hirschfelder, C. F. Curtiss, and R. B. Bird, “Molecular 
Theory of Gases and Liquids,” John Wiley and Sons, Inc., New 
York, N. Y., 1954.
(15) E. Rudzitis, this laboratory, unpublished measurements.
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oxygen in the sample were assumed to be present as 
uncombined carbon and nitrogen, and as As20 3, re
spectively; the products of combustion were assumed 
to be CF4, N2j AsF5, and 0 2. Auxiliary enthalpies 
o f formation (in kcal. mole-1) were taken as —221 
for CF416 and —155 for As20 3.17 The net impurity 
correction, 0.46 ± 0 .1  cal. g.-1, was applied to give the 
standard energy of combustion of arsenic in fluorine, 
AEc°/M, according to

As(c, black) +  6/ 2F2(g) — ±  AsF6(g) (3)

Derived Data. Thermodynamic data for arsenic 
pentafluoride are presented in Table II. The atomic 
weight of arsenic18 was taken as 74.9216. Standard 
entropies, S°, at 25° of crystalline arsenic,10 fluorine,11 
and arsenic pentafluoride12 were taken as 8.40, 48.45, 
and 78.00 cal. deg.-1 mole-1, respectively. The un
certainties given are uncertainty intervals19 20 21 22 equal to 
twice the combined standard deviation contributed by 
all known sources.

Table II : Derived Data at 25°

As(c, black) +  6AF2(g) -*■ AsF6(g)

Energy of formation
AEf° = AEc°, kcal, mole-1 —294 .7o±0 .1g

Enthalpy of formation
AHf°, kcal, mole-1 — 2 9 5 .5 g ± 0 .l9

Entropy of formation
ASf°, cal. deg.-1 mole-1 — 51.53

Gibbs energy of formation
A(?/°, kcal, mole-1 -280.23 ± 0 .1 9

The only previously reported value for AHf°(AsFs) 
was an estimate (—265 kcal, mole-1) by Glassner.20

Bond Dissociation Energies in Arsenic Fluorides

The average As-F bond dissociation energy in AsF5, 
D(As-F )asf6, is given by

D(As-F )asfs =  Vs [AH/0 (As, 4Sy2) +
5AHf°(F, 2Py2) -  AHf° (AsF5) ] (4)

The enthalpy of formation of gaseous atomic arsenic 
may be calculated from

AHf° (As, *S./d =  V 2[D(As2) +  AHf° (As2, g) ] (5)

Inserting values of D(As2) =  90.8 kcal. mole- 1 21 
and AH/°(As2) =  53.1 kcal. mole-1,22 we obtain AHf°M% 
(As, 4Sy2) =  72.0 kcal. mole-1. The latter value was 
combined with AHf°(F, 2P*/2) =  18.9 kcal. mole-1,11 
and A F/°298(AsF5) =  —295.6 kcal. mole-1 to give D 
(As-F )asf5 =  92.4 kcal. mole-1 at 25°. An equation 
analogous to eq. 4 can be set up for Z)(As-F )asf3. 
Taking AHf°(AsF3, g) =  —218.3 kcal. mole-1,23 we 
obtain S (A s-F )Asf3 =  115.7 kcal. mole-1. Thus the 
average bond strength in AsF3 is about 20 kcal. mole-1 
greater than that in AsF5. A similar situation exists 
for the corresponding fluorides of phosphorus24 25 and 
antimony.26
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A Least-Squares Method for Calculating Diffusion Coefficients

for Ternary Systems

by R. L. Dunn and J. D . Hatfield

Division of Chemical Development, Tennessee Valley Authority, Wilson Dam, Alabama 
{Received August 2, 1966)

A least-squares iterative method for determining r „  for n measurements of diffusion in a 
ternary system with the Gouy interferometer is described. The method minimizes the 
sums of squares of the differences between experimental and calculated relative fringe 
deviations. When n >  2, <r+, <r_, 9h and 02 are also determined by least squares which 
minimize the variances of calculated and experimental values of I / v ISa and the quantity
( i / o  -  (1  -  r „ ) [ ( I / O  -  ( I / O ] .

Several procedures1-6 for calculating the four rele
vant diffusion coefficients that apply to isothermal 
diffusion in a temaiy system were reviewed recently,6 
and a general analytical method for their computation 
was described. Many of the earlier reported results 
have been recalculated7 by the analytical method.6 
The earlier methods included simplifications that made 
the calculations practicable without high-speed com
puters. In one method,3 the calculation was simpli
fied by restricting experiments to concentrations in 
which diffusion is gaussian— a serious limitation for 
ternary systems. Wendt8 has programmed the ana
lytical method6 for the Bendix G-15 computer.

The analytical method of Fujita and Gosting6 
requires a plot of the relative fringe deviations, 9,]y 
against the reduced fringe number, f(f), from which the 
area, Q, is obtained. In this paper, a method is de
scribed that evaluates the i2y-f(f) curve from the most 
precise relationship available by the method of least 
squares. This obviates the somewhat subjective con
struction of the curve and permits a complete ana
lytical treatment for the calculation of the diffusion 
coefficients by an IBM 704 computer.

Throughout this paper, the symbols have the mean
ings used in related publications.1" 6 Published equa
tions are referred to by their numbers in the original 
reference; for example, eq. 23-1 refers to eq. 23 in 
ref. 1.
Method

The theory' relating Gouy diffusiometer data to the

diffusion coefficients of ternary systems has been 
published by Gosting and his collaborators.1-6

Here a method is described which yields the values of 
the quantities T_, a+, and v_, which minimizes 2- 
(Afy)2, and which, when more than two experiments 
are made at the same average concentration, minimizes 
2[A(1/ v /Da) ]2 and 2(Acr)2, where A denotes the dif
ference between calculated and experimental values. 
In the method, the best fit of the experimental and cal
culated relative fringe deviations and reduced-height/ 
area ratios are obtained simultaneously with determi
nation of the best values for F_, <r+, and <r_. Values 
of the functions 8\ and 02 and of the four diffusion co
efficients are calculated by substituting values of the 
experimental quantities at (refractive fraction) and 
Ri (refractive index derivative) along with the best- 
fit values of T_, o+, and <r- into eq. 25-2 and 26-2, 
and 30a-5, 31ar5, 51-5, and 64-5.

The least-squares treatments for calculating the dif- 1 2 3 4 5 6 7 8

(1) D. F. Akeley and L. J. Gosting, J. Am. Chem. Soc., 75 , 5085 
(1953).
(2) ' R. L. Baldwin, P. J. Dunlop, and L. J. Gosting, ibid., 77, 5235 
(1955).
(3) P. J. Dunlop, J. Phye. Chem., 61, 994 (1957).
(4) P. J. Dunlop and L. J. Gosting, J. Am. Chem. Soc., 77, 5238 
(1955).
(5) H. Fujita and L. J. Gosting, ibid.. 78, 1099 (1956).
(6) H. Fujita and L. J. Gosting, J. Phys. Chem., 64, 1256 (1960).
(7) P. J. Dunlop, ibid., 68 , 3062 (1964).
(8) R. D. Wendt, ibid,, 66, 1279 (1962),
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fusion coefficients for ternary systems are developed 
below.

Equations for Two Experiments. When the calcula
tion is based on data from only two experiments at the 
same average composition, the expressions used to 
minimize the sum of the squares of the differences 
between the experimental and the calculated relative 
fringe deviations are obtained from the following equa
tions. Here, and in all subsequent equations, all 
r’s are F_, but the subscript minus sign is dropped for 
convenience.

— U  =  (1 -  r ) V ^  +  r y f r l  (55-5) 
V  SDa

(1 -  T ) V ^ . e - ^  +  r V Z e " ^
(l -  T ) V ^  +  r V i l

(A8-6)

where the value for YJC t of eq. A6-6 has been substi
tuted in eq. A8-6.

Differences between calculated and experimental 
values of the relative fringe deviations are minimized 
by the least-squares method according to the equations

n
Si =  Z [i2 s<- i 2 , ] 2 (i)¿=1

-Sn =  t [a** -  12*]2 (2)
k= 1

where ft, and Tlk are calculated by eq. A8-6, i and k 
refer to experiments I and II, respectively, and the sub
script E  represents the experimental values of the rela
tive fringe deviations.

Approximate values of r 4 and T* for experiments I 
and II can be obtained by any one of several published 
methods, such as the area method of Fujita and 
Gosting.6 These approximate values, r jA and I^a, 
are substituted in eq. 55-5 to obtain values of <r+ and 
(t— by solution of the two equations obtained from ex
periments I and II for which SDA and F are different 
(eq. 55-5) and for which the a values are constant.

The difference between the observed and calculated 
fringe deviations is now expressed approximately 
by9

A i =  ilEi —  124 =  A T i f l 'i i  -} - A T r iO 'n j  ( 3 A )

A* =  12 E!c — 12* =  ATiQ,'lk -f- AriiQ'n* (3B)

where the primes are used to express the partial derive 
tive, the first subscript of the 12 terms indicating 
with respect to which T (r iA or Tha), and the second 
subscript of which 12. For example

-t'n =  d l f i /S T i A

12'iii =  W d r iiA , etc.

The terms AFi and Arn are corrections to the original 
estimates, IYa and Tha

rx = r IA +  (4A)
Tii =  Tii a +  Arn (4B)

The corrections are evaluated such that 2(Ai2 +  A*,2) is 
minimized by

(5A)~-2(n'uy m 'u ü 'm "Ari "

_2i2/Dfc12/i i jt S^hn)^ _Arn_

Equations 5A and 5B contain T, a, and y terms and 
cannot be solved in the forms shown. It can be seen 
from eq. 55-5, however, that a+, cr_, d V ^ /d F ,  
d\/an/c>r, and 512/dr can be expressed in terms of 
r IA and Tha for experiments I and II, respectively. 
Values for y and dy/dT for use in eq. 5A and 5B can 
be obtained from eq. A5-6 written in the form

f(f) = (1 — rA)f(V/o>2/A) +  rAf(v /on2/A) 
where f is defined by

(6)

f(£> "  v S J c i
2 r  -  &-<■

For example

T i a )
à \ A rl

drL

2(1 -  r 1A)a+( ^ ^ j y f  -

2(1 -  T1A)a+^ y {

drÏA
àyt

bT IA  J

A/(7- +  Tia drIA 2riA<7_|

: +

f à s /a Z \

\ £>riA ) Vf2 _

o-p »/« ^2riA<7_/!ÿi:

¿>'V/p:+
dFiA

Tua

ô r iAJ
î

_V2>Âi V23 A l l  J
(riiA — Fia) 2

(7)

(8)

àyt
bT IA

|[fW T +yù -  f(V â ly i)] -  (i -  TiA) x

~ b î(\ T + yi) -  Tia
~bî(\/Vjyi) d 'v /ôn l)

_ _L ôriA J _ ÔVon L driA J j
. d f(v ^ 2 /i)  „  b î(V Z -y i )
G  ~  i  i a J r r I i a -------- --------------

o y t b y t

(9)
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Equation 6 can be solved for y by Newton’s method. 
Good starting values for y can be obtained from the 
exact equation

V sDa rViDAy =  ---------------------  =  ---------------------  (10)
y 1 2 dfi 2f dil

r +  V i  df(r) +  V i  df(f)

which is derived from eq. 9-5 and 34-1.
Equations 5A and 5B are solved simultaneously for 

ATx and Arn. These incremental quantities are added 
to the values of I\ to yield improved values for D  
and IM. The process is repeated with the improved 
values, and the iteration is continued until Ar is less 
than 0.0001; three iterations usually are sufficient.

From the derived values for r, a+, and o-_, values for 
0i and 02 for experiments I and II, respectively, are 
obtained by use of eq. 23 below. From eq. 25-2 and 
26-2 and 30a-5, 31a-5, and 64-5

Dn  =
0 2cr+cr_

+  01 — I  +  V
_<r+ <r_

01
02

l - ^
02

■D22 — +  Dn<7+ cr_

Ri
Ri

D21 — 0i — Dn

Ri
R

D12 — 62 — D'>

( H )

( 12)

(13)

(14)

E (1  -  F )2 E F ( i  -  t ,)
2= i  ; = i

E f (i -  r ,) E F 2
1=1 1=i

x

w i  -  r f
~ V ä Ä u

V E -  r *¿j /- - -V £ > A i J

(17)

(18)

where IL (that is, Fi, Tn, . . . ,  Fm) for each experiment 
is determined initially by the area method.6

Solution of eq. 17 and 18 gives the best values of 
<t+ and cr_ for use in refining the values of F;. As in 
eq. 5A and 5B, the equations for two, three, or four 
experiments are written in matrix form.

2 (ß 'ii) 2

SO'nO'lv;

TjQ'iiii'iii

? Æ } j à  L

Sil'nil'iiii ~| Sil'nO'ivi 

20,'iijQ'nij I 2 ß iijQ'ivj

2(0'm ^)2 J 2ß uuil’iv/t
20'iini2'ivi 2(i2'ivi)2

"AFi "

ATn XQ/'zijAj

ATm SWiiuAjt
_ArIV_ _2W-ViAi _

X

(19)
(20) 

(21) 

(22)

where

Q'n — ößi/öTiA

SFiii =  dßi/örnA

If (ai)i =  1 and (cn)n = 0, the equation for Dn be
comes

Dn
—  -  F„0i
O’—
ri -  r „ (15)

from which the values for D tj can be calculated.
Equations for More Than Two Experiments. With 

data from more than two experiments, <r+ and o-_ are 
best determined by least squares. If there are m such 
experiments, the quantity

Sz>a —  E
1 = 1 _ V  20.•AEl

(16)

is minimized where I / V sDaei is experimental and 1/ 
V3Lu is calculated by eq. 55-5. The equations are

O, . . .  i are functions of the corresponding F1A . . .  i v a  ; 
I . . .  IV and i . . .  I denote experiments I . . .  4; and
A i  . . .  z flobsd i l l  . . . Zcalcd*

The matrix equations may be represented by [X] 
[F] =  [A], where [X] is the square matrix and [F] 
and [A ] are the respective column matrices. For two 
or three experiments, the matrix equations are indi
cated by dotted and dashed lines, respectively. The 
total matrix equations are required for four experi
ments, and equations for more experiments can be 
written by expansion of those given.

Values of Ar obtained from eq. 19 to 22 are added to 
the initial estimates of r  (as in eq. 4A and 4B), and the 
improved values of T are used to obtain better values

(9) R. H. Moore and R. K. Zeigler, “The Solution of the General 
Least Squares Problem with Special Reference to High-Speed Com
puters,” Los Alamos Scientific Laboratory (LA-2367), March 4, 
1960; available from Office of Technical Services, U. S. Department 
of Commerce, Washington 25, D. C.
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of cr+ and cr_ by eq. 17 and 18. The process is repeated 
until the corrections to F are insignificant.

0i and 02 are derived from the definition for F, eq. 
51-5, where 0i =  Du +  (Ri/Ri)Dn and 02 =  D 22 +  
(Ri/R2)Du. Rearrangement of eq. 51-5 gives

0i«i +  02(1 — ai) — (l/tr+) 
(I/o--) -  (1/V+)

(23)

or

0i(«i)i +  02[1 — (ai)l] =

-  0  -  r , ) l  -  - (24)

where (oa)i is cn of experiment I. Since there are m 
such experiments, and m equations like eq. 24, 0i and 
02 are calculated by least squares from the normal 
equations

XX <*n)2 X^an(l — au)
i- l  i=i

J - i i = i

— an)
X

an)2
p -, “ m “

0i
=

ETFi(an) 1 = 1
m

i---
--

i__
_ XBX(1 -  an)

(25)

(26)

where W t is the value of the right-hand side of eq. 24 
for the Zth experiment.

To calculate D tj for a given composition of a ternary 
system, the refined values of F, a, and 0 are used in 
eq. 11 to 15, as was outlined for two experiments. 
The experimental and derived quantities required are 
the reduced-height/area ratio 21a, the experimental 
Gouy fringe deviations IF,, the differential refractivities 
Ri and Ri, the refractive fraction ai which is derived 
from the primary experimental data ACi, AC2, and J,

and f(f), f, and e f2 which are calculated from J  and
z,.

As with other methods for calculating D tj, it is de
sirable, and sometimes necessary, that the values of 
21a at ai near 0 and at a.\ near 1 differ by several per 
cent, preferably by more than 10%. The importance 
of this requirement and its relationship to the accuracy 
required of the value of J  are discussed in a companion 
paper.10

Previous methods1-6 for calculating the diffusion 
coefficients depended upon graphs of relative fringe 
deviations that were drawn by hand through the 
average experimental Q points. Despite the fact that 
the location of a curve is of utmost importance in the 
determination of the best values of the diffusion co
efficients, probably no two men would draw the curve 
in exactly the same position. With the least-squares 
method the data are smoothed mathematically with 
the theoretical equation for the relative fringe devia
tion curve. This treatment gives the best possible 
agreement between the calculated and experimental 
relative fringe deviations and thus the best values for 
Dtj that can be derived from the experimental data. 
The performance of the method is illustrated in the 
treatment of experimental data in the companion 
paper.10

The Fortran program for processing experimental 
Gouy diffusiometer data with an IBM  704 computer 
to yield diffusion coefficients by the least-squares 
method is available at the TVA Computing Center, 
Chattanooga, Tenn. The program automatically tests 
the data for constancy of calculates f(f), f,
F, Ai, Ct, SDa , and and compares the values of 
with the experimental values and determines the values 
of Du, Da, Du, and D21. The IBM 704 computer 
requires about 6 min. for these calculations with data 
from four experiments at a single average composition.

(10) O. W. Edwards, R. L. Dunn, J. D. Hatfield, E. O. Huffman, 
and K. L. Elmore, J. Phys. Chem., in press.
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Sedimentation Equilibrium in Reacting Systems of the Type mA +  raB

by L. W. Nichol and A. G. Ogston

Department of Physical Biochemistry, John Curtin School of Medical Research, 
Australian National University, Canberra, A.C.T., Australia {Received August 4, 1966)

Equations are derived which permit the interpretation of sedimentation equilibrium 
results obtained with reacting systems involving two dissimilar reactants and a single 
complex. The use of the equations is outlined in evaluating the apparent equilibrium 
constant and the composition of the complex. The theoretical treatment applies to 
thermodynamically ideal situations, but its possible application to biologically important 
systems is discussed.

Data obtained in mass transport experiments may 
be used to determine the single equilibrium constant 
for the reaction mA +  nB uA C, provided (1) the system 
is thermodynamically ideal, (2) the complex (C = 
AmBn) is of known composition,1-3 and (3) frictional 
effects do not complicate the experimental pattern.4-6 
In view of the latter restriction, sedimentation equi
librium data are better suited for the determination 
of the equilibrium constant, and in this communication 
the necessary relations are derived to permit the eval
uation when m and n are known. In addition, methods 
will be presented to determine the stoichiometry 
when to and n are unknown.

In previous treatments6-7 of sedimentation equi
librium of chemically reacting systems involving 
monomer and higher polymers, it has been shown that 
the distribution of each solute is unaffected by the 
chemical equilibrium between the species. The argu
ment can be extended to show that this is true for any 
number of components in chemical equilibrium. This 
interesting property will be demonstrated for the 
present case in an alternative way. It will be assumed 
that the system is ideal in that the activity coefficient 
of each solute species equals unity, the system is in
compressible, and that all density increments are equal. 
The latter assumption implies that there is no volume 
change on chemical reaction. For each solute, i
(i =  A, B, or C), the condition for sedimentation 
equilibrium may be expressed by the differential
equation8

d l n c i  c ô \ d P / à c t ) M {  i l i r
= = 4>Mi (1)

where c* is the concentration in grams per unit volume,* 
r is the radial distance from the center of rotation, co 
is the angular velocity of the rotor, M { is the molecular 
weight, R is the gas constant, and T is the temperature. 
The partial differential, dp/dct (at constant concentra
tion of all other species) replaces the conventional 
(1 — viP) term9 and it is assumed to be identical for 
each solute. Accordingly, the single symbol, <f>, 
suffices to describe the constant term in eq. 1. It is 
possible to integrate this equation between any two 
limits, i.e., between rx, c* =  ct(ri) and r2, ct =  Ci(r2). 
provided rm ^ rx and r2 ^ rb, where rm and rb refer to 
meniscus and base of cell, respectively. It follows that

to In cA0"i) — to In cA(r2) = TO0ilfA(ri2 — r22) (2a)

n In cb(?t) — n In cB(r2) =  n<t>MB(ri2 — r22) (2b) 1 2 3 4 5 6 7 8 9

(1) L. G. Longsworth in “ Electrophoresis, Theory, Methods and 
Applications,” M. Bier, Ed., Academic Press, New York, N. Y., 
1959, p. 91.
(2) L. W. Nichol and D. J. Winzor, J. Phys. Chem., 68, 2455 (1964).
(3) L. W. Nichol and D. J. Winzor, Biochim. Biophys. Acta, 94, 591
(1965).
(4) M. Davies, L. W. Nichol, and A. G. Ogston. ibid., 75, 436
(1963) .
(5) L. W. Nichol and A. G. Ogston, Proc. Roy. Soc. (London), sub
mitted.
(6) E. T. Adams, Jr., and H. Fujita in “ Ultracentrifugal Analysis in 
Theory and Experiment,” J. W. Williams, Ed., Academic Press, New 
York, N. Y„ 1963, p. 119.
(7) E. T. Adams, Jr., and J. W. Williams, J. Am. Chem. Soc., 86, 
3454 (1964).
(8) T. Svedberg and K. O. Pedersen, “ The Ultracentrifuge,” Oxford 
University Press, London and New York, N. Y. (Johnson Reprint 
Corp., New York, N. Y.), 1940.
(9) E. F. Casassa and H. Eisenberg, Advan. Protein Chem., 19, 287
(1964) .
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In cc(r-i) — In cc (r2) =
4>(mMA +  tiM bX?!2 — r22) (2c)

By adding eq. 2a and 2b and subtracting eq. 2c we 
obtain

CAforcBfri)" = cA(r2)rocB(r2)n =
cc(ri) cc(r2)  ̂ '

As the integration leading to eq. 3 may be performed 
between any limits, where the solute concentration is 
finite, the equation shows that, provided chemical 
equilibrium is attained at one point in the cell, it is 
attained at all others. The case under discussion 
reverts to a polymerizing system involving monomer 
and a single higher polymer (c/. Adams and Fujita6) 
by placing either m orn  =  0.

As the distribution of each solute at equilibrium 
is independent of all others, eq. 1 may be rewritten 
and summed over all species.

d In Ci
1 dr2

dcj
dr2

=  <t>MiCi

E j l  =  tLM iCi = ; dr2 i X) Ci

(4 )

(5 )

d In XXi 

dr2
<t>Mw (6)

Thus, provided c4 is expressed in grams per unit volume, 
the weight-average molecular weight, M w, at any point 
r may be found from the slope of the curve obtained by 
plotting ln 2Ci against r2. In order to determine this 
by optical methods it must be assumed that the 
specific refractive increment is identical for each 
species. It might be advantageous to adopt the ex
perimental technique devised by Yphantis,10 where 
conditions are chosen such that the total concentra
tion near the meniscus is zero. Either Rayleigh inter
ference or schlieren optics may be used: while the 
latter requires integration of the pattern to determine 
Sci at any r, it may permit higher concentrations to 
be examined by employing the available single sector 
centerpieces of small optical path.

The data collected from the above determinations 
apply to two equations

2> j(r) =  c(r) = cA(r) +  cB(r) +  cc(r) (7)
i

and

MaCa(x) +  M BcB{r) +
0mMA +  nMB)cc (r) =  M w(r)c(r) (8)

Eliminating cc(r) between eq. 7 and 8 yields 

cA(r) [Ma — wiM a — nMB] +
cB(r)[MB — mMA — nMB] =

c(r)[Mw(r) — mMA — nM B] (9)

It will be assumed in what follows that M A and M b 
may be determined in separate experiments. In the 
simplest case, where m and n are known, eq. 9 contains 
two unknown quantities, cA(r) and cB(r), and cannot 
therefore be solved, despite the fact that it may be 
rewritten for rit r2, etc. However, eq. 2 may be rear
ranged in general form to give

ci(ri) =  (10)

Combination of eq. 9 and 10, which are valid for all 
r, gives

cA(f2)e0MA(ri2“ r2i)[MA -  mMA ~  nM B) +

cB(r2y MB(n!" r2!) [Mb -  mMA -  nM B] =
c(ri)[Mw(ri) — mMA — nM B] (11a)

Also

cA(r2) [M a — mMA — nM B] +
cB(r2)[MB — mMA — nMB =

c(r2)[.Mw(r2) — mMA — nM B] (lib )

Equations 11a and l ib  provide two simultaneous 
equations in two unknown quantities and may be solved 
to obtain cA(r2) and cB(r2). In turn, from eq. 7, 
cc(r2) may be evaluated. As m and n are known (which 
has been assumed for the present case), K  may be found 
at r2 from eq. 3. In a similar way it may be found at 
any r. It is clear, however, from numerical example 
that measurements made near the bottom of the cell 
in a Yphantis experiment10 are most useful because, 
with suitable choice of conditions, in this region all 
three species coexist in appreciable amounts.

In the general case, where m and n are unknown, 
two additional and independent relations (besides 
eq. 11a and l ib  are required to solve for the four un
known quantities. One equation follows from a knowl
edge of the initial amounts of A and B (in grams) 
added to form the reaction mixture contained in the 
cell: these amounts are termed Q a  and QB, respectively.

/*rb f*rb
Qa  =  9b I rcA(r)dr +  6b i racc(»')dr (12a)

•z I'm J  Tm
/*rb /*rb

Qb =  Ob I rcB(r)dr +  db I ra'cc (r)dr (12b)
Tm rm

(10) D. A. Yphantis, Biochemistry, 3, 297 (1964).
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where 6 is the sector angle in radians, b is the cell thick
ness, a =  +  »M b, and a ' =  +
nM-B. The terms involving c c ( r )  may be eliminated 
by multiplying eq. 12a by r f B, eq. 12b by toM a , 

and subtracting the resulting expressions. This pro
vides a -single equation which may be integrated by 
using eq. 10 to give
mM bQa — mMAQB 

6b

nM-BCA(rb)e * Arb iirb2  ̂ ^ MArm̂  _
2<j>M a V — er

mMACB(rb)e * b _  g<t>Mbt.
2<pM b

Equation 13 may be rewritten using eq. 10 in terms 
of Ca(t2) and Csfo), and this together with eq. 11a and 
l ib  gives three simultaneous equations in the unknown 
quantities, Ca (r2) , Cb (r2) , m, andw.

One procedure, permitting an approximate solution, 
is to assume a value for (say) to and thereby compute 
K  at r2: reiterating the process at other values of r 
would permit a test of the assumed to value on the 
basis of constancy of K  at various r values (and hence 
at different total concentrations). It is important 
to note that, although eq. 13 requires the determination 
of rb by using an inert base fluid, it is not necessary 
to determine M w at rb. Alternatively, the problem 
may be approached by applying the fourth simulta
neous equation.

l im  M w =  toM a  +  nM-ß =  Mc ( 1 4 )
2ci—► co
i

As the above equations assume thermodynamic ideality, 
it is hazardous to apply them in their simple form to 
results obtained at relatively high concentration. Ac
cordingly, it would be necessary to extrapolate values 
of M „  found at relatively low concentrations to de
termine the molecular weight of the complex, Mc ; 
no theory is available at the present time to guide this 
extrapolation.

In summary, it is possible to use sedimentation equi
librium data to determine K  for the reaction specified 
if one or both values of to and n are known. Two 
methods have been suggested to determine K, m, and 
n in the general case. The above theory could be 
elaborated to include effects due to nonideality or to 
a difference in dp/dc, for the different solute species. 
This would introduce several more quantities, which 
in general are extremely difficult to evaluate for bio
logical systems. In addition, it is clear that a system 
involving several complexes of different composition 
cannot be treated by the present method. Additional 
information, such as the determination of the concen
tration distribution of a single species using absorption 
optics or a statistical approach may prove fruitful 
in these more complicated cases. Nevertheless, in 
several reacting systems of biological interest a single 
complex has been postulated2'3-11 and it is with these 
systems that the present treatment may find appli
cation.

(11) L. W. Nichol, J. L. Bethune, G. Kegeles, and E. L. Hess in 
“ The Proteins,” 2nd Ed., H. Neurath, Ed., Academic Press, New 
York, N. Y., 1964, p. 305.
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Spectral Changes in a Cationic Dye Due to Interaction with Macromolecules.

III. Stoichiometry and Mechanism of the Complexing Reaction1 2 3 4

by R. C. Bean, W . C. Shepherd, R. E. Kay, and E. R. Walwick

Applied Research Laboratories, Aeronutronic Division, Philco Corporation, Newport Beach, California 
(Received July 1, 1965)

The stoichiometry of the reaction of 4,5,4,,5'-dibenzo-3,3'-diethyl-9-methylthiacarbo- 
cyanine (DBTC) with diverse polyionic macromolecules has been investigated. Five 
different complex states have been observed, with corresponding spectral characteristics. 
The complex states and corresponding approximate spectral band maxima are: a state 
(570 m/i), /S state (535 mix), 7 state (500-510 mu), J state (620 to 650 mix), /3a state (550 
mix, a hybrid or mixture), and the S state (470 mix). For optimal reaction, a one-to-one 
ratio of dye to anion site on the polymer is generally required in the formation of the a, 
j8, /3a, and J states. Little or no shift of spectral maxima for the complexes occurs with 
large ratios of sites to dye molecules. Titration data indicate that the J state arises through 
reaction of individual DBTC molecules with particular sites as a function of dye configura
tion and conformation to the site rather than being due to dye-dye interaction in a very 
large aggregate of dye molecules as previously supposed. The primary influence in forma
tion of the a and ¡3 states may also be the conformation of the dye to the site and poly
meric matrix, but dye-dye interaction may still occur. The 7  complex is frequently tran
sitory and may arise through simple adsorption of the dye from solution without altering 
the state of dye aggregation as it existed in solution. Effect of pH on the complexing 
reactions was minimal except with amphoteric macromolecules such as proteins. Appar
ently, cationic groups in the vicinity of the anionic complexing sites may become positively 
charged at low pH and repel the cationic dye. Variations of pH which should cause 
many magnitudes of change in the ratio of ionized and un-ionized carboxyl groups cause 
no changes in the stoichiometry of the complex reactions indicating that ionization is 
not a critical factor in formation of the complex.

The metachromatic color changes of dyes, which 
result from interaction of the dye with ionic macro
molecules, have long been of interest in histochemistry. 
The mechanisms for these metachromatic reactions 
have been under study for three decades, but much 
confusion still remains as to the nature of the reactions. 
Recent hypotheses, based on dye-dye interactions 
upon the polymeric matrix,2-4 seem to account satis
factorily for the relatively simple reactions of some 
dyes such as acridine orange. However, a dye such as
4,5,4,,5,-dibenzo-3,8/-diethyl-9-methy]l,hiacarboeyanine
bromide (DBTC)5 reacts with polymeric anions to 
fo rm at least five different and discrete complex states.6'7

Introduction Such a complicated series of reactions has always been 
difficult to accommodate under the simple aggregation

(1) This work was supported by the National Aeronautics and Space 
Administration under Contract No. NASw-770.
(2) D. F. Bradley and M. K. Wolf, Proc. Nail. Acad. Sci. U. S., 45, 
944 (1959).
(3) M. K. Wolf and D. F. Bradley, Stain Technol., 35, 44 (1960).
(4) A. L. Stone and D. F. Bradley, J. Am. Chem. Soc., 83, 3627 
(1961).
(5) Abbreviations used in this paper include: DBTC, 4,5,4',5'-
dibenzo-3,3'-diethyl-9-methyl-thiacarbocyanine; P, polymer anion 
site; D, dye molecule; RNase, ribonuclease; DNA, deoxyribo
nucleic acid.
(6) R. E. Kay, E. R. Walwick, and C. K. Gifford, J. Phys. Chem.,
68, 1896 (1964).
(7) R. E. Kay, E. R. Walwick, and C . K. Gifford, ibid., 68, 1907
(1964).
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theories previously advanced,2’3’8-10 and the studies 
presented below now demonstrate, unequivocally, 
the inadequacy of some of these theories as applied 
to the reactions of DBTC.

In particular, the concept of the complex which 
creates an intense, narrow absorption band (J band) 
at a longer wave length than that of the monomeric 
dye has had to be revised on the basis of these studies. 
This J band was previously thought to arise from inter
action of dye molecules in a large aggregate of the 
dye, either as a nematic crystal or on a polymer matrix 
or micellar structure.6’7’9-11 It now appears the J 
band formed by the reactions of the dye with polymers 
is more likely to be due to reaction of individual dye 
molecules at isolated sites. This is more coincident 
with the original concept of Jelley,8 9 10 11 12’13 for whom this 
band was named, since he also considered it to be a 
molecular spectrum even in the nematic crystals.

In addition, it appears desirable to assume that the 
spectra of some of the other complex states may be 
caused by specific interaction of the dye with the 
polymer rather than by dye-dye interactions between 
adjacent dye molecules on the polymer. The more 
vital role of the polymer in the formation of the com
plexes may be further supported by the discovery that 
some of the dye-polymer complexes are almost com
pletely independent of pH, suggesting that their for
mation is dependent upon forces other than the simple 
attraction of the negative anion site for the cationic 
dye.

Materials and Methods
Thiacarbocyanine Dye. Two samples of the dye, 

DBTC, were gifts of F. W. Mueller, Ansco, and J. A. 
Leermakers, Eastman Kodak Co. All operations 
during the preparation of the stock solutions (1.2 X 
10-4 M) were carried out in the dark or in minimal 
light to avoid photodecomposition of the dye. Stock 
and diluted working solutions were stored in brown 
polyethylene bottles, wrapped in aluminum foil, since 
the dye is readily adsorbed upon glass.

Biopolymers. We are indebted to K. Wilson and C. 
Smit, of Sunkist Corp., for the special pectin and poly- 
galacturonic acid samples used in these studies. Their 
uniform methoxylpectin fractions (7.0, 9.4, 10.8, and
11.2% methoxyl) were isolated by ion-exchange frac
tionation of natural citrus pectin. Samples with en
riched methoxyl (above 11.3%) were obtained by 
chemical esterification of citrus pectins, either by 
methylation with diazomethane or by acid-catalyzed 
esterification in methanol.

Methyl alginate was prepared by acid-catalyzed 
esterification of alginic acid. The alginic acid and

sodium alginate were purified from a commercial so
dium alginate (Matheson Coleman and Bell) by re
peated solvent precipitation.

Other preparations were obtained from commercial 
sources as follows: poly-L-glutamic acid, sodium 
salt, and poly-L-aspartic acid from Sigma Chemical 
Co.; bovine pancreas ribonuclease (5 times crystal
lized, salt free), oxidized ribonuclease, and poly-L- 
lysine hydrobromide from Mann Research Labora
tories; bovine albumin (crystalline), protamine sulfate 
(clupeine), glycoprotein, human hemoglobin (2 times 
crystallized), and horseheart myoglobin from Nutri
tional Biochemicals Corp.; deoxyribonucleic acid, 
highly polymerized, a-chymotrypsin (3 times crystal
lized), pepsinogen, a-chymotrypsinogen, pepsin (2 
times crystallized) from Worthington Biochemicals 
Corp.; chondroitin sulfate (sodium salt), hyaluronic 
acid (potassium salt), and polygalacturonic acid, from 
California Corp. for Biochemical Research; sodium 
polymetaphosphate, average degree of polymerization
18.5, from Victor Chemical Works.

Buffers. The spectra of the dye and its complexes 
are affected by high ionic strength so buffers were 
used at 0.001 to 0.002 M  final concentration, unless 
otherwise specified. At such concentrations, none of 
the normal organic buffering anions had significant 
effect, and so it was possible to choose the most con
venient buffer for obtaining the desired pH.

Titration Procedure. The following procedure was 
utilized for all titrations reported here. An appropriate 
portion of the biopolymer solution, the buffer, and suf
ficient water to make a standard volume were mixed 
in a spectrophotometer cuvette. The dye was then 
added, the solution mixed, and the absorption spec
trum determined by scanning from 700 to 400 mp in 
a Beckman DK-2A recording spectrophotometer. 
For each titration point, a new mixture was prepared 
at a different polymer concentration. It was not 
possible to titrate by addition of successive increments 
of the macromolecule4 since some titrations would not 
be reproducible, possibly as a result of formation of 
anomalous complexes. In some instances, to permit 
full equilibration, the final scan was delayed 5 to 10 
min. following the addition of the dye. The dye 
concentration in the mixture was normally 10-B or 
2 X 10-6 M, but in some of the experiments, where it

(8) G. Scheibe, Kolloid-Z., 82, 1 (1938).
(9) G. Schiebe, Angew. Chem., SO, 212 (1937).
(10) G. Scheibe and V. Zänker, Acta Histochem., Suppl., 1, 6 (1958).
(11) S. E. Sheppard, Rev. Mod. Phys., 14, 303 (1942).
(12) E. E. Jelley, Nature, 139, 631 (1937).
(13) E. E. Jelley, ibid., 138, 1009 (1936).
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was desirable to have extremely large excesses of poly
mer sites, lower concentrations of dye were used. At 
the normal concentrations, the absorption peak 
maximum of the aqueous dye was at 508 m/i, but at 
lower concentrations the peak shifted as much as 15 
m/i toward longer wave lengths.

The stoichiometry of the reaction was determined 
from a plot of the decrease in absorbancy at 508 m^ 
against the P /D  ratio, the molar ratio of macromolecule 
anion sites to dye molecules. In most cases, the initial 
points formed a straight line with a definite break as 
sites began to exceed available dye molecules (see 
Figure 1 ), and only slight interpolation was required 
for accurate determination of the equivalence values. 
Similar results could be obtained, in some instances, 
by plotting the change in absorbance at the band maxi
mum for the dye-macromolecule complex. In some 
cases, the plots were curvilinear, indicating a higher 
dissociation constant for the complex. In such cases, 
the equivalence values were estimated as the value at 
the intersection of the straight line tangential to the 
curve at P /D  = 0, with the straight line tangential 
to the curve at high P /D  ratios.

Experimental Section
Upon titration of the dye with a polyanion mole

cule, at constant dye concentration, the absorption 
spectrum of the reaction mixture progressively changes 
with increasing P /D  ratio until an equivalence point 
(usually at P /D  = 1) is reached. After this point, 
little or no further change occurs, except in a few in
stances where extremely high ratios induce shifts toward 
new bands. As an example, the titration curve for 
the dye reaction with polyadenylic acid is shown in 
Figure 1. Titration with different macromolecules 
results in a number of distinct, stable spectral bands, 
each apparently characteristic of a certain type of 
complex. The various spectral bands obtained with 
the complexes are illustrated in Figure 2. Sheppard11 
designated several spectral bands of free dye as a, 
iS, and 7 , in order of decreasing wave length. The 
a band is given by the monomeric form of the dye 
while the other bands occur with some degree of dye 
aggregation. These designations have been retained 
for the free-dye bands at 575 m^ (a), 535 npi (/?), and 
500-510 mp. (7 ) and for the corresponding bands of 
dye-polymer complexes. Reference to the band at 
650 mu as a J band also follows Sheppard’s terminology 
for the complex state. The sharp, intense band in the 
region of 470 mju, arising under special circumstances, 
does not correspond to previously described bands nor 
to known states of the free dye and has been termed, 
for convenience, the S band (short wave length band).

Figure 1. Titration of DBTC with polyadenylic acid. DBTC 
at 2 X 10-5 M. Titration procedure as in text. Buffered 
at pH 6.4 with sodium cacodylate, 0.001 M. Numbers 
on the curves indicate P /D  ratio. H503 is absorbance 
at 508 m/i.

A seemingly discrete state with an absorption band 
at 550 m/r is frequently found. Although the manner 
of transition from the aqueous dye to the complex pro
ducing the 550-npi peak is characteristic of a change to 
a unique energy state, several pieces of experimental 
evidence suggest that this band may be either a hybrid 
or mixture of the a and ¡3 bands. It will be designated 
here as the j8a band. A similar hybrid in the 600-mji 
region will be called the a j  band. Depending upon 
conditions (e.g., pH and temperature) and the particu
lar polymer associated with the dye, the bands may 
vary somewhat in position of maximum and in peak 
heights. However, they generally remain character
istic enough so that they can be considered to represent 
one of the complex states indicated above.

Formation of the Stoichiometric Complexes. The 
a State. The 570-m/i a band is formed when the dye 
reacts with polygalacturonic acid, alginic acid, native 
DNA, or follicle-stimulating hormone (Table I). The 
570-npn band is also found as a second band with a 
number of polymers which interact with the dye to 
form more than one band. The complex with poly
galacturonic acid has a P /D  ratio near unity; that with 
alginic acid requires a ratio of two sites per dye mole
cule; the P /D  for the DNA stoichiometric complex
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Table I: Summary of Complexing Reactions of DBTC with Various Macromolecules

Polymer
Type of 7maxi equiv.

Macromolecule complex® TO.fi P /D 6 weight0 Conditions

a  group
DNA, native a 560-572 0.96 pH 7.0
Polygalacturonic acid a 565 0.80 pH 7.0
Alginic acid a 568 2 . 1 0 pH 8.2
Heparin, desulfated a 565 pH 8 . 6
Follicle-stimulating hormone a 570 9000 pH 7.2

/3 group
Polyadenylic acid ß 528-530 0.98 pH 5-9
Polyaspartic acid ß 535 1.18
DNA, denatured ß 535 1.04
Polymetaphosphate ß 535-538 1.24 pH 1.5-10
Heparin ß 535 2 . 6 pH 7.6

7  group
Albumin, bovine 7 490-500 pH 8
Albumin, human 7 - J d 500 ->- 500 +  650“*
Hemoglobin 7 495-505 1670 pH 8 . 6
Pepsin 7  —  J 500 500 +  660* <3500
Myoglobin 7  — J 490 —  490 +  650"* « 4 /1 0 ) <3500 pH 7
Pepsinogen 7  -*■ J 508 — ■ 508 +  650“*
Trypsin 7  -*■ J 508 508 +  630*
Chymotrypsinogen 7 508 pH 7.0

y  — a 508-570 (5/13) 4500 pH 8 . 6
Polyglutamic acid 7 502-510 pH <4

/3a group
Polyglutamic acid ß& 550 0.92 pH >4
Polyuridylic acid ßa 545-560 1.06 pH 8
Chondroitin sulfate ßa 555 0.98
Alginic acid ßa 552 1.04
Alginic acid, 2/ 3 methyl ester ßa 552 0.25 pH 8
Glycoprotein ßa 548 1000
Heparin, desulfated ßa 552 1.0 pH 7-9

a J 605 pH 4.8
J group

Pectin, 10.8 or 11.3% methoxyl J 640 1.08, 0.98 pH 4-10
(67% ester)

Pectin, 9.4%  methoxyl J 640 1 . 0 2 pH 4.8
(56% ester)

Pectin, 7.0%  methoxyl J -f- a 615 1 . 2 pH 4 r -9
(41% ester)

Pectin, 4.3%  methoxyl J +  OL 613
(24% ester)

Pectin, 13.3% methoxyl J, a ,  7 640, 570, 525 5.0
Hyaluronic acid J 635 2.28 pH 2-10
Ribonuclease, native J 650 (7.3) 4500 pH >10
Ribonuclease, oxidized J 650 (16/6) 3000 pH 5-10
Protamine sulfate J, a ,  y 655, 575, 525 560 pH >10
Glutamylglycine, thermal co 3 650 8000 pH 7.0

polymer
Gelatin J 650 6700 pH 6 . 8

For other proteins in J group, see ref. 5
S group

Poly-L-lysine S 470 40 pH >10
Polymetaphosphate +  ZnCl2 s, ß 475, 535 Large excess

of sites

“ Designation of complex states follow the terminology in the text and as shown in Figure 2. 6 P /D  is the experimental ratio of
macromolecule anion sites to dye molecules required for the stoichiometric reaction to produce the indicated complex. Determined 
by the methods outlined in the text. The fractions in parentheses indicate the apparent ratios of titratable anion sires of proteins to 
dye in the complexes. ° Polymer equivalent weight is the weight of the macromolecule required for reaction with one mole of dye. 
This is used in place of P /D  for systems where the number of available sites may not be well defined. d Arrow indicates a time-depend
ent transition from the initial y  complex to the indicated final complex system.
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A.

Figure 2. Examples of the DBTC-polyanion complex spectra. 
Spectra were obtained at stoichiometric reactions (except the 
508-m/x peak) of dye and macromolecules. The 508-nui 
curve ( 7  state) is that for ehymotrypsinogen but is 
essentially identical with that for the aqueous dye at 
2.0 X 10 “ 5 M. The 470-m^ curve, S state, is for 
poly-i/-lysine; the 538-m,u curve (0 state) is for 
polyaspartic acid; the 550-m,u curve (/3a state) is 
for polyglutamic acid; the 570-m/u curve (a state) 
is for follicle-stimulating hormone; the 650-m/i 
(J state) is for pectin (10.8% methoxyl, 
fractionated sample).

is also unity as illustrated in Figure 3. Although the 
free-dye monomer and the a complex both have their 
peak maxima at the same wave length, the «-complex 
band is much weaker and more diffuse.

The ft State. This band is formed upon reaction 
with such diverse polymers as polyadenylate, poly
aspartate, polyphosphate, heparin, and denatured 
DNA. The P /D  ratios required for complete reaction 
are close to unity for all of these except heparin, which 
shows a P /D  ratio of 2.6 at full titration. Thus, all 
of the macromolecules which react with the dye to 
give a (3 band are characterized by relatively close 
spacing of the anionic groups on the polymer. The 
titration with poly adenylate, Figure 1, is characteristic 
of this group.

The y  State. The y  state in a complex is not always 
easy to demonstrate unequivocally. However, there 
are certain obvious cases which show that this state

Figure 3. Titration of DBTC with native DNA. DBTC at 
2 X 10 “ 6 M. Titration procedure as in text. DNA solution 
0.025% in DNA and 10-6 M  in MgCh was used in this 
titration. The reactions were buffered at pH 7.0 with 
0.005 M  cacodylate buffer. Numbers on the curves 
indicate P /D  ratios.

may occur because of reaction of the dye with a poly
mer. Thus, as shown in Table I, addition of myo
globin, bovine albumin, human albumin, hemoglobin, 
or pepsin to the dye causes the peak to shift slightly 
to shorter wave lengths. In addition, numerous pro
teins, which do not cause a wave length shift, do 
create a drop in the absorbance of the band with a 
slight broadening of the peak. It can also be demon
strated, in several of these cases, that the dye is more 
stable to heat, light, and extremes of pH, than the free 
dye, which indicates that there is an interaction be
tween the dye and the polymer. For example, at 
pH 2 the dye alone changes rapidly to a pale yellow 
color, but in the presence of polyglutamate the color 
remains stable, while the maximum shifts slightly to 
502 m/u. However, many of the 7 -state complexes 
are apparently not entirely stable, and a slower re
action ensues, creating a shift to one of the more stable 
systems, as indicated in the data in Table I.

The pa State. The /3a state is formed upon reaction 
of the dye with polyuridylic acid, chondroitin sulfate, 
polyglutamic acid, alginic acid (at P /D  =  1), methyl 
alginate, and glycoprotein. The titration with poly
uridylic acid (Figure 4) illustrates the formation of
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400 500 600 700X.
Figure 4. Titration of DBTC with polyuridylate. DBTC at 
2 X 10~6 M, buffered at pH 6.4 with cacodylate, 0.016 M. 
Numbers on curves indicate P /D  ratios.

the /3a band. However, titrations to higher P /D  
ratios cause opposing changes in two of the jSa com
plexes. An increase to P /D  =  2 with alginic acid 
causes a shift to the a band, while polyuridylate ratios 
in excess of 200 cause shifts toward the /3 band. The 
characteristic /3a band may be reproduced by the re
action of some samples of partly denatured DNA. 
This band is obviously a mixture of the a band of 
native and /3 band of denatured DNA. Thus, the 
existing evidence seems to suggest that the 550-mp 
band is a hybrid or mixture of the a and /3 states.

The J State. The unique spectrum of the J state is 
found, unequivocally, for such materials as pectin 
(degree of methylation more than 66 or 10.8% methoxyl 
content), hyaluronic acid, a number of proteins (oxi
dized ribonuclease will be the primary example), 
protamine (at higher pH), and a thermal polymer of 
glutamic acid and glycine. Pectin (Figure 5) and hyal
uronic acid have been the only relatively uncomplicated 
molecules upon which to base stoichiometric studies. 
Pectins which are less than two-thirds methylated 
(10.8% methoxyl) also show an a component (Table
I), but the reaction is complete at a P /D  ratio of unity 
regardless of whether a pure J or an a plus J state is 
exhibited. However, in the hyaluronic acid reaction 
the dye apparently occupies only alternate sites 
(P /D  =  2.3). The proteins have a reaction equivalent

Figure 5. Titration of DBTC with pectin (10.8% methoxyl). 
DBTC at 2 X 10 ~5 M ; solutions buffered at pH 4 with 
0.001 M  succinate. Numbers on curves indicate 
P /D  ratios.

weight varying from about 2000 to 8000 per dye mole
cule (grams of protein per mole of dye), which varies 
rather widely with pH in some cases and with other 
environmental factors. It is difficult to determine, 
for proteins, the actual number of available anion sites 
since many of the carboxyl groups may be masked. 
Native ribonuclease reacts with the dye to give a J 
band only at a pH above its isoionic point. The native 
RNase contains eight carboxyl groups, and the titra
tion requires only three to five dye molecules per mole
cule of RNase. The oxidized RNase, with eight cysteic 
acid residues added to the original carboxyls, requires 
between five and six dye molecules per molecule of 
RNase.

The S State. The S complex is an interesting but 
poorly defined state. It is found upon titration of the 
dye with polylysine hydrobromide, at a pH greater 
than 10, and as a secondary band in a number of 
other instances. It can also be produced with polymers 
which normally form other bands through the influence 
of specific cations at high P /D  ratios, e.g., mixtures of 
ZnCl2, at 10-3 M, with polymetaphosphates. It also 
appears upon reaction with certain anions, such as 
borate, at high pH. The extent of the polylysine 
reaction is also dependent upon pH, with a greater re
action occurring as the pH increases beyond the initial

Volume 69, Number 12 December 1965
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reaction point. This reaction is also inefficient with 
regard to the number of polymer sites required. Thus, 
about 40 polylysine residues are needed for each dye 
to obtain complete reaction at pH 11, and many more 
at pH 10.5. This suggests that the 470-m/u band may 
arise as a consequence of a complex among the cationic 
site on the polymer, hydroxyl ion (or other ion), and the 
dye.

Changes in Spectra Induced by High-Anion Site to 
Dye Ratios. As the P /D  ratio is increased from zero 
to unity in the reaction of acridine orange with poly
mers, this dye demonstrates a hypsochromic shift to 
the p band. As the P /D  ratio is still further increased, 
there is generally a tendency for the absorption spec
trum to return to that of the monomeric dye, namely, 
the a band. It has been proposed2'3 that the /3 band, 
for acridine orange, is due to dye-dye interaction in a 
closely packed sequence of dye molecules on the poly
meric matrix. As the ratio of sites to dye molecules 
becomes increasingly large, the dye molecules may 
then become randomly distributed at widely spaced, 
noninteracting sites, giving rise to the spectral char
acteristics of the monomeric dye. Since the number of 
excess sites required to promote this latter shift varies 
widely for different polymers, Bradley introduced the 
concept of the “ stacking coefficient,”  which is the 
measure of the apparent tendency for dye molecules 
in the presence of excess sites to occupy sites adjacent 
to other dye molecules in preference to other available 
sites.

Previously,6’7 it has also been assumed that the a 
complex of DBTC with polymers is a monomer equiva
lent, while the /3, /3a, and J complexes all involved 
some degree of dye-dye interaction. One would then 
expect that very high ratios of sites to DBTC would 
also cause some degree of shifting toward the a-complex 
spectrum in analogy to the acridine orange reactions. 
This hypothesis has been tested in a number of in
stances with DBTC (Table II).

Among the reactions tested, one, alginic acid, shifts 
from the /3 complex to the a complex at a low ratio 
(2:1). However, at still higher ratios (34:1) there is 
evidence for a shift back toward the shorter wave 
lengths, and the spectra show the presence of a y 
component. The polyphosphate band also shifts in 
the expected direction, from a pure (i band at 535 m/u 
to one with a significant a component having a maxi
mum at 556 m/u. However, this only occurs at very 
high ratios, a ratio of 31,000 being required for the 
maximum shift. Further increases in P /D  ratios pro
duce no further changes.

Polyuridylic acid, at high ratios, shows an inverse 
shift, toward the fi complex (see Figure 4, dashed curve).

Table II: Characteristics of the DBTC-Macromolecule 
Complexes at High P/D Ratios

Xmaij
Macromolecule“ P /D TD.fl pH

Polyadenylate (530) 10 530 7.0
250 530 7.0
708 533 7.0

Polyuridylate (550) 28 550 7.0
280 540 7.0
765 535 7.0

Polyaspartate (535) 11 536 8.6
20 538 7.0
50 538 7.0

Polyglutamate (550) 10 550 8.6
32 547 7.0

480 547 7.0
Deoxyribonucleic acid 11.5 570 7

(570) 57 573 7
115 574 7
230 575 7

Pectin, 10.8% methoxyl 11 655 5.0
(645) 500 635, 595 5

1,580 555, 635 5
Pectin, 7.0% methoxyl 10 570 5.0

(590) 330 595, 640 5
Polygalacturonic acid 26 570 7.0

(565) 53 560 7.0
Polymetaphosphate 20 535

(535) 80 540
825 542

1,650 543
16,500 551
31,500 555
80,000 555

225,000 552
Alginic acid 1.0 552 8.6

2.1 575 8.6
17 570 8.6
34 564 8.6

100 560 8.6
“ Figures in parentheses indicate of the normal stoichio

metric complex.

Pectin spectra also vary with P /D  ratios. Pectins of 
relatively low methoxyl content show definite increases 
in a J-band component at high ratios (counter to the 
hypothesis), but the higher methoxyl samples (10.8% 
methoxyl), which demonstrate pure J bands at stoichio
metric levels, acquire an a component at P /D  ratios 
varying from 58 to 1580. None of the other complex- 
ing reactions tested showed significant variations in 
the ranges tested. Thus, of the four systems which 
show changes with increasing P /D  ratios, only alginic 
acid and polymetaphosphate unequivocally shift in the 
direction which might be expected for a transition 
from a close-packed complex, with dye-dye interac

The Journal of Physical Chemistry



Spectral C hanges in  a  Cationic  D ye 4375

tion, to more widely spaced, noninteracting com
plexes. In contrast, polyuridylate and pectin (low 
methoxyl) produce changes in opposition to those ex
pected.

These studies demonstrate that the DBTC complexes 
do not follow the simple behavior of those described 
for acridine orange, making it difficult to retain the 
simple dye-dye interaction hypothesis for these com
plexes.

Effects of Other Factors on the Complex. Anion Group. 
The anionic sites of the polyanions examined here in
clude carboxyl, phosphate, sulfate, and cysteic acid 
groups. The carboxyl groups apparently may partici
pate directly in forming any of the spectral species since 
representatives may be found in the J band (pectins, 
hyaluronic acid), the a complex (pectin and alginic 
acids), the /3a complex (polyglutamate), and the ¡3 
complex (polyaspartate). The carboxyl groups of 
the proteins are probably also responsible for the 
formation of the y complexes. The S band is also 
associated with polymers containing carboxyl groups, 
but only as a secondary band.

No polymer containing only phosphate anionic sites 
has been found specifically to form either the J complex 
or the S complex, but each of the other complexes forms 
with phosphate sites. These include DNA for the a, 
polyadenylate for the ¡3, and polyuridylate for the /3a 
complexes.

No complexes have yet been tested which rely only 
upon the sulfate or related groups so it is not possible 
to establish specificity for them. However, since the 
two sulfated representatives, chondroitin sulfate and 
heparin, show the /3a and the a bands, it may be as
sumed that these states are not excluded by sulfate.

The S complex, as noted previously, arises under 
special circumstances and appears to be associated 
with high pH. However, a small secondary band 
occasionally arises in the same region under some con
ditions (either excess dye or excess sites) with other 
polymers.

Thus, the nature of the anion site seems to have little 
direct influence upon the type of complex formed except 
that the carboxyl is more readily associated than the 
other groups with the J complex. An exception to 
this has arisen in recent, uncompleted studies where it 
has been found that polysaccharide-borate complexes 
(starch and borate) give a J-band reaction with the 
dye.

Anion Site Spacing. Anionic sites upon a polymeric 
matrix are tremendously more effective than the cor
responding simple anions in creating the specific com
plexes with DBTC.6'7 It is quite apparent, therefore, 
that this selective specificity must reside in the rela-

Figure 6. Change of DBTC-eomplex spectra with increasing 
pectin methylation. A: polygalacturonic acid (Sunkist 
sample, pH 7.0), P /D  = 1.7. B: fractionated pectin,
4.3 and 7.0% methoxyl, pH 4.0 (identical curves), P /D  =
2.5 and 1.4, respectively. C: fractionated pectin, 9.4% 
methoxyl, pH 4.0, P /D  = 1.5. D: fractionated pectin,
10.8 and 11.3% methoxyl, pH 5.0, P /D  = 1.3.

tion of the site complex to the polymeric matrix or in 
the interaction between the adjacent site complexes 
or in a combination of both of these factors. It 
is worthwhile to examine some of the potential spacing 
relationships in the complexing systems.

The experiments with the pectins are most pertinent 
to the question of effect of spacing. Pectic acid (poly
galacturonic acid), which has a carboxyl group on each 
uronide unit, reacts with DBTC to form an a complex. 
Pectin, even with a methoxyl content as low as 4.3% 
(one out of four carboxyls methylated), shows a strong 
J band in addition to the a band upon reaction with 
DBTC. The J component shows only a slight increase 
for a pectin with 7.0% methoxyl (about one out of 
three groups esterified). However, as the methoxyl 
content increases to 9.4% (56% ester), the a component 
decreases rapidly as the J band increases until, at 10.8% 
methoxyl (two out of three carboxyls esterified), a 
pure J band is obtained in the DBTC reaction (Figure
6). Thus, as the average spacing between anionic 
groups in pectic acid and pectins is increased, there is a 
shift from the a-band to the J-band reaction. In the
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Figure 7. Relation of DBTC molecular length to pectin anion 
site spacing. This illustration only compares the length of the 
DBTC molecule with distance between anion sites on the 
pectin chain. No attempt has been made to indicate the 
actual spatial relations in this complex or the true 
conformation of either the dye or pectin molecules.

pectic acid, the anion groups are so closely spaced that 
there would be a high probability for interactions be
tween adjacent dye molecules. Even if the conforma
tions of the pectic acid made it impossible for adjacent 
dyes to interact (e.g., carboxyls on alternating sides of 
the polymer chain), the dye is large enough so that over
lapping could still occur between dyes on alternate 
sites. On the other hand, as illustrated in Figure 7, 
anion sites for the pectin having two-thirds of its 
carboxyls methylated are so widely spaced that inter
action between dyes along the length of the polymer 
chain would be unlikely. Experiments to determine 
the effect of even greater spacing required chemical 
esterification of the pectin to obtain higher methoxyl 
contents. The chemically enriched samples, of 13 to 
13.5% methoxyl, show extensive variations which 
depend upon the type of reaction used in esterification 
so these data cannot be applied to the question of 
spacing.

Hyaluronic acid (alternating glucuronic and acetyl- 
glucosamine units) does not react in a one-to-one anion 
site to dye ratio, only one dye reacting for every 2.3 
carboxyl groups. A strong J band is also obtained for 
this polysaccharide, presumably as a result of the 
very wide spacing of the dyes on the polymer. These 
cases seem to contradict the concept that the J band 
is due to an interaction of dyes in a large aggregate, 
while the a band is formed when there is no dye-dye 
interaction in the complex.

Similar conclusions may be drawn from the ribo
nucléase data. A proposed structure and conforma
tion of this protein14 would indicate that most of the 
anionic sites on the surface of the molecule are too 
widely spaced to permit interactions between dye 
molecules associated with them. Even allowing for 
errors in the conformation and secondary structure, a

relatively wide spacing is suggested by the primary 
structure, making it highly unlikely that the J band 
found with ribonuclease can be due to interaction be
tween a large number of dye molecules in a large dye 
aggregate as previously proposed.

Effect of pH. Most amphoteric polymers, such as 
proteins and nucleic acids, either fail to react with 
the dye or show a much-reduced reaction at a pH at or 
below their isoionic point.7 Thus, native RNase 
reacts only at a pH greater than 9 and shows a full 
reaction only at a pH of 10 or greater, while oxidized 
RNase, with a much lower isoionic point, reacts strongly 
at pH 4.0. RNase, which has been treated with formal
dehyde to eliminate the effect of lysine groups proximal 
to the anionic sites or treated with nitrous acid to 
reduce the basicity of the histidine groups, reacts at 
a lower pH (data to be published). A strong J band 
is found for nitrous acid treated (and dialyzed) oxidized 
RNase even at pH 3.0 (data to be published). Poly
adenylate and polyuridylate also show some degree of 
sensitivity to low pH, but in each case it seems to 
reduce the intensity of the normal band with little 
shifting from the type of reaction observed. Poly
glutamate shows a y complex at low pH in place of its 
/3a complex observed in neutral solutions. DNA 
acquires a /3 component in addition to its a band at 
low pH, but this is undoubtedly due to acid denatura- 
tion of the DNA.

On the other hand, the polysaccharide and poly
phosphate complexes are relatively independent of 
pH. For example, the hyaluronic acid complex is 
unaffected with variation of pH from 2 to 10; the J 
band or a band of pectins and the /3 band with heparin 
show little change between pH 2.6 and 10; the ¡3 
band of the polyphosphate complex is stable from pH
1.5 to 10, except for changes in the intensity of the peak. 
Alginic acid below pH 4 shows an aJ hybrid rather than 
the normal a band, but this is probably due to precipi
tation of the free acid of the polysaccharide at low pH 
and consequent formation of micelles. Desulfated 
heparin also is affected by pH, in that an aJ complex is 
observed at a pH below 5 while the /3a complex is found 
above this pH. Again, this may be the result of a 
change in solubility of the polysaccharide.

Discussion
In earlier papers on the metachromatic reactions of 

DBTC with polymers,6-7 we assumed that the appear
ance of a specific spectral band in the complexing re
action indicated the presence of a specific state of dye 
aggregation. Thus, the a, /3, 7 , and J bands were

(14) H. P. Avey, C. H. Carlisle, and P. D. Shukla, Brookhaven Symp. 
B iol, 15, 199 (1962).
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Table III : Effect of pH on the DBTC Complexes

Buf Buf
Complexing \ oAmax» fering0 Complexing \ aAmax, fering0

macromolecule pH m ft Amax̂ agent macromolecule pH m/i Amax̂ agent

J-Band series Alginie acid, 0.0006% 2.0 642 0.59
Ribonucléase, native, 8.0 508 0.63 T [DBTC] = 2 X 2.5 625 0.83

0.0022% 8.6 512 0.53 T 10-6 M 3.1 610 0.97
[DBTC] = 10~6 M 645 0.04 T 570 s 0.89

9.1 512 0.52 0 3.4 605 0.98
645 s 0.13 0 570 0.92

9.4 525 0.32 0 4.2 570 1.09
645 0.54 8.6 570 1.13

10.1 530 s 0.13 0 10.5 570 1.02
650 1.51 Polygalacturonic acid, 3.0 575 0.45 GG

11.5 630 0.73 0 0.0022% 4.0 568 0.52 S
Ribonucléase, oxi 3.4 523 0.35 S [DBTC] = IO“6 M 7.0 652 0.52 c

dized, 0.0022% 565 0.22 8.6 560 0.49
[DBTC] = 10“6 M 3.8 526 0.28 s

580 0.33 /3-Band group
653 0.59 Polymetaphosphate, 1.5 534 0.66 0

4.2 530 s 0.19 s 0.0067% 3.5 536 0.94 0
650 1.25 [DBTC] = 2 X 4.9 538 0.96 0

5.0 650 1.46 s 10“ 6 M 6.7 534 1.16 0
6.1 650 1.78 c 8.2 534 1.12 0
7.0 650 1.57 c 9.8 535 1.01 0
8.1 645 1.31 T Polyadenylate 530 p.p.t. 0.49 0
8.9 642 1.15 0 2.3 575 0.42 0

10.6 603 0.63 0 3.4 520 0.84
11.1 593 0.61 0 570 s 0.51

Hyaluronic acid, 2.0 650 >2 540 1.04
0.002% 7.0 650 >2 4.0 570 0.86 s

[DBTC] = 2 X 8.8 650 >2 8.2 530 0.89 T
10~6 M 11.5 530 0.97 0Pectin (10.8% meth- 2.6 645 0.23 0 Heparin, native, 2.6 530 0.55 0oxyl), 0.00073% 3.05 643 1.29 s 0.006% 4.0 535 0.71 0[DBTC] = 10-*M 8.4 642 1.69 T [DBTC] = 2 X 8.8 530 0.82 0Protamine, 0.007% 8.6 Dye curve 0 10“ 6 M 11.3 533 0.84 0

[DBTC] = 10~6 M 9.9 525 0.35 0
575 0.35
650 0.45 ßa-Band group

Polyglutamate, 2.0 502 0.77 0
a-Band senes 0.0067% 3.0 510 0.96 0

DNA, native, 0.014% 2.0 538 1.17 0 [DBTC] = 2 X 5.0 540 0.89 s
in 0.2 mM  MgCh 570 0.97 10~6 M 7.9 540 1.00 T

[DBTC] = 2.7 X 3.0 536 1.44 0 8.8 550 0.99 T
10-6 M 567 1.23 11.3 550 1.15 0

4.0 568 1.45 0 Polyuridylate, 6.3 560 0.79 0
5.0 568 1.52 0 0.0067% 8.2 555 0.82 T
6.5 568 1.61 0 [DBTC] = 10-6 M
7.4 565 1.68 0 Heparin, desulfated, 4.8 610 0.99
8.8 568 1.59 0 0.0067% 9.3 555 0.90

10.0 565 1.49 0 [DBTC] = 2 X 10.5 553 0.93
11.5 572 1.26 0 10-6 M

h > -, , . .
11.0 552 0.90

° Amax indicates major peaks or shoulders (s) of the complex spectra. 6 Absorbancy at the indicated peak maxima with dye at 
indicated concentration. ° Buffer symbols: 0, no buffer, adjusted to indicated pH with acid or base before addition of the 
dye; T, tris(hydroxylethyl)aminomethane; S, succinate; C, cacodylate; GG, glycylglycine. All buffers 0.001 to 0.003 M.

associated with progressively higher states of aggrega
tion and polymerization of the dye on the surface of the 
polymers. These assumptions were then compatible

with our knowledge of the behavior of the dye in free 
solutions and with the theories advanced by other 
authors for the metachromatic reactions of dyes.
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These hypotheses have all assumed that the different 
complex states were basically due to differences in 
degree or type of dye-dye interaction in the complex. 
The polyanion is presumed to play a passive part by 
providing a matrix with anion sites at intervals which 
would govern the distance of the dye molecules from 
one another. Thus, Bradley and co-workers2-4 for 
acridine orange propose that the a band is due to a 
monomeric species in both the complex and free dye, 
while the (3 and y bands of the free dye in solution are 
due to dye-dye interactions in aggregates (dimers or 
higher), and equivalent interactions between dyes on 
adjacent anion sites are responsible for these bands in 
complexes. With respect to the J band, Jelley12 
believed these bands to be due to molecular species, 
but his ideas have been superseded by those of Scheibe10 
and Sheppard,11 whose theories require interaction be
tween large numbers of dye molecules. Scheibe8 
proposed that the J bands resulted from overlap of the 
“ electron clouds” of the conjugated systems in adja
cent dye molecules which permitted formation of 
a new “ electron cloud”  common to the entire polymer—• 
essentially a super conjugated molecule. Scheibe’s 
concept was criticized by Sheppard with the comment 
that the proposed complex would be “ more metallic 
than metals.” In its place, he offered a proposal that 
the J band arises from the formation of cells of dye 
molecules having coupled dipoles, with water molecules 
entering into the complex to act as the coupling agent 
between the dyes. With a series of such coupled dipole 
cells, excitation energy could be propagated along the 
entire length of a polymer or thread consisting of 
stacked cells. Although the need for a high aggregate 
was not implicit in this concept, since the spectra would 
be similar for small as well as large groups of cells, he 
assumed that the aggregates were actually responsible 
for the phenomenon. He also assumed that the J- 
band complex formed in reactions with polymeric 
substances, such as gelatin, was due to a similar aggre
gate formed at the surface of micelles of the polymer.

Our present data conflict with some of these concepts, 
most particularly with the mechanism for the J-band 
formation. Considering the stoichiometry and spacing 
relations in the complexing reactions of DBTC with 
pectin, it does not seem that the J band can arise in 
complexes as a consequence of highly organized, large 
aggregates of dye molecules. Since optimal reactions 
are always obtained with a maximum of one dye mole
cule per anion site, any aggregate would have to 
stretch along the surface of the macromolecule with 
spacing controlled by the distance between anionic 
sites. If sites are sufficiently close, the interaction 
phenomena could account for the J-band reaction.

Actually, the evidence suggests that there is a much 
greater probability for formation of the J complex 
when sites are sufficiently separated so that there is 
little chance for interaction between adjacent dye 
molecules in the macromolecule complex. Thus, 
methylation of the anion groups of pectic acid, which 
would decrease the chance of formation of any long 
surface aggregates of dye, causes a shift from the a 
complex to the J complex. A pure J band is obtained 
coincident with a degree of esterification which would 
create an average spacing between anion sites (two 
ester groups for every free carboxyl) just slightly 
greater than the full length of the extended DBTC 
molecule. It is true that carboxyls on adjacent turns 
of a helix structure would be sufficiently closely spaced 
to permit dye-dye interaction, but such conformation 
has not been indicated for pectin. Reactions with 
ribonuclease reinforce the conclusion that the J band 
may occur as the result of the interaction of individual 
DBTC molecules with isolated anion sites.

Similarly, the mechanism for the formation of the 
other complexes of DBTC must be modified to some 
degree. Although it has been attractive to assume 
that the a, (3, and y bands are due to increasing degrees 
of aggregation on the macromolecular surface, under 
the influence of specific site spacings, the present data are 
not entirely consistent with this concept. Different 
spectra are obtained for complexes with macromole
cules having the same anionic groups with similar 
spacing between sites, as in the case of the varying 
reactions for different polynucleotides. On the other 
hand, similar spectra may be found for the complexes 
arising from the reaction of DBTC with polymers 
having extremely variant spacings as evidenced by the 
(3 band appearing with polymetaphosphate, poly
aspartate, and polyadenylate. Finally, the aggrega
tion theory requires that a shift to a “ monomeric”  
complex should occur at very high ratios of anion site 
to dye.2'3 Increasing the anion site to dye ratio during 
formation of DBTC complexes may cause no change at 
all or may create shifts in either direction, toward 
or away from the supposed monomeric complex. 
Such behavior is very difficult to reconcile with a 
simple-aggregation, dye-dye interaction hypothesis. 
Even with a very high “ stacking coefficient” 3 (the 
measure of the tendency for a dye molecule to occupy 
sites adjacent to other dye molecules in preference to 
isolated sites), the reverse shifts cannot be explained 
except through the assumption of specific interactions 
between the site and the individual or aggregated dye 
molecules.

It seems that the reactions of DBTC with macro
molecules might be better accommodated under a
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hypothesis which does not stress, exclusively, the 
dye-dye interactions in the complexes but which con
siders, also, the conformations of the dye and its inter
actions with the polymer site and adjacent groupings. 
In this case, specific bands would be obtained owing to 
interactions of the dye with its site and/or neighboring 
dye molecules. These interactions would enforce 
certain conformations of the dye molecule and rein
force (increase transition probabilities) specific vibra
tional and electronic combinations in the dye molecule. 
This mechanism would be compatible with the con
cepts of Sheppard, who stated, with respect to the for
mation of the /3 and 7  bands of the free cyanine dye: 
“ We consider that the doublet or dimer formation 
accounts for the spectral deviation. But this is not 
because /3 or 7  bands of higher frequency are new bands 
peculiar to the ‘polymers’ but because the doublet 
formation enhances the transition probabilities of 
bands produced in the molecule by coupling of the 
electronic transitions with vibrations.”  We are in 
agreement that dye interactions in the polymeric 
complexes create the observed spectral shifts, but it 
should not be assumed that it is only coupling between 
dye molecules which induces these effects; they may be 
similarly induced by a change in conformation of the 
dye as a result of its interaction with a specific poly
meric structure. Thus, a large increase in anion site 
to dye ratios might cause no change at all or a change 
in either direction, depending upon whether dye-dye 
interaction is a significant factor in the stoichiometric 
complex and whether the dye reaction caused some 
conformational changes in the polymer at low or high 
ratios.

The a, ¡3, 7 , and J complexes could be readily 
accommodated under this hypothesis. The 7  complex 
appears, frequently, to be a transitory state, and it 
may be that this complex arises through direct adsorp
tion of the dye aggregate, in the same form as it exists 
in the aqueous solution, onto the polymer. A subse
quent rearrangement may then occur, in some cases, 
which results in a more stable relation of dye molecule 
to site.

Unfortunately, little can be said at the present time 
about the intensely interesting S state since it has not

been observed in a sufficient number of cases to permit 
fitting it into the complexing-mechanism hypothesis. 
Since it appears occasionally as a secondary band under 
some conditions of excess site to dye relations, it is 
conceivable that it is another conformation related to 
the molecular J-band state.

The present studies have also reinforced some earlier 
observations that pH may have very little effect upon 
the formation of certain complexes. With amphoteric 
macromolecules, such as proteins, complex formation 
apparently may be prevented by a positively charged 
cationic group in the vicinity of the anion site. Changes 
in pH appear to have their effects mainly in altering 
such charges and permitting or preventing the formation 
of the normal complex at the anion site. The poly
saccharide complexes, involving carboxyl groups, are 
unaffected by alterations in pH which change the 
relative concentrations of their ionized and un-ionized 
groups by many orders of magnitude. To a lesser 
degree, this is also true of the polyphosphates. Thus, 
it appears that the degree of ionization of the partici
pating anion group has little or no final effect upon the 
complex, either as a directive factor or with regard 
to the equilibrium between the complex and its com
ponent parts. It is possible, however, that an anion 
site may be required for initial reaction, but, as the 
anionic sites are removed by the complexing, the 
ionized-nonionized equilibrium is rapidly re-established 
among the remaining groups, leading to further re
action with the dye.

It may be concluded that it is unlikely that the com
plex metachromatic reactions of DBTC, or related 
systems, will be explicable in terms of simple mech
anisms. Instead, it is probable that the complex 
states involve multiple interactions and conformational 
relations. Any interpretation must consider the in
teractions between the dye and binding site, between 
neighboring bound dye molecules, and between neigh
boring binding sites as affected by the presence of the 
dye. It is particularly evident that the macromolecu- 
lar binding site must be considered as a complicated 
unit in its interactions with the dye, rather than a 
simple anionic site reacting with the cationic dye.
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The Formation Kinetics of the Nickel Monomalonate Complex 

Studied by the Temperature-Jump Method

by Francesco Paolo Cavasino

Institute of Physical Chemistry, University of Palermo, Palermo, Italy {Received June 22, 1965)

The kinetics of formation of the nickel monomalonate complex has been examined by the 
temperature-jump method at 15, 25, and 31° and at ionic strength 0.1 M. The experi
mental data are interpretable on the assumption that the following two reactions con
tribute significantly to the complex formation: Ni2+ +  Mai2- NiMal and Ni2+ +  
H M al" NiMal +  H+, where Mai2- represents the malonate ion. The results suggest 
that the rate-determining step is the release of the “ first”  water molecule from the inner 
coordination sphere of the nickel ion. The kinetic data for the above reactions are virtually 
similar to those for the analogous reactions of nickel oxalate formation. All the equilib
rium constants at 25° for each intermediate reaction leading to the nickel malonate and oxa
late formation have also been evaluated and the steps, on which the different stability of 
these complexes depends, fixed.

Introduction
In recent years the study concerning the formation 

kinetics of metal complexes has been greatly developed 
thanks to the modern techniques which have allowed 
the investigation of fast reactions in solution with half
times down to about 10-9 sec.1’2 In particular, the 
relaxation methods2-10 have largely contributed to 
the development of these studies and to a better 
knowledge of the mechanism of such reactions. The 
conclusion drawn from these investigations is that the 
rate-determining step of complex formation is the re
lease of a water molecule from the inner coordination 
sphere of the metal ion and that the rate for a given 
metal ion is independent of the nature of the entering 
ligand. (A dependence of the rate of water substi
tution on the ligands has been found, on the contrary, 
for metal ions of high charge density, i.e., Fe3+.) 
In the case of bidentate or multidentate ligands, two 
or more water molecules are to be replaced from the 
inner coordination sphere of the metal ion.

In the few kinetic studies existing at present in this 
field, the Ni2+ ion has usually been used as a coordinat
ing ion. It has been suggested11-14 that the rate of 
formation of a complex ion (1:1) with bidentate (e.g., 
glycine) or multidentate (e.g., triethylenetetramine) 
ligands is probably determined by dissociation of the

“ first”  coordinated water molecule. In order to ob
tain further information about the kinetics of forma
tion of such complexes, the reaction of formation of 
nickel monomalonate has been studied at 15, 25, and 
31° by the temperature-jump relaxation method. 1 2 3 4 5 6 7 8 9 10 11 12 13 14

(1) L. De Maeyer and K. Kustin, Ann. Rev. Phys. Chem., 14, 6 
(1963).
(2) M. Eigen and L. De Mayer in “Technique of Organic Chemis
try,” Vol. VIII, 2nd Ed., S. L. Friess, E. S. Lewis, and A. Weiss- 
berger, Ed., Interscience Publishers, Inc., New York, N. Y., 1963, 
part 2, p. 895.
(3) M. Eigen, Discussions Faraday Soc., 17, 194 (1954); 24, 24 
(1957).
(4) M. Eigen, Z. Elektrochem., 64, 115 (1960).
(5) L. De Maeyer, ibid., 64, 65 (1960).
(6) M. Eigen in ‘ ‘Advances in the Chemistry of the Coordination 
Compounds,” The Macmillan Co., New York, N. Y., 1961, p. 371.
(7) M. Eigen, Suomen Kemistüehti, 34A, 25 (1961).
(8) M. Eigen and K. Tamm, Z. Elektrochem., 66, 107 (1962).
(9) M. Eigen, Pure Appl. Chem., 6, 97 (1963).
(10) M. Eigen and K. Kustin, I.C.S.U. Rev., 5, 97 (1963).
(11) M. Eigen and R. G. Wilkins, to be published.
(12) G. G. Hammes and J. I. Steinfeld, J. Am. Chem. Soc., 84, 4639
(1962) .
(13) J. I. Steinfeld and G. G. Hammes, J. Phys. Chem., 67, 528
(1963) .
(14) (a) G. H. Naneollas and N. Sutin, Inorg. Chem., 3, 360 (1964); 
(b) D. W. Margerum, D. B. Rorabacher, and J. F. G. Clarke, Jr., 
ibid., 2, 667 (1963).
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Experimental Section15
A stock solution (3.45 X 10-1 M) containing Ni2+ 

ion was prepared from Ni(C104)2-6H20  (Fluka reagent 
grade) and doubly distilled water, and its concentra
tion was estimated by a complexometric titration.16 
Stock solutions of malonic acid (5.65 X  10-2 M) 
and sodium perchlorate (1 M) were made by dissolving 
the appropriate weight of the substances (Fluka rea
gent grade) in doubly distilled water.

The temperamre-jump apparatus was that described 
previously.17 The establishment of the chemical 
equilibria in solution, after the perturbation produced 
by the rapid increase in the temperature, was followed 
by the accompanying shift of hydrogen ion concentra
tion. The shift was observed spectrophotometrically 
by adding a suitable indicator to the solutions (brom 
cresol green for pH T 4.3 and brom chlor phenol blue for 
pH <4.3). The concentration of the indicator (^2.6  
X  10 " 5 M) was such that the optical density of the 
solutions was in the range 0.3 to 0.7 at the appropriate 
wave length (X 610 m/x for brom cresol green and X 
590 m/i for brom chlor phenol blue). The solutions 
containing nickel perchlorate and malonic acid indi
cated no appreciable absorption in the visible and near
ultraviolet range. The various solutions examined 
were obtained by mixing the necessary volume of stock 
solution of Ni(C104)2, malonic acid, and indicator and 
then adjusting the ionic strength to 0.1 M  by the addi
tion of NaC104 (1 M) solution and the pH by the addi
tion of HC104 (1 M) or NaOH (1 M).

All of the solutions exhibited a relaxation effect 
(Figure 1) which was characterized by a single relaxa
tion time r, according to the expression2
dACi/dt =  — AC\/t or log AC) =

— i/2.3r +  constant (1)

where AC) is the deviation of concentration of a given 
ionic species from its equilibrium value: AC) = C i —
Ci (Ci =  actual concentration depending on the time; 
Ci — equilibrium concentration). To ensure that the 
observed relaxation effects were due only to the re
action of complex formation, blank experiments were 
carried out with solutions containing Ni(C104)2- 
indicator and malonic acid-indicator in the same con
dition of concentration, ionic strength, and pH; in 
no case was a. relaxation effect observed. Measure
ments were made at 15, 25, and 31°, the temperature 
jump of 8° being included.

Results
Potentiometric studies18 on nickel malonate stability 

in solutions containing nickel ion in the presence of 
lower concentrations of malonate ion have shown the

Figure 1. Experimental relaxation curve at 25°: 2[Ni] = 
8.00 X lO“ 3 M ; 2 [Mai] = 2.00 X 10“ 3 M ; [H+] =
0.41 X 10 ~4 M ; fi — 0.1 M ; indicator is brom cresol green. 
The sweep rate is 2 msec./cm. The relaxation time 
evaluated from this curve is 2.27 X 10-3 sec.

existence of the following equilibria (malonate ion is 
indicated by Mai2-)

Ni2+ +  Mai2- ^  NiMal K c (2)

H2Mal ^  H M al- +  H+ AT (3)

H M a l - ^ ±  Mal2- +  H+ AT (4)

For our solutions, the dissociation equilibrium con
cerning the indicator added has also to be taken into 
account

HIn ^  H+ +  In-  A) (5)

From the following considerations, the kinetic data 
obtained in this paper suggest that NiMal formation 
occurs through two paths, according to the scheme

H+ +  N i2+ +  Mal2- 
!

Ni2+ +  HMal-

NiMal +  H+

The equilibrium and rate constants are related by

K c =  kf/kd; K cK 2 =  k'f/k'd (6)

Since the protolytic reactions occur rapidly compared 
to metal complex reactions, the rate law for the above 
scheme is given by

d(NiM al)/df =  ft*t(Ni2+)(M al2- )  -
it *d (NiMal) (7)

where
k*i =  kt +  k,i(B.+)/K2 and k*d =  kd +

¥  d(H+) (8)

(15) The experimental part of this work was performed at the 
Max-Planck-Insitut für physikalische Chemie, Göttingen, West 
Germany.
(16) A. I. Vogel, “ A  Text-book of Quantitative Inorganic Analysis,”  
3rd Ed., Longmans, Green and Co., London, 1961, p. 435.
(17) F. P. Cavasino and M. Eigen, Ric. Sei. Riv., 4, 509 (1964).
(18) V. S. K. Nair and G. H. Nancollas, J. Chem. Soc., 4367 (1961).
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Table I : Relaxation Times and Equilibrium Concentrations (m = 0.1 M)

2  [Ni]
X  IO1, M

2  [Mal]
X  10«, M

[Ni2+]
X 10*. M

[NiMal] 
X  10<, U

[M ai2 -] 
X  10‘ , M

[H M al-] 
X  10*. M

[HzMal] 
X  IO1, M

[H+]
X  10*. M

2 [In]
X  10*. M

[In -]
X  10*. M

r X  10*, 
sec.

t  = 15°
60.0 10.0 54.1 5.9 0.74 3.39 0.04 0.27 0.20 0.08 67.4 ±  5.5
60.0 10.0 55.9 4.1 0.50 5.27 0.14 0.62 0.20 0.05 68.2 ±  4.2
60.0 30.0 52.1 7.9 1.02 20.13 1.01 1.15 0.11 0.05 67.3 ± 7 . 0
80.0 40.0 70.8 9.2 0.89 27.72 2.20 1.82 0.14 0.05 59.1 ±  3.0
80.0 40.0 73.1 6.9 0.65 29.09 3.34 2.63 0.18 0.05 62.4 ±  5.5
97.0 50.0 89.1 7.9 0.61 36.06 5.46 3.47 0.26 0.06 58.5 ±  3.5
80.0 40.0 75.2 4.8 0.43 29.59 5.14 3.98 0.26 0.05 62.7 ±  3.0

t  = 25°
50.0 3.0 48.1 1.9 0.25 0.83 0.01 0.19 0.10 0.05 33.9 ±  2.2
40.0 3.0 38.4 1.6 0.25 1.18 0.01 0.26 0.20 0.09 43.8 ±  2.5
80.0 3.0 78.0 2.0 0.16 0.87 0.01 0.31 0.20 0.08 31.7 ±  1.7
60.0 10.0 54.9 5.1 0.59 4.23 0.07 0.41 0.20 0.06 28.4 ±  1.5
80.0 20.0 68.6 11.4 1.04 7.47 0.13 0.41 0.20 0.06 22.6 ±  1.0
60.0 30.0 47.7 12.3 1.61 15.72 0.36 0.55 0.23 0.06 26.9 ±  1.7
60.0 30.0 50.7 9.3 1.14 18.87 0.74 0.94 0.11 0.06 26.9 ±  1.4
80.0 40.0 68.0 12.0 1.10 25.56 1.41 1.32 0.12 0.06 23.8 ±  1.6
60.0 30.0 52.9 7.1 0.83 20.89 1.24 1.42 0.12 0.05 30.2 ±  2.4

106.0 10.0 102.3 3.7 0.23 5.71 0.34 1.42 0.12 0.05 30.6 ± 2 . 0
80.0 50.0 66.8 13.2 1.24 33.41 2.13 1.53 0.13 0.05 24.2 ±  1.5
80.0 50.0 68.7 11.3 1.03 34.84 2.79 1.92 0.15 0.05 24.6 ±  1.6
80.0 40.0 72.5 7.5 0.65 28.80 3.02 2.52 0.18 0.05 26.7 ±  2.2
80.0 50.0 72.5 7.5 0.64 36.91 5.00 3.25 0.18 0.04 29.0 ±  2.3

106.0 50.0 97.9 8.1 0.52 35.58 5.80 3.91 0.26 0.05 25.1 ±  1.3
80.0 50.0 73.9 6.1 0.51 37.08 6.32 4.09 0.24 0.05 25.9 ±  1.8

60.0 10.0 54.1 5.9 0.67
t = 31° 
3.39 0.04 0.28 0.20 0.08 15.3 ± 1 . 2

60.0 10.0 55.9 4.1 0.45 5.30 0.14 0.65 0.20 0.05 22.4 ±  2.4
60.0 30.0 52.4 7.6 0.88 20.47 1.08 1.27 0.11 0.05 15.5 ±  2.2
80.0 40.0 70.3 9.7 0.84 27.45 2.04 1.79 0.14 0.05 14.6 ±  1.0
80.0 40.0 72.4 7.6 0.64 28.84 2.96 2.47 0.18 0.05 15.9 ±  1.5
80.0 40.0 73.5 6.5 0.54 29.37 3.62 2.97 0.18 0.04 17.0 ±  2.0
97.0 50.0 89.1 7.9 0.54 36.13 5.49 3.66 0.26 0.05 14.6 ±  1.0
97.0 50.0 89.9 7.1 0.48 36.23 6.18 4.11 0.26 0.05 14.8 ±  1.5

After the appropriate expansion of eq. 7, the following 
expression, valid in the neighborhood of equilibrium, 
is obtained

dA[NiMal]/di =  -* :* ,{ [Ni2+ ] /( l  +  a +  P) +
[Mai2- ]  +  l /A c}A[NiMal] (9)

where

«  = [H+]Ar{l +  [In- ]/(Ki +  [H+]) +
2[H M al-]/A 1} : ( A 2A 1{ l  +  [In -]/(K ; +

[H+]) +  2 [H M al-]/A 1} +  [ M a P - ] ^  +  2[H+]})

P =  [H+]2{ 1 +  [ I n - ] / ( A i+  [H+]) -
[M aP -]/A 2} : ( M 1{ l  +  [In - ] /(A ; +  [H+]) -

[M aP -]/A 2| +  2[M al*-]{X 1 +  2[H +]})

(The brackets indicate the equilibrium concentrations 
of the different species.)

Comparing eq. 9 with eq. 1 (AC/ =  A[NiMal]), 
the reciprocal relaxation time is found to be

1 /r  =  k*{{ [Ni2+] / ( l  +  «  +  /?) +  [M aP-] +  1 /Kc }

The term in braces in this expression may be evalu
ated from the equilibrium concentrations of the various 
species and from the equilibrium constants K 2, K h Ki ,  
and K c . By setting this term equal to A ,  we obtain 
from eq. 8

1/rA =  kt +  kft(K+)/Kt (10)

The equilibrium concentrations (Table I) which are 
necessary to determine the quantity A have been 
obtained from the concentrations of the species added 
(Ni(ClO0*, malonic acid) and from the equilibrium
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constants18'19 calculated by us at ionic strength 0.1 M  
(Table II). The concentration of hydrogen ion has 
been calculated from the pH measurements. Activity 
coefficients of the ions have been evaluated by means 
of Davies’ equation.20 For the equilibrium constants 
of the indicators, we have used the values of 2 X 10-5 
and 10-4 for brom cresol green and brom chlor phenol 
blue, respectively, at the three temperatures investi
gated; this approximation is justified because a 10% 
variation of these constants does not influence the a 
and /? values.

Table II: Equilibrium Constants {¡i = 0.1 M)

, ° c .
K g  x  10-»,

A f “ 1
K i  X  10», 

U

&  X 10», 
M

K c K i  
X  10»

A i X  10», 
M

1 5 1 . 4 6 5 . 8 5 2 . 2 9 8 . 5 4 T

2 5 1 . 6 0 5 . 6 7 2 . 4 0 9 . 0 7 1 0 1

31 1 . 6 3 5 . 4 9 2 . 4 1 8 . 9 5

“ Brom cresol green. b Brom chlor phenol blue.

The relaxation times have been calculated by plotting 
log A Cl vs. time, according to eq. 1. The values of 
ACi and time are obtained from the experimental 
relaxation curves. Each value of the relaxation time 
is the average of four runs (Table I).

If the suggested mechanism is correct, a plot of the 
term 1 / r l  as a function of the equilibrium concentra
tion of the hydrogen ions [H+] =  (H+) (see eq. 10) 
should be linear. A linear behavior is in fact obtained 
at the three temperatures, as shown in Figure 2. 
From the slope and the intercept of these straight 
lines it is possible to determine k't/K2 and fcf,  respec
tively. The value of the complex formation rate 
constants, fcf and k ' f, estimated by the least-square 
method, and the values of the dissociation rate con
stants, fcd and k'd, evaluated by eq. 6, are reported in 
Table III. The precision of the rate constants is 
about ±13% .

Arrhenius energies of activation for the two reactions, 
E t and E't (Table IV), have been estimated from the 
plots of log fcf and log k's against 1/T. The linearity

Table III : Formation and Dissociation Rate Constants 
for Nickel Malonate Complex (/x = 0.1 M)

fcf X  10-4 , 
M ~ 1 sec.-1

fcd>
sec.-1

k ' i  X  10-3, 
ikf-1 sec.-1

fc'd X 10-5, 
M ~ x sec.-1 t, ° c .

2 . 9 2 0 1 . 3 1 . 5 1 5

7 . 0 4 4 3 . 1 3 . 4 2 5

1 2 . 3 7 5 5 . 3 5 . 9 31

0 10 20 30 40 so

[H%10! —--------

Figure 2. 1 / t A  vs. 1 /[H +] plot at 15° {d),
25° (©), and 31° (C).

of these plots (Figure 3) suggests that the above scheme 
is valid for the temperature range investigated. Be
sides the energies of activation, we have also calcu
lated (Table IV) the entropies of activation, ASf* and 
A,S"f*, from the expression21

log PZ  =  log (eRT/Nh) +  AS*/2.3R

where PZ  is the frequency factor obtained from the 
Arrhenius plots. The uncertainties in Et and ASt* 
are about ± 3  kcal. mole-1 and ± 7  cal. deg.-1 mole-1, 
respectively, and have been obtained by considering 
the error of 13% in the rate constants at the higher 
and lower temperatures. Other derived parameters, 
such as the heat and free energy of activation, are also 
reported in Table IV.

(19) R. A. Robinson and R. H. Stokes, “ Electrolyte Solutions,”  
2nd Ed., Butterworths Scientific Publications, London, 1959, p. 520.
(20) C. W . Davies, J. Chem. S o c 2093 (1938).
(21) S. Glasstone, K. J. Laidler, and H. Eyring, “ The Theory of 
Rate Processes,”  McGraw-Hill Book Co., Inc., London, 1941, pp. 
199, 417.
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Table IV : Kinetic Data for the Nickel Malonate Formation at 25° (y = 0.1 M)

k f k'f
Ni2+ +  Mal2- NiMal Ni2+ +  HMal-  NiN

kd k'i
kt, M ~x sec.-1 7.0 X 104 3.1 X 103
fcd 44 sec.-1 3.4 X 105 llf-1 sec,
Ei, kcal, mole-1 16 15
AH*i, kcal, mole-1 15 14
AjS*f, cal. deg.-1 mole-1 14 7
AG*!, kcal, mole-1 11 12
K0, mole-1 13 2
kio, sec.-1 5.4 X 103 1.6 X 103
AGo, kcal, mole-1 - 1 .5 -0 .4
A/So, cal. deg.-1 mole-1 15 8
AHo, kcal, mole-1 3 2
AH*io, kcal, mole-1 12 12
AiS*io, cal. deg.-1 mole-1 - 1 - 1

H +

3.2 33 34 35

y*103-------- ►
Figure 3. The temperature dependence 
of fef (•) and k't (O).

Discussion
According to the suggestions of several authors con

cerning the various steps leading to the complex for
mation of a metal ion with uni- or bidentate ligands,6~14a 
the reaction of nickel malonate formation from Ni2+ 
and malonate ion may be considered to occur as follows 
(the charges are omitted; malonate anion will be indi
cated by Mai)

K o  kw

Ni(H20 )6 +  Mai (H20 )6Ni(H20)-M al
ion pair km

&20
H20  +  (H20 )sNiMal ^  H20  +  (H20 )4NiMal (11)

koi

where (H20 )5NiMal represents a half-bonded inter

mediate, K 0 is the ion pair association constant, A 10 = 
kw/koi, and A 20 =  /c2o/&o2. The first step of this scheme 
leads to the formation of an ion pair, the second and the 
third correspond, respectively, to the substitution of 
the first and the second water molecules in the inner 
coordination sphere of the nickel ion. As the process 
of ion pair formation occurs rapidly compared to the 
rate of substitution of a coordinated water molecule,4'8'12 
the reagents can always be considered in equilibrium 
with the ion pair.

The value of K 0 (Table IV) within a factor of about 
2 or 3 has been calculated at 25° and at ionic strength 
0.1 M  by the equation

K 0 =  (4:irNa3/ m 0 ) e - uw/kT (12)

where U (a) is the Coulomb energy and a is the distance 
of closest approach of ion pair partners, which we have 
assumed equal to 5 A.12-14a

If the intermediate (H20 )5NiMal of scheme 11 
is assumed to be in a steady state, it follows that

hi =  kiok^oKo/ ( f c o i  T  f c 2 o )

and

kd — ^ 02̂ 01/ ( f c o i  +  f c 2 o )

If fc2o > >  fcoij it is obtained

kt =  k10K o and =  k01/Kw (13)

The value of fcio calculated in this work at 25° 
(Table IV) is of the same order of magnitude as the 
first-order rate constants for the reaction of Ni2+ 
with various unidentate ligands (Table V). Hence, 
one may assume that, in the case of the bidentate 
malonate ion, the over-all rate of complex formation 
is determined by the rate of elimination of the “ first” 
water molecule from the inner coordination sphere
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Table V : First-Order Rate Constants for the Nickel 
Monocomplex Formation at 25° (/t =  0.10-0.15 M )

Ligand kin X  1 0 -» , sec . -1 R ef.

Water 27 22
Imidazole 16 12
Thiocyanate ~ 6 14a, 23
Sulfate“ 15 8
Glycine 9 12
Diglycine 12 12
Triglycine 5 13
Oxalate 6 14a
Bioxalate 3 14a
Malonate 5 This work
Bimalonate 2 This work

“ At 20°.

o f  t h e  n ic k e l  io n . T h i s  a s s u m p t io n  c a n  b e  c o n fir m e d  

b y  c o n s id e r in g  t h e  k in e t ic s  o f  t h e  r e a c t io n  o f  N i 2+  

w it h  b im a lo n a t e  io n . T h e  n ic k e l  m a lo n a t e  f o r m a t i o n  

f r o m  th e s e  r e a g e n ts  m a y  b e  w r it t e n  s c h e m a t ic a l ly  

a s  fo l lo w s  (c h a r g e s  a r e  n e g le c t e d  f o r  b r e v i t y )

K ' o  k '  io

N i ( H 20 ) 6 +  H M a l  ^  ( H 20 ) 6N i ( H 20 )  - H M a l

io n  p a ir  k’°l

H 20  +  ( H 20 ) 6N i H M a l

K b. k%>
( H 20 ) 5N i H M a l  ^ H  +  ( H 20 ) 6N i M a l

¡C02

H 20  +  ( H 20 ) 4N i M a l  ( 1 4 )

w h e r e  K '0 is  t h e  io n  p a ir  a s s o c ia t io n  c o n s t a n t , K\0 =  

k'io/k'oi, K ji is  t h e  d is s o c ia t io n  c o n s t a n t  o f  t h e  a c id  

in t e r m e d ia t e  ( H 20 ) 6N i H M a l ,  a n d  K 20 =  h 0/k02- 
T h i s  s c h e m e , c o m p a r e d  t o  t h a t  p r e v io u s ly  c o n s id e r e d  

(e q . 1 1 ) ,  s h o w s  a n  a d d it io n a l  s te p  r e la t iv e  t o  t h e  d is 

s o c ia t io n  o f  ( H 20 ) 6N i H M a l .  T h e  v a lu e  o f  t h e  io n  

p a ir  a s s o c ia t io n  c o n s t a n t , K '0, r e p o r te d  in  T a b le  I V ,  

h a s  b e e n  c a lc u la t e d  b y  e q . 1 2  g i v in g  t h e  v a lu e  o f  5  A .  

t o  t h e  d is ta n c e  o f  c lo s e s t  a p p r o a c h  o f  t h e  t w o  io n s . 

S in c e  r e a c t io n s  1 1  a n d  1 4  h a v e  t h e  la s t  s te p  in  c o m m o n ,  

b y  a s s u m in g  t h a t  t h e  r a t e  c o n s t a n t s  f c ' i o  a n d  f c ' o x  a re  

c o m p a r a b le  t o  kw a n d  k01, i t  is  c le a r  t h a t  t h e  r a t e -d e 

te r m in in g  s te p  o f  b o t h  r e a c t io n s  w i ll  b e  e ith e r  t h e  

c o m m o n  e lim in a t io n  o f  t h e  s e c o n d  w a t e r  m o le c u le  o r  

t h e  e lim in a t io n  o f  t h e  r e s p e c t iv e  fir s t  w a t e r  m o le c u le .

A s s u m i n g  t h e  c h e m ic a l  s p e c ie s  ( H 20 ) 5N i M a l  a n d  

( H 20 ) 6N i H M a l  t o  b e  in  a  s t e a d y  s t a t e  a n d  t h e  d is s o c ia 

t io n  r a t e  c o n s t a n t  o f  t h e  a c id  in t e r m e d ia t e  t o  b e  g r e a te r  

t h a n  k'oi, w e  o b t a i n

k '{ =  f c V h o K V [ f c ' o i ( H + ) / K H +  M ;

k ' d =  fc/o i W ^ H [fc/o i ( H + ) / K H +  h  0] ( 1 5 )

I f  k2o»  k'oi(B+)/Ks , w e  h a v e

k'i =  ¥ 10K 'o; ¥ d =  ¥ 0i/K20Kn  ( 1 6 )

I n  th is  c a s e  t h e  o v e r -a l l  r a t e  o f  r e a c t io n  is  d e t e r m in e d  

b y  t h e  e lim in a t io n  o f  t h e  f ir s t  c o o r d in a te d  w a t e r  m o le 

c u le . I f  k20«  F o i ( H + ) / K h ,  w e  h a v e

k't =  W £ , oK ' i 0K h / ( H + ) ;  ¥ d =  W ( H + )  ( 1 7 )

I n  t h e  la t t e r  c a s e  t h e  r a t e -d e t e r m in in g  s te p  s h o u ld  b e  

t h e  re le a s e  o f  t h e  s e c o n d  w a t e r  m o le c u le . W h e n  c o m 

p a r in g  t h e  fir s t  e q u a l i t y  o f  e q . 1 7  w it h  t h e  f ir s t  o f  e q . 8 , 

o n e  c a n  e a s i ly  se e  t h a t  t h e  s e c o n d  c a s e  c a n n o t  b e  v a l id  

a s  k*i w o u ld  n o t  b e  d e p e n d e n t  a n y  m o r e  o n  ( H + ) ,  

w h ic h  d is a g r e e s  w it h  t h e  e x p e r im e n ta l  d a t a . I t  is  

t h e n  d e d u c e d  t h a t  t h e  r a t e -d e t e r m in in g  s te p  o f  th e  

r e a c t io n  o f  N i 2+  io n  w i t h  b im a lo n a t e  io n  is  t h e  e lim i

n a t io n  o f  t h e  “ f ir s t”  w a t e r  m o le c u le . C o n s e q u e n t ly ,  

t h e  re le a se  o f  t h e  “ f ir s t ”  w a t e r  m o le c u le  m u s t  a ls o  b e  

t h e  s te p  w h ic h  d e t e r m in e s  t h e  o v e r -a l l  r a t e  o f  t h e  re 

a c t io n  b e t w e e n  N i 2+  a n d  m a lo n a t e  io n . T h e  v a lu e  o f  

¥  io ( T a b l e  I V )  a t  2 5 °  is  a ls o  o f  t h e  s a m e  o r d e r  o f  

m a g n it u d e  a s  t h e  c o r r e s p o n d in g  f ir s t -o r d e r  r a t e  c o n 

s t a n t s  f o r  v a r io u s  r e a c t io n s  o f  n ic k e l  io n  ( T a b l e  V ) .  

T h e  d iffe r e n c e s  m a y  b e  d u e  t o  t h e  a p p r o x im a t io n  in  

c a lc u la t in g  K 0 b y  e q . 1 2  a n d  a ls o  m a k in g  a =  5  A .  f o r  

a ll  o f  t h e  l ig a n d s . F o r  c o m p a r is o n , t h e  v a lu e  o f  th e  

r a t e  c o n s t a n t  f o r  t h e  e x c h a n g e  o f  a  w a t e r  m o le c u le  

b e t w e e n  t h e  b u lk  o f  t h e  s o lu t io n  a n d  t h e  in n e r  c o o r d i

n a t io n  s p h e r e  o f  N i 2 +  is  a ls o  r e p o r te d  in  T a b le  V .

F u r t h e r  c o n fir m a t io n  o f  t h e  s u g g e s te d  m e c h a n is m  

c a n  b e  o b t a i n e d  b y  c o m p a r in g  t h e  p a r a m e te r s  o f  a c t i 

v a t i o n  A.H*w a n d  AyS*i0 f o r  t h e  p r o c e s s  o f  re le a s e  o f  

t h e  f ir s t  w a t e r  m o le c u le  w it h  t h e  c o r r e s p o n d in g  q u a n 

t i t ie s  f o r  w a t e r  e x c h a n g e  in  t h e  n ic k e l  io n . T h e  

v a r ia t io n  o f  e n t r o p y  (AS0) f o r  t h e  f o r m a t i o n  o f  t h e  io n  

p a ir  b e t w e e n  N i 2 +  a n d  m a lo n a t e  a n d  b im a lo n a t e  io n s , 

r e s p e c t iv e ly , m a y  b e  a p p r o x im a t e ly  e v a lu a t e d , a c 

c o r d in g  t o  t h e  c a lc u la t io n  b y  N a n c o l la s  a n d  S u t in  fo r  

t h e  r e a c t io n  o f  n ic k e l  o x a la t e  f o r m a t i o n , 1411 f r o m  th e  

e x p r e s s io n

AS0 =  —  1 9 .4 ( z i z 2/ a )

w h e r e  a is  t h e  d is ta n c e  o f  c lo s e s t  a p p r o a c h  o f  t h e  io n  

p a ir  p a r tn e r s  ( 5  A.). T h e  v a r ia t io n  o f  e n t h a lp y  ( A H0) 
f o r  t h e  s a m e  r e a c t io n s  c a n  b e  d e t e r m in e d  b y  t h e  G i b b s -  

H e lm h o lt z  e q u a t io n

AH0 =  - R T  In  K 0 +  TAS0

T h e  p a r a m e te r s  o f  a c t i v a t i o n  AH*10 a n d  A jS' * 10 a r e  th e n  

c a lc u la te d  b y  t h e  e x p r e s s io n s

(22) J. J. Swift and R. E. Connick, J. Chem. Phys., 37, 307 (1962).
(23) A. G. Davies and W. M. Smith, Proc. Chem. Soc., 380 (1961).
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Table VI: Rate and Stepwise Equilibrium Constants for the Formation of Nickel Malonate and Oxalate Complexes at 25° 
(m = 0.1 M)

kf, M ~ x ,----- ------ kd------------» km, Ko,
Reagents sec. ~x S ec.-> M ~x se c . -1 fcio, sec . -1 sec . -1 m ole _1 K io A h , m ole  Kw K q, m o le -1 KcKi

Ni2+ +  Mal2- 7.0 X 10* 44 5.4 X 103 ~130 13 41 3 1.60 X 103
Ni2+ +  HMal- 3.1 X 10s 3.4 X 106 1.6 X 103 ~130 2 13 1.3 X 10-4 3 9.07 X 10-3
Ni2+ +  Ox2- 7.5 X 104“ 3.6“ 6 X 103“ ~130 13“ 48 33 2.08 X 104“
Ni2+ +  HOx- 5 X IO3“ 1.5 X 103“ 3 X 103“ ~130 2“ 21 2.4 X 10-3 33 3.33“

a See ref. 14a.

A S*u =  A jS '* f -  &S0; A H*w =  A H*t -  A H0

A s  s h o w n  in  T a b le  I V ,  t h e  v a lu e s  o f  AH*w a n d  AiS*io  

d e t e r m in e d  in  t h is  w o r k  a r e  c lo se  t o  t h e  c o r r e s p o n d in g  

v a lu e s  f o r  t h e  w a t e r  e x c h a n g e  b e tw e e n  t h e  b u lk  s o l

v e n t  a n d  t h e  a q u a t e d  n ic k e l  i o n 22 ( A H* =  1 1 . 6  k c a l .  

m o le - 1 ; A S *  =  0 .6  c a l. d e g . - 1  m o le - 1 ) .

A l l  t h e  k in e t ic  d a t a  f o r  t h e  n ic k e l  m a lo n a t e  c o m p le x  

f o r m a t i o n  a r e  p r a c t ic a l ly  e q u a l  t o  th o s e  d e t e r m in e d  

f o r  t h e  r e a c t io n  o f  f o r m a t i o n  o f  n ic k e l  m o n o o x a la t e .14a 

S in c e  t h e  f o r m a t i o n  r a te  c o n s t a n t s  f o r  n ic k e l  m a lo n a t e  

a n d  o x a la t e  a r e  s im ila r  ( T a b l e  V I ) ,  t h e  d iffe r e n t  s t a 

b i l i t y  o f  th e s e  c o m p le x e s  a p p e a r s , o f  c o u r s e , in  t h e  d is 

s o c ia t io n  r a te  c o n s t a n t , w h ic h  is  g r e a te r  f o r  n ic k e l  

m a lo n a t e  t h a n  f o r  o x a la t e .

W e  h a v e  e s t im a t e d  ( T a b l e  V I )  a ll  t h e  s te p w is e  e q u i

l ib r iu m  c o n s t a n t s  a t  2 5 °  f o r  n ic k e l  m a lo n a t e  c o m p le x  

f o r m a t i o n  f r o m  o u r  e x p e r im e n ta l  d a t a  a n d  f o r  n ic k e l  

o x a la t e  c o m p le x  f o r m a t i o n  f r o m  t h e  k in e t ic  d a t a  o f  

N a n c o l l a s  a n d  S u t i n .14a S in c e  t h e  m e c h a n is m  is  

s im ila r  in  t h e  t w o  c a s e s , t h e  fo l lo w in g  c o n s id e r a t io n s  

a re  v a l i d  f o r  t h e  f o r m a t i o n  o f  b o t h  c o m p le x e s . F r o m  

t h e  s e c o n d  e q u a l i t y  o f  e q . 1 3  a n d  1 6 , w e  h a v e

k<i/k'& =  koiK-g/k'oi ( 1 8 )

W i t h  t h e  a p p r o x im a t io n  fcoi/fc'oi ~  1 , i.e., b y  a s s u m in g  

t h a t  t h e  b r e a k a g e  r a te  o f  t h e  N i - 0  b o n d  is  p r a c t ic a l ly  

t h e  s a m e  w h e n  t h e  m a lo n a t e  o r  b im a lo n a t e  io n  is  

b o n d e d  t o  n ic k e l , w e  h a v e  kd/k'd =  Ku . T h e  o t h e r  

e q u i l ib r iu m  c o n s ta n ts  K w, K 'w, a n d  K w c a n  b e  e x p r e s s e d  

in  t h e  f o l lo w in g  te r m s , t h e  p r o d u c t  K '0K\o b e in g  k n o w n

K i0 =  K cKi/ (K 'aK  'w)K b ; K\0 =  {K 'oK\0)/K' 0 ;

K w =  K c/K oK k

A s  t o  t h e  r e a c t io n  b e t w e e n  N i 2 +  a n d  t h e  b im a lo n a t e  

io n , t h e  o n ly  v a lu e  o f  K 'qK 'w g iv e n  in  t h e  l i te r a tu r e  is

2 5 .7  a t  2 0 °  a n d  p =  0 .1  M .u  W e  h a v e  a ls o  u s e d  t h e  

s a m e  v a lu e  t o  c a lc u la te  t h e  a b o v e  e q u i l ib r iu m  c o n 

s t a n t s  a t  2 5 ° .  A s  t o  r e a c t io n  o f  N i 2+  w it h  b io x a la t e  

io n , n o  e s t im a t e  o f  t h e  v a lu e  o f  t h e  p r o d u c t  K '0K'w

is  r e p o r te d  in  t h e  l i te r a tu r e . N e v e r t h e le s s , a n  a p 

p r o x im a t e  v a lu e  c a n  b e  c a lc u la te d  b y  c o n s id e r in g  

t h a t  K'oK'w  f o r  t h e  r e a c t io n  o f  c o b a l t ( I I )  w it h  b i 

m a lo n a t e  io n  a t  2 0 °  a n d  f o r  p =  0 .1  M  is  1 .6 6  t im e s  

g r e a te r  t h a n  t h a t  f o r  t h e  a n a lo g o u s  r e a c t io n  w it h  th e  

b is u c c in a te  i o n . 24 T h u s ,  i f  w e  a s s u m e  t h a t  t h e  s a m e  

in c r e a s e  m a y  b e  in  K '0K'w w h e n  p a s s in g  f r o m  b im a lo 

n a t e  io n  t o  b io x a la t e  io n  a n d  t h a t  t h i s  is  a ls o  v a l id  

in  t h e  n ic k e l  c a s e , t h e  v a lu e  o f  K '0K 'W s h o u ld  e q u a l  

a b o u t  1 .6 6  X  2 5 .7  ~  4 3 .

B y  c o m p a r in g  t h e  d is s o c ia t io n  r a t e  c o n s t a n t s  kd f o r  

n ic k e l  m a lo n a t e  a n d  o x a la t e , i t  is  p o s s ib le  t o  d e t e r m in e  

o n  w h ic h  s te p  t h e  r e s p e c t iv e  s ta b il it ie s  o f  th e s e  c o m 

p le x e s  d e p e n d . F r o m  t h e  e q . 1 3  w e  h a v e

kd(me.\)/kd(ox) 1 2  koi(mal)A'20(ox)/^01(ox)iV20(maI) ( 1 6 )

S in c e  fcoi(mai) is  a b o u t  e q u a l  t o  fcoi(ox) (s e e  T a b le  V I ) ,  

w e  c o n c lu d e  t h a t  t h e  h ig h e r  d is s o c ia t io n  r a t e  f o r  t h e  

n ic k e l  m a lo n a t e  is  d u e  t o  t h e  s m a lle r  v a lu e  o f  t h e  e q u i

l ib r iu m  c o n s t a n t  K w r e la t iv e  t o  t h e  la s t  s te p  o f  r e a c t io n  

11.

A s  t o  t h e  d is s o c ia t io n  r a t e  c o n s t a n t s  k'a, f r o m  e q . 

1 6  w e  o b t a i n

F d (m a l) /F d (o i)  — 2 2 7  =

k  01  1)  A  j f  (ox> 7 ^ 2 0 (ox) / k  01  (ox) K j ]  r -.,a 1)  A 2 0 ( m a  1)

S in c e  fc'oi(mai) ~  fc'oi(ox) ( T a b l e  V I ) ,  t h e  g r e a te r  d is 

s o c ia t io n  r a te  c o n s t a n t  k'd fo r  t h e  n ic k e l  m a lo n a t e  d e 

p e n d s  n o t  o n ly  o n  t h e  s m a lle r  v a lu e  o f  t h e  e q u il ib r iu m  

c o n s t a n t  K w b u t  a ls o  o n  t h e  h ig h e r  b a s ic i t y  o f  t h e  in 

t e r m e d ia t e  ( H 20 ) 6N i + - 0 C 0 C H 2C 0 0 - .
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M e a s u r e m e n t  o f  is o th e r m s  f o r  a d s o r p t io n  o f  e th a n e , n -b u t a n e , a n d  n -o c t a n e  re q u ir e d  

s e p a r a t io n  o f  a d s o r p t io n  f r o m  a b s o r p t io n  o r  s o lu t io n  in  t h e  s o lid . T h i s  s e p a r a t io n  w a s  

f o r t u n a t e ly  m a d e  p o s s ib le  b y  t h e  g r e a t  d iffe r e n c e  in  t h e  r a te s  o f  t h e  t w o  p r o c e s s e s . E t h a n e  

a n d  n -b u t a n e  w e r e  a d s o r b e d  w it h  s p r e a d in g  p re s s u r e s  f o r  a  c o m p le t e  m o n o la y e r  o f  5 .9  

a n d  4 .9  e r g s /c m .1 2, r e s p e c t iv e ly , b u t  n -o c t a n e , w h ic h  d o e s  n o t  s p r e a d  o n  p o ly ( t e t r a f lu o r o -  

e t h y le n e ) , d e v e lo p e d  o n ly  1 .7  e r g s /c m . 2 w it h  d e p o s it io n  o f  a  q u a n t i t y  e q u iv a le n t  t o  o n e  m o n o -  

la y e r . T h e  g r e a te r  p a r t  o f  t h is  s m a ll  s p r e a d in g  p r e s s u r e  w a s  d e v e lo p e d  in  t h e  in it ia l  1 0 %  o f  

t h e  d e p o s i t io n , in d ic a t in g  m u lt i la y e r  a d s o r p t io n  in  p a t c h e s  w it h  n o  r e a l m o n o la y e r  e v e r  

f o r m e d .

Introduction
E a r lie r  p a p e r s 1’ 2 h a v e  r e p o r te d  t h e  a d s o r p t io n  o f  a  

n u m b e r  o f  n o n p o la r  g a s e s  a n d  v a p o r s  o n  t h e  lo w -e n e r g y  

s o lid s  p o ly ( t e t r a f lu o r o e t h y le n e )  a n d  p o ly p r o p y le n e .  

A l l  o f  th e  a d s o r p t iv e  m a te r ia ls , a s  l iq u id s , s p r e a d  w it h  

z e r o  c o n t a c t  a n g le  o n  t h e  a d s o r b e n ts  a n d  t h e  c a lc u la te d  

s p r e a d in g  p r e s s u r e s  w e r e  in  t h e  r a n g e  o f  9  t o  1 4  e r g s /  

c m .2.

T h e  a d s o r b e d  f i lm s  w e r e  c h a r a c te r iz e d  b y  h ig h  m o 

b i l i t y  a n d  lo w  d e n s i t y . I n  o t h e r  w o r d s , a  q u a n t i t y  

o f  a d s o r b a te  e q u iv a le n t  t o  t h a t  re q u ir e d  f o r  a  c o m p le te  

m o n o la y e r  ( if  s t r o n g ly  b o n d e d )  a p p e a r e d  t o  b e  lo o s e ly  

b o u n d  in  a  f i lm  a p p r e c ia b ly  th ic k e r  t h a n  o n e  m o le c u la r  

d ia m e te r .

T h i s  p a p e r  r e p o r ts  a  c o n t in u a t io n  o f  t h e  in v e s t ig a 

t io n  u s in g  p o ly ( t e t r a f lu o r o e t h y le n e )  a s  t h e  a d s o r b e n t  

a n d  t h e  h y d r o c a r b o n s  e th a n e , n -b u t a n e , a n d  n -o c t a n e  

a s  a d s o r b a te s . T h i s  s y s t e m  w a s  s e le c t e d  b e c a u s e  t h e  

s u r fa c e  te n s io n s  o f  t h e  a d s o r p t iv e  m a te r ia ls  a s  l iq u id s  

e m b r a c e  t h e  c r it ic a l s u r fa c e  te n s io n  o f  p o ly ( t e t r a f lu o r o -  

e t h y le n e ) ,  w h ic h  h a s  b e e n  r e p o r te d  a s  ~ 1 8  d y n e s /  

c m . 3 T h u s ,  e th a n e  a n d  n -b u t a n e  s p r e a d  fr e e ly  o n  

p o ly ( t e t r a f lu o r o e t h y le n e ) , b u t  n -o c t a n e  fo r m s  a  f in ite  

c o n t a c t  a n g le .

Experimental Section
T h e  p o ly ( t e t r a f lu o r o e t h y le n e )  u s e d  a s  t h e  a d s o r b e n t  

w a s  f r o m  t h e  s a m e  s a m p le  u s e d  in  t h e  e a r lie r  in v e s t ig a 

t io n , 1 a  p o w d e r e d  p r o d u c t  m a r k e t e d  a s  T e f lo n  6 . T h e  

s u r fa c e  a re a , d e te r m in e d  b y  a p p lic a t io n  o f  t h e  B . E . T .  

e q u a t io n  t o  t h e  n itr o g e n  is o th e r m , w a s  1 1 .6 7  m . 2/ g .

T h e  e th a n e  u s e d  w a s  P h il l ip s  R e s e a r c h  g r a d e :  

9 9 . 9 8 %  e th a n e , 0 . 0 2 %  p r o p y le n e , a n d  tr a c e s  o f  e t h y l 

e n e  a n d  p r o p a n e .

T h e  n -b u t a n e  w a s  P h illip s  P u r e  g r a d e : 9 9 . 3 5 %  n -  

b u t a n e , 0 . 3 3 %  is o b u t a n e , 0 . 1 0 %  n e o p e n t a n e , a n d  0 . 2 2 %  

is o p e n ta n e .

T h e  n -o c t a n e  w a s  a lso  P h il l ip s  P u r e  g r a d e : 9 9 . 2 4 %  

n -o c t a n e , 0 . 0 6 %  is o o c t a n e s , a n d  0 . 7 0 %  is o n o n a n e s .

T h e  e q u ip m e n t  a n d  m e t h o d s  o f  o p e r a t io n  w e r e  th e  

s a m e  e m p lo y e d  in  t h e  e a r lie r  in v e s t ig a t io n 1 e x c e p t  f o r  

t w o  p o in t s .

(1 )  I n  t h e  a d s o r p t io n  o f  n -b u t a n e  a n d  n -o c t a n e , th e  

th e r m o c a p  r e la y  c o n tr o llin g  t h e  t e m p e r a t u r e  o f  t h e  

c r y o s t a t  w a s  a c t iv a t e d  b y  s h o r t -r a n g e  m e r c u r y  t h e r 

m o m e t e r s  w it h  0 . 1 °  d iv is io n s . T h e  e th y le n e  g a s  th e r 

m o m e t e r  w a s  u s e d  f o r  t h e  e th a n e  a d s o r p tio n .

(2 )  T h e  h y d r o c a r b o n  a d s o r b a te s  a ll s h o w e d  c o n 

s id e r a b le  t e n d e n c y  t o  b e  a b s o r b e d  (o r  d is s o lv e d )  b y  

t h e  p o ly ( t e t r a f lu o r o e t h y le n e )  a d s o r b e n t . T h i s  is  c o n 

s is te n t  w it h  a  p r e v io u s  o b s e r v a t io n  t h a t  n -h e x a n e  is  

s o r b e d  “ b e tw e e n  t h e  p o ly m e r  c h a in s ”  o f  p o ly ( t e t r a -

(1) D . P . Graham, J. Phys. Chem., 66, 1815 (1962).
(2) D . P. Graham, ibid., 68, 2788 (1964).
(3) H . W . Fox and W . A . Zisman, J. Colloid Sci., 5, 514 (1950).
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f lu o r o e t h y le n e ) . 4 A d s o r p t io n  w a s  s e p a r a te d  f r o m  th e  

p r o c e s s  o f  a b s o r p t io n  o r  so lid  s o lu t io n , o n  t h e  b a s is  o f  

t h e  f a c t  t h a t  t h e  a d s o r p t io n  p r o c e s s  w a s  m u c h  fa s te r  

t h a n  th e  d if fu s io n -c o n tr o l le d  a b s o r p t io n .

E a c h  p o in t  o n  a n  is o th e r m  w a s  o b t a in e d  a s  t h e  zero  

t im e  v a lu e  o f  a  p lo t  o f  t o t a l  a m o u n t  s o r b e d  vs. t im e .  

A  2 -h r . p e r io d  w a s  u s e d  fo r  e th a n e  a n d  n -b u t a n e , b u t  

o n ly  1  h r . w a s  u s e d  f o r  w -o c ta n e  b e c a u s e  th e  p lo t  b e g a n  

t o  f la t t e n  o u t  a f t e r  1 h r . S in c e  t h is  m e t h o d  d o e s  n o t  

p r o v id e  a  t r u e  e q u il ib r iu m  m e a s u r e m e n t , s o m e  erro r  

is  in e s c a p a b le , b u t ,  o w in g  t o  th e  m u c h  g r e a te r  s p e e d  

o f  a d s o r p t io n  vs. a b s o r p t io n , th is  e r r o r  is  p r o b a b ly  v e r y  

s m a ll . O f  c o u r se , th is  s itu a t io n  p r e c lu d e s  m e a s u r e 

m e n t s  a t  v e r y  lo w  p r e ssu r e s , b u t  th e s e  w e r e  o f  n o  in 

te r e s t  b e c a u s e  o f  t h e  h e te r o g e n e it y  o f  th e  a d s o r b e n t .  

T h e  in h e r e n t  c o n s is te n c y  o f  a n y  a p p r e c ia b le  erro r  

r e s u lt in g  f r o m  t h is  r e f in e m e n t  o f  t h e  d a t a  is  b e lie v e d  

t o  e n su re  is o th e r m s  s u ita b le  f o r  v a l id  in te r p r e ta t io n .  

T h e  a p p r o x im a te  m a g n it u d e s  o f  t h e  c o r r e c tio n s  t o  th e  

“ v o lu m e  a d s o r b e d ”  in v o lv e d  in  r e m o v in g  t h e  e ffe c ts  

o f  s o lid  s o lu t io n  a re  lis te d  a t  t h e  b o t t o m  o f  th e  l is t  o f  

p h y s ic a l  c o n s ta n ts  o f  th e  a d s o r p tio n  s y s t e m s  in  T a b le

I .  T h e  d im e n s io n s  o f  th e s e  c o r r e c tio n s  le a v e  m u c h  t o  

b e  d e s ir e d  a s  th e  r a te  o f  s o lu t io n  is  p r o b a b ly  d e t e r 

m in e d  b y  t h e  a m o u n t  o f  h y d r o c a r b o n  a c t u a lly  a t  th e  

in te r fa c e , w h ic h  is  n o t  a  lin e a r  f u n c t io n  o f  t h e  r e la t iv e  

p r e s s u r e . I n  a c tu a l  p r a c t ic e , th is  c o r r e c t io n  w a s  d e 

te r m in e d  e x p e r im e n ta lly  f o r  e a c h  p o in t  o n  e a c h  is o 

t h e r m . A n  e x a m p le  is  p r o v id e d  in  F ig u r e  1 .

Table I : Physical Constants of Adsorption Systems

E th an e
Ti-

B utan e
77-

O ctane

Latent heat of vaporization 
at Tav, cal./mole

3536 5380 9570

Ti, °K. 179.6 263.2 293.2
t 2, ° k . 184.6 273.1 298.2
I1av, °K.
Vapor pressures of adsorp

tive materials at the 
adsorption temp., mm.

182.1 268.2 295.7

Po(l) (at Pi) 578 514 10.5
P„(2) (at T2) 764 772 14.08

Capacity of monolayer 
(7 m), ml. at STP/g. 
of adsorbent

1.80 1.07 0.591

Cross-sectional area/mole- 
cule, A.2 (at Tav)

23.5 39.5 71.5

Adsorbant surface area, 
m.2/g.

11.67 11.67 11.67

Approximate initial rates 
of absorption by solid, 
(ml. at STP) (hr.)“ 1 (g. 
of adsorbent)-1 (P /
P c ) “ 1

0.005 0.008 0.003

Figure 1. Total sorption, of n-octane at 20° vs. time 
(an example of extrapolation to zero time).

Figure 2. Adsorption of ethane on poly(tetrafluoroethylene) 
at 179.6 and 184.6°K.

(4) A. V. Kiselev and M. V. Serdobov, Kolloidn. Zh., 25, 543 (1963).
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Figure 3. Adsorption of n-butane on poly(tetrafluoroethylene) 
at 263.2 and 273.1 °K.

Results and Discussion
Adsorption Data. A d s o r p t io n  is o th e r m s  w e r e  o b 

ta in e d  a t  tw o  te m p e r a t u r e s  f o r  e a c h  s y s t e m . E t h a n e  

a n d  n -b u t a n e  w e r e  s tu d ie d  a t  te m p e r a t u r e s  n e a r  th e ir  

n o r m a l  b o ilin g  p o in t s , b u t  n -o c t a n e  w a s  s tu d ie d  a t  2 0  

a n d  2 5 °  t o  a v o id  t h e  c h a n g e s  in  c r y s t a l lin it y  o f  t h e  

p o ly ( t e t r a f lu o r o e t h y le n e )  w h ic h  w o u ld  b e  e x p e c te d  

a t  h ig h e r  te m p e r a t u r e s . T h e  a d s o r p t io n  is o th e r m s  are  

s h o w n  in  F ig u r e s  2  t o  4 .

C o n s id e r a b le  h y s t e r e s is  a n d  p o o r  r e p r o d u c ib i l i ty  

w e r e  e x p e r ie n c e d  in  t h e  lo w e r  p a r t s  o f  t h e  is o th e r m s ,  

d u e , in  p a r t , t o  a d s o r b e n t  h e te r o g e n e it y  a n d  p o r o s i t y  

b u t  m a d e  w o r s e  b y  t h e  t e n d e n c y  f o r  s o lid  s o lu t io n  

d is c u s s e d  e a r lie r . H o w e v e r , t h e  o b je c t iv e s  o f  th is  

p a p e r  d e p e n d  u p o n  th o s e  d a t a  r e p r e s e n tin g  a p p r o a c h  

t o  a  c o m p le te d  m o n o la y e r  r a th e r  t h a n  t h e  m e a s u r e 

m e n t s  m a d e  a t  lo w  c o v e r a g e .

A s  w a s  t h e  c a se  in  t h e  is o th e r m s  r e p o r te d  f o r  o t h e r  

s y s t e m s  in v o lv in g  a d s o r b e n ts  o f  lo w  s u r fa c e  e n e r g y , 1’ 2 

th e  is o t h e r m s  s h o w  n o  “ P o i n t  B ”  a f t e r  d e p o s i t io n  o f  a  

q u a n t i t y  o f  a d s o r b a te  e q u iv a le n t  t o  a  t r u e  m o n o la y e r .  

H o w e v e r , t h is  is  n o t  d u e  t o  t h e  lo w  d e n s i t y  o f  t h e  

a d s o r b e d  f i lm s , a s  w a s  t h e  c a s e  w it h  N 2, A r ,  a n d  C F 4 , 1’ 2 

b u t  r a th e r  t o  t h e  g r e a te r  m a g n it u d e  o f  t h e  h e a t s  o f  

s e lf -c o n d e n s a t io n  o f  t h e  a d s o r p t iv e  h y d r o c a r b o n s  t h e m 

s e lv e s .

Figure 4. Adsorption of n-octane on poly(tetrafluoroethylene) 
at 293.2 and 298.2°K.

O w in g  t o  th e s e  p r o p e r t ie s  o f  t h e  is o th e r m , t h e  q u a n 

t it ie s  o f  a d s o r b e d  h y d r o c a r b o n  r e p r e s e n tin g  o n e  m o n o -  

la y e r  w e r e  d e t e r m in e d  f o r  e a c h  s y s t e m  f r o m  a n  a r b i

t r a r i ly  s e le c te d  v a lu e  fo r  t h e  m o le c u la r  c r o ss  s e c t io n  

o f  a n  a d s o r b e d  m o le c u le  a n d , f r o m  a  v a lu e  f o r  t h e  

s u r fa c e  a r e a  o f  t h e  a d s o r b e n t , d e t e r m in e d  s e p a r a te ly  

(se e  T a b le  I ) .

Isosteric Heats of Adsorption. I s o s te r ic  h e a ts  o f  

a d s o r p t io n  o f  e a c h  o f  t h e  th r e e  a d s o r p t iv e  h y d r o 

c a r b o n s  o n  p o ly ( t e t r a f iu o r o e t h y le n e )  w e r e  c a lc u la te d  

b y  a p p lic a t io n  o f  t h e  C la u s i u s -C la p e y r o n  e q u a t io n  

t o  t h e  a d s o r p t io n  d a t a . T h e  r e s u lts  a r e  p lo t t e d  in  

F ig u r e  5 .

O w in g  t o  h y s t e r e s is , p o o r  r e p r o d u c ib il ity , a n d  m a g n i 

f ic a t io n  o f  a n y  e rr o rs  in  t h e  s e p a r a t io n  o f  a d s o r p t io n  

f r o m  a b s o r p t io n , t h e  u n c e r t a in t y  o f  t h e  is o s te r ic  h e a ts  

f r o m  lo w -c o v e r a g e  d a t a  (a n d  e v e n  u p  t o  S ~  0 .3 )  

w a s  e x p e c te d  t o  b e  g r e a t . I t  is  p e r t in e n t  th e r e fo r e  

t o  n o t e  t h a t  t h e  h ig h  d e g r e e  o f  h e t e r o g e n e it y  in d ic a te d  

b y  t h e  c u r v e s  f o r  th e s e  lo w -c o v e r a g e  h e a t s  is  c o n s is te n t  

w it h  t h a t  o b s e r v e d  in  t h e  c o u r s e  o f  e a r lie r  s tu d ie s  u s in g  

t h e  s a m e  a d s o r b e n t . T h i s  s h o w s  t h a t  t h e  s h a p e  o f  t h e  

h e a t  c u r v e s  f o r  t h is  lo w -c o v e r a g e  r e g io n  is  a t  le a s t  

q u a li t a t iv e ly  c o r r e c t .

A s  s t a t e d  b e fo r e , t h e  o b je c t iv e s  o f  th is  r e s e a r c h  d e 

p e n d  p r im a r i ly  o n  t h e  u p p e r  p a r t  o f  t h e  is o th e r m s  a t  

c o v e r a g e s  a b o v e  6 ~  0 .5 ,  a n d  th e s e  d a t a  a re  m u c h
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Table II: Comparison of Observed Entropy Changes with Those of Idealized 
Models Representing Site Adsorption and Mobile Adsorption

-------------- S td. diff. m olar en trop y  o f adsorption------------------
■Site adsorption-------------■. ✓-------------M ob ile  adsorption-

- A H , — AO, E xpt. T h eory E xpt. T h eory
e ca l./m o le ca l./m o le -A S - A S ° i gS°tr — AtS°m gS °tr -  aS°tr

Ethane
0.5 4,060 180 21.4 21.4 33.7 15.9 10.9
0.7 4,030 131 21.4 20.7 15.2
0.85 3,990 106 21.3 17.9 14.8

n-Butane
0.5 5,750 169 20.8 20.8 37.8 15.6 11.9
0.7 5,720 112 20.9 19.2 14.9
0.85 5,660 92 20.8 17.4 14.5

n-Octane
0.5 10,600 114 35.5 35.5 40.1 31.3 12.7
0.7 10,400 83 34.9 33.2 30.0
0.85 10,200 72 34.3 30.9 29.0

Figure 5. Isosteric heats of adsorption of ethane, n-butane, 
and n-octane on poly(tetrafluoroethylene).

b e t t e r . I f  i t  is  a s s u m e d  t h a t ,  a t  s u c h  h ig h  c o v e r a g e ,  

e rro rs  a r is in g  in  t h e  s e p a r a t io n  o f  a d s o r p t io n  f r o m  a b 

s o r p t io n  c a n c e l o u t , t h e  d e g r e e  o f  r e m a in in g  u n c e r t a in t y  

(a s  in d ic a te d  b y  c a lc u la t io n s  f r o m  r e p e a te d  “ b e s t  

c u r v e s ”  t h r o u g h  t h e  e x p e r im e n ta l  p o in t s )  is  o f  t h e  

o r d e r  o f  5 %  f o r  n -b u t a n e , le s s  f o r  e th a n e , a n d  s o m e w h a t

m o r e  f o r  n -o c t a n e . T h e s e  u n c e r ta in t ie s  a r e , o f  c o u r s e , 

c a rr ie d  o n  in t o  t h e  d e r iv e d  e n tr o p ie s  b u t  d o  n o t  a lte r  

o r  w e a k e n  t h e  c o n c lu s io n s .

I n  e a c h  c a s e  t h e  h e a t  d r o p s  f r o m  a n  in it ia l  h ig h  

v a lu e  (r e p r e s e n t in g  t h e  s t r o n g  s ite s  o n  t h e  a d s o r b e n t )  

t o  a  le v e l  o n ly  a  fe w  h u n d r e d  c a lo r ie s  a b o v e  t h e  h e a t  o f  

c o n d e n s a t io n  o f  t h e  a d s o r p t iv e  m a t e r ia l . A f t e r  d e 

p o s it io n  o f  a n  a m o u n t  o f  a d s o r b a te  e q u iv a le n t  t o  o n e  

m o n o la y e r , i t  d r o p s  t o  a  v a lu e  c lo s e ly  a p p r o a c h in g  

t h e  la t e n t  h e a t  o f  c o n d e n s a t io n . T h i s  l a t t e r  e f fe c t  

b e c o m e s  m o r e  p r o n o u n c e d  a s  t h e  le n g t h  o f  t h e  h y d r o 

c a r b o n  c h a in  is  in c r e a s e d , a n d , in  t h e  s a m e  s e q u e n c e ,  

th e r e  is  a n  in c r e a s in g  t e n d e n c y  f o r  t h e  p r e s s u r e  a t  

w h ic h  m u lt i la y e r  d e p o s i t io n  b e c o m e s  i m p o r t a n t  to  

a p p r o a c h  t h e  v a p o r  p r e s s u r e  (P0). T h e  s ig n ific a n c e  

o f  th e s e  o b s e r v a t io n s  w i l l  b e  m a d e  c le a r e r  b y  c o n s id e r a 

t io n  o f  t h e  a d s o r b a t e  m o b i l i t y  w h ic h  f o l lo w s .

Adsorbate Mobility. A n  in d ic a t io n  o f  t h e  e x t e n t  o f  

m o b i l i t y  vs. lo c a liz a t io n  o f  a d s o r b e d  m o le c u le s  is  o b 

ta in e d  f r o m  t h e  e n t r o p y  c h a n g e  in  a d s o r p t io n . A s  in  

t h e  p r e v io u s  p a p e r s , 1 ’ 2 a d s o r b a te  m o b i l i t y  is  m e a s u r e d  

in  te r m s  o f  s ta n d a r d  d iffe r e n tia l  e n tr o p ie s  o f  a d s o r p tio n  

c a lc u la te d  f r o m  a d s o r p t io n  d a t a  a n d  c o m p a r e d  w ith  

th o s e  f r o m  t h e o r e t ic a l , e n tr o p ic a l ly  id e a l  p r o c e sse s  

r e p r e s e n tin g  a d s o r p t io n  o n  fix e d  s ite s  a n d  a s  a  m o b ile ,  

tw o -d im e n s io n a l  g a s . T h e  m e t h o d  o f  c a lc u la t io n  

e m p lo y e d  is  t h a t  o f  d e  B o e r  a n d  K r u y e r .6 T h e  r e s u lts  

a re  r e p o r te d  in  T a b le  I I .

I n  e a c h  c a se , t h e  o b s e r v e d  lo s s  o f  e n t r o p y  is  le ss  

t h a n  t h a t  w h ic h  w o u ld  o c c u r  i f  t h e  a d s o r b a te  w e r e

(5) J. H. de Boer and S. Kruyer, Proc. Konikl. Ned. Akad. Weten-
schav, B5S, 451 (1952).
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lo c a liz e d  a lt h o u g h  t h a t  c o n d it io n  is  a p p r o a c h e d  in  th e  

a d s o r p t io n  o f  o c ta n e . E x p r e s s e d  in  te r m s  o f  T a b le  

I I ,  —  A S ,  (a  c o m b in a t io n  o f  t h e  e x p e r im e n ta lly  o b 

s e r v e d  e n t r o p y  c h a n g e  w it h  a  c o n fig u r a t io n a l t e r m )  is  

s m a lle r  t h a n  gS°tT ( th e  tr a n s la t io n a l  e n t r o p y  o f  th e  

a d s o r p t iv e  g a s ) .

T h e  t e s t  f o r  m o b i le  a d s o r p t io n  is  a  c o m p a r is o n  o f  

—  A )S °m (a  c o m b in a t io n  o f  t h e  e x p e r im e n ta l  e n t r o p y  

c h a n g e  w it h  a  m e a s u r e  o f  t h e  a r e a  o v e r  w h ic h  a n  a d 

s o r b e d  m o le c u le  is  fre e  t o  m o v e  a t  a  sp e c ifie d  c o v e r a g e )  

w it h  —  a $ °tr  ( th e  d iffe r e n c e  b e tw e e n  th e  tr a n s la 

t io n a l  e n t r o p y  o f  t h e  a d s o r p t iv e  g a s  a n d  t h a t  o f  th e  

a d s o r b a te  a s  a n  id e a l, m o b i le , t w o -d im e n s io n a l  g a s , 

o r  th e  e n t r o p y  c h a n g e  r e s u lt in g  f r o m  lo s s  o f  o n e  d e g re e  

o f  t r a n s la t io n a l  f r e e d o m ) .

E t h a n e  a n d  w -b u t a n e  w e r e  a d s o r b e d  w it h  e n tr o p y  

c h a n g e s  in t e r m e d ia te  b e tw e e n  th o s e  v a lu e s  r e p r e s e n tin g  

t w o -d im e n s io n a l  m o b i l i t y  a n d  lo c a liz a t io n . T h i s  re 

s tr ic t e d  m o b i l i t y  is  a n a lo g o u s  t o  t h a t  r e p o r te d  in  th e  

p r e v io u s  p a p e r 2 f o r  e th a n e  a n d  c a r b o n  te tr a f lu o r id e  o n  

p o ly p r o p y le n e .

n -O c t a n e  w a s  m o r e  lo c a liz e d , p a r t ic u la r ly  a t  lo w  

c o v e r a g e , s u g g e s t in g  a d s o r p t io n  o n  s tr o n g  s ite s  fo l lo w e d  

b y  m u lt i la y e r  a d s o r p t io n  o v e r  th e s e  s a m e  s tr o n g  s ite s  

t o  y ie ld  l iq u id lik e  m u lt i la y e r  p a tc h e s .

Film Pressures. F i lm  p r e s s u r e s  o r  c h a n g e s  in  th e  

s u r fa c e  fre e  e n e r g y  w it h  a d s o r p t io n  w e r e  c a lc u la te d

f r o m  t h e  a d s o r p t io n  d a t a  f o r  a  q u a n t i t y  o f  a d s o r b a te  

e q u iv a le n t  t o  o n e  c o m p le te  m o n o la y e r  b y  g r a p h ic  in t e 

g r a t io n  o f  t h e  G ib b s  e q u a t io n  a s  d e s c r ib e d  b y  H a r k i n s .6 

T h e  v a lu e s  o b ta in e d  f o r  e th a n e  a n d  f o r  n -b u t a n e  (w h ic h , 

a s  liq u id s , s p r e a d  o n  p o ly ( t e t r a f lu o r o e t h y le n e )  w ith  

z e r o  c o n t a c t  a n g le )  w e r e  5 .9  a n d  4 .9  e r g s /c m .2, re sp e c 

t iv e ly . H o w e v e r , w -o c ta n e , w h ic h  a s  a  l iq u id  fo r m s  

a  f in ite  c o n t a c t  a n g le  o n  p o ly ( t e t r a f lu o r o e t h y le n e ) , w a s  

a d s o r b e d  w it h  a  f i lm  p r e s s u r e  o f  o n ly  1 .7  e r g s /c m .2, a n d  

m o s t  o f  th is  w a s  d e v e lo p e d  in  d e p o s i t io n  o f  le s s  th a n  

1 0 %  o f  th e  q u a n t i t y  o f  a d s o r b a te  e q u iv a le n t  t o  o n e  

c o m p le te  m o n o la y e r . T h i s  s t r o n g ly  s u p p o r t s  o t h e r  

in d ic a t io n s  o f  a d s o r p t io n  in  p a t c h e s  a n d  t h e  c o n c lu s io n  

t h a t , in  t h e  c a se  o f  o c ta n e , n o  tr u e  m o n o la y e r  w a s  

f o r m e d . T h e  v a lu e  o f  1 .7  e r g s /c m . 2 is  c o n s id e r a b ly  

lo w e r  t h a n  t h e  v a lu e  o f  9  e r g s /c m . 2 e s t im a te d  b y  

M e lr o s e 7 f o r  d e c a n e  o n  p o ly ( t e t r a f lu o r o e t h y le n e )  f r o m  

c o n t a c t  a n g le  a n d  tw o - l i q u id  a d h e s io n -t e n s io n  d a t a  

b u t  is  in  a g r e e m e n t  w it h  t h e  r e s u lts  o f  m e a s u r e m e n t s  

o f  th e  s p r e a d in g  p r e s s u r e  o f  w -o c ta n e  o n  lo w -e n e r g y  

l iq u id  s u r fa c e s .8

(6) W . D . Harkins, “ The Physical Chem istry of Surface Film s,”  
Reinhold Publishing Corp., New York, N. Y ., 1952, p. 211.
(7) J. C. Melrose, Advances in Chemistry Series, N o. 43, American 
Chemical Society, W ashington, D . C., 1964, p. 171.
(8) R . E . Johnson and R . H . Dettre, private comm unication await
ing publication.
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I n t e r n a l  p r e s s u r e s  [ ( d t / / d 7 ) r ] h a v e  b e e n  m e a s u r e d  f o r  c a r b o n  te tr a c h lo r id e , b e n z e n e , a n d  

c y c lo h e x a n e  o v e r  a  r a n g e  o f  t e m p e r a t u r e , b o t h  a t  c o n s t a n t  p r e s s u r e  a n d  a t  c o n s t a n t  v o lu m e .  

(dU/dV)T is  s h o w n  t o  d e c r e a s e  s l ig h t ly  b y  in c r e a s in g  t h e  te m p e r a t u r e  a t  c o n s t a n t  v o lu m e ,  

th u s  s h o w in g  t h e  l iq u id  in t e r m o le c u la r  e n e r g y  n o t  t o  b e , s t r ic t ly  s p e a k in g , a  f u n c t io n  o f  

v o lu m e  a lo n e .

Introduction
O u r  p r e v io u s  w o r k 1 - 4  o n  t h e  in t e r n a l  p r e s s u r e -  

te m p e r a t u r e  b e h a v io r  o f  v a r io u s  p o ly m e r s  h a s  o f t e n  

d e m a n d e d  a  m o r e  e x te n s iv e  k n o w le d g e  o f  s o m e  p r o p e r 

t ie s  o f  s im p le  liq u id s . I n  p a r t ic u la r , w e  a re  in t e r e s te d  

in  t h e  c o m p a r is o n  b e tw e e n  e n e r g y -v o l u m e - t e m p e r a 

tu r e  r e la t io n s h ip s  fo r  b o t h  s im p le  a n d  p o ly m e r ic  

l iq u id s  ( lik e  a n  a m o r p h o u s  p o ly m e r  w e ll  a b o v e  its  

g la s s  tr a n s it io n  t e m p e r a t u r e  T g) .

T h e  in t e r n a l  p r e s s u r e  P ¡ ,  d e fin e d  b y

c a n  b e  d e t e r m in e d  b y  d ir e c t  m e a s u r e m e n t  o f  th e  

t h e r m a l  p r e s s u r e  c o e ffic ie n t y v =  (dP/dT)v, a n d  its  

f u n d a m e n t a l  c o r r e la t io n  w it h  in t e r m o le c u la r  e n e r g y  

m a k e s  th is  q u a n t i t y  p a r t ic u la r ly  s u it e d  f o r  o u r  p u r 

p o s e s .6,6

T h i s  p a p e r  d e a ls  w it h  a  fir s t  g r o u p  o f  m e a s u r e m e n t s  

o n  t h e  P i  c h a n g e  w it h  te m p e r a t u r e  b o t h  a t  c o n s ta n t  

p r e s s u r e  a n d  a t  c o n s t a n t  v o lu m e , f o r  th r e e  l iq u id s :  

c a r b o n  te tr a c h lo r id e , b e n z e n e , a n d  c y c lo h e x a n e .

A  n u m b e r  o f  p a p e r s  h a s  r e c e n t ly  b e e n  p u b lis h e d  o n  

t h e  e q u a t io n  o f  s t a t e  ( t h a t  is , a n  e q u a t io n  r e la t in g  P ,  

7 , a n d  T) fo r  s im p le  l iq u id s  a n d  o n  th e ir  th e r m o 

d y n a m ic  p r o p e r t ie s .7,8

T h e  g e n e r a l  a s s u m p t io n  is  t o  c o n s id e r  t h e  in te r 

m o le c u la r  e n e r g y  TJ t o  d e p e n d  o n ly  o n  t h e  v o lu m e , w h ile  

t h e  te m p e r a t u r e  in flu e n c e s  t h e  in t e r m o le c u la r  e n e r g y  

o n ly  t h r o u g h  t h e  a lt e r a t io n  o f  t h e  a v e r a g e  d is ta n c e  o f  

in t e r a c t io n  b e t w e e n  m o le c u le s .

T h i s  a s s u m p t io n  is  e q u iv a le n t  t o  w r it in g

U =  -
a

y n (1)

w h e r e  a  is  a  c o n s t a n t  ( in d e p e n d e n t  o f  T) a n d  n is  e q u a l  

t o  o r  n e a r  u n i t y . 9 

F r o m  (1 )  i t  fo llo w s

ÒU\ n na
ò V jT =  1 =

(2)

/ a  In PA 
\  ÒT ) P - ( «  +  ! )

d i n  7 \  

ÒT ) P

( à In  P A

\  ÒT ) y
=  0

—  (n +  1 ) a

(3)

(30

w h e r e  a in  e q . 3  is  t h e  c u b ic a l  t h e r m a l  e x p a n s io n  

c o e ffic ie n t  o f  t h e  l iq u id .

E q u a t i o n s  3  a n d  3 '  s h o w  h o w  t h e  m e a s u r e m e n t  o f  

Pi o v e r  a  te m p e r a t u r e  in t e r v a l  a t  c o n s t a n t  p r e s s u r e  

(e q . 3 )  a n d  a t  c o n s t a n t  v o lu m e  (e q . 3 0  c a n  p r o v id e  a  

s im p le , d ir e c t  w a y  t o  t e s t  t h e  a s s u m p t io n  c o n n e c te d  

w i t h e q .  1 . 1 2 3 4 5 6 7 8 9

(1) U. Bianchi, Rie. Sci., IIA, 32, 651 (1962).
(2) U. Bianchi and C. Rossi, Chim. Ind. (M ilan), 45, 33 (1963).
(3) TJ. Bianchi and E . Bianchi, ibid., 45, 657 (1963).
(4) C . Rossi, U. Bianchi, and E . Bianchi, J. Polymer Sci., C4, 699 
(1963).
(5) J. H . Hildebrand and R . L. Scott, “ The Solubility of Nonelectro- 
lytes,”  Reinhold Publishing Corp., New Y ork, N. Y ., 1950.
(6) G. Allen, G. Gee, and G . J. W ilson, Polymer, 1, 456 (1960).
(7) E . B. Smith, J. Chem. Phys., 36, 1404 (1962).
(8) P . J. Flory, R . A . Orwoll, and A . Vrij, J. Am. Chem. Soc., 86, 
3507 (1964).
(9) E. B . Smith and J. H . Hildebrand, J. Chem. Phys., 31, 145 
(1959).
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Figure 1. Pyrex glass cell used for Pi 
measurements on liquid samples.

Experimental Section
Materials. T h e  s o lv e n t s  u s e d  w e r e  o f  h ig h  p u r i t y  

( R S  a c c o r d in g  t o  t h e  C a r lo  E r b a  r e a g e n ts  c la s s if ic a t io n )  

a n d  w e r e  d is t i l le d  i m m e d i a t e ly  b e fo r e  Pi m e a s u r e m e n t s .

Pi Measurements. T h e  e x p e r im e n ta l  te c h n iq u e  h a s  

b e e n  a lr e a d y  d e s c r ib e d  in  d e t a i l2; w e  s h o w  in  F ig u r e  1 

t h e  c e ll u s e d  in  th e s e  e x p e r im e n ts .

C  is  a  P y r e x  g la s s  c e ll, o f  a b o u t  a  3 0 -c c .  c a p a c it y ,  

w h ic h  is  f ir s t  f i lle d  w it h  t h e  l iq u id  t o  b e  s tu d ie d  a n d  

c o n n e c te d  t h r o u g h  t h e  c a p i lla r y  e n d  E  t o  a  v a c u u m  

lin e .

B y  r e p e a te d  f r e e z in g  w it h  l iq u id  n it r o g e n  a n d  m e l t in g  

u n d e r  v a c u u m , t h e  g a s  d is s o lv e d  is  e lim in a t e d . A f t e r  

d is c o n n e c t in g  f r o m  t h e  v a c u u m  lin e , E  is  r a p id ly  im 

m e r s e d  in  t h e  H g  c o n t a in e d  in  A ;  b y  a  s u it a b le  c h a n g e  

in  t e m p e r a t u r e , t h e  l iq u id  H g  m e n is c u s  is  f o r m e d  in  

h , i.e., n e a r  t h e  e n d  o f  t h e  p la t i n u m  w ir e  P t .

T h e  H g  in  A  is  in  e le c tr ic  c o n t a c t ,  t h r o u g h  t h e  h o le s  

0 ,  w it h  s o m e  H g  c o n ta in e d  a t  t h e  b o t t o m  o f  t h e  p r e s 

s u r e  v e s s e l  in  w h ic h  t h e  c e ll  is  s e a le d . 2

I n  th is  w a y , a  la m p  c o n n e c te d  w it h  a  t r a n s fo r m e r  

t h r o u g h  t h e  p la t in u m  w ir e  P t  a n d  t h e  H g  in  A  w ill  

r e v e a l  t h e  p o s it io n  o f  t h e  l iq u id  H g  m e n is c u s  in  t h e  

c a p i lla r y  t u b e  E . 2

Results
T o  m e a s u r e  t h e  c h a n g e  o f  P ; b y  v a r y i n g  t h e  te m p e r a 

tu r e  a t  c o n s t a n t  p r e s s u r e , w e  s t a r t e d  w it h  t h e  m e a s u r e 

m e n t  o f  Pi a t  t h e  lo w e s t  t e m p e r a t u r e , u n d e r  a n  a v e r 

a g e  p r e s s u r e  o f  5  a t m . O u r  p r a c t ic a l  e x p e r ie n c e  h a s  

s h o w n  t h a t  t h e  a p p lic a t io n  o f  a  s m a ll  p r e s s u r e  in c r e a s e s  

t h e  r e p r o d u c ib i l i t y  o f  t h e  r e s u lts .

A f t e r  p e r fo r m in g  th r e e  o r  f o u r  r u n s  a t  t h e  lo w e s t  

t e m p e r a t u r e , t h e  t e m p e r a t u r e  is  r a is e d  w h ile  t h e  

p r e s s u r e  is  r e le a s e d ; th is  r e s u lts  in  s o m e  s o lv e n t  c o m in g  

o u t  o f  t h e  c e ll. A t  th is  p o in t ,  a  p r e s s u r e  o f  ~ 5  a t m .  

is  a p p lie d , a n d , b y  s u i t a b ly  c h a n g in g  t h e  t e m p e r a t u r e ,  

a  n e w  te m p e r a t u r e  is  o b t a in e d , a t  w h ic h  t h e  l iq u id  H g  

m e n is c u s  in  t h e  c e ll is  j u s t  in  c o n t a c t  w it h  t h e  P t  w ire . 

T h i s  m a k e s  p o s s ib le  t h e  d e t e r m in a t io n  o f  P ,  a t  th is  n e w  

te m p e r a t u r e ; b y  r e p e t i t io n  o f  th is  p r o c e d u r e , w e  h a v e  

s t u d ie d  t h e  P j  b e h a v io r  o v e r  s o m e  t e m p e r a t u r e  in te r 

v a ls ,  a s  i t  is  s h o w n  in  T a b le  I .  M e a s u r e m e n t s  o f  t h e  

f u n c t io n  Pi =  Pi(T) a t  c o n s t a n t  v o lu m e  is  s im p le r , a s  

in  g o in g  f r o m  t h e  lo w e s t  t o  a  h ig h e r  te m p e r a t u r e  ( a t  

w h ic h  P i  h a s  t o  b e  m e a s u r e d )  i t  is  n e c e s s a r y  s im p ly  

t o  in c r e a s e  t h e  p r e s s u r e  p r o p o r t io n a lly  s o  t h a t  t h e  

l iq u id  H g  m e n is c u s  is  a lw a y s  k e p t  in  t h e  s a m e , in it ia l ,  

p o s it io n . R e s u lt s  a re  s h o w n  in  T a b le  I I .  A l l  P ,  

v a lu e s  in  T a b le s  I  a n d  I I  a r e  a v e r a g e s  o v e r  a t  le a s t  

t w o  in d e p e n d e n t  m e a s u r e m e n t s , t h e  r e p r o d u c ib i l i ty  

b e in g  w it h in  1 %  o f  t h e  t o t a l  v a lu e .

A s  h a s  b e e n  p o in t e d  o u t  p r e v io u s ly , 10 t h e  e x p e r i

m e n t a l  v a lu e  o f  7  =  (dP/bT)v h a s  t o  b e  c o r r e c te d  fo r

Table I :  Pi Values at Constant Pressure 
(at an Average Pressure of 5 atm.)

,-----------CCL----------- , ,-----------Cells----------- . ,— — CeHir

4, ” C.
Pi.

cal./cc. 4, °C .
Pi,

cal./cc. 4, °C .
Pi,

cal./cc.

21.5 82.7 26.3 90.7 22.3 78.6
22.4 82.5 32.2 89.2 28.9 76.9
26.7 81.3 36.7 88 .4 35.2 75.9
36.8 79.2 43.8 86.6 37.2 76.1
45.1 77.4 48.4 85.9 45.0 73.8
53.8 76.2 54.1 83.9 52.8 72.6
60.0 75.0 54.4 83.6 60.3 70.6

60.3 82.7

Table I I :  P i  Values at Constant Volume 

, — CCU------ ------, ,  -------CsHe-------------. ,-------—  CsHir
P i, -Pi, Pi,

4, °C . cal./cc. 4, °C . cal./cc. 4, °C . cal./cc.

21.5 82.7 26.3 90.7 29.4 77.3
22.4 82.5 32.0 90.7 36.9 77.3
28.7 82.5 37.7 90.4 44.8 76.3
34.9 81.7 43.9 89.5 52.2 76.6
41.7 81.6 50.0 89.0 59.9 76.3
48.0 81.6 55.5 89 .4 66.5 76.2
55.3 81.3
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th e r m a l  e x p a n s io n  a n d  c o m p r e s s ib i l i ty  o f  t h e  P y r e x  

c e ll, u s in g  t h e  e q u a t io n

7y" T('“ t)+ ? <4)
w h e r e  ae =  P y r e x  th e r m a l  e x p a n s io n  c o e ffic ie n t  ( 9 .9  X  

1 0  ~ 6 d e g . - 1 ) ,  j3g =  P y r e x  i s o th e r m a l  c o m p r e s s ib i l i ty  

( 3 .0  X  1 0 - 6  a t m . - 1 ) ,  a n d  /3i =  l iq u id  is o th e r m a l  c o m 

p r e s s ib i l it y .

I t  is  t o  b e  n o t e d  t h a t  o u r  e x p e r im e n ta l  d a t a  in  

T a b le  I I  ( F  =  c o n s ta n t )  a re  n o t  s t r ic t ly  v a lu e s  a t  

c o n s t a n t  v o lu m e  b e c a u s e  t o  k e e p  t h e  l iq u id  H g  m e n is c u s  

ju s t  in  c o n t a c t  w it h  t h e  P t  w ir e  d o e s  n o t  m e a n  a  t r u e  

c o n s t a n c y  o f  t h e  l iq u id  v o lu m e .

T h i s  n o n c o n s t a n c y  is  o b v io u s ly  d u e  t o  t h e  c h a n g e  in  

te m p e r a t u r e  a n d  p r e s s u r e  w h ic h  a f fe c t  t h e  P y r e x  c e ll  

v o lu m e .

T h i s  e ffe c t  c a n  b e  e s t im a t e d  b y  c a lc u la t in g  t h e  c h a n g e  

in  g la s s  c e ll  v o lu m e  (i.e., t h e  v o lu m e  o f  t h e  l iq u id )  b y  

c h a n g in g  P  a n d  T. T h e  g la s s  c e ll  v o lu m e  is  a  f u n c t io n  

o f  T a n d  P  a s

F g =  F g° ( l  +  ctgAT -  ¡3gAP) (5 )

I n  o u r  c a se  w e  h a v e  a n  a v e r a g e  o f  1 °  f o r  AT a n d  a  

c o r r e s p o n d in g  c h a n g e  o f  1 0  a t m . fo r  AP; f r o m  e q . 5  

w e  g e t

=  « « A T -  figAP =  - 2  X  1 0 - 6
'g

T h i s  m e a n s  t h a t  t h e  Pi v a lu e s  o f  T a b le  I I  a t  d if 

f e r e n t  te m p e r a t u r e s  a r e  n o t  e x a c t ly  a t  c o n s t a n t  v o lu m e  

b u t  r e fe r  t o  a  l iq u id  w h ic h  is  s l ig h t ly  c o n t r a c t in g  b y  

in c r e a s in g  t h e  t e m p e r a t u r e . T h e  c o n tr a c t io n  is , h o w 

e v e r , v e r y  s m a ll .

Discussion of the Results
I t  is  in t e r e s t in g , fir s t  o f  a ll, t o  c o m p a r e  o u r  P ,  v a lu e s  

a t  2 0 °  a n d  a b o u t  1  a t m . w it h  e q u iv a le n t  v a lu e s  ta k e n  

f r o m  l i te r a tu r e .6' 1 1 - 1 3  (S e e  T a b le  I I I . )  A s  th e s e  d a t a  

h a v e  n o t  b e e n  o b t a in e d  b y  t h e  s a m e  m e t h o d , t h e  a g r e e 

m e n t  is  s a t is fa c t o r y  a n d  s h o w s  t h e  a c c u r a c y  w it h  

w h ic h  P i  c a n  b e  m e a s u r e d .

F r o m  T a b le s  I  a n d  I I  w e  c a n  c a lc u la te  t h e  s lo p e s  

(d In  Pi/dT)P a n d  (d In  Pi/dT)v w h ic h  a re  c o lle c t e d  

in  T a b le  I V .  I t  c a n  b e  s e e n  t h a t  (d In P j / d T ) P v a lu e s  

a re  in  f a ir ly  g o o d  a g r e e m e n t  w it h  — 2a v a lu e s , th u s  c o n 

f ir m in g  t h e  v a lu e  n =  1 in  e q . 2  a n d  3 . T h i s  a ls o  c o n 

f ir m s  G e e ’ s c o n c lu s io n 6 a b o u t  t h e  p o s s i b i l i t y  o f  u s in g  

e q . 3  (w it h  n =  1 ) t o  c a lc u la te  t h e  c h a n g e  o f  P ,  o v e r  

s m a ll  te m p e r a t u r e  in te r v a ls .

T h e  m o s t  im p o r t a n t  p o in t , h o w e v e r , is  t o  n o t e  t h a t  

(d  In  Pi/dT)r  v a lu e s  a re  s ig n if ic a n t ly  d iffe r e n t  f r o m  

z e r o  (se e  e q . 3 ) ,  th e ir  u n c e r t a in t y  b e in g  ± 1 0 % .

Table HI: Comparison among Pi Values at 20°, 
Taken from Different Sources“

--------------------------- Pi, cal./cc.---------
Ref. Ref. Ref. Ref. This

Liquid 6 11 12 13 work

c c h 82 .4 83 .0 82 .2 82 .3 82 .7
CeH6 90 .5 92 .8 89 .4 92 .0
CeHi2 77.8 74 .7 79 .2

“ P i values from ref. 6 are determined through sound velocity- 
measurements; ref. 11 gave values of isothermal compressibility 
which, together with expansion coefficient data, have been used 
to calculate Pi values.

Table IV : Temperature Coefficients of Ln Pi at 
Constant Pressure and at Constant Volume

/ a i n p A  
10\  «

/ a  In P i\10M ----------1 )
\ ¡>T ) y . 10* ( - 2 « ) t

Liquid ° K . - i ° K .- i ° K . - i

c c h - 2 . 6 - 0 . 4 6 - 2 . 5
C6He - 2 . 7 - 0 . 5 2 - 2 . 6
CeHi2 - 2 . 7 - 0 . 4 0 - 2 . 4

M o r e o v e r , w e  e x p e c t  th e s e  v a lu e s  t o  b e  m o r e  n e g a 

t i v e  t h a n  t h o s e  q u o t e d  b e c a u s e  t h e y  r e fe r  t o  a n  e x p e r i

m e n t  in  w h ic h , a s  p r e v io u s ly  n o t e d , t h e  v o lu m e  o f  t h e  

l iq u id  is s l ig h t ly  d e c r e a s in g  b y  in c r e a s in g  t h e  te m p e r a 

t u r e ; t h e  o b s e r v e d  P ,  v a lu e s  a re  t h u s  a  l i t t le  h ig h e r  

t h a n  t h o s e  r e fe r r in g  t o  a  l iq u id  t r u ly  k e p t  a t  c o n s t a n t  

v o lu m e , a n d  c o n s e q u e n t ly  t h e  a b s o lu t e  v a lu e s  o f  t h e  

s lo p e  ( ò  In  Pi/òT)v a r e  d e c r e a s e d .

W e  c a n  c o n c lu d e  t h a t  t h e  in t e r m o le c u la r  in t e r a c t io n  

e n e r g y  o f  a  l iq u id  is  n o t  s t r ic t ly  a  f u n c t io n  o f  t h e  

v o lu m e  a lo n e  a n d  t h a t ,  e v e n  k e e p in g  t h e  v o l u m e  c o n 

s t a n t ,  t h e  te m p e r a t u r e  i t s e lf  is  c a p a b le  o f  in t r o d u c in g  

a n  a lt e r a t io n , p e r h a p s  t h r o u g h  a  c h a n g e  in  t h e  a v e r 

a g e  a r r a n g e m e n t  o f  e a c h  m o le c u le  a n d  its  n e ig h b o r s .

P r e v io u s  e x p e r im e n ta l  r e s u lts  o n  C C f i  a n d  s o m e  

f lu o r o c a r b o n s  h a v e  b e e n  t a k e n  a s  e v id e n c e  t h a t  y v =  

( òP/òT)v w a s  c o n s t a n t  o v e r  s o m e  2 0 °  t e m p e r a t u r e  

in t e r v a l  ( a t  c o n s t a n t  v o lu m e ) . 9 T h e  e v id e n c e  w a s  

b a s e d  o n  t h e  l in e a r i ty  o f  t h e  p r e s s u r e -t e m p e r a t u r e  p lo t  

in  th e s e  t e m p e r a t u r e  in t e r v a ls . T h e  c h a n g e  o f  y r  
w it h  t e m p e r a t u r e  ( a t  c o n s t a n t  v o lu m e )  is  h o w e v e r  t o o  

m in u t e , a n d  t h e  te m p e r a t u r e  in t e r v a l  o f  2 0 °  t o o  s m a ll

(10) W. Westwater, H. W. Frantz, and J. H. Hildebrand, Phys. Rev., 
31, 35 (1928).
(11) G. A. Holder and E. Whalley, Trans. Faraday Soc., 58, 2095 
(1962).
(12) H. Benninga and R. L. Scott, J. Chem. Phys., 23, 1911 (1955).
(13) J. S. Rowlinson, “Liquids and Liquid Mixtures,” Butterworths 
Scientific Publications, London, 1959.
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t o  b e  a b le  t o  d is c o v e r  t h e  s l ig h t  c u r v a tu r e  in  a  p lo t  o f  

F  a g a in s t  T.
W o r k  is  in  h a n d  t o  e x te n d  t h e s e  m e a s u r e m e n t s  t o  

o s h e r  s im p le  l iq u id s , in c lu d in g  p o la r  c o m p o u n d s ,

a n d  t o  h ig h  m o le c u la r  w e ig h t  p o ly m e r s , o n  w h ic h  

s o m e  p r e lim in a r y  r e s u lts  h a v e  b e e n  a lr e a d y  p u b l is h e d . 1
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T h e  h y p o t h e s is  o f  E r c h a k  a n d  W a r d 1 t h a t  b a r i u m -  

i r o n -o x i d e  c a n  a c c o m m o d a t e  d iffe r e n t  a m o u n t s  o f  

o x y g e n  a n d  t h a t  t h e  s tr u c t u r e  m a in t a in s  s t a b i l i t y  b y  

v a r y i n g  ir o n  v a le n c ie s  is  s u p p o r t e d  b y  t h is  p a p e r ,  

a n d  a  c o r r e la t io n  b e t w e e n  o x id a t i o n  s t a t e  a n d  in te r 

a t o m ic  s p a c i n g  is  s h o w n . M o s s b a u e r  m e a s u r e m e n t s 2 

o f  t h e  p e r o v s k it e  B a F e 0 3 c o m p o u n d  r e p o r te d  b y  D e r b y 

sh ir e , F r a k e r , a n d  S t a d e lm a ie r 3 s h o w  t h a t  7 6 %  o f  th e  

ir o n  is  in  t h e  + 4  v a le n c e  s t a t e  a n d  2 4 %  is  in  t h e  + 3  

s t a t e .  T h u s  t h e  e m p ir ic a l  f o r m u la  f o r  th is  c o m p o u n d  is  

p r o b a b ly  B a ( F e 3+ 4 - F e + 3) 0 2.9 in s t e a d  o f  t h e  s to ic h io 

m e t r ic  B a F e 0 3. T w o  + 3  ir o n  io n s  a re  f o r m e d  fo r  

e v e r y  o x y g e n  io n  w h ic h  is  lo s t .

T h e  X - r a y  p a t t e r n  o f  B e F e 0 2. 9 is  s h o w n  in  F ig u r e  

1 A  a lo n g  w it h  c h a r t s  o f  t w o  o t h e r  m a te r ia ls  w h ic h  

w e r e  e q u i l ib r a te d  a s  d e s c r ib e d  in  T a b le  I .  T h e  M o s s 

b a u e r  a b s o r p t io n  s p e c t r u m  o f  p r e p a r a t io n  A ,  T a b le  I ,  

as w e ll  a s  a  m ix t u r e  o f  p r e p a r a t io n  B  a n d  C  is  s h o w n  

in  F ig u r e  2 .  I n  F ig u r e  2 A ,  t h e  p r in c ip a l  a b s o r p t io n  

p e a k  c o r r e s p o n d s  t o  F e + 4, t h e  m in o r  p e a k  t o  F e + 3. 

I t  is  c h a r a c te r is t ic  o f  th e s e  s tr u c t u r e s  t h a t  th e ir  

p r in c ip a l  d if fr a c t io n  l in e s  c o in c id e  a n d  h a v e  c o m p a r 

a b le  in t e n s it ie s . T h e  X - r a y  p a t t e r n s  o f  m a te r ia ls  B  

a n d  C  s h o w  a  r e m a r k a b le  s h i f t  o f  t h e  d iffr a c t io n  lin e s  

d u e  t o  c h a n g e s  in  t h e  e x p e r im e n ta l  c o n d it io n s . T h is  

s h i f t  is  a s s o c ia te d  w it h  v a r ia t io n s  in  io n ic  d is ta n c e s  in  

t h e  b a s ic  s tr u c t u r e  a n d  m u s t  b e  a t t r ib u t e d  t o  t h e  io n ic  

r a d iu s  o f  t h e  ir o n . I t  is  t h e  s iz e  o f  t h e  ir o n  io n  in s id e  

t h e  o c t a h e d r o n  w h ic h  d e t e r m in e s  t h e  l a t t ic e  p a r a m e te r

s h if t  in  t h e  c lo s e -p a c k e d  a r r a n g e m e n t  o f  b a r iu m  a n d  

o x y g e n  io n s . T h e  F e - 0  d is ta n c e  w h ic h  is  l i s t e d  in  

T a b l e  I  w a s  d e t e r m in e d  b y  d iv id in g  t h e  in t e r p la n a r  

s p a c in g  f o r  t h e  s tr o n g e s t  d if fr a c t io n  p e a k  b y  \/2. 
T h i s  p e a k  c o r r e s p o n d s  t o  { l l O }  p la n e s  f o r  t h e  c u b ic  

s tr u c t u r e  o f  F ig u r e  1 A .  I t  m a y  b e  c o n c lu d e d  f r o m  

T a b le  I  t h a t  m a te r ia ls  B  a n d  C  a r e  o x y g e n  d e f ic ie n t , 

a n d  M o s s b a u e r  m e a s u r e m e n t s  (F ig u r e  2 ) o f  a  m ix tu r e

io « it Ì 2 2 6 3 0 3 Ì 3 0  42 4 6 5 0 5 4 5 0 G 2 6 6 7 0 7 Í  7i

I
' S

to h t o i i e i o t o i o  42 t o i o U i o t o i s t o t o  to to te io

I

l o k t o t o i e j o U t o t o i e i o S i i s t o t e t o t o  to to to io
•20

Figure 1.

(1) M. Erchak, Jr., and R. Ward, J. Am. Chem. Soc., 68, 2093 
(1946).
(2) Dr. Uri Shimony of the Massachusetts Institute of Technology, 
Cambridge, Mass., did the Mossbauer work.
(3) S. W. Derbyshire, A. C. Fraker, and H. H. Stadelmaier, Acta
Cryst., 14, 1293 (1961).
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Table F

A B c

Calcination temp, and 1000° in closed 850-900° in air 950-1000° in air
atmosphere tube or 700° 

in air
and quenched and quenched

Phases present Barium-iron( IV ) Barium-iron( III ) Barium-iron( II )
oxide and oxide and oxide and
BaCO, BaO BaO

Valence and radius of Fe+4 Fe+3 Fe+2
iron ion 0.58 Â. 0.64 A. 0.76 Â.

Sum of radii, Fe-0 1.98 Â. 2.04 A. 2.16 Â.
Distance Fe-O, obsd. 2.01 Â. 2.05 A. 2.10 Â.
Mossbauer measurement of 76% Fe +4 A mixture of materials B and C shows equal

iron valence 24% Fe+S amounts of + 3  and + 2  iron

° The ionic radii in this table are those of Pauling and the oxygen radius is 1.40 A. -with the exception of the Fe+4 radius which is 
that assumed by C. Brisi, Ann. chirn., 45, 431 (1955).

mm/sec.

Figure 2.

o f  B  a n d  C  s h o w  t h a t  n o  + 4  ir o n  is  p r e s e n t  in  e ith e r  o f  

t h e m . T h e  d is c r e p a n c y  in  t h e  o b s e r v e d  a n d  c a lc u la te d  

F e - 0  d is ta n c e s  in  m a t e r ia l  A  w o u ld  a ls o  s u g g e s t  t h a t  

a ll ir o n  is  n o t  in  t h e  - ¡ - 4  s t a t e .

P r io r  t o  c a lc in a t io n , t h e  m a t e r ia ls  w e r e  p r e p a r e d  b y  

a  m o d if ie d  m e t h o d  o f  C la b a u g h , S w ig g a r d , a n d  G i l 

c h r is t 4 in  w h ic h  a  m ix e d  o x a la t e  w a s  p r e c ip ita te d .  

T h e  in it ia l  r a t io  o f  b a r iu m  t o  ir o n  w a s  1 . 5 : 1 .  T h e  

e x c e ss  b a r iu m  is  n e e d e d  t o  m a k e  t h e  r e a c t io n  g o  t o  c o m 

p le t io n  a n d  s o m e  o f  t h is  e x tr a  b a r iu m  is  w a s h e d  o u t  a n d  

a n y  r e m a in in g  e x c e s s  la t e r  c o m e s  o u t  a s  b a r iu m  o x id e  o r  

b a r iu m  c a r b o n a t e  a f t e r  c a lc in a t io n . C a lc u la t e d  X - r a y  

in t e n s it ie s 3 s h o w  t h a t  t h e  e x c e s s  b a r iu m  d o e s  n o t  r e m a in  

a s  p a r t  o f  t h e  b a r i u m - i r o n -o x y g e n  c o m p o u n d .

A n  in c r e a s e  in  t e m p e r a t u r e  c a u s e s  a n  o x y g e n  lo ss

in  th e s e  c o m p o u n d s , a n d  t h is  lo s s  is  c o m p e n s a t e d  b y  

t h e  c h a n g in g  v a le n c e  o f  t h e  ir o n  io n . A s  t h e  o x y g e n  

lo s s  o c c u r s , t h e  ir o n  is  r e d u c e d ; h o w e v e r , u p o n  r é in 

t r o d u c t io n  o f  o x y g e n  t o  t h e  s tr u c t u r e , t h e  ir o n  a g a in  

c h a n g e s  t o  a  h ig h e r  o x id a t io n  s t a t e .  S in c e  t h is  is  a  

r e v e r s ib le  p r o c e s s , t h e  m a t e r ia l  w ill  t e n d  t o w a r d  a n  

e q u i l ib r iu m  c o m p o u n d  f o r  a  g iv e n  t e m p e r a t u r e  a n d  

g iv e n  o x y g e n  p a r t ia l  p r e s s u r e . T h i s  r e v e r s ib i l i t y  h a s  

b e e n  o b s e r v e d  b y  t a k i n g  m a t e r ia l  o f  F ig u r e  1 C  a n d  

p la c in g  i t  in t o  t h e  f u r n a c e  a t  1 0 0 0 °  in  a ir  a n d  a l lo w in g  

i t  t o  c o o l  s lo w ly . T h e  r e s u lta n t  s tr u c t u r e  is  t h a t  o f  

F ig u r e  1 A .

(4) W. S. Clabaugh, E. M. Swiggard, and R. Gilchrist, J. Res. Natl. 
Bur. Std., 56, 289 (1956).

The Hg(8Pi)-Sensitized Decomposition 

of n-Hexane Vapor

b y  R o b e r t  R .  K u n t z

Department of Chemistry, University of Missouri,
Columbia, Missouri {Received June 4, 1966)

T h e  H g ( 3P i) -s e n s it iz e d  d e c o m p o s it io n  o f  a lk a n e s  le a d s  

t o  a lk y l  r a d ic a ls  a n d  h y d r o g e n  a t o m s . C o m p a r is o n  

o f  t h e  l iq u id  a n d  v a p o r  p h a s e  d e c o m p o s it io n s  o f  n- 
p e n t a n e 1' 2 3 a n d  is o p e n t a n e 2’ 3 in d ic a te s  t h a t  s im ila r  p r o c 

e sse s  a re  in  o p e r a t io n  in  th e s e  m e d ia . T h e  d is p r o p o r 

(1) R. A. Back, Trana. Faraday Soc., 54, 512 (1958).
(2) R. R. Kuntz and G. J. Mains, J. Am. Chem. Soc., 85, 2219 
(1963).
(3) R. R. Kuntz, J. Phys. Chem., 69, 2291 (1965).
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t i o n a t i o n /c o m b i n a t i o n  r a t io  f o r  h e x y l  r a d ic a ls  p r o d u c e d  

in  th e  l iq u id  p h a s e  r a d io ly s is 4 5 c o m p a r e d  t o  t h a t  o b s e r v e d  

in  t h e  l iq u id  p h a s e  m e r c u r y -s e n s it iz e d  p h o t o ly s is , 2 

h o w e v e r , s h o w s  a  la r g e  d is c r e p a n c y . T h i s  b r ie f  s t u d y  

o f  t h e  v a p o r  p h a s e  m e r c u r y -p h o t o s e n s i t iz e d  p h o t o ly s is  

o f  n -h e x a n e  w a s  m a d e  in  o r d e r  t o  le a r n  m o r e  a b o u t  th e  

r e a c t io n s  o f  h e x y l  r a d ic a ls  a n d  H  a t o m s .

E x p e r im e n t a l  d e t a i ls  a re  d e s c r ib e d  e ls e w h e r e 3 a n d  

w ill  n o t  b e  r e p e a te d  h e r e . P u r e  g r a d e  n -h e x a n e  f r o m  

t h e  P h il lip s  P e t r o le u m  C o . w a s  fr e e d  f r o m  o le fin  

im p u r it ie s  b y  a  g a s  c h r o m a to g r a p h ic  p e a k  is o la t io n  

te c h n iq u e  o n  a  0 .6 4  c m . X  2 .7 5  m . d ,/3 -o x y d ip r o p io n i-  

tr ile  c o lu m n . E t h y l e n e  o f  s t a t e d  9 9 . 5 %  m i n i m u m  

p u r i t y  w a s  o b t a in e d  f r o m  t h e  M a t h e s o n  C o . a n d  u s e d  

w it h o u t  fu r th e r  p u r if ic a t io n . H e x e n e -1  w a s  o b t a in e d  

f r o m  K  & K  L a b o r a t o r ie s  a n d  u s e d  w it h o u t  f u r th e r  

p u r if ic a t io n  s in c e  g a s  c h r o m a to g r a p h ic  a n a ly s is  in d i

c a te d  n o  m a jo r  im p u r it ie s . A d d e d  e t h y le n e  a n d  

h e x e n e - 1  w e r e  k e p t  a t  le s s  t h a n  2 %  o f  t h e  r e a c t io n  m ix 

tu r e  t o  m in im iz e  q u e n c h in g  o f  e x c it e d  m e r c u r y  b y  th e s e  

s c a v e n g e r s . A l l  e x p e r im e n ts  w e r e  p e r fo r m e d  a t  1 0 -c m .  

o f  n -h e x a n e  p r e s s u r e  a n d  2 5 ° .  C a r e  w a s  t a k e n  t o  re 

m o v e  h y d r o g e n  b e fo r e  i t  b e c a m e  s u ffic ie n t ly  c o n c e n 

t r a t e d  t o  q u e n c h  a n  a p p r e c ia b le  a m o u n t  o f  e x c it e d  

m e r c u r y . I n  e x p e r im e n ts  w it h  a d d e d  e t h y le n e , t h e  

l ig h t  in t e n s it y  w a s  h ig h e r  t h a n  in  o t h e r  e x p e r im e n ts .

Results and Discussion
I n  F ig u r e  1 , t h e  r a t e  o f  h y d r o g e n  p r o d u c t io n  is  

p lo t t e d  a g a in s t  i l lu m in a t io n  t im e . S a m p le s  w e r e  

t a k e n  a t  v a r io u s  in t e r v a ls  w it h  t h e  lo w e s t  c o n v e r s io n  

b e in g  a b o u t  0 . 0 5 % .  G a s  c h r o m a to g r a p h ic  a n a ly s e s  

o f  t h e  l iq u id  p r o d u c t s  in d ic a te  t h e  o le fin s  a r e  p r e d o m i

n a n t ly  h e x e n e - 2  a n d  - 3 .  T h r e e  d im e r  p r o d u c t s  w e r e  

c h a r a c te r iz e d  b y  c o m p a r is o n  w it h  a u t h e n t ic  s a m p le s  

p r o d u c e d  in  t h e  l iq u id  p h a s e  m e r c u r y -s e n s it iz e d  d e c o m 

p o s it io n  o f  n -h e x a n e 2 a n d  f o u n d  t o  b e  5 ,6 - d i m e t h y l -  

d e c a n e , 4 -e t h y l -5 -m e t h y l n o n a n e ,  a n d  4 ,5 -d i e t h y l o c t a n e  

in  t h e  r a t io  1 : 2 : 1 .

T h e  m e c h a n is m  o f  m e r c u r y -p h o t o s e n s i t iz e d  d e c o m 

p o s it io n s  h a s  b e e n  d is c u s s e d  in  s o m e  d e t a i l . 6 A  s im p li 

fie d  r e a c t io n  s c h e m e  n e g le c t in g  r e a c t io n s  o f  s e c o n d a r y  

p r o d u c t s  m a y  b e  i l lu s tr a te d  b y  r e a c t io n s  1 - 5 .  R e 

a c t io n s  6  a n d  7  b e c o m e  im p o r t a n t  a t  v e r y  lo w  c o n v e r -

H g  +  hv — >  H g *  (1 )

H g *  +  R H  -— >  R  +  H  +  H g  (2 )

H  +  R H  — > H 2 +  R  (3 )

R  +  R  — >  R ( — H )  +  R H  (4 )

R  +  R  — ► R ,  (5 )

H  +  R ( — H )  — >■ R  ( 6 )

I I  +  R ( — H )  — >  I I 2 +  R ( — 2 H )  (7 )

t X  10 ” 3, sec.

Figure 1. Hydrogen production as a 
function of photolysis time.

t X  10 “ 3, sec.

Figure 2. Olefin production as a function of photolysis time.

s io n s , o w in g  t o  t h e  g r e a te r  r e a c t iv i t y  o f  H  a t o m s  w ith  

o le fin s  t h a n  w it h  s a t u r a t e d  h y d r o c a r b o n s . S c a v e n g e r  

s tu d ie s 6 a n d  d im e r  id e n t i f ic a t io n s 2 in d ic a t e  t h e  im 

p o r t a n t  r a d ic a ls  a r e  2 -  a n d  3 -h e x y l ,  e a c h  c o n tr ib u t in g  

a b o u t  e q u a l ly  a n d  c o m p r is in g  9 9 %  o f  t h e  t o t a l  r a d ic a l  

y i e ld .

U n d e r  c o n d it io n s  o f  c o n s t a n t  l ig h t  in t e n s i t y  a n d  lo w  

c o n v e r s io n s , th e  in it ia l  r a te  o f  h y d r o g e n  p r o d u c t io n  is  

a  c o n s t a n t , K. F r o m  th is  s im p lif ie d  r e a c t io n  m e c h a 

n is m , t h e  r a te  o f  h y d r o g e n  p r o d u c t io n  is  g iv e n  b y  e q . I ,  

w h e r e  [S ]  is  t h e  o le fin  c o n c e n tr a t io n . T h e  in it ia l

d [ H 2] =  h[KH]  +  b [ S ]  (I)
dt fc3 [ R I I ]  +  (fc6 +  fc7) [ S ]  1

conditions [S ]  =  0  a n d  t =  0  g iv e  a s  t h e  in it ia l  s lo p e  o f  

t h e  c u r v e  in  F ig u r e  1

(4) T. J. Hardwick, J. Phys. Chem., 64, 1623 (1960).
(5) Y. Rousseau, O. P. Strausz, and H. E. Gunning, J. Chem. Phys., 
39,962 (1963).
(6) R. A. Holroyd and G. W. Klein, J. Phys. Chem., 67, 2273 (1963)1
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/  d 2 [ H 2] \  =  K h  d [ S ]

V d f 2 o fc3[ R H ]  d f
( I I )

1

d [ H 2] / d f

1 fc3 [ R H ]  

K  fc ,[S ]
+  ~ ( 1  +  h/h)K.

( V I )

H y d r o g e n  p r o d u c t io n  d e c r e a s e s  f r o m  a n  e x tr a p o la t e d  

v a lu e  o f  5 .3 0  X  1 0 ~ 9 m o le /s e c .  t o  a  p la t e a u  v a lu e  o f

3 .0 0  X  1 0 “ 9 m o le /s e c .  T h is  d e c r e a s e  m a y  b e  a t 

t r ib u t e d  t o  t h e  s c a v e n g in g  o f  H  a t o m s  b y  r e a c t io n  6 . 

S in c e  o le fin  is  fo r m e d  b y  r e a c t io n  4  a n d  d e s t r o y e d  b y  

r e a c t io n s  6  a n d  7 ,  i t  fo l lo w s  t h a t  t h e  r a te  o f  o le fin  p r o 

d u c t io n  is  a t  le a s t  as g r e a t  a s  t h e  r a te  o f  h y d r o g e n  lo ss  

a n d  u n d o u b t e d ly  g r e a te r  b e c a u s e  o f  r e a c t io n  7 .  

U s i n g  ( 5 .3 0  -  3 .0 0 )  X  1 0 “ 9 m o l e /s e c .  =  2 .3 0  X  1 0 ~ 9 

m o le /s e c .  f o r  ( d [ S ] /d i )  initial, w e  o b t a i n  a  v a lu e  o f  2 0 2  

fo r  h/h. T h e  im p o r t a n c e  o f  r e a c t io n  7  m a y  b e  s h o w n  

in  t h e  f o l lo w in g  m a n n e r . I f  w e  c o n s id e r  t h is  r e a c t io n  

t o  b e  u n im p o r t a n t ,  t h e n  i t  m a y  b e  s h o w n  t h a t

m  = d [E y  = /d[iu]\ (m )
d f  d f  \ d f  /  plateau

so  a  g r a p h ic a l  in t e g r a t io n  o f  F ig u r e  1 g iv e s  [S ]  a s  a  

f u n c t io n  o f  p h o t o ly s is  t im e . T h i s  in t e g r a t io n  is  s h o w n  

in  F ig u r e  2  b y  t h e  s o lid  lin e  a n d  a c c o m p a n ie d  b y  th e  

g a s  c h r o m a to g r a p h ic  d e t e r m in a t io n  o f  h e x e n e s  a t  

v a r io u s  t im e s . T h u s  ( d [ S ] /d f )  initial is  s o m e w h a t  

g r e a te r  t h a n  2 .3 0  X  1 0 ~ 9 m o le /s e c .  F r o m  F ig u r e  2 ,  

i t  w o u ld  a p p e a r  t o  b e  a b o u t  1 5 %  h ig h e r  o r  2 .6 4  X  

1 0 - 9  m o le /s e c .  T h i s  w o u ld  c o r r e s p o n d  t o  a  h/h  
v a lu e  o f  1 7 7  f r o m  t h e  s lo p e  m e a s u r e m e n t . R e a r r a n g e 

m e n t  o f  e q . I  (n e g le c t in g  r e a c t io n  7 )  g iv e s

— K —  =  1 +  k 6 ^ -  ( I V )
d [ H 2] / d f  h i  R H ]  V '

a n d  h/k3 m a y  b e  c a lc u la te d  f r o m  e a c h  e x p e r im e n ta l  

p o in t . T h e  a v e r a g e  v a lu e  c a lc u la te d  in  th is  m a n n e r  

usin g ; t h e  c a lc u la te d  o le fin  c o n t e n t  is  2 1 3 ,  w h ile  t h e  e x 

p e r im e n t a l  p o in t s  y i e ld  a  v a lu e  o f  1 8 1 .

T h e  v a lu e  o f  h / h  m a y  b e  e s t im a t e d  in  a  s im ila r  

m a n n e r . S in c e  t h e  m a t e r ia l  b a la n c e  re q u ir e s

—  =  — f '2-1 =  5 .3 0  X  1 0 - 9 m o l e /s e c .  ( V )  
d f  d f

in it ia l ly , a n d  d [ S ] / d f  ^  2 .3 0  X  1 0 - 9  m o l e /s e c . ,  th e n  

d [ R s ] /d f  /  3 .0 0  X  1 0 ~ 9 m o l e /s e c .  a n d  h / h  ^  2 . 3 0 /

3 .0 0  =  0 .7 7 .  U s i n g  v a lu e s  c a lc u la te d  f r o m  t h e  lo w -  

c o n v e r s io n  e x p e r im e n ta l  p o in t s  in  F ig u r e  2 ,  a  v a lu e  o f  

0 .9 7  ±  0 .0 8  c a n  b e  o b t a in e d  in  t h e  l iq u id  p h a s e  m e r 

c u r y -p h o t o s e n s it iz e d  d e c o m p o s it io n  o f  n -h e x a n e  b u t  is  

n o t  s im ila r  t o  t h e  v a lu e  o f  1 . 8 - 2 . 3  o b t a in e d  b y  H a r d 

w ic k 4 in  t h e  l iq u id  p h a s e  r a d io ly s is .

I n  a  f e w  e x p e r im e n ts , o le fin s  w e r e  a d d e d . R e a r 

r a n g e m e n t  o f  e q . I  g iv e s  e q . V I ,  w h e r e  d [ H 2 ] / d f  =  

K  —  ( d [ H 2] /d f )  scavenger- E q u a t i o n  V I  is  p lo t t e d  f o r

h e x e n e -1  in  F ig u r e  3 . A  fe w  d e t e r m in a t io n s  w e r e  

m a d e  w it h  e th y le n e  a s  a  s c a v e n g e r  a t  h ig h e r  l ig h t  in 

te n s it ie s , a n d  t h e s e  a ls o  a p p e a r  in  F ig u r e  3 . T h e  r a te  

c o n s t a n t  r a t io s  fo r  h e x e n e -1  in d ic a te  h / h  =  7 5 0  a n d  

h / h  =  0 .1 2 .  T h e s e  v a lu e s  d o  n o t  a g r e e  w i t h  t h e  re 

s p e c t iv e  v a lu e s  1 7 3  a n d  0 .5 0  o b t a in e d  in  t h e  l iq u id  

p h a s e  r a d io ly s is , 4 b u t  t h e y  a r e  in  r e a s o n a b le  a g r e e 

m e n t  w it h  t h e  v a lu e s  4 1 9  a n d  0 .0 2  in  t h e  m e r c u r y -  

s e n s it iz e d  n -p e n t a n e -p e n t e n e - 1  s y s t e m 1 a n d  8 1 8  a n d  

0 .0 7  in  t h e  m e r c u r y -s e n s it iz e d  n -b u t a n e -b u t e n e - 1  

s y s t e m .7 T h e  r a t io  o f  H  a t o m  a d d it io n  t o  t h e  p r e 

d o m in a n t  2 -  a n d  3 -h e x e n e  t o  a b s t r a c t io n  f r o m  n- 
h e x a n e  ( 1 8 0 )  is  m u c h  lo w e r  t h a n  t h e  e q u iv a le n t  r a t io  

( 7 5 0 )  f o r  a d d it io n  o f  H  a t o m s  t o  h e x e n e -1 . T h i s  is  

c o n s is te n t  w it h  t h e  e a r lie r  w o r k  d o n e  w it h  n -p e n t a n e  

( 2 2 2 : 4 1 9 ) 1 a n d  n -b u t a n e  ( 3 5 4 - 4 4 5 : 8 1 8 )  .7

I f  o n e  f it s  a  le a s t -m e a n -s q u a r e  lin e  t o  t h e  e t h y le n e  

e x p e r im e n ts , a  v a lu e  o f  h / h  o f  1 5 6  is  o b t a i n e d . T h is  

v a lu e  c o m p a r e s  t o  4 2 2  o b t a in e d  in  t h e  n - b u t a n e -  

e th y le n e  s y s t e m 7 a n d  2 5 ,0 0 0  o b t a in e d  in  t h e  e t h a n e -  

e th y le n e  s y s t e m .8
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D u r in g  r e c e n t  m a s s  s p e c t r o m e t r ic  s tu d ie s  o f  t h e  

v a p o r  p r e s s u r e s  o f  m o ly b d e n u m  a n d  t e c h n e t i u m , t h e  

io n s  T a O +  a n d  T a 0 2+  w e r e  d e t e c t e d  a s  im p u r it ie s .  

T h e  io n s  w e r e  f o r m e d  b y  e le c t r o n  b o m b a r d m e n t  w it h

1 2 .5 - e .v .  e le c tr o n s  a n d  a r e  b e l ie v e d  t o  h a v e  o r ig in a te d  

d ir e c t ly  f r o m  T a O  a n d  T a 0 2 s p e c ie s  v a p o r i z in g  f r o m  

t a n t a lu m  r o d s  c o n ta in e d  in  a  r h e n iu m  f i la m e n t  h e a te r .  

G a s -s u r f a c e  r e a c t io n s  s e e m  u n l ik e ly  a s  t h e  s o u r c e  o f  

t h e  m o le c u le s , s in c e  r e s id u a l g a s  p r e s s u r e s  in  t h e  s y s 

t e m  w e r e  le s s  t h a n  1 X  1 0  ~ 7 to r r . a n d  io n s  o f  o t h e r  o x id e  

m o le c u le s  s u c h  a s  t h o s e  o f  m o ly b d e n u m , t e c h n e t i u m , o r  

r h e n iu m  w e r e  n o t  d e t e c t a b le .

C a lc u la t e d  p r e s s u r e s  o f  T a O  a n d  T a 0 2 a r e  p r e s e n te d  

in  T a b l e  I .  D e t a i l s  o f  t h e  e x p e r im e n ta l  a n d  c a lc u la -  

t io n a l  m e t h o d s  f o r  o b t a in in g  p r e s s u r e s  w ill  b e  d e 

s c r ib e d  la t e r . 2 B r ie f ly , a  m ix e d  m o le c u la r  b e a m  c o n 

t a in in g  t h e  t a n t a lu m  o x id e s  a n d  m o ly b d e n u m  w a s  p r o 

d u c e d  f r o m  a  t u b u la r  r h e n iu m  h e a te r  w it h  a  s l i t  a lo n g  

o n e  s id e . T a n t a l u m  r o d  a n d  m o ly b d e n u m  s h e e t  w it h  

e ffe c t iv e  a r e a s  o f  1 .5  a n d  1 .8  m m . 2, r e s p e c t iv e ly , w e r e  

p r e s e n t  in  s e v e r a l  c o m p a r t m e n t s  o f  t h e  h e a te r . P r e s 

su r e s  w e r e  c a lc u la te d  f r o m  io n  in t e n s it ie s  b y  u s in g  t h e  

k n o w n  p re s s u r e s  o f  m o ly b d e n u m  t o  c a lib r a te  t h e  s e n s i

t i v i t y  o f  t h e  m a s s  s p e c tr o m e te r  a n d  b y  t a k i n g  t h e  s e n 

s i t i v i t y  t o  v a r y  a s  t h e  in v e r s e  s q u a r e  r o o t  o f  m a s s . T h e  

O t v o s  a n d  S t e v e n s o n  m e t h o d 3 w a s  u s e d  f o r  t h e  c a lc u la 

t io n  o f  io n iz a t io n  c r o s s  s e c t io n s  a n d  g a v e  v a lu e s  o f  5 2 .5 ,

7 8 .7 ,  a n d  8 2 .0  f o r  t h e  r e la t iv e  c r o s s  s e c t io n s  o f  M o ,  

T a O ,  a n d  T a 0 2, r e s p e c t iv e ly . T h e  c r o s s  s e c t io n  o f  t a n 

t a lu m  ( 7 5 .4 )  w a s  b a s e d  o n  a  c o n fig u r a t io n  o f  5 d 36  s 2 

f o r  t h e  o u te r  e le c tr o n s . C a lc u la t io n s  o f  t h e r m o d y 

n a m ic  d a t a  in  th is  p a p e r  h a v e  b e e n  b a s e d  o n  t h e r m o 

d y n a m i c  t a b le s  p r e p a r e d  b y  A V C O . 4

Table I : Pressures of TaO and Ta02 above a 
Ta205 Solid Solution in Tantalum

T, °K. -PTaO X 109, atm. PT&O2 X 109, atm.

2177 1.485
1924 0.015
2031 0.129
2258 6.06
2268 5.94 2.02

T a O ( g )  a n d  T a 0 2(g )  a r e  a s s u m e d  t o  b e  f o r m e d  b y  t h e  

r e a c t io n s

V s T a ( s )  +  V ^T a^O t, ( in  s o lid  s o lu t io n )  =  T a O ( g )  (1 )

y 6T a ( s )  +  Y e T a ^ O s  ( in  s o lid  s o lu t io n )  =  T a 0 2(g )  (2 )

w h e r e  t h e  T a 20 5 a c t i v i t y  h a s  b e e n  lo w e r e d  b y  s o lu t io n  

in  t a n t a lu m . I f  t h e  T a 20 5 a c t i v i t y  r e m a in s  f ix e d  d u r 

in g  t h e  m e a s u r e m e n t s , r e a c t io n s  I  a n d  2  c a n  b e  c o m 

b in e d  t o  g iv e

T a ( s )  +  T a 0 2(g )  =  2 T a O ( g )  (3 )

A  t h i r d -la w  t r e a t m e n t  o f  r e a c t io n  3  u s in g  t h e  p re s s u r e s  

f r o m  T a b le  I  r e s u lts  in  a  A i f ° 298 o f  r e a c t io n  o f  1 7 4 .5  

k c a l . /m o l e .

R e a c t io n s  1 a n d  2  c a n n o t  b e  t r e a t e d  b y  th i r d -la w  

m e t h o d s  s in c e  t h e  T a 20 6 a c t i v i t y  is  n o t  k n o w n . A  

s e c o n d -la w  t r e a t m e n t  m a y  b e  u s e d  o n  r e a c t io n  1 , h o w 

e v e r , b y  a s s u m in g  t h a t  T a 20 5 f o r m s  a n  id e a l  s o lu t io n  in  

t a n t a lu m  a n d  t h a t  t h e  e n t h a lp y  o f  s o lu t io n  o f  T a ^ O s  

in  t a n t a lu m  is  z e r o . T h e  d a t a  s h o w  l i t t le  s c a t t e r  a n d  

g i v e  a  A i f f ° 298 o f  6 3 .0  k c a l . /m o l e  f o r  T a O ( g ) .  C o m 

b in in g  th is  w it h  t h e  v a lu e  o f  1 7 4 .5  k c a l . f o r  r e a c t io n  3  

g iv e s  — 4 8 .5  k c a l . /m o l e  f o r  t h e  A i i f 0298 o f  T a 0 2( g ) .

M e a s u r e m e n t s  b y  I n g h r a m , et al.,5 * o n  m ix t u r e s  o f  

T a 20 6 a n d  t a n t a lu m  in d ic a t e  a  s ig n if ic a n t ly  d iffe r e n t  

e n t h a lp y  c h a n g e  f o r  r e a c t io n  3 . U s i n g  t h e  O t v o s  a n d  

S t e v e n s o n  m e t h o d 3 f o r  e s t im a t in g  c r o s s  s e c t io n s , a n d  

t h e  s a m e  t h e r m o d y n a m ic  fu n c t io n s  a s  a b o v e , 4 w e  c a l

c u la te  a  A U ° 298 o f  1 5 2 .1  k c a l . /m o l e  f o r  r e a c t io n  3  w h e n  

e ith e r  T a 20 5 o r  a  m ix t u r e  o f  T a s O s  a n d  t a n t a lu m  is  

h e a t e d  in  a  t a n t a lu m  K n u d s e n  c e ll . I n g h r a m , et al, 
o b s e r v e d  t h a t  a s  th e ir  s a m p le s  b e c a m e  d e p le t e d  w it h  

t im e , t h e  T a O  a n d  T a 0 2 p r e s s u r e s  d e c r e a s e d . A  d e 

c r e a s e  o f  a b o u t  a  f a c t o r  o f  7  in  T a O  p r e s s u r e  c o rr e 

s p o n d e d  t o  a  d e c r e a s e  o f  a b o u t  a  f a c t o r  o f  5  in  T a 0 2 

p r e s s u r e  a t  2 2 0 0 ° K .  T h e  d e c r e a s e  in  T a 0 2 p r e s s u r e  

w o u ld  h a v e  b e e n  e x p e c te d  t o  b e  b y  a  f a c t o r  o f  a b o u t  5 0  

if  e q u il ib r iu m  o f  t h e  T a O  a n d  T a 0 2 w i t h  t h e  s a m e  o x y 

g e n  a c t i v i t y  w e r e  m a in t a in e d . T h e  c a lc u la te d  A i f ° 298

(1) Work was performed under the auspices of the United States 
Atomic Energy Commission.
(2) O. H. Krikorian, J. H. Carpenter, and R. S. Newbury, “ The 
Vapor Pressure of Technetium,” paper presented at the 149th Na
tional Meeting of the American Chemical Society, Detroit, Mich., 
April 1965.
(3) J. W. Otvos and D. P. Stevenson, J. Am. Chem. Soc., 78, 546 
(1956).
(4) S. L. Bender, et al., AVCO Corporation Report AVCO-RAD-TR- 
61-12, May 1962; R. J. Barriault, et al., AVCO Corporation Report 
AVCO-RAD-SR-62-186, Sept. 1962; H. L. Shick, et al., AVCO 
Corporation Reports AVCO-RAD-SR-62-251, Dec. 1962, AVCO- 
RAD-SR-63-52, March 1963, AVCO-RAD-SR-63-105, June 1963, 
and AVCO-RAD-SR-63-183, Aug. 1963.
(5) M. G. Inghram, W. A. Chupka, and J. Berkowitz, J. Chem. Phys.,
27, 569 (1957).
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o f  r e a c t io n  3  f o r  t h e  d e p le t e d  s a m p le  is  1 6 1 .3  k c a l . /  

m o le . D e p le t i o n  o f  t h e  s a m p le s  le d  t o  a n  in c r e a s e  b y  

a  f a c t o r  o f  1 0  in  t h e  T a O + / T a 0 2+  in t e n s i t y  r a t io  f r o m  

t h e  b e g in n in g  t o  t h e  v e r y  e n d  o f  a n  e x p e r im e n t . T h i s  

in d ic a te s  a  f in a l  A f 7 ° 298 f o r  r e a c t io n  3  t h a t  is  in te r 

m e d ia t e  b e t w e e n  1 6 1 .3  a n d  o u r  v a lu e  o f  1 7 4 .5  k c a l . /  

m o le .

A n  e x p la n a t io n  o f  t h e  e n t h a lp y  d is c r e p a n c ie s  m a y  b e  

in fe r r e d  f r o m  a  d is c u s s io n  b y  A c k e r m a n n  a n d  T h o r n .6 

F o r  t a n t a lu m  c r u c ib le s  c o n ta in in g  T a 20 5 o r  o t h e r  o x id e s  

a t  te m p e r a t u r e s  o f  2 0 0 0  t o  2 6 0 0 ° K . ,  t h e y  h a v e  p r e 

s e n te d  c o n s id e r a b le  e v id e n c e  fo r  t h e  r a p id  d iffu s io n  o f  

o x y g e n  th r o u g h  t h e  c r u c ib le  w a lls  f o l lo w e d  b y  v o la t i l i 

z a t io n  o f  T a O ( g )  f r o m  t h e  o u te r  s u r fa c e s . I n  a d d it io n ,  

G o ld s t e in , et al.,7 8 in  a  m a s s  s p e c tr o m e tr ic  s t u d y  o f  

v a p o r i z a t io n  o f  L a 20 3 f r o m  a  t a n t a lu m  c e ll fo u n d  t h a t  

o x y g e n  f r o m  t h e  L a 20 3 f ir s t  d is s o lv e d  in  t h e  t a n t a lu m  

a n d  th e n  v a p o r iz e d  f r o m  c r u c ib le  s u r fa c e s  a t  la t e r  t im e s  

a s  T a O ( g ) .  I t  s e e m s  r e a s o n a b le  t o  a s s u m e  t h a t  a  s im i

la r  s o lu t io n  o f  o x y g e n  in  t a n t a lu m  o c c u r r e d  in  t h e  ce ll  

u s e d  b y  I n g h r a m , et al., a n d  t h a t  a n  a p p r e c ia b le  a m o u n t  

o f  t h e  d e t e c t e d  T a O +  o r ig in a te d  f r o m  t h e  l id  o r  f r o m  

n e a r b y  s h ie ld s . T h e  T a 0 2+ , h o w e v e r , is  b e l ie v e d  to  

h a v e  o r ig in a te d  p r im a r i ly  f r o m  t h e  or ifice .

T h e  o b s e r v e d  in t e n s it y  c h a n g e s  in  T a O +  a n d  T a 0 2+  

m a y  b e  a c c o u n te d  f o r  b y  a s s u m in g  t h e  f o l lo w in g : (a )  

f o r  t h e  in it ia l  T a 20 5 s a m p le s , t h e  a c t i v i t y  o f  O  o n  t h e  

l id  s u r fa c e  is  a b o u t  0 .3  o f  t h a t  in  t h e  c e ll, a n d  t h e  v a p o r i 

z a t io n  a r e a  o f  t h e  ce ll l id  f o r  d e t e c t io n  p u r p o s e s  is  1 0  

t im e s  t h a t  o f  t h e  o r ific e , a n d  (b )  t h e  a c t i v i t y  o f  O  fo r  th e  

d e p le t e d  s a m p le  is  r e d u c e d  b y  a  f a c t o r  o f  2  in  t h e  c e ll, 

a n d  b y  a  f a c t o r  o f  1 0 0  o n  t h e  l id  c o m p a r e d  t o  t h e  in it ia l  

c o n d it io n s . F o r  c o n d it io n  a , m o s t  o f  t h e  T a O  a n d  

a b o u t  o n e -h a lf  o f  t h e  T a 0 2 o r ig in a te  f r o m  t h e  l id , a n d  

w it h  c o n d it io n  b , b o t h  T a O  a n d  T a 0 2 o r ig in a te  p r e 

d o m in a n t ly  f r o m  t h e  o r ific e . A p p l y i n g  c o n d it io n  a , 

t h e  A f f ° 298 o f  r e a c t io n  3  is  fo u n d  t o  b e  1 6 0 .1  k c a l . /m o l e  

b y  t h ir d  la w , w h ile  c o n d it io n  b  g iv e s  1 6 1 .3  k c a l . /m o l e  

f o r  t h e  d e p le t e d  s a m p le . I f  t h e  e f fe c t iv e  v a p o r i z a 

t io n  a r e a  fo r  T a O  is  in c r e a s e d  b y  m a t e r ia l  v a p o r iz in g  

f r o m  s h ie ld s  o r  o t h e r  so u r c e s , t h e  AH°2w f o r  r e a c t io n  

3  w ill  in c r e a s e  e v e n  m o r e . T h i r d - la w  t r e a t m e n t s  

w it h  c o n d it io n s  a  a n d  b  g i v e  a  A i f f ° 298 o f  5 9 .0  k c a l . /  

m o le  f o r  T a O ( g )  a n d  — 4 2 .6  k c a l . /m o l e  f o r  T a 0 2( g ) .

E n t h a lp ie s  o f  f o r m a t i o n  o f  T a O ( g )  a n d  T a 0 2( g ) ,  a n d  

o f  r e a c t io n  3 , a re  s u m m a r iz e d  in  T a b le  I I  f o r  t h e  v a r i 

o u s  d e t e r m in a t io n s . S e le c te d  v a lu e s  g iv e  t h e  g r e a te s t  

w e ig h t  f o r  t h e  A H f 0298 o f  T a O ( g )  t o  t h is  w o r k , a n d  fo r  

t h e  A H f ° 29g o f  T a 0 2(g )  t o  t h e  r e v is e d  r e s u lts  o f  I n 

g h r a m , et al. E r r o r s  r e p r e s e n t  e s t im a t e d  s t a n d a r d  d e 

v ia t io n s .

I n g h r a m , et al.,5 a ls o  d e t e r m in e d  A i f f 0298 o f  T a O ( g )  

b y  m a s s  s p e c t r o m e t r y  f r o m  t h e  a s s u m e d  r e a c t io n

Z r 0 2(s )  +  T a ( s )  =  Z r O ( g )  +  T a O ( g )  ( 4 )

T h e  d a t a  s h o w  t h a t  t h e  T a O ( g )  p r e s s u r e  is  a b o u t  0 .4  

o f  t h a t  o f  Z r O ( g )  a t  2 2 8 8  ° K . ,  a f t e r  a p p ly in g  O t v o s  

a n d  S t e v e n s o n  c r o s s -s e c t io n  c o r r e c t io n s . T h e  T a O ( g )  

p r e s s u r e  w o u ld  b e  e x p e c te d  t o  e q u a l  t h a t  o f  Z r O ( g )  fo r  

r e a c t io n  4 ,  o r , i f  s o lu t io n  o f  o x y g e n  in  t h e  t a n t a lu m  o c 

c u r r e d  w it h  s u b s e q u e n t  v a p o r i z a t io n  o f  T a O ( g )  f r o m  

t h e  l id , o b s e r v e d  T a O ( g )  p r e s s u r e s  w o u ld  b e  e x p e c t e d

Table II: Enthalpies of Formation of TaO(g) and Ta02(g) 
and the Enthalpy of the Reaction Ta(s) +
Ta02(g) = 2TaO(g)

A H f ° 2 S 8 Ai7f°298 A/7°298,
(TaO). (TaCh), reaction,

Source kcal./mole kcal./mole kcal./mole

Inghram, et al.a 53.3 -4 4 .8 152.1
Inghram, et a l5 (revised) 59.0 -4 2 .6 160.7
This work 63.0 -4 8 .5 174.5
Selected values 62 ±  4 -4 4  ±  4 168 ±  7

° Results have been corrected by Otvos and Stevenson cross 
sections. Results for depleted samples were omitted. 1 The 
revised results of Inghram, et al., are averaged from all of their 
runs after application of conditions a or b as described in the text.

t o  b e  h ig h e r  t h a n  f o r  Z r O ( g ) .  T h e  s i t u a t io n  is  a c t u a lly  

c o m p le x , a n d  i t  w o u ld  b e  d iff ic u lt  t o  o b t a i n  a c c u r a t e  

t h e r m o d y n a m ic  d a t a  f r o m  t h is  s t u d y . T h e  p h a s e s  a r e  

n o t  c h a r a c te r iz e d  a n d  m a y  n o t  b e  a t  e q u i l ib r iu m . T h e  

p r in c ip a l  r e a c t io n  in  t h e  c e ll is  p r o b a b ly  b e t w e e n  a  

t a n t a lu m -r ic h  p h a s e  w it h  z ir c o n iu m  a n d  o x y g e n  in  s o l id  

s o lu t io n  a n d  a n  o x y g e n -d e f ic ie n t  Z r 0 2 p h a s e  c o n t a in in g  

d is s o lv e d  t a n t a lu m  t o  p r o d u c e  Z r O ( g )  a lo n g  w it h  le s s e r  

a m o u n t s  o f  T a O ( g )  a n d  T a 0 2( g ) .  C h u p k a , et al.,s 
h a v e  f o u n d  t h a t  a d d it io n  o f  z ir c o n iu m  t o  Z r 0 2 c o n 

ta in e d  in  a  t a n t a lu m  c e ll d o e s  n o t  a p p r e c ia b ly  e n h a n c e  

t h e  Z r O ( g )  p r e s s u r e . T h i s  s u g g e s ts  t h a t  t h e  a c t i v i t y  o f  

z ir c o n iu m  is  h ig h  in  t h e  t a n t a lu m -r ic h  p h a s e  p o s t u la t e d  

a b o v e .

F r o m  t h e  c o n c lu s io n s  p r e s e n te d  h e r e , d is s o c ia t io n  

e n e r g ie s  m a y  b e  c a lc u la te d  a s  7 .9  ±  0 .2  e .v .  f o r  T a O  

a n d  1 5 .1  ±  0 .2  e .v .  f o r  T a 0 2. T h e  a v e r a g e  T a - 0  b o n d  

s t r e n g t h  in  T a 0 2 is  a b o u t  e q u a l  t o  t h a t  in  T a O ,  th u s  

c o r r e la t in g  r e a s o n a b ly  w e ll  w it h  a d d i t i v i t y  r u le s . I t  is  

a p p a r e n t  t h a t  a d d it io n a l  w o r k  is  n e e d e d  t o  e s ta b lis h

(6) R. J. Ackermann and R. J. Thorn in “ Progress in Ceramic 
Science,” Vol. 1, J. E. Burke, Ed., Pergamon Press, Néw York,
N. Y., 1961, p. 76.
(7) H. W. Goldstein, P. N. Walsh, and D. White, J. Phys. Chem., 64, 
1087 (1960).
(8) W. A. Chupka, J. Berkowitz, and M. G. Inghram, J. Chem. Phys., 
26, 1207 (1957).
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m o r e  d e f in ite  v a lu e s  f o r  t h e  e n th a lp ie s  o f  f o r m a t i o n  o f  

g a s e o u s  t a n t a lu m  o x id e s .
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I n  t h e  e x p e c t a t io n  t h a t  c h a r a c te r is t ic  d iffe r e n c e s  

in  p r o d u c t  p a t t e r n s  u n d e r  d iffe r e n t  m o d e s  o f  e x c it a 

t io n  w o u ld  b e  u s e fu l  a s  m e c h a n is t ic  c r ite r ia , i t  w a s  o f  

in t e r e s t  t o  e x a m in e  a n d  c o m p a r e  t h e  th e r m a l , p h o t o 

c h e m ic a l , a n d  r a d io ly t ic  is o m e r iz a t io n  o f  cis- a n d  trans-
1 ,2 -d ip h e n y lc y c lo p r o p a n e . I t  h a p p e n s  t h a t  th is  s y s 

t e m  h a s  b e e n  u n d e r  in v e s t ig a t io n  c o n c u r r e n t ly  in  o t h e r  

la b o r a to r ie s  w it h  r e s p e c t  t o  th e r m a l2 a n d  p h o t o c h e m i 

c a l3“ 5 t r a n s fo r m a t io n s . T h e  is o m e r iz in g  a c t io n  o f  

7 -r a y s ,  h e r e  r e p o r te d , is  n o v e l  in  r e la t io n  t o  k n o w n  

e x a m p le s 6 -9  o f  cis-trans in te r c o n v e r s io n s  u n d e r  7 - r a y  

e x c it a t io n  in  t h a t  i t  in v o lv e s  in v e r s io n  o n  a  s a t u r a te d  

c a r b o n  a t o m .

A  d ir a d ic a l  m e c h a n is m  h a s  b e e n  s u g g e s te d  in  c o n 

n e c t io n  w it h  e a c h  o f  t h e  k n o w n  m o d e s  o f  e ffe c t in g  

is o m e r iz a t io n  t h o u g h  o b v io u s ly ,  a s  o t h e r s  h a v e  n o t e d ,  

t h e  d iffe re n c e s  in  p r o d u c t  d is tr ib u t io n s  w i ll  d e m a n d  

s o m e  m e c h a n is t ic  d if fe r e n tia t io n . I n  t h e  t h e r m a l  

e q u il ib r a t io n , 2 7 8 9 w h ic h  o c c u r s  in  th e  l iq u id  p h a s e  a t  t e m 

p e r a tu r e s  a s  lo w  a s  1 9 0 ° ,  t h e  e q u il ib r iu m  s t r o n g ly  

f a v o r s  t h e  trans is o m e r  a n d  th e  g e o m e t r ic a l  is o m e r i

z a t io n  is  n o t  a c c o m p a n ie d  b y  s tr u c t u r a l  r e a r r a n g e m e n t  

t o  o le fin ic  p r o d u c t s . 10 T h e  a c t iv a t io n  e n e r g y , 3 3 .5  

k c a l . ,  is  n o t  in c o n s is te n t  w it h  a  b o n d  s c is s io n  b e t w e e n  

t h e  t w o  p h e n y l  s u b s t i t u t e d  c a r b o n  a t o m s  f o r  w h ic h  th e  

e n e r g y  r e q u ir e m e n t  is  e s t im a t e d  t o  b e  2 4  k c a l . 11 

O n  t h e  o t h e r  h a n d , t h e  d ir a d ic a l  is  c o n s id e r e d 4 a  l ik e ly  

in t e r m e d ia te  in  th e  p h o t o c h e m ic a l  is o m e r iz a t io n  u n d e r  

2 5 3 7 - A .  ir r a d ia t io n  b e c a u s e  o f  t h e  e x p la n a t io n  i t  o ffe r s  

f o r  t h e  b y -p r o d u c t s ,  cis- a n d  trans-l,3 -d ip h e n y lp r o p e n e  

a n d  1 -p h e n y l in d a n e . 12 F in a l ly ,  a  v e r s io n  o f  th is  d i

r a d ic a l , f o r m u la t e d  w it h  s p in s  o f  t h e  tw o  o d d  e le c tr o n s  

in  p a r a lle l  o r ie n ta t io n , w a s  p r o p o s e d 3 in  c o n n e c t io n  

w i t h  th e  s e n s it iz e d  p h o t o c h e m ic a l  is o m e r iz a t io n . I t  

is  n o t e d  in  a  m o r e  r e c e n t  c o m m u n ic a t io n 6 t h a t  th e

s e n s it iz e d  r e a c t io n  g e n e r a te s  n o  o le fin ic  p r o d u c ts  

w h e n  l ig h t  a d s o r p t io n  is  r ig o r o u s ly  r e s tr ic t e d  t o  th e  

s e n s it iz e r .

7 - I r r a d ia t io n  s tu d ie s  h a v e  b e e n  d o n e  in  s o lu t io n  

a n d  o n  t h e  p u r e  is o m e r s  a t  te m p e r a t u r e s  a b o v e  th e  

m e lt in g  p o in t  ( 3 7 ° )  o f  t h e  cis is o m e r . W h e n  ir r a d ia te d  

a s  t h e  c r y s ta llin e  s o lid  a t  d o s e s  u p  t o  3  X  1 0 21 e . v . / g . ,  

t h e  cis is o m e r  w a s  u n a ff e c t e d . 13 T h e  p u r e  l iq u id s  

e x h ib ite d  g e o m e t r ic a l  is o m e r iz a t io n  a n d , t c  a  le sse r  

e x te n t  t h a n  in  p h o t o ly s is , r e a r r a n g e m e n t  t c  cis- a n d  

trans-l,3 -d ip h e n y lp r o p e n e . N o  1 -p h e n y lin d a n e  w a s

d e t e c te d . P o ly m e r  y ie ld  m e a s u r e m e n t s , b a s e d  o n  th e  

w e ig h t  o f  r e s id u e  f r o m  h ig h  v a c u u m  s u b lim a t io n , w e r e  

u n s a t is fa c t o r y , p o s s ib ly  b e c a u s e  o f  a  r a n g e  o f  m o le c u la r  

w e ig h t s ;  G v a lu e s  fe ll  e r r a t ic a lly  in  t h e  r a n g e  0 .5  t o

4 .  T h e  o le fin  y ie ld s , n o t  d e t e r m in e d  p r e c is e ly , w ere  

in  th e  G r a n g e  b e lo w  0 .1 .  Y i e ld s  f o r  t h e  cis -*■ trans 
a n d  trans -*■ cis r e a c t io n s , m e a s u r e d  a t  c o n v e r s io n s  in  

t h e  r a n g e  2  t o  6 % ,  w e r e  5 .7  ±  0 .5  a n d  2 .3  ±  0 .2 ,  r e -

(1) Based on work performed under the auspices of the U. S. Atomic 
Energy Commission.
(2) L. B. Rodewald and C. H. DePuy, Tetrahedron Letters, 40, 2951 
(1964).
(3) G. S. Hammond, P. Wyatt, C. D. DeBoer, and N. J. Turro, 
J. Am. Chem. Soc., 86, 2532 (1964).
(4) G. W. Griffin, J. Co veil, R. C. Petterson, R. M. Dodson, and 
G. Klose, ibid., 87, 1410 (1965).
(5) G. S. Hammond and R. S. Cole, ibid., 87, 3256 (1965).
(6) A. Charlesby, Radiation Res., 2, 96 (1935).
(7) M. A. Golub, J. Polymer Sci., 25, 373 (1957).
(8) R. B. Cundall and P. A. Griffiths, J. Am. Chem. Soc., 85, 1211 
(1963).
(9) J. Nosworthy, Trans. Faraday Soc., 61, 1138 (1965).
(10) Geometrical isomerization, presumably in the gas phase, can 
be observed in gas chromatography with inlet temperatures above 
220°. At inlet temperatures up to 350° no olefinic products appear.
(11) From the heat of formation of bibenzyl(s) [G. S. Parks, T. J. 
West, B. F. Naylor, P. S. Fugii, and L. A. McLaine, J Am. Chem. 
Soc., 68, 2524 (1946)], the heat of vaporization of bibenzyl [N. F. H. 
Bright, J. Chem. Soc., 624 (1951)], and a newly determined value for 
the heat of formation of benzyl radical [S. J. Ashcroft, A. S. Carson, 
and J. B. Pedley, Trans. Faraday Soc., 59, 2713 (1963)], the heat of 
dissociation for the central bond in bibenzyl is given as —10.5 — 
17.3 +  2(39.7) = 51.6 kcal. The assumption is then made that the 
dissociation energy for the 1,2 bond of 1,2-diphenylcyclcpropane will 
be less by the amount of the strain energy of the cyclopropane ring 
which is taken to be 27.5 kcal. [H. A. Skinner and G. Pilcher, Quart. 
Rev. (London), 17, 285 (1963)].
(12) Experiments in this laboratory performed prior to the publica
tion by Griffin, et al.,4 on photolysis in pentane solution with 
2537-A. radiation showed 1-phenylindane to be formed from the 
beginning from the cis isomer but it does not appear in short exposures 
of the trans isomer. Its formation from the latter evidently occurs 
by way of prior conversion tc the cis isomer rather than through a 
common intermediate. It was also noted that, because of the 
reversibility of all isomerization reactions other than that leading 
to 1-phenylindane, this product accumulates and is eventually the 
major monomeric product. The olefinic products, formed in com
parable cis-trans ratio from either starting material, would admit 
of a common intermediate.
(13) In photolysis the solid cis isomer, irradiated as a thin film in 
2537-JL light, produced essentially the same spectrum of Cis products 
as in liquid phase or solution photolyses.
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s p e c t iv e ly . T h e  ir r a d ia t io n  o f  p u r e  l iq u id  trans-1 ,3 -  

d ip h e n y lp r o p e n e  r e v e a le d  is o m e r iz a t io n  t o  th e  cis 
is o m e r  (G 9 .0  a t  4 %  c o n v e r s io n  a n d  5 .4  a t  1 2 %  c o n 

v e r s io n )  b u t  th e r e  w a s  n o  d e t e c ta b le  fo r m a t i o n  o f  

c y c lo p r o p a n e  d e r iv a t iv e s . I n  b e n z e n e  s o lu t io n  a t  0 .0 1  

M  t h e  y ie ld s  o f  p r o d u c ts  f r o m  cis- a n d  trans- 1 ,2 - d i -  

p h e n y lc y c lo p r o p a n e , a t  d o se s  o f  9 - 1 8  X  1 0 19 e . v . / g . ,  

w e r e  as fo l lo w s : cis-1,2 -d ip h e n y l  c y c lo p r o p a n e , — ,

0 . 7 0 ;  trans is o m e r , 0 .9 2 ,  —  ; c f s - l ,3 -d ip h e n y lp r o p e n e ,  

0 .0 5 ,  0 .0 7 ;  trans is o m e r , 0 .0 3 ,  0 .0 4 .  T h e s e  y i e ld s  a r e  

g i v e n  a s  G v a lu e s  b a s e d  o n  t o t a l  e n e r g y  a b s o r b e d . O n  

m o r e  p r o lo n g e d  e x p o su r e , 2  X  1 0 21 e . v . / g . ,  s o lu t io n s  o f  

e ith e r  is o m e r  te n d e d  to w a r d  a  trans : cis r a t io  o f  1 .1 5 .

O n  t h e  b a s is  o f  p r o d u c t  fo r m a t io n , i t  is  e v id e n t  t h a t  

r a d io ly s is  r e p r e s e n ts  a  s itu a t io n  in t e r m e d ia te  b e tw e e n  

d ir e c t  a n d  s e n s it iz e d  p h o t o ly s is . T h e  r a d io ly s is  in  

d ilu te  b e n z e n e  s o lu t io n  is  n e c e s s a r ily  a  b e n z e n e  se n s i

t iz e d  p r o c e s s , s in c e  it  is  a  c o n s e q u e n c e  o f  e n e r g y  

a b s o r b e d  p r im a r ily  b y  th e  s o lv e n t , a n d  th e  r a d io ly s is  

o f  t h e  n e a t  l iq u id s  is  p e r h a p s  b e s t  c o n s id e r e d  a s  s e lf -  

s e n s it iz e d . I n  b e n z e n e  s e n s it iz e d  cis-trans is o m e r i -  

z a t io n s  o f  o le fin s  b y  y - r a y s  th e r e  is  m o u n t in g  e v id e n c e 8’9 

t o  s h o w  t h a t  t r ip le t  b e n z e n e  is th e  e ffe c t iv e  sp e c ie s . 

I t  s e e m s  h ig h ly  p r o b a b le  t h a t  th is  w i ll  p r o v e  tr u e  a lso  

o f  th e  in v e r s io n s  o n  a  c y c lo p r o p a n e  r in g  a n d  th u s  t h a t  

th e r e  w ill  b e  a  c lo se  m e c h a n is t ic  c o r r e la t io n  w it h  t h e  

s e n s it iz e d  p h o t o c h e m ic a l  r e a c t io n . T h e  fu r th e r  c o n 

c lu s io n  is in d ic a te d  t h a t  in  r a d io ly s is , a n d  s t i l l  m o r e  

in  d ir e c t  p h o t o ly s is , s o m e  fr a c t io n  o f  t h e  r e a c tio n , 

c o r r e s p o n d in g  t o  t h e  y ie ld s  o f  r e a r r a n g e m e n t  p r o d u c ts ,  

ta k e s  p la c e  b y  w a y  o f  a  m o r e  h ig h ly  e n e r g iz e d  in te r 

m e d ia t e  o r  b y  a  d iffe r e n t  m e c h a n is m  t h a n  is  in v o lv e d  

in  s e n s it iz e d  p h o t o ly s is .

Electron Spin Resonance of 1,1-Diphenylethylene 

Adsorbed on Silica-Alumina Catalysts

b y  F r a n c is  R .  D o ll i s h  a n d  W .  K e i t h  H a l l

M ellon Institute, Pittsburgh, Pennsylvania 
(.Received June 28, 1965)

W o r k  o n  t h e  o p t ic a l  s p e c tr a  f r o m  1 ,1 -d i p h e n y le t h y l -  

e n e  ( D P E )  a d s o r b e d  o n  s i l ic a -a lu m i n a  c a t a ly s t s  h a s  

b e e n  r e v ie w e d  r e c e n t ly  b y  L e f t i n  a n d  H o b s o n 1 a n d  b y  

T e r e n i n .2 B o t h  a t t r ib u t e d  t h e  b a n d  a t  6 0 7  n p i ( th e  

b lu e  s p e c ie s )  t o  a  c a t io n  r a d ic a l . T h i s  a s s ig n m e n t  w a s  

f ir s t  s u g g e s te d  b y  L e f t i n  a n d  H a l l , 3 w h o  c it e d  e v id e n c e  

s u p p o r t in g  i t  b u t  r e p o r te d  t h a t  t h e y  c o u ld  n o t  f in d  

t h e  e x p e c te d  e .p .r .  s ig n a l . H o w e v e r , s h o r t ly  th e r e a ft e r ,

a  w e a k  e .p .r .  r e s o n a n c e  w it h  u n r e s o lv e d  h y p e r f in e  

s tr u c t u r e  w a s  r e p o r te d  fo r  D P B  a d s o r b e d  o n  s i l i c a -  

a lu m i n a 4 5'6 a n d  o n  t h e  s y n t h e t ic  z e o l i t e s .6 L e f t i n ,  

et al., 4 s u p p o s e d  t h a t  t h e  p a r a m a g n e t is m  s t e m m e d  f r o m  

t h e  b lu e  s p e c ie s , b u t  R o o n e y  a n d  P in k 6 a t t r ib u t e d  i t  t o  

a  b a n d  a t  3 3 0  m p  b e c a u s e  t h e y  o b s e r v e d  t h a t  a d d it io n  

o f  w a t e r  t o  t h e  s a m p le  e lim in a t e d  t h e  s ig n a l  b u t  d id  

n o t  a f fe c t  t h e  b lu e  c o lo r . I n  a g r e e m e n t  w i t h  th is ,  

H a l l 7 8 9 n o t e d  t h a t  p a r a m a g n e t is m , i f  p r e s e n t , w a s  b e lo w  

h is  l i m i t  o f  d e t e c t a b i l i t y  w h e n  t h e  c a t a l y s t - h y d r o 

c a r b o n  s y s t e m  w a s  a  d e e p  b lu e -b la c k . H ir s c h le r 8 

s u m m a r iz e d  e v id e n c e  s u p p o r t in g  t h e  v i e w  t h a t  t h e  

b lu e  s p e c ie s  is  a  c a r b o n iu m  io n  f o r m e d  f r o m  a  d im e r ic  

o r  tr im e r ic  r e a c t io n  p r o d u c t  o f  D P E ,  a  h y p o t h e s is  

w h ic h  is  c o n s is te n t  w it h  t h e  k in e t ic  o b s e r v a t io n s  o f  

L e f t i n  a n d  H a l l .3 R o o n e y  a n d  H a t h a w a y 9 id e n tif ie d  

t h e  b lu e  c a r b o n iu m  io n  a s

C H S

( C 6H 6) 2C - C - C ( C 6H 5) 2
©

T h e  f ir s t  o b je c t i v e  o f  t h e  p r e s e n t  e x p e r im e n t s  w a s  

t o  c o n fir m  t h a t  t h e  b lu e  s p e c ie s  is  n o t  p a r a m a g n e t ic .  

T h e  s e c o n d  w a s  t o  a s c e r ta in  w h e t h e r  t h e  w e a k  p a r a m a g 

n e t is m  f o u n d  b y  o t h e r s 4 -6  w a s  d u e  t o  a  r a d ic a l  fo r m e d  

f r o m  D P E  o r  f r o m  a n  im p u r i t y .  I n  a ir , D P E  is  q u it e  

u n s t a b le . A s  r e c e iv e d , i t  m a y  c o n t a in  u p  t o  1 0 %  

b e n z o p h e n o n e  a n d  1 - 2 %  b ip h e n y l . T o  a v o i d  c o m p li 

c a t io n s  d u e  t o  im p u r it ie s , f r e s h ly  p u r if ie d  m a t e r ia l  

m u s t  b e  u s e d  a n d  c o n t a c t  w it h  a ir  a v o id e d .

I n  c o n tr a s t  w i t h  t h e  d a t a  o f  R o o n e y  a n d  P i n k ,6 

L e ft i n , et al,,4 r e p o r te d  t h a t  t h e  e .p .r . s ig n a l  f r o m  

c h e m is o r b e d  D P E  increased o n  a d d it io n  o f  w a t e r  

v a p o r . T h e y  a ls o  n o t e d  t h a t  t h e  s ig n a l  i n t e n s i t y  w a s  

e n h a n c e d  b y  c o n t a c t  w it h  h y d r o g e n  o r  a r g o n  b u t  w a s  

d e c r e a s e d  w it h  o x y g e n . E f f e c t s  o f  r a r e  g a s e s  a lm o s t  

c e r t a in ly  m u s t  b e  o f  a  p h y s ic a l  n a t u r e . A  s im ila r  

a p p a r e n t  d e c r e a s e  in  s ig n a l  in t e n s i t y  o n  c o n t a c t  o f  

p e r y le n e  c a t io n  r a d ic a ls  w it h  0 26 h a s  a ls o  b e e n  s h o w n

(1 )  H .  P . L e f t in  a n d  M .  C . H o b s o n , Advan. Catalysis, 14 , 115
(1 9 6 3 )  .

(2 )  A .  N . T e r e n in , ibid., 15 , 2 2 7  (1 9 6 4 ) .

(3 )  H . P . L e f t in  a n d  W .  K .  H a ll , J. Phys. Chem., 6 4 , 3 82  ( 1 9 6 0 ) ;  
66 , 1 45 7  (1 9 6 2 ) .

(4 )  H . P . L e f t in , M .  C . H o b s o n , a n d  J . S . L e ig h , ibid., 66 , 1 21 4  
(1 9 6 2 ) .

(5 )  J . J . R o o n e y  a n d  R .  C . P in k , Trans. Faraday Soc., 5 8 , 1 63 2  
(1 9 6 2 ).

( 6) D .  N . S ta m ire s  a n d  J . T u r k e v ic h , J. A n . Chem. Soc., 86 , 7 49
(1 9 6 4 )  .

(7 )  W .  K .  H a ll , J. Catalysis, 1 , 5 3  (1 9 6 2 ) .

(8 ) A .  E . H ir s ch le r , ibid., 2 , 4 2 8  (1 9 6 3 ).

(9 )  J . J . R o o n e y  a n d  B . J . H a th a w a y , ibid., 3 ,  4 4 7  (1 9 6 4 ) .
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Table I : Spectral Data from 1,1-Diphenylethylene Adsorbed on Silica-Alumina Catalyst AAA

A. Effect of purity and coverage
Nom inal

coverage, D P E Spin-
m olecules/g. concentration, C a ta ly st0

X 10->» Color spins/g. X 10 “ « lo t

1. 86.8% (as received) 2 . 7 Greenish yellow 1.0 1
2. 99.9% (first g.l.p.c. purification) 2.0 Lemon yellow 1.9 1
3. 99.99% (second g.l.p.c. purification) 2.2 Lemon yellow 2.2 1
4. 86.8% 3.1 Yellow-green 0.9 2

5. 86.8% 2 7 . 9 Dark blue-green 0.6 2

B. Effect of pretreatment6
N om inal N om inal

coverage, D P E concentration,
m olecules/g. W id th ,' spins/g.

X 10- ls Color gauss X  10- «

1. Standard 3.5 Lemon yellow 8.40 0.8
2. Standard, sealed off with 5 mm. of 0 2 2 . 8 Light green 10.13 6.3
3. Reduced 3.1 Lemon yellow 10.59 0.03
4. Reduced, sealed off with 8 mm. of H2 2 . 9 Lemon yellow 8.59 0.03

“ Lot No. 1 consistently generated more radical ions than Lot No. 2 when tested with DPE, perylene, and pyrene. 6 The purity 
of DPE was 99.99%, and the catalyst used was Lot No. 2. c Width between points of maximum slope, measured vs. 0.1 M  hydro- 
quinone in alkaline ethanol in a dual cavity.

t o  b e  p h y s ic a l10’ 11; t h e  r a d ic a l -io n  c o n c e n tr a t io n  is  

a c t u a l ly  in c r e a s e d  b y  O 2. T h e  f in a l  o b je c t iv e  o f  t h e  

p r e s e n t  w o r k  w a s  t o  d e t e r m in e  t h e  s a t u r a t io n  p r o p e r 

t ie s  o f  t h e  p a r a m a g n e t ic  s ig n a l  f r o m  D P E  in  t h e  p r e s 

e n c e  o f  v a r io u s  g a s e s  in  o r d e r  t o  c la r i f y  t h e  e ffe c ts  o f  

e n v ir o n m e n t  o n  t h e  e .p .r .  s p e c tr a  o f  c h e m is o r b e d  r a d i

c a ls .

Experimental Section
T h e  e q u ip m e n t  a n d  h i g h -v a c u u m  p r o c e d u r e s  f o r  t h e  

p r e p a r a t io n  o f  c a t a ly s t  s a m p le s  f o r  e le c tr o n  s p in  r e s o 

n a n c e  s tu d ie s  w e r e  g i v e n  e a r lie r .7 A m e r i c a n  C y a n -  

a m id  C o . A e r o c a t  ( A A A )  c r a c k in g  c a t a ly s t  ( 2 2 . 1 %  

A I2 O 3 , s u r fa c e  a r e a , 4 5 0  m . 2/ g . )  w a s  u se d . U n le s s  

o th e r w is e  s p e c ifie d , t h e  1 ,1 -d i p h e n y le t h y le n e  r e a g e n t  

( fr o m  t h e  A ld r ic h  C h e m ic a l  C o .)  w a s  tw ic e  p u r ifie d  b y  

p r e p a r a t iv e  g a s - l i q u i d  p a r t i t io n  c h r o m a t o g r a p h y . T h e  

p u r i t y  o f  t h e  f ir s t  p r o d u c t  w a s  9 9 . 9 % ,  a n d  a f t e r  t h e  

s e c o n d  c h r o m a to g r a p h ic  s e p a r a t io n  i t  w a s  9 9 . 9 9 % .

T h e  standard pretreatment o f  t h e  c a t a ly s t  c o n s is te d  

o f  t r e a t in g  t h e  c a t a ly s t  ( 1 .5 -g .  c h a r g e )  in  f lo w in g  o x y 

g e n  f o r  2 4  h r . a t  5 4 0 °  a n d  t h e n  e v a c u a t in g  i t  f o r  2 4  h r . 

a t  t h is  t e m p e r a t u r e . W h e n  t h e  0 2 t r e a t m e n t  w a s  

fo l lo w e d  b y  e v a c u a t io n  f o r  6  h r . b e fo r e  t r e a t m e n t  w i t h  

f lo w in g  H 2 f o r  2 4  h r . a n d  a  f in a l  e v a c u a t io n  f o r  2 4  

h r .,  a ll  a t  5 4 0 ° ,  t h e  c a t a ly s t  w a s  s a id  t o  b e  reduced. 
T h e  D P E  ( ~ 1 3  m g .)  w a s  w e ig h e d  in  a  c a p i lla r y  t u b e  

a n d  p la c e d  in  a  r e a g e n t  r e s e r v o ir  w h e r e  i t  w a s  d e g a s s e d  

b y  th e  f r e e z e -p u m p -t h a w  te c h n iq u e  a n d  s e a le d  u n d e r

v a c u u m . T r a n s fe r  o f  D P E  t o  t h e  c a t a ly s t  w a s  e ffe c te d  

b y  r u p t u r in g  a  b r e a k -s e a l  b e tw e e n  t h e  c a t a ly s t  a n d  

r e a g e n t  c o m p a r t m e n t s  a n d  h e a t in g  t h e  a s s e m b ly  a t  

6 2 °  f o r  1 h r . M o s t  s a m p le s  r e a c h e d  a  c o n s t a n t  r a d ic a l-  

io n  c o n c e n tr a t io n  a f t e r  7 2  h r ., a n d  a d d it io n a l  h e a t in g  

a t  6 2 °  a f t e r  th is  p e r io d  d id  n o t  le a d  t o  a n y  c h a n g e .

T h e  e le c tr o n  s p in  m e a s u r e m e n t s  w e r e  c a r r ie d  o u t  

w it h  a  V a r ía n  X - b a n d  s p e c t r o m e t e r  ( M o d e l  V - 4 5 0 0 )  

w it h  t h e  m ic r o w a v e  b r id g e  in  t h e  lo w -p o w e r  c o n fig u r a 

t io n  a n d  a  1 2 - in .  m a g n e t ;  t h e  m a g n e t ic  f ie ld  w a s  

m o d u la t e d  a t  1 0 0  k c . / s e c .  T h e  V a r ía n  m u lt ip u r p o s e  

c a v i t y  w a s  u s e d  f o r  t h e  s tu d ie s  o f  t h e  e ffe c ts  o f  a d d e d  

g a s e s . F o r  l in e -w i d t h  d e t e r m in a t io n s , t h e  V a r ía n  d u a l  

c a v i t y  w a s  u s e d  w it h  a n  a lk a l i n e -e t h a n o l  s o lu t io n  o f  

0 .1  M  h y d r o q u in o n e  (<xH =  2 .3 6 8  g a u s s )  a s  a  r e fe r e n c e . 

S p in -c o n c e n t r a t io n  m e a s u r e m e n t s  w e r e  m a d e  b y  c o m 

p a r is o n  o f  t h e  f ir s t  m o m e n t  o f  t h e  o v e r m o d u la t e d  d e 

r iv a t iv e  s ig n a ls  w it h  th o s e  o f  0 .0 0 1  M  l , l - d i p h e n y l - 2 -  

p ic r y lh y d r a z y l  in  b e n z e n e  (e629mM 1 4 ,5 9 0  i l i - 1  c m . - 1  

in  C H C I 3 12) u s in g  t h e  s a m e  e x p e r im e n ta l  c o n d it io n s .  

T h e  p o w e r  e n te r in g  t h e  c a v i t y  a r m  w a s  m e a s u r e d  w it h  

a  H e w le t t -P a c k a r d  4 3 I B  p o w e r  m e t e r  u s in g  a  2 0 - d b .  

c o u p le r .

(10) R. P. Porter and W. K. Hall, J. Catalysis, in press.
(11) B. D. Flockhart and R. C. Pink, Talanta, 9, 931 (1962).
(12) J. W. Eastman, G. M. Andróes, and M. Calvin, J. Chem. 
Phys., 36, 1197 (1962).
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Results and Discussion
T h e  r e s u lts  in  T a b le  I - A  d e m o n s t r a t e  t h a t  p u r it y  

a n d  c o v e r a g e  o f  D P E  h a v e  a  m a r k e d  e ffe c t  u p o n  t h e  

c o lo r  o f  t h e  c a t a ly s t  s a m p le , in d ic a t in g  a n  in c r e a s e  in  

t h e  6 0 7 -m ja  b a n d  w it h  in c r e a s in g  c o v e r a g e  a n d  im p u r i t y  

le v e l . T h e  r a d ic a l -io n  c o n c e n tr a t io n  v a r ie d  in v e r s e ly .  

T h i s  b e h a v io r  is  c o n s is te n t  w it h  t h e  id e n t if ic a t io n  b y  

R o o n e y  a n d  H a t h a w a y 9 o f  t h e  b lu e  s p e c ie s  w i t h  a n  

a lly l ic  c a r b o n iu m  io n , p r o v id e d  t h a t  a n  o x id iz in g  a g e n t  

is  in c lu d e d  a m o n g  t h e  im p u r it ie s . L e f t i n  a n d  H a l l 3 

d e m o n s t r a t e d  t h a t  t h e  f o r m a t i o n  o f  t h e  b lu e  sp e c ie s  

w a s  s t r o n g ly  c a t a ly z e d  b y  o x id iz in g  a g e n ts .

T h e  e f fe c t  o f  c a t a ly s t  p r e t r e a t m e n t  u p o n  t h e  g e n e r a 

t io n  o f  r a d ic a l  io n s  is  g iv e n  in  T a b le  I - B .  T r e a t m e n t  

o f  t h e  c a t a ly s t  w it h  h y d r o g e n  r e d u c e d  t h e  r a d ic a l -io n  

c o n c e n tr a t io n  o n e  o r d e r  o f  m a g n it u d e . I n  th e  p r e s e n c e  

o f  o x y g e n , t h e  s p in -c o n c e n tr a t io n  w a s  in c r e a s e d  o n e  

o r d e r  o f  m a g n it u d e  o v e r  t h a t  o b t a in e d  w it h  t h e  s t a n d 

a r d  p r e t r e a t m e n t . T h e s e  d a t a  a g r e e  w it h  e a r lie r  

r e s u lts 7' 10’ 13 f o r  p o ly n u c le a r  a r o m a t ic  h y d r o c a r b o n s  

a d s o r b e d  o n  t h e  s a m e  c a t a ly s t . I f  i t  is  a s s u m e d  t h a t  

t h e  e x t in c t io n  c o e ffic ie n t o f  t h e  r a d ic a l  io n  is  c lo s e  t o  

t h a t  r e p o r t e d 1' 3 fo r  t h e  m e t h y ld ip h e n y lc a r b o n iu m  io n  

in  H 2 S O 4  (e  3  X  1 0 4 M - 1  c m . - 1 ) ,  t h e n  t h e  m a x im u m  

r a d ic a l -io n  c o n c e n tr a t io n  o b s e r v e d  in  t h e  0 2-t r e a t e d  

s a m p le  w o u ld  b e  s u ffic ie n t  t o  g i v e  a n  a b s o r b a n c e  o f  

o n l y  a b o u t  0 .0 5 .  T h is  s u g g e s ts  t h a t  t h e  p e a k  d u e  t o  

t h e  r a d ic a l  io n  is  o b s c u r e d  b y  t h e  b a c k g r o u n d  in  t h e  

a b s o r p t io n  s p e c tr a  o f  D P E  o n  th is  c a t a ly s t .  T h e  e x 

t in c t io n  c o e ffic ie n t  o f  t h e  6 0 7 -m g  b a n d 3 w a s  s h o w n  t o  

b e  a t  le a s t  2 .2  X  1 0 4; t h e  a b s o r b a n c e  o f  t h e  6 0 7 -m ju  

b a n d  u n d e r  s im ila r  c o n d it io n s  is  a b o u t  3 . E v i d e n t l y ,  

a  c a t io n  r a d ic a l  is  fo r m e d  f r o m  p u r e  D P E ,  b u t  i t  d o e s  

n o t  c o r r e s p o n d  t o  t h e  b lu e  s p e c ie s .

I n  o r d e r  t o  c la r ify  s o m e  o f  t h e  c o n t r a d ic t o r y  re 

s u l t s 4’5'7’ 10' 11’ 13-15 c o n c e r n in g  t h e  e ffe c ts  o f  o x y g e n  a n d  

o t h e r  g a s e s  o n  t h e  e .p .r . s ig n a l  f r o m  a d s o r b e d  r a d ic a l  

io n s , a  c a r e fu l  s t u d y  w a s  m a d e  o f  t h e  s a t u r a t io n  p r o p 

e r tie s  a n d  l in e  s h a p e  o f  t h e  e .p .r . s ig n a l f r o m  D P E  o n  

s i l i c a -a lu m i n a  c a t a ly s t  A A A  in  v a r io u s  e n v ir o n m e n ts .  

R e s u lt s  a t  t w o  p o w e r  le v e ls  a r e  c o n t a in e d  in  T a b le  I I .  

R e lia b le  s p in -c o n c e n t r a t io n s  c a n  b e  c a lc u la te d  o n ly  

f r o m  t h e  in t e g r a t e d  a b s o r p t io n  a r e a  o f  c u r v e s  ta k e n  

u n d e r  c o n d it io n s  o f  c o m p le t e  u n s a tu r a t io n . T h e  

e ffe c ts  o f  a d d e d  h y d r o g e n  ( C - 1 ,2  a n d  D - 1 ,2 )  a n d  a r g o n  

( B - 3 ,4 ,5 )  r e p o r te d  b y  L e f t i n 4 c a n  b e  a c c o u n t e d  fo r  

m a i n ly  a s  c h a n g e s  in  s a t u r a t io n  le v e l  a n d  n o t  s p in -  

c o n c e n tr a t io n . T h e  a d d it io n  o f  s m a ll  a m o u n t s  o f  

w a t e r  v a p o r  a ls o  r e s u lts  in  a  d e c r e a s e  in  t h e  s a t u r a t io n  

le v e l  ( B -9  a n d  D - 3 ) ; h o w e v e r , la r g e  a m o u n t s  o f  w a t e r  

d o  d e c r e a s e  t h e  r a d ic a l -io n  c o n c e n tr a t io n  ( B - 1 0 ) .  

T h e s e  la t t e r  o b s e r v a t io n s  a g r e e  w it h  th o s e  o f  R o o n e y  

a n d  P i n k .5 A  s m a ll  a p p a r e n t  lo w e r in g  in  s p in -c o n c e n 

t r a t io n  m a y  a ls o  o c c u r  a t  h ig h  p o w e r  w it h  e v a c u a t e d  

s a m p le s  d u e  t o  t e m p e r a t u r e  e le v a t io n  b y  a b s o r p t io n  o f  

m ic r o w a v e  e n e r g y . T h e  a d d it io n  o f  H 2, A r ,  a n d  H 20  

d id  n o t  le a d  t o  a n y  c h a n g e  in  s ig n a l  w id t h  o r  s h a p e  

u n d e r  u n s a t u r a t e d  c o n d i t io n s ; t h e  w id t h  d id  in c r e a s e  

a t  h ig h e r  p o w e r s  a s  t h e  le v e l  o f  s a t u r a t io n  in c r e a s e d .  

T h e  a d d it io n  o f  o x y g e n  in  a l l  c a s e s  le d  t o  a  r e v e r s ib le  

b r o a d e n in g  o f  t h e  s ig n a l  w id t h , e.g., AH =  1 0 .1 ,

1 3 .0 ,  1 5 .2 ,  a n d  1 0 .1  g a u s s  f o r  B - 5  t o  B - 8 ,  r e s p e c t iv e ly .

T h e  e f fe c t  o f  o x y g e n  o n  e .p .r .  s p e c tr a  o f  D P E  o n  

s i l ic a -a lu m i n a  is  t h r e e fo ld . E x p o s u r e  t o  o x y g e n  u n 

s a t u r a te s  t h e  s ig n a l  {e.g., A - 2  a n d  B - 6 ) ;  i t  c a n  a ls o  

le a d  t o  a  c h a n g e  in  s ig n a l  s h a p e  f r o m  g a u s s ia n  t o  lo r e n t -  

z ia n  ( B - 7 ,8  a n d  C - 3 )  a n d  i t  e ffe c ts  a  r e a l t im e -d e p e n d e n t  

in c r e a s e  in  t h e  s p in -c o n c e n t r a t io n  ( A - 2  a n d  C - 3 ) .  

T h e  r e s u lts  o f  I m a i ,  O n o , a n d  K e i i ,16 17 18 w h o  r e p o r te d  

t h a t  t h e  p e a k  h e ig h t  f r o m  t h e  a n t h r a c e n e  r a d ic a l  io n  

f ir s t  in c r e a s e d  s h a r p ly  a n d  th e n  d e c r e a s e d  m o r e  s lo w ly  

w it h  o x y g e n  p r e s s u r e , c a n  b e  u n d e r s to o d  in  th e s e  t e r m s .  

T h e  in it ia l  in c r e a s e  is  d u e  m a in ly  t o  u n s a t u r a t io n  o f  t h e  

s a m p le  b u t  p a r t ly  t o  a  re a l in c r e a s e  in  r a d ic a l  c o n c e n 

t r a t io n ; t h e  d e c r e a s e  in  p e a k  h e ig h t  is  c a u s e d  b y  a  

c h a n g e  in  s ig n a l  s h a p e .

I n  t h e  a b s e n c e  o f  o x y g e n , t h e  lin e  s h a p e  o f  D P E  

a d s o r b e d  o n  s i l ic a -a lu m i n a  c a t a ly s t  A A A  is  g a u s s ia n ,  

c o n s is t in g  o f  a n  e n v e lo p e  o f  m a n y  u n r e s o lv e d  p r o t o n  

h y p e r f in e  c o m p o n e n t s  b r o a d e n e d  b y  i n c o m p le t e  a v e r 

a g in g  o f  t h e  a n is o tr o p ic  te r m s  o f  t h e  h y p e r f in e  in t e r 

a c t io n  a n d  a ls o  b y  a n y  p e r tu r b a t io n s  o f  t h e  a p p lie d  

m a g n e t ic  f ie ld  b y  r a n d o m  lo c a l  f ie ld s  o f  t h e  s o lid .  

U p o n  t h e  a d d it io n  o f  1 0  m m . o f  0 2, t h e  s ig n a l  b e c a m e  

lo r e n t z ia n  in  t h e  w in g s  w h ile  s t il l  r e ta in in g  t h e  g a u s s ia n  

s h a p e  in  t h e  c e n te r . A t  2 0  m m . o f  0 2 a n d  a b o v e ,  t h e  

s ig n a l w id t h  in c r e a s e d  w it h  in c r e a s in g  o x y g e n  p r e s s u r e ,  

a n d  t h e  lin e  s h a p e  w a s  c o m p le t e ly  lo r e n t z ia n . T h is  

b r o a d e n in g  e ffe c t  o f  o x y g e n  h a s  b e e n  o b s e r v e d  in  s e v e r a l  

c a r b o n a c e o u s  m a t e r i a ls ,16-18 b u t  v a r ia t io n s  in  t h e  lin e  

s h a p e  f r o m  g a u s s ia n  t o  lo r e n t z ia n  w e r e  n o t  r e p o r te d .  

I n g r a m 19 s t a t e s  t h a t  t h e  in t e r a c t io n  o f  t h e  e le c t r o n  

w it h  t h e  p a r a m a g n e t ic  o x y g e n  m o le c u le  c a n  b e  v i e w e d  

a s  a  f o r m  o f  c o llis io n  b r o a d e n in g  o r  a s  a n  in c r e a s e d  

s p in -la t t ic e  in t e r a c t io n  s in c e  b o t h  r e d u c e  t h e  c h a r a c t e r 

is t ic  r e la x a t io n  t im e .

(1 3 )  J . K .  F o g o ,  J. Phys. Chem., 6 5 , 1919  (1 9 6 1 ) .
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1, 3 7 2  (1 9 6 2 ).

(1 5 )  H . I m a i , Y .  O n o , a n d  T .  K e i i ,  J. Phys. Chem., 6 9 , 1082  (1 9 6 5 ) .
(1 6 )  D .  E . G . A u s t in  a n d  D .  J . E . I n g r a m , Chem. Ind. ( L o n d o n ) .  
9 81  (1 9 5 6 ).

(1 7 )  L .  S . S in g er , Proc. Conf. Carbon, 5th, University Park, Pa., 
1961, 2, 3 7  (1 9 6 3 ) .

(1 8 )  A .  J. S a r a c e n o  a n d  N . D .  C o g g e sh a ll , J. Chem. Phys., 3 4 , 2 60  
(1 9 6 1 ) .

(1 9 )  D .  J . E . In g r a m , “ F re e  R a d ic a ls  as S tu d ie d  b y  E le c t r o n  S p in  
R e s o n a n c e ,”  B u t te r w o r t h  a n d  C o .  L t d . ,  L o n d o n , 1 9 5 8 , p p .  210 - 2 12 .
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Table II: Effect of Added Gases on Spectra from 1,1-Diphenylethylene Adsorbed on Silica-Alumina Catalyst AAA

----------------P ow er in pu t in to  ca v ity , m w .---------------
-0 .036------------------------- • ,------------------------- 4 .35 -

Signal Signal
U nsatd . spin- height, height,
con centration , arbitrary % arbitrary

'---------------------------------Sam ple treatm ent--------------------------------------- % sp in s /g . X  10 " 18 units saturation units

A. 1. Standard 1 . 3 19 7 7 5 7
2. 10 mm. of 0 2 added for 1 hr. 2 . 1 336 41 258*
3. 0 2 pumped out and 10 mm. of H2 added 2 . 4 34 64 160

B. 1. Standard, sealed off with 5 mm. of 0 2 8 . 2 25 13 284
2. 02 pumped out 7 . 5 22 63 110
3. 10 mm. of argon added 7 . 3 23 57 130
4. 100 mm. of argon added 7 . 5 22 28 203
5. Argon pumped out 6.6 21 64 100
6. 20 mm. of 0 2 added 6.4 8° 12 88“
7. 40 mm. of 0 2 added 5.2 4° 13 46“
8. 0 2 pumped out 7.2 21 31 168
9. 1.5 X 10ls H20/cm .2 added 6.8 23 27 217

10. 3.6 X 1014 H20/cm .2 added 1.0 4

C. 1. Reduced 0.3 5 63 22
2. 8 mm. of H2 added 0.5 8 61 41
3. H2 pumped out and 10 mm. of 02 added

a. After 1 hr. 0.8 126 11 1426
b. After 216 hr. 2.2 28“ 2 360“

4. 0 2 pumped out 2.9 40s 16 2221'
D. 1. Reduced, sealed off with 8 mm. of H2 0.3 7 25 69

2. H2 pumped off 0.6 10 66 45
3. Exposed to 10 mm. of H20 0.4 8 60 45

“ Signal shape is lorentzian. 6 Signal shape is a mixture of lorentzian in the wings and gaussian in the center. All signal shapes 
without superscript are gaussian.

T h e  u s e  o f  r e la t iv e  s ig n a l  h e ig h t  t o  in v e s t ig a t e  t h e  

e ffe c ts  o f  o x y g e n  is  m is le a d in g , a s  c a n  b e  s e e n  b y  c o m 

p a r in g  B - 5  t o  B - 7 .  T h e  m e a s u r e d  d e c r e a s e  in  s p in -  

c o n c e n tr a t io n  in  4 0  m m . o f  0 2 w a s  2 3 % ,  w h ile  t h e  p e a k  

h e ig h t  d e c r e a s e d  b y  a  f a c t o r  o f  5 . T h e  s ig n a l , w h ile  

e n c lo s in g  a p p r o x im a t e ly  t h e  s a m e  a r e a , w a s  a lte r e d  

in  s h a p e  f r o m  g a u s s ia n  t o  lo r e n t z ia n . T h e  s i t u a t io n  

w a s  a  l i t t le  i m p r o v e d  a t  h ig h  p o w e r  d u e  t o  a  p a r t ia l  

c o m p e n s a t io n  b e t w e e n  u n s a t u r a t io n  a n d  b r o a d e n in g  

in  0 2.

T h e  e x a c t  n a t u r e  o f  t h e  s p e c ie s  r e s p o n s ib le  fo r  t h e  

p a r a m a g n e t ic  s ig n a l  is  n o t  k n o w n ; i t  m a y  b e  t h e  r a d ic a l  

io n  o f  t h e  o le fin  o r  o f  a  (r e a r r a n g e d )  d im e r . M o r i g a g i ,  

et al.,20 p u b lis h e d  r e s o lv e d  e .p .r .  s p e c tr a  o f  1 0 - 3  t o  

1 0 - 4  M  D P E  in  t e t r a h y d r o f u r a n  (y e llo w  s o lu t io n )  in  

t h e  p r e s e n c e  o f  s o d iu m  m e t a l ,  w h ic h  t h e y  a t t r ib u t e d  

t o  t h e  D P E  m o n o m e r  a n io n  w i t h  t h e  a p p r o x im a t e  

p r o t o n  h y p e r f in e  s p li t t in g  c o n s t a n t s  o f  avara =  aortho =  
6  g a u s s , ameta =  1 g a u s s , a n d  ap =  3  g a u s s . A f t e r  

h e a t in g  t h e  s o lu t io n  f o r  2  d a y s  a t  1 0 0 ° ,  t h e y  o b t a in e d  

a  g r e e n  s o lu t io n  w it h  a  n in e -l in e  s p e c tr u m  (aPaTa =

5 .4  g a u s s , aortho =  2 .7  g a u s s , amem =  ~ 0 ) ,  w h ic h  w a s

a s c r ib e d  t o  a  p o ly m e r  r a d ic a l . E v a n s  a n d  E v a n s 21 

o b t a in e d  a n  e .p .r .  s p e c tr u m  s im ila r  t o  t h a t  o f  M o r i g a g i ,  

et al., f o r  a  s o lu t io n  o f  D P E  in  c y c lo h e x a n e  in  c o n t a c t  

w it h  s o d i u m -p o t a s s i u m  a l lo y . S in c e  t h e  s p in -c o n c e n 

t r a t io n  m e a s u r e d  c o r r e s p o n d e d  t o  8 0 %  o f  t h e  t o t a l

D P E ,  t h e y  c o n c lu d e d  t h a t  t h e  a n io n  r a d ic a l  w a s
e

C H 2- G P h  a n d  t h e y  a t t r ib u t e d  a  b a n d  a t  6 3 0  m /x  t o  th is  

s p e c ie s . I t  is  w e ll  k n o w n  t h a t  a n t h r a c e n e , w h ic h  is  

q u it e  s im ila r  t o  D P E  f r o m  t h e  s p e c tr o s c o p ic  v ie w p o in t ,  

fo r m s  b o t h  c a t io n  a n d  a n io n  r a d ic a ls . I t  is  n o t  u n 

l ik e ly , th e r e fo r e , t h a t  t h e  m o n o m e r ic  c a t io n  r a d ic a l  

is  a t  le a s t  p a r t ly  r e s p o n s ib le  f o r  t h e  p a r a m a g n e t is m .
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Energy Transfer between Molecules and 

Electronically Excited Atoms.1 II
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R e c e n t  in v e s t ig a t io n s 2 o n  t h e  n a t u r e  o f  t h e  e x c ite d  

s p e c ie s  o f  a r g o n  fo r m e d  th r o u g h  t h e  a c t io n  o f  /3 -r a d ia 

t io n  a n d  t h e  m e c h a n is m s  o f  e n e r g y  tr a n s fe r  f r o m  th e s e  

s p e c ie s  t o  v a r io u s  o r g a n ic  a n d  in o r g a n ic  m o le c u le s  h a v e  

p r o v id e d  a  c le a r e r  u n d e r s ta n d in g  o f  e x p e r im e n ts  in  

ra r e  g a s  s e n s it iz e d  r a d io ly s is  o f  o r g a n ic  c o m p o u n d s .  

W e  w is h  t o  r e p o r t  s o m e  r e la t iv e  v a lu e s  o f  r a te  c o n s ta n ts  

fo r  t o t a l  q u e n c h in g  o f  th e s e  e x c ite d  s p e c ie s  a n d  t h e  

e ffic ie n c ie s  b y  w h ic h  th e  o r g a n ic  m o le c u le s  u n d e r g o  

io n iz a t io n  in  t h e  p r o c e s s  o f  c o llis io n  w h e n  t h e  tr a n s 

fe r r e d  e n e r g y  e x c e e d s  th e ir  io n iz a t io n  p o t e n t ia l .

E x c i t e d  s p e c ie s  o f  a r g o n  w e r e  fo r m e d  b y  t h e  a c t io n  o f  

t r i t iu m  /3 -r a y s  o n  a r g o n  g a s  f lo w in g  c o n t in u o u s ly  

t h r o u g h  a  m ic r o io n iz a t io n  c h a m b e r 3 a t  a t m o s p h e r ic  

p r e ssu r e . T h e  a d d it io n  o f  v a r io u s  q u a n t it ie s  o f  o r 

g a n ic  v a p o r s  ( 1 : 1 0 3) c a u s e d  c h a n g e s  in  t h e  d e g r e e  o f  

io n iz a t io n  w h ic h  w e r e  m e a s u r e d  b y  t h e  c h a n g e  in  t h e  

c u r r e n t  c o lle c t e d  in  t h e  io n iz a t io n  c h a m b e r . F o l lo w in g  

t h e  t r e a t m e n t  o f  J e s s e 4 a n d  o t h e r s ,2 w e  c a n  w r ite

A r  -— A r +  a n d  s u b s e q u e n t ly  A r 2+  (1 )

A r ------------- A r *  (2 )

A r *  +  A r  — 2 A r  (a l l  s e lf -q u e n c h in g  r e a c t io n s )  (3 )  

M +  +  e  +  A r  (4 )

y
A r *  +  M

*6\
m o le c u la r  d e c o m p o s it io n  -f - A r  (5 )

V a r io u s  v a lu e s  o f  k a r e  t h e  r a te  c o n s t a n t s  o f  t h e  re 

s p e c t iv e  r e a c t io n s ; kd d e s c r ib e s  a ll t h e  s te p s  th r o u g h  

w h ic h  t h e  e x c ite d  a r g o n  sp e c ie s  w ill  b e  d e s t r o y e d  in  

p u r e  a r g o n 2a a n d  A r *  re fe r s  t o  t h e  e le c t r o n ic a lly  e x c ite d  

s t a t e  o f  a r g o n 2 w it h  a n  e n e r g y  o f  a b o u t  1 1 .8  e .v .  N o  

h ig h e r  e x c ite d  s t a t e s 2b o f  a r g o n  A r * *  ( 1 4 - 1 5  e .v . )  a re  

e x p e c te d  t o  p a r t ic ip a t e  in  t h e  io n iz a t io n  a c t  a s  th e ir  

h ig h  r a te  c o n s t a n t  fo r  r e a c t io n  w it h  a r g o n  a t o m s  

( A r * *  +  A r ,  A r 2+  +  e , k ~  1 0 ~ 9 c c . / s e c . ) 5 is  e x p e c te d  

t o  m a k e  a n y  c o m p e t it io n  f o r  t h e  o r g a n ic  m o le c u le s  m o s t  

u n lik e ly  s in c e  t h e  r e la t iv e  c o n c e n tr a t io n  o f  a r g o n  t o

t h a t  o f  th e  a d d it iv e  M  is  a t  le a s t  1 0 s. A p p l i c a t i o n  o f  

t h e  s t e a d y -s t a t e  k in e t ic s  t o  t h e  e x c it e d  s p e c ie s  o f  a r g o n  

in  s u c h  a  s y s t e m  w o u ld  y ie ld  t h e  f o l lo w in g  S t e r n  a n d  

V o lm e r  t y p e  e q u a t io n  f o r  t h e  c h a n g e  in  t h e  r a t e  o f  io n  

fo r m a t i o n  u n d e r  s a t u r a t io n  c u r r e n t  m e a s u r e m e n t s 4

1 _ ki + ks kd 1

A R  =  KJti '  +  K jii  X  C

w h e r e  A R is  t h e  in c r e a s e  in  t h e  r a t e  o f  f o r m a t i o n  o f  

io n s  t h r o u g h  r e a c t io n  4  w h e n  t h e  o r g a n ic  c o m p o u n d  M  

is  a d d e d  t o  a  s y s t e m  o f  p u r e  a r g o n ; K 2 is  e q u a l  t o  k2

Figure 1. Variation of the inverse of the current 
increment vs. the inverse of the relative concentration 
of the organic vapor to that of argon. Saturation 
current measurements were made at 300 v./cm.

( A )  a n d  C is  t h e  r a t io  o f  t h e  c o n c e n t r a t io n  o f  t h e  o r 

g a n ic  m o le c u le  t o  t h a t  o f  a r g o n  p r e s e n t  in  t h e  c h a m b e r .  

A  p lo t  o f  1 / A R a s  m e a s u r e d  b y  t h e  c u r r e n t  in c r e m e n t  

in  t h e  io n iz a t io n  c h a m b e r  vs. 1 / ( 7  w ill  y i e ld  a  s t r a ig h t

(1 )  T h is  w o r k  w a s  s u p p o r te d  b y  g r a n ts  f r o m  t h e  N a t io n a l  A e r o 
n a u t ic s  a n d  S p a c e  A d m in is tr a t io n  (N s G  1 9 2 -6 1 ) a n d  th e  N a t io n a l  
I n s t itu te  o f  H e a lth  (H E -0 3 5 5 8 ) .

(2 )  (a )  M .  M .  S h a h in  a n d  S . R .  L ip s k y ,  J. Chem. Phys., 4 1 , 2 02 1
(1 9 6 4 ) ; ( b )  G .  S . H u r s t , T .  E . B o r t n e r , a n d  R .  E . G lie k , ibid., 4 2 , 
7 1 3  (1 9 6 5 ).

(3 )  M .  M .  S h a h in  a n d  S . R .  L ip s k y , Anal. Chem., 3 5 , 4 6 7  (1 9 6 3 ) .

(4 )  W .  P . Jesse  a n d  J . S a d a u sk is , Phys. Rev., 1 0 0 , 1 75 5  (1 9 5 5 ) .

(5 )  P .  M .  B e c k e r  a n d  F .  W .  L a m p e , J. Chem. Phys., 4 2 , 3 8 5 7  (1 9 6 5 ) '
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lin e  fr o m  w h ic h  t h e  r e la t iv e  v a lu e s  o f  t h e  v a r io u s  

p a r a m e te r s  c a n  b e  e v a lu a t e d . D e t a i l s  o f  t h e  e x p e r i

m e n t s  h a v e  b e e n  r e p o r te d  e ls e w h e r e .1 2® C a r e  h a s  b e e n  

t a k e n  t o  e n su r e  t h a t  n o  e x c it a t io n  o f  a r g o n  g a s  o c c u r s  

t h r o u g h  a c c e le r a t io n  o f  t h e  e le c t r o n  in  t h e  f ie ld  a n d  

c o r r e c tio n s  h a v e  b e e n  a p p lie d  t o  t h e  m e a s u r e d  c u r r e n t  

in c r e m e n t  in  o r d e r  t o  r e m o v e  t h e  e f fe c t  o f  t h e  c h a n g e  in  

e le c tr o n  d r if t  v e l o c i t y  a s  t h e  o r g a n ic  m o le c u le  is  in 

tr o d u c e d  in t o  t h e  s y s t e m . G a s  m ix t u r e s  w e r e  a l l  p r e 

p a r e d  a n d  a n a ly z e d  b y  m a s s  s p e c t r o m e t r y  a n d  fu r th e r  

d ilu te d  t o  t h e  r e q u ir e d  c o n c e n tr a t io n s . T h e  r e s u lts  

fo r  a  n u m b e r  o f  g a s e s  a r e  s h o w n  in  F ig u r e  1 a n d  th e ir  

r e la t iv e  r a te  c o n s t a n t s  a s  m e a s u r e d  t h r o u g h  t h e  s lo p e s  

a n d  in t e r c e p t s  o f  t h e  lin e s  a r e  t a b u la t e d  in  T a b le  I .  

T h e  o v e r -a l l  a c c u r a c y  o f  t h e  t a b u la t e d  v a lu e s  is  n o t  

c o n s id e r e d  t o  b e  b e t t e r  t h a n  3 0 % ,  o w in g  t o  t h e  a c c u m u 

la t e d  e rro rs  in c lu d in g  t h a t  i n v o lv e d  in  t h e  e x tr a p o la 

t io n  o f  t h e  b e s t  d r a w n  lin e  t h r o u g h  t h e  d a t a  f o r  in t e r 

c e p t  m e a s u r e m e n t s . T h e  r e la t iv e  v a lu e s  a r e  r e g a r d e d ,  

h o w e v e r , t o  b e  m o r e  a c c u r a te .

Table I : Relative Rate Constants for Energy Transfer from 
Excited Argon Atoms to Various Organic Molecules

(A/i +  kì)/kd ki/Ay,
h/

(M +  h),
X  10-3 rei. rei.

Acetylene 1.25 1.00 1.00
Methylacetylene 1.56 1.09 0.87
Ethylene 2.00 0.45 0.28
Propane 2.06 0.36 0.22
«-Butane 2.27 0.61 0.33
Neopentane 1.69 0.55 0.41
Acetone 2.10 0.48 0.29
Benzene 1.0 0.42 0.53

F r o m  t h e  r e s u lts  in  T a b l e  I ,  i t  is  e v id e n t  t h a t  t h e  

q u e n c h in g  o f  t h e  e x c it e d  s p e c ie s , a l t h o u g h  r o u g h ly  

s im ila r  f o r  m o s t  o f  t h e  g a s e s , is  n o t  r e f le c te d  in  t h e  

io n iz a t io n  o f  t h e  m o le c u le s . T h e s e  r e s u lts  a p p e a r  

d iffe r e n t  f r o m  th o s e  o f  H u r s t ,  et al.,2h w h o  h a v e  e v a lu a t e d  

th e s e  r a te  c o n s t a n t  r a t io s  t h r o u g h  c o m p u t e r  c a lc u la 

t io n s  o f  th e ir  d a t a  w h ic h  c o v e r e d  u p  t o  1 0 0 %  o f  t h e  

o r g a n ic  g a s , b u t  b y  n o  m e a n s  a t  t h e  e x t r e m e ly  lo w  c o n 

c e n tr a t io n s  a t  w h ic h  p r e s e n t  m e a s u r e m e n t s  w e r e  m a d e .  

T h e  o n ly  o t h e r  d a t a  a v a i la b le  in  t h e  l i te r a tu r e  a r e  

th o s e  d u e  t o  J e s s e 4 * f o r  a c e t y le n e  a n d  e t h y le n e  w h ic h  i f  

t r e a te d  in  t h is  m a n n e r  g i v e  t h e  r a te  c o n s t a n t  r a t io s  

(fci +  h)/kd  o f  1 .5  X  1 0 8 a n d  2 .6  X  1 0 3, r e s p e c t iv e ly .  

T h e s e  v a lu e s  a r e  s im ila r  t o  o u r  1 .2 5  X  1 0 3 a n d  2 .0  X  

1 0 3 a n d  c o n t r a s t  w it h  8 .5  X  1 0 3 a n d  1 8 .3  X  1 0 3 a s  

d e d u c e d  f r o m  t h e  r e s u lts  o f  H u r s t ,  et al.-h

Enthalpy of Solid Solution for a 

Metastable Silver—Copper Alloy1®

b y  R o n a l d  K .  L i n d e lb

W. M. Keck Laboratory of Engineering Materials,
California Institute of Technology, Pasadena, California 
(Received July 8, 1965)

P r io r  e x p e r im e n ta l  w o r k  o n  t h e  e n t h a lp y  o f  s o lid  

s o lu t io n  o f  A g - C u  a l lo y s  h a s  b e e n  c o n fin e d  t o  t h e  

n a r r o w  l im it s  o f  c o m p o s it io n s  w h ic h  e x is t  a s  e q u il ib r iu m  

s o lid  s o lu t io n s  a t  e le v a t e d  t e m p e r a t u r e s . 1 A  l iq u id 

q u e n c h in g  te c h n iq u e  d e s c r ib e d  in  a n o t h e r  p a p e r 3 

h a s  m a d e  p o s s ib le  t h e  a c q u is i t io n  o f  d a t a  a t  a  c o m p o 

s it io n  c o n s id e r a b ly  b e y o n d  t h e  l im it s  o f  s o lid  s o lu b i l i t y  

w h ic h  e x is t  in  t h e  e q u il ib r iu m  p h a s e  d i a g r a m . 4

B y  th is  t e c h n iq u e  s u it a b le  f o i ls  o f  s in g le -p h a s e  m e t a 

s ta b le  7 5 .0  a t o m ic  %  A g - C u  s o lid  s o lu t io n s  w e r e  p r e 

p a r e d  ( fr o m  A g  o f  p u r i t y  > 9 9 . 9 9 %  a n d  C u  o f  p u r i t y  

> 9 9 . 9 9 9 % )  a n d  c h e c k e d  f o r  s in g le -p h a s e  c o m p o s it io n  

(u s in g  X - r a y  d i f fr a c t io n ) . H a l f  o f  t h e  fo i ls  w e r e  re 

ta in e d  in  t h e  m e t a s t a b le  c o n d it io n , w h ile  h a l f  w e r e  

h e a t e d  a t  2 0 5 °  in  a n  a r g o n  a t m o s p h e r e  f o r  a b o u t  2 0 0  

h r . a n d  w e r e  c h e c k e d  b y  X - r a y  d if fr a c t io n  t o  e n su re  

t r a n s f o r m a t io n  t o  t h e  s t a b le  s t a t e  ( < 0 . 2  a t o m ic  %  

s o lu t e  in  s o lu t io n 4) .  F o i ls  w e r e  t h e n  c le a n e d  ( to  re 

m o v e  o x id e s , e t c .)  b y  s w a b b i n g  w it h  a  2 8 .4 6  w t .  %  

H N O 3  s o lu t io n , r in s e d  w it h  d is t i l le d  w a t e r , th e n  

s w a b b e d  w it h  a c e to n e , a n d  a llo w e d  t o  d r y  in  a ir .

T h e  c a lo r im e te r  c o n s is te d  o f  a  s m a ll , w e ll -in s u la t e d  

d o u b le -w a l le d  d e w a r  f la s k  p r o v id e d  w it h  a  t i g h t -  

f i t t in g  c o v e r  c o n ta in in g  a  s m a ll  in le t  d o o r  f o r  in t r o d u c 

in g  t h e  s p e c im e n . F o r  e a c h  e x p e r im e n t , a  s o lu t io n  o f

2 8 .4 6  w t .  %  H N O 3 w a s  a d d e d  t o  t h e  c a lo r im e t e r ,  

w h ic h  w a s  m a in ta in e d  a t  2 3 .0  ±  0 . 5 °  b u t  w h ic h  w a s  

h e ld  c o n s t a n t  t o  w ith in  0 .0 1 °  d u r in g  a n y  g iv e n  e x p e r i

m e n t .  T h e  fo i ls  w e r e  w e ig h e d  in t o  s a m p le  lo t s  o f  

0 .3 0 0  g . e a c h  a n d  in t r o d u c e d  in t o  t h e  a c id  s o lu t io n  

a ft e r  t h e  t e m p e r a t u r e  o f  t h e  s y s t e m  h a d  s ta b il iz e d .  

T h e  lo w  r a te  o f  h e a t  lo s s  f r o m  t h e  s y s t e m  m a d e  i t  

p o s s ib le  t o  w a it  f o r  a l l  s t ir r in g  t o  o c c u r  b y  n a tu r a l  

c o n v e c t io n  c u r r e n ts . T h e  r ise  in  t e m p e r a t u r e  w h e n

(1) (a) This work was sponsored by the U. S. Atomic Energy Com
mission; (b) Poulter Laboratories, Stanford Research Institute, 
Menlo Park, Calif.
(2) (a) N. Swindells and C. Sykes, Proc. Roy. Soc. (London), A168, 
237 (1938); (b) R. A. Oriani and W. K. Murphy, I. Phys. Chem., 
62, 199 (1958).
(3) R. K. Linde, Trans. AIME, in press.
(4) M. Hansen, “ Constitution of Binary Alloys,” 2nd Ed., McGraw-
Hill Book Co., Inc., New York, N. Y., 1958, pp. 18-20.
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t h e  fo i ls  w e r e  d is s o lv e d  in  t h e  a c id  w a s  d e t e c te d  b y  

t w o  g la s s  b e a d  t h e r m is to r s  a n d  r e c o r d e d  b y  m e a n s  o f  

a  W h e a t s t o n e  b r id g e  c ir c u it . (S e e  F ig u r e  1 f o r  t y p i c a l  

te m p e r a t u r e  r e c o r d s .)

T h e  u s e  o f  2 5 .1 6  m l .  o f  a c id  s o lu t io n  in  th e  c a se  o f  

t r a n s fo r m e d  fo i ls  r e s u lte d  in  a  t e m p e r a t u r e  r ise  o f  0 .7 1  

±  0 . 0 2 ° .  I n  t h e  c a s e  o f  m e t a s t a b le  fo i ls , 3 1 .0 1  m l .  w a s  

r e q u ir e d  t o  m a in t a in  t h e  s a m e  t e m p e r a t u r e  r ise . I t  

w a s  t h u s  p o s s ib le  t o  c a lc u la te  t h e  e n t h a lp y  d iffe r e n c e  

f r o m  a  k n o w le d g e  o f  t h e  h e a t  c a p a c i t y  o f  t h e  a c id  

s o lu t io n  a n d  w it h o u t  a  p r e c ise  k n o w le d g e  o f  h e a t  lo sse s  

o r  o f  t h e  e n e r g y  e q u iv a le n t  o f  t h e  e n tir e  c a lo r im e te r  

a lt h o u g h  th is  p r o c e d u r e  p r e c lu d e d  a  m e a n in g fu l  

m e a s u r e m e n t  o f  t h e  t o t a l  e n e r g y  re le a se  f o r  a  g iv e n  

t y p e  o f  fo il .

<
tr
LU

SAM P LE  IN

I I I I I I 1 I___ L
5 0  100

TIME (MIN.)

1 I I L

Figure 1. Two typical temperature records for 
dissolution of foils in acid solution.

A s  a n  in d ic a t io n  o f  a c c u r a c y  a n d  a  c h e c k  t h a t  n o  

s ig n ific a n t  e rr o r  w o u ld  b e  in t r o d u c e d  b y  a n y  u n c o m 

p e n s a te d  e ffe c ts  a s s o c ia te d  w it h  c h a n g e s  in  c o n ta c t  

a r e a  e n c o u n te r e d  fo r  t h e  a c id  s o lu t io n , s e v e r a l  p a ir s  o f  

e x p e r im e n ts  w e r e  p e r fo r m e d  u s in g  s p e c im e n  w e ig h ts  

a n d  a m o u n t s  o f  a c id  s o lu t io n  s u b s t a n t i a l ly  d iffe r e n t  

f r o m  t h e  v a lu e s  q u o t e d  a b o v e . T h u s ,  f o r  e x a m p le , in  

o n e  p a ir  o f  e x p e r im e n ts  t h e  q u a n t it ie s  w e r e  a d ju s t e d  

so  t h a t  t h e  w e ig h t  o f  e a c h  t y p e  o f  f o i l  w a s  d o u b le d ,  

w h ile  t h e  c o n t a c t  a r e a  b e tw e e n  t h e  a c id  s o lu t io n  a n d  th e  

d e w a r  w a lls  w a s  in c r e a s e d  b y  6 0 % ;  t h e  c o m p u t e d  

v a lu e  o f  t h e  e n t h a lp y  d iffe r e n c e  w a s  u n c h a n g e d , h o w 

e v e r . E x p e r im e n t s  w e r e  r e p e a te d  s e v e r a l  t im e s  to  

e n s u r e  r e p r o d u c ib il ity .

W h e n  t h e  m e t a s t a b le  fo i ls  w e r e  d is s o lv e d , a d d it io n a l  

e n e r g y  c o r r e s p o n d in g  t o  t h e  e n t h a lp y  o f  s o lid  s o lu t io n  

w a s  r e le a s e d . W i t h i n  t h e  e rr o r  l im it s  s t a t e d  b e lo w , t h e  

c o n t r ib u t io n  f r o m  a t o m s  in  g r a in  b o u n d a r ie s  a n d  o t h e r  

h ig h -e n e r g y  c o n fig u r a t io n s  c o u ld  b e  c o n s id e r e d  t h e  s a m e  

f o r  b o t h  t y p e s  o f  fo ils  ( d e d u c e d  p r im a r i ly  o n  t h e  b a s is  

o f  m ic r o s c o p y  a n d  X - r a y  d iffr a c t io n  s t u d i e s ) . A l l  e x 

p e r im e n t a l  c o n d it io n s  w e r e  k e p t  id e n t ic a l . T h u s ,  t h e  

e n t h a lp y  o f  s o lid  s o lu t io n  s h o u ld  b e  c lo s e ly  e q u a l  t o  t h e  

e n t h a lp y  d iffe r e n c e  b e tw e e n  t h e  m e t a s t a b le  a n d  s t a b le  

fo ils  a n d  c a n  b e  c a lc u la te d  f r o m  t h e  c o r r e s p o n d in g  d i f 

fe r e n c e  in  a m o u n t  o f  a c id  s o lu t io n  r e q u ir e d  t o  m a in t a in  

th e  s a m e  t e m p e r a t u r e  r ise  f o r  b o t h  c a se s .

R e s u lt s  s h o w  a n  e n t h a lp y  o f  s o lid  s o lu t io n  e q u a l  to  

1 1 5 0  ±  2 0 0  c a l . /g . - a t o m .  B y  w a y  o f  c o m p a r is o n ,  

S c h e i l ’ s  a n a ly s is 5 p r e d ic ts  a  v a lu e  o f  a b o u t  1 1 1 0  c a l . / g . -  

a t o m , w h ile  H a r d y ’ s “ s u b -r e g u la r ”  m o d e l6 r e s u lts  in  a  

v a lu e  o f  9 6 4  c a l . /g . - a t o m  i f  a n y  t e m p e r a t u r e  d e p e n d 

e n c e  is  n e g le c te d .

H e u m a n n 7 h a s  c o m p u t e d  t h e  “ d is t o r t io n a l  e n e r g y ”  

(c o n t r ib u t io n  t o  t h e  e n t h a lp y  o f  s o lid  s o lu t io n  d u e  to  

d iffe r e n c e  in  s iz e s  o f  A g  a n d  C u  a t o m s )  f o r  t h e  c o m p o 

s it io n  in  q u e s t io n  t o  b e  a b o u t  1 2 3 0  c a l . /g . - a t o m  a n d  

h a s  c o n c lu d e d  t h a t  th is  r e p r e s e n ts , b y  f a r , t h e  m a jo r  

fa c t o r  in  t h e  e n t h a lp y  o f  s o lid  s o lu t io n . O n  t h e  o t h e r  

h a n d , O r ia n i  a n d  M u r p h y 2b s t u d ie d  a n  8 9  a t o m i c  %  

A g - C u  a l lo y  a n d  c o n c lu d e d  t h a t  t h e  e n e r g e t ic s  fo r  

in t r o d u c in g  s o lu t e  s p e c ie s  a r e  in d e p e n d e n t  o f  r i g i d i t y  

o f  t h e  p h a s e , d e s p it e  t h e  s iz e  d iffe r e n c e  b e t w e e n  A g  

a n d  C u  a t o m s . A  c a r e fu l  c o m p a r is o n  b e t w e e n  t h e  m o s t  

r e lia b le  e x p e r im e n ta l  s tu d ie s  r e p o r te d  t o  d a t e 2'8 a n d  

t h e  p r e s e n t  in v e s t ig a t io n  in d ic a te s  t h a t ,  in  a g r e e m e n t  

w it h  S c h e i l ’ s  p r e d ic t io n ,6 t h e  c o n tr ib u t io n  o f  t h e  p h a s e  

r ig id ity  m a y  b e  o f  r e la t iv e ly  m in o r  im p o r t a n c e  f o r  lo w  

s o lu t e  c o n c e n tr a t io n s  b u t  m a y  b e  o f  c o n s id e r a b le  

im p o r ta n c e  f o r  h ig h  e n o u g h  c o n c e n tr a t io n s  o f  C u  in  

A g .  O n  t h e  o t h e r  h a n d , e v e n  f o r  h ig h  s o lu t e  c o n c e n 

tr a t io n s , t h e  p h a s e  r ig id it y  m a y  n o t  r e p r e s e n t  th e  

o n l y  m a jo r  fa c t o r  in  t h e  e n t h a lp y  o f  s o lid  s o lu t io n .

T h e  r a p id -q u e n c h  t e c h n iq u e  in  i t s  p r e s e n t  s t a t e  is  

n o t  s u it a b le  fo r  a n  e x te n s io n  o f  th is  w o r k  t o  in c lu d e  

o t h e r  n e w  c o m p o s it io n s .

(5 )  E .  S ch e il , Z. Elecktrochem ., 4 9 , 2 4 2  (1 9 4 3 ) .
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(7 )  T .  H e u m a n n , Z. Metallic., 4 2 , 182  (1 9 5 1 ) .
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T h e  u n u s u a l  p r o p e r t ie s  a t t r ib u t e d  t o  C F 3 N O , 1 a n d  

t h e  p u b lic a t io n s  b y  M a s o n , 2 e lu c id a t in g  t h e  s tr u c t u r e  

o f  t h e  d im e r  o f  t r i f lu o r o n itr o s o m e t h a n e  a s  t h e  N -  

n it r ito a m in e  a n d  t h e  p h o t o c h e m is t r y  o f  b o t h  o f  th e s e  

c o m p o u n d s , p r o m p t  u s  t o  r e p o r t  o u r  w o r k  in  t h is  fie ld .

W e  h a v e  ir r a d ia te d  C F 3N O  in  t h e  g a s  p h a s e  ( 3 0  

to r r )  w it h  r e d  l ig h t  a b o v e  6 0 0 0  A .  T h e  ir r a d ia t io n s  

w e r e  c o n d u c te d  in  1 0 - c m . in fr a r e d  c e lls  c o n s tr u c te d  

o f  a lu m i n u m  w it h  s o d iu m  c h lo r id e  w in d o w s , T e f lo n  

w it h  s i lv e r  c h lo r id e  w in d o w s , a n d  P y r e x  g la s s  w it h  

s o d iu m  c h lo r id e  w in d o w s . T h e  p r o g r e s s  o f  t h e  r e a c 

t io n  w a s  fo l lo w e d  b y  in fr a r e d  a n a ly s is , a n d  t h e  p r o d 

u c t s  w e r e  s u b je c t e d  t o  m a s s  s p e c tr a l  a n a ly s is . T h e  

ir r a d ia t io n s  w e r e  c o n d u c te d  f o r  p e r io d s  o f  u p  t o  1 8  h r . 

I n  a l l  c a se s , w h e n  l ig h t  o f  w a v e  le n g t h  s h o r te r  t h a n  

6 0 0 0  A .  w a s  r ig o r o u s ly  e x c lu d e d , t h e  p r im a r y  p r o d u c ts  

d e t e c t e d  w e r e  ( C F 3) 2N O N O  a n d  s m a ll  a m o u n t s  o f  

N 0 2. T h e  c o u r s e  o f  t h e  r e a c t io n  w a s  n o t  a lt e r e d  b y  

t h e  c o n ta in e r  m a t e r ia l . T h i s  is  in  c o n tr a s t  t o  M a s o n ’s 2 

r e p o r t  in d ic a t in g  a  s u b s t a n t i a l  s u r fa c e  e ffe c t  in  s ilic a  

c e lls . W 7h e n  m ix tu r e s  o f  C F 3N O  a n d  m o is t  a ir  in  a  

P y r e x  c e ll w e r e  ir r a d ia te d  o v e r n ig h t  w it h  r e d  l ig h t ,  

m u c h  le ss  ( C F 3) 2N O N O  w a s  o b t a i n e d , a n d  a  m u lt i t u d e  

o f  p r o d u c ts  r e s u lte d , a m o n g  w h ic h  w e r e  C 0 2, C O F 2, 

C F 3N 0 2, S i F 4, a n d  o t h e r s . W h e n  t h e  tr i f lu o r o n itr o s o -  

m e t h a n e -a i r  m ix tu r e s  w e r e  a llo w e d  t o  s t a n d  o v e r n ig h t  

in  t h e  d a r k , n o  r e a c t io n  w a s  o b t a i n e d . T h e  p h o t o 

c h e m ic a l  r e a c t io n  is , th e r e fo r e , d r a s t ic a l ly  a lte r e d  

b y  t h e  p r e s e n c e  o f  a ir  a n d  m o is tu r e .

O u r  p r im a r y  in t e r e s t  in  C F 3N O  is  in  u t i l iz in g  t h e  

n  -*■ 7r *  t r a n s it io n  a s  a  m o d e  o f  s y n t h e s is . T h e  lo w  

e n e r g ie s  in v o lv e d  in  t h e  tr a n s it io n  s h o u ld  a l lo w  f o r  t h e  

s y n t h e s is  o f  c o m p o u n d s  w h ic h  h a v e  lo w  b o n d  e n e r g ie s . 

W e  h a v e  th e r e fo r e  ir r a d ia te d  m ix tu r e s  o f  C F 3N O  a n d  

N 2F 4 w i t h  r e d  l ig h t . T h e  u lt r a v i o le t  ir r a d ia t io n  o f  

C F 3N O  a n d  N 2F 4 is  r e p o r te d  t o  p r o d u c e  C F 3N ( 0 ) = N F  

a n d  C F 3N F 2 a s  t h e  p r im a r y  p r o d u c t s . 3 W h e n  m ix t u r e s  

o f  C F 3N O  a n d  N 2F 4 ( t o t a l  p r e s s u r e s  f r o m  6 0  t o  9 0  to r r  

a n d  m o le  r a t io s  C F 3N O : N 2F 4 f r o m  0 .5  t o  2 .0 )  w e r e  

ir r a d ia te d  o v e r n ig h t  w it h  r e d  l ig h t ,  c o n s id e r a b le  

a m o u n t s  o f  ( C F 3) 2N O N O  w e r e  f o r m e d . N o  C F 3N F 2 

w a s  d e t e c t e d ; h o w e v e r , m a s s  s p e c tr a l  a n a ly s is  in d i

c a te d  t h e  p r e s e n c e  o f  C F 3N ( 0 ) = N F + , o r  p o s s ib ly  

s o m e  c o m p o u n d  o f  h ig h e r  m o le c u la r  w e ig h t  w h ic h  

w o u ld  p r o d u c e  th is  io n . T h e  c o u r s e  o f  t h e  r e a c t io n

is  o b v io u s ly  m a r k e d ly  d iffe r e n t  f r o m  t h e  u ltr a v io le t  

ir r a d ia t io n . T h i s  w o u ld  a p p e a r  t o  b e  a d d it io n a l  

e v id e n c e  fo r  a n  a c t iv a t e d  m o le c u le  m e c h a n is m  f o r  th e  

p h o t o d im e r iz a t io n  o :  C F 3N O .  T e t r a f lu o r o h y d r a z in e  

is  k n o w n  t o  b e  a  s o u r c e  o f  fr e e  r a d ic a ls , 4 5 a n d  c o n s id e r 

a b le  a m o u n t s  o f  C F 3N F 2 w o u ld  b e  e x p e c te d  if  d is 

s o c ia t io n  o f  C F 3N O  in t o  C F 3 a n d  N O  r a d ic a ls  w e r e  

o c c u r r in g . N o  r e a c t io n  w a s  o b t a in e d  w h e n  C F 3N O -  

N 2F 4 m ix tu r e s  w e r e  a llo w e d  t o  s t a n d  o v e r n ig h t  in  a  

s ta in le s s  s te e l  c y lin d e r .

T h e  f o r m a t i o n  o f  C F 3N ( 0 ) = N F  is  r e a s o n a b le  s in c e  

C F 3N O *  c a n  r e a c t  w it h  N F 2 r a d ic a ls  w h ic h  a re  in  

e q u il ib r iu m  w it h  N 2F 4 o r  c a n  s e n s it iz e  t h e  N 2F 4 d e c o m 

p o s it io n , Z ) ( N 2F 4) =  2 1 .5  k c a l . ,  t o  g iv e  N F 2 r a d ic a ls

N 2F 4 2 N F 2

0

t
c f 3n o *  +  n f 2 — ► C F 3N = N F  +  F

o r

C F 3N O *  +  N 2F 4 — C F s N O  +  2 N F 2

O

t
C F 3N O  +  N F 2 — >  C F 3N = N F  +  F

T h e  fir s t  s c h e m e  is  m o r e  l ik e ly  b e c a u s e  o f  t h e  a b s e n c e  

o f  a  d a r k  r e a c t io n .

T h e  s t a b le  fr e e  r a d ic a l , ( C F 3) 2N O ,  h a s  r e c e n t ly  b e e n  

is o la t e d 6; h o w e v e r , t h is  r a d ic a l  h a s  n o t  b e e n  d e t e c te d  

in  t h e  p h o t o c h e m ic a l  r e a c t io n  o f  C F 3N O  w it h  r e d  lig h t .  

W h e n  C F 3N O  w a s  ir r a d ia te d  w it h  r e d  l ig h t  f o r  lo n g  

p e r io d s , lo w  in t e n s i t y  m / e  p e a k s  h a v e  b e e n  o b t a in e d  

w h ic h  m a y  b e  a t t r ib u t e d  t o  ( C F 3) 2N O C F 3. M a s o n 2 

d is c u s s e s  a  fr e e -r a d ic a l  s c h e m e  w h ic h  in v o lv e s  th e s e  tw o  

c o m p o u n d s ; h o w e v e r , a s  s h e  p o in t s  o u t ,  th e r e  is  a  

v e r y  s tr o n g  t h e r m o c h e m ic a l  o b je c t io n  t o  s u c h  a  p ro c e s s . 

M o r e o v e r , t h e  ir r a d ia t io n  o f  C F 3N O  w i t h  u lt r a v i o le t  b y  

D in w o o d ie  a n d  H a s z e ld i n e 6 h a s  y i e ld e d  c o n s id e r a b le  

a m o u n t s  o f  ( C F 3) 2N O C F 3. S in c e  i t  a p p e a r s  t h a t  s id e  

r e a c t io n s  d o  n o t  o c c u r  u n t i l  t h e  c o n c e n tr a t io n  o f  d im e r  

h a s  in c r e a s e d  t o  a n  a p p r e c ia b le  p o in t , a  fe a s ib le  s c h e m e  

t o  a c c o u n t  fo r  t h e  d e a c t i v a t io n  o f  e x c ite d  C F 3N O  m o le -
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(2) J. Mason, J. Chem. Soc., 4531, 4537 (1963).
(3) J. W. Frazer, B. F. Holder, and E. F. Worden, J. Inorg. Nucl. 
Chem., 24, 45 (1962).
(4) C. B. Colburn, Admn.. Fluorine Chem., 3, 92 (1963).
(5) W. D. Blackley and R. R. Reinhard, J. Am. Chem. Soc., 87, 802
(1965).
(6) A. H. Dinwoodie and R. N. Haszeldine, J. Chem. Soc., 1675
(1965).
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c u le s  a n d  t o  a c c o u n t  f o r  t h e  s id e  r e a c t io n s  o b s e r v e d  

u p o n  lo n g  ir r a d ia t io n  is  t h e  r e a c t io n  o f  a n  a c t iv a t e d  

C F 3N O  m o le c u le  w it h  t h e  d im e r

C F 3 N O *  +  ( C F 3) 2N O N O  — >

( C F 3) 2N O C F 3 +  N 0 2 +  V 2 N 2

W e  h a v e  n o t ic e d  a n  e x t r e m e ly  s lo w , d a r k  r e a c t io n  

o n  a  s a m p le  o f  ( C F 3) 2N O N O  k e p t  in  a  s ta in le s s  s te e l  

c y lin d e r  fo r  a p p r o x im a t e ly  1 y e a r . T h e  p r im a r y  

p r o d u c t  a p p e a r s  t o  b e  ( C F 3) 2N N 0 2. T h i s  m a y  b e  a n  

in t r a m o le c u la r  r e a r r a n g e m e n t  o r  a  p o s s ib le  d is s o c ia 

t io n  o f  ( C F 3) 2N O N O  in t o  ( C F 3) 2N O  a n d  N O  r a d ic a ls  

a n d  r e a r r a n g e m e n t  u p o n  r e c o m b in a t io n  t o  f o r m  ( C F 3) 2-

n n o 2.

T h e  m a s s  s p e c t r u m  o f  ( C F 3) 2N O N O  h a s  b e e n  d e 

te r m in e d  w it h  a  B e n d ix  t im e -o f - f l ig h t  m a s s  s p e c tr o m 

e te r . A  p a r e n t  io n  is  n o t  o b t a in e d  e v e n  w it h  a  lo w  

io n iz in g  v o lt a g e . T h e  m a jo r  p e a k s  a r e  d u e  t o  C F 3+  

a n d  N O + .  R e a s o n a b ly  in te n s e  m/e p e a k s  a r e  o b 

ta in e d  a t  1 6 8  [ ( C F 3) 2N O + ] a n d  1 4 9  [ C F 3N ( = C F 2) —  

0 + ] .  T h e  1 6 8  m/e p e a k  f u r th e r  c o n fir m s  t h e  s tr u c t u r e  

o f  t h e  d im e r  a s  t h e  N -n i t r i t o a m in e . T h e  fa ilu r e  t o  

o b t a i n  a  p a r e n t  io n  f o r  th is  c o m p o u n d  il lu s tr a te s  t h e  

r e la t iv e  e a s e  o f  c le a v in g  t h e  n i t r o g e n -o x y g e n  b o n d  

u n d e r  e le c tr o n  im p a c t .  T h e  c o m p le t e  m a s s  s p e c tr a  

a n d  t h e r m a l  d e c o m p o s it io n  s tu d ie s  o n  a  se rie s  o f  p e r -  

f lu o r o -n i t r o g e n -o x y g e n  c o m p o u n d s  w ill  b e  r e p o r te d  

in  d e t a i l  a t  a  la t e r  d a te .
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{Received July 23, 1965)

A s  a  c o n t in u a t io n  o f  o u r  p r o g r a m  o n  f lu o r o c a r b o n  

o x id a t io n s , w e  h a v e  e x a m in e d  t h e  p h o t o c h e m is t r y  o f  

C F C 1 3 in  th e  p r e s e n c e  o f  0 2 o r  N O .  E a r lie r  w o r k 2 

o n  t h e  o x id a t io n  o f  C F 3 r a d ic a ls  h a d  s h o w n  t h a t  th e  

o n ly  c a r b o n -c o n t a in in g  p r o d u c t  w a s  C F 20 .  W e  w e r e  

c u r io u s  t o  se e  i f  C F C 1 2 r a d ic a ls  w o u ld  o x id iz e  in  a n  

a n a lo g o u s  m a n n e r .

o
U p o n  e x p o s u r e  t o  t h e  2 1 3 8 - A .  r a d ia t io n  o f  a  z in c  

la m p , p u r e  C F C 1 3 s h o w e d  n o  e v id e n c e  o f  r e a c t io n  a s  

d e t e r m in e d  b y  in situ in fr a r e d  a n a ly s is . T h i s  c a n  b e  

e x p la in e d  b y  t h e  s e q u e n c e  o f  r e a c t io n s

C F C 1 3 +  hu — s► C F C 1 2 +  C l (1 )

2 C F C 1 2 — > (C F C 1 2) 2 (2 )

2 C 1  +  M  — 3-  C l 2 +  M (3 )

C l  +  C F C 1 2 ■— ► c f c 13 ( 4 )

C F C 1 2 +  C l ,  — ► C F C 1 3 +  C l (5 )

W h e n  a  s m a ll  a m o u n t  o f  m o le c u la r  c h lo r in e  h a s  b e e n  

f o r m e d  b y  r e a c t io n  3 ,  th e n  r e a c t io n  5  b e c o m e s  i m p o r t a n t  

a n d  in h ib its  p r o d u c t  fo r m a t io n . T h e  p r o d u c t s  n e v e r  

r e a c h  s u ffic ie n t  c o n c e n tr a t io n s  t o  b e  d e t e c t e d .

M ix t u r e s  o f  C F C 1 3 a n d  N O  w e r e  p h o t o ly z e d , a n d  in 

fr a r e d  p r o d u c t  b a n d s  w e r e  o b s e r v e d  a t  5 .5 6 ,  6 .1 9 ,  a n d

8 .8  ix. T h e  b a n d  a t  5 .5 6  n is  t h e  in t e n s e  b a n d  o f  

N O C 1 .3 -5  I t s  g r o w th  w a s  n o n lin e a r  a n d  d im in is h e d  

w it h  in c r e a s in g  e x p o s u r e . I t  c o n t in u e d  t o  g r o w , 

t h o u g h  v e r y  m u c h  m o r e  s lo w ly , a f t e r  e x p o s u r e  w a s  

te r m in a t e d . I t  w a s  c le a r  t h a t  th is  b a n d  c o u ld  n o t  b e  

a s s o c ia te d  w it h  t h e  s a m e  m o le c u le  a s  t h e  o t h e r  tw o  

b a n d s . I t  is  d iff ic u lt  t o  u n d e r s ta n d  w h y  N O C 1  f o r 

m a t i o n  s h o u ld  b e  in h ib ite d  w it h  e x p o s u r e  t im e . M o r e  

l ik e ly , t h e  n o n lin e a r ity  o f  t h e  5 .5 6 -g b a n d  r e fle c ts  a  

d e v ia t io n  f r o m  B e e r ’ s la w  s im ila r  t o  t h a t  f o r  N 0 2.2b 

T h e  o p t ic a l  d e n s i t y  o f  b a n d s  a t  6 .1 9  a n d  8 .8  ju g r e w  

l in e a r ly  w it h  e x p o s u r e  t im e , a n d  th e ir  r a t io  w a s  in 

v a r ia n t  f o r  a l l  r u n s . P r e s u m a b ly , th e s e  t w o  b a n d s  

c a n  b e  a s s o c ia te d  w it h  C F C l 2N O .  T h e  r e la t iv e  

q u a n t u m  y i e ld s  o f  f o r m a t io n  o f  C F C l 2N O  a r e  r e p o r te d  

in  T a b le  I .  R a t i o s  o f  C F C 1 3 a n d  N O  u s e d  w e r e  s u c h  

t h a t  t h e  a b s o r p t io n  o f  t h e  r a d ia t io n  b y  N O  w a s  u n 

im p o r t a n t . W i t h i n  t h e  e x p e r im e n ta l  e rr o r , $ ( C F -  

C l 2N O )  is  u n c h a n g e d  b y  v a r ia t io n s  in  e ith e r  t h e  C F C 1 3 

o r  t h e  N O  p r e s s u r e s , th u s  s u g g e s t in g  t h a t  t h e  a b s o lu t e  2 3 4 5

q u a n t u m  y i e ld  is  in d e e d  

t h a t  e x p la in s  t h e  r e s u lt  is

u n it y .  T h e m e c h a n is m

C F C 1 2 +  N O  - - ►  c f c i 2n o (6 )

N O  +  C l  +  M  - — >  N O C I  +  M (7 )

(1) This work was supported by the U. S. Air Force under Contract 
No. AF 04(695)-469.
(2) (a) H. S. Johnston, private communication (1965); (b) J. Heick
len, Aerospace Corp. Report TDR-469(5250-40)-12, May 1965.
(3) L. P. Kuhn and C. Butkiewicz, J. Phys. Chem., 65, 1085 (1961).
(4) W. G. Burns and H. J. Bernstein, J. Chem. Phys., 18, 1670 
(1950).
(5) P. J. H. Woltz, E. A. Jones, and A. H. Nielsen, ibid., 20, 379 
(1952).
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Table I : Photolysis of CFCh and NO Mixtures (X 2138 A., 
T = 24°, I0 =  1.0 X IO16 quanta/cm.3 min.)

(CFCIO,
mm.

(NO),
mm. «(CFChNO)1

18.5 2.0 0.89
210 2.2 0.96
226 20 0.98
210 20 1.06
260 60 1.09

“ Average value assumed to be 1.00.

The slight growth of NOC1 after exposure might 
result from the photolysis of CI2 from the overhead 
fluorescent room lights

Cl* +  h v  — >  2C1 (8)

followed by (7). The molecular chlorine would not be 
detected as it has no infrared absorption bands.

Mixtures of C F C I 3  and O* were photolyzed, and 
three infrared bands were found at 5.35, 5.46, and 9.08 
At. These bands correspond to those reported for 
CFCIO.6 Undoubtedly, Cl2 also was produced. The 
optical density of the 5 . 3 5 band was monitored, and 
it grew linearly with exposure time. From the results, 
shown in Table II, it can be seen that $(CFC10) is

Table II: Photolysis of CFC13 and 0 2 Mixtures (X 2138 Â., 
T =  24°, 20 =  1.0 X IO16 quanta/cm.3 min.“)

(CFCI3), (OO,
mm. mm. $(CFC10)

20.5 20.5 0.94
20 200 0.98

190 19.5 1.02
190 290 1.01
250 200 1.04
iss* 230 0.89

“ Io calculated assuming average value of $ (CFCIO) = 1.00. 
b 2.5 mm. of HI present for this run.

invariant to the pressures of the reactants. The in
cident intensity I 0 was estimated by assuming the 
average value of 'i'(CFClO) to be unity. In one 
run, a small amount of HI was added (the HI absorbed 
only a few per cent of the radiation). The yield of 
CFCIO was unaffected, but an additional unidentified 
product band at 9.46 a1 was found. When mixtures of 
CFCh and HI without oxygen were photolyzed, the 
peak at 9.46 u  was still observed, and it was the only 
product peak.

The oxidation is indeed analogous to that for CF3 
radicals.2b There are two mechanisms that can ex
plain the oxidation. One mechanism is

CFCls +  0 2 — > CFCIO +  CIO (9)

2C10 — > Cl2 +  0 2 (10)

The addition of HI would not alter the CFCIO yield. 
The other mechanism involves the addition reaction

CFCb +  0 2 — >  CFCI2O2 (11)

which could be followed by

2 CFCI2O2 — >  2 CFCI2O +  0 2 (12)

2 CFCI2O — >  2CFC10 +  Cl* (13)

However, HI should scavenge the CFC120 2 radical 
to give CFC120 2H. Then the results could be explained 
only if CFC120 2H were a very reactive intermediate 
which immediately decomposed to CFCIO and HOC1.

Experimental Section
Trichloromonofluoromethane (Genetron 11) was 

obtained from the Allied Chemical Co. and showed 
about 2% impurities on analysis by gas chromatog
raphy. It was used directly after degassing twice at 
— 196°. At the conclusion of photolysis, the impurity 
was still present at the same concentration, thus in
dicating that it did not enter the reaction. Nitric 
oxide, oxygen (extra dry grade 99.6% pure), and anhy
drous HI were obtained from the Matheson Co. 
All were degassed twice at —196°. The NO was 
further purified by warming to —186° and collecting 
the volatile fraction, thus removing traces of N20, 
N 02, and water.

The infrared analyses were performed i n  s i t u  in a 
Perkin-Elmer Model 13 Universal spectrometer. A 
T-shaped cell was used having 11.5-cm. infrared and
10.7-cm. ultraviolet path lengths. The ultraviolet 
fight entered the stem of the T through a silica 
window. The top of the T had sodium fluoride 
windows at each end and was situated in the infrared 
beam. A low-pressure resonance zinc lamp obtained 
from the North American Phillips Co. was used. The 
2138-A. fine was responsible for photolysis. The 
absorption coefficients, to base 10, were determined 
for CFCfi, NO, and HI at 2138 A. in a Cary Model 15 
spectrophotometer and are 1.00 X 10-3, 0.24 X 10-3, 
and 12.8 X 10-3 cm.-1 mm.-1, respectively.

The infrared absorption coefficient was estimated 
by passing samples of CFCIO of known absorbance

(6) A. H. Nielsen, T. G. Burke, P. J. H. Woltz, and E. A. Jones, 
J. Chem. Phys., 20, 597 (1952).
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t h r o u g h  a n  F  &  M  c h r o m a to g r a p h  w it h  a  s il ic a  g e l  

c o lu m n  a n d  b y  m e a s u r in g  t h e  C 0 2 p e a k . F lu o r o -  

c a r b o n y l  c o m p o u n d s  d e c o m p o s e  q u a n t i t a t i v e ly  t o  C 0 2 

o n  th is  c o lu m n ; t h u s , t h e  C 0 2 c o r r e s p o n d s  t o  th e  

C F C I O  in t r o d u c e d . T h e  a b s o r p t io n  c o e ff ic ie n t , t o  

b a s e  1 0 , a t  5 .3 5  n is  0 .0 1 9  c m . “ 1 m m . - 1 . A s s u m in g  th e  

C F C I O  a n d  t h e  C F C l 2N O  y ie ld s  t o  b e  u n i t y  in  t h e  

C F C I 3- O 2 a n d  t h e  C F C l 3- N O  p h o t o ly s e s , r e s p e c t iv e ly ,  

y ie ld s  v a lu e s  0 .0 0 8 7  a n d  0 .0 1 2  c m . “ 1 m m . - 1  f o r  th e  

a b s o r p t io n  c o e ffic ie n ts , t o  b a s e  1 0 , f o r  t h e  6 .1 9 -  a n d  8 .8 -  

fi b a n d s  o f  C F C l 2N O ,  r e s p e c t iv e ly .
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Self-Diffusion Coefficients of Water
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T h e  s e lf -d if fu s io n  c o e ffic ie n ts  o f  w a t e r  a r e  o f  in te r e s t  

in  m a n y  p h y s ic o c h e m ic a l  a n d  b io lo g ic a l  s tu d ie s . A  

se r ie s  o f  m e a s u r e m e n t s  o f  th e  s e lf -d if fu s io n  o f  l iq u id  

w a t e r  w it h  H ^ O 18 a s  t r a c e r  b y  m e a n s  o f  t h e  c o n -  

t r o l le d -s t ir r in g , o p e n -c a p i lla r y  m e t h o d  w a s  c a r r ie d  

o u t  in  1 9 5 4  in  c o n n e c t io n  w it h  o u r  s t u d y  o f  t h e  s o lu 

t io n s  o f  p r o t e in s 1 a n d  e le c t r o ly t e s .2 I n  v i e w  o f  th e  

f r e q u e n t  u s e  b y  o t h e r  w o r k e r s  o f  t h e  t w o  p u b lis h e d  

s e lf -d if fu s io n  c o e ffic ie n ts  o f  w a te r , i t  s e e m s  d e s ir a b le  t o  

r e p o r t  t h e  o t h e r  v a lu e s  d e t e r m in e d  in  o u r  e a r lie r  se rie s  

o f  m e a s u r e m e n t s .

T h e  e x p e r im e n ta l  d e t a i ls  w e r e  a lr e a d y  d e s c r ib e d  in  

a n  e a r lie r  p u b l ic a t io n .3 T h e  O 18 a t o m  p e r  c e n t  in  t h e  

d iffu s io n  s a m p le s  v a r ie d  f r o m  0 .5  t o  1 . 5 % .  T h e  t e m 

p e r a t u r e  w a s  c o n tr o lle d  t o  w it h in  ± 0 . 0 1 ° .  T h e  

r e s u lts  a r e  s u m m a r iz e d  in  T a b le  I .

T h e  c o n s t a n c y  o f  Dt)/T s h o w s  t h a t  t h e  e ffe c t iv e  

v o lu m e  o f  t h e  d iffu s in g  s p e c ie s  r e m a in s  c o n s t a n t  b e -

Table I

N um ber
Self-diffusion 
coefficient of Viscosity,

T em p., of meas- w ater, D  X 106, ■ n X IO’ , D V/ T

“ C . urements cm .2/sec. poise X  101»

5.00 8 1.426 ±  0.018 15.188 7.77
10.00 6 1.675 ±  0.025 13.077 7.73
15.00 8 1.97 ± 0 .0 2 0 14.404 7.79
25.00 6 2.57 ± 0 .022 8.937 7.70

tw e e n  5  a n d  2 5 ° .  T h e r e fo r e , in  s p ite  o f  t h e  t e t r a -  

h e d r a lly  h y d r o g e n -b o n d e d  s tr u c t u r e  o f  w a t e r ,4'5 i t  is  

e n t ir e ly  a d e q u a t e  t o  d e s c r ib e  i t s  s e lf -d i f fu s io n  in  t e r m s  

o f  t h e  m o v e m e n t  o f  in d iv id u a l  H 20  m o le c u le s .6 A  

lin e a r  p lo t  o f  In  D vs. l/T  g iv e s  a n  a p p a r e n t  a c t i v a t i o n  

e n e r g y  o f  4 .8  k c a l . /m o l e .  S in c e  e a c h  h y d r o g e n  

b o n d  is  s h a r e d  b e t w e e n  t w o  w a t e r  m o le c u le s , t h is  a p 

p a r e n t  a c t i v a t i o n  e n e r g y  is  la r g e  e n o u g h  t o  r u p t u r e  

c o m p le t e ly  tw o  h y d r o g e n  b o n d s  p e r  a c t iv a t e d  m o le c u le .

F o r  a  p o la r  l iq u id  w it h  lo o s e -p a c k e d  s tr u c t u r e  s u c h  

a s  t h e  ic e -l ik e  s tr u c t u r e  o f  w a te r , s e lf -d i f fu s io n  a n d  d i 

e le c tr ic  r e la x a t io n  m a y  i n v o lv e  e s s e n t ia l ly  t h e  s a m e  

a c t iv a t io n  m e c h a n is m . I f  th is  is  t h e  c a s e , t h e n  t h e  

d ie le c tr ic  r e la x a t io n  t im e  r  a n d  s e lf -d if fu s io n  c o e f 

f ic ie n t  D s h o u ld  b e  r e la te d  b y  t h e  s im p le  e q u a t io n ,  

D  =  X 2/ r ,  w h e r e  X is  t h e  a v e r a g e  d is ta n c e  b e t w e e n  

tw o  s u c c e s s iv e  e q u il ib r iu m  p o s it io n s  o f  a  d iffu s in g  

m o le c u le . S in c e  t h e  d e n s i t y  o f  w a t e r  a t  2 5 °  is  o n ly  

0 . 3 %  s m a lle r  t h a n  t h a t  a t  5 ° ,  X 2 s h o u ld  r e m a in  p r a c t i 

c a lly  c o n s t a n t  in  th is  t e m p e r a t u r e  r a n g e . T h e  d ie le c tr ic  

r e la x a t io n  d a t a  o f  C o ll ie , H a s t e d , a n d  R i t s o n 7 e n a b le  

u s  t o  c o m p u t e  X 2 a s  lis te d  in  T a b le  I I .  U s i n g  t h e  

a v e r a g e  o f  t h e  a b o v e  v a lu e s  o f  D t =  X 2, w e  o b t a i n  a  

m e a n  ju m p in g  d is ta n c e  o f  3 .7  A .  f o r  s e lf -d i f fu s io n  in  

l iq u id  w a te r . T h i s  v a lu e  c o m p a r e s  in t e r e s t in g ly  w it h  

t h e  o b s e r v e d  0 - 0  d is ta n c e s  in  ic e  I  w h ic h  a r e  2 .7 6  A .  

f o r  t h e  n e a r e s t  n e ig h b o r s  a n d  4 .5 1  A .  f o r  t h e  n e x t  

n e a r e s t  n e ig h b o r s .

Table II

Tem p., r X  IO” , D t  X 1016,
°c . sec. cm .2

5 9.43 13.4
10 7.96 13.3
15 6.87 13.5
25 5.23 13.4

E x p e r im e n t a l ly ,  t h e  c o n s t a n c y  o f  Di)/T a n d  D t w it h  

r e s p e c t  t o  T e n a b le s  o n e  t o  e s t im a t e  w it h  r e a s o n a b le  

a c c u r a c y  b o t h  D a n d  t a t  o t h e r  t e m p e r a t u r e s  f r o m  th e  

v i s c o s i t y  d a t a  o f  w a t e r  b y  e ith e r  in t e r p o la t io n  o r  

e v e n  s h o r t  e x t r a p o la t io n  o f  th e s e  v a lu e s .

(1) J. H. Wang, J. Am . Chem. Soc., 76, 4755, 6423 (1954).
(2) J. H. Wang, J. Phys. Chem., 58, 686 (1954).
(3) J. H. Wang, C. B. Anfinsen, and F. M. Polestra, J. Am. Chem. 
Soc., 76, 4763 (1954).
(4) J. D. Bernal and R. H. Fowler, J. Chem. Phys., 1, 515 (1933).
(5) L. Pauling, J. Am . Chem. Soc., 57, 2680 (1935).
(6) J. H. Wang, ibid., 73, 510 (1951).
(7) C. H. Collie, J. B. Hasted, and D. M. Ritson, Proc. Phys. Soc. 
(London), 60, 145 (1948).
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R e c e n t ly ,  M a r t i n  a n d  D a i l e y  h a v e  r e p o r te d  th e  

c h e m ic a l  s h if t s  a n d  c o u p lin g  c o n s t a n t s  f o r  a  la r g e  se rie s  

o f  d is u b s t i t u t e d  b e n z e n e s .1 W h i l e  t h e  in t e r p la y  o f  t h e  

s e v e r a l  f a c t o r s  w h ic h  d e t e r m in e  t h e  p r o t o n  c h e m ic a l  

s h ifts  in  s u c h  s u b s t a n c e s  c o u ld  n o t  b e  c o m p le t e ly  

d e lin e a t e d , t h e y  d id  n o t e  e m p ir ic a l ly  a  s im p le  s u b 

s t i t u e n t  a d d i t i v i t y  r u le  w h ic h  a llo w e d  t h e  c a lc u la t io n  

o f  t h e  p r o t o n  c h e m ic a l  s h i f t  in  t h e  p a r a -d is u b s t i t u t e d  

c o m p o u n d s  w it h  e x c e lle n t  a c c u r a c y .2 W h i le  n o t  q u it e  

s o  a c c u r a te , t h e  a p p lic a t io n  o f  t h e s e  s a m e  s u b s t i t u e n t  

c o n s ta n ts  w a s  f o u n d  t o  a p p ly  t o  t h e  m e io -d is u b s t i t u t e d  

c o m p o u n d s  a n d  t o  t h e  t w o  p r o t o n s  o p p o s it e  t o  t h e  s u b 

s t i t u e n t s  in  t h e  o r f /to -d is u b s t it u te d  e x a m p le s . I n  th e  

la t t e r  c o m p o u n d s , n o  c o r r e la t io n  w a s  fo u n d  w it h  t h e  

s h if t s  o f  t h e  p r o t o n s  a d ja c e n t  t o  t h e  s u b s t i t u e n t s .2

W e  h a v e  n o w  d e t e r m in e d  t h e  n .m .r .  p a r a m e te r s  f o r  

th r e e  u n s y m m e t r ic a l ly  s u b s t i t u t e d  ortho d ih a lo b e n z e n e s .  

I n  p a r t , o u r  in t e r e s t  in  th e s e  c o m p o u n d s  s t e m m e d  f r o m  

t h e  o b s e r v a t io n s  o f  M a r t i n  a n d  D a i l e y .  T h e  c o m 

p le x it ie s  o f  d e t e r m in in g  t h e  p a r a m e te r s  f o r  a n  u n s y m 

m e t r ic a l  f o u r -s p in  s y s t e m  a ls o  p r e s e n te d  a n  in t r ig u in g  

c h a lle n g e .

T h e  n .m .r .  s p e c tr a  o f  l -c h l o r o - 2 - b r o m o - ,  l - c h l o r o - 2 -  

io d o - , a n d  l -b r o m o -2 - i o d o b e n z e n e  w e r e  d e t e r m in e d  in  

d ilu te  s o lu t io n s  o f  c a r b o n  te tr a c h lo r id e  a n d  a r e  s h o w n  

in  F ig u r e s  1 a n d  2 .  T h o u g h  t h e  p a r a m e te r s  f o r  th e  

s y m m e t r ic a l  ortho d ih a lo b e n z e n e s  h a v e  b e e n  r e p o r te d  

b e f o r e ,1-8 th e s e  c o m p o u n d s  w e r e  r u n  a g a in  u n d e r  t h e  

c o n d it io n s  u s e d  in  t h is  s t u d y , a n d  t h e  s p e c tr a  w e r e  

a n a ly z e d  f o l lo w in g  t h e  c o n s id e r a t io n s  o f  G r a n t ,  H ir s t ,  

a n d  G u t o w s k y .3 T h e  r e s u lts  o f  t h is  s t u d y  a re  g iv e n  in  

T a b le  I .

T h e  s p e c tr a  o f  a n  u n s y m m e t r ic a l  fo u r -s p in  s y s t e m  is  

d e t e r m in e d  b y  t e n  in d iv id u a l  p a r a m e te r s  (s ix  c o u p lin g  

c o n s t a n t s  a n d  f o u r  c h e m ic a l  s h i f t s ) .  T h e  b a s is  fu n c 

t io n s  a n d  m a tr ic e s  u s e d  in  d e s c r ib in g  s u c h  a  s y s t e m  

h a v e  b e e n  g iv e n  b y  R e i l l y  a n d  S w a le n .4 I n  g e n e r a l, 

i t  is  n o t  p o s s ib le  t o  w r ite  d o w n  e x p lic it  f o r m u la s  f o r  t h e  

lin e  fr e q u e n c ie s  a n d  in t e n s it ie s  f o r  t h is  c a s e  t h o u g h  

u n d e r  c e r t a in  s p e c ia l  c o n d it io n s  t h e  m a tr ic e s  m a y  b e  

s im p lifie d  t o  t r a c t a b le  e x p r e s s io n s .4'5

A s  w i ll  b e  n o t e d  in  T a b le  I ,  th e r e  is  c o m p a r a t iv e ly  

l i t t le  v a r ia t io n  a m o n g  t h e  s ix  c o u p lin g  c o n s t a n t s  f o r  

t h e  th r e e  s y m m e t r ic a l  d ih a lo b e n z e n e s , a n d  i t  w a s

a s s u m e d  a s  a  f ir s t  a p p r o x im a t io n  t h a t  t h is  w o u ld  h o ld  

tr u e  fo r  t h e  u n s y m m e t r ic a l  c a s e s  a s  w e ll . T r i a l  c a lc u 

la t io n s  u s in g  t h e  F r e q in t  I V  A  1 6 2 0  c o m p u t e r  p r o g r a m  

a n d  a v e r a g e d  v a lu e s  fo r  t h e  c o u p lin g  c o n s t a n t s  a n d  

v a r io u s  tr ia l  v a lu e s  o f  t h e  c h e m ic a l  s h i f t s  s u g g e s te d  t h a t  

t h e  s p e c tr a l  lin e  fr e q u e n c ie s  o f  t h e  l - c h l o r o - 2 - i o d o -  a n d

l -b r o m o -2 - i o d o b e n z e n e  s p e c t r a  c o u ld  b e  w e ll  a p p r o x i

m a t e d  a s  A B M X  c a se s  in  w h ic h  a l l  o f f -d ia g o n a l  m a t r ix  

e le m e n ts  o t h e r  t h a n  t h o s e  in v o lv in g  JAb  a r e  n e g le c te d .  

T h e  e n e r g y  le v e ls  f o r  t h e  A B M X  c a s e  h a v e  b e e n  g iv e n  

b y  R e i l l y  a n d  S w a le n ,4 a n d  e x p lic it  e q u a t io n s  f o r  t h e  

lin e  fr e q u e n c ie s  a re  r e a d ily  d e r iv e d  th e r e f r o m . T r a n s i 

t io n s  w e r e  a s s ig n e d  a c c o r d in g  t o  t h e  f r e q u e n c y  s u m  

r u le  g iv e n  b y  R e i l l y  a n d  S w a le n .4 O n c e  t h e  e x p e r i

m e n t a l  lin e  fr e q u e n c ie s  w e r e  a s s ig n e d , t h e  s p e c tr a l  

p a r a m e te r s  fo r  th e s e  t w o  c a s e s  w e r e  r e a d i ly  d e r iv e d  

f r o m  t h e  fr e q u e n c y  a n d  e n e r g y  le v e l  e q u a t io n s . T h e s e  

v a lu e s  w e r e  c h e c k e d  a n d  t h e  in t e n s it ie s  w e r e  c a lc u la te d  

w it h  t h e  c o m p u t e r  p r o g r a m . T h e  p a r a m e te r s  are  

g i v e n  in  T a b le  I  a n d  t h e  c a lc u la te d  s p e c t r a  a r e  s h o w n  

in  F ig u r e  1 . T h e  a v e r a g e  d e v ia t io n  w a s  ± 0 . 1  c .p .s .  

f o r  a ll  3 2  lin e s  in  b o t h  c a s e s . A s  w ill  b e  n o t e d  in  F i g 

u r e  1 , t h e  in t e n s i t y  f i t  is  n o t  e x a c t  in  th is  a p p r o x im a t io n .  

W h e n  a ll  o f f -d ia g o n a l  e le m e n ts  w e r e  in c lu d e d  in  th e  

c a lc u la t io n  ( A B C D  c a s e ) , t h e  i n t e n s i t y  p a t t e r n  m a t c h e d  

t h e  e x p e r im e n ta l  s p e c t r u m  b u t  t h e  l in e  p o s it io n s  s h if te d  

s l ig h t ly . T h i s  in d ic a te d  t h a t  a  s l ig h t  a d ju s t m e n t  o f  t h e  

p a r a m e te r s  w a s  r e q u ir e d . S in c e  w e  d id  n o t  h a v e  a c c e ss  

t o  a n  i t e r a t iv e  t y p e  p r o g r a m , n o  fu r t h e r  i m p r o v e m e n t  

w a s  a t t e m p t e d .

E x a m i n a t i o n  o f  t h e  l -c h lo r o -2 -b r o m o b e n z e n e  s p e c 

t r u m  (F ig u r e  2 )  c le a r ly  in d ic a t e d  t h a t  t h e  s y s t e m  c o u ld  

o n ly  b e  t r e a te d  a s  a  t r u e  A B C D  c a se . F r o m  o u r  

k n o w le d g e  o f  t h e  o r d e r  o f  t h e  lin e s  in  t h e  t w o  s im p le r  

c a se s , i t  w a s  p o s s ib le  t o  c o n s t r u c t  a n  e n e r g y  le v e l  

d ia g r a m  fo r  th is  c a s e  a g a in  u s in g  t h e  R e i l l y -S w a le n  

s u m  r u le s . S e v e r a l  tr ia l  c a lc u la t io n s  in d ic a t e d  h o w  

v a r ia t io n s  in  e a c h  p a r a m e t e r  a f fe c te d  t h e  e n e r g y  le v e ls .  

W i t h  th is  in f o r m a t io n , a n  e x a c t  A B C D  s o lu t io n  

w a s  p o s s ib le . T h e  e n e r g y  le v e l  t a b le  is  s h o w n  in  

F ig u r e  3 . T h e  lin e  a s s ig n m e n ts  c o r r e s p o n d  t o  th o s e  

in  F ig u r e  2 .  T h e  a v e r a g e  d e v ia t io n  w a s  ± 0 . 1  c .p .s .  

T h e  p a r a m e te r s  a r e  g i v e n  in  T a b le  I .

I n  k e e p in g  w it h  t h e  o b s e r v a t io n s  o f  o t h e r s ,1 -3 '6

(1) J. S. Martin and B. P. Dailey, J. Chem. Phys., 37, 2594 (1962).
(2) J. S. Martin and B. P. Dailey, ibid., 39, 1722 (1963).
(3) D. M. Grant, R. C. Hirst, and H. S. Gutowsky, ibid., 38, 470 
(1963).
(4) C. A. Reilly and J. D. Swalen, ibid., 34, 980 (1961).
(5) See, for instance: (a) R. J. Abraham and H. J. Bernstein,
Can. J. Chern., 39, 216 (1960); (b) N. V. Riggs, Australian J. Chem., 
16, 521 (1963); (c) V. J. Kowalewski and D. G. deKowalewski, J. 
Chem. Phys., 36, 266 (1961); 37, 2603 (1962).
(6) H. Spieseeke and W. G. Schneider, ibid., 35, 731 (1961).
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Figure 1. The n.m.r. spectra of l-chloro-2-iodobenzene (upper) and l-bromo-2-iodobenzene 
(lower). The calculated spectra are ABMX approximations.

Table I : N.m.r. Parameters for Dihalobenzenes“

Dihalobenzenes J  84 J  45 J  56 J  35 JiC J  86 T3 y t T( y

1,2-Dichloro 8 .06 7.45 8 .0e 1.52 1.52 0.35 2.63
(2.80)

2 . 8 8
(2.95)

2 . 8 8
(2.95)

2.63
(2.80)

1,2-Dibromo 8.46 7.45 8.46 1.33 1.33 0.45 2.45
(2.70)

2.91
(2.93)

2.91
(2.93)

2.45
(2.70)

1,2-Diiodo 7.96 7.9i 7.96 1.95 1.95 O.O5 2.19
(2.63)

3.04
(3.07)

3.04
(3.07)

2.19
(2.63)

l-Chloro-2-bromo 8 .2 6 7.45 8 . 2 6 1.33 1 . 62 0.50 2.47
(2.64)

2.99
(3.02)

2 . 8 6
(2.87)

2.62
(2 .8 6 )

l-Chloro-2-iodo 7.70 7.56 7.90 1.75 2.05 0.35 2 . 2 1
(2.43)

3.16
(3.16)

2.79
(2.87)

2.63
(2.99)

l-Bromo-2-iodo 7.96 7.2o 8 .2 0 1 .6o I . 6 4 0.40 2.22
(2.50)

3.12
(3.07)

2.90
(2.93)

2.45
(2.84)

° Chemical shifts are in t units. Values in parentheses are predicted from the values of Martin and Dailey.
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Figure 2. T ie  n.m.r. spectrum of l-chloro-2-bromobenzene. The calculated spectrum is an ABGD case.

t h e  le ss  s h ie ld e d  p r o t o n s  w e r e  a s s ig n e d  a s  b e in g  a d ja c e n t  

t o  t h e  h a lo g e n  s u b s t i t u e n t s . A s  w ill  b e  n o t e d  in  

T a b le  I ,  th e r e  is  o n ly  a  s l ig h t  a n d  a p p a r e n t ly  r a n d o m  

v a r ia t io n  in  t h e  c o u p lin g  c o n s t a n t s  fo r  a l l  s ix  c o m 

p o u n d s . T h e  v a lu e s  f o r  t h e  c h e m ic a l  s h if t s  p r e d ic te d  

f r o m  t h e  M a r t i n  a n d  D a i l e y  r e la t io n  a re  in d ic a te d  in  

p a r e n th e s e s . I n  k e e p in g  w it h  th e ir  o b s e r v a t io n , t h e  

a g r e e m e n t  b e t w e e n  t h e  p r e d ic te d  a n d  o b s e r v e d  v a lu e s  is  

q u it e  g o o d  fo r  t h e  r e m o t e  p a ir  o f  p r o t o n s  ( 4  a n d  5 ) ,  

a n d  t h e  p r e d ic te d  v a lu e  is  h ig h  b y  a b o u t  0 . 2 - 0 . 5  

p .p .m .  f o r  t h e  a d ja c e n t  h y d r o g e n s  (3  a n d  6 ) .

P e r h a p s  t h e  m o s t  s ig n ific a n t  o b s e r v a t io n  t o  b e  n o t e d  

in  T a b l e  I  is  t h e  f a c t  t h a t  t h e  c h e m ic a l  s h if t s  o f  th e  

p r o t o n s  a d ja c e n t  t o  a  g i v e n  h a lo g e n  s e e m  t o  b e  d e 

te r m in e d  s o le ly  b y  t h e  n a t u r e  o f  t h a t  h a lo g e n  a n d  

a p p e a r  t o  b e  in d e p e n d e n t  o f  t h e  n a t u r e  o f  t h e  o t h e r  

s u b s t i t u e n t . N u m e r o u s  d is c u s s io n s  o f  t h e  v a r io u s  

fa c t o r s  c o n t r ib u t in g  t o  t h e  c h e m ic a l  s h if t s  o f  a r o m a t ic  

p r o to n s  h a v e  n o w  a p p e a r e d . T h e  o p e r a t io n  o f  “ r in g  

c u r r e n ts ,”  in d u c t iv e  a n d  s u b s t i t u e n t  e le c tr ic  f ie ld  

e ffe c ts , a n d  t h e  m a g n e t ic  a n i s o t r o p y  o f  t h e  s u b s t i t u e n t

h a v e  b e e n  c o n s id e r e d .2’6-7 W h i le  i t  is  g e n e r a lly  a g r e e d  

t h a t  s u b s t i t u e n t  e ffe c ts  a r e  a t  a  m i m i n u m  a t  a  meta 
p o s it io n , s t i l l  t h e  m e fa -s u b s t i t u e n t  c o n s t a n t s  o f  M a r t i n  

a n d  D a i l e y 2 v a r y  b y  a  f a c t o r  o f  4  in  g o in g  f r o m  c h lo r in e  

t o  io d in e , a n d  t h e  meta p r o t o n  in  io d o b e n z e n e  is  0 .2 3  

t  u p h e ld  f r o m  t h a t  in  c h lo r o b e n z e n e .6

T h e  lo w -h e ld  s h i f t  o f  a  p r o t o n  lo c a t e d  ortho t o  a  h a lo 

g e n  h a s  b e e n  n o t e d  b e fo r e , a n d  b o t h  S p ie s e c k e  a n d  

S c h n e id e r 6 a n d  M a r t i n  a n d  D a i l e y 2 h a v e  s u g g e s t e d  th e  

m a g n e t ic  a n is o t r o p y  o f  t h e  h a lo g e n  a s  t h e  m o s t  l ik e ly  

e x p la n a t io n . T h e  la t t e r , h o w e v e r , n o t e d  t h a t  c e r t a in  

a s p e c ts  o f  t h e  m a g n e t ic  a n i s o t r o p y  e x p la n a t io n  w e r e  

u n s a t i s f a c t o r y ; i.e., t h e  a n is o t r o p y  w a s  c a lc u la te d  a lso  

t o  a f fe c t  m o r e  r e m o t e  p r o t o n s . R e c e n t l y ,  S c h a e fe r ,  

R e y n o ld s ,  a n d  Y o n e m o t o 8 h a v e  a ls o  r e je c t e d  t h e  m a g 

n e t ic  a n is o t r o p y  a r g u m e n t  a n d  h a v e  s u g g e s t e d  a  s h o r t

(7 )  J . S . M a r t in , T h e s is , C o lu m b ia  U n iv e r s ity , 1962 , a n d  r e fe re n ce s  
th e re in .

(8 )  T .  S ch a e fe r , W .  F .  R e y n o ld s ,  a n d  T .  Y o n e m o t o ,  Can. J. Chem., 
4 1 , 2 9 6 9  (1 9 6 3 ) .
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Figure 3. The energy level diagram for 1-chloro- 
2-bromobenzene showing the line assignments and frequencies 
(levels not to scale; add 400 c.p.s. to each frequency).

Q.

Figure 4. Plot of the chemical shift data of the o-hydrogens 
vs. the Q values of Hruska, Hutton, and Schaefer.

r a n g e  v a n  d e r  W a a l s  t y p e  in t e r a c t io n  b e t w e e n  t h e  

h a lo g e n  a n d  t h e  a d ja c e n t  p r o to n . N o  q u a n t i t a t iv e  

c a lc u la t io n s  w e r e  a t t e m p t e d , a n d  th is  e x p la n a t io n  

h a s  b e e n  s u b s e q u e n t ly  d is c a r d e d  in  f a v o r  o f  a  m o r e  

r e a s o n a b le  e x p la n a t io n . H r u s k a , H u t t o n ,  a n d  S c h a e 

f e r 9 h a v e  p r e s e n te d  e v id e n c e  t h a t  t h e  lo w -f ie ld  s h i f t

r e s u lts  f r o m  a n  a lt e r a t io n  in  t h e  p a r a m a g n e t ic  t e r m  o f  

t h e  R a m s e y  s h ie ld in g  e q u a t io n . A  lin e a r  r e la t io n  

b e t w e e n  t h e  o r flio -p r o to n  s h if t s  f o r  t h e  a r o m a t ic  h a lid e s  

w a s  f o u n d  w it h  a n  e m p ir ic a l  p a r a m e t e r , Q. T h i s  

p a r a m e t e r  w a s  d e f in e d  a s  P/Irs, w h e r e  P  is  t h e  b o n d  

p o la r iz a b i l i t y , I  is  t h e  f ir s t  io n iz a t io n  p o t e n t ia l ,  a n d  r 
is  t h e  b o n d  le n g th .

A  p lo t  o f  t h e  c h e m ic a l  s h if t s  f o r  t h e  v a r io u s  ortho 
p r o t o n s  in  T a b l e  I  a g a in s t  Q is  s h o w n  in  F ig u r e  4 .  

B e n z e n e  is  a ls o  s h o w n  i n  t h e  p lo t .  A s  c a n  b e  se e n , 

t h e  f it  t o  t h e  p lo t  is  e x c e lle n t , a n d  i t  is  p r e s u m e d  t h a t  

th is  m o d e  o f  d e s h ie ld in g  o f  t h e  ortho p r o t o n s  d o m in a t e s  

in  th e s e  c o m p o u n d s . R e a s o n a b ly , t h e  a d d i t i v i t y  r u le  o f  

M a r t i n  a n d  D a i l e y  w o u ld  n o t  b e  e x p e c te d  t o  h o ld  in  

th is  s itu a t io n .

Experimental Section
T h e  c o m p o u n d s  u s e d  in  t h is  s t u d y  w e r e  a l l  c o m m e r 

c ia l ly  a v a i la b le . S p e c t r a  w e r e  d e t e r m in e d  w it h  a  

V a r ia n  A - 6 0  a t  t h e  a m b ie n t  t e m p e r a t u r e  o f  t h e  p r o b e  

(ca. 4 0 ° ) .  S o lu t io n s  o f  e a c h  c o m p o u n d  w e r e  m a d e  u p  

5 - 1 0 %  b y  v o l u m e  in  c a r b o n  te tr a c h lo r id e  a n d  o u t -  

g a s s e d . O n e  d r o p  o f  t e t r a m e t h y ls i la n e  w a s  a d d e d  a s  

a n  in t e r n a l  s t a n d a r d . T h e  in s t r u m e n t  w a s  c a lib r a te d  

a g a in s t  c h lo r o fo r m . E a c h  s p e c tr u m  w a s  r e c o r d e d  

s e v e r a l  t im e s  ( 4 - 1 0 ) ,  a n d  t h e  a v e r a g e d  fin e  p o s it io n s  

w e r e  u s e d  in  t h e  c a lc u la t io n s .

Acknowledgment. W e  w is h  t o  e x p r e s s  o u r  g r a t i t u d e  

t o  t h e  R o b e r t  A .  W e l c h  F o u n d a t io n  f o r  i t s  g e n e r o u s  

s u p p o r t  o f  th is  w o r k .

(9) F. Hruska, H. M. Hutton, and T. Schaefer, Can. J. Chew,., 
43, 2392 (1965).

Dissociation Constants for Some Nitrophenols 

and Salicylic Acid in Deuterium Oxide

b y  P a u l  K .  G la s o e

Wittenberg University, Springfield, Ohio 
{Received Avgust 11, 1965)

I n  a  r e p o r t  o n  t h e  d is s o c ia t io n  c o n s t a n t s  o f  s o m e  a c id s  

in  d e u t e r iu m  o x id e , B e l l 1 n o t e d  t h e  p o o r  a g r e e m e n t  

b e t w e e n  h is  r e s u lt  f o r  2 ,4 -d i n i t r o p h e n o l  a n d  t h a t  re 

p o r t e d  e a r lie r  b y  M c D o u g a l l  a n d  L o n g .2 H e  a ls o

(1) R. P. Bell and A. T. Kuhn, Trans. Faraday Soc., 59, 1789 (1963).
(2) A. C. McDougall and F. A. Long, J. Phys. Chem., 66, 429 
(1962).
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Table I : pK Values for Some Nitrophenols and for Salicylic Acid in Water and in Deuterium Oxide

Long and M cDougall Bell and Kuhn Martin and Butler This work
Compound pE A Ap K P-Kh ApiT P-KA Ap K P K m Ap K

o-Nitrophenol 7.19 0.75 7.25 0.57 7.22 0.60
p-Nitrophenol 7.26 0.48 7.24 0.56 7.14'* 0.58
2,4-Dinitrophenol 4.12 0.70 4.07 0.52 4.02 0.52 4.12 0.56
Salicylic acid 2.94 0.75 3.00 0.6T 3.01 0.56

“ R. Robinson and A. Peiperl give the value 7.156: J. Phys. Chem., 67, 1723 (1963). 6 V. K. La Mer and S. Korman, Science, 83, 
624 (1936).

pointed out similar large discrepancies in the values re
ported by McDougall and Long and those of Martin and 
Butler3 for o-nitrophenol and p-nitrophenol. A sum
mary of these values is given in Table I. Noting that 
the results of McDougall and Long were obtained 
using the glass electrode to measure pH or pD whereas 
his results and those of Martin and Butler were made 
using spectrophotometry, Bell suggests the possibility 
that the glass electrode is not wholly reliable in deuter
ium oxide solutions.

Since we have published several results for dissocia
tion constants of acids in deuterium oxide using the 
glass electrode, we undertook the measurement of 
pAH and pKD for the nitrophenols in question using the 
procedure described in an earlier note.4 The solutions 
were in general very dilute, usually less than 0.01 
M , owing to the low solubility of the nitrophenols in 
water. The ionic strength was kept around 0.05 by 
addition of KC1. It was found that the glass electrode 
was much more stable in such a solution than it was in 
the nitrophenol alone. In all cases, the pK  values are 
corrected for the ionic strength using the Debye limit
ing law.

The values we have obtained are shown in Table I. 
In each case, our value checks reasonably well with Bell 
or with Martin and Butler. In view of these results, 
we conclude that in these cases the glass electrode gives 
proper results in deuterium oxide solutions.

Long and McDougall2 3 report a value for pK t> — 
pK b. (or ApR) for salicylic acid of 0.75. This is much 
higher than that given by La Mer and Korman,5 
0.61. We have measured the pAD and the pK s  for 
salicylic acid and obtain 0.56. We conclude that the 
deuterium isotope effect in salicylic acid is only slightly 
greater than that of “normal” carboxylic acids.1 1'6

(3) D. C. Martin and J. A. V. Butler, J. Chem, Soc., 1366 (1939).
(4) P. K . Glasoe and L. Eberson, J. Phys. Chem., 68, 1560 (1964).
(5) See footnote b of Table I.
(6) C. K . Rule and V. K . La Mer, J. Am. Chem. Soc., 60, 1974 
(1938).

The Proton Magnetic Resonance 

Spectrum of Phenanthrene

by Robert C. Fahey and Gary C. Graham
Department o f Chemistry, University o f California at San Diego,
La Jolla, California {Received August 18, 1965)

The proton n.m.r. spectrum of phenanthrene (Figure
1) contains two complex multiplet patterns. Because 
inter-ring coupling constants are usually negligibly 
small in aromatic hydrocarbons, the 9,10-protons 
should give rise to a single line. The intense line at

3

the center of the high-field multiplet is reasonably 
assigned to these protons.1 The remaining lines in 
the spectrum comprise an ABCD pattern, the low- 
field multiplet of which has been assigned to the 4,5- 
protons based on studies of phenanthrene-9-di and 4- 
methylphenanthrene.2 An approximate analysis of 
the spectrum has been reported previously.3 We report 
here a complete analysis of the spectrum and compare 
our results with the earlier findings.

Spectra were measured at several concentrations 
(8.9 to 17.4%, w./v.} in CDC13 on a Yarian HR-60 
spectrometer. Peak positions were determined rela
tive to tetramethylsilane as internal standard using the 
side-band technique. The spectra were analyzed using

(1) N. Jonathan, S. Gordon, and B. P. Dailey, J. Chem. Phys., 36, 
2443 (1962).
(2) H. J. Bernstein, W. G. Schneider, and J. A. Pople, Proc. Roy. Soc. 
(London), A236, 515 (1956).
(3) T. J. Batterham, L. Tsai, and H. Ziffer, Australian J. Chem., 
17, 163 (1964).
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Figure 1. Observed and calculated proton n.m.r. 
spectra of phenanthrene at 60 Me.

the procedure and iterative computer program de
scribed by Swalen and Reilly.4

A variety of different line assignments was tested 
corresponding to different chemical shift assignments 
and relative signs for the coupling constants. Only 
one assignment gave satisfactory agreement for both 
the line positions and the line intensities. The ob
served and calculated spectra for a 13% solution are 
given in Figure 1. The analysis was checked by com
paring the observed 100-Mc. phenanthrene spectrum 
with that calculated from the parameters determined 
at 60 Me., and good agreement was found. The 
coupling constants showed no significant variation 
with concentration over the range studied. The chem
ical shifts did vary, and values were extrapolated to 
infinite dilution. The results, together with values 
from the previous study, are shown in Table I.

Table I: Chemical Shifts and Coupling 
Constants for Phenanthrene

— 5t m s  — 8 n i, p.p.m.* ■ i j , C.p.8.'------—

i
10%  in 
CDCls“

Inf. dii. 
in CDCls6 
(± 0 .0 0 5 ) ij Ref. 3

This
w ork

(± 0 .0 5 )

1 8.125 7.855 12 8.4 8.11
2 7.825 7.570 13 1.6 1.31
3 7.883 7.612 14 0.5° 0.66
4 8.933 8.648 23 7.3 7.20
9 7.702 24 1.6 1.24

34 8.4 8.40

‘ See ref. 3. b This work. ° Assumed.

The coupling constants found here are generally 
similar to those reported earlier,3 but some differences 
do occur. It should be pointed out that the previous 
analysis was based on an interpolation procedure, 
and Jh was assumed to be 0.5 c.p.s. There is also

an appreciable discrepancy in the chemical shift values, 
our values for a 10% solution being consistently to 
lower field by 0.28 to 0.32 p.p.m. Independent spectra 
were obtained on two different Varian A-60 spectrom
eters. The chemical shifts of the 9,10-protons agreed 
satisfactorily (±0.02 p.p.m.) with our other results, 
lending credence to their accuracy.

It may be noted that the low-field resonance lines 
are broader than the others. This might be the result 
either of long-range coupling or of a short relaxation 
time for the 4,5-protons. No significant narrowing of 
these lines was observed during spin-decoupling experi
ments in which the 9,10-proton resonance was ir
radiated.

Acknowledgment. We wish to express our apprecia
tion to Varian Associates for supplying 60- and 100-Mc.
n.m.r. spectra of phenanthrene, to Dr. E. Wadsworth 
of San Diego State College for making an A-60 spec
trometer available for our use, and to the National 
Science Foundation for partial support of this work 
as well as for a grant-in-aid assisting the purchase of the
n.m.r. spectrometer used in these studies.

(4) J. D. Swalen and C. A. Reilly, J. Chem. Phys., 37, 21 (1962).

Logarithmic Distribution Functions 

for Colloidal Particles

by E. P. Honig
Philips Research Laboratories, N . V. Philips' Gloeilampenfabrieken, 
Eindhoven, The Netherlands (Received August 81, 1966)

Recently, Espenscheid, Kerker, and Matijevi61 
stated that a set of different logarithmic distribution 
functions p n(r) was obtained by varying a parameter 
n of the “general” logarithmic distribution function 
(eq. 21 of their paper), characterized by the three 
parameters n, rn, and an

= rn exp [-(In  r -  In r n) 2/ 2 a 2]

Vn T V 2 r anr nn+1 exp[{n +  l)2un2/2]

However, it will be shown now that all distribution 
functions (1) can be reduced to the logarithmic normal 
distribution function, containing only two parameters: 
rm and an.

(1) W. F. Espenscheid, M. Kerker, and E. Matijevic, J. Phys.
Chem., 68, 3093 (1964).
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Equation 1 can be rewritten as
+i

VÁr) =  ~ 7 =  ( ~ T\'2ir(Tnr\ rn/

exp

X

[~ ( E i  r y  

L 2(7
r/rn)2

+  (n +  l )W /2

or

Pn(r) = V2Í't <t nr
exp — (In r/rny  

. 2(7 n2

(n +  1) In r/rn + ( n  +  l )2o-//2

or

Vn(T) nr- X
V  2ir<rnr

[In r — {in r n +  (n +  VjaB2}]2 
exp --------------------- — ------------------------ (2)2o-n2

The term In rn +  (n +  l)tr„2 contains parameters

only; hence a new parameter rm may be substituted, 
defined by

So

P»(r)

In rm =  In rn +  (n +  1) a „ i

1 (In r — In rm)2
eXp 2(7/

(3)

(4)

The distribution function (1) is thus reduced to the 
logarithmic normal distribution function (4), where a 
single parameter rm replaces the two parameters rn 
and n. From an experimentally determined distribu
tion curve only the parameters rm and <rn can be eval
uated. In order to determine rn and n separately, one 
must think of an experiment where rn and n are con
nected by a relationship other than eq. 3; however, 
this does not seem possible because rn and n  have no 
physical significance. Hence, there is no reason to 
introduce a set of logarithmic distribution functions 
(by variation of the parameter n), and it is sufficient 
to deal with the logarithmic normal distribution 
function.
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COMMUNICATIONS TO THE EDITOR

An Apparently Primary CH6+ Ion in the Mass 

Spectrum of 2-Methoxyethanol

Sir: We have observed the ion CHS+ in the mass 
spectrum of 2-methoxyethanol and have found that it 
is apparently a primary ion. This ion has been ob
served previously in the mass spectrometer,1-10 but to 
our knowledge, this is the first time it has been recog
nized either as a primary ion or in a system which does 
not include methane.

We have identified this ion as part of a doublet ap
pearing at m/e 17. In a spectrum of 2-methoxyethanol 
(Fisher certified reagent) dried over anhydrous CaS04 
run on a Consolidated Electrodynamics mass spectrom
eter Model 21-103C, we have observed this doublet, 
while in other samples dried with an excess of the CaS04 
the lower mass peak (OH+) is diminished to a shoulder 
on the higher mass peak. Accurate determination of 
the mass of the latter peak was done by measuring the 
accelerating voltage for this peak and comparing it to 
the voltages for the known peaks at m/e 15, 16, 18, and 
19. The results are given in Table I. The peak at 
m/e 17 is about 80% of the height of the CH4+ peak at 
m/e 16. Therefore, it could not be due to 13CH4+.

Spectra were also run on a high-resolution Hitachi 
mass spectrometer, Model RMU-6D. In one of these, 
some NH3 was added. To the second was added a

Figure 1. High-resolution spectrum of the multiplet at 
m/e 17 in 2-methoxyethanol with added ammonia.

small amount of CH3D. It was expected that NH3 + 
should appear about 65% of the distance from the 
OH+ to the CH5+. The mass difference between 
CH3D+ and CH6+ is one part in 11,000, which is ap
proximately the stated resolution for this instrument. 
The results are shown in Figures 1 and 2.

Table I : Determination of Exact Mass of m/e 17 Peak in 
the Mass Spectrum of Dry 2-Methoxyethanol

Trial Mass found

1 17.0435
2 17.0377
3 17.0434
4 17.0441
5 17.0337

Av. 17.0405 ±  0.0038 (av. dev.)

Expected masses“ : OH+ = 17.0022; NH3 + = 17.0260; CH6 + 
= 17.0386

“ Calculated on the basis of automatic weights in J. H. Beynon 
and A. E. Williams, “Mass and Abundance Tables for Use in 
Mass Spectrometry,” Elsevier Publishing Co., New York, N. Y., 
1963, p. vii, and considering the mass of the electron.

Pressure dependence studies were made using the 
Consolidated instrument and measuring the pressure 
with a micromanometer. A typical set of data plotted 
as peak height vs. inlet pressure is shown in Figure 3. 
It can be seen that the relationship is linear.

(1) See the reviews by  (a) C. E . M elton in “ Mass Spectrom etry of 
Organic Ions,”  F . W . M cLafferty, E d., A cadem ic Press, N ew  Y ork, 
N . Y ., 1963, Chapter 2; (b) J. D um p, “ Les Reactions Entre Ions 
Positifs et M olecules en Phase Gazeuse,”  Gauthier-Yillars, Paris,
1960, p. 20.
(2) A . Cassuto, Advan. M ass Spectrometry, Proc. Conf., 2nd, Oxford,
1961, 2, 296 (1963).
(3) G . R . Cook, J. A . R . Samson, and G . L . Weissler, IT. S. Depart
ment of Commerce, Office of Technical Services, P. B . R eport 145,185 
(1959).
(4) F . H . Field, J. L. Franklin, and M . S. B. M unson, J . Am . Chem. 
Soc., 85, 3575 (1963).
(5) C. E . M elton and W . H . Hamill, J. Chem. Phys., 41, 1469 (1964).
(6) M . S. B . M unson, F . H . Field, and J. L. Franklin, J. Am. Chem. 
Soc., 85, 3584 (1963).
(7) K . R . R yan and J. H . Futrell, J. Chem. Phys., 42, 824 (1965).
(8) N . N . Tunitskii and S. E . K upriyanov, Tr. Pervogo Vses. Soveshch. 
po Radiatsion. Khim ., Akad. Nauk SSSR, Otd. Khim . Nauk, M oscow , 
7 (1958).
(9) H . von  K och, U. S. Departm ent of Comm erce Accession N o. A D  
603 091 (1964), Avail. C FSTI.
(10) S. W exler, J. Am . Chem. Soc., 85, 272 (1963).
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Figure 2. High-resolution spectrum of the multiplet at m/e 17 
in 2-methoxyethanol with a small amount of added methane-di.

Figure 3. Peak intensity vs. the inlet pressure.

Isotopic studies to determine the mechanism of for
mation of this ion are in progress.

(11) Departm ent o f Chemistry, Northern Illinois U niversity, 
DeK alb, HI. 60115.
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M ic h ig a n  Sta t e  U n iv e r s it y  K e r m it  R . W a y

E a s t  L a n sin g , M ic h ig a n  M o r l e y  E . R u sse l l11

R e c e iv e d  A u g u s t  30, 1965

Pulse Radiolysis of Fused Alkali Halides1

Sir: The coloration of alkali halide crystals by ionizing 
radiation, by treatment with alkali metals, and by 
electrolysis, is well known. Coloration of alkali 
halides in the liquid state by solution of alkali metals or 
by electrolysis has often been reported2 * *; however, 
coloration by ionizing radiation does not appear to 
have been studied. This communication reports some 
preliminary observations on coloration of alkali halide 
melts using the pulse radiolysis technique.

Two samples were used, one of pure KC1 and the 
other an equimolar mixture of KC1 and KBr. Samples 
were prepared from single-crystal material supplied by 
the Harshaw Chemical Co. and were held in ampoules 
made from 13-mm. tubes of Suprasil high-purity fused 
silica. Ampoules were evacuated before sealing. 
During measurements, the sample temperatures were 
maintained a few degrees above their melting points in 
an oven with an aperture for the light path.

The optical system consisted of a lamp passing white 
light through the center of the sample, through a mono
chromator, and to an SI multiplier phototube whose 
output was suitably displayed on a dual-beam oscillo
scope. Measurements could be made over the range 
5000-11,000 A.

Samples were irradiated by 4-,usec. pulses of 30-Mev. 
electrons. The dose delivered was determined by a 
calorimetric method and was, typically, 106 rads/pulse.

With this arrangement, a moderate-to-strong absorp
tion was observed to form during a pulse and to decay 
after a few microseconds. A typical oscilloscope trace 
is shown in Figure 1, curve A. A moderately intense 
radioluminescence was observed to interfere with 
measurements of absorption. This luminescence could 
be measured independently by closing a shutter be
tween the lamp and the sample; a typical oscilloscope 
trace is shown in curve B of Figure 1. The absorption

(1) Research partially supported by  the Air Force Cambridge Research 
Laboratories, Office of Aerospace Research, under Contract A F - 
19(628)-2926.
(2) See, for example, M . A . Bredig in “ M olten Salt Chem istry,”
M . Blander, Ed., John W iley and Sons, Inc., New Y ork, N . Y ., 1964,
p .  3 6 7 .
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Figure 1. Tracing of oscilloscope photograph of light 
transmitted through and emitted from liquid KCl-KBr 
at 10,600 A.: A, absorption signal; B, fluorescence 
signal, same gain as A; C, electron-beam current 
monitor signal.

signal could then be corrected by subtracting alge
braically from it the corresponding fluorescence signal. 
The absorption was found to show a rise toward the 
infrared with a possible maximum near 10,000-11,000
A., and the behavior was similar for both samples. 
The decay of the optical density shows a long-lived 
component with a time constant of ~ 7  psec. Measure
ments on an empty tube showed that the silica container 
was not involved in these effects. No permanent ab
sorption was observed: using chopped light and an 
a.c. amplifier and recorder, no absorption greater than 
1% could be seen 1 sec. after delivering a dose of 106 
rads. When allowed to cool in the absence of irradia
tion, the resulting crystals were not colored.

The absorption is thought to be similar to that pro
duced by dissolving alkali metals in fused alkali halides. 
Mollwo3 found an absorption with a broad maximum 
at ~10,000 A. for liquid KC1 and KBr treated with 
alkali metal vapor. The absorption is tentatively 
attributed to a solvated electron or F center. The 
establishment of this identification will require further 
experiments both on metal solutions and by pulse 
radiolysis techniques.

(3) E. M ollwo, Nachr. Akad. Wiss. Gottingen, M ath-Physik K l. II ,
1, 203 (1935).

G e n e r a l  A to m ic  D iv is io n  Sa n d r a  J. B l a c k

G e n e r a l  D y n a m ic s  C o r po r a t io n  D . M . J. C om pton

Sa n  D ie g o , C a l if o r n ia  92112
R e c e iv e d  Se p t e m b e r  22, 1965

Double Molecules in Gases

S ir: Possibly because the chemist is introduced to 
real gas behavior through the van der Waals equation, 
the presence of bound double molecules (as well as 
larger aggregates) in gases does not receive much at
tention in the literature. However, current statistical 
mechanical theories clearly point to such bound ag
gregates as a major source of the deviation from ideal 
gas behavior.* 1

The question that remains unanswered is under 
what conditions these associated species are more im
portant to kinetic and spectroscopic events than simple 
colliding pairs of molecules. The importance of double 
molecules in termolecular reaction kinetics will be 
discussed in a later publication. Our present concern 
lies with the possibility of direct observation of these 
bound pairs by their characteristic electronic absorp
tion spectra.

There are at least three spectroscopic events that 
require two molecules in close proximity: (1) charge-
transfer, (2) simultaneous, and (3) induced transitions. 
They are easily recognized because the absorbance 
due to such transitions is proportional to the square 
of the molecular concentration. Though a number of 
bands with this property can be found in the litera
ture, seldom has the temperature of the gas been 
varied to determine whether the absorbing species is 
a bound pair or a colliding pair. If it is a colliding 
pair, the integrated band intensity should remain the 
same or increase slightly as the temperature is raised. 
On the other hand, a bound pair should dissociate 
as the temperature is raised decreasing the absorption 
in the band. We have found an ultraviolet band of 
bromine which displays this latter type of behavior.

The uppermost curve in Figure 1 shows the absorp
tion spectrum of bromine vapor (130 torr, 14°, 10-cm. 
path) between 1850 and 2500 A. Figure 2 shows the 
linear relationship between the absorbance in the band 
and the square of the concentration, indicating that 
the transition involves two molecules. The lower 
curves in Figure 1 illustrate the effect of raising the 
temperature of a fixed amount of bromine vapor. It 
is clear that the peak at 2080 A. is rapidly removed as 
the temperature is increased from 14 to 200°. Fur
ther increases in temperature beyond 200° have little 
effect on the absorption in this region.

It seems reasonable to assume that the portion 
of the band which is removed by heating the cell is 
due to bound double molecules and that there is an

(1) D . E . Stogryn and J. O. Hirschfelder, J. Chem. Phys., 31, 1531 
(1959).
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Figure 1. Ultraviolet absorption of bromine vapor. 
Path length, 10 cm.; [Br2] = 10-2 ihf.

Figure 2. Relationship between [Br2]2 and 
the absorbance at 2100 A.

underlying absorption due to colliding pairs and/or 
the tail of a stronger band at 1600 A. reported by 
Cordes and Sponer.2 With this assumption the ab
sorbance due only to double molecules can be obtained 
by subtraction. A plot of log (A / T ) against ( l/T)  can 
then be used to calculate the enthalpy change (AH2) 
in the formation of double molecules. Such a plot is 
shown in Figure 3. From the slope at 25° AH2 =  
— 2.6 kcal. Hence, the bond energy E  = —AU =
2.0 kcal.

Because of a paucity of P V T  data for the halogens, 
it is not possible to compare our value of the double

molecule dissociation energy with that calculated 
from association theory.3 However, the value is con
sistent with that obtained from P V T  data for hydro
carbons with boiling points similar to bromine.4 5

Two recent communications provide the only addi
tional direct evidence for bound (nonpolar) double 
molecules in gases. Watanabe and Welsh6 have re
ported new absorption bands in hydrogen gas at 
30°K. which they attribute to bound levels of (H2)2, 
and Bobbins and Leckenby6 have reported mass 
spectrometric evidence for appreciable concentrations 
of species such as Ar2, Xe^ (N2)2, and (02)2 in gases 
at 200 torr. There is little doubt that such species 
can be observed directly by techniques similar to 
those described in this paper since simultaneous, 
induced, or charge-transfer transition can be found 
for most molecules.

(2) H . Cordes and H . Sponer, Z. Physik, 63, 334 (1930).
(3) E. A . Ogryzlo and G . Allard. J. Chem. Educ., in press.
(4) J. O. Hirschfelder, F . T . M cClure, and I. F . W eeks, J. Chem. 
Phys., 10, 201 (1942).
(5) A. W atanabe and H . L. Welsh, Phys. Rev. Letters, 13, 810 
(1964).
(6) E. J. Robbins and R . E. Leckenby, Nature, 206, 1253 (1965).

C h e m ist b y  D e p a r t m e n t  E. A. O gryzlo

U n iv e r s it y  of B r it is h  C olum bia . B . C . Sa n c t u a r y
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ADDITIONS AND CORRECTIONS

1964, Volume 68

Kinko Shinzawa and Ikuzo Tanaka: The Photochemical 
Isomerization of a,N-Diphenylnitrone.

Page 1205. In line 10 of the Abstract, 0.28 should read 0.56, 
and 0.18 should read 0.36.

Pages 1210 and 1211. In Figures 5 and 8 the values of the 
vertical axes should be doubled.—K in k o  K o y a n o .

M. M. Breuer: The Binding of Phenols by Hair. II. 
Volume Changes Accompanying the Dilution of Aqueous So
lutions of Phenols.

Page 2078. The sentence commencing on line 35 of the first 
column should read: The respective heats and entropies of 
association calculated from the values of Ki and K2 and the 
heats of dilution (Figure 6) in an analogous way as described 
before are +650 cal./mole, +1600 cal./mole, —1.60 e.u./mole, 
and +2.23 e.u./mole.—M. M. B r e u e r .

Y. Marcus and M. Givon: Anion Exchange of Metal Com
plexes. XIV. The Effect of Acidity on the Sorption of Lan
thanides from Lithium Nitrate Solutions.

Page 2233. The view that dimerization of nitric acid has 
been found in a solution of a trialkylamine in toluene has been 
erroneously attributed to Hogfeldt and Fredlund (ref. 19), 
being based on a pre-publication copy of their paper [Acta 
Chem. Scand., 18, 543 (1964)], kindly supplied by Dr. Hogfeldt. 
Their paper only supports the formation of the dimeric complex 
(S 3N-HN0 3 )2. The formation of the species R3NH+-(N08- 
HN03)~ has, however, recently been proposed by Tuck and co
workers [J. Bullock, S. Choi, D. Goodrick, D. Tuck, and E. 
Woodhouse, J. Phys. Chem,., 68, 2687 (1964)] to explain their 
data on similar systems. The conclusions of the present paper 
are not based on species which may be present in amine systems, 
however.—Y. M a r c u s .

Harold W. Kohn: Oxidation of Hydrocarbons Adsorbed 
on Oxide Catalysts Induced by Cobalt-60 -y-Rays.

Page 3134. The sentence beginning on the third line below 
eq. 4 should read: If 3 is zero order or fast.. .(instead of slow). 
— H a r o ld  W. K o h n .

1965, Volume 69

David L. Lydy, V. Alan Mode, and Jack G. Kay: Dissociation 
Constant and Degree of Dissociation for Tetraethylammonium 
Chloride in Ethylene Dichloride at 0, —15, and —30°.

Page 88. In Table II, Professor C. W. Davies has brought 
to our attention that the calculated minima in the degree of 
dissociation curves are much dependent upon the particular 
activity coefficient equation used. The relationship log f±  = 
— A \/aC gives the best agreement between calculated and ob
served values for the dissociation minima.

The third column of Table II, calculated on the basis of this 
limiting Debye-Hiickel equation, should be corrected to read 
1.92, 2.21, and 2.43 for the temperatures 0, —15, and —30°, 
respectively. The factor 5.3 is eliminated.—Ja c k  G. K a y .

C. T. Stubblefield, J. L. Rutledge, and R. Phillips: The

Heats of Formation of Anhydrous Europium(II) Chloride and 
of the Aqueous Europium(II) Ion.

Page 991. In the Abstract, the value of the heat of formation 
of EuCl2(s) is reported incorrectly as —195.8 kcal./mole; it 
should be the same as that found in the text on p. 995, viz., 
— 192.8 kcal./mole.—C. T. St u b b l e f ie l d .

Richard P. Wendt: The Estimation of Diffusion Coefficients 
for Ternary Systems of Strong and Weak Electrolytes.

Page 1229. Line 18, column 1, should read: B24, and CZ6, 
respectively. Valences of the ions. . . .

Page 1233. In eq. 59, the last term in the bracket should read
V W hS

Vlf,Cl +  V26C2

R ic h a r d  P. W e n d t

D. W. Placzek, D. F. Ring, and B. S. Rabinovitch: Deuterium 
Isotope Effects on Rates of Methylene Radical Insertion into 
C-H Bonds.

Page 1783. In column 2, lines 13-16, a kinetic equation of 
Majer, Capey, and Robb [J. R. Majer, W. D. Capey, and J. C. 
Robb, Nature, 203, 294 (1964)] was termed inexact and a “more 
exact” formulation was cited (D. W. Placzek, Ph.D. Thesis, 
University of Washington, 1965). We thank Professor Robb for 
calling our attention to an arithmetic error in our derivation, 
correction of which renders it into his form which is exact. No 
results, computations, or conclusions are affected.—B. S. R a b in -
OVTTCHi

M. L. Hyder: The Radiolysis of Aqueous Nitrate Solutions.
Page 1858. A systematic error has been found in the calibra

tion techniques used in this work which decreases all G values 
reported in the article. Correct G values may be obtained by 
multiplying the published values by 0.83. As a result, the 
measured value of Geaq- is decreased to 3.2 and the derived 
value of (7-H20 becomes 3.9. These values are close to those 
reported by others who have studied alkaline solutions, including, 
in particular, Cheek and Linnenbom [C. H. Cheek and V. J. 
Linnenbom, J. Phys. Chem., 67, 1856 (1963)].

The qualitative conclusions discussed in this article are not 
affected by this correction.—M. L. H y d e r .

Douglas C. Poland and Harold A. Scheraga: Hydrophobic 
Bonding and Micelle Stability.

Page 2442. We erroneously stated that “ there is a glaring 
discrepancy between theory' and experiment when the dependence 
of AH  (for formation of the micelles) on chain length is con
sidered.” Actually, the experimental AH  becomes more negative 
as chain length increases. This is exactly what the theory 
predicts [(a) G. Nemethy and H. A. Scheraga, J. Chem. Phys., 
36, 3401 (1962), Figure 7. Figure 7 applies to the solution 
process; in applying it to the reverse process, the sign of AH  
must be changed, (b) G. Nemethy and H. A. Scheraga, J. 
Phys. Chem., 66, 1773 (1962), eq. 21 and the discussion following 
Table XI.] for straight-chain hydrocarbons; in the branched 
side chains of amino acids, the enthalpy of formation of a hydro- 
phobic bond does become more positive as one goes from alanine- 
alanine to valine-valine to isoleucine-isoleucine (either in pair-

Volume 69, Number 12 December 1966
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wise or in  m ultip le interaction s). T hus, all the experim ental 
facts concerning the m icelles discussed in  the paper are in  agree
m ent w ith  the th eory  (see ref. a and b a b ov e ). T h is correction  
was p oin ted  ou t to  us b y  J. F. G ood m a n .—H. A. Sc h e r a g a .

Leonard S. Silbert, B. F. Daubert, and Leo S. Mason: The 
Heats of Combustion, Formation, and Isomerization of Isomeric 
Monoglycerides.

Page 2887. In footnote 1, the year should be corrected to read 
1953.— L e o n a r d  S. S il b e r t .

R. Srinivasan and Sheldon E. Cremer: Photochemical Re
arrangement Reactions of 2-w-Propylcyclopentanone.

Page 3147. Srinivasan and Cremer are mistaken in making 
the statement that “Photochemical Rearrangement Reactions of

2-n-Propylcyclopentanone” appears to be the first instance in 
which the Norrish type II reaction has been observed to involve 
an alicyclic ketone. Bamford and Norrish [/. Chem. Soc., 
1521 (1938)] found that 1-menthone was photolyzed almost ex
clusively by this mechanism to propylene and 3-methylcyclo- 
hexanone.

+ Av —  XX0 +  ° 3Hb

P e t e r  B o r r e l l  
U n iv e r s it y  o f  K e e l s  

Sta f f o r d s h ir e , E n g la n d
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Arylphosphine complexes, of Co(II) and Ni(ll), p.m.r. line 

widths, ligand exchange and electronic relaxation times for, 
3212

Association, ion, kinetic study in manganese sulfate solutions 
using ultrasonic absorption, 128; of secondary amines with 
tetrahydrofuran, 335; self-, in halomethanes and haloethanes, 
446; of Cu2 + and SCR2- in aqueous solutions of constant ionic 
strength, 1537; of aniline and N-methylaniline with benzene, 
N,N-dimethylaniline, pyridine, and N,N-dimethylcyclohexyl- 
amine, 1596; of 2,4,6-trimethylpyridine and trifluoroiodo- 
methane, 2400; ionic, of KC1 and CsCl in ethanol-water 
mixtures, 2420; self-, of acids and bases in 1,2-dichloroethane 
and other solvents, differential vapor pressure study, 2690; 
of cesium chloride in anhydrous methanol, 2787; ionic, of 
thionine, fluorescence and solvent effects, 2988 

Association constants, for tetrapropylammonium bromide in 
acetone and ethylidene chloride, 543; use of fluorescence 
measurements to determine, for weak complexes, 2960 

Azidopentaamminecobalt(III) azide, solid, thermal decomposition 
of, 1723

Azobenzene, chlorophyllide-sensitized reduction of, 2779 
Azo compounds, temperature dependence of cis-trans photo

isomerization of, 1062

Bacillus subtilis a-amylase, equilibrium constant for dimerization 
of, 1829

Barium, -sodium equilibrium system, 3867; -iron-oxygen com
pounds with varying oxygen content and iron valence, 4395 

Barium hydroxide octahydrate, solution thermochemistry of, 
1980

Benzanthracene, triplet state of, 2239
Benzene, thermal decomposition in flow system, 863; fluorescence

of, 1343; molecules, mean-square perpendicular amplitudes 
and shrinkage effects in, 1489; -butene-2 mixtures, effect of 
galvinoxyl on, 1866; radiolysis of benzene-cyclohexane mix
tures and, in presence of nickel tetracarbonyl, 2034; solvent 
effects on charge-transfer complexes of 1,3,5-trinitrobenzene 
with, 2766; diffusion in cyclohexane-benzene system, 2783; 
dioxane-, mixtures, radiolysis and luminescence behavior of, 
3024; intradiffusion and derived frictional coefficients for, and 
cyclohexane in their mixtures, 3116; -polyphenyl systems, 
gas-liquid partition chromatography, 3682; diffusion in sys
tem acetone-benzene-carbon tetrachloride, 3941; electric 
moments of N-alkyl substituted nicotinamides from measure
ments in benzene-dioxane solutions, 4097 

Benzene-d6, fluorescence of benzene and, 1343 
Benzidine rearrangement, development of method for electrode 

processes in which firshorder chemical reaction follows charge 
transfer, 30

Benzoate, radiolytic decarboxylation of, determination of relative 
rate constants for hydroxyl radical reactions, 1938 

Benzoic acid, pyridine-, complex, infrared study of hydrogen 
bond in, 74; C 13 magnetic resonance study o: protonation of, 
1030; C 13-labeled, integrated absorption intensity of C = 0  
stretching band of, 2256

Benzoyl peroxide, reaction with Rhodamine 6 GX color base, 4071 
N-Benzylideneanilines, para-substituted, kinetics of cis-trans 

isomerization of, 1584
Benzyltrimethylammonium chloride, activity coefficients of 

cadmium chloride in mixed aqueous solution with, 681 
Beryllium chloride, thermodynamic properties and allotropy of, 

3839
Beryllium fluoride, enthalpy and entropy of sublimation, 1069 
Beryllium hydroxides, thermodynamic properties of, 2828 
Beryllium oxide, heat of fusion and high temperature heat 

capacity of, 4035; -boron oxide system, thermodynamics of 
vaporization in, 4250

Bichromate ion, kinetics of hydrolysis of, in acetate buffer and 
acid catalysis, 1736

A2.6-Bicyclo[2.2.1]heptadiene, photochemistry of, 2475 
Bio-Rex 63, kinetics of ion exchange in phosphonic resin, 3400 
Biphenyl, mass spectra and appearance potentials of principal 

ions of, 2935
2,2'-Bipyridine, proton n.m.r. spectrum of, 673 
2,2'-Bipyridyl, n.m.r. spectra of, 4166 
Bismuth, bismuth iodide-iodine phase diagram, 124 
Bismuth-209, nuclear quadrupole resonance in solid BiBr3, 949 
Bismuth bromide, nuclear quadrupole coupling of Bi209 nucleus in 

solid BiBr3, 949; critical temperature and coexistence curve 
for, 1989

Bismuth chloride, molten, vapor pressure and enthalpy of 
vaporization of, 3916

Bismuth iodide, thermodynamic functions and absolute entropy, 
3621

Bisulfate ion, limiting equivalent conductance to 400°, 2984 
Bisulfates, fused, as solvents in galvanic cells, 3156 
Bond dissociation energy, C-C, in C2F6, 1075 
Bond formation, chemical, electron density shifts during, 3346 
Bond strength, of PO, 3461
Boron, infrared spectrum of HbBr2(g), 2461; thermochemistry of 

interconversion of H2B20 3(g) and boroxine gas, 3160 
Boron halide, ether-, molecular addition compounds in dichloro- 

methane, n.m.r. study, 89
Boron oxide, thermodynamics of vaporization in beryllium oxide-, 

system, 4250
Boron trifluoride, exchange between ethyl ether-BF3 and tetra- 

hydrofuran-BF3 and between ethyl ether-BF3 and ethyl 
sulfide-BF3, 527; heat of reaction with HF-3.75H20, 1010; 
reaction of boroxine with, infrared spectrum and stability of 
HBF2(g), 2208

Boroxine, reaction with BF3(g), infrared spectrum and stability 
of HBF2(g), 2208

«-Brass, dilation contribution to heat capacity of copper and, at 
elevated temperatures, 4162

Bromate ions, radiolysis by Co60 7 -rays, identification of species 
formed, 1413

Bromine, surface tension in reciprocal system K +, Cd+2-C l_, 
Br~, 1443; effect of experimental parameterson (n,y)-activated 
reactions of, with liquid cyclohexane, 2795; evidence for Br82m 
isomeric transition activated reactions in saturated hydrocar-
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bons and alkyl halides, 2806; heats of formation of solid solu
tions in systems (Na-Ag)Cl and (Na-Ag)Br, 3531 

Bromine ultraviolet lamp, studies of oxygen-ozone and C 02 
equilibria, 3964

Bromoacetic acid, halogen displacement reactions of, 854 
Butadiene, reactivity of perfluoroalkylnitriles toward, 1070 
n-Butane, diffusion in water, 3752; adsorption on polyftetra- 

fluoroethylene), 4387; chemically activated decomposition of, 
4402

1,4-Butanediol, diglycidyl ether of, kinetics of zinc fluoroborate 
and hydrogen ion catalyzed hydrolyses of, 1882

1-Butanol, partial volumes of, in dilute aqueous solutions, 2406 
Butene-2, benzene-, mixtures, effect of galvinoxyl on radiolysis of, 

1866
f-Butylamine, p.m.r. studies of hydrogen bonding in amine- 

acetamide-chloroform systems, 2950 
Butylammonium isobutyrate, ion-pair formation in aqueous 

solutions of, 2801
n-Butylbenzene, low-temperature thermodynamic properties of, 

4304
16N-n-Butylformamide, cis- and trans-, p.m.r. spectra of, 3648

Cadmium, solvent vapor pressures in dilute solutions of Ga in Cd, 
933; surface tension in reciprocal system K +, Cd+2-Cl~, Br_, 
1443; Ga-, system, discussion of apparent violation of Gibbs- 
Duhem equation, 2135; anion exchange of chloride complexes 
of, 2955; Ga-Cd system, apparent violation of Gibbs-Duhem 
relation, 3222

Cadmium chloride, activity coefficients of, in mixed aqueous 
solution with benzyltrimethylammonium chloride, 681; e.m.f. 
studies in water, water-ethanol, and ethanol, 2082 

Cadmium fluoride, Knudsen and Langmuir measurements of 
sublimation pressure of, 3174 

Cadmium hydroxide, thermal decomposition of, 450 
Cadmium iodide, -water system, diffusion in, 1718 
Calcium formate, pyrolysis in KBr matrix, kinetic study, 583 
Calcium hydroxide, solution thermochemistry of, 6 
Calcium oxide, solubility relationships in CaO-silica-water 

system, 182
Calomel electrode, aqueous saturated, liquid junction potential 

between acetonitrile solution and, 3049 
Calorimetry, mean /3-energy and half-life of promethium-147, 

1220; solution, comparison standards for, 2902 
d-Camphor, optical rotatory dispersion, 3708 
Carbohydrates, addition complex between dimethyl sulfoxide 

and, 656
Carbon, graphitic acid of pyrolytic carbon and its heat treatment, 

2462; adsorption on heterogeneous titania and homogeneous 
carbon surfaces, 3587

Carbon-13, isotope fractionation in pyrolytic decomposition of 
magnesium oxalate, 918; chemical shifts of vinyl carbons, 1947 

Carbonaceous materials, behavior at high temperatures and 
pressures, 3063

Carbon dioxide, thermodynamics of adsorption on zinc oxide, 17; 
radiation yields of, for aromatic carbonyl compounds, 1077; 
formation of C 02_ radical ions when C 02 is adsorbed on 
irradiated MgO, 2182; bromine ultraviolet lamp, studies_ of 
oxygen-ozone and C 02 equilibria, 3964; photosensitization 
with Hg 6 ’Pi atoms, 4047

Carbon-13-hydrogen couplings, directly and nondirectly bonded, 
observations with respect to symmetry, 3197 

Carbon monoxide, radiation yields of, for aromatic carbonyl 
compounds, 1077; chemisorbed on evaporated nickel films, 
infrared spectrum, 1195; galvanostatic studies of CO adsorp
tion or. Pt electrodes, 1355; comparison of adsorbed formic 
acid and, on Pt electrodes, 1363; electrostatic forces within 
CO mclecule, 2132; adsorption on heterogeneous titania and 
homogeneous carbon surfaces, 3587; effect of oxygen absorbed 
in skin of Pt electrode on determination of CO adsorption, 
4048; adsorbed, estimation of, on smooth Pt by anodic 
stripping, correction for electrode oxidation, 4049 

Carbon suboxide, heats of formation and polymerization, 3603 
Carbon tetrachloride, cyclohexane-, Duomeen T Dioleate sys

tem, demonstration of two distinct water species in, 1087; 
-perfluorocychc oxide, critical opalescence of mixture, _ 2329; 
diffusion in CCL-cyclohexane solutions, 2491; diffusion in 
acetone-benzene-carbon tetrachloride system, 3941 

Carbonyls, dimanganese and dicobalt, ions produced by electron 
impact with, 1618

Carboxyhemoglobin, electrophoresis of reversibly interacting 
system dextran sulfate-, 4242

Carboxylic acids, long-chain aliphatic, surface viscosity of mono- 
molecular films of, 1789

Catalysis, comparison of metals of known surface area for ethane 
hydrogenolysis, 95; effects of impurities, olefins, and steam on 
catalytic cracking of hexadecane, 392; autocatalytic effect of 
Cu(I) in hydrogen reduction of aqueous cupric sulfate, 547; 
influence of alumina particle size for dehydration of ethanol, 
590; dislocations as active centers of, and chemical action in 
silver, 880; auto-, of esterification of acetylenic and fluoro 
acids, 928; aging of silica and alumina gels, 1530; kinetics of 
cyclopropane-hydrogen reaction over silica-supported metals, 
1877; kinetics of processes occurring on catalyst surface during 
oxidation of o-methylbenzyl alcohol over vanadia, 3092; 
metallic phases in reduced, impregnated Ni and Ni-Cu silica- 
alumina catalysts, 3268; ethane hydrogenolysis over dilute Ni 
catalysts, 3857; acid property and structure of solid metal 
sulfate catalyst, 4077 

Cations, metallic, stability in zeolites, 1676 
Cesium, -iodine phase diagrams, 1687; thermodynamic quanti

ties in exchange of Li+ with Cs+ on cross-linked polymeth- 
acrylate ion exchangers, 2374

Cesium chloride, ionic association of, in ethanol-water mixtures, 
2420; association in anhydrous methanol, 2787 

Cesium superoxide, heat of formation and lattice energy of, 2550 
Cetyl alcohol, use in glass-liquid chromatographic, work, measure

ment of interfacial resistance, 2351 
Charge-transfer complexes, gas phase, 3671 
Chemical shifts, proton, effects of charge and nickel ion on, of 

glycyl peptides, 6 6 8 ; C13, viewed as constitutive property for 
substituted hydrocarbons, 1425; in n.m.r. absorption for O17 
in oxy ions, 1844; C13 of vinyl carbons, 1947; of hydroxyl 
protons of acetic acid as function of concentration in acetic 
anhydride, acetone, and 1,4-dioxane, 2564; effect of aromatic 
solvents on p.m.r. spectra, 2679; C ’ 3 carbonyl, relation be
tween n —*■ t *  transition energies and, in cyclic and bicyclic 
ketones, 3105; C13, for alkyl cyanides, isocyanides, isocyanates, 
and isothiocyanates, 3920; for compounds of the type X(CH2)„,

3925
Chemical synthesis, with ion beams, 799
Chemiluminescence, resulting from reaction of oxygen atoms 

with sulfur monoxide, 849; of tetrakis(dimethylamino)- 
ethylene, 3313

Chemisorption, oxygen, on ruthenium dioxide, 102; infrared 
spectrum of CO chemisorbed on evaporated Ni films, 1195; 
of oxygen on zinc oxide, 3254

Chloranil, -aniline complexes, charge-transfer complexes and 
donor molecule properties, 1707 

p-Chloranil, sensitization of bulk photoconductivity in, 779 
Chlorate ion, dichromate ion-, reaction in fused salts, 3638 
Chloride complexes, of zinc, cadmium, and mercury in anhydrous 

ethanol, anion exchange, 2955
Chloride ion, limiting equivalent conductance to 400°, 2984;

activity coefficient in aqueous sulfuric acid, 3906 
Chlorides, molten group II, self-diffusion and structure in, 1627 
Chlorine, rate of exchange of, between dimethylehloramine and 

succinimide, 796; molecular, dissociation using shock waves, 
834; surface tension in reciprocal system K +, Cd+2-C l- , Br~, 
1443; heats of formation of solid solutions in system (Na-Ag) Cl 
and (Na-Ag)Br, 3531; dissociated, kinetics of attack of 
molybdenum by, 4290

Chloroacetic acid, halogen displacement reactions of, 854; 
diffusion in water, 2469

Chloroammineplatinum(IV) salts, influence of ionic charge on 
viscosity /3-coefficient of, 2197

Chloroform, kinetics of y-ray-induced decomposition of, 840 
Chlorophyll a, reaction kinetics of monomolecular films of, 21 
Chlorophyllide, -sensitized reduction of azobenzene and other 

compounds, 2779
Choline chloride, crystalline, radical termination mechanisms in 

radiolysis of, 3370
Chromatography, chemical reactions in chromatographic col

umns, 522; gas, theoretical study at high solute concentra
tions, 1283; gas-liquid, use of glass bead column for measuring 
interfacial resistance, 2351; gas-liquid partition, in benzene- 
polyphenyl systems and polymer statistical thermodynamics,
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3682; gas-solid partition, with real carrier gases, 3768; gel 
permeation, 4157

Chromium, electrical properties of ferromagnetic CrO* ( 1.89 < x 
<  2.02), 1402; role of doublet state in photochemistry of 
Cr(III) complexes, 2201; vapor pressure and heat of sublima
tion of, 4044

Clinoptilolite, ion exchange on, 531
Cobalt, exchange of methanol between solvated Co+2 and 

solvent, 134; electron transfer between atomic hydrogen and 
Co(III) complexes in aqueous solution, 1390; optical rotatory 
dispersion of n-cysteine-cobalt systems, 1603; p.m.r. line 
widths, ligand exchange, and electronic relaxation times for 
arylphosphine complexes of Co(II), 3212 

Cobalt sulfate hydrates, heat of hydration of cobalt sulfate hexa- 
hydrate to heptahydrate, 1268; heat capacities and entropies of 
cobalt sulfate heptahydrate and hexahydrate, 1272 

Collisions, double-impact, effect on dissociation rate constants, 
2411

Colloids, association, alkyltropylium salts, 1466; in petroleum, 
small angle X-ray scattering study of, 3500; nonionic associ
ation, salt effects on, 4038; logarithmic distribution functions 
for, 4418

Complexes, addition, between carbohydrates and dimethyl sulf
oxide by p.m.r., 656; charge-transfer, of titanium tetrachloride, 
titanium tetrabromide, and vanadium oxitrichloride with 
aromatic hydrocarbons, 660

Complex modulus, of concentrated polymer solutions in steady 
shear, 4183

Complex salts, 3-3, conductance in formamide, 2862 
Compressibility, of molten alkali halides, 2785 
Condensation, of vapors, shock tube studies, 3006 
Conductance, diffusion-, relations and free volume in molten 

salts, 399; of alkali metal salts of tetraphenylboride, 608; of 
some 2-2 salts in formamide, 696; of acetic acid-acetic anhy
dride system, 700; of alkali metal salts in hydrogen cyanide, 
704; of tetra-re-butylammonium picrate in low dielectric 
solvent, 1338; of tetraisoamylamm onium picrate in diethyl 
ether and benzene, 1437; polycation-polyanion reaction in 
dilute aqueous solution, 1447; electrical, of concentrated 
aqueous solutions and molten salts, correlation through free 
volume transport model, 2137 ; limiting equivalent, of quater
nary salts in cyanoethylsucrose-acetonitrile mixtures, 2576; 
theoretical equation for symmetrical electrolytes, 2581; 
Hall, general expressions and numerical results for ideal and 
limiting-law terms of, 2617; of sulfuric acid-water solutions, 
high temperature-pressure study, 2726; of magnesium sulfate 
in dioxane-formamide mixture, 2857 ; of 3-3 complex salts in 
formamide, 2862; limiting equivalent, for single ions to 400°, 
2984; of symmetrical tetraalkylammonium halides and pic
rates, 3878; temperature coefficient of, of aqueous sodium 
sulfate, 4033 ; of symmetrical tetraalkylammonium halides and 
picrates in methanol, 4208; of tetraalkylammonium halides in 
deuterium oxide solutions, 4216

Conduction, salt of radical cation of 1 ,6-diaminepyrene and radi
cal anion of 7,7,8,8-tetracyanoquinodimethane, 1740; elec
trical, relation between mobility of water molecules and, in 
montmorillonites and silicas, 2185; protonic, in water I region, 
2224

Conductivities, of ions and ion pairs in polymerization processes, 
612; heat, and molecular diffusion in liquids, 1086 

Conformation, of pyranose rings in mono-, di-, and polysac
charides at high pH, 636; of polystyrene adsorbed at 0 - 
temperature, 3955

Coordination number, of small spheres, 322 
Copper, complexes of ethylamine with copper ions in mont- 

morillonite, 683; poly-N-vinylimidazole complex with Cu(II), 
1252; metallic phases in reduced, impregnated Ni and Ni-Cu 
silica-alumina catalysts, 3268; reduction of CuOo-67 in hydro
gen, 3607; dilation contribution to heat capacity of, and a- 
brass at elevated temperatures, 4162 ; enthalpy of solid solution 
for metastable Ag-Cu alloy, 4407 

Copper acetylacetonate, adsorbed on silica gel, magnetic suscepti
bilities of, 3654

Copper phthalocyanine, vapor pressure of, 344 
Coupling constants, C 13-H , in amides, thioamides and amidines, 

2570
Cracking, catalytic, of hexadecane, effects of impurities, olefins,

and steam, 392

Critical opalescence, measurements on nitrofcenzene-n-heptane 
system, 4312

Critical temperature, and coexistence curve for bismuth bromide, 
1989

Cryosorption pumping, dynamics of, 3317 
Crystallinity, elasticity of semicrystalline polymers, 141 
Crystals, ionic, lattice energies, 384; doped aromatic, lumines

cence of, 751; polyethylene single, specific heat of, 2078; 
exploratory study of 18 equimolar 7r-molecular compounds 
formed between pairs of electron donors and acceptors, 2153 

Crystal structure, of sodium tetrachloroferrate(III), 239; of 
pyridine hydrogen nitrate, 1915; of equimolar -n-molecular 
compounds of anthracenene and perylene with pyromellitic 
dianhydride, 2160

Cubic oxides, lattice energy of, 2971
Cupric ion, spectrophotometric study of association of Cu2+ and 

S042~ ions, 1537; effect on radiation chemistry of aqueous 
glycine, 1579

Cupric sulfate, role of Cu(I) in kinetics of hydrogen reduction of, 
547

Cyanide radicals, reaction of CN radicals in gas phase, 1504 
Cyanine dyes, color sensitization of zinc oxide with, 774; dimeric 

state of, 1894
Cyanoethylsucrose, -acetonitrile mixtures, quaternary ammo

nium salts in, 2576
Cyanogen, -cyclohexane mixtures, radiolysis of, 678 
a-Cyano-a-phenyl-N-phenylnitrones, cis- and trans-, photo

chemical and thermal isomerization of, 2545 
Cyclobutene, thermal isomerization of, 1073 
Cyclohexadiene-1,3, reaction with isopropyl radical, 2362
1,3-Cyclohexadieneiron tricarbonyl, ionization potentials and 

mass spectra of, 3198
Cyclohexane, dehydrogenation of, in chromatographic column, 

522; cyanogen-, mixtures, radiolysis of, 678; -carbon tetra- 
chloride-Duomeen T Dioleate system, demonstration of two 
distinct water species in, 1087; and n-hexadecane, excess free 
energy of mixtures of, 1660; adsorption on aluminas prepared 
by thermal decomposition of aluminum hydroxide in vacuo and 
in air, 1805; radiation-induced oxidation of, 1814; -cyclo- 
hexane-di2 mixtures, Hg-photosensitized decomposition of, 
2027; radiolysis of benzene-, mixtures in presence of nickel 
tetracarbonyl, 2034; n-propyl-, w-butyl-, and n-decyl-sub- 
stituted, thermodynamic properties, 2094; diffusion in CC14-  
cyclohexane solutions, 2491; -benzene, diffusion in system, 
2783; liquid, effects of experimental parameters on (n,y)- 
activated reactions of bromine with, 2795; -cyclopentane mix
tures, comparison of radiolysis yields of dimer and olefin with 
correspondingnondeuteratedmixtures, 3113; intradiffusion and 
derived frictional coefficients for benzene and, in their mix
tures, 3116; effect of additives on radiolysis of vapor of, 3292; 

Cyclohexanone, 7 -radiation-induced isomerization of, to 5- 
hexenal in liquid phase, 666

Cyclopentadienylmolybdenum dicarbonyl nitrosyl, ionization 
potentials and mass spectra of, 3198 

Cyclopentane, radiation chemistry of, 2707; -eyclohexane-di2 
mixtures, comparison of radiolysis yields of dimer and olefin 
with corresponding nondeuterated mixtures, 3113 

Cyclopentanes, n-propyl-, n-butyl-, and ra-decyl-substituted, low- 
temperature thermodynamic properties of, 353 

Cyclopentanone, liquid, 7 -radiolysis of, 807 
Cyclopropane, reaction with hydrogen over silica-supported 

metals, kinetics, 1877; Hg ( 3P) photosensitized decomposition 
of, radical intermediates, 2129

Cyclopropanecarboxylic acid chloride, electron diffraction study 
of structure and conformational behavior of, 3043 

Cyclopropanes, substituted, recoil tritium reaction, ring opening 
and alkyl replacement in, 4297

Cyclopropyl methyl ketone, electron diffraction study of struc
ture and conformational behavior of, 3043 

Cyclosiloxanes, relation of ring size to ultraviolet extinction co
efficient in, containing phenyl substituents on silicon, 1066 

n-Cysteine, -cobalt systems, optical rotatory dispersion of, 1603

n-Decane, reversible reactions of oxygen with tetrakis(dimethyl- 
amino)ethylene and, 3313

Decarboxylation, radiolytic, of benzoate, relative rate constants 
for hydroxyl radical reactions, 1938; of picolinic acid in polar 
solvents, 2277; of phenylmalonic acid, kinetic study, 2402; 
of /3-resorcylic acid in polar solvents, 3565
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Decomposition, thermal, of hexanitroethane, 25; radiation- 
induced, of alkali and alkaline earth perchlorates, product 
yield and stoichiometry, 359; radiation-induced, of alkali and 
alkaline earth perchlorates, mechanism, 377; thermal, of 
cadmium hydroxide, 450; thermal, of calcium formate in KBr 
matrix, 583; 7 -ray induced, of chloroform, 840; thermal, of 
diacetylene in flow system, 858; thermal, of benzene in flow 
system, 863; pyrolytic, of magnesium oxalate, 918; catalytic, 
of alkali metal perchlorates by manganese dioxide, 1114; 
thermal unimolecular, of norbornylene, 1351; thermal, of solid 
azidopentaammineeobalt(III) azide, 1723; of oxalic acid in 
glycerine kinetic study, 1729; Hg-photosensitized, of acetylene 
in presence of NO, 1732; unimolecular, of product olefins in 
methylene chemical activation systems, 1952; Hg-photo
sensitized, of cyclohexane-cyclohexane-dis mixtures, 2027; 
nitrous oxide, mass spectra study of kinetics, 2111; Hg ( 3P) 
photosensitized, of cyclopropane, radical intermediates, 2129; 
Hg-photosensitized, of isopentane, 2291; of hydrogen oxalate 
ion in glycerine solution, kinetic study, 2392; of gallium 
nitride, 3455; Hg-photosensitized, of perfluoropropene, 3600; 
of hydrogen peroxide on glass, 3658; solid-state thermal, of 
potassium trisoxalatochromium(III) trihydrate, 4328; chemi
cally activated, of n-butane and isobutane, 4348; Hg ( 3Pi)- 
sensitized, of n-hexane vapor, 4396 

Decomposition pressure, of thorium mononitride, 1223 
Degradation, mechanical, of polymers by controlled hydro- 

dynamic shear, 161; of irradiated methacrylate polymers, 189 
Dehydration, of ethanol on aluminas of various specific surface 

areas, 590; of aliphatic and aromatic saturated montmorillon- 
ites, 2265; of acetaldehyde hydrate, 4325 

Depolarization, of scattered light by optically active systems, 689 
Depolymerization, thermal, of polymethyl methacrylate and 

poly-a-methylstyrene in solution in various solvents, 2967 
Desalination processes, membrane, degree of coupling and 

efficiency of fuel cells, 3801
Desorption, of olefins from silica-alumina catalysts, 2676; and 

isotopic exchange of oxygen at silver surface, 4201 
Deuterium, hydrogen-, exchange reaction, 6 3Pj Mercury photo

sensitized, 45; -water mixtures, isotope effects in radiolysis 
and photolysis of, 698; comparison of water sorption and D-H 
exchange sites in poly-n-valine, 1432; exchange with hydroxyl 
groups of alumina, 3070

Deuterium oxide, effect on thermal stability of proteins, 3132; 
near-infrared study of H bonding in water and, 3722; con
ductance of tetraalkylammonium halides in, 4216 

Dextran sulfate, -carboxyhemoglobin, electrophoresis of re
versibly interacting system, 4242 

Diacetylene, kinetics of thermal decomposition of, in flow system, 
858

Diamagnetic susceptibility, bond and interaction contributions 
for calculating, 1550

2,3-Diaminonaphthalene, kinetics for reaction of Se(IY) with, 
3232

1,6-Diaminopyrene, conductive salt of radical cation of, 1740 
Diaphragm cell, use of data in calculation of diffusion coefficients, 

258
Dibenzeneehromous cation, ground state electronic configuration 

of, 3207
Diborane, heat of reaction with trimethylamine, 1010 
Dicarbonyls, photoreducing activity of, 2834 
a,w-Dicarboxylic acids, studies on spreading, collapse, and tem

perature and compression rate effects on monolayers of, 2368 
«s-Dichloroethylene, gas phase electron diffraction study of, 4091 
Dichromate ion, -chlorate ion reaction in fused salts, 3638 
Dicobalt octacarbonyl, mass spectra study of, 1618 
Dielectric constants, for acetic acid-acetic anhydride mixtures, 

700; complex, of benzene solutions of several organic com
pounds, 1006; for normal primary alcohols, 1294; for mixtures 
of polar nonassociative liquids, 1302; of water to 800°, 3165; 
of acetonitrile-methanol mixtures, 3657; of crystalline pow
ders of glycine, tyrosine, glyeylglycine, and ovalbumin, 4176 

Dielectric properties, of polyanion-polycation complexes, 1456 
Dielectric relaxation, mechanism for molecules similar to diphenyl 

ether, 1006
Diethyl carbonates, pyrolysis in gas phase, 3013 
Diethylglycine, photooxidation by methylene blue, 1149 
Diffusion, -conductance relations and free volume in molten salts, 

3 9 9 ; thermal, measurements by wave-front-shearing inter
ferometry, 1016; molecular, and heat conductivity in liquids,

1086; of monodisperse polystyrene in mixed solvents, 1135; 
self-, and structure in molten group II chlorides, 1627; iso
thermal ternary, derivation of equation relating mutual and 
tracer diffusion coefficients to certain limiting cross-term 
diffusion coefficients and thermodynamic properties of system, 
1693; in system cadmium iodide-water, 1718; self-, for water, 
dependence on ionic concentration, 2001; of KC1 in methanol- 
water solutions, 2336; in dilute aqueous acetic acid solutions, 
2341; of chloroacetic acid in water, 2409; in carbon tetra
chloride-cyclohexane solutions, 2491; in deuterio-normal 
hydrocarbon mixtures, 2782; in cyclohexane-benzene system, 
2783; multicomponent, in polystyrene 1-polystyrene 2- 
toluene system, 2875; study in ternary system, labeled urea- 
urea-water, 3120; free-, mathematical analysis of multicom
ponent experiments, 3305; isothermal ternary, of water- 
sodium chloride-potassium chloride, test of Onsager reciprocal 
relations in, 3374; volume and surface, inKnudsen cells, effect 
on vapor pressure measurements, 3538 ; of hydrogen in «-phase 
of palladium-hydrogen system, 3581; of oxygen in polymers, 
use of phosphorescent quenching, 3677; of methane, ethane, 
propane, and m-butane in water, 3752; in system acetone- 
benzene-carbon tetrachloride, 3941; tracer, in binary solutions 
subject to dimerization equilibrium, 4012 

Diffusion coefficient, of atomic mercury in isooctane, 3814 
Diffusion coefficients, calculation from diaphragm cell diffusion 

data, 258; determination in liquids by a radiometric porous- 
frit method, 303; estimation of, for ternary systems of strong 
and weak electrolytes, 1227; of iodine atoms in carbon tetra
chloride, correction, 3182; exact procedure for calculating of 
(N  — l ) 2 independent, from free-diffusion experiments, 3305; 
for two concentrated compositions of system water-mannitol- 
sodium chloride, 4276; least-squares method for calculating, 
for ternary systems, 4361

1.3- Difluoroacetone, anomaly in interaction of CF2H radicals, 
1085

Difluoroacetylene, preparation and purification of, 2484 
Diglycidyl ether, kinetics of zinc fluoroborate and hydrogen ion 

catalyzed hydrolyses of, 1882
o-Dihalobenzenes, unsymmetrical, n.m.r. spectrum of three, 4413
1.4- Diheterocyclohexanes, n.m.r. spectra of, 579 
9,10-Dihydroanthraeenes, 9,10-bridged, n.m.r. spectra of, 2022 
/3-Diketone, thionine-/3-diketone-acrylamide systems, kinetics

and mechanism for photopolymerization processes, 2842 
Dimanganese decacarbonyl, mass spectra study of, 1618 
Dimercaptopropanol, complex with cationic dye, 940 
Dimerization, of bacillus subtilis «-amylase molecule, equilibrium 

constant, 1829; of cyanine dyes, 1894; of trimethylacetic acid 
in CCh, infrared study, 2715; of anions of long-chain fatty 
acids in aqueous solutions, 2821 ; gaseous, of challous fluoride, 
3910; of solute, tracer diffusion coefficient, 4012 

N,N'-Dimethylacetamide, hydrogen-bonding studies of hindered 
phenols with, 1622; p.m.r. studies of hydrogen bonding in 
amine-acetamide-crdoroform systems, 2950 

2,2'-Dimethylbianthrone, e.s.r. associated with photochromism, 
2487

2,3-Dimethylbutane, surface effects in uninhibited and inhibited 
pyrolysis of, 2453

Dimethylchloramine, rate of exchange of chlorine between, and 
succinimide, 796

Dime thy locty lamine oxide, spin-lattice relaxation times of, 
through c.m.c., 3204

Dimethyl sulfoxide, addition complex between carbohydrates 
and, 656

2.5- Dimethylthiophene, heat capacities and thermodynamic 
properties, 1524

Diolefins, p.m.r. studies of, 486
Dioxane, -benzene mixtures, radiolysis of luminescence behavior 

of, 3024; electric moments of N-alkyl-substituted nicotin
amides from measurements in mixed benzene-dioxane solu
tions, 4097

Dioxygen difluoride, mass spectra study of synthesis, stability 
and energetics of, 4338

Diphenylacetylene, mass spectra and appearance potentials of 
principal ions of, 2935; n.m.r. spectra of, 3552 

Diphenylcarbonyls, electron impact studies of principal ions in 
mass spectra of, 2943

1,2-Diphenyleyclopropane, cis- and trans-, y-ray-induced isomer
ization of, 4401

Volum e 69, Num ber 12  December 1965



4454 S u b j e c t  I n d e x

1,1-Diphenylethylene, e.s.r. of, 4402
Diphenylpicrylhydrazyl, rates of simultaneous oxidation and re

duction of, on titanium dioxide and carbon black, 3219; 
adsorbed on silica gel, magnetic susceptibilities of, 3654 

Dipole moments, of isonicotinamide in benzene and dioxane 
solutions, 691

Dipoles, long-chain, shapes and close-pack areas of, at water- 
octane interface, 481; dielectric relaxation of mixtures of di
polar liquids, 674

Dislocations, as active centers of catalysis and chemical action in 
silver, 880

Dispersion, dielectric, of protein solutions containing small 
zwitterions, 1162; of conductance of tetra-n-butylammonium 
picrate in low dielectric solvents, 1338 ; dielectric, of crystalline 
powders of amino acids, peptides, and proteins, 4176 

Displacement phenomena, liquid-liquid, microcalorimetrie study 
of, 314

Dissociation, multistate, and effect of pressure on equilibrium on 
magnesium sulfate, 695; of molecular chlorine, 834; of manga
nese sulfate ion pairs in water, effect of pressure, 2595; of 
diphenylcarbonyls and ethers by electron impact, 2943 ; mag
nesium sulfate as unassociated salt in N-methylformamide, 
3167; and homo conjugation of certain phenols in acetonitrile, 
3193; of phosphoric acid solutions, 3520; of ruthenium and 
osmium tetroxide, 3893

Dissociation constant, for tetraethylammonium chloride in 
ethylene dichloride, 87; for reaction HC1 ^  H + +  Cl“  in 
ethylenediamine, 2537; of acetic acid in deuterium oxide, 
2750 ; for nitrophenols and salicyclic acid in deuterium oxide, 
4416

Dissociation energy, of lanthanum monosulfide, 2684; of thal
lium monofluoride, 4030

Distribution functions, logarithmic, for colloidal particles, 4418 
Disulfur monoxide, infrared spectrum and thermodynamic func

tions, 1154
m-Dodecanol, aqueous solubility of, 3171 
Dolomite, thermodynamics of formation of, 1065 
Donor-acceptor molecular compounds, exploratory crystallo

graphic study of, 2153; crystal structures of anthracene and 
perylene with pyromellitic dianhydride, 2160 

Duomeen T Dioleate, cyclohexane-carbon tetrachloride-, sys
tem, demonstration of two distinct water species in, 1087 

Durene, solvent effects on charge-transfer complexes of 1,3,5- 
trinitrobenzene with, 2766

Dyes, minority carrier trapping and dye sensitization, 714; 
adsorbed, photoluminescence of, 738; phosphorescence and 
electron transfer in dye-disulfhydryl compound complex, 940; 
cyanine, dimeric state of, 1894; kinetics of lipoamide dehydro- 
genase-NADH-dye reaction, 3696; stoichiometry of reaction 
of 4,5,4',5'-dibenzo-3,3 '-diethyl-9-methylthiacarbocyanine with 
diverse polyionic macromolecules, 4368

Elasticity, Gibbs, application of surface thermodynamics to, 1798 
Electric moments, benzene and dioxane, of N-alkyl-substituted 

nicotinamides from measurements in mixed benzene-dioxane 
solutions, 4097

Electrode potential, of germanium, 3168
Electrode processes, study of first-order chemical reactions follow

ing charge transfer using a controlled potential method, 30 
Electrokinetic flow, in narrow cyclindrical capillary, 4017 
Electrokinetic phenomena, at thorium oxide-aqueous solution 

interface, 3148
Electrolytes, reference, Wien effect, 658; strong and weak, esti

mation of diffusion coefficients for ternary systems of, 1227; 
having common ions, heats of mixing of, 1868; of 1 - 1  charge 
type, heats of mixing of, 1873; aqueous, concentration de
pendence as indicated in heats of mixing studies, 2974; aque
ous, Soret coefficients and heats of transfer for, 3598 

Electron affinities, of aromatic hydrocarbons in tetrahydrofuran 
solution, 628; of oxone, 2562

Electron density, shifts during chemical bond formation, 3346 
Electron diffraction, study of structure and conformational be

havior of cyclopropyl methyl ketone and cyelopropaneear- 
boxylic acid chloride, 3043; gas phase, investigation of iron 
pentacarbonyl, 3405; study of trifluoronitrosomethane, 3727; 
gas phase, study of ds-dichloroethylene, 4091 

Electron donor-acceptor complexes, semiempirical linear com
bination of molecular orbitals description of, 1927 

Electronegativity, of noble gases, 596; calculated values for 99 
groups, 3284

Electronic commutator method, for determination of E° of 
formation and related thermodynamic values for molten lead 
chloride, 1034

Electron-transfer reactions, role of water in, 3183 
Electron trapping, in rigid ethanol-methyl-2-tetrahydrofuran 

mixtures, 3186
Electrons, hydrated, determination of extinction coefficient, 53; 

hydrated, reaction of haloaliphatic compounds with, 271; 
hydrated, reactions with aromatic acids, alkyl halides, hetero
cyclic compounds, and Werner complexes, kinetic study, 289; 
hydrated, reactivity of metal ions and oxy anions toward, 973; 
trapped, in polycrystalline and glassy alkaline ices, 1081; 
solvated, effect of solvent and of solutes on absorption spectrum 
of, 1244; hydrated, rate constants for reaction of eaQ“ with it- 
self and other transients, interconvertibility of eaq“  and H, 1324 

Electrooxidation, of tetraphenylborate ion in aqueous solution at 
Pt disk electrode, 1067

Electrophoresis, of interacting substances differential boundary 
experiments, 3785; of interacting system dextran sulfate- 
carboxyhemoglobin, 4242

Electrosorption, of ethylene on Pt as function of potential, con
centration, and temperature, 3335 

Emittance, total, relation to specific heat in Ta, Nb, W, and Mo, 
1420

Energy constants, interatomic, of mercury, 1740 
Energy transfer, intermolecular triplet-triplet, between aromatic 

carbonyls and aromatic hydrocarbons, and rare earth chelates, 
275; between molecules and electronically excited atoms, 4406 

Enthalpy, of arsenic triiodide and its absolute entropy, 2743; 
measurements for eight binary aromatic-alicyclic systems, 
2753; excess, analyses of data in terms of different theories of 
molecular solutions, 2759; of condensed phases of antimony 
and bismuth iodides, 3621; of solid solution for metastable 
silver-copper alloy, 4407

Enthalpy of formation, of amide hydrogen bond, temperature 
dependence, 1704; for niobium and tantalum pentafluorides, 
2089; of yttrium triiluoride, 2305; of ruthenium pentafluoride, 
2308; and entropy of aluminum(I) fluoride(g), 2311; and 
dissociation energy of thallium monofluoride, 4030; of arsenic 
pentafluoride, 4358; of gaseous tantalum oxide and tantalum 
dioxide, 4399

Enthalpy of fusion, for glutaronitrile, 1983
Enthalpy of mixing, for tetramethylmethane-tetrachloromethane 

system, 2176
Enthalpy of solution, for barium hydroxide octahydrate, 1980; 

standard, of sodium carbonate, sodium bicarbonate, and trona, 
3059

Enthalpy of sublimation, of beryllium fluoride, 1069 
Enthalpy of transfer, from water to deuterium oxide for model 

compounds, 3132
Enthalpy of vaporization, of molten bismuth chloride, 3916 
Entropy, and volume changes on ionization of aqueous acids, 965; 

of cobalt sulfate heptahydrate to hexahydrate, 1272; statis
tical gaseous, for glutaronitrile, 1983; of aluminum(I) fluoride 
(g), 2311; of iodine monochloride, 2443; absolute, of arsenic 
triiodide, also vapor pressure and enthalpy, 2743; of aluminum
(III) chloride(g), 3001; of hexamethylbenzene, 3126; of 
potassium ferricyanide and ferricyanide ion, 3179; absolute, 
for bismuth and antimony iodides, 3621 

Entropy of dilution, of perchlorates of magnesium and strontium, 
4231

Entropy of sublimation, of beryllium fluoride, 1069 
Entropy of transfer, from water to deuterium oxide for model 

compounds, 3132
Equilibria, ion-exchange, thermodynamic aspects of, in mixed 

solvents, 341; chain association, equations and application, 
1482; acid-base, in concentrated salt solutions, bases of various 
charge types in dilute acid solutions, 1588 

Equilibrium constant, for dimerization of bacillus subtilis a- 
amylase molecule, 1829; charge-transfer, for series of aniline- 
chloranil complexes, 1707

Esin and Markov effect, for adsorbed organic ions and molecules, 
3411

Esterification, of acetylenedicarboxylic acid and perfluoro acids 
with unfluorinated alcohols, 928

Ethane, hydrogenolysis of, comparison of metals of known surface 
area for, 95; effect of density on radiolysis of; 1045; effect of 
additives in radiolysis of, 1056; diffusion in water, 3752;
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hvdrogenolysis over dilute Ni catalysts, 3857; hot fluorinated, 
elimination of HF from, 3898; adsorption on polyftetrafluoro- 
ethylene), 4387

Ethanol, dehydration on aluminas, 590; vapor phase radiolysis of, 
1699; -methyl-2-tetrahydrofuran mixtures, electron trapping 
in, 3186; electron capture by solutes in radiolysis of, 4053 

Ethanol hydrate, existence below —73.5° as indicated by low- 
frequency dielectric studies and thermal analysis, 996 

Ether, -boron halide molecular addition compounds, n.m.r. study 
in dichloromethane, 89

Ethers, electron impact studies of principal ions in mass spectra of, 
2943

Ethylamine ion, complexes with ethylammonium and copper ions 
in montmorillonite, 683

Ethylammonium, complexes of ethylamine with, in montmoril
lonite, 683

Ethyl chlorophyllide, sensitized photoreduction of pheno- 
safranine by hydrazobenzene, 2633 

Ethyl chlorophyllide a, photoreduction of methyl red sensitized 
by, 821

Ethylcyclopropane, kinetics of thermal isomerization of, 429; 
Ethylene, radiolysis of, yield of hydrogen atoms and formation of 

saturated hydrocarbons, 815; solid, reaction of tritium atoms 
with films of, 1040; -propylene copolymer, radiolytic stress 
relaxation, 2072; mass spectra study of reaction of nitrogen 
atoms with, 2736; application of electrostatic fields in radi
olysis of, 2867 ; electrosorption of, on Pt as function of poten
tial, concentration, and temperature, 3335; y-radiolysis of, 
sensitized to inert gases, 4033

Ethylenediamine, dissociation constant for reaction HC1 H + +  
Cl-  in, establishment of pH and pAg scale in, 2537 

Ethylenes, fluorinated, appearance potentials from fragment ions 
to determine heats of formation of hydrofluorocarbon radicals 
and ions, 3731; fluorinated, calculations based on statistical 
theory of mass spectra, 3737

Ethyl radicals, disproportionation and combination of, 1040 
Europium, heat of formation of anhydrous europium(II) chloride 

and of aqueous europium(II) ion, 991 
Exchange reactions, hydrogen-deuterium, 6 3Pi mercury photo

sensitized, 45; of boron trifluoride between ethyl ether-boron 
trifluoride and tetrahydrofuran-boron trifluoride and between 
ethyl ether-boron trifluoride and ethyl sulfide-boron trifluoride, 
527 ; for chlorine between dimethylchdoramine and succinimide, 
796; -r-complex adsorption in exchange of alkylbenzenes, 1850; 
rates of mercapto proton exchange for 2-mercaptoethanol in 
aqueous solution, 2287; isotopic exchange in nitrogen gas 
induced by y-radiation, 2385; deuterium exchange with 
surface hydroxyl groups of alumina, 3070; hydroxyl groups of 
alumina and silica-alumina catalysts with deuterated methane, 
3080; 7r-complex mechanism for isomerization and isotope 
exchange of cis- and fraras-stilbenes on Pt catalysts, 3526; 
isotopic exchange of oxygen at silver surface, 4201 

Excitation energy, remarks on Forster’s theory of transfer of, 1061 
Exciton states, in polymers, 784
Explosions, unification of thermal and chain theories of explosion 

limits, 2747
Extinction coefficients, of hydrated electron, from radiolysis 

study of aqueous tetranitromethane, 53 ; ultraviolet, relation of 
ring size to, in cyclosiloxanes containing phenyl substituents on 
silicon, 1066; molar, of 0 4F2 in visible range, 1079 

Extraction, of acids by basic organic solvents, 1106; of per
chloric acid by trilaurylamine, role of aromatic diluent, 1565

Fatty acids, studies of monolayers on metals by contact potential 
measurements, 984; dimerization of anions of, hydrophobic 
properties of, 2821

Faujasite crystals, number of hydroxyl groups at exterior surfaces 
of, 4050

Fenton’s reagent, e.p.r. study of alcohol oxidation by, 3805 
Ferricenium cation, ground state electronic configuration of, 3207 
Ferricyanide ion, entropy and free energy of formation of, 3179 
Ferrocyanide ion, free energy of formation of, 3179 
Films, monomolecular, of chlorophyll a on aqueous substrates, 

kinetic study, 2 1 ; flow in thin liquid, 116; high-area metal, 
evaporated in carbon monoxide, infrared study, 1188; soap, 
effect of surface viscosity on thinning of, 1471 ; study of Lang- 
muir-Blodgett layers on metal surfaces by reflected polarized 
light, 1654; monomolecular, surface viscosity for long-chain 
aliphatic amides, amines, alcohols, and carboxylic acids, 1789;

studies on spreading, collapse, and temperature and compres
sion rate effects on monolayers of a,w-dicarboxylic acids, 2368 

Fluid theory, transport properties of dense fluid of molecules 
interacting with square-well potential, 869 

Fluorescence, remarks on Forster’s theory of transfer of excitation 
energy, 1061; of benzene and benzene-d6, 1343; use of measure
ments to determine association constants for weak complexes, 
phenol-acetate system, 2960; use in study of ionic association 
in solutions of thionine, 2988 

Fluorides, hydrolysis of Ta(V) in KF-LiF, 4335 
Fluorine, addition to cis- and ¿rans-perfluorobutene-2 , 254; hy

drogen-, reaction, oxygen inhibited, 408; suggested mechanism 
for H2-F  reaction, 2488; kinetics of fluorination of graphite, 
2772; reaction of methylene with CF2H2, 2804; hydrogen- 
fluorine reaction, suggested mechanism, 2808; kinetics of 
tetrafluorohydrazine-fluorine reaction, 3700 

Fluoro acids, acidity and autocatalysis of esterification of, 928 
Fluorobenzene, triplet state of, 4284
Fluorocarbon gases, C-C bond dissociation energy in C2F6, 1075 
Fluorocarbons, cyclic, radiation chemistry of, 2526; solubilities 

in cyclohexane and 1,4-dioxane, 3200; appearance potentials 
and mass spectra of CaFe, C3F5C1, and c-C3F6, 3741 ; observa
tions on positive ion decomposition of C2F6 and C3F8 in mass 
spectrometer, 3746

Fluorotrichloromethane, photolysis of, 4410 
Formation constants, of silver(I) cyanide complexes in equi

molar sodium-potassium nitrate melts, 3763 
Formic acid, adsorption on smooth Pt from, using large anodic 

galvanostatic transients, 562; adsorbed, comparison with car
bon monoxide on Pt electrodes, 1363 

Free energy, surface, of polymers, 1084; excess, of mixtures of 
cyclohexane and n-hexadecane, 1660 

Free energy of dissolution, standard, for isolated metal atoms with 
molten chlorides of that metal, 1 1  

Free energy of formation, of ferricyanide ion and ferrocyanide ion, 
3179

Free volume, diffusion-conductance relations and, in molten 
salts, 399

Frictional coefficients, derived, for benzene and cyclohexane in 
their mixtures, 3116; for two concentrated compositions of 
system water-mannitol-sodium chloride, 4276 

Frozen solutions, radiolysis of sodium nitrite ices, 1080; electron 
trapping in polycrystalline and glassy alkaline ices, 1081 

Fuel cells, degree of coupling and efficiency of, membrane de
salination processes, 3801

2-Furanaldehyde, barrier to internal rotation in, 4062 
Fusion, of pentaerythrityl chloride, bromide, and iodide, 1209; 

of stable and metastable phases of 2,5-dimethylthiophene, 1524

Gallium, solvent vapor pressures of dilute solutions of Ga in Cd, 
933; -Cd system, discussion of apparent violation of Gibbs- 
Duhem equation, 2135 ; electronic spectra of Ga2, In2, and Tl2 
molecules, 2480; -Cd system, apparent violation of Gibbs- 
Duhem relations, 3222 

Gallium nitride, decomposition of, 3455
Galvanic cells, with molten bisulfate solvents, 3156; measure

ment of thermodynamic interaction between zinc and lead in 
dilute solution in liquid tin, 4085

Galvinoxyl, effect on radiolysis of benzene-butene-2 mixtures, 
1866

Gases, nonpolar, aqueous solutions of, 281 ; effect of hydrostatic 
pressure on gases dissolved in water, 389 ; adsorption on alkali 
fluorides, 2472; double molecules in, 4422 

Gegenions, single-ion activity coefficients of, in sodium poly
acrylate, 3690

Gelatin, transitions in, and vitrified gelatin-water systems, 4040 
Gel melting point, as measure of tacticity of poly(methyl meth

acrylate), 3384
Germanium, simultaneous chemical and electrochemical oxida

tion of, 2269; electrochemical aspects of dissolution, 3168 
Gibbs-Duhem equation, discussion of apparent viciation of, 2135 ;

reply to discussion of apparent violation of, 2135 
Gibbs-Duhem relations, apparent violation, Ga-Cd system, 3222 
Glass, pressure effects on glass transition in polymers, 1497 ; 

transition, kinetic parameters of, 2471; decomposition of 
hydrogen peroxide on, 3658

Glass electrodes, cation-sensitive, activity coefficients of sodium 
chloride by, 2797
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Glutaronitrile, thermal properties and statistical gaseous entropy 
of, 1983

Glycinamide, cupric ion catalyzed hydrolysis of, 2914 
Glycine, radiation chemistry of, effect of cupric ion, 1579 
Glycine ethyl ester, cupric ion catalyzed hydrolyses of, 2914 
Glycyl peptides, effect of charge and nickel ion on proton chemical 

shifts of, 668
Gold, Volta potential studies of aging of gold surfaces, 439; 

platinum-, alloys, heterogeneous, electrochemical character
ization of surface composition of, 901; anodic methanol oxida
tion in Pt-Au alloys, 3377; -oil interface, radiotracer study of 
competitive adsorption at, 3833; wetting of, by water, 4238 

Graphite, kinetics for fluorination of, 2772
Graphitic acid, of pyrolytic carbon and its heat treatment, 2462

Hafnium oxides, spectroscopy of, in neon and argon matrices, 
3488; monoclinic, optical energy gaps in, 3666 

Halide ion, relation between electrochemical and spectroscopic 
properties of pseudohalide ions and, 3176 

Haloaliphatic compounds, reaction with hydrated electrons, 271 
Haloethanes, hydrogen-bonding equilibria and self-association in, 

446
Halogens, pure quadrupole resonance in potassium hexahalo- 

rhenates(IV) and hexachlorotungstate(IV), 2101 
Halomethanes, hydrogen-bonding equilibria and self-association 

in, 446
Heat capacity, of pentaerythrityl iodide, chloride, and bromide, 

1209; of cobalt sulfate heptahydrate and hexahydrate, 1272; 
of hypostoichiometric thorium dicarbide, 1520; of 2,5-di- 
methylthiophene, 1524; of solid and liquid glutaronitrile, 1983; 
of iodine monochloride, 2443; of 1-pentanethiol vapor, 3030; 
and entropy of hexamethylbenzene, 3126; of potassium hexa- 
bromorhenate(IV), 3471; of uranium monoselenide, 3618; 
high-temperature, of beryllium oxide, 4035; dilation contribu
tion to, of copper and a-brass at elevated temperatures, 4162 

Heat of activation, prediction of, for viscous flow in simple non- 
metallic liquids, 671

Heat of adsorption, differential, as function of particle size for 
alumina-water system, 317 

Heat of combustion, of isomeric monoglycerides, 2887 
Heat of dilution, of perchlorates of magnesium and strontium, 

4231
Heat of formation, of solid tetrasulfur tetranitride and tetra- 

selenium tetranitride, 334; of alkyl radicals, 905; of anhydrous 
europium(II) chloride and aqueous europium(II) ion, 991; 
of acetyl radical, 1022; bond and interaction contributions for 
calculating, 1550; of hydrazinium diperchlorate, 1716; of 
lanthanum oxide, 2464; of superoxides of potassium, rubidium, 
and cesium, 2550; of beryllium hydroxides, 2828; of isomeric 
monoglycerides, 2887; of aluminum(I) chloride(g), 3001; 
for methyl iodide, 3040; of solid solutions in system (Na-Ag)Cl 
and (Na-Ag)Br, 3531; and polymerization of carbon suboxide, 
3603; of hydrofluorocarbon radicals and ions, 3731; of nitric 
oxide(g), 3863

Heat of fusion, of iodine monochloride, 2443; of beryllium oxide, 
4035

Heat of hydration, of cobalt sulfate hexahydrate to hepta
hydrate, 1268

Heat of immersion, in thorium oxide-water system, 151 
Heat of mixing, of electrolytes having common ions, 1868; of 

electrolytes of 1-1 charge type, 1873; of aqueous alkali metal 
halide and nitrate solutions of same ionic strength, 2974 

Heat of reaction, of boron trifluoride with HF 3 .7 5 H2O and of 
diborane with trimethylamine, 1010 

Heat of solution, of cobalt sulfate hexahydrate and heptahydrate, 
1268; of alkali metal halides in anhydrous N-methylformamide, 
2611

Heat of sublimation, of chromium, 4044 
Heat of transport, for aqueous electrolytes, 3598 
Heat of vaporization, of 1-pentanethiol vapor, 3030; of purine 

and pyrimidine bases, 3615
Hemoglobin, equine solutions, refractive index dispersion in, 3188
1,5-Heptadiene, thermal rearrangement between 3-methyI-l,5- 

hexadiene and, 1278
Heptafluoropropyl ethyl ketone, photolysis of, 1001 
«-Heptane, -perfluorocyclic oxide, critical opalescence of mixture, 

2329; critical opalescence measurements on nitrobenzene-, 
system, 4312

Heterocyclic compounds, rate constants of hydrated electron 
reactions with, 289; saturated, C13 magnetic resonance study 
of, 3925

Hexachloroacetone, adsorption on alumina-containing surfaces, 
3949

Hexacyanoferrate(III), use in oxidation of reducing sugars in 
alkaline medium, 2038

Hexadecane, effects of impurities, olefins, and steam on catalytic 
cracking of, 392; and cyclohexane, excess free energy of 
mixtures of, 1660; radiation-induced reactions in, 2345 

re-Hexadecanol, aqueous solubility of, 3171
Hexamethylbenzene, solvent effects on charge-transfer complexes 

of 1,3,5-trinitrobenzene with, 2766; heat capacity and entropy 
of, estimate of internal rotation barrier, 3126 

re-Hexane, Hg(3Pi)-sensitized decomposition of vapor of, 4396 
Hexanitroethane, thermal decomposition of, 25 
5-Hexenal, liquid phase 7 -radiation-induced isomerization of 

cyclohexanone to, 666
1-Hexynes, 1-substituted, C 13 magnetic resonance spectra of, 1348 
Homoconjugation, of certain phenols in acetonitrile, 3193 
Hydrates, crystalline, thermodynamics of, 1840 
Hydration, surface, of 7 -alumina, infrared and gravimetric study 

of, 211; of tricalcium silicate, 553, 2489; of acetone in 1,2-di- 
chloroethane, 2980

Hydrazinium diperchlorate, heat of formation of, 1716 
Hydrazobenzene, kinetics of ethyl ehlorophyllide sensitized 

photoreduction of phenosafranine by, 2633 
Hydrocarbons, unsaturated, radical yields in radiolysis of, 194; 

displacement of, from high energy metal oxide surfaces by 
water, heat effects, 314; aromatic, electron affinities of, in 
tetrahydrofuran solution, 628; aromatic, charge-transfer com
plexes of titanium tetrachloride, titanium tetrabromide, and 
vanadium oxitrichloride with, 660; saturated, formation in 
ethylene radiolysis, 815; liquid aromatic, LET effects in 
radiolysis of, 1157; substituted, C13 chemical shift viewed as 
constitutive property, 1425; diffusion in deuterio-normal mix
tures, 2782; aromatic^ dissociative equilibrium in systems 
aromatic hydrocarbons“ , Na+ radical anion”  +  Na+, 4124 

Hydrochloric acid, -potassium chloride system, thermodynamic 
properties of, 207; thermodynamic properties of solution of, in 
N-methylacetamide by e.m.f. measurements, 1335; -water 
solutions, diffusion in, 2333; thermodynamic properties of 
HCl-NaCl mixtures, 2395; dissociation constant for reaction 
HC1 —>- H + +  Cl-  in ethylenediamine, 2537 

Hydrofluorocarbon, radicals and ions, heats of formation of, 3731 
Hydrogen, -deuterium exchange reaction, 6 3Pi mercury photo

sensitized, 45; -fluorine reaction, oxygen inhibited, 408; 
pulse radiolysis of aqueous hydrogen systems, 1324; compari
son of water sorption and D-H exchange sites in polv-L-valine, 
1432; neptunium-, system, 1641; reaction of cyclopropane 
with, over silica-supported metals, 1877; solubility process in 
Pt-Pd alloys, isotopic equilibrium separation factors in, 2485; 
-fluorine reaction, suggested mechanism, 2488; adsorption on 
zinc oxide, 2500; -yttrium system, thermodynamics of, 2510; 
-fluorine reaction, suggested mechanism for, 2808; thermo
dynamics of scandium-hydrogen system, 3514; solubility in 
liquid Na, 3542; absorption of, by gold-palladium alloys, 3575; 
diffusion in «-phase of palladium-hydrogen system, 3581; 
-oxygen flames, sulfur in burnt gas of, 3593; absorption iso
therms of, in «-phase of hydrogen-palladium system, 3 7 7 3 ; 
scandium-yttrium-, system, 3973; molecular, reaction mecha
nism leading to formation of, in radiation chemistry of water, 
4058

Hydrogen atoms, yield in ethylene radiolysis, 815; addition to 
olefins, relative rates at the two carbon positions, 905; rate 
constants of some reactions of, in aqueous solution, 1384; 
electron transfer from, and Co(III) complexes in aqueous 
solution, 1390; abstraction reactions of D atoms and, Hg- 
photosensitized decomposition of cyclohexane—cycIohexane-di2 
mixtures, 2027

Hydrogen bonds, in solid 1:1 pyridine-benzoic acid complexes, 
74; in fast reactions of 2,2-disubstituted malonic acids, 467; 
n.m.r. study of H bonding in N-monosubstituted amides, 1482; 
between hindered phenols and N-methylacetamide and N,N'- 
dimethylacetamide, 1622; amide, temperature dependence of 
enthalpy of formation of, 1704; H-bonding properties of simple 
alcohols, both as proton donors and acceptors, 2494; formed 
by amide groups in dioxane solution, 2799; p.m.r. studies of 
amine-acetamide-chloroform systems, 2950; p.m.r. and infra
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red study of, in tri-n-octylammonium salt solutions, 3075; 
H-bonding equilibrium constants of substituted pyridines to 
phenol, 3089; near-infrared study in water and deuterium 
oxide, 3722

Hydrogen bromide, acidity function of, in acetic acid-water 
mixtures, 2649

Hydrogen fluoride, elimination of HF from hot fluorinated 
ethanes, activation energies and rate parameters, 3898 

Hydrogen ion, limiting equivalent conductance to 400°, 2984 
Hydrogenolysis, of ethane, comparison of catalytic activities of 

Ni, Co, and Pt, 95; of ethane over dilute Ni catalysts, 3857 
Hydrogen oxalate ion, kinetics of decomposition in glycerine 

solution, 2392
Hydrogen peroxide, decomposition on glass, 3658; effect of water 

on yields of, in radiolysis of methanol, 3673 
Hydrolysis, base-catalyzed, of urea, 687; of bichromate ion in 

acetate buffer and acid catalysis, 1736; of diglycidyl ether of 
l,Abutanediol and of diglycidyl ether, zinc fluoroborate and 
hydrogen ion catalyzed, 1882; of uranyl ion, kinetics of, 2319; 
cupric ion catalyzed, of glycine ethyl ester, glycinamide, and 
picolinamide, 2914; of amino acid esters, promoted by transi
tion metal ions, 2923; of maleamic and phthalamic acid, effect 
of ethyl substitution on kinetics of, 3626; of tantalum!Y) in 
KF-LiF, 4335

Hydrophobic bonds, thermodynamic parameters of, in model 
system, 1310; effect of urea on water structure and, 2720 

Hydroxide ion, limiting equivalent conductance to 300°, 2984 
Hydroxyl groups, of alumina, exchange of deuterium with, 3070; 

of alumina and silica-alumina catalysts, exchange with deuter- 
ated methane, 3080; structural, infrared study of zeolites and 
adsorbed molecules, 3463; number at exterior surfaces of 
faujasite crystals, 4050

Hydroxyl radical, relative rate constants for reactions of, ben
zoate radiolytic decarboxylation, 1938 

Hysteresis, adsorption, and pore area for packed spheres, 1395

Indium, kinetics and equilibria of system In(III)-In(I)-In(0) in 
acidic media, 202; electronic spectra of Ga2, In2, and Tl2 
molecules, 2480; amalgams, interfacial tension in perchloric 
acid solutions, 38l7

Indium sulfide, thermodynamic stabilities as function of com
position for phases of, 3826

Indoaniline dyes, kinetics of alkaline decomposition of, 2357 
Interaction scheme, application to molecular properties of sub

stituted methanes, 1550
Interfacial tension, of indium amalgams in perchloric acid solu

tions, 3817
Interferometer, high intensity, multislit Rayleigh, application to 

sedimentation studies, 4024
Interferometry, wave-front-shearing, thermal diffusion measure

ments by, 1016
Internal rotation barrier, estimate for hexamethylbenzene, 3126; 

in 2-furanaldehyde, 4062
Intradiffusion coefficient, and derived frictional coefficients for 

benzene and cyclohexane in their mixtures, 3116; of urea, from 
diffusion study of system, labeled urea-urea-water, 3120 

Iodic acid, Raman studies of, 3886
Iodine, phase diagram for bismuth iodide-iodine, 124; irregular 

solutions of, 605; phase diagrams of K I-I2, Rb-I2, and Csl-I2 
systems, 1687; interaction of triphenylamine with, spectra 
study, 2127; reaction with methane, heat of formation of 
methyl iodide, 3040; orientation in pyridine-iodine complexes, 
3178

Iodine atoms, diffusion coefficients of, correction, 3182 
Iodine monochloride, thermodynamic properties of, 2443; con

tinuous absorption spectrum of, 2483 
Ion aggregates, interionic vibrational absorption bands of, in 

benzene, 3223
Ion beams, chemical synthesis with, 799
Ion exchange, resins, volumetric studies of resin particles using 

microscopy, 70; selectivity, effect of water activity on, 339; 
on mineral clinoptilolite, 531; membranes, cation interchange 
across, 883; accompanied by reaction, 1178; resins, low-cross 
linked electrolyte uptake equilibria with, 1477; kinetics of, in 
phosphonic resin Bio-Rex 63, 3400 

Ionic strength, thermodynamic calculation of dependence of lon- 
exchange reaction selectivity coefficients on, 2378 

Ionization, of aqueous acids, entropy and volume changes, 965; 
of 3-amino-4-methylbenzenesulfonic acid, thermodynamic

study, 2653; and dissociation of diphenyl and condensed ring 
aromatics by electron impact, 2935; of diphenylcarbonyls and 
ethers by electron impact, 2943 ; and dissociation of ruthenium 
and osmium tetroxide, 3893

Ionization constants, for 3-amino-4-methylbenzenesulfonic acid, 
2653; of sulfuric acid-water solutions at high temperatures and 
pressures, 2726; of sulfonic acids by Raman spectra, 4109 

Ionization potentials, of cyclopentadienylmolybdenum dicarbonyl 
nitrosyl and 1,3-cyclohexadieneiron tricarbonyl, 3198; of 
aromatic amines, 3506

Ion pairs, AgN03, in alkyl halide-silver nitrate reaction, 661; 
manganese sulfate, effect of pressure on dissociation of, 2595; 
formation in aqueous solutions of butylammonium isobutyrate, 
2801

Iron, rate of oxidation of, to wiistite in water-hydrogen gas 
mixtures, 327; Ba-Fe-0 compounds with varying oxygen con
tent and iron valence, 4395

Iron oxide, liquid, structure and dissociation equilibrium in, 804 
Iron pentacarbonyl, gas phase electron diffraction investigation 

of, 3405
Irradiation, fast neutron and y-, of polystyrene, 828 
Isobutane, chemically activated decomposition of, 4348 
Isoelectronic molecules, scaling in, 2520
Isomerization, thermal, of ethylcyelopropane, 429: y-radiation- 

induced, of cyclohexanone to 5-hexenal in liquid phase, 6 6 6 ; 
thermal, of cyclobutene, 1073; cis-trans, of para-substituted 
N-benzylideneanilines, 1584; structural, of series of vibra- 
tionally excited alkylcyclopropanes, quantum statistical weight 
effects, 1973; thermal, of trifluoromethylcyclopropane and 
trifluoroethylcyclopropane, 2141; photochemical and thermal, 
of trans- and cis-a-cyano-a-phenyl-N-phenylnitrones, 2545; 
radiation-induced cis-trans, of polybutadiene, 2639; of isomeric 
monoglycerides, 2887 ; Hg-photosensitized, of perfluorobutene- 
2, 3205; -r-complex mechanism for, and isotope exchange of 
cis- and fra?is-stilbenes on Pt catalysts, 3526; y-ray-induced, 
of cis- and fran.s-l,2-diphenylcyclopropane, 4401 

Isonicotinamide, electric moment of, in benzene and dioxane 
solutions, 691

Isopentane, Hg-photosensitized decomposition of, 2291 
Isopropyl radicals, tritium-labeled, disproportionation and com

bination of, 1059; reactivity with cyclohexadiene-1,3, 2362 
Isotherms, absorption, of hydrogen in «-phase of hydrogen- 

palladium system, 3773
Isotope effects, in radiolysis and photolysis of H20 -D 20  mixtures, 

698; C13, in pyrolytic decomposition of magnesium oxalate, 
918; C13, in oxidation cf acetic acid, 1428; in Hg-photosensi
tized decomposition of cyclohexane-cyclohexane-iii2 mixtures, 
2027

Keratin, role of amino groups in water absorption by, 3280 
Ketones, cyclic and bicyclic, relationship between C13 carbonyl 

chemical shifts and n —*■ it* transition energies in, 3105; 
cyclic, nonstereospecific mechanisms in photolysis of, 3225 

Knudsen cells, diffusional processes in, effect on vapor pressure 
measurements, 3538

Lanthanum monosulfide, vaporization, thermodynamics, and 
dissociation energy of, 2684 

Lanthanum oxide, heat of formation of, 2464 
Lattice energies, for group I-A and II-A salts, 384; of super- 

oxides of potassium, rubidium, and cesium, 2550; of alkali and 
alkaline earth peroxides and double electron affinity of oxygen 
molecule, 2558; of potassium ozonide, 2562; of cubic oxides, 
2971; for alkaline earth halides, 3611 

Lead, galvanic cell measurement of thermodynamic interaction 
between zinc and, in dilute solution in liquid, tin, 4085 

Lead chloride, molten, electronic commutator determination of 
E° of formation and related thermodynamic values for, 1034 

Lead(II) perchlorate, hydrolyzed, equilibrium ultracentrifuga
tion of, 959

Light scattering, measurements on optically active systems, 689 ; 
by poly—y-benzyl-L-glutamate solutions subjected to electric 
fields, 2817

Lipoamide dehydrogenase, -NADH-dye reaction, kinetic study, 
3696

Liquid junction potentials, between acetonitrile and aqueous 
saturated calomel electrode, 3049; calculation by computer 
simulation method, 4226

Liquids, surface area of, in circular tubes, 1809; volume-energy
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relations at 0°K. in, 3190; reduced thermodynamic functions 
for significant structure theory of, 3322; internal pressure of 
simple, 4392

Lithium, thermodynamic quantities in exchange of Li+ with Cs + 
on cross-linked polymethacrylate ion exchangers, 2374 

Lithium ion, limiting equivalent conductance to 300°, 2984 
Luminescence, of doped aromatic crystals, 751 
Luminescence behavior, radiolysis and, of dioxane-benzene mix

tures, 3024

Magnesium, heats and entropies of dilution of perchlorates of, 
4231

Magnesium oxalate, pyrolysis, kinetics and stoichiometry, 442;
carbon isotope effects in pyrolylic decomposition of, 918 

Magnesium sulfate, multistate dissociation and effect of pressure 
on equilibrium on, 695; conductance studies in dioxane- 
formamide, 2857; as unassociated salt in N-methylformamide, 
3167

Magnetic susceptibilities, of copper acetylacetonate and diphen- 
ylpicrylhydrazyl adsorbed on silica gel, 3654 

Maleamic acid, effect of ethyl substitution on kinetics of hydrol
ysis of, 3626

Malonic acids, 2,2-disubstituted, fast reactions involving hydro
gen bonding, 467

Manganese dioxide, catalyst for decomposition of alkali metal 
perchlorates, 1114

Manganese sulfate, kinetics of ion association in solutions of, 
using ultrasonic absorption, 128; ion pairs, effect of pressure on 
dissociation of, 2595

Mannitol, frictional and diffusion coefficients for system water- 
mannitol-sodium chloride, 4276 

Melting point, of thorium mononitride, 1223 
Membrane phenomena, effect of pH and divalent cations on 

transport of univalent cations across weak-acid membrane, 
2415; equation for electric potential, 3981; membrane potential 
in nonisothermal systems, 4191; spectroscopic and photocon
ductivity effects in permselective membranes, 4221 

Mercaptoethanol, complex with cationic dye, 940
2-Mercaptoethanol, rates of mercapto proton exchange for, in 

aqueous solution, 2287
Mercury, interatomic energy constants of, 1740; anion exchange 

of chloride complexes of, 2955; atomic, diffusion coefficient in 
isooctane, 3814; electrode, structure of electrical double layer 
at, in presence of adsorbed nitrate ions, 4113 

Mercury(II) bromide, kinetics for formation of, 1835 
Mercury divinyl, photolysis of, 2323
Mesitylene, solvent effects on charge-transfer complexes of 1,3,5- 

trinitrobenzene with, 2766
Metal carbonyl solutions, mechanism of photochromism in, 677 
Metal complexes, interaction of cross-linked polymethacrylic acid 

with polyvalent metal ions, 2849
Metal dissolution reaction, kinetic theory of inhibition and 

passivation in, 1259
Metals, wettability of, under continuous condensing conditions, 

1306
Metal wires, infrared spectra of molecules adsorbed on metal 

powders obtained from electrically exploded wires, 2139 
Methacrylate polymers, irradiated, degradation and e.s.r. spectra 

of, 189
Methane, kinetics of reaction of 0 ( 3P) with, in oxygen, nitrogen 

and argon-oxygen mixtures, 1611; reaction with iodine, heat of 
formation of methyl iodide, 3040; deuterated, exchange of 
hydroxyl groups of alumina and silica-alumina catalysts with, 
3080; acetylene production in radiolysis of, 3218; rare gas 
sensitized radiolysis of, 3434; effect of temperature in radiol
ysis of, 3652; diffusion of, in water, 3752 

Methanes, substituted, bond and interaction contributions for 
calculating heat of formation, diamagnetic susceptibility, molar 
refraction and volume and thermodynamic properties of, 1550 

Methanol, exchange between solvated cations and solvent, 134; 
anodic oxidation of, in platinum-gold alloys, 3377; -aceto
nitrile mixtures, dielectric constants of, 3657; radiolysis of, 
effect of water on peroxide yields, 3673; electron capture by 
solutes in radiolysis of, 4053

2-Methoxyethanol, apparently primary CH5+ ion in mass spec
trum of, 4420

N-Methylacetamide, thermodynamic properties of solution of 
HC1 in, 1335; hydrogen-bonding studies of hindered phenols

with, 1622; p.m.r. studies of hydrogen bonding in amine- 
acetamide-chloroform systems, 2950 

Methylamines, N-monosubstituted, n.m.r. spectra of, 3645 
N-Methylaniline, association with benzene, N,N-dimethyl- 

aniline, pyridine, and N,N-dimethylcyclohexylamine,^ 1596
o-Methylbenzyl alcohol, catalytic vapor phase oxidation, 457; 

oxidation of, over vanadia, kinetics of processes occurring on 
catalyst surface during reaction, 3092 

Methylene, reaction with propene, butene-1, 3,3,3-trifluoropro- 
pene, and 4,4,4-trifluorobutene-l, rates for chemically activated 
species that arise, 1964; reaction with CF»H2, 2804 

Methylene blue, comparison of photoactivities of thionine and, 
647; photooxidation of tertiary nitrogen compounds by, 1149 

Methylene fluoride, reaction of methyl radicals with, 664 
Methyl esters, unsaturated, mass speetrometric studies of, 1711 
Methyl ethyl carbonates, pyrolysis in gas phase, 3013 
Methyl fluoride, reaction of methyl radicals with, 664
3-Methyl-l,5-hexadiene, thermal rearrangement between, and

1,5-heptadiene, 1278 
Methyl isocyanide, n.m.r. study of, 4152 
Methyl isopropyl ketone, photochemistry of, 943 
Methyl radicals, reaction with methyl and methylene fluoride, 664 
Methyl red, photoreduction of, when sensitized by ethyl chloro- 

phyllide a, 821
Methylsiloxanes, polymerization, kinetics of, 2213; cyclic and 

linear, equilibrium molecular weight distribution of, 2218 
Methyl-2-tetrahydrofuran, ethanol-, mixtures, electron trapping 

in, 3186
Micelles, formation in concentrated sulfuric acid as solvent, 968; 

hydrophobic bonding and micelle stability, 2431; ionic 
strength dependence of micelle number, 3718 

Microporous solids, charged, exclusion of ions from, 2230 
Molal volume, of two tetraethanolammonium halides, 3569 
Molar refraction, bond and interaction contributions for calcu

lating, 1550
Molar volume, bond and interaction contributions for calculat

ing, 1550
Molecular orbitals, use of nonlinear estimation techniques in 

calculations, 2316; valence-shell, 3357 
Molecular solutions, analyses of excess enthalpy and volume data 

in terms of different theories of, 2759 
Molecular vibrations, mean-square perpendicular amplitudes 

and shrinkage effects in benzene molecules, 1489 
Molecular weight, effect on melting temperature and fusion of 

polyethylene, 417; intrinsic viscosity-molecular weight rela
tionship for fractions of linear polyethylene, 1645 

Molecular weight distribution, verification of Flory theory of 
random reorganization of, in kinetics of methylsiloxane 
polymerization, 2213; equilibrium of cyclic and linear methyl
siloxanes, 2218

Molybdenum, relation between specific heat and total emittance 
in Ta, Nb, W, and, 1420; reaction of flowing steam with, 1638; 
volatilization of, in presence of water vapor, 2055; kinetics of 
attack of, by dissociated chlorine, 4290 

Monoglycerides, isomeric, heats of combustion, formation, and 
isomerization of, 2887

Monolayers, soluble, of normal alcohols, thermodynamic proper
ties of, at water-octane interface, 310; interfacial, of octane- 
soluble dipoles, structural arrangement, 481; fatty acid, on 
metals, study by contact potential measurements, 984; proper
ties of partially localized adsorbed, 3446 

Montmorillonite, infrared study of complexes of ethylamine with 
ethylammonium and copper ions in, 683; aliphatic and aro
matic saturated, dehydration of, 2265

Naphthalene, triplet states of, 2239
/3-NaphthoI, effect of solvent on acid-base kinetics of excited state 

of, 2044
Neopentyl esters, specific rearrangements in mass spectra of, 1742 
Neptunium, -hydrogen system, 1641
Nickel, exchange of methanol between solvated nickel and solvent, 

134; p.m.r. line widths, ligand exchange, and electronic relax
ation times for arylphosphine complexes of Ni(II), 3212; in
vestigation of metallic phases in reduced, impregnated Ni and 
Ni-Cu silica-alumina catalysts, 3268; ethane hydrogenolysis 
over dilute Ni catalysts, 3857

Nickel monomalonate complex, formation kinetics of, by tem
perature jump method, 4380 

Nickel sulfates, change in structure with heating, 4077
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Nickel tetracarbonyl, effect in radiolysis of benzene and benzene- 
cyclohexane mixtures, 2034

Nicotinamide adenine dinucleotide, reduced form, kinetics of 
lipoamide dehydrogenase-NADH-dye reaction, 3696 

Nicotinamides, N-alkyl substituted, benzene and dioxane electric 
moments of, from measurements in mixed benzene-dioxane 
solutions, 4097

Niobium, relation between specific heat and total emittance in 
Ta, W, Mo, and, 1420

Niobium pentafluoride, enthalpy of formation, 2089 
Nitrate ion, 300-mpi band of, 2645; infrared band width of, 

mode, ionic lifetimes and solvent isotope effect, 3650; ad
sorbed on Hg electrode, structure of electrical double layer, 
4113

Nitrate solutions, radiolysis of, 1858
Nitric acid, water-, uranyl nitrate hexahydrate system, activities 

of components in, 1904
Nitric oxide, heat of formation of NO(g), 3863; infrared spectra 

and bonding of, adsorbed on Ni and Fe, 4998 
Nitrilotriacetic acid, complex with poly-N-vinylimidazole, 1252 
Nitrilotriacetate chelates, infrared spectra of, in aqueous solution, 

404
Nitrilotripropionamide, -acrylamide system, dye photopolymer

ization processes, 641
p-Nitroaniline, reaction with poly(p-styrenesulfonic acid), salting 

in process, 2895
Nitrobenzene, synthesis of, by interaction of N 0 2 + ion beam with 

gaseous benzene, 799; nitration of, with nitronium fluoroborate 
in HF, 2248; -n-heptane system, critical opalescence measure
ments on, 4312

Nitrogen, exchange of substituents on, in molten ammonium 
salts and amines, 791; tertiary compounds, photooxidation by 
methylene blue, 1149; solubility in sea water, 2608; adsorption 
on heterogeneous titania and homogeneous carbon surfaces, 
3587

Nitrogen atoms, mass spectra study for reaction with ethylene, 
2736

Nitrogen dioxide, ccncerning the reaction N 02 NO* — N20  +  
0 2, 2137

Nitrogen gas, analytical expression for zero pressure thermo
dynamic properties of, 495; isotopic exchange induced by 
7 -radiation, 2385

Nitrogen tetroxide, radiolysis of liquid, 3547 
Nitrogen trioxide, evidence in combustion of double-base pro

pellant, 3668
Nitronium fluoroborate, nitration of nitrobenzene with, in HF, 

2248
Nitrophenols, dissociation constants in deuterium oxide, 4416 
Nitrous oxide, kinetics of decomposition of, mass spectra study, 

2111
Noble gases, electronegativity of, 596; thermodynamics of 

aqueous solutions of, 3240; thermodynamics of aqueous solu
tions of, effect of nonelectrolytes, 3245; thermodynamics of 
aqueous solutions of, effect of electrolytes, 3250 

Noble metals, voltage transients of freshly produced electrode 
surfaces of, 3329

Nonlinear estimation technique, use in simple molecular orbital 
calculations, 2316

Nonylphenoxyacetic acid, adsorption of, by metals, 2598 
Norbornylene, thermal unimolecular decomposition of, 1351 
Nucleation, of long-chain molecules in monomolecular layers, 956

n-Octadeeanol, aqueous solubility of, 3171 
n-Octane, adsorption on poly(tetrafluoroethylene), 4387 
Oil, radiotracer study of competitive adsorption at gold-oil 

interface, 3833
Olefins, relative rates of H-atom addition to two positions of un- 

symmetric. alkyl-substituted ethylenes, 905; product, uni
molecular decomposition of, in methylene chemical activation 
systems, 1952; desorption from silica-alumina catalysts, 2676 

Onsager reciprocal relation, test in isothermal ternary diffusion of 
water-sodium chloride-potassium chloride, 3374; test of, on 
system water-mannitol-sodium chloride, 4276 

Opalescence, critical, of binary liquid mixtures, 2329 
Optical properties, of built-up layers of barium stearate on 

evaporated gold films, 1654
Optical rotatory dispersion, of n-cysteine-eobalt systems, 1603; 

of d-camphor, 3708

Organometallics, energy-transfer processes in dilute solutions of, 
2880

Osmium tetroxide, ionization and dissociation of, 3893 
Osmotic pressure, of polystyrene solutions, 1174 
Outer coordination sphere, n.m.r. relaxation time effects pro

duced by paramagnetic ions with nonlabile inner coordination 
spheres, 3299

Ovalbumin, sedimentation velocity in concentrated salt solu
tions, 3032

Oxalic acid, kinetics of decomposition of, in glycerine, 1729 
Oxidation, of titanium monoxide at high temperatures, 158; of 

iron to wiistite in water-hydrogen gas mixtures, 327; catalytic 
vapor phase, of o-methoxybenzyl alcohol, 457; homogeneous 
gas-phase partial, of o-xylene, 909; C 13 isotope effects in oxida
tion of acetic acid, 1428; radiation-induced, of organic com
pounds, 1814; radiaticn-induced, of p-xylene sensitized by 
organic bromines, 1992; of reducing sugars by hexacyano- 
ferrate(III) in alkaline medium, 2038; simultaneous chemical 
and electrochemical, of germanium, 2269; of o-methylbenzyl 
alcohol over vanadia, kinetics of processes occurring on catalyst 
surface, 3092; and reduction of diphenylpicrylhydrazyl on 
titanium dioxide and carbon black, 3219; and chemilumines
cence of tetrakis(dimethylamino)ethylene, 3313; anodic, of 
methanol in platinum-gold alloys, 3377; Hg-photosensitized, 
of perfluoropropene, 3641; of Pt in activated oxygen, kinetics 
and mechanism, 3660; of alcohol by Fenton’s reagent, 3805; 
electrode, correction for, in estimation of adsorbed CO on 
smooth Pt by anodic stripping, 4049 

Oxygen, chemisorption cn ruthenium dioxide, 102; chemi
luminescent reaction of oxygen atoms with sulfur monoxide, 
849; effect on e.s.r. spectra of anthracene and perylene ad
sorbed on silica-alumina, 1082; atomic, kinetics of reaction of 
0 ( 3P) with methane in oxygen, nitrogen, and argon-oxygen 
mixtures, 1611; molecule, double electron affinity of, lattice 
energies of alkali and alkaline earth peroxides, 2558; chemi
sorption on zinc oxide, 3254; adsorption studies on heterogene
ous titania and homogeneous carbon surfaces, 3587; sulfur in 
burnt gas of hydrogen-oxygen flames, 3593; enhanced oxida
tion of Pt in, kinetics and mechanism, 3660; diffusion in 
polymers, use of phosphorescent quenching, 3677; -ozone and 
C02 equilibria, bromine ultraviolet lamp, 3964; in skin of Pt 
electrode, effect on determination of CO adsorption, 4048; 
desorption and isotopic exchange of, at silver surface, 4201; 
Ba-Fe- 0  compounds with varying oxygen content and iron 
valence, 4395

Oxygen-17, chemical shifts in n.m.r. absorption for, in oxy ions, 
1844

Oxygen electrode, in fused alkali nitrates, 3662 
Oxy ions, chemical shifts in n.m.r. absorption for O17 in, 1844 
Ozone, electron affinity of, 2562; bromine ultraviolet lamp, 

studies of oxygen-ozone and C02 equilibria, 3964

Palladium, vapor pressure of, mass spectrometrie Knudsen cell 
measurements, 1373; isotopic equilibrium separation factors 
in hydrogen solubility process in Pt-Pd alloys, 2485; absorp
tion isotherms of hydrogen in «-phase of H2-Pd system, 3773 

Palladium(II) chloride, polymorphism in, 3669 
Palladium oxide, partial pressure of, mass spectrometrie Knudsen 

cell measurements, 1373
Parachol, relationship between Zisman’s critical surface tension 

of polymers and, 3220
Pendant drop method, for surface tension, refinement, 348 
Pentaerythrityl halides, heat capacities and thermodynamic 

properties of, 1209
Pentamethylbenzene, solvent effects on charge-transfer com

plexes of 1,3,5-trinitrobenzene with, 2766
1-Pentanethiol, heat of vaporization and heat capacity of vapor, 

3030
Peptide linkage, n—x* Cotton effect, 978 
Peptides, dielectric dispersion of crystalline powders of, 4176 
Perchlorates, of magnesium and strontium, heats and entropies of 

dilution of, 4231
Perchloric acid, extraction by trioctyl phosphine oxide, 1106;

extraction into trilaurylamine, role of aromatic diluent, 1565 
Perfluoroalkanes, importance of xenon fluorides in Xe-photo- 

sensitized reactions of, 1434
Perfluoroalkylnitriles, reactivities toward butadiene, 1070 
Perfluorobutene-2, cis- and trans-, addition of fluorine to, 254;
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cis- and trails-, infrared spectra of, 693; Hg-photosensitized 
isomerization of, 3205

Perfluorocyclic oxide, critical opalescence of two mixtures of, 
with ra-heptane and with carbon tetrachloride, 2329 

Perfluorocyclobutane, radiation chemistry of, spectroscopic 
identification of products, 2059

Perfluorocyclohexane, radiation chemistry of, spectroscopic ident
ification of products, 2059; spin-echo n.m.r. spectra studies of 
chemical exchange in perfluorocyclohexane, 3216 

Perfluorocyclopropane, infrared spectra of, 693 
Perfluoropropene, Hg-photosensitized decomposition of, 3600;

Hg-photosensitized oxidation of, 3641 
Peroxides, alkali and alkaline earth, lattice energies of, and double 

electron affinity of oxygen molecule, 2558 
Perrhenic acid, extraction by trioctyl phosphine oxide, 1106 
Perylene, effect of oxygen on e.s.r. spectra of, 1082; crystal 

structures of equimolar 7r-molecular compounds of anthracene 
and, with pyromellitic dianhydride, 2160 

Petroleum, small angle X-ray scattering study of colloidal 
nature of, 3500

Phase diagrams, for bismuth iodide-iodine, 124; of K I-I2, R b l- 
I2, and Csl-I2 systems, 1687; P-T-x, for system zinc-tellu
rium, 3367

Phase equilibria, in solutions of liquid sulfur, 261 
Phenanthrene, mass spectra and appearance potentials of princi

pal ions of, 2935; p.m.r. spectrum of, 4417 
Phenol, O18 labeled, infrared absorption of, 2259; -acetate sys

tem, use of fluorescence measurements to determine association 
constant, 2960; H-bonding equilibrium constants of substi
tuted pyridines to, 3089

Phenols, hindered, hydrogen-bonding studies of, with N-methyl- 
acetamide and N,N'-dimethylacetamide, 1622; dissociation 
and homoconjugation in acetonitrile, 3193 

Phenosafranine, kinetics of ethyl chlorophyllide sensitized photo
reduction of, by hydrazobenzene, 2633 

Phenylaeetylene, n.m.r. spectra of, 3552 
Phenylmalonic acid, kinetics of decarboxylation of, 2402 
Phosphorescence, and electron transfer in dye-disulfhydryl com

pound complex, 940; decay rate from triphenylene molecules 
in acrylic polymers, 2516 

Phosphoric acid, dissociation of solutions of, 3520 
Phosphorus, potential curves and bond strength of PO, 3461 
Photochemistry, vacuum ultraviolet, for propylene, 538; of 

chromium(III) complexes, role of doublet state in, 2201; of 
A2J-bicyclo[2.2.1] heptadiene, 2475; of aqueous sulfate ion, 
2996

Photochromism, in metal carbonyl solutions, 677; of 2,2'-di- 
methylbianthrone, e.s.r. spectra, 2487 

Photoconduction, hypersensitization of, in microcrystalline zinc 
oxide, 767

Photoconductivity, bulk, sensitization of, in p-chloranil crystals, 
779; effects in permselective membranes, 4221 

Photoelectric effect, relationship between exciton absorption and, 
745; in polymers and their sensitization by dopants, 755 

Photoisomerization, cis-trans, of azo compounds, temperature 
dependence, 1062

Photoluminescence, of adsorbed dyes, 738
Photolysis, isotope effects in, of H20 -D 20  mixtures, 698; of 

heptafluoropropyl ethyl ketone, 1 0 0 1 ; of ketene in propene, 
butene-1, 3,3,3-trifluoropropene, and 4,4,4-trifluorobutene-l 
1964; of nitrogen dioxide, 2137; of mercury divinyl, 2323; 
rearrangement reactions of 2-ri-propylcyclopentanone, 3145; 
of cyclic ketones, nonstereospecific mechanisms, 3225; of 
trifluoronitrosomethane, 4409; of fluorotrichloromethane, 4410 

Photooxidation, of tertiary nitrogen compounds by methylene 
blue, 1149; possible initiation of, by charge-transfer excitation, 
4317

Photopolymerization, dye-sensitized, thionine-nitrilotripropion- 
amide-acrylamide system, 641; dye-sensitized, comparison of 
photoactivities of thionine and methylene blue, 647; dye- 
sensitized, use of dicarbonyls as photoinitiators with thionine 
and methylene blue, 2834; dye-sensitized, kinetics and mecha
nism of thionine-/3-diketone-acrylamide systems, 2842 

Photoreduction, of methyl red sensitized by ethyl chlorophyllide 
a, 821; ethyl chlorophyllide sensitized, of phenosafranine by 
hydrazobenzene, 2633

Photosensitization, mechanism of semiconductors by dyes, 730: 
of C02 with Hg 6 JPi atoms, 4047 

Photosynthesis, electron-hole picture of, 7SS

Phthalamic acid, effect of ethyl substitution on kinetics of 
hydrolysis of, 3626

Phthalocyanines, polymorphic modifications of, 2295 
Picolinamide, cupric ion catalyzed hydrolysis of, 2914 
Picolinic acid, decarboxylation in polar solvents, 2277 
Piperidine, high resolution mass spectrum of, 3196 
Platinum, -gold alloys, heterogeneous, electrochemical character

ization of surface composition of, 901; -Pd alloys, hydrogen 
solubility process in, 2485; electrosorption of ethylene on, as 
function of potential, concentration, and temperature, 3335; 
-gold alloys, anodic methanol oxidation in, 3377 ; electrodes, 
propane adsorption on, 3424; enhanced oxidation of, in acti
vated oxygen, kinetics and mechanism, 3660; electrode, effect 
of oxygen absorbed in skin of, on determination of CO adsorp
tion, 4048; wetting of, by water, 4238 

Polarizability, of rare gas atoms, 702; molecular, for sulfur tri
oxide, 2017

Polar molecules, adsorption on metal oxide single crystals, 3930 
Polarographic currents, effect of adsorbed polyelectrolytes on, 

2740
Polarography, influence of adsorbed positively charged poly

electrolytes on polarographic currents of cationic depolarizers, 
3018

Poly-y-benzyl-D-glutamate, influence of pressure on reversible 
unfolding of, 1515; light scattering studies on samples in di- 
chloroethane, 2817

Polybutadiene, radiation-induced cis-trans isomerization of, 
2639; effects of cross-link spacing and initial molecular weight 
in, 2811

as-1,4-Polybutadiene, viscosity behavior of, and polystyrene in 
mixed 9-solvents, 3263

Polydispersity, from diffusion data on polymers, 1144 
Polvelectrolytes, conductometric study of polycation-polyanion 

reactions, 1447 ; dielectric properties of polyanion-polycation 
complexes, 1456; adsorbed, effect on polarographic currents, 
2740; salting in by aqueous polyelectrolyte solution, 2895; 
adsorbed positively charged, influence on polarographic cur
rents of cationic depolarizers, 3018; stereoregular, potentio- 
metric titration of, 4005; mean activity coefficients of sodium 
polyacrylates, 4102

Polyenes, cyclic, reactivity toward free radicals, 2362 
Polyethylene, effect of molecular weight on melting temperature 

and fusion of, 417; linear, intrinsic viscosity-molecular weight 
relationship for fractions of, 1645; single crystals, specific heat, 
2078; linear, intrinsic viscosity in 9-solvent, 3109 

Polyethylene oxide, high resolution nuclear resonance studies of 
chain conformation of, 1888

Polymerization, reactivities and conductivities of ions and ion 
pairs in, 612; anionic, of styrene in dioxane, effect of solvent 
and counterion, 624; degree of, for lead(II) perchlorate solutes 
using equilibrium ultracentrifugation, 959; of uranyl ion, 
kinetics of, 2319; of carbon suboxide, 3603 

Polymers, semicrystalline, elasticity of, 141; degradation of, by 
controlled hydrodynamic shear, 161; photoelectric effect in, 
and their sensitization by dopants, 755; exciton states in, 784; 
surface free energy of, 1084; characterization of polydispersity 
from diffusion data, 1144; pressure effects on glass transition 
in, 1497 ; amorphous, attempt at assigning order from polymer 
density, 1575; radiolytic stress relaxation of ethylene-propyl
ene copolymer, 2072; amorphous, parachor and surface tension 
of, 2809; ternary diffusion in system polystyrene 1-poly
styrene 2—toluene, 2875; relationship between parachor and 
Zisman’s critical surface tension of, 3220; normal stresses and 
dynamic moduli in polymer solutions, 3642; diffusion of 
oxygen in, use of phosphorescent quenching, 3677; complex 
modulus of concentrated solutions of, in steady shear, 4183 

Polymethacrylate ion exchangers, cross-linked, thermodynamic 
quantities in exchange of Li+ and Cs+ on, 2734 

Polymethacrylic acid, cross-linked, interaction with polyvalent 
metal ions, 2849

Poly(methyl methacrylate), stereoregular, intrinsic viscosity 
studies in 2,2,3,3-tetrafluoropropanol, 1 1 0 1 : depolymerization 
in solution in various solvents, 2967; gel melting point as 
measure of tacticity of, 3384

Poly-a-methylstyrene, dilute solutions of, dynamic mechanical 
properties of, 346; thermal depolymerization in solution in 
various solvents, 2967

Polymorphism, in potassium sulfate and thallium sulfate, 1684; 
in palladium(II) chloride, 3669
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Polyoxyethylene nonylphenol ethers, solubility behavior in 
cyclohexane and effect of water, 2788 

Polypeptides, solid, sorption rates indicative of structural 
changes in, 600

Polyphenyls, gas-liquid partition chromatography in benzene- 
polyphenyl systems and polymer statistical thermodynamics, 
3682

Polystyrene, comparison of fast neutron and 7 -irradiation of, 828 ; 
monodisperse, diffusion in mixed solvents, 1135; variation of 
chain dimension with concentration for, 1174; atactic and 
isotactic, thermal properties of, 2657; atactic and isotactic, 
specific heat, 2668; -polystyrene-toluene system, ternary 
diffusion in, 2875; phase equilibrium and viscosity behavior of 
cis-1,4-polybutadiene and, in mixed 0-solvents, 3263; tem
perature dependence of viscoelastic behavior of, 3480; con
formation of molecules adsorbed at 8 -temperature, 3955; 
isotactic, physicochemical studies on, 4138; cross-linked 
sulfonates, thermodynamics of exchange of tétraméthyl
ammonium with sodium ions in, 4268 

Polystyrenesulfonic acid, ion-exchange membranes of, having 
variable porosity, 883

Poly(p-styrenesulfonic acid), reaction between p-nitroaniline and, 
2895

Poly(tetrafluoroethylene), adsorption of ethane, «.-butane and n- 
octane on, 4387

Polyurethanes, cleavage reactions in cross-linked urethane elas
tomers, 476

Poly-L-valine, comparison of water sorption and D-H exchange 
sites in, 1432

Poly-N-vinylimidazole, neutralized, influence of electrolytes on 
solution properties of, 1248; complexes with zinc(II), copper 
(II) and nitrilotriacetic acid, 1252 

Porous-frit method, combined with radiometric techniques for 
determination of diffusion coefficients, 303 

Potassium, surface tension in reciprocal system K +, Cd+2-C l_, 
Br~, 1443; phase diagrams of K I-I2 system, 1687; viscosity of 
NaK 78 at low temperature, 3782 

Potassium bromide, cationic transport numbers in N-methyl- 
acetamide, 2382

Potassium chloride, -hydrochloric acid system, thermodynamic 
properties of, 307; solubility and activity coefficients of, in 
N,N-dialkylamides containing water, 1377; diffusion in 
methanol-water solutions, 2336; ionic association of, in 
ethanol-water mixtures, 2420; transport numbers in solution 
of, 3208; test of Onsager reciprocal relation in isothermal 
diffusion of water-NaCl-KCl, 3374 

Potassium ferricyanide, entropy of, 3179
Potassium hexabromorhenate(IV), heat capacity, thermal history 

behavior, antiferromagnetic anomaly, entropy, and free 
energy functions, 3471

Potassium ion, limiting equivalent conductance to 400°, 2984 
Potassium ozonide, lattice energy of, 2562 
Potassium sulfate, polymorphism in, 1684
Potassium superoxide, heat of formation and lattice energy of, 

2550
Potassium wisoxalatochromium(III) trihydrate, solid-state ther

mal decomposition of, 4328
Potential, Volta, study of aging of gold surfaces, 439; thermo

electric, in Soret steady state, for AgN03~NaN03 system, 1204; 
e.m.f. studies of cadmium chloride in water, water-ethanol, and 
ethanol, 2082; appearance, and mass spectra of fluorinated 
ethylenes, 3731; appearance, and mass spectra of fluorinated 
ethylenes, calculations based on statistical theory of mass 
spectra, 3737; appearance, and mass spectra of C3F6, and 
C3F6C1, and c-C3F6, 3741 ; appearance, for positive ions formed 
by C-C and C-F bond ruptures in C2F6+ and C3FS+', 3746 

Potential energy curves, for P -0  interactions, 3461 
Potentiometric titrations, of stereoregular polyelectrolytes, 4005 
Praseodymium oxides, reactions in an oxygen atmosphere, 1667 
Pressure, hydrostatic, effect on gases dissolved in water, 389 
Probabilities, vibrational de-excitation, calculation of, 1424 
Promethium-147, mean (3-energy and half-life of, 1220 
Propane, radiolysis at low conversions, 8 8 8 ; adsorption on smooth 

Pt electrodes, 3424; effect of temperature in radiolysis of, 
3652; diffusion in water, 3752

Propellant, double-base, evidence for nitrogen trioxide in com
bustion of, 3668

Propenes, monodeuterated, mass spectra of, 1615 
ra-Propylbenzene, thermodynamic properties of, 4304

2-re-Propylcyclopentanone, photochemical rearrangement reac
tions of, 3145

Propylene, vacuum ultraviolet photochemistry of, 538;
ethylene-, copolymers, radiolytic stress relaxation of, 2072 

Proteins, proton fluctuation in, experimental study of Kirkwood- 
Shurnaker theory, 2281 ; effect of deuterium oxide on thermal 
stability of, 3132; dielectric dispersion of crystalline powders 
of, 4176

Protein solutions, dielectric dispersion of, 1162 
Protonation, of acetic and benzoic acids and ethyl esters in coned, 

sulfuric acid, C13 magnetic resonance study, 1030; of pyrazine, 
p.m.r. study, 2791

Proton fluctuation theory, Kirkwood-Shumaker, attempt at 
experimental verification by study of pH dependence of dielec
tric increment of proteins, 2281 

Purine bases, vapor spectra and heats of vaporization of, 3615 
Pyranose rings, conformation of, in mono-, di-, and polysac

charides at high pH, 636 
Pyrazine, p.m.r. study of protonation of, 2791 
Pyrene, magnetic resonance of triplet state of orientated pyrene 

molecules, 1429
Pyridine, -benzoic acid complexes, infrared study, nature of 

hydrogen bond in, 74; -iodine complexes, orientation in, 3178; 
alkyl halide salts of, charge-transfer absorption and lumines
cence spectra of, 3791

Pyridine hydrogen nitrate, crystal structure of, 1915 
Pyridines, substituted, phenol interactions with, 3089 
Pyrimidine bases, vapor spectra and heats of vaporization of, 3615 
Pyrolysis, of magnesium oxalate, kinetics and stoichiometry, 442; 

uninhibited and inhibited, of isomeric hexanes, surface effects 
in, 2453; of methyl ethyl and diethyl carbonates in gas phase, 
3013

Pyromellitic dianhydride, crystal structures of equimolar v- 
molecular compounds of anthracene and perylene with, 2160

Quaternary ammonium salts, in cyanoethylsucrose-acetonitrile 
mixtures, 2576

Radiation chemistry, of aqueous glycine, effect of cupric ion, 
1579; of perfluorocyclohexane and perfluorocyclobutane, 2059; 
of some cyclic fluorocarbons, 2526; of cyclopentane, 2707; of 
perphenyl compounds of Sn, Pb, As, Sb, and Bi, 2880; of 
water, reaction mechanism leading to formation of molecular 
hydrogen, 4058

Radical-ion salts, of 1,6-diaminopyrene and 7,7,8,8-tetracyano- 
quinodimethane, 1740

Radicals, yielded in radiolysis of unsaturated olefins, 194 
Radiolysis, pulse, of aqueous tetranitromethane, 53; of un

saturated hydrocarbons, radical yields, 194; of cyanogen- 
cyclohexane mixtures, 678; isotope effects in, of H20 -D 20  
mixtures, 698; 7 -, of liquid cyclopentanone, 807; of ethylene, 
hydrogen atom yield and formation of saturated hydrocarbons, 
815; of propane at low conversions, 8 8 8 ; rare gas sensitized, of 
acetylene, 892; of ethane, effect of density on, 1045; of ethane 
at high densities, effect of additives, 1056; of sodium nitrite 
ices, 1080; of liquid aromatic hydrocarbons, LET effects,̂  1157; 
pulse, of aqueous hydrogen solutions, 1324; of acetone in air- 
free aqueous solutions, 1366; of bromate ions by cobalt-60 7 - 
rays, identification of species formed, 1413; vapor phase, of 
ethanol, 1699; of aqueous nitrate solutions, 1858; of benzene- 
butene- 2  mixtures, effect of galvinoxyl on, 1866 ; of benzene and 
benzene-cyclohexane mixtures in presence of nickel tetra- 
carbonyl, 2034; pulse, for identification of aromatic triplet 
states in electron-irradiated solutions, 2239; 7 -, of ammonium 
perchlorate, 2477; of heavy water in pD rauge 0-14, 2628; 
of monodisperse colloidal sulfur, 2805; of ethylene, application 
of electrostatic fields, 2867; and luminescence behavior of 
dioxane-benzene mixtures, 3024; of cyclohe>:ane-di2-cyclo- 
propane mixtures, comparison of dimer and olefin yields with 
corresponding nondeuterated mixtures, 3113; acetylene pro
duction in, of methane, 3218; of cyclohexane vapor, effect of 
additives on, 3292; of crystalline choline chloride, radical 
termination mechanisms, 3370; rare gas sensitized, of methane, 
3424; of liquid nitrogen tetroxide, 3547; of methane and 
propane, effect of temperature, 3652; of methanol and meth- 
anolic solutions, effect of water on peroxide yields, 3673 ; 7 -, 
of ethylene sensitized by inert gases, 4033; of methanol and 
ethanol, electron capture by solutes in, 4053; of water, reac-

Volum e 69, Num ber 12  December 1965



4462 S u b j e c t  I n d e x

tions of alanine with reducing species formed in, 4131; pulse, 
of fused alkali halides, 4421

Rare earth chelates, intermolecular triplet-triplet energy transfer 
between aromatic carbonyls and hydrocarbons and, 275

Rare earths, /?-diketone chelates of, absorption and phosphores
cence spectra of, 1092

Rare gas atoms, polarizability of, 702
Reaction velocity, of monomolecular films of chlorophyll a on 

aqueous substrates, 21; and mechanism for thermal decom
position of hexanitroethane, 25; for ion association in manga
nese sulfate solutions, 128; for vanadium(II)-uranium(VI) re
action, 176; of homogeneous oxidation of In(I) ion by H + in 
perchloric acid, 202; fluorine addition to cis- and trans- 
perfluorobutene-2, 254; rate constants of hydrated electron 
reactions with some aromatic acid, alkyl halides, heterocyclic 
compounds, and Werner complexes, 289; for oxidation of iron 
to wiistite in water-hydrogen gas mixtures, 327 ; for oxygen- 
inhibited hydrogen-fluorine reaction, 408; for thermal isomer
ization of ethylcyclopropane, 429; for magnesium oxalate 
pyrolysis, 442; for BF3 exchange reactions, 527; for calcium 
formate pyrolysis in KBr matrix, 583; of base-catalyzed 
hydrolysis of urea, 687; dissociation of molecular chlorine 
using shock waves, 834; for -y-ray-indueed decomposition of 
chloroform, 840; for halogen displacement reactions of chloro- 
and bromoacetic acids, 854; for thermal decomposition of di
acetylene, 858; for thermal decomposition of benzene in flow 
system, 863; ion exchange accompanied by reaction, 1178; 
kinetic theory of inhibition and passivation in electrochemical 
reactions, 1259; for thermal rearrangement between 3-methyl-
1,5-hexadiene and 1,5-heptadiene, 1278; for eaq_ with itself 
and other transients, 1324; for reactions of H atoms in aqueuos 
solution, 1384; computation of statistical complexions, exact 
high speed method, 1431; for reactions of CN radicals in gas 
phase, 1504; of cis-trans isomerization of para-substituted N- 
benzylideneanilines, 1584; for reaction of 0 (3P) with methane 
in oxygen, nitrogen, and argon-oxygen mixtures, 1611; for 
praseodymium oxide reactions in an oxygen atmosphere, 1667; 
for decomposition of oxalic acid in glycerine, 1729; for hydrol
ysis of bichromate ion in acetate buffer, 1736; for formation of 
mercury(II) bromide species, 1835; for cyclopropane-hydrogen 
reaction over silica-supported metals, 1877 ; of zinc fluoroborate 
and hydrogen ion catalyzed hydrolyses of diglycidyl ether of 
1,4-butanediol and of diglycidyl ether, 1882; measurement by 
benzoate radiolytic decarboxylation for hydroxyl radical reac
tions, 1938; for chemically activated species produced in sys
tems of methylene with olefins, 1964; for structural isomeriza
tion of series of vibrationally excited alkylcyclopropanes, 1973; 
for hydrogen reduction of uranium trioxide, 2012; effect of 
solvent on acid-base kinetics of excited state of 0-naphthol, 
2044; for methylsiloxane polymerization, 2213; formation of 
triplet states of aromatic molecules, 2239; for mercapto proton 
exchange for 2-mercaptoethanol in aqueous solution, 2287; 
for uranyl ion hydrolysis and polymerization, 2319; alkaline 
decomposition of indoaniline dyes, effect of solubilization by 
surfactants, 2357 ; kinetic study of addition and metathesis be
tween isopropyl radical and cyclohexadiene-1,3, 2362; for 
decomposition of hydrogen oxalate ion in glycerine solution, 
2392; decomposition of phenylmalonie acid, 2402; effect of 
double-impact collision on dissociation rate constants, 2411; 
decay rate of phosphorescence from triphenylene in acrylic 
polymers, 2516; for ethyl chlorophyllide sensitized photo
reduction of phenosafranine by hydrazobenzene, 2633; for 
fluorination of graphite, 2772; and mechanism of thionine-, 
/3-diketone-acrylamide systems, 2842; for transition metal ion 
promoted hydrolyses of amino acid esters, 2923; for iodine- 
methane reaction, 3040; for exchange of deuterium with sur
face hydroxyl groups of alumina, 3070; for processes occurring 
on catalyst surface during oxidation of o-methylbenzyl alcohol 
overvanadia, 3092; for selenium(IV)-2,3-diaminonaphthalene 
reaction, 3232; of ion exchange in phosphonic resin Bio-Rex 63, 
3400 ; effect of ethyl substitution on hydrolysis of maleamic and 
phthalamic acid, 3626; for oxidation of Pt in activated oxygen, 
3660; for lipoamide dehydrogenase-NADH-dye reaction, 3696; 
for tetrafluorohydrazine-fluorine reaction, 3700; for attack of 
molybdenum by dissociated chlorine, 4290; comparison of 
methods to determine rates of dehydration of acetaldehyde 
hydrate, 4325; for nickel monomalonate complex studies by 
temperature jump method, 4380

Rearrangements, thermal, between 3-methyl-l,5-hexadiene and

1,5-heptadiene, 1278; specific, in mass spectra of neopentyl 
esters, 1742

Reduced equation, for estimation of vapor pressure, 3209 
Reduction, chlorophyllide-sensitized, of azobenzene and other 

compounds, 2779; simultaneous oxidation and, of diphenyl- 
picrylhydrazyl on titanium dioxide and carbon black, 3219; 
of CuOo-67 in hydrogen, 3607 

Refractive index, remarks on rules for mixtures, 1123 
Refractive index dispersion, in equine hemoglobin solutions, 3188 
Relaxation, dielectric, of mixtures of dipolar liquids, 674 
Relaxation times, spin-lattice, of dimethyloctylamine oxide 

through c.m.e., 3204; electronic, for arylphosphine complexes 
of Co(II) and Ni(II), 3212; n.m.r., produced by paramagnetic 
ions with nonlabile inner coordination spheres, 3299; dielec
tric, method for determining, 4197 

Resistance, interfacial, use of glass bead column in measurement 
of, 2351

Resistivity, electrical properties of ferromagnetic CrCh (1.89 < 
x < 2.02), 1402

Resonance, pure quadrupole, of halogens in potassium hexahalo- 
rhenates(IV) and hexachlorotungstate(IV), 2101 

/3-Resorcylic acid, decarboxylation in polar solvents, 3565 
Rhodamine 6GX, reaction with benzoyl peroxide, 4071 
Ribonuclease, effect of aqueous alcohol solutions on thermal 

transition of, 298; influence of pressure on reversible unfolding 
of, 1515

Rubidium, phase diagrams of R bl-I2 system, 1687 
Rubidium superoxide, heat of formation and lattice energies of, 

2550 _
Ruthenium dioxide, oxygen chemisorption on, 102 
Ruthenium pentafluoride, enthalpy of formation of, 2308 
Ruthenium tetroxide, ionization and dissociation of, 3893 
Rydberg potential energy function, diatomic, extended to poly

atomic species, 923

Saccharides, mono-, di-, and poly-, conformation of pyranose 
rings in, at high pH, 636

Salicylic acid, dissociation constant in deuterium oxide, 4416 
Salting in process, by aqueous polyelectrolyte solution, 2895 
Salts, molten, diffusion-conductance relations and free volume in, 

399
Samarium borides, tetraboride-hexaboride conversion, 3705 
Scaling, in isoelectronic molecules, 2520
Scandium, -hydrogen system, thermodynamics of, 3514; -yttri

um-hydrogen system, 3973
Sea water, solubility of argon and nitrogen in, 2608; activation 

energy of viscous flow in temperature region of maximum 
density, 4988

Sedimentation, equilibria, in polydisperse pseudo-ideal solutions 
and at low centrifugal fields, 1050; moving boundary, in 
preparative ultracentrifuge in absence of plateau region, 1820; 
velocity, of ovalbumin in concentrated salt solutions, 3032; 
and electrophoresis of interacting substances, differential 
boundary experiments, 3785; application of high intensity, 
multislit Rayleigh interferometer to studies of, 4024; equi
librium in reacting systems of type mk +  nB <=k C, 4365 

Selectivity coefficients, ion-exchange reaction, thermodynamic 
calculation of ionic strength dependence of, 2378 

Selenium, kinetics for selenium(IV)-2,3-diaminonaphthalene 
reaction, 3232

Self-diffusion, of liquid thallium from melting point to 1300°K.,
518

Self-diffusion coefficients, for water, as function of ionic concen
tration, 2001; of sodium ion in alcohol-water mixtures, 3968; 
of water, 4412

Semiconductors, photosensitization mechanism of, by dyes, 730; 
organic, proposed model for electron injection into, in dark, 
3510

Semiquinones, aliphatic, e.s.r. of, 2131
Sensitization, spectral, of chemical effects in solids, 705; dye, 

and minority carrier trapping, 714; of electrical effects in 
solids, 719; hyper-, of photoconduction in microcrystalline zinc 
oxide, 767; color, of zinc oxide with cyanine dyes, 774; of bulk 
photoconductivity in p-chloranil crystals, 779 

Shock tube studies, on condensation of vapors, 3006 
Shock waves, in dissociation of molecular chlorine, 834 
Shrinkage effects, in benzene molecules, 1489; Bastiansen- 

Morino, for sulfur trioxide, 2017
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Significant structure theory, of simple liquids, reduced thermo
dynamic functions for, 3322

Silica, solubility relations in calcium oxide-silica-water system, 
182; metallic phases in reduced, impregnated Ni and Ni-Cu 
silica-alumina catalysts, 3268

Silica-alumina catalysts, exchange of hydroxyl groups of, with 
deuterated methane, 3080

Silica gel, interaction of alkali metal cations with, 350; gener
ation of catalytic activity by ionizing radiation, 491; aging of, 
1530; behavior of alkali metal cations in pores of, 3196 

Silicoaluminas, amorphous, structure and properties of, Lewis 
and Br0nsted acid sites, 3274

Silver, dislocations as active centers of catalysis and chemical 
action in, 880; Ag-AgI electrode, behavior in presence of tetra- 
alkylammonium ions, 2793; heats of formation of solid solu
tions in systems (Na-Ag)Cl and (Na-Ag)Br, 3531; -copper 
alloy, enthalpy of solid solution for metastable, 4407 

Silver bromide, spectral sensitization of chemical effects in, 705 
Silver(I) cyanide complexes, formation constants in equimolar 

sodium-potassium nitrate melts, 3763 
Silver ion, activity coefficient of, in aqueous sulfuric acid, 3906 
Silver nitrate, solution thermochemistry of, 9; ion pairs, in alkyl 

halide-silver nitrate reaction, 661; -sodium nitrate system, 
molten, thermoelectric properties, 1204; Raman, infrared, and 
n.m.r. spectra of, in acetonitrile, 3634 

Soaps, anhydrous sodium, n.m.r. absorption in, 4256 
Sodium, heats of formation of solid solutions in systems (Na- 

Ag)Cl and (Na-Ag)Br, 3531; viscosity of NkK 78 at low 
temperatures, 3782; Ba-Na equilibrium system, 3867; dis
sociative equilibrium in systems aromatic hydrocarbon- “ , 
Na + radical anion •“  +  Na+, 4124 

Sodium bicarbonate, solution thermochemistry of, 3059 
Sodium carbonate, solution thermochemistry of, 3059 
Sodium chloride, solubility and activity coefficients in N,N- 

dialkylamides containing water, 1377; thermodynamic proper
ties of HCl-NaCl mixtures, 2395; activity coefficients by 
cation-sensitive glass electrodes, 2697; test of Onsager recipro
cal relations in isothermal ternary diffusion of ELO-NaCl-KCl 
system, 3375; activity coefficients in aqueous three-component 
solutions by cation-sensitive glass electrodes, 3992; diffusion 
and frictional coefficients for system water-mannitol-sodium 
chloride, 4276

Sodium iodate, Raman studies of, 3886
Sodium ion, limiting equivalent conductance to 400°, 2984; 

self-diffusion coefficients in alcohol water mixtures, 3968; 
thermodynamics of exchange of tetramethylammonium with, 
in cross-linked polystyrene sulfonates, 4268 

Sodium nitrate, silver nitrate , system, molten, thermoelectric 
properties, 1204

Sodium nitrite ices, radiolysis of, 1080
Sodium polyacrylates, single-ion activity coefficient of gegenions 

in, 3690; mean activity coefficients of, 4102 
Sodium silicate glasses, structure and far-infrared absorption 

spectra of, 3846
Sodium sulfate, abnormal relation between velocity of sound and 

temperature in, 3214; temperature coefficient of conductance 
of, 4033

Sodium tetrachloroierrate(III), crystal structure of, 239 
Solubility, of reaction mixtures of calcium oxide, silica, and 

water, and hydrated tricalcium silicate in water, 182; of non
polar gases in waier, theory, 281; of cobalt sulfate hexahydrate 
and heptahydrate, 1268; and activity coefficients of NaCl and 
KC1 in N,N-dialkylamides containing water, 1377; of argon 
and nitrogen in sea water, 2608; behavior of polyoxyethylene 
nonylphenol ethers in cyclohexane and effect of water, 2788; 
aqueous, of n-dodecanol, w-hexadecanol, and n-octadecanol, 
3171; of fluorocarbons in cyclohexane and 1,4-dioxane, 3200; 
of argon in water and dilute aqueous nonelectrolyte solutions, 
3245; of argon in water and aqueous solutions of electrolytes, 
3250; of hydrogen in liquid Na, 3542; equilibrium, of hydrogen 
as function of gold content in gold-palladium alloys, 3575; 
of argon to 451 atm. in fused sodium nitrate, 3631 

Solubilization, by surfactants, effect on kinetics of alkaline de
composition of indoaniline dyes, 2357 

Solvent extraction, for study of kinetics of reactions in molten 
salt phase, 1835

0 -Solvents, binary mixtures of, 3263
Soret coefficients, relative determination for electrolytes, 41;

and heats of transport of aqueous electrolytes, 3598; of elec 
trolytes, relative determination, 3755

Sorption, rates for solid polypeptides, 600; water, comparison 
with deuterium-hydrogen exchange sites in poly-n-valine, 1432

Sound, abnormal relation between velocity of, and temperature 
in sodium sulfate solution, 3214

Specific heat, relation between, and total emittance in Ta, Nb, 
W, and Mo, 1420; of polyethylene single crystals, 2078; of 
atactic and isotactic polystyrene, 2668

Spectra, p.r.s., of thiopyrones, 1 ; infrared, of solid 1 : 1  pyridine- 
benzoic acid complexes, 74; n.m.r., study of ether-boron 
halide molecular addition compounds in dichloromethane, 89; 
e.s.r., of irradiated methacrylate polymers, 189; infrared, 
study of adsorption of ammonia on dry y-alumina, 231; e.m.r. 
and electronic, of tetrachloroferrate(III) ion in nonaqueous 
solution, 244; e.p.r., studies of gaseous atom-molecule reac
tions, 293; infrared, of nitrilotriacetate chelates in aqueous 
solution, 404; p.m.r. of ten diolefins, 486; n.m.r., of 1,4- 
diheterocyelohexanes, 579; infrared, study of complexes of 
ethylamine with ethylammonium and copper ions in mont- 
morillonite, 683; infrared, of perfluorocyclopropane and cis- 
and ir<ros-perfluorobutene-2, 693; photoconductivity, of Hgl2, 
Pbl2, GaSe, and Cu20  crystals, 745; nuclear quadrupole reso
nance, of Bi209 in BiBr3, 949; e.s.r., of photoexcited triplet 
state of triphenylene in rigid solution, 953; C13 magnetic 
resonance study of protonation of acetic and benzoic acids, 
1030; e.s.r., effect of oxygen on, of anthracene and perylene 
adsorbed on silica-alumina, 1082; absorption and phosphores
cence, of rare earth /3-diketone chelates, 1092; infrared, of 
disulfur monoxide, 1154; infrared, of high-area metal films 
evaporated in CO, 1188; infrared, of carbon monoxide chemi
sorbed on evaporated nickel films, 1195 ; absorption, of solvated 
electrons, effect of solvent and of solutes on, 1244; C13m.r., of 
1-substituted 1-hexynes, 1348; mass, Knudsen cell measure
ments of vapor pressure of Pd and partial pressure of PdO, 
1373; magnetic resonance of triplet state of oriented pyrene 
molecules, 1429; of photochromie spiropyrans, 1435; n.m.r., 
of hydrogen bonding of N-monosubstituted amides, 1482; 
study of association of Cu2 + and S042_ions in aqueous solution 
at constant ionic strength, 1537; infrared, study of associa
tion of aniline and N-methylaniline with benzene, N,N- 
dimethylaniline, pyridine, and N,N-dimethylcyclohexylamine, 
1596; mass, of three monodeuterated propenes, 1615; 
mass, of dimanganese decacarbonyl and dicobalt octacarbonyl, 
1618; mass, study of unsaturated methyl esters, 1711; mass, 
specific rearrangements in, of neopentyl esters, 1742; n.m.r. 
absorption, chemical shifts in, for 0-17 in oxy iens, 1844; high 
resolution nuclear resonance, of chain conformation of poly
ethylene oxide, 1888; n.m.r., of 9,10-bridged 9,10-dihydro- 
anthracenes, 2 0 2 2 ; identification of products in radiolysis of 
perfluoroeyclohexane and perfluorocyelobutane, 2059; e.s.r. 
of anion radicals of thianthrene oxides, 2108 ; infrared absorp
tion bands for decationated zeolites, 2117; in study of inter
action of triphenylamine with iodine and with silica-alumina 
catalysts, 2127; e.s.r., of aliphatic semiquinones, 2131; infra
red, of molecules adsorbed on metal powders obtained from 
electrically exploded wires, 2139; infrared, and stability of 
HBF2(g), 2208; infrared absorption, of O18 labeled phenol, 
2259; infrared, of HBBr2(g), 2461; electronic, of Ga2, In2, and 
Tl2 molecules, 2480; continuous absorption, of iodine mono
chloride, 2483; e.s.r., associated with photochromism in 2,2'- 
dimethylbianthrone, 2487; charge-transfer complex, solvent 
shifts in, 2490; mass, of zirconium diboride, 2531; n.m.r 
dilution shifts for acetic acid in acetic anhydride, acetone, and 
1,4-dioxane, 2564; 300-m,u band of N 03_, 2645: p.m.r., effect 
of aromatic solvents on. 2679; infrared, study of dimerization 
of trimethylacetic acid in CCh, 2715; mass, for reaction of 
nitrogen atoms with ethylene, 2736; p.m.r., study of proton
ation of pyrazine, 2791 ; mass, ionization and dissociation of 
diphenyl and condensed ring aromatics by electron impact, 
2935; p.m.r., of hydrogen bonding in amine-acetamide-chloro- 
form systems, 2950; p.m.r. and infrared, of hydrogen bonding 
in tri-w-oetylammonium salt solutions, 3075: n.m.r. spin
relaxation, in solid n-alkanes, role of specific molecular motions 
in effecting spin relaxation, 3099; relation between electro
chemical and spectroscopic properties of halide and pseudo- 
halide ions in solution, 3176; high resolution, of piperidine, 
3196; mass, of cyclopentadienylmolybdenum dicarbonyl 
nitrosyl and 1,3-cyclohexadieneiron tricarbonyl. 3198; p.m.r.
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line widths, ligand exchange, and electronic relaxation times for 
arylphosphine complexes of Co(II) and Ni(II), 3212; spin-echo 
n.m.r., studies of perfluorocyclohexane, 3216; interionic vibra
tional absorption bands of ion aggregates in benzene, 3223; 
n.m.r., of aluminum alkyls, 3418; infrared investigation of 
zeolites and adsorbed molecules, structural OH groups, 3463; 
of titanium, zirconium, and hafnium oxides in neon and argon 
matrices, 3488; n.m.r., of phenyl- and diphenylacetylene, 3552; 
of purine and pyrimidine bases, 3615; Raman, infrared, and 
n.m.r., of silver nitrate solutions in acetonitrile, 3634; n.m.r., 
of N-monosubstituted methylamines, 3645; p.m.r., of cis- and 
ira»s-15N-»-butylformamide, 3648; Al27 n.m.r., of trialkyl- 
aluminum compounds, 3663; near infrared, of liquid water, 
3671; e.s.r., of irradiated acrylamide, 3712; near-infrared, of 
hydrogen bonding in water and deuterium oxide, 3722; mass, 
use of appearance potential of fragment ions from fluorinated 
ethylenes to calculate heats of formation of hydrofluorocarbon 
radicals and ions, 3731; mass, of fluorinated ethylenes, calcula
tions bases on statistical theory of mass spectra, 3737; mass, 
of C3F 6, C3F5CI, and c-C3F 6, 3741; luminescence, of alkyl 
halide salts of pyridine, 3791; mass, use of mass spectrometer 
intensity vs. time data to determine thermodynamic stabilities 
as function of composition for indium sulfide, 3826; far-infrared 
absorption, of sodium silicate glasses, 3846; absorption, of 
cationic dye acridine orange hydrochloride, 3872; Raman, of 
iodic acid and sodium iodate, 3886; C 13 magnetic resonance, 
of alkyl cyanides, isocyanides, isocyanates, and isothiocyanates, 
3920; infrared, of hexachloroacetone, 3949; infrared, and 
bonding of nitric oxide adsorbed on Ni and Fe, 3998; Raman, 
determination of ionization constants of sulfonic acids, 4109; 
n.m.r., of nitriles and isocyanides, 4152; n.m.r., of 2,2'- 
bipyridyl, 4166; absorption, changes due to different gegenions 
in permselective membranes, 4221; n.m.r., method to determine 
rate of dehydration of acetaldehyde hydrate, 4325; infrared 
reflection, of molten fluoride solutions, 4335; mass, study of 
dioxygen difluoride, 4338; changes in cationic dye due to in
teraction with macromolecules, 4368; e.s.r., of 1,1-diphenyl- 
ethylene adsorbed on silica-alumina catalsyts, 4402; n.m.r., 
of three unsymmetrical o-dihalobenzenes, 4413; p.m.r., of 
phenanthrene, 4417; apparently primary CH5+ ion in mass 
spectrum of 2-methoxyethanol, 4420 

Spheres, packed, pore area and adsorption hysteresis for, 1395 
Spiropyrans, photochromic, spectroscopy and photosensitization 

of, 1435
Steam, flowing, reaction with molybdenum metal, 1638 
Stilbenes, cis- and trans-, ir-complex mechanism for isomerization 

and isotope exchange on Pt catalyst, 3526 
Stress relaxation, use in study of cleavage of cross-linked poly

urethane elastomers, 476; radiolytic, of ethylene propylene 
copolymer, 2072

Strontium, heats and entropies of dilution of perchlorates of, 4231 
Strontium ion, aqueous, revised thermodynamic properties of, 

3181
Sublimation pressure, of cadmium(II) fluoride by Knudsen and 

Langmuir techniques, 3174
Succinimide, rate of exchange of chlorine between dimethyl- 

chloramine and, 796
Sugars, reducing, oxidation by hexacyanoferrate(III) in alkaline 

medium, 2038
Sulfamic acid, thermochemistry of, 2244 
Sulfanilic acid, thermochemistry of, 2244
Sulfate ion, association of Cu2 + and SO.12“  ions in aqueous solu

tions of constant ionic strength, 1537; limiting equivalent 
conductance to 400°, 2984; photochemistry of, 2996 

Sulfonic acids, ionization constants of, by Raman measurements,
, 4109Sulfur, liquid, phase equilibria in solutions of, 261; monodisperse 

colloidal, radiolysis of, 2805; in burnt gas of hydrogen-oxygen 
flames, 3593

Sulfuric acid, concentrated, micelle formation in, 968; -water 
solutions, conductances and ionization constants at high 
temperatures and pressures, 2726 

Sulfur monoxide, study of mechanism of light emission from 
reaction of oxygen atoms with, 849 

Sulfur trioxide, mean amplitudes of vibration, shrinkage effects, 
thermodynamic functions, and molecular polarizability of, 2107 

Surface area, of solids, and virial theory of adsorption, 1129; 
of liquids in circular tubes, 1809; small, measurement by 
B.E.T. adsorption method, 2300

Surface charge, direct measure of, in presence of electrode reac
tion, 4051

Surface tension, theoretical refinement of pendant drop method, 
348; in reciprocal system K +, Cd+2-C l- , Br_, 1443; measure
ment by pendant drop techniques, 1933; of liquid alkali halide 
binary systems, 2606; of amorphous polymers, 2809; Zisman’s 
critical, relationship between parachor and, 3220

Tacticity, of poly(methyl methacrylate), gel melting point as 
measure of, 3384

Tantalum, relation between specific heat and total emittance in 
Nb, W, Mo, and, 1420; hydrolysis of Ta(V) in KF-LiF, 4335 

Tantalum dioxide, enthalpy of formation of gaseous, 4399 
Tantalum oxide, enthalpy of formation of gaseous, 4399 
Tantalum pentafluoride, enthalpy of formation, 2089 
Taurine, thermochemistry of, 2244
Tellurium, P -T -x  phase diagram for Zn-Te system, 3367 
Temperature coefficient, of conductance of sodium sulfate, 4033 
Tetraalkylammonium halides, symmetrical, conductance of,

3878; symmetrical, conductance in methanol, 4208; conduct
ance in deuterium oxide solutions, 4216 

Tetraalkylammonium ions, behavior of Ag-AgI electrode in 
presence of, 2793

Tetraalkylammonium picrates, symmetrical, conductance of,
3878; symmetrical, conductance in methanol, 4208 

Tetrachloroferrate(III) ion, e.m.r. and electronic spectra of, 244 
Tetrachloromethane, thermodynamics of mixing in plastically 

crystalline region for tetramethylmethane-tetrachloromethane 
system, 2176

7,7,8,8-Tetracyanoquinodimethane, conductive salt of radical 
anion of, 1740

Tetraethanolammonium halides, activity coefficients and molal 
volumes, 3569

Tetraethylammonium chloride, dissociation in ethylene di
chloride, 87

Tetrafluorohydrazone, -fluorine reaction, kinetics of, 3700 
Tetrahydrofuran, association of secondary amines with, 335 
Tetraisoamylammonium picrate, conductance in diethyl ether 

and benzene, 1437
Tetrakis(dimethylamino)ethylene, reversible reactions of oxygen 

with, and »-decane, 3313
Tetramethylammonium, thermodynamics of exchange of, with 

sodium ions in cross-linked polystyrene sulfonates, 4268 
Tetramethylmethane, -tetrachloromethane, thermodynamics

of mixing in plastically crystalline region, 2176 
Tetranitromethane, aqueous, pulse radiolysis of, 53 
Tetraoxygen difluoride, molar extinction coefficient of O4F2 in 

visible range, 1079
Tetraphenylborate ion, electrooxidation in aqueous solution at 

Pt disk electrode, 1067
Tetraphenylboride, conductance of alkali metal salts of, 608 
Tetraphosphorus decasulfide, thermal properties of, 1214 
Tetraphosphorus triselenide, thermal properties of, 1214 
Tetraphosphorus trisulfide, thermal properties of, 1214 
Tetrapropylammonium bromide, ion size parameters in solution 

and solid state, 543
Tetraselenium tetranitride, heat of formation of, 334 
Tetrasulfur tetranitride, heat of formation of, 334 
Tetrauranium enneaoxide, A-type thermal anomaly in, 3192 
Thallium, viscosity and self-diffusion from melting point to 

1300 °K., 518; electronic spectra of Ga2, In*, and Tl2 molecules, 
2480

Thallium monofluoride, enthalpy of formation and dissociation 
energy of, 4030

Thallium sulfate, polymorphism in, 1684
Thallous fluoride, thermodynamics of vaporization of, gaseous 

dimerization, 3910
Thallous iodide, thermodynamics of vaporization of, 1410 
Thermocell, rotating-disk, 4042
Thermochemistry, solution, for calcium hydroxide, 6 ; solution, 

of silver sulfate, 9; solution, of barium hydroxide octahydrate, 
1980; of aqueous sulfamic and sulfanilic acids and taurine, 
2244; solution, of sodium carbonate, sodium bicarbonate, and 
trona, 3059; of interconversion of H2B20 3(g) and H3B30 3(g), 
3160

Thermodynamic functions, for sulfur trioxide, 2017 
Thermodynamic properties, for adsorption of carbon dioxide on 

zinc oxide, 17; of equimolal solutions of HC1 and KC1, 207; 
of soluble monolayers produced by normal alcohols (C8 to Ci2)
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at water-octane interface, 310; low-temperature, of n -propyl-, 
n-butyl-, and m-decyl-substituted cyclopentanes, 353; zero 
pressure, of nitrogen gas, analytic expression, 495; of dolomite, 
1065; of disulfur monoxide, 1154; of pentaerythrityl chloride, 
bromide, and iodide, 1209; of tetraphosphorus trisulfide, tetra- 
phosphorus triselenide, and tetraphosphorus decasulfide, 1214; 
of HC1 in N-methylacetamide by e.m.f., 1335; of hypostoichio- 
metric thorium dicarbide, 1520; of 2,5-dimethylthiophene, 
1524; bond and interaction contributions for calculating, 1550; 
of n-propyl-, m-butyl-, and n-decyl-substituted cyclohexane, 
2094; of adsorbed water molecules and electrical conduction in 
montmorillcnites and silicas, 2185; in exchange of lithium 
with cesium ion on cross-linked polymethacrylate ion ex
changers, 2374; of HCl-NaCl mixtures, 2395; of yttrium- 
hydrogen system, 2510; of atactic and isotactic polystyrene, 
2657; of lanthanum monosulfide, 2684; of beryllium com
pounds, 2828; for methane-iodine reaction, 3040; of aqueous 
strontium ion, 3181, of aqueous solutions of noble gases, 3240; 
of aqueous solutions of noble gases, effect of nonelectrolytes, 
3245; of aqueous solutions of noble gases, effect of electrolytes, 
3250; of scandium-hydrogen system, 3514; of uranium mono- 
selenide, 3618; for benzene in polyphenyls, use of gas-liquid 
partition chromatography, 3682; of protonation of triethylene- 
diamine, triethylamine, trimethylamine, and ammonia, 3759; 
and allotropy of beryllium chloride, 3839; low-temperature, 
of n-propyl and n-butylbenzene, 4304 

Thermodynamics, surface, application to Gibbs elasticity, 1798; 
of crystalline hydrates, 1840

Thermoelectric properties, of molten AgNCh-NaNCh system, 1204 
Thianthrene oxides, anion radicals of, 2108
Thioamides, hindered rotation and CI3-H  coupling constants in, 

2570
Thionine, -nitrilotripropionamide-acrylamide system, dye-sensi

tized photopolymerization processes, 641; comparison of 
photoactivities of methylene blue and, 647; -/3-diketone- 
acrylamide systems, kinetics and mechanism of, 2842; ionic 
association in solution, fluorescence and solvent effects, 2988 

Thiopyrones, proton resonance spectra of, 1 
Thiourea, chemical species containing P32 and S35 subsequent to 

neutron irradiation of, 3202
Thorium dicarbide, hypostoichiometric, heat capacity and 

thermodynamic properties of, 1520 
Thorium mononitride, decomposition pressure and melting point 

of, 1223
Thorium oxide, -water system, heats of immersion, 151; -aque

ous solution interface, electrokinetic phenomena at, 3148; 
colloidal, small angle X-ray scattering study of, 3849 

Tin, galvanic cell measurement of thermodynamic interaction 
between zinc and lead in dilute solution in liquid tin, 4085 

Titania, adsorption of CO, N2, 0 2, and Ar, 3587 
Titanium monoxide, oxidation at high temperatures, 158 
Titanium oxide, spectroscopy of, in neon and argon matrices, 3488 
Titanium tetrabromide, charge-transfer complexes with aromatic 

hydrocarbons, 660
Titanium tetrachloride, charge-transfer complexes with aromatic 

hydrocarbons, 660
p-Toluenesulfonic acid, behavior of divalent salts of, in aqueous 

solution, 4345
Transition, thermal, of ribonuclease, effect of aqueous alcohol 

solutions on, 298; of pentaerythrityl chloride, bromide, and 
iodide, 1209; thermal, of ribonuclease and poly-y-benzyl-n- 
glutamate, 1515

Transition energies, n -*■ ir*, in cyclic and bicyclic ketones, rela
tionship between C13 carbonyl chemical shifts and, 3105 

Transition metals, hydrolyses of amino acid esters promoted by 
transition metal ions, 2923

Transport, of univalent cations across weak-acid membrane, 
effect of pH and divalent cations on, 2415 

Transport coefficients, reciprocal relations among, 2479 
Transport numbers, cationic, of KBr in N-methylacetamide, 

2382; in aqueous potassium chloride solutions ,3208 
Transport properties, of dense fluid of molecules interacting with 

square-well potential, 869
Trialkylaluminum compounds, Al27 n.m.r. spectra of, 3663 
Tricalcium silicate, hydration of, 553, 2489 
Triethylamine, thermodynamics of protonation of, 3759 
Triethylenediamine, thermodynamics of protonation of, 3759 
Trifluoroethylcyclopropane, thermal isomerization of, 2141

Trifluoroiodomethane, association with 2,4,6-trimethylpyridine, 
2400

Trifluoromethylcyclopropane, thermal isomerization of, 2141 
Trifluoronitrosomethane, electron diffraction study of, 3727; 

photolysis of, 4409
Trilaurylamine, extraction of perchloric acid by, role of aromatic 

diluent, 1565
Trimethylacetic acid, infrared study of dimerization of, in CCL, 

2715
Trimethylamine, heat of reaction of diborane with, 1010; thermo

dynamics of protonation of, 3759 
2,4,6-Trimethylpyridine, association with trifluoroiodomethane, 

2400
1,3,5-Trinitrobenzene, complexes with benzene, mesitylene, dur- 

ene, pentamethylbenzene, or hexamethylbenzene, 2766 
Trinitrotriamminecobalt(III), activity coefficient of, in aqueous 

salt solution, 1546
Tri-n-octylammonium salt solutions, p.m.r. and infrared studies 

of hydrogen bonding in, 3075
Trioctyl phosphine oxide, extraction of HC104 and HRe04 by,

n °6
Triphenylamine, interaction with iodine and silica-alumina 

catalysts, 2127
Triphenylene, triplet state in rigid solution, electron spin reso

nance spectrum of, 953; rate of decay of phosphorescence from, 
in acrylic polymers, 2516

Triphenylphosphine, reaction with alkali metals in tetrahydro- 
furan, 2775

Tritium, recoil, ring opening and alkyl replacement in substituted 
cyclopropanes, 4297

Tritium atoms, reactions with films of solid ethylene, 1040 
Trona, solution thermochemistry of, 3059
Tungsten, relation between specific heat and total emittance in 

Ta, Nb, Mo, and, 1420

Ultracentrifugation, equilibrium, of hydrolyzed lead(II) per
chlorate solutions, 959

Ultracentrifuge, preparative, moving boundary sedimentation in, 
1820

Uranium, kinetics of V(II)-U(VI) reaction, 176 
Uranium monoselenide, heat capacity and thermodynamic prop

erties, 3618
Uranium trioxide, kinetics of hydrogen reduction of, 2012 
Uranyl fluoride, Wien effect, 508
Uranyl ion, kinetics for hydrolysis and polymerization of, 2319 
Uranyl nitrate, Wien effect, 500
Uranyl nitrate hexahydrate, water-nitric acid- system, activities 

of components, 1904 
Uranyl perchlorate, Wien effect, 500 
Uranyl sulfate, Wien effect, 513
Urea, kinetics of base-catalyzed hydrolysis of, 687; effect on 

water structure and hydrophobic bonding, 2720; diffusion 
study in system, labeled urea-urea-water by measurement of 
intradiffusion coefficients of, 3120

Yanadia, oxidation of o-methylbenzyl alcohol over, kinetics of 
processes occurring on catalyst surface, 3092 

Vanadium, kinetics of V(II)-IJ(VI) reaction, 176 
Vanadium oxytrichloride, charge-transfer complexes with aro

matic hydrocarbons, 660
Vaporization, thermodynamics of, for liquid thallous iodide, 1410; 

of lanthanum monosulfide, 2684; of gallium nitride, 3455; 
thermodynamics of, for thallous fluoride, gaseous dimerization, 
3910; thermodynamics of, in beryllium oxide-boron oxide 
system, 4250

Vapor pressure, of copper phthalocyanine, 344; solvent, in 
dilute solutions of gallium in cadmium, 933 ; of Pd and partial 
pressure of PdO, 1373; of water and nitric acid over water- 
nitric acid-uranyl nitrate hexahydrate system, 1904; of 
iodine monochloride, 2443; differential study, of self-associ
ation of acids and bases in 1 ,2-dichloroethane and other sol
vents, 2690; and enthalpy of arsenic triiodide and its absolute 
entropy, 2743; simple reduced equation for estimation of, 3209; 
and enthalpy of vaporization of molten bismuth chloride, 3916; 
and heat of sublimation of chromium, 4044 

Vinyl compounds, C13 chemical shifts for, 1947 
Viscoelasticity, linear, reduction principle in, 671 
Viscoelastic properties, of dilute solutions of poly-a-methyl- 

styrene, 346; effects of cross-link spacing and initial molecular
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weight in polybutadiene, 2811; temperature dependence of 
viscoelastic behavior of polystyrene, 3480

Viscosity, and self-diffusion of liquid thallium from melting point 
to 1300°K., 518; intrinsic, studies of stereoregular poly(methyl 
methacrylate) in 2,2,3,3-tetrafluoropropanol, 1 1 0 1 ; surface, 
effect on thinning of soap films, 1471; intrinsic, -molecular 
weight relationship for fractions of linear polyethylene, 1645; 
surface, of monomolecular films of long-chain aliphatic amides, 
amines, alcohols, and carboxylic acids, 1789; of aqueous solu
tions of chloroammineplatinum(IV) salts, 2197; of glass
forming solvent mixtures, 2466; macroscopic, for quaternary 
salts in cyanoethylsucrose-acetonitrile mixtures, 2576; in
trinsic, of linear polyethylene in 0 -solvent, 3109; of cfs-1,4- 
polybutadiene and polystyrene in mixed 0 -solvents, 3263; 
of NaK 78 at low temperatures, 3782; of pure water and sea 
water in region of maximum density, 3988

Volatilization, of molybdenum in presence of water vapor, 2065
Volume, partial, of 1-butanol in dilute aqueous solution, 2406; 

excess, analyses of data in terms of different theories of molec
ular solutions, 2759; partial molal, of alcohol-water solutions, 
3795

Volume change, on neutralization of strong acids and bases, 2808
Volume of mixing, measurements for eight aromatic-alicyclic 

systems, 2753
Voltage transients, of freshly produced noble metal electrode 

surfaces, 3329

Water, thorium oxide- system, heats of immersion, 151; solu
bility relations in calcium oxide-silica-water system, 182; 
alumina- system, differential heats of adsorption as function of 
particle size for, 317; -deuterium mixtures, isotope effects in 
radiolysis and photolysis of, 698; solubilized and emulsified, 
n.m.r., dielectric, near-infrared, and cryoscopic studies of, 1087; 
desorption isotherms for, from packed spheres and commercial 
gel, 1395; sorption, comparison with deuterium-hydrogen ex
change sites in poly-n-valine, 1432; diffusion in cadmium 
iodide-water system, 1718; nitric acid-uranyl nitrate hexa- 
hydrate system, activities of components in, 1904; stabiliza
tion of structure by nonelectrolytes, 1922; effect of ions on 
self-diffusion of, 2001; liquid, monomer concentration in, 2145; 
adsorbed, relation between electrical properties and thermo
dynamic properties of, 2185; protonic conduction in water I 
region, 2224; diffusion in dilute HCl-water solutions, 2333; 
heavy, radiolysis in pD range 0-14, 2628; effect of urea on 
structure of, and on hydrophobic bonding, 2720; sulfuric acid- 
water solutions, conductances and ionization constants at high 
temperatures and pressures, 2726; estimation of dielectric 
constant to 800°, 3165; role in electron-transfer reactions, 
3183; two-structure model, use in discussion of thermody
namics of aqueous solutions of noble gases, 3240; absorption by 
keratin, role of amino groups in, 3280; -sodium chloride- 
potassium chloride, isothermal ternary diffusion of, test of

Onsager reciprocal relations in, 3374; liquid, near-infrared spec
trum of, 3671; effect on peroxide yields in radiolysis of meth
anol and methanolic solutions, 3673; near-infrared study of H 
bonding in deuterium oxide and, 3722; partial molal volumes 
of alcohol-water solutions, 3795; activation energy of viscous 
flow of, in maximum density temperature region, 3988; reac
tion mechanism leading to formation of molecular hydrogen in 
radiation chemistry of, 4058; radiolysis, reactions of alanine 
with reducing species formed in, 4l3l ; wetting of gold and 
platinum by, 4238; diffusion and frictional coefficients for 
system water-mannitol-sodium chloride, 4276 ; self-diffusion co
efficients, 4412

Water activity, effect on ion-exchange selectivity, 339 
Werner complexes, rate constants of hydrated electron reactions 

with, 289
Wettability, of metals under continuous condensing conditions, 

1306; of heterogeneous surface as function of coverage by 
regions of different intrinsic wettabilities, 1507 

Wien effect, in uranyl ion solutions, 500; for uranyl fluoride, 508;
in uranyl sulfate, 513; for reference electrolyte solutions, 658 

Wüstite, rate of oxidation of iron to, in water-hydrogen gas 
mixtures, 327

Xenon fluorides, in Xe-photosensitized reactions of perfluoro- 
alkanes, 1434

o-Xylene, homogeneous gas-phase partial oxidation of, 909 
p-Xylene, sensitized by organic bromine compounds, radiation- 

induced oxidation of, 1992

Yttrium, -hydrogen system, thermodynamics of, 2510; scan
dium-yttrium-hydrogen system, 3973 

Yttrium trifluoride, enthalpy of formation of, 2305

Zeolites, stability of metallic cations in, 1676; decationated, 
study of hydrogen held by solids, 2117; infrared investigation 
of, structural OH groups, 3463

Zinc, poly-N-vinylimidazole complex with Zn(II), 1252; anion 
exchange of chloride complexes of, 2955; -tellurium, system, 
P-T~x system of, 3367; galvanic cell measurement of thermo
dynamic interaction between, and lead in dilute solution in 
liquid tin, 4085

Zinc oxide, spectral sensitization of chemical effects in, 705; 
microcrystalline, hypersensitization of photoconduction in, 767 ; 
color sensitization of, with cyanine dyes, 774; sites for hydro
gen adsorption on, 2500

Zirconia, metastable tetragonal, occurrence as a crystallite size 
effect, 1238

Zirconium diboride, mass spectrometric study of, 2531 
Zirconium oxides, spectroscopy of, in neon and argon matrices, 

3488; monoclinic, optical energy gaps in, 3666 
Zwitterions, small, dielectric dispersion of protein solutions con

taining, 1162
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