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The Vacuum Ultraviolet Photolysis of Cyclohexanone1

by Alfred A. Scala* and Daniel G. Ballan
Department of Chemistry, Worcester Polytechnic Institute, Worcester, Massachusetts 01609 (.Received April 22, 1971) 
Publication costs assisted by the U. S. Atomic Energy Commission

In the vacuum ultraviolet photolysis of cyclohexanone, the major modes of decomposition of the electronically 
excited ketone are as follows: CO +  C 5H i0, A ; CH 2 +  CO +  2C2IL, B ; CH 2 +  CO +  ( ( ‘ ILL, C ; CO +  
C 2H 4 +  C 3H 6 , D ; H +  CeHgO, E ; H 2 +  CeHgO, F. The quantum yield for reaction A  is 0.68 at 147.0 nm 
and it becomes less important as the energy of the incident light is increased. Ethylene is the most abundant 
hydrocarbon product at each wavelength, being produced primarily from reaction B and/or reaction C fol
lowed by decomposition of the tetramethylene diradical of two molecules of ethylene (</> ~  0.2). Reaction D  
is unimportant and occurs with a maximum quantum yield of 0.03. Experiments with cyclohexanone-a-tb 
have shown that the C 5H 10 produced in reaction A  undergoes secondary decomposition to C2H 4 and C 3H 6. The 
remainder of the decomposition of cyclohexanone is accounted for by reactions E and F which become more 
significant as the energy of the incident light is increased. The mechanisms for reactions A -D  are best inter
preted in terms of diradicals (CH2)„ where n =  1, 3, 4, and 5. That nonacyl a cleavage is unimportant at
147.0 nm indicates that energy absorption occurs primarily at the carbonyl group. Intramolecular hydrogen 
atom transfer to yield 5-hexenal was not observed.

Introduction
The near-ultraviolet photochemistry of cyclo

hexanone has been thoroughly investigated and is 
characterized by reactions 1-4.2 The quantum yield 
for reaction 1 is close to 0.8 while the quantum yield

C O  +  C 5H 1{

C H 2= C H ( C H 2)3C H O

0

(b

(2)

- C H 3

C O  +  c 2h 4 +  c 3h 6

(3)

(4)

for reactions 3 and 4 combined is about 0.04. The 
formation of 5-hexenal occurs with a quantum yield 
of about 0.2. Reaction 2 is an intramolecular hydrogen 
atom transfer and is less important in cyclohexanone 
photolysis than the formation of 4-pentenal is in 
cyclopentanone photolysis. Shortridge and Lee3 have 
shown that in the benzene sensitization of cyclohexa
none reaction 1 occurs through singlet sensitization while

reaction 2 occurs through triplet sensitization. Free
man4 has also demonstrated that the occurrence of 
reaction 2 in the liquid phase y-radiolysis of cyclo
hexanone involves the lowest triplet excited state of 
cyclohexanone.

In view of the scarcity of information concerning the 
interaction of complex organic molecules with vacuum 
ultraviolet radiation and our continuing interest in 
this subject, we have photolyzed cyclohexanone in the 
vacuum ultraviolet. The object of this study was to 
determine the primary processes which occur and to 
compare the photolytic mechanism in the vacuum 
ultraviolet with the near-ultraviolet photochemistry 
of cyclohexanone.

(1) This research was supported by the U. S. Atom ic Energy Com 
mission [AT (30-D-3945].
(2) For a review see (a) R . Srinivasan, Advan. Photochem., 1, 83 
(1963). (b) J. Calvert and J. N. Pitts, Jr., “ Photochem istry,”  W iley, 
New York, N. Y ., 1966, p 406.
(3) R . G. Shortridge, Jr., and E. K . C. Lee, J. Amer. Chem. Soc., 92, 
2228 (1970).
(4) A . Singh and G. R . Freeman, J. Phys. Chem., 69, 666 (1965).
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Experimental Section
Photolyses. Microwave powered xenon, krypton, 

and argon resonance lamps were attached to a 1-1. re
action vessel through a ground glass joint. The lamps 
which had LiF windows contained 0.5 Torr of gas and 
were gettered with titanium. No cooling was required 
in order to maintain a constant output. The outputs 
of the lamps used in this study as measured on a M c
Pherson lm  vacuum monochromator were: Xe, 147.0 
nm 99%, 129.5 nm 1%; Kr, 123.6 nm 89%, 116.5 nm 
11%; Ar, 106.7 nm 78%, 104.8 nm 11%, 121.5 nm 
(Lyman «) 11%. The intensity of the lamps was 
approximately: Xe, 2 X 1015 quanta/sec; Kr, 5 X 
1014 quanta/sec; Ar, 5 X 1013 quanta/sec. Conver
sions were usually kept below 0.1%.

Since photolysis of cyclohexanone, I.P. 9.14 eV, at
123.6 nm (10.0 eV) and 106.7-104.8 nm (■—'11.7 eV) 
causes ionization of cyclohexanone, saturation current 
measurements were made using a 500 cm3 cylindrical 
cell containing two parallel plate stainless steel elec
trodes (5-cm diameter) separated by a distance of 5 
cm. A potential difference was applied using a John 
Fluke Model 415 B regulated high voltage power sup
ply and the current was measured on a Victoreen Model 
1001 micromicroammeter. The current in the empty 
cell was always less than 1% of that observed during 
the photolysis of cyclohexanone. Saturation current 
measurements were usually determined with 2 Torr of 
cyclohexanone in the cell. At this pressure and at 
intensities of ca. 5 X 1011 quanta/sec, good saturation 
currents were obtained which were independent of 
small changes in pressure.

Analyses. After irradiation, noncondensables were 
distilled off at liquid or solid nitrogen temperature and 
measured in a gas burette. The relative analysis of 
the noncondensable gases was performed on A.E.I. 
MS-10 mass spectrometer. The condensables were 
then injected into an F and M Model 810 gas chro
matograph equipped with a flame ionization detector 
and containing a 30 ft squalane on 60-80 mesh Chro- 
mosorb P column operated at 25° and a helium flow 
of 60 cm3/min. The CO:C2H4 ratios for the argon 
photolysis experiments, where the conversions were 
too low for accurate analysis using the MS-10, were 
determined by distilling everything noncondensable 
at 195°K and obtaining the analysis on a Bell & Howell 
21-491 high resolution mass spectrometer. Calcula
tion of the contribution of products other than ethylene 
to the m/e 28 attributed to ethylene indicate that their 
contribution would be less than 5%.

In special high conversion, high pressure experi
ments which were performed to determine if 5-hexenal 
was a product, the photolysis mixture was immediately 
injected onto either a 9 ft, 10% diisodecyl phthalate 
column operated at 50° and a helium flow of 30 cm3/  
min, or a 3 ft, Poropak Q-S column operated at 160° 
and a helium flow of 40 cm3/min. Each of these col

The Journal of Physical Chemistry, Vol. 76, No. 6, 1972

umns has the capability of separating 5-hexenal from 
cyclohexanone. The isotopic composition of the 
ethylene was determined by injecting the entire pho
tolysis mixture onto a 6-ft silica gel column operated 
at 45° and a helium flow of 20 cm3/min and condensing 
the ethylene at the exit of the chromatograph. The 
composition of the ethylene was then determined using 
the MS 10 mass spectrometer. The cracking patterns 
used to calculate these results were obtained by run
ning authentic samples of the various deuterated ethyl- 
enes on the MS-10.

The quantum yield measurements at 123.6 and 106.7-
104.8 nm are based upon the determination of the ion
ization efficiency of cyclohexanone, the saturation cur
rent during photolysis and the ethylene yield.6 Nitric 
oxide was used as a standard in these experiments. 
Quantum yields at 147.0 nm are based upon C 02 ac- 
tinometry.6

Materials. Matheson, chromato-quality, cyclo
hexanone was purified by distillation on a thirty the
oretical plate, spinning band column. Only a middle 
fraction which contained no detectable impurities, 
as determined by analyses on both a 12 ft, 15% (wt/wt) 
squalane on Chromosorb P column, operated at am
bient temperature and a helium flow of 60 cm3/min 
and on a 10 ft, 10% (wt/wt) diisodecyl phthalate on 
Chromosorb P column operated a* 60° and a helium 
flow of 30 cm3/min, was used. This sample was thor
oughly degassed by several trap-to-trap distillations 
and stored in a darkened vessel on the vacuum line. 
Cyclohexanone-«-d4 was prepared by the method of 
Seibl and G au man,7 by six exchanges of the «-hydro
gens in a well stirred mixture of 10% DC1-D3P 0 4 in 
D20  and cyclohexanone. After several trap-to-trap 
distillations, the nuclear magnetic resonance spectrum 
of the ketone showed no absorption due to «-hydro
gens. The isotopic purity of the cyclohexanone-«-d4 
as determined by mass spectrometry indicated that 
97-98% exchange had occurred in the «-positions and 
the composition of the ketone was 91% d4, 7%  d3, and 
2 %<k.

Nitric oxide (Matheson), hydrogen sulfide (Mathe
son) and ethylene (Thomas A. Edison) were all used 
without further purification other than trap-to-trap 
distillation. The small amount of ethane, propane 
and propylene contained in the ethylene was insignifi
cant in our experiments.

Results

The product distributions obtained in the photolysis 
of cyclohexanone at 147.0, 123.6 and 106.7-104.8 nm 
both in the presence and absence of nitric oxide are 
presented in Table I. The conversion in most experi-

(5) P . Ausloos and S. G . Lias, Radial. Res. Rev., 1, 75 (1998).
(6) J. Y . Y ang and F. M . Servedio, Can. J. Chem., 46, 338 (1968).
(7) J. Seibl and T . Gauman, Helv. Chim. Acta, 46, 2857 (1963).
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Table I : Photolysis of Cyclohexanone“

•147.0 nm----------------------- > ✓----------------------- 123.6 nm----------------------- • /----------------------- 106.7 nm-
-Additive------------------------> /----------------------- Additive----------------------- '  «•----------------------- Additive-

None 10%  NO None 10% NO None 10%  NO

CO 1 0 0 (0 .9 1  )h 100 (0 .8 9 )4 1 0 0  (0 . 6 0 ) 6 1 0 0 (0 .6 1  )6 100 (0 .4 2 )6 100 (0.41)*
h 4 2 9 .9 2 2 .9 6 2 .0 3 1 .5 9 1 .0 n d
c h 4 2 .3 1 .5 1 3 .8 4 .7 1 6 .3 5 .2
C A 1 .2 1 .1 2 .9 1 1 .9 0 4 .2 n d
C A 5 2 .6  (0 .4 8 )6 4 7 .4 ( 0 .4 2 f 9 7 .1  (0.58)*' 8 3 . 6 ( 0 . S I )6 1 0 0 (0 .4 2 f 9 0 .5 ( 0 .3
C A 2 .9 0.1 4 .2 4 < 0 .1 2 .1 6 < 0 .5
C A 9 .6 5 6 .6 1 7 .2 1 0 .0 9 .1 6 6 .5 7
C A 2 .9 0 .2 5 3 .2 5 < 0 .1 0 .8 1 0 .6 5
C A 0 .2 5 0 .2 6 3 .3 2 3 .1 9 6 .3 2 5 .8 1
c - C A 5 .2 5 .2 4 .0 8 1 .4 2 2 .4 2 0 .4 5
1 - C A 5 .5 1 .2 9 .1 5 2 .1 0 1 0 .3 4 .1 1
7I-C4H10 5 .4 < 0 .1 1 .1 6 < 0 .1 0 .2 7 < 0 .1
C-C4IÎ8 0 .6 4 < 0 .1 0 .9 n d 0 .8 5 0 .5 2
I-C5H10 2 1 .7 9 .1 4 .3 1 0 .2 3 2 .4 5 0 .4 3
C-C5H10 3 2 .4 2 2 .8 2 .1 4 0 .7 4 0 .8 5 0 .7 0

“ Pressure, 2.0 Torr. 6 Quantum yield.

Table II : Photolyses of Cyclohexanone-a-dt“ Isotopic Composition of Ethylene and Hydrogen

Additive CiHi C2H2D 2 C,D<
— %  Distribution®—  

Other Hs HD D ,

147.0 nm none 40.0 43.8 3.8 12.8 55.2 36.6 8.2
147.0 nm 10% NO 41.1 44.8 3.5 10.6 69.6 22.4 8.0
123.6 nm none 38.8 46.7 3.0 12.5 55.3 37.2 7.5
123.6 nm 10% NO 39.4 49.6 3.2 7.8 71.5 24.0 4.5

“ Total pressure, 2 Torr. b The ethylene yields have been corrected for the insufficient deuteration of cyclohexanone-a-d4. The 
hydrogen yields have not been corrected.

ments was 0.1%. In order to facilitate comparison, 
the product yields are all given relative to carbon mon
oxide. The quantum yields for the 123.6 and 106.7-
104.8-nm photolyses were obtained from the measured 
ionization efficiencies of cyclohexanone, 0.24 ±  0.02 
at both wavelengths, and from saturation currents 
measured during the course of the photolyses.6 The 
isotopic compositions of the ethylene and hydrogen 
formed when cyclohexanone-a-d4 is photolyzed at 147.0 
and 123.6 nm are reported in Table II. The isotopic 
compositions from the 106.7-104.8 nm photolyses were 
not determined because the low intensity of the argon 
lamp made accumulation of sufficient products for these 
analyses difficult.

In addition to the results reported in Tables I and 
II, the following observations were made. In high 
conversion, high pressure experiments, with as much 
as 1.5 atm N2 added to 2.0 Torr of cyclohexanone, de
signed to determine whether 5-hexenal was a product, 
no 5-hexenal was ever detected even though the Poropak 
Q-S column used for this analysis is capable of detecting 
small amounts (<f> = 0.03) of 5-hexenal in the presence 
of large amounts of cyclohexanone. There was no at
tempt to measure other oxygen containing compounds.

When cyclohexanone was photolyzed at 147.0 nm in 
the presence of 2% ethylene, the yields of ethane, pro
pane, and butane increased factors of 2.4, 1.9, and 3.5, 
respectively. The changes observed in the ratios total- 
C3H6:C2H4 and total-CsHio: C2H4 upon the addition of 
varying amounts of nitrogen to the 147.0-nm photolysis 
of 2 Torr of cyclohexanone are presented in Figure
1. The dependence of the ratios 1-C3H6: c-C3H6 and
1-CsHxo: c-C5Hio upon the nitrogen pressure are pre
sented in Figure 2. When 25% H2S was added to 
cyclohexanone prior to photolysis, increases in the 
methane yields (CO = 100) to 20, 30, and 37 were ob
served at 147.0,126.0, and 106.7-104.8 nm, respectively. 
When cyclohexanone-a-di was photolyzed at 147.0 
and 123.6 nm in the presence of 25% H2S, at least 79 
and 82% of the methane, respectively, contained at 
least two D atoms. When a mass spectrum was run 
of the entire reaction mixture from a high conversion 
(1%) 147.0-nm photolysis, a small peak was observed 
atra/e 112.

Discussion
The absence of 5-hexenal among the products even 

at high pressure suggests that although intramolecular
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147.0m  CYCLOHEXANONE PH0T0LY8I3

Scheme I
r -W avelength -

147.0 123.6 106.7-104.8

— * CO + (CH2)5 (1) 0.683 0.116 0.015
— ►CO + C2R, + C3H6 (4) 0.046 0.084 <0.075

(0.021)“ (0.048)°
— '►CO + CH2 + 2C2H, (5) 0.171 0.217 0.173
— C6H90 + H (6)

0.274 0-376 0.386
— C6HgO + H2 (2H) (7)
— » C»H,0O+ (8) 0.24 0.24

° See text. 6 Hydrogen yield. Not quantum yield for reactions 
6 and 7.

Figure 1. The dependence of the ratios total-C3H6'.C2H4 and 
total-C5Hio: C2H4 upon the pressure of added 
nitrogen at 147.0 nm.

P R E SSU R E  OF ADDED N ITRO SEN  It«.)

FfcYCLOHEXANONE = 2 . 0  »II-

consequence better understood than the shorter wave
length photolyses.

At 147.0 nm reaction 1 is the major process occurring. 
The pentamethylene diradicai which is produced un
dergoes a number of subsequent reactions which result 
in the observed products. These reactions are shown 
in Scheme II.

Scheme II
M

^  C-C5H 10

: C-C5H10* — > C2H4 +  c 3h 6

(CH2)6

i -c 6h 10

i -c 6h 10* C2H5 +  CaHs

Figure 2. The dependence of the ratios 1-C3H6: c-C3H6 and 
1-C5H io: c-C6H io upon the pressure of added 
nitrogen at 147.0 nm.

hydrogen transfer, reaction 2, is an important process 
in the near-ultraviolet photolysis and liquid phase radi
olysis of cyclohexanone, this reaction is characteristic 
of the low lying states which are formed in those sys
tems. This is corroborated by Freeman’s4 demonstra
tion that the n-7r* triplet is the state responsible for 
reaction 2 in the liquid phase radiolysis. The absence 
of 5-hexenal among the products may be taken as evi
dence that the n -r*  triplet state is not populated in 
the vacuum ultraviolet photolysis of cyclohexanone.

Although the product yields reported in Table I 
make it immediately obvious that the vacuum ultra
violet photolysis of cyclohexanone is quite complex, 
it is possible to arrive at a reasonable mechanism for 
the photodecomposition of cyclohexanone on the bases 
of material balance, the effects of scavengers and inert 
gas upon product yields, and the isotopic composition 
of the ethylene and hydrogen produced in the photolyses 
of cyclohexanone-a-d,. The individual reactions along 
with the quantum yield assigned to each are given in 
Scheme I. Each reaction will be discussed in turn 
and the evidence for it cited. The mechanism for the
147.0-nm photolysis is considerably simpler and as a

At 2 Torr the quantum yield of reaction 1 may be 
assigned according to equation I, which is based upon 
Scheme II, where $C2D 4 is the quantum yield for 
the production of C2D4 from the photolysis of

4 > 1 =  <f>e-CsHio +  50C2D, +  4> 1-CsHio +  < f> "a l ly l”  ( I )

cyclohexanone-a-d4 and the coefficient 5 assumes that 
only one decomposition in five of cyclopentane-1,1,2,2-d4 
produces C2D4, and is the estimated quantum
yield of allyl radicals which do not re-form 1-pentene. 
The effect of nitric oxide on the product yields is quite 
revealing. Both the yields of cyclopentane and 1- 
pentene are reduced by the presence of nitric oxide. 
This suggests that the lifetime of the pentamethylene 
diradical is sufficiently long for it to undergo a few 
collisions at 2 Torr and be partially scavenged by nitric 
oxide. The observation of McKnight, Lee, and Row
land8 that oxygen scavenges the triplet trimethylene 
diradical produced by the addition of methylene to 
ethylene is consistent with this interpretation. The 
effect of nitric oxide on the 1-pentene yield is more 
pronounced than it is on the cyclopentane yield be
cause although the secondary decomposition of cyclo
pentane is irreversible, the secondary decomposition

(8 ) C. M cK night, E. K . C. Lee, and F. S. Rowland, J. Amer. Chem. 
Soc., 89, 469 (1967).
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of 1-pentene is reversible by virtue of the fact that the 
great majority of the 1-pentene undergoing secondary 
decomposition will produce ethyl and allyl radicals. 
A portion of these radicals in the absence of free radical 
scavengers will recombine to produce 1-pentene. It 
has been shown that 85% of the reactions of ethyl 
radicals with allyl radicals produce 1-pentene.9 Since 
the allyl radicals arise from 1-pentene decomposition, 
it is possible to assign the entire 1-pentene yield to 
reaction 1 despite the fact that it is quite sensitive to 
nitric oxide. In order to complete the assessment of 
<t>i, it is only necessary to estimate the yield of allyl 
radicals (4>‘«aiiyi”) which do not re-form 1-pentene.10

Figure 1 demonstrates that at 147.0 nm as little as 
100 Torr of nitrogen is sufficient to quench all of the 
secondary decomposition of both c-C6H10 and l-CsHi0 
to smaller molecules. The high pressure limits of both 
the C 5H io:C 2 H 4  and C3H6:C2H4 ratios are consistent 
with the quantum yields given in Scheme I. The 
values required for these ratios by Scheme I are 1.75 
and 0.19, respectively. Figure 2 demonstrates that 
although 100 Torr of nitrogen is sufficient to quench 
the secondary decomposition of C6H10 to smaller mole
cules a considerably higher pressure (500 Torr) is re
quired to quench the ring opening of excited cyclo
pentane back to the pentamethylene diradical. This 
is consistent with the expected higher energy of activa
tion of the former fragmentation reaction. Although 
this effect might be the result of an energy dependence 
of the partitioning of the pentamethylene between the 
two alternate paths available, it seems that the differ
ence in the energies of activation for cyclization and 
isomerization would be too small to account for the 
trend observed in Figure 2.11 The dependence of the 
ratio 1-C3H6:c-C3H6 upon pressure indicates that at 
least one and probably both reaction 4 and the sec
ondary decomposition of cyclopentane produce a tri
methylene diradical which may either cyclize to cyclo
propane or isomerize to propylene.

The maximum quantum yield for reaction 4 is esti
mated by taking the difference between the total C3H6 
and C3H4 yields and the C3H6 yield which has been 
attributed to the secondary decomposition of cyclo
pentane. The quantum yields given in Scheme I for 
reaction 4 are maxima because some of the C3H6 is 
formed in free radical reactions. The values given 
in parentheses for <£4 in Scheme I are the values cal
culated from the mechanism and the observed C2H2D2: 
C2H4 from the photolysis of cy cl oh ex an o ne-a-d4 at
147.0 and 123.6 nm. The absolute values assigned to 
<t>4 are not as important as the conclusion that this re
action is quite unimportant at all wavelengths.

The ethylene yield which has not been accounted 
for by reactions 1 and 4 may be attributed to reaction
5. The mechanism presented thus far and the observed 
C2H2D2:C2H4 ratios require that reaction 5 occurs as 
indicated in reaction 9 for cyclohexanone-a-d4.

0

1)21 11,2 — ► ClhCO +  C2H4 + C 2H2D2 (9)
H2% ^ H 2

h2

Although reaction 9 indicates the production of ketene, 
any ketene produced will certainly decompose to car
bon monoxide and CD2. When 25% H2S was used as 
a trap for the methylene produced during photolysis, 
the yield of methane, which is the product of the re
action of methylene with large amounts of H2S, was 
exactly that predicted by Scheme I at 147.0 nm, i.e., 
(j>c h , =  0.17, while at 123.6 nm the yield of methane 
was only 64% of that predicted, i.e., 4>cn< =  0.14. 
More important than the quantum yield of methane 
in these experiments however is the isotopic composi
tion of the methane. The reaction of CD2 with H2S 
will produce CH2D2 while the corresponding reaction 
of CH2 produces CH4.1213 In the photolysis of cyclo- 
hexanone-a-d4 in the presence of H2S the ratio CD2H2/  
CH4 is 16 and 19 at 147.0 and 123.6 nm, respectively, 
indicating that the overwhelming majority of the 
methylene produced originates from the a-carbon 
atom. It is not possible for this effect to be the result 
of CD2H radicals produced directly from the ketone 
because the methyl radical yield in the absence of H2S 
is an order of magnitude too low to account for the 
CD2H2 yield.

In the absence of hydrogen sulfide the majority of 
the methylene produced probably inserts into the 
ketone which is the predominant species present. The 
decomposition of the vibrationally excited methyl- 
cyclohexanone is a potential source of the small number 
of methyl racicals present. Methyl radicals may also 
be produced by the abstraction of hydrogen by methy
lene. The observation of a peak at m/e =  M +  14 
in the mass spectrum cf the entire reaction mixture 
after photolysis at 147.0 nm is an indication that some 
of the methylcyclohexanone produced in reaction 10

(9) D . G. L. James and D . E. Troughton, Trans. Faraday Soc., 62, 
145 (1966).
(10) The calculation of 4>"aiiyl" is based upon an estimation of the
ratio [C2Hs]: [C3H 5]. This ratio is obtained from  the ratio [71-C 4H 10] : 
[1-CsHio] where [I-C 5H 10] is the yield of 1-pentene which can be at
tributed to recombination of ethyl and allyl radicals. It is assumed 
that the allyl radicals which do not react with ethyl radicals will 
mainly combine with each other to form  1,5-hexadiene (not m easured). 
The yield of 1,5-hexadiene is estimated from the ratio [C2H 5]: [C3H5] 
and the butane yield. The ratios [C2H 5]: [C3H 5] calculated in this way 
are 0.9, 0.9, and 0.17 at 147.0, 123.6, and 106.7-104.8, respectively. 
The value at 105.7-104.8 is obviously in error due to the large effect 
of small absolute errors on the ratio of two small numbers. T he quan
tum yield of allyl radicals which do not form 1-pentene was then cal
culated from =  2 X  1 X  «¿.butane- Although this calculation
is approximate, it provides a reasonable estimate of «¿.-allyl” . The 
values for «¿."allyl" at 147.0, 123.6, and 106.7—104.8 are 0.10, 0.014, 
and 0.002, respectively.
(11) O ’Neal and Benson have estimated the difference in the energies 
of activation for cyclization and isomerization o f the trimethylene 
diradical to be cnly 1 k ca l/m ol: (a) H . E. O ’Neal and S. W . Benson, 
J. Phys. Chem., 72, 1866 (1968).
(12) P . Ausloos and S. G. Lias, J. Chem. Phys., 44, 521 (1966).
(13) A . A . Scala and P. Ausloos, ibid., 47, 5129 (1967).
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0 o

does not decompose.
The probable source of hydrogen is the direct de

tachment of either a hydrogen atom or molecule as 
shown in reactions 6 and 7.

0

0 — ► C6H90  +  H (6)

— *• QHsO +  H2(2H) (7)

The effect of nitric oxide on the hydrogen yield and 
the isotopic composition of the hydrogen produced 
in the photolysis of cyclohexanone-a-d4 indicates that 
a substantial part of the hydrogen is produced from 
hydrogen atoms. Based upon the assumption that 
the quantum yield for the disappearance of cyclohexa
none is approximately one and upon material balance 
considerations as well as the measured quantum yields 
of carbon monoxide it can be seen that the divergence 
of the carbon monoxide yield from unity is paralleled 
by an increase in the hydrogen yield. Consequently 
it can be concluded that reactions 6 and 7 are the prin
cipal reactions which do not produce carbon monoxide 
and that these reactions become more important as 
the incident energy increases. Similar observations 
have been made in the vacuum ultraviolet photolyses 
of 2- and 3-pentanoneH and 3-methyl-2-butanone.16

The mechanism for the 147.0-nm photolysis is quite 
simple as shown in Scheme I and consequently allows 
some further conclusions to be drawn. Since reaction 
5 produces methylene almost exclusively from the a- 
carbon atom, it probably results from acyl cleavage 
followed by a-/3 carbon-carbon cleavage to produce 
ketene and a tetramethylene diradical most of which 
subsequently decomposes to two molecules of ethylene. 
This net reaction probably does not occur by the same 
reactions in the reversed sequence because of the ex
pected indiscriminate nature of <r-cleavage and the 
small quantum yield attributed to reaction 4, which 
may arise from initial /3-y c-cleavage. The mechanism 
indicates that the predominant reaction path for cyclo
hexanone irradiated at 147.0 nm is acyl cleavage.16 
This observation confirms the assignment of the 150 
nm absorption band of ketones to the ir-ir* transition.17

At 123.6 and 105.7-104.8 the mechanism is quite 
complex and not as easily interpreted. The increase 
in the hydrogen yields and the lesser importance of 
acyl cleavage at these energies may be due to the pop

ulation of a C-H  cr-cr* states. Ionic reactions may 
also contribute to the production of hydrogen. Even 
at 106.7-104.8 nm the parent ion produced with a quan
tum yield of 0.24 will not contain enough energy to 
undergo a fragmentation reaction. Therefore the 
ionized ketone will either undergo neutralization or 
perhaps a proton transfer to a neutral ketone mole
cule.18 If neutralization of either the parent ion or 
the protonated ketone is homogenous, then it is possible 
that hydrogen will be produced. If on the other hand 
the neutralization occurs at the wall, it is conceivable 
that no observable products would be formed.

The acetylene and allene produced in the photolysis 
of cyclohexanone probably result from the secondary 
decomposition of vibrationally excited C2H4 and C3H6. 
The origins of the remaining products are clearly free 
radicals. Ethyl radicals probably result from hydro
gen atom addition to ethylene, while methyl radicals 
result from reaction 10.

Diradicals of structure (CH2)B (n =  1, 3, 4, 5) have 
been found to be significant intermediates in the in
terpretation of the gas phase vacuum ultraviolet pho
tolysis of cyclohexanone. The versatility of these 
polymethylene diradicals has been pointed out by Ben
son19 who has interpreted the thermal isomerization of 
cyclopropane in terms of a trimethylene diradical in
termediate. Indeed, Benson has interpreted a large 
number of reactions of cyclic molecules, both qualita
tively and quantitatively in terms of diradical inter
mediates.20 The recent literature makes it abundantly 
clear that polymethylene diradicals are intermediates 
in a large number of reactions.21 The preponderance 
of acyl cleavage at 147.0 nm indicates that energy de
position in cyclohexanone occurs mainly at the car
bonyl group.

(14) A . A . Scala and P. Ausloos, J. Phys. Chem., 70, 260 (1966).
(15) A . A . Scala, ibid., 74, 2639 (1970).
(16) W e have made a similar observation in the 147.0-nm photolysis 
o f cyclopentanone.
(17) H . L. M cM urry, J. Chem. Phys., 9 , 231 (1941).
(18) T w o other conceivable ionic reactions o f the parent ion are H 2 
and H 2 “  transfer. I t  is impossible to evaluate the im portance o f these 
reactions at this time.
(19) S. W . Benson, J. Chem. Phys., 34, 521 (1961).
(20) H . E. O ’Neal and S. W . Benson, J. Phys. Chem., 72, 1866 (1968).
(21) (a) O. P . Strausz, P. J. Kozak, G. N . C. W oodall, A . G. Sher
wood, and H . E. Gunning, Can. J. Chem., 46, 1317 (1968); (b) G . R . 
DeM are, L. G. Walker, O. P . Strausz, and H. E. Gunning, ibid., 44, 
457 (1966); (c) E . G. Spittler and G . W . Klein, J. Phys. Chem., 72, 
1432 (1968); (d) P. Ausloos, R . E . Rebbert, and S. G. Lias, ibid., 72, 
3904 (1968); (e) A. A. Scala and P. Ausloos, J. Chem. Phys., 49, 2282 
(1968); (f) R . J. Cvetanovic, H . E. Avery, and R . S. Irvin, ibid., 46, 
1993 (1967); (g) P . D ow d and K . Sachder, J. Amer. Chem. Soc., 89, 
715 (1967).
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Efficiencies of the ionizing radiation induced exchange reactions, H 2 +  D 20  =  H D  +  HOD and H 2 +  D 20  =  
D 2 +  H 20 ,  have been measured at 84 -381°. (?(HD) is equal to 13.1 ±  0.3 molecules/100 eV and is inde
pendent of temperature, under conditions employed, in the range 114-150° A t higher temperatures H D  is 
formed by a chain reaction propagated by H  +  D 20  -*■ H D  +  OD and H +  D 20  — HOD +  D  at comparable 
rates, and D 2 is formed by H  +  D 20  D 2 +  OH at a much slower rate at 218-381°. Activation energies and 
relative frequency factors for these elementary steps and for D  +  D 20  -*■ D 2 +  OD have been evaluated.

Introduction
Previous investigations of the ionizing radiation in

duced exchange between hydrogen and water vapor 
have shown that the rate of exchange is directly propor
tional to radiation intensity (dose rate) and is generally 
dependent upon (D20 -H 2) or (H20 -D 2) and upon tem
perature,1,2 but that the efficiency of exchange, (?(HD) 
molecules/100 eV, is independent of dose rate, temper
ature and the mole fraction of hydrogen over an appre
ciable range of values of these parameters in reaction 
vessels of ordinary size (0.1-5.1).1,2 It has also been 
shown that (?(HD) increases rapidly in H20 -D 2 mix
tures as the reaction temperature is increased beyond 
this region of constancy, because of the onset and ac
celeration of a chain reaction propagated by reactions 
of D atoms with H20 .2 This article is a report of re
sults of an extension of the previous investigation2 to 
D20 -H 2 mixtures over a wider range of temperatures 
and with special emphasis on effects of (D20 )-(H 2), va
por density and temperature on the efficiencies of over
all exchange reactions, A and B

H2 +  D 20  = HD +  HOD (A)

H2 +  D 20  = D 2 +  H20  (B)

in the chain reaction region established by these param
eters.

In the region of constancy Cf(HD) is a measure of the 
yield of hydrogen atoms from the direct radiolysis of 
water vapor, (7d or Gh, and its value is, accordingly, a 
matter of great interest and some significance in radia
tion chemistry, per se. The observation that alterna
tive methods used to measure Go or Gn from heavy and 
light water vapor, respectively, provide estimated val
ues which differ substantially from the exchange yield 
in the region of constancy is, accordingly, also a matter

of great interest, which has been discussed at some 
length in a recent review article.3 We have chosen to 
restrict our attention in this article to interpretation of 
the behavior of the exchange systems, D20 -H 2 and 
H20 -D 2, without further direct reference to this ques
tion, because we have no new data which bear directly 
on it and have nothing original to say about it at this 
time. We present, instead, a rationale for our conclu
sion that hydrogen atoms are the only immediate pre
cursors of HD. In addition, and at least as signifi
cantly, values of the Arrhenius parameters of several 
competing and parallel elementary steps which are 
shown to be responsible for exchange reactions, A and 
B, in the temperature range 218-381° are estimated.

Experimental Section
Reagents. Tritiated water (TOD), deuterium oxide 

mixtures were prepared by quantitative oxidation of 
gaseous mixtures of carrier-free tritium (O.R.N.L.) and
98.5 D atom %  hydrogen (Matheson Co.) over CuO at 
400°, following passage of the T2, D2 mixtures through 
a heated palladium thimble. The high specific activity 
water so obtained was diluted for use with carefully 
purified4 deuterium oxide generously provided by Dr.
E. J. Hart of The Argonne National Laboratory. High 
purity protium (H2) (0.03 mol %  N2, 0.005 mol %  C 02) 
and carbon monoxide; (0.02 mol %  H2, 0.1 mol %  C 02, 
0.0004 mol %  0 2) were purchased from The Matheson 
Co. in break-seal Pyrex vessels and were used without 
further purification. Hydrogen deuteride purchased

(1) J. H . Baxendale and G. P. Gilbert, J. Amer. Chem. Soc., 86, 516 
(1964).
(2) R . F . Firestone, ibid., 79, 5593 (1957).
(3) R . S. Dixon, Radiat. Res. Rev., 2, 237 (1970).
(4) E. J. Hart, S. Gordon, and D . A . Hutchison, J. Amer. Chem. 
Soc., 75, 6165 (1953).
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from Merck, Sharpe, and Dohme of Montreal (98 atom 
%  D) was employed for preparation of calibration mix
tures for the mass spectrometer.

Dosimetry. The specific activity of TOD, DOD re
actant mixtures was determined by (a) quantitative 
conversion of carefully measured liquid aliquots to gas
eous hydrogen over hot metallic zinc employing the 
method of Graff and Rittenberg,5 (b) introduction of 
the gaseous hydrogen so obtained into a 300 cm3 cylin
drical (7.7 cm length) ionization chamber, (c) addition 
of high purity N2 to bring the contents of the chamber 
to atmospheric pressure, and (d) measurement of the 
voltage drop produced by passage of the saturation 
ionization current through a calibrated ( ± 1 % )  resis
tance. The specific activity of reactant water was 
found to be 19.9 ±  0.4 C/mol, assuming an average /3- 
particle energy equal to 5.69 X 103 eVe and that 34.9 
eV are required on the average to form an ion pair in 
dry N2.7 At all vapor densities and in all reaction ves
sels employed in this work it is apparent that in excess 
of 99% of the energy of the tritium 0-partieles is ab
sorbed by water vapor molecules.8 Thus, allowing for 
an uncertainty of 0.2% in measurement of the quan
tities of reactant water introduced to each reaction ves
sel, the energy absorbed by the reaction system is deter
mined with a precision essentially equal to that obtain
able in the specific activity measurements. The most 
likely source of systematic error in the latter is inad
vertent dilution by traces of light water in the zinc re
actor tube which are not removable by exhaustive bak
ing and pumping prior to admission of TOD-DOD ali
quots. Mass spectrometric analysis of hydrogen pro
duced by reduction of TOD-DOD aliquots in the zinc 
reactor permits us to set an upper limit of 5 atom %  
protium, corresponding to a possible maximum absolute 
negative error of 5% in dosimetry.

Preparation of Reaction Vessels and Reaction Mix
tures. The procedure employed for preparation of re
action vessels and of reaction mixtures was identical 
with that described previously.2 Reaction vessels 
were spherical Pyrex flasks equipped with a breakseal 
tube for removal of products and unconsumed reactants 
and with a biaxially centered thermocouple well and of 
an average internal volume of 270 cm3. Reaction tem
peratures were maintained within ± 1 %  on the centi
grade scale by immersing the reaction vessels in a con
stant temperature fluidized sand bath.

Analysis of Samples. Relative quantities of HD, 
D2, and H2 produced by reactions of TOD-DOD-H 2 
mixtures were determined with the aid of a Consolidated 
21-620 mass spectrometer equipped with an isotope 
ratio accessory. The mass spectrometer was calibrated 
with each use by means of synthetic mixtures of appro
priate composition Absolute yields of HD and D2 are 
based upon measured ratios of the several isotopic 
forms and the total quantities of hydrogen recovered 
from reaction mixtures by previously described meth

ods.2 H D :H 2 ratios were reproducible within an 
average extreme deviation among successive aliquots 
of ± 2 %  at ratios in the range 0.02-0.30, and D2-H D  
ratios were determined within an average extreme 
deviation of ± 7 %  at ratios in the range 0.02-0.05. 
D2: H2 ratios employed in computing G(D2) values were 
obtained from the product of the H D : H2 and D2: HD 
ratios for each sample. Measured D2:H2 values lay in 
the range 10 ~4 to 10 ~2 and were equal from sample to 
sample to computed values within ± 7 %  on the average, 
but with a markedly higher relative frequency of occur
rence of greater than average deviations than among 
D2:HD values. Gaseous products of TOD-DOD-CO 
mixtures which are noncondensable at —196° (D2-  
CO-CH4) were determined quantitatively by gas-solid 
chromatography on l/ 4 in, 8 ft silica gel columns. 
C 02: CO ratios of the gaseous fraction noncondensable 
at —78° were measured mass spectrometrically. The 
specific activity of tritium in gaseous products was de
termined by ionization chamber measurements as de
scribed above in the section concerning dosimetry.

R e su lts
Exchange Yields in TOD-DOD-H2 Mixtures. Table 

I presents 100-eV yields of HD and of D2 formed by ir
radiating gaseous mixtures of TOD, DOD and H2 with 
H 3 /3-particles at temperatures from 84 to 381°, at wa
ter vapor densities from 0.239 mg/cm3 to 1.07 m g/cm3, 
and at protium concentrations in the range 0.121 mol 
%  to 1.05 mol % . Data indicating radiation dose, 
fraction of protium converted, and dose rate are also in
cluded in Table I. Previous work demonstrated a lack 
of sensitivity of exchange yields in TOH-HOH-D2 mix
tures to modest variations in dose rate under all condi
tions employed.2 Similarly, we find no evidence sug
gesting that either G(HD) or G(D2) are dependent upon 
dose rate in the narrow range investigated (3 X 1017 to 
1 X 1018 eV/1. min).

Figure 1 demonstrates that G(HD) is independent of 
temperature within experimental uncertainty at lower 
temperatures in the range explored, but that this pla
teau region extends to higher temperatures in heavy- 
water vapor than in light-water at similar water: hydro
gen ratios and that its extent is greater at lesser water 
vapor densities and is independent of the water: hydro
gen ratio. The plateau value of G(HD) from heavy 
water vapor, 13.1 ±  0.3 molecules/100 eV, is equal 
within experimental errors to that obtained with light 
water vapor. This conclusion is a consequence of a re
cent and more reliable measurement of Wen. (27.0 
eV/ion pair)7 than that previously used to calculate 
dose rates in H20 -D 2 experiments based upon ion cur-

(5) J. Graff and D. Rittenberg, Anal. Chem., 24, 878 (1952).
(6) W . L. Pillinger, J. J. Hentges, and J. A . Blair, Phys. Rev., 121, 
232 (1961).
(7) W . P. Jesse and J. Sadauskis, ibid., 97, 1668 (1955).
(8) L. M . Dorfm an, Phys. Rev., 95, 393 (1954).
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Table 1: 100-eV Yields of HD and of D 2 from 
T O D -D O D -H  Mixtures

Expt T,
10-18

Dose,a
Vapor

density, M ol % %  Convn
M olecules/ 

100 eV
no. “ C eV /g m g/m l H 2 of H 2 fl(H D ) G(D 0

14 84 10.3 0.308 0.121 3.59 10.8 1.0
17 85 5.92 0.239 0.159 1.94 10.2 0.7
11 95 6.48 0.455 0.827 1.99 9.6 0.7
19 99 8.04 0.544 0.684 3.03 11.7 0 .6
7 105 7.94 0.632 0.585 2.77 10.7

12 110 18.9 0.649 0.573 7.52 12.2 0.7
6 114 10.3 0.717 0.521 4.42 13.3
8 125 11.9 0.617 0.610 5.17 13.5 1.2
5 126 18.4 0.677 0.566 7.68 13.2 0.6
9 134 13.2 1.07 0.350 5.54 13.0 0.6

20 137 8.33 0.629 0.599 3.60 13.5 0.9
22 143 11.4 0.582 0.640 5.40 14.6
21 150 15.8 0.629 0.602 6.49 12.9 0.7
25 168 9.56 0.709 0.535 4.66 15.1 0.5
27 184 9.09 0.379 0.978 4.54 15.4 0.5
35 184 28.4 0.620 0.738 11.9 15.1 0.7
29 224 8.93 0.603 0.364 8.18 16.5 0.8
30 245 5.07 0.575 0.368 5.40 19.2 0.5
33 266 2.02 0.593 0.736 1.76 31.6 1.6
32 281 2.55 0.590 0.737 3.85 54.4 1.4
34 296 1.51 0.586 0.741 3.50 83.3 2.1
49 297 2.61 0.318 0.637 5.77 37.2 1.2
38 304 1.24 0.600 0.709 4.32 123 2.4
41 311 1.39 0.590 0.690 5.23 127 2.4
55 313 1.45 0.699 0.693 5.05 164 4.1
47 319 1.30 0.320 0.630 4.86 63.1 2.1
48 319 2.85 0.319 1.89 3.82 67.3 1.7
53 319 1.09 0.319 0.503 61.06
39 319 0.491 0.595 0.700 2.13 150 2.6
54 321 1.35 0.458 0.711 4.91 98.1 2.3
43 322 0.733 0.590 1.05 2.39 166 3.3
36 330 1.45 0.609 0.710 7.49 185 4.5
51 360 0.0510 0.318 0.632 4.68 155 3.9
52 381 0.383 0.320 0.632 5.41 237 8.2

“ The dose rate (eV/l. min) may be computed by multiplying 
the vapor density (mg/ml) by the factor 1.26 X  1018. 4 Calcu
lated from G(HT). * 100

rent measurements in methane-hydrogen mixtures.2 
Corrected (?(HD) values for the H20 -D 2 system appear 
in Figure 1. (?(D2) also exhibits a plateau region as a 
function of temperature and a dependence upon water 
vapor concentration at T >  200° similar to that ex
hibited by (7(HD). We find an average of selected 
plateau values for (?(D2) equal to 0.7 ±  0.1 molecules/
100 eV in agreement with that reported previously.1 
Beyond approximately 200° both G'(HD) and G(D2) 
increase abruptly with increasing temperature to val
ues large enough to demonstrate occurrence of a ther
mal chain mechanism for exchange similar to that ob
served in light water vapor mixtures with D2.2

No dependence of G(HD) or of (7(D2) upon water va
por density is apparent in the plateau region, but data 
presented in Table I and Figure 1 demonstrate a strong 
dependence at 319° in the thermal chain region, inde
pendently of H2 concentration. Figure 2 demonstrates

Figure 1. Variation of log G(HD) and log G(D )2 with 
respect to temperature and water vapor density. Key:
•, <7(HD) from H20 -D 2, vapor density =  0.774 m g/cm ';
©, G(HD) from D 20 -H 2, vapcr density = 0.586-0.609 m g/cm 3; 
©, (?(HD) from D20 -H 2, vapor density = 0.318-0.320 
m g/cm 3; 3, G(D2) from D20 -H 2, vapor density =  0.586-0.609 
m g/cm 3; Q, G(D2) from D20 -H 2, vapor density =
0.318-0.320 m g/cm 3.

Figure 2. Variation of G(HD) and G(D2) from D 20 -H 2 with 
respect to the second power of the water vapor density at 
319°. Key: O, G(HD) -  <?D; □, G(D2) -  Gm-

that the thermal chain contributions, [(?(HD) — Gr>] 
and [<?(D2) — Gro], are directly proportional to the 
second power of the water vapor concentration.

Figure 3 shows that HD is formed by a thermal chain 
reaction with an apparent activation energy of 19.2 ±  
0.5 kcal/mol at D20  concentrations equal to 0.016 and 
0.030 M, that D2 is formed by a thermal chain reaction 
with an activation energy equal to 21 ±  1 kcal/mol at 
the same vapor densities, and that HD is formed in 
H20 -D 2 mixtures with an activation energy equal to 
19 ±  1 kcal/mol at a light water concentration of
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Figure 3. Arrhenius plots of the chain contributions to 
formation of HD and D2. Key: •, C?(HD) — (?h from 
H20 - D 2, vapor density =  0.774 m g/cm 3; ©, Cr(HD) — Go 
from D20 -H 2, vapor density =  0.586-0.609 m g/cm 3; ©, 
Cr(HD) — Go from D 20 -H 2, vapor density = 0.318-0.320 
m g/cm 3; H, (?(D2) — Gm from D 20 -H 2, vapor density = 
0.586-0.609 m g/cm 3; U G(D 2) — Gm from D20 -H 2, vapor 
density =  0.318-0.320 m g/cm 3.

Figure 4. Arrhenius plots of the chain contributions to 
formation of HT in D 20 -H 2 mixtures. Key: ©, G(HT) —
(? t , vapor density =  0 586-0.609 m g/cm 3; ©, Cr(HT) — G t , 
vapor density =  0.318-0.320 m g/cm 3.

0.043 M. Figure 4 shows that HT is formed with an 
activation energy equal to 19.2 ±  0.5 kcal/mol at 
0.016 M  and 0.030 M  heavy water. It is apparent that 
isotope effects on the activation energies for HD and 
DT formation in D20 -H D  and for HD formation in 
H20 -D 2 are negligible within several tenths of 1 kcal/ 
mol.

Product Yields from TOD, DOD, CO Mixtures. The 
presence of CO at approximately 1 mol %  and higher 
concentrations in irradiated D20  leads principally to 
formation of C 02 and D2 and to formation of a variety 
of partially deuterated minor organic products at tem
peratures below 218°. The data of Table II demon-

Table II : 100-eV Yields from Gaseous 
T O D -D 20 -C O  Mixtures

Vapor 
density, 
mg cm "1 T,  °C

Dose, 
e V /g  X 

10-1»
M ol 

% CO
100-eV yields, m olecules/100 eV 

CO2 D 2 Methane D T

0.544 213 6.70 1.51 9 a a a

0.548 215 5.46 1.59 a 7 a 0.0031
0.556 217 6.88 3.42 a 8.06 a 0.0030
0.556 215 6.80 5.03 7 8.2 0.60 0.0031
0.558 218 6.76 6.47 12 10 0.64 0.0032
0.563 278 3.40 1.61 31 32 0.06 0.013
0.554 319 1.33 1.63 93 95 0.00 0.039

“ Presence detected, but not determined quantitatively. 
* Yield calculated from G(Dj) =  2 .6 (±  0.2) X 103[G(DT)] as in 
experiments 4, 6, 7 and 8.

strate that G(C02) and (7(D2) increase abruptly with 
increasing temperature in the vicinity of 218° and that 
they are formed at equal rates by a thermal chain 
mechanism above 218°. Organic fragments tend to 
vanish from the mass spectrum of the gaseous products 
at higher temperatures as reflected by the sharp de
crease in G (methane) between 218 and 319° shown in 
Table II.

Discussion
Evidence demonstrating or strongly suggesting the 

occurrence of the following ion forming electron impact 
processes in water vapor has been observed with 60- 
100 eV electrons at pressures up to about 10~6 Torr.4’9

H20  +  e -  — >  H20 +  +  2 e - (1)

OH+ +  H +  2e- (2)

— >  OH +  H+ +  2e- (3)

— > 0 +  +  H2 +  2 e - (4)

— > O ' +  H2(2H) (5)

0  +  H2+ +  2e- (6)

— >  OH +  H~ (7)

— H +  O H - (8)

Unimolecular decomposition of excited water molecules 
produces neutral fragments by means of the following
steps under the same conditions.9

H20  +  e -  — ► OH +  H +  e - (9)

— ► O +  H2 - f -e— (10)

— > H +  OH +  e - (H )

— >■ O -(- 2H 6~ (12)

Ion-molecule reactions known to occur in 
vapor are3

(9) C. E. Melton, J. Phys. Chera., 74, 582 (1970).

pure water
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H20 +  +  H20  — > H 30 +  +  0H  (13) 

H -  +  H20  — >  H2 +  O H - (14)

0 -  +  H20  — »  O H - +  OH (15)

0H + +  H20  H30 +  +  0  (16)

Reactions 13-16 are very efficient at thermal ion ener
gies. Thus, the immediate result of electron impact 
and rapid secondary reactions in heavy-water vapor is 
summarized qualitatively, as follows

D20  — *- D2, D, OD, 0 , D80+, 0 D - ,  e -

wherein the abundance of 0D ~  relative to other charged 
fragments is negligibly small.9

The fate of D30+  may be either neutralization or hy
dration to form D +(D20 )2. Formation of neutral mol
ecule clusters about the proton have been observed by 
several groups,10-14 and cluster equilibria appear likely 
to be established very rapidly, indeed, at water vapor 
pressures in the vicinity of 1 atm. Each of the succes
sive equilibrium steps is reported to be exothermic 
through n =  8 or thereabouts.11-14

H+(H20 )„_ i +  H20  H+(H20 )„ (17)

Assuming any reasonable high pressure limiting value 
for the second order neutralization coefficient and esti
mating a value of the order 10-8 cm3 molecule-1 sec-1 
for the second order rate constant for formation of 
H+(H20 )2 in the high pressure limit,16 it is clear that 
neutralization is many orders of magnitude slower than 
cluster formation for H30+  (or D30 +) at water vapor 
densities and dose rates employed in the present work. 
It is likely that the entire set of positive ion cluster 
equilibria is established without interference from neu
tralization steps. It follows that the neutralization 
steps may be represented by reactions 18-20.

D+(D20 )b T o -  — ^  2D -)- OD (n — 1)D20  (18)

— > D +  nD20  (19)

— >- D 2 +  OD +  («  — 1)D20  (20)

Reaction 20 can occur only at very low relative fre
quency, because the yield of D2 is small relative to that 
of HD in the presence of protium under all conditions 
of temperature, dose rate, vapor density, and protium 
concentration employed and may also be formed wholly 
or in part by one or all of reactions 4, 10, and 14, as well 
as by successive conversion of HD. The net result of 
electron impact steps, rapid secondary reactions, and 
neutralization reactions appears to be simply, D20  

D2, D, OD, neglecting the small yield of 0  atoms 
formed in primary events in very low yield and by re
action 16; G(0 ) <  0.6 atoms/100 eV.3,9

Mechanism for HD Formation in the Thermal Plateau 
Region. The lowest temperature at which G(HD) be
comes independent of temperature in D20 -H 2 mixtures

is determined by competition between reaction 21 and 
loss of D atoms to radical combination steps.

D +  H2 — *■ HD +  H (21)

OD +  H2 — >  HOD +  H (22)

Under conditions employed in this and previous work3 
the HD yield plateau begins at approximately 110° in 
both D20 -H 2 and H20 -D 2 mixtures. Under the same 
conditions the range over which (7 (HD) remains inde
pendent of temperature is determined by competition 
between first order removal of H atoms at the walls of 
the reaction vessel in D20 -H 2 mixtures (loss of D atoms 
to the walls in H20 -D 2) 2 and thermally activated reac
tions of hydrogen atoms with water molecules which 
lead to chain formation of HD by means discussed be
low. In the plateau region it is, therefore, apparent 
that the hydrogen additive effectively “ counts”  D 
atoms and, perhaps, other precursors of HD and that 
it does so at mole fractions of the order 10-3. Figure 
1 illustrates the observation that If(HD) in the plateau 
region is equal to 13.1 ±  0.3 molecules/100 eV (average 
deviation from the mean) in both D20 -H 2 and H20 -D 2 
mixtures, independently of water vapor density, dose 
rate and temperature. The average plateau yield may 
be up to 4 percent larger in D20 -H 2 mixtures. This is 
within the limits of precision of measurement, but may 
be a reflection of the slightly greater ionization effi
ciency of D20  observed by Jesse.16

In the absence of compelling evidence to the contrary 
it is reasonable to assume that the immediate precursor 
of HD in the plateau region as well as at higher temper
atures is the hydrogen atom. The magnitude of the 
plateau yield of HD suggests, however, an efficiency of 
utilization of electron kinetic energy for hydrogen atom 
production which is difficult to rationalize on the basis 
of current knowledge of the excited states of water and 
the behavior of electrons and other species known to be 
present in irradiated water vapor. The yield of hydro
gen atoms from neutralization events must lie in the 
range 1 0 0 /W - 2 0 0 /W  atoms/100 eV (~ 3  to -—-7) de
pending upon the relative frequencies of reactions 18 
and 19. Available data11-13 indicate that reaction 18 
is endoergic for thermal electrons at 300°K for clusters 
of n >  3. Estimated standard free energies for ion 
cluster formation11-13 indicate that less than one posi
tive ion cluster per thousand in homogeneous equilib
rium has n <  3 at water vapor densities used in this and

(10) P. F . Knewstubb and A . W . Tickner, Proc. Roy. Soc. Ser. A, 255, 
520 (1960).
(11) P . Kebarle, S. K . Searles, A . Zolla, J. Scarborough, and M . 
Arshadi, J. Amer. Chem. Soc., 89, 6393 (1967).
(12) D . P. Beggs and F. H. Field, ibid., 93, 1567 (1971).
(13) D . P . Beggs and F . H. Field, ibid., 93, 1576 (1971).
(14) M . DePaz, J. J. Leventhal, and L. Friedman, J. Chem. Phys., 
51, 3748 (1969).
(15) A . Good, P. A. Durden, and P. Kebarle, ibid., 52, 212 (1970).
(16) W. P. Jesse, ibid., 41, 2060 (1964).
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previous work in the middle of the plateau region 
(400°K), assuming that the enthalpies of formation do 
not become markedly more positive between 300 and 
400°K. Conservation of energy and available infor
mation concerning the appearance potentials of positive 
ions and the energy levels of excited states of water 
molecules17'18 including triplet states18'19 appear to pre
clude the possibility that G(HD) can be as large as 13 
molecules/100 eV unless (i) the yield of HD from neu
tralization events and electron attachment processes is 
significantly greater than 100/W, (ii) an immediate 
precursor other than the hydrogen atom is responsible 
for a significant fraction of the HD yield, and/or (iii) 
mechanisms which produce more than one HD mole
cule per D atom contribute significantly. We first ex
amine the latter two of these possibilities.

The possibility that HD has an immediate ionic pre
cursor, i.e., D20  + or D+(D20 )re, is readily dismissed. 
A fast reaction of D20  + with H2 is most improbable, 
because of the low relative abundance of H2 and near 
equality of the rate constants for reactions 13 and 
23,2°,21

D 20+  +  H2 — >  HOD+ +  HD (23)

The apparent enthalpies of successive cluster forming 
steps become independent of the total energy of the hy- 
dronium ion beyond n =  4, at very low pressure,12 and 
the clustering steps are very fast below n =  4, indicating 
that clustering and thermal equilibration processes will 
predominate over interactions with H2, which might 
otherwise be possible. Thus, the possibility that 
D30+  or D+(D20 ) re, which may be formed with up to 
23 kcal/mol of excitation energy12""14 depending upon 
the value of n, may utilize this energy to exchange with 
H2 before thermal equilibration can also be ruled out at 
high water vapor densities.

The possibility that HD has an immediate thermal- 
ized neutral precursor other than the D atom can also 
be dismissed, because OD is the only alternative neutral 
fragment of appreciable abundance. If OD were able 
to form HD by reaction with H2

OD +  H2 — > OH +  HD (24)

in competition with reaction 22, (?(HD) would exceed 
Go by the factor /:24/(&24 +  fc22) in the plateau region. 
It is firmly established, however, that reaction 22 has a 
large frequency factor (10~n cm3 molecule“ 1 sec-1) 
and a low activation energy (4.0 kcal/mol) and that it 
proceeds 100-1000 times as efficiently at 400°K as reac
tion 21.22 Reaction 24 would appear, a -priori, to be 
much less efficient on the ground that it must proceed 
through a four-center intermediate structure, placing 
it in a class of elementary reaction for which there is 
little solid evidence and which, if they occur, require 
very much higher thermal activation energies than re
action 22.26-28

The possibility that HD has an immediate excited 
neutral precursor, such as D20*, which is not a pre
cursor of D atoms and which may exchange directly 
with H2, requires a cross section for collision induced de
excitation relative to that for exchange which seems 
unrealistically small, because (?(HD) is independent of 
the mole fraction of H2 above, at most, 0.004 at 400°K 
and because the requirements of direct bimolecular ex
change are not likely to be “ energetically modest”  rel
ative to H atom abstraction, as has been suggested.23 
The only such species which is, therefore, seemingly 
possible is a low lying triplet state molecule which is 
anomalously stable with respect to collision induced 
intersystem crossing and dissociation, because direct 
exchange between H2 and a triplet state water molecule 
must violate the Wigner spin conservation rule. The 
possibility that HD has an immediate precursor (ionic, 
neutral, excited or thermalized) other than the hydro
gen atom has no evidence in its favor and seems, in 
summary, to be slight.

Two schemes by means of which a hydrogen atom 
may form more than one HD molecule have been pro
posed. Santar and Bednar23 have suggested a chain 
type exchange mechanism initiated by electronically 
excited hydrogen atoms and propagated by transla- 
tionally hot hydrogen atoms, viz.

D* +  D20  — > D ' +  D +  OD (25)

D ' +  H2 — >• H ' +  HD (26)

H ' +  D 20  — > HOD +  D ' (27)

wherein chain termination would be effected by ther- 
malization of the species H ' and D '. This scheme is 
highly unlikely under our experimental conditions. A 
translationally hot D atom cannot reasonably be ex
pected to run a gauntlet of several thousand collisions 
with D20  while retaining in excess of 24 kcal/mol of 
translational energy and failing to be removed by reac
tion 28 (see discussion of thermal chain region below)

D -j- D 20  ^ D2 T  OD (28)

Johnson has proposed24 that G(HD) in the plateau 
region may exceed Go as a result of the use of vibrational 
energy made available by hydrogen atom combination

(17) F . Fiquet-Fayard, J. Chim. Phys., 57, 453 (1960).
(18) L. M . Hunter, D . Lewis and W . H . Hamill, J. Chem. Phys., 52, 
1733 (1970).
(19) R . N. Compton, R . H . Heubner, P . W . Reinhardt and L. B. 
Christophorou, ibid., 48, 901 (1968).
(20) S. K . Gupta, E. G. Jones, A. G. Harrison, and J. J. M yher, 
Can. J. Chem., 45, 3107 (1967).
(21) F . W . Lampe, J. L. Franklin, and F. H . Field, J. Amer. Chem. 
Soc., 79, 6132 (1957).
(22) N. Greiner, J. Chem. Phys., 51, 5049 (1969).
(23) I. Santar and J. Bednar, Colled. Czech. Chem. Commun., 32, 
953 (1967).
(24) G. R . A . Johnson, private communication (1968).

The Journal of Physical Chemistry, Voi. 76, No. 6, 1972



Exchange M echanism and Arrhenius Parameters 627

to promote isotopic exchange with water, i.e., via reac
tion 29 as an alternative to collisional deexcitation

Ha(t>) +  D20  — >  HD +  HOD (29)

The occurrence of homogeneous vibrationally activated 
exchange reactions seems to have been tentatively es
tablished by shock tube experiments (H2-D 2-A r,26 
D2-H 2S-Ar,26 D2-C H 4-A r,27 D2-N H 3-A r28), in each of 
which bimolecular exchange of hydrogen atoms appears 
to be much more probable than collisional deexcitation 
for D2(y — 5). There is no evidence for occurrence of 
reactions of this kind when the excited species can be 
formed only by atom combination. Thus, for example, 
D2(d) +  CH4 — HD +  CH3D appears to proceed rap
idly in shock heated mixtures of D2 and CH4 in argon,27 
but there is nothing to suggest that recombination of D 
atoms leads to formation of CH3D in irradiated mix
tures of D2 and CH4 at temperatures below the detect
able onset of the hydrogen atom abstraction mecha
nism.29 This is, at first glance, surprising in view of the 
observation in all shock tube investigations cited that 
the probability of exchange per collision is an order of 
magnitude or more greater than that of collisional de
excitation (i.e., removal of one quantum at v =  5), 
whereas D2(r) will be formed in the v =  17 level by atom 
combination. A very significant difference, of course, 
is that the site of atom combination in photolytic and 
radiolytic vessels is often the wall of the vessel. In the 
present and previously reported work hydrogen atoms 
which are formed in reaction 21 (and its counterpart in 
H20 -D 2 mixtures) are removed by a first order process,
i.e., at the wall, and the discrete species, H2(r), does not 
appear under such conditions.

Let us now return to what is known and what is pos
sible concerning the yield of hydrogen atoms whose pre
cursors are ions. The so-called ionic yield includes hy
drogen atoms formed in neutralization reactions 18 and 
19 and those which may be formed by interactions of 
subexcitation electrons with the medium. Assuming 
that the high pressure limiting values of the second or
der neutralization rate constants of the positive ion 
clusters are independent of n, i.e., of cluster size, one 
must conclude that the neutralization yield cannot ex
ceed one atom per neutralization event. Of the neu
tralization kinetics it is known only that the second 
order rate constant for neutralization of H20+  is of the 
order 10-7 cm3 ion pair _l sec-1 in high temperature hy
drocarbon flames.30 Nothing is known of the effect of 
a filled first hydration shell (n >  4) on neutralization 
efficiency, but one may postulate that it functions as a 
dielectric sheath and appreciably lessens the attractive 
potential between proton and electron. Smaller clus
ters may, accordingly, be removed preferentially in 
neutralization events and, in spite of their apparently 
low relative abundance at equilibrium, may play a sig
nificant part in the neutralization process.

It has been shown that in irradiated gaseous mixtures

of D20  and C3H8 the value of G(HD) extrapolated to 
the pure C3H8 limit is roughly equal to 100/TFc,h8.31 
This observation has been interpreted to mean that the 
average neutralization yield of D atoms is close to one 
atom per ion pair in pure water vapor on the assump
tion that each organic ion transfers a proton to D20  and 
produces ultimately one D30+  (or ion cluster) by means 
of some plausible mechanism, such as HD20 + +  D20  
—► D30+  +  HOD. Currently available data now in
dicate, however, that the most abundant ion in irradi
ated C3H8 at high pressures (~ 1  to 760 Torr) is C3- 
H7+ 32'33 that it is formed by fast hydride ion transfer 
reactions of fragment ions with C3H8,82 and that C3H7+ 
does not transfer a proton to a water molecule at ther
mal energies.34 Thus, one may either conclude that 
the number of D atoms formed per neutralization event 
equals 1 / / ,  where /  is equal to the fraction of organic 
ions which transfer protons to D20  in propane rich 
mixtures and is probably much less than one, or seek 
other means to explain the observation. Similar at
tempts to estimate the neutralization yield have been 
made by measuring decrements in C(H2) caused by ad
dition of electron scavengers to water-alcohol mix
tures.38'36 It has been shown, however, that the pres
ence of alcohol molecules drastically alters the positive 
ion clusters in water vapor and that methanol, e.g., is 
preferentially taken up in all clusters of the type 
H +(CH30H )m(H20 )B for (to +  n) < 9  wherein the ra
tio of CH3OH to H20  molecules in the clusters ranges 
up to 350 times (to - f  n =  3) that in the whole sample.37 
Thus, in one significant respect experiments of this kind 
are not studies of the radiolysis of water vapor, per se, 
and the yield of hydrogen atoms per neutralization 
event cannot be determined in the presence of foreign 
polar molecules.

The yield of hydrogen atoms formed by subexcitation 
electrons is also unknown. No electron attachment

(25) S. H . Bauer and E . Ossa, J. Chem. Phys., 45, 434 (1966).
(26) A . Burcat, A. Lifshitz, D . Lewis, and S. H . Bauer, ibid., 49, 1449 
(1968).
(27) W . S. W att, P. Borrell, D . Lewis, and S. H . Bauer, ibid., 45, 
444 (1966).
(28) A . Lifshitz, C. Lifshitz, and S. H . Bauer, J. Amer. Chem. Soc., 
87, 143 (1965).
(29) R . H . Lawrence, Jr., and R . F. Firestone, ibid., 88, 4564 (1966).
(30) H . F. Calcote, 26th M eeting of A G A R D  Propulson and Ener
getics Panel, Pisa, Italy, Sept., 1965.
(31) G. R . A . Johnson and M . Simic, J. Phys. Chem., 71, 1118 
(1967).
(32) L . I . Bone and J. H . Futrell, J. Chem. Phys., 46, 4084 (1967).
(33) M . S. B. Munson, J. L. Franklin, and F . H . Field, J. Phys. 
Chem., 68, 3098 (1964); G. A. W . Derwish, A . Galli, A. Giardini- 
Guidoni, and G. G. Volpi, J. Chem. Phys., 41, 2998 (1964).
(34) J. Long and M . S. B. M unson, ibid., 53, 1356 (1970); D . P. 
Beggs and F. H . Field, J. Arne-. Chem. Soc., 93, 1577 (1971).
(35) J. H. Baxendale and G. P. Gilbert, Science, 147, 1571 (1965).
(36) R . S. Dixon and M . G. Bailey, Advan. Chem. Ser., No. 82, 
247 (1968).
(37) P. Kebarle, R . N . Haynes, and J. G . Collins, J. Amer. Chem. 
Soc., 89, 5753 (1967).
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processes which lead to hydrogen atom formation are 
known to occur for isolated molecules at electron ener
gies below at least 7.5 eV.38 Studies of electron attach
ment at water vapor pressures up to 10 Torr suggest,89 
however, that lower energy electrons may attach to ag
gregates of water molecules with an apparent probability 
in excess of 10_4/collision at about 2 eV, for example, 
and that the probability of capture at low energies in
creases rapidly wbh pressure in the 3 to 10 Torr range. 
Hydrated hydroxyl ions of the form 0 H -(H 20)„, (n 
<  5) have been observed in water vapor.40

If half or more of the liquid phase energy of hydra
tion41 is realized, the reaction e~ +  (D20 )„  OD~(D2-
0 )n -f- D could have a threshold energy of 4-5 eV. 
There is as yet no evidence that hydroxyl ion clusters 
are formed by this means in irradiated water vapor, but 
it is quite possible that this process occurs homogene
ously at moderate to high pressures and among molec
ular aggregates at the vessel walls.

In summary, it is considered unlikely that HD has 
an immediate precursor other than the hydrogen atom 
or that mechanisms which produce more than one HD 
molecule per hydrogen atom are operative under con
ditions of these experiments. We tentatively conclude 
that (?(HD)piateau is equal to Gd in D20 -H 2 and Gh in 
H20 -D 2 in the absence of evidence to the contrary. 
Subdivision of the total yield of hydrogen atoms into 
ionic and nonionic portions cannot be done with pre
cision on the strength of currently available informa
tion, but it is reasonably clear17'23 that the ionic yield 
must include a substantial combined contribution from 
reaction 18 and reactions of subexcitation electrons.

Mechanism in the Chain Region. It is apparent that 
two chain exchange reactions, A and B, occur at temper
atures higher than the plateau region of Figure 1

H2 +  D 20  =  HOD +  HD (A)

H2 +  D 20  = H20  +  D? (B)

Reaction A must proceed by means of a combination of 
chain propagating steps 21, 22, 30, and/or 32;

H +  D20  — 4-  HOD +  D (30)

>  HD +  OD (32)

and termination step 34
H waH

(V.)H , (34)

Reaction B must proceed via a combination of, in addi
tion, 28, 33, 35, 36, and/or 31,

D -r D 20  — > D2 -f- OD (28)

H -f- D20  - D2 +  OH (31)
OH +  H2 — > H20  +  H (33)
D +  HOD - D2 +  OH (35)

D +  HD — »• D2 -f- H (36)

Rate law expressions for G(HD) and G(D2) must, fur
thermore, be consistent with the following observations : 
(i) G'(HI)) and G(D2) are independent of (H2) at con
stant water vapor density, (ii) [G(HD) — G d ] and 
[G(D2) — Cm,} are directly proportional to [D20 ] 2 
(c/., Figure 2). (iii) G(D2) and 6r(HD) are independent 
of the fraction of H2 consumed below, at least, 0.12.

Observation (i) demonstrates that fc2i[H2] )?> fc28- 
|D20], thus ruling out reaction 28. Observation (iii) 
rules out reactions 35 and 36. Rate law expressions 
follow directly from the assumption that steady-state 
conditions prevail for D, H, OD, and OH for all except 
a negligible fraction of the reaction time. Thus

G(HD) -  GD (h 0 j -  kg) (Gp T  Gqd) [D2O ]
kzi

G(D2) -  gD2 kn{Gn +  G o d ) [ D 20 ]  

ku

The termination rate constant, ku, will be of the form, 
kz4 ° (D20 ) —1 for diffusion controlled loss of hydrogen 
atoms to the walls. Loss to the walls will be diffusion 
limited, if the termination step is first order with respect 
to the hydrogen atom concentration (as it is),2 and, if 
the water vapor pressure is greater than or equal to 
(4Z>0)/(3rec), where D =  D0/(D 2O), r is the radius of 
the spherical vessel, c is the average speed of the atoms, 
and e is the probability of removal per collision at the 
wall.42 Since D0/c is of the order 10-5, r =  4 cm, and 
e has been found to lie in the range 10 ~4 to 10 ~6 for hy
drogen atoms on Pyrex,43 it is clear that both conditions 
are met and we may write the rate laws, as

[G(HD) -  Gd ] = (ho  +  ^ 32)  (G d  +  G o d )  [D20 ] 2
¿ 3 4 °

[G(D2) -  GdJ
kn(Gr> +  Gqd)[D 2Q]2

h ?

in accord with observation (ii). It is, therefore, evident 
that the chain contribution to exchange reaction A is 
effected by reaction 30 and/or 32 and that chain ex
change reaction B is propagated by reaction 31.

The ratio of slopes of plots of Figure 2 indicate that 
hi/(ho +  hi) — 0.021 at 319°. Absence of systematic

(38) R . N . Com pton and L. G. Christophorou, Phys. Rev., 1S4, 110 
(1967).
(39) N. E. Bradbury and H . E. Tatel, J. Chem. Phys., 2, 835 (1934) ; 
E. Kuffel, Proc. Phys. Soc., 74, 297 (1959).
(40) J. L. M oruzzi and A . V. Phelps, J. Chem. Phys., 45, 4617 (1966).
(41) F . D . Rossini, et al., Nal. Bur. Stand. (U. S.) Circ., 500, 1952; 
W . M . Latimer, “ The Oxidation States of the Elements and Then- 
Potentials in Aqueous Solutions,”  2nd ed., Prentice-Hall, Englewood 
Cliffs, N. J., 1952; A . F . Vorobev, et al., Vestn. Mosk. XJniv. Khim., 
18 , 48 (1963); F. N . Field and J. L. Franklin, “ Electron Im pact 
Phenomena,”  Academ ic Press, New Y ork, N. Y ., 1957.
(42) S. W . Benson, “ The Foundations o: Chemical K inetics,”  
M cG raw-H ill, New York, N . Y ., 1960, pp 327, 447.
(43) W . V . Smith, J. Chem. Phys., 11, 111 (1943); B. J. W ood  and 
H . Wise, J. Phys. Chem., 66, 1049 (1962) ; W . Steiner, Trans. Faraday 
Soc., 31, 962 (1935).
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variations of [G(D2) — GdJ/[G (H D) — Gd ] with re
spect to temperature show that this ratio is independent 
of temperature within experimental error.

The magnitude of /c28/(fc3o +  ku) is determined by 
the rates of formation of C 02 (and D2) in D20 -C 0  mix
tures and HD in D20 -H 2 mixtures. The mechanism 
for C 02 formation in D20 -C 0  mixtures above 218° is

OD +  CO — > C 02 +  D (38)

D -f- D 20  — D2 -f- OD (28)
wall

D - >  (V*)D, (37)

The rate law for C 02 formation is

[G(C02) -  God] = ^28 (G d  +  G od) [ D 20 ] 2 

k37° ~~

Thus, since k3i°/k37° —  ( / i h ,d 2o / m d ,d 2o )

,  I , , , / si / 2f G(C02) — G o d
« W i^ ä o  +  k32) — (ß h ,d 2o / p d ,d 2o ) L G (HD)

~  Gqd~|
— Gd j

at equal vapor densities and temperatures. Data from 
Table II and Figure 2 show that k2S/(k30 +  k32) =  0.47 
±  0.05 independently of vapor density at 319°, as
suming Gd God, which accounts for the bulk of the 
stated uncertainty in this ratio.

The ratio k2S/k32 at 319° is determined by the H /D  
isotope effect on the rate of abstraction of D atoms from 
D20. Noting that among the reactions of H with D20  
and TOD, of D with H20, and of D with D20  and TOD 
there are no detectable isotope effects on the activation 
energies for these various steps, the probable value of 
£ 28 — £ 82 is zero with a probable uncertainty of several 
tenths of 1 kcal/mol. Thus, the isotope effect resides 
primarily or entirely in the frequency factor ratio and 
k2S/k32 =  (mh,d2o/ md,d2o) 1/2 = 0.72 on the basis of the 
collision theory expression. It follows directly that 
k30/k32 =  0.52 at 319°. Therefore, it must be concluded 
that the contributions of reactions 30 and 32 to forma
tion of HD are comparable to all temperatures in the 
218-381° range, because of the absence of detectable 
systematic curvature in the plots of Figures 1 and 3.

Assuming an empirical rule of the simple form pre
sented by Evans and Polanyi44 and more extensively 
documented by Semenov,46 the relationship required 
for rough consistency getween £ a and AH  values among 
reactions 22, 28, 30, 31, and 32 is £ a ~  14 — 0.5Q, 
where Q is the exothermicity (kcal/mol) and E22 is set 
at approximately 4 kcal/mol.22 This leads to £30 
15 kcal/mol and E32 ~  23 kcal/mol. The expression 
for the observed activation energy for HD formation at 
temperature T is

77, (A 32/ A 30) £32 +  £3 ̂ E/RT
E { T )  ~  (A32/A 3„) +  eAE/RT

It is apparent that a very large number of combinations 
of (A32/A 3o), £ 32, £ 30, and A £  =  (£ 32 -  £ 30) values will

satisfy this equation. We may, however, impose ad
ditional conditions, as follows: ( 1 )  fc28 =  0 .7 2 f c 32 for
reasons presented above. ( 2 )  £ 30 <  1 9 . 2  <  £ 32 in defer
ence to the Semenov rule. ( 3 )  £ ( 3 8 1 ° )  —  £ ( 2 1 8 ° )  <  

0 . 5  as a reasonable estimate of the systematic curvature 
in the Arrhenius plots which would escape detection. 
( 4 )  £ ( 3 1 9 ° )  =  1 9 . 2 .  The fraction of H D  formed by 
reaction 3 0  at 3 1 9 ° ,  / 3o ( 3 1 9 ° ) ,  is fixed at 0 . 3 4  by condi
tion 1, and the expression

/ 3 0 - 1  =  1 +  ( A 32/ A 3 o ) e A'E'/1,18

is the corresponding constraint on acceptable values of 
A  £  and (A32/A 30) at 3 1 9 ° .  These conditions require 
that A £ m a x  =  2 . 5  kcal/mol, whence £ 3 0 ,min =  1 9 .1  ±  

0 . 5  kcal/mol and £ 3 2 ,max =  2 1 . 6  ±  0 . 5  kcal/mol are 
prescribed values consistent with all conditions im
posed by our observations. This value for £ 32 is con
sistent with the seemingly most reliable value for £ 22 
( 4 . 0  ±  0 . 2  kcal/mol)22 and the estimated enthalpy of 
reaction 3 2  ( 1 6  ±  1 kcal/mol) and within the range of 
published estimates.46 No evidence for occurrence of 
reaction 3 0  other than that presented above has been 
reported to our knowledge, and there are no estimates 
of £ 3 0  available for comparison with our value.

Table III is a quantitative summary of our findings.

Table I I I : Probable Values of the Arrhenius Parameters of 
Various Reactions of Hydrogen Atoms with 
Water Vapor (218-381°)

Reaction i Eg., kcal/mol Ai/A3o

(28) D +  D 20  D 2 +  OD 2 1 . 6  ±  0 . 5 4 . 9

(30) H +  DA) — HOD +  D 19.1 ±  0 .5 (1 .0 )
(31) H +  DA) —  D 2 — OH 21 ±  1 0.01
(32) H +  D 2O —► HD +  OD 2 1 .6  ±  0 .5 6 .8

D +  H2O -*• HOD +  H 19 ±  1
D +  HA) -*■ HD 4- OH 19 ±  1

The maximum permissible value for £ 32 is listed as the 
most probable value in deference, again, to the Semenov 
rule.

Since reactions 30 and 31 must proceed through the 
same intermediate structure, viz.

D D

H +  D20  — ► O — >  HOD +  D (30)
I
H — >  D 2 +  OH (31)

it is apparent that the requirement that two hydrogen-

(44) M . G. Evans and M . Polanyi, Trans. Faraday Soc., 34, 11 
(1938).
(45) N . N . Semenov, “ Some Problems of Chemical Kinetics and 
R eactiv ity ,”  Voi. 1, Chapter 1, Pergamon Press, New York, N. Y ., 
1958.
(46) A. F . Trotm an-Dickenson and G. S. Milne, Nat. Stand. Ref 
Data Ser., Nat. Bur. Stand., 9, 8 (1967).
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oxygen bonds be broken in reaction 31 is reflected pri
marily in the frequency factor ratio rather than in the 
activation energy difference.
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Rate constants for the reactions of hydrated electrons with some organic compounds in y-irradiated aqueous 
solutions have been measured by  competition with p-bromophenol. The yield of bromide ions from p-brom o- 
phenol solutions, containing 2-propanol as a scavenger for OH and H, was used as a measure of the reaction of 
eaq~ with this compound. From the effect of added solutes on (?(Br~) the relative rate constants for the reac
tions of eaq~ with these solutes have been calculated. This method is useful for the determination of k,.n - in 
the pH range of 2-8. The effect of pH on the rate constants for glycine, aspartic, barbituric, malouic, succinic, 
and lactic acids has been studied. The rate constants for these compounds at their different acid-base states 
were determined. In all cases the acid form was found to react much more rapidly than the basic form. The 
rate constant for glycine changes from 9 X  106 M ~l sec-1 at pH 7.0 up to 2.5 X  109 M ~l sec-1 at pH 2.1, that 
for barbituric acid from 9.4 X  107 M _1 sec-1 at pH 7.6 to 9.3 X  109 M ~ 1 sec-1 at pH 2.6, and that for malonic 
acid from 1.2 X  107 M _1 sec-1 at pH 7.2 to 1.1 X  109 M _1 sec-1 at pH 2.1. Correlation of structure and reac
tivity is discussed.

Introduction
Rate constants for the reactions of the hydrated 

electron with many organic compounds have been 
measured mostly by pulse radiolysis.3 Because of the 
very rapid reaction of eaq~ with H+ most such measure
ments have been carried out in neutral or alkaline 
solutions. In order to follow the eaq_ reaction with an 
organic solute in acid solution by the pulse radiolysis 
technique the time resolution should be improved by a 
few orders of magnitude over the standard microsecond 
detection setups. The recently developed picosecond 
technique has indeed been used to measure some rate 
constants in strongly acid solutions.4 To overcome 
the necessity for sophisticated instrumentation steady- 
state radiolysis competition-kinetics methods have been 
used (e.g., ref. 5-8). The accuracy of the rate con
stants measured by these methods is generally poorer 
than that obtained with the pulse technique, and the 
measurements provide only relative rate constants and 
not absolute ones. Nevertheless, these methods proved 
useful in many instances and their application to the 
determination of eaq-  rate constants in acid solutions

is being attempted in the present study. The com
pound used as a competitor, p-bromophenol, has been 
previously used in neutral solutions7 and its usefulness 
in acid solutions is examined here. This compound 
has been chosen for the present study because its rate 
of reaction with eaq_ is expected to remain constant at 
all pH values below ~ 8  (pK a of p-bromophenol is 
9.49) and because of the recent developments in ion- 
selective electrodes which enable accurate deter-

(1) Supported in part by  the U. S. A tom ic Energy Commission.
(2) Summer visitor from Ecole Supérieure de Physique et Chimie, 
Paris, France.
(3) M . Anbar and P. Neta, Int. J. Appl. Radiat. Isotopes, 18, 493 
(1967).
(4) J. E . Aldrich, M . J. Bronskill, R . K . W olff, and J. W . Hunt, 
J. Chem. Phys., 55, 530 (1971).
(5) A . Appleby, G. Scholes, and M . Simic, J. Amer. Chem. Soc., 85, 
3891 (1963).
(6) R . L. S. Willis and W . M . Garrison, Radiat. Res., 32, 452 (1967).
(7) M . Anbar, Z. B . Alfassi, and H. Bregman-Reisler, J. Amer. Chem. 
Soc., 89, 1263 (1967).
(8) O. M iéié and I. Draganié, Int. J. Radiat. Phys. Chem., 1, 287 
(1969).
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mination of bromide ion concentrations as low as 
3 X 10-6M.

The aim of the present study is to determine the 
effect of pH on the rate constants of hydrated electrons 
with several organic compounds. Representative com
pounds were chosen which exhibit pK  values in the 
region 2-6 and the rate constants for these compounds 
at their different acid-base forms are determined.

Experimental Section

The organic compounds used were p-bromophenol 
(Eastman Organic Chemical and Baker Chemical), 
acetone (Baker Analyzed Reagent), orotic, barbituric, 
and aspartic acids (Cyclo Chemical Division Travenol 
Laboratories), glycine (Calbiochem, A grade) malonic 
acid (Aldrich Chemical), lactic acid (Baker Chemical), 
and succinic acid (Fisher Certified Reagent). All the 
inorganic compounds were Baker Analyzed Reagents. 
Water was triply distilled. The pH of solutions was 
adjusted using perchloric acid and potassium hydroxide. 
Solutions at pH 4-7 were buffered with sodium phos
phates. Oxygen was removed from solutions by 
bubbling with argon. With solutions of acetone the 
argon was passed through two successive samples to 
check for possible losses, but no difference was detected 
between the results from the two solutions.

Irradiations were carried out in a 60Co Gamma Cell 
220 (Atomic Energy of Canada Limited) at a dose rate 
of 1.57 X 1016 eV g~* sec-1. Total absorbed doses 
were in most cases 3 X 1018 eV g_1.

The bromide ion concentration produced by the 
irradiation of p-bromophenol solutions was determined 
with an Orion 94-35 bromide electrode. The electrode 
potential relative to the reference electrode was deter
mined with an Orion Model 801 digital pH meter 
capable of measuring the emf to 0.1 mV. The measured 
potentials were compared with those of standard 
solutions at the same ionic strength and pH. Bromide 
concentrations in the range of 1 X 10~5 to 2 X 10~4 M  
were measured, which are well within the range of 
applicability of the electrode (1 X 10-6 to 1 X 10-1 iff). 
Nonirradiated solutions were also examined in every 
case for possible hydrolysis and the concentration 
of bromide ions in these solutions was always below 
3 X 10_6 iff. The accuracy of the concentration 
measurements is estimated to be ± 2% .

Results and Discussion
The Radiolysis of p-Bromophenol. Bromophenol 

reacts very rapidly with all the primary radicals of 
water radiolysis, oaq~, H, and OH. Scavenging 
experiments have been carried out to determine the 
contribution of these radicals to the formation of 
bromide ions. Aqueous solutions of p-bromophenol 
at concentrations of 5 X 10-4 to 5 X 10 ~2 iff yielded 
G(Br- ) =  3.4-4.8. The increase in yield with in
creasing concentration must be a result of scavenging

within the spurs. The effect of added solutes on the 
yield of bromide is shown in Table I. Addition of 
f erf-butyl alcohol as a scavenger of OH radicals (and not 
H) decreased (?(Br~) by 0.5. This result indicates that 
~ 2 0 %  of the OH radicals reacting with p-bromophenol 
lead to the formation of Br~, most probably by addi
tion to the ring on the carbon bearing the bromine 
atom followed by elimination of HBr. Addition of
2-propanol a3 a scavenger for both OH and H de
creased (?(Br~) by 0.7. The reaction of hydrogen 
atoms with bromophenol seems, therefore, to produce 
bromide only partially, probably by direct abstraction 
of the bromine atom, and most of the H atoms add to 
the ring with no consequent debromination. To 
further check this point solutions of bromophenol have 
been irradiated at pH 1 and pH 2 where all the ettq~ are 
converted into H. The yield of Br-  dropped signifi
cantly and only ~ 2 0 %  of the H atoms form bromide 
(Table I).

Table I : The Effect of Added Solutes on the Yield of 
Bromide Ions in Irradiated Aqueous Solutions 
of p-Bromophenol“

Added solute Concentration (?(Br~)

3.5
¿erf-BuOH 0.3 3.0
¿-PrOH 0.3 2.8
H + 0.01 0.6

( f-PrOH 0.3 1j> 0.04(Acetone 0.1 j
} f-PrOH 0.3 1

\ 0.1(Orotic acid 0.01J

“ Concentration of p-bromophenol 1 X 10 3 M, pH 7 was ad
justed using 1 X 10-3 M  o fN a2H P 04 +  NaH2P 0 4.

In order to use (?(Br- ) as a measure of eaq-  reaction 
it is necessary to scavenge the H and OH by an addi
tional solute so that their contribution to the yield 
of bromide will be eliminated. 2-Propanol was 
chosen for this purpose. From the rate constants3 for 
the reactions of H and OH with p-bromophenol and 
with the 2-propanol it can be calculated that a con
centration ratio of 50 in favor of the latter solute is 
sufficient for practically complete scavenging. It 
should be pointed out that even if scavenging is not 
complete the contribution of H and OH to the Br~ 
yield is very small. Experimental verification of this 
point was obtained by measuring G(Br- ) at various 
concentration ratios.

In the presence of excess 2-propanol all the bromide 
yield can be attributed to the reaction of eaq~ with

(9) A . Albert and E. P. Serjeant, “ Ionization Constants of Acids 
and Bases,”  W iley, New York, N . Y ., 1962, and “ H andbook of 
Organic Structural Analysis,”  Y . Yukawa, Ed., W . A . Benjamin, 
New York, N Y ., 1965.
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Figure 1. The dependence of the yield of bromide in 
irradiated solutions of p-bromophenol on the concentration of 
added electron scavengers. The upper line is for orotic acid 
with 1 X 10~3 M  bromophenol and 0.3 M  t'-PrOH at pH 7 
buffered with phosphate. The lower lines are for acetone at pH 
7 (O) and pH 3 (O). The competition at pH 7 was carried out 
with 1 X 10~3 and 1 X 10-2 M  bromophenol and that at pH 3 
with 1 X 10~2 M  bromophenol.

bromophenol. Indeed, the addition of a large excess of 
acetone or of orotic acid caused the yield of bromide 
to decrease down to the lowest measurable levels 
(Table I).

Since the acetone formed in irradiated solutions of 
isopropyl alcohol reacts with eaq-  very rapidly, (7(Br- ) 
will decrease at high irradiation doses. The depen
dence of yield on total dose was, therefore, examined 
and was found to be linear up to at least 1019 eV g-1, 
which is three times higher than the dose used in all 
the competition experiments.

The Competition Method. Competition experiments 
with acetone and with orotic acid were carried out to 
determine the rate constant for p-bromophenol in 
neutral solution. The rate constants can be cal
culated from the concentrations and the yield of 
bromide through equation I

[BrPhOH]/G(Br-)„ \
1 »  -  f e ,P b o .  — g ] — ( 5^  -  l j  ©

where kg and [S] are the rate constant and the con
centration of the added solute and (r(Br- )0 and (?(Br- ) 
are the yields of bromide ions in the absence and in 
the presence of the added solute, respectively. The 
competition plots for acetone and orotic acid are 
presented in Figure 1. In the case of acetone the 
experiments were carried out with various absolute 
concentrations (two of which are shown in Figure 1) 
and the same straight line is obtained for all cases. 
From the known rate constant for eaq-  reaction with 
acetone, 6.0 X  109 M ~1 sec-1, 3 the rate constant for 
p-bromophenol is calculated to be 6.0 X 109 M -1 
sec-1. From the competition plot for orotic acid 
using k (eaq-  +  orotic acid) =  1.5 X 1010 Af-1 sec-1 3 the 
rate constant for p-bromophenol is calculated to be
6.2 X  109 M -1 sec-1 in good agreement with the value 
calculated from the experiments with acetone. This 
value is lower by a factor of two than that previously

determined at pH 5.5 by competition with nitrate7 
and the reason for this discrepancy is not clear.

In order to check this point a pulse radiolysis experi
ment was carried out to measure the absolute rate 
constant for the reaction of eaq-  with p-bromophenol 
at pH 5-6 and at pH 11. The rate constant deter
mined at pH 11 by observing the rate of disappearance 
of the eaq~ optical absorption at various concentrations 
of p-bromophenol is 3.4 X 109 M -1 sec-1 in agreement 
with the previously reported value of 2.9 X  109 Af-1 
sec-1.10 The rate constant measured at pH 5-6 
(no buffer added) was found to be twice as large, 
namely 7 X  109 Af-1 sec-1, in fair agreement with the 
competition experiments.

The rate constant for the reaction of eaq-  with 
p-bromophenol is expected to remain constant at 
pH <8. This assumption was experimentally verified 
by competition with acetone at pH 3. Little change in 
the rate constant was found (Figure 1). Similar 
values were also obtained from the competition be
tween bromophenol and H+ at pH 3-5. It is, there
fore, possible to use /»-bromophenol as a reference 
compound for measuring eaq-  rate constants in acid 
solutions. Two facts determine the applicability 
limits of this method, i.e., the limited solubility of this 
compound and the large corrections necessary to be 
made for results in acid solutions. These corrections 
involve the difference between the percentage of eaq-  
scavenged by H+ in the presence of bromophenol 
alone and that with added solutes. At pH <3 the 
system becomes composed of three competing solutes, 
the rate constants for two of which are known. This 
complication diminishes the overall accuracy of the 
measurements, and no competition experiments were 
attempted at pH <  2.

The Effect of pH on the Rate Constants. Representa
tive rate constants determined for the various organic 
compounds at different pH values are summarized in 
Table II. They were calculated using k (eaq-  +  p- 
BrPhOH) = 6.0 X 109 Af-1 sec-1. The rate constant 
for the first three compounds in Table II have been 
reported in the literature3 and they are used here for 
reference as discussed above.

The rate constant for barbituric acid changes from
9.4 X 107 Af-1 sec-1 at pH 7.6 up to 9.3 X 109 Af-1 sec-1 
at pH 2.6. In Figure 2 the rate constant is plotted as a 
function of pH. If the rate measured, k, is only a func
tion of the concentration of the acid and the basic forms 
of barbituric acid (pK a =  4.019), it can be correlated 
with pA,, and pH by equation II

k =
k-HA +  &A-

K
[H+]

1 +
K

[H+]

(II)

(10) M . Anbar and E. J. Hart, J. Amer. Chem. Soc., 86, 5633 (1964).
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Table I I : Rate Constants for the Reactions of Hydrated 
Electrons with Organic Compounds in Neutral and 
Acid Solutions“

Compound pH Rato constant, M -* sec

Acetone 7.0 6 .0  X  109
3 .0 5 .6  X 10»

H+ 4 .0 2 .5  X 1010
Orotic acid 7.0 1.4 X  10“
Barbituric acid 7.6 9.4 X 107

5.0 1.0 X  109
4 .0 4 .4  X 109
2 .6 9 .3  X 109

Glycine 7 .0 0.9 X  107
4 .0 4 .6  X 107
3.0 5.4 X 108
2.1 2.5 X 109

Aspartic acid 7 .0 1.5 X 107
3 .0 8.8 X 108

Lactic acid 7.0 5 .0  X  107
3.0 5 .8  X  108

Malonic acid 7 .2 1.2 X  107
6.2 8 .3  X  107
5.1 3 .9  X  108
3.5 7.3 X 108
2.1 1.05 X 109

Succinic acid 7.5 1.5 X 106
6.0 1.5 X 107
5.0 9 .6  X 107
4 .0 2 .7  X 108
3.0 3 .4  X 108

“ Determined by competition with p-bromophenol and calcu
lated using fce., -  +  ¡»-BrPhOH =  6.0 X 109 at all pH values.

where /cha and kA- are the rate constants for the acid 
and basic forms, respectively, and K  is the dissociation 
constant. The theoretical plot of equation II which 
gives the best fit to the experimental points for bar
bituric acid is solid line (a) in Figure 2 and it was cal
culated using £ha =  9.5 X 109 and k\- =  9.0 X 107 
Af-1 sec-1. This plot clearly demonstrates that the 
effect of pH on the rate cosntant measured is due to the 
change in the acid-base equilibrium of the barbituric 
acid. The limiting rate constants of 9.5 X 109 and 9.0 
X  107 Ai-1 sec-1 are the rate constants for the acid and 
the basic forms, respectively.

Similar results were also obtained with glycine (Table 
II and Figure 2). The rate constant for the reaction of 
hydrated electrons with the glycine zwitterion at pH 7 
is 9 X 106 Af-1 sec-1, in good agreement with the litera
ture value.3 In acid solutions the rate constant in
creases by over two orders of magnitude. Measure
ments were not made at pH <  2 but the rate constant 
for the acid form of glycine can be derived from the plot 
in Figure 2 as 4 X 109 Af-1 sec-1. This value gives the 
best fit with the experimental points using pAa = 2.35.9 
The value measured at pH 3 is in agreement with a 
previous result obtained by competition with chloro- 
acetic acid.6

Figure 2. The effect of pH on the rate constants for the 
reaction of eaq-  with: a, barbituric acid (A); b, glycine (O); 
c, malonic acid (■&); d, succinic acid (□). The points are the 
experimental measurements. The curves were calculated from 
the pK  values for these acids and the rate constants for the 
different acid-base forms which give the best fit.

The rate constants for aspartic acid at pH 7 and pH 3 
were found to be 1.5 X 107 and 8.8 X 108 Ai-1 sec-1, 
respectively (Table II). The pAa values for aspartic 
acid are 2.10 and 3.86.9 An extended form of equation 
II, namely

f c l U A  +  & H A -

k =

Ai
[H+]

+  kAi-
K ,K 2
[H+]2

1 +
K i K ,K 2 

[H+] +  [H+]2

( H I )

where ka,a , /ch a -, and /cAi -  are the rate constants for 
the acid, monoanion, and dianion form, respectively, 
and Ki and K 2 are the dissociation constants, can be 
used to calculate the rate constants for the different 
forms of aspartic acid. The rate constant measured at 
pH 7 is very nearly the value for - OOCCH2CH(NH3+)- 
COO- . The value for the acid form HOOCCH2CH- 
(NH3+)COOH can be estimated at 5 X 109 Af-1 sec-1 
from the results for glycine and succinic acid (see below). 
With this assumption the rate constant for HOOCCH2- 
CH(NH3+)COO-  can be calculated as 5 X 108 Af-1 
sec-1.

The rate constants for lactic acid at pH 7 and pH 3 
are 5 X 107 and 5.8 X 108 Ai-1 sec-1 (Table II). Us
ing equation II and pAa = 3.829 the rate constants for 
the basic and the acid forms can be calculated as 5 X 
107 and 7 X 108 Af-1 sec-1, respectively. The value 
for the basic form is much higher than that reported in 
the literature.3 If the previous value of <2  X 106
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Table I I I : Rate Constants for the Reactions of Hydrated 
Electrons with the Various Acid-Base Forms of 
Some Organic Acids

Rate Const,
Compound Form pAa A f-1 s e c"1

Acetic acid c h 3c o o h
4.75

1.8 X 108“

C H 3C O O - <106“
Oxalic acid H O O C C O O H

1.27
2 .5  X 10»6

H O O C C O O -

4.27
3 .4  X IO88

-ooccoo- 4.8  X 107!>
Malonic h o o c c h 2c o o h

2.86
1.3 X  10’

h o o c c h 2c o o -
5.5

6 X 10s

- o o c c h 2c o o ~ 3 X  10«
Succinic h o o c c h 2c h 2c o o h 3.7  X 108

acid
h o o c c h 2c h 2c o o -

4.16
7 X 107

5.64
- o o c c h 2c h 2c o o - 7 X 106

Lactic acid C H 3C H O H C O O H

3.82
7 X 108

C H 3C H C H C O O - (5 X IO7)“
Glycine + H 3N C H 2C O O H

2.35
4 X 10»

+h 3n c h 2c o o - 9 X 10«
Aspartic H O O C C H 2C H ( N H 3 + ) C O O H 5 X 10»

acid
H O O C C H 2C H ( N H 3 + ) C O O -

2.10
5 X 1 0 «

3.86
- O O C C H 2C H ( N H 3 + ) C O O - 1.5 X  IO7

0
II

Barbituric c
acid /  \

HN C H 2 9.5  X  10s

Orotic acid

C C
/ \  / \

O N O
H

0I Í
,'"'1

/ \
HN CH

I il
C C
/ \ / \

O N O
H
0
1
C

/ \
HN CH

4.01

9 X 107

(2 .8) 1.5 X 10»“
c c

/ \ / \
O N CO O - 

H
“ Taken from ref 3. 5 Taken from ref 8. '  This value could be 

much lower (see text).

M ~x sec-1 measured at pH 11 is correct, the present re
sult must be due to a reactive impurity in the lactic 
acid. The presence of 1% pyruvic acid would account 
for the measurement. The rate constant in acid solu
tion cannot be affected to that extent and can be ac
cepted as accurate to ±  20%.

Measurements for malonic and succinic acid were 
carried out at 10 different pH values in each case. The 
results are summarized in Table II and Figure 2. 
Curves c and d in this figure were calculated from equa
tion III to give the best agreement with the experi
mental points. In these calculations the known pK* 
values for these acids9 have been used and the rate con
stants for the various acid-base forms have been varied 
until the best fit was achieved. The values used for the 
curves shown in Figure 2 are summarized in Table III 
together with the rate constants for the acid-base forms 
of the other compounds studied.

The agreement between the experimental points for 
malonic acid and the theoretical curve is satisfactory. 
A change in the rate constants could not give a better 
fit. However, using pK 2 =  5.79 the curve deviated 
from the experimental points by about 0.3 pH units. 
This fact suggested a possible error in the literature 
value of pK2. This value has been, therefore, deter
mined again from a titration curve and found to be 5.5 
which gives a much better agreement with the rate con
stants as seen in Figure 2. In the case of succinic acid 
there seems to be a larger scatter of the experimental 
points around the calculated curve. This mainly re
sults from the decreased accuracy in the measurement 
of very low rate constants and, therefore, the value 
used for the basic form is accurate only to about ±50% . 
The values for the other two forms of succinic acid are 
more accurate, about ±20% .

Correlation of Structure and Reactivity. From the 
rate constants summarized in Table III it is clear that 
dissociation of a carboxyl group has a strong effect on its 
rate of reaction with eaq_ . The nonreactivity of the 
carboxylate ion toward eaQ~ has been explained by the 
resonance stabilization of these ions.11 The undis
sociated acids are much more reactive as is seen in Table 
III and as has been found previously for several simple 
acids.3 The rate constants for the reaction of eaq"  
with formic and acetic acid are 1.4 and 1.8 X 10s M ~l 
sec-1, respectively,3 and this reactivijy could be taken 
as that of an isolated COOH group. The results for 
succinic acid support this suggestion. The rate for the 
acid form containing two COOH groups is 3.7 X  10s 
M ~l sec-1 and that for the monoanion containing only 
one COOH group is 7 X 107 M ~x sec-1 (Table III). In 
this case there is an additional electrostatic repulsion 
which diminishes the rate. The dianion is, of course, 
nonreactive. Comparing these results with those for 
malonic acid (Table III) and oxalic acid8 it is clear that

(11) M . Anbar, Advan. Phys. Org. Chem., 7, 115 (1969).
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the proximity of two carboxyl groups largely affects 
their rates. Malonic acid reacts 3.5 times more rapidly 
than succinic acid, and oxalic acid reacts 19 times more 
rapidly than malonic acid. These changes are most 
probably due to the electron withdrawing effect of one 
carboxyl group on the other. Since electron withdraw
ing groups decrease the rate constant for the reaction of 
eaq~ with a carbonyl group,11 it can be concluded that 
the reactivity of carboxylic acids cannot be assigned to 
the carbonyl part and the electron is probably not add
ing to the C = 0  double bond. Increase in reactivity 
caused by electron withdrawing groups was found for 
esters and amides and explained by the mesomeric 
effect.11 It is, therefore, plausible that carboxylic acids 
react similarly and the electron adds to the OH part 
which bears a partial positive charge in the mesomeric 
form

Electron withdrawing groups on the R substituent, 
such as another COOH, will increase the electron 
affinity of this OH. These suggestions are also sup
ported by the results for glycine, where the electron 
withdrawing property of the NH3+ group increases the 
rate constant up to 4 X 109 M ~l sec-1 (Table III). 
The OH in lactic acid is expected to exert a smaller 
activating effect, which indeed it does. Quantitative 
correlation of the electron withdrawing properties 
(Taft’s a* function) with the rate constants measured in 
the present study is difficult because of the small num
ber of rates available and because of lack of knowledge 
of some <r* values. However, it is clear that the rate 
constant for eaq-  with COOH increases with the in
crease in electron withdrawing from this group, i.e., the 
behavior of carboxylic acids toward eaq~~ is similar to 
that of esters and amides and not to that of carbonyl 
compounds.

The rate constants for eaq~ with barbituric and orotic 
acid can be discussed together in terms of the reactivity 
of the carbonyl groups and the 5,6 double bond. The 
carbonyl group at position 2 is comparable to that in

urea (3 X 106 M _1 sec-13) and is expected to be similarly 
unreactive. The carbonyl group at positions 4 and 6 of 
barbituric acid are comparable to that in acetamide (1.7 
X  107 M -1 sec-13) and, therefore, the observed rate 
constant of 9.5 X  109 M ~l sec-1 must be a result of the 
effect of one carbonyl group on the other. This effect 
is similar in nature to that in the case of malonic acid 
but it is considerably greater. The high reactivity of 
orotic acid is the sum of the reactivity of the carbonyl 
group at position 4, activated by the electron withdraw
ing property cf the carboxyl through the double bond, 
and the reactivity of the 5,6 double bond activated by 
the carbonyl and the carboxyl groups (compare, for 
example, ethylene: <106 with acrylamide: 2 X 1010 
and fumarate ion : 7.5 X 109M _1sec_13). Thesitua- 
tion changes completely when barbituric acid undergoes 
dissociation. The anion is in a resonance structure 
(Table III) which does not contain any of the reactive 
sites. The 5,6 double bond loses some of its olefinic 
character through resonance and in addition it is de
activated by a hydroxyl group (vinyl alcohol, for ex
ample, is also unreactive). The carbonyl groups in 
barbituric acid, which become partially alkoxide ions, 
are not reactive. These changes explain why the dis
sociated form of barbituric acid is two orders of magni
tude less reactive than the undissociated form and than 
orotic acid. It should be noted that the charge has also 
a significant effect on the rate constant of eaq~ (cf. 
propionic acid vs. succinic monoanion) and it contributes 
to the differences in the reactivities of dissociated and 
undissociated forms of acids.

In conclusion it has been demonstrated that p-bromo- 
phenol can be successfully used for the measurement of 
rate constants for reaction of eaq ~ at pH 2-8. The 
effect of pH on the rate constant for various organic 
acids has been studied and the rates for the different 
acid-base forms have been derived. It has been found 
that dissociation of a carboxyl group decreases the rate 
constant by at least two orders of magnitude. The 
rates for carboxylic acids are increased by electron with
drawing groups. The rate for barbituric acid also de
creases by two orders of magnitude with dissociation 
and the effect of structure on rate constant was dis
cussed.
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The effect of optical bleaching on the characteristic relaxation time, (TiTh)1/ 2, of trapped electrons (et~) in 
methyltetrahydrofuran (M TH F) glass at 77°K  has been measured for different doses corresponding to dif
ferent initial spatial distributions. A t low radiation doses (T i iy 'A  increases as et-  are bleached. This con
firms the spur model of electron trapping in this matrix and indicates that the spurs contain more than one et~ 
on the average. A t high radiation doses remains constant as et~ are bleached. This is interpreted
in terms of spin-spin relaxation of et-  with M T H F  as well as with other et- . A  quantitative treatment of T 1T 2 
data vs. total spin concentration confirms this latter interpretation.

Introduction

The spatial distribution of trapped species produced 
by 7-irradiation is of interest in radiation chemistry 
because radiation energy is deposited inhomogeneously 
in condensed systems. For paramagnetic species the 
study of spin-spin interactions provides a method to 
examine local spatial distribution of the spins. Previ
ous work has shown how changes in T2, the spin-spin 
relaxation time, measured by microwave saturation can 
indicate changes in the spatial distribution of the 
trapped spins.1 Trapped electrons in aqueous1-3 and 
organic glasses4-6 are distributed inhomogeneously in 
spurs with a spur size that increases with decreasing 
matrix polarity.6 The effect of thermal decay on the 
spatial distribution of radicals in poly (methylmeth
acrylate) has also been studied by paramagnetic relaxa
tion methods.7

Optical bleaching of electrons trapped in glassy 
matrices is expected to remove electrons homogeneously 
throughout the system. This should have a predictable 
effect on the relaxation time of the electrons as measured 
by T2 depending on the initial spatial distribution. In 
this work we test this conjecture on electrons trapped in 
methyltetrahydrofuran (MTHF) at 77°K and confirm 
the spur model of electron trapping in this matrix. It is 
also shown that the spin-spin relaxation of trapped 
electrons in MTHF involves interaction with the 
MTHF radicals as well as with other trapped electrons.

Experimental Section
Matheson, Coleman and Bell chromatoquality

2-MTHF was purified as described previously.6 Sam
ples were prepared into 2 mm diameter glassy (Le., 
transparent) spheres by dropping drops of MTHF into 
liquid nitrogen in a nitrogen atmosphere.

Irradiation was carried out in liquid nitrogen in a 
60Co 7-irradiator at a dose rate of ~0 .4  Mrad hr-1.

Actual doses to the samples were corrected for the 60Co 
decay rate.

Epr measurements were made wTith a Yarian 4502 
X-band spectrometer. The magnetic field modulation 
frequency was 400 Hz and the modulation amplitude 
was 0.6 G. Saturation curves were determined by 
measuring the epr derivative signal intensity, V- 
(height X width2), vs. the microwave magnetic field, H1. 
Slow passage conditions as defined by Hi/(umHm) »  
(TiT2) 1 / 1 were approximated. Hm is the magnetic field 
modulation amplitude in gauss and com is the modulation 
angular frequency in radians sec-1. Adiabatic passage 
conditions as defined by 1/yHi «  Hi/o}mHm were ful
filled at higher microwave power in the saturation re
gion. The value of H\ for the spectrometer used8 is 
given by: Hi =  2.22P'/2 G, where P  is the measured 
incident power to the cavity in watts.

Direct light, without any filter, from a 500-W tung
sten bulb in a slide projector was used to bleach the 
electrons in the epr cavity. It took only a few seconds 
to bleach the initial 10% of the electrons. The radical 
signal was not affected by the bleaching light. Because 
of overlap between the trapped electrons and the radi
cal signals the trapped electron signal height was ob
tained by subtracting 1.2 times the radical hyperfine 
line adjacent to the center line from the center line.

Spin concentrations were determined by double 
integration of unsaturated first derivative spectra.

(1) J. Zim brick and L. Kevan, J. Chem. Phys., 47, 2364 (1967).
(2) H . Hase and L. Kevan, J. Amer. Chem. Soc., 90, 6875 (1968).
(3) B . G. Ershov, G. P. Chernova, O. Y a  Grinberg, and Y a . S. 
Lebedev, lev. Akad. Nauk SSSR, Ser. Khim., 2439 (1968).
(4) D . Smith and J. J. Pieroni, Can. J. Chem., 43, 876 (1965).
(5) L . K evan and D . H . Chen, J. Chem. Phys.2 49, 1970 (1968).
(6) D . P. Lin and L. Kevan, ibid., 55, 2629 (1971).
(7) W . Kaul and L. Kevan, J. Phys. Chem., 75, 2443 (1971).
(8) B . L . Bales and L. Kevan, J. Chem. Phys., 52, 4644 (1970).
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The spin concentrations are all relative to G(et~) =  2.0 
for et~ in irradiated 10 M  NaOH at 77 °K.

Results
The epr spectrum of 7-irradiated MTHF at 77°K 

gives a narrow singlet due to et~ superimposed on a 
septet due to a MTHF radical. The assignment of the 
spectra is the same as in previous work.4’6

Figure 1 shows the yield-dose curve for et~ in MTHF 
glass at 77 °K. Previous studies6 on the change of the 
characteristic relaxation time of et_ in MTHF, 
where T, is the spin-lattice relaxation time, with dose 
have shown the following about the spatial distribution of 
et~. At doses up to about 1.4 Mrad the et~ are trapped 
nonuniformly in regions of high local spin concentration 
called spurs. Above 1.4 Mrad the spurs begin to over
lap and as higher doses are attained the overall spatial 
distribution of et~ becomes more and more uniform. 
It can be noted that the yield-dose curve in Figure 1 
becomes nonlinear in the region of spur overlap. With 
these facts in mind, radiation doses for optical bleaching 
experiments were selected for four regions representing 
different amounts of spur overlap. These doses were
(1) 0.52 Mrad at which the spurs do not overlap, (2)
1.75 Mrad at which the spurs just overlap, (3) 3.15 
Mrad at which the spurs overlap and which is the dose 
near the maximum et~ yield, and (4) 6.30 Mrad at 
which the spurs overlap but the et~ yield is less than its 
maximum. Figure 2 shows the effect of optical bleach
ing on the characteristic relaxation time for the four 
different dose regions. The characteristic relaxation 
time corresponding to each point on Figure 2 is deter
mined from a complete saturation curve, and the 
percentages shown refer to the percent et“  remaining 
after optical bleaching relative to the unbleached sam
ple.

The relaxation times were determined from analysis 
of the saturation curve according to eq 1 where y =
1.76 X 107 G “ 1 sec-1 and H yt is the value of H, for 
which the signal is one-half of what it would be in the 
absence of saturation. The method is described in 
detail in ref 6.

Discussion
A. Confirmation of the Spur Model. Curves (1) and

(2) in Figure 2 are clearcut confirmations of the spur 
model for et~ in MTHF. In the isolated spur region of 
curve (1) the relaxation time of a given et~ is deter
mined by interactions with other spins (et_ and radicals) 
in the same spur and is approximately independent of 
the number of spurs. Optical bleaching of et~ will 
remove et~ homogeneously throughout the matrix and 
thus will only remove one et~ from any given spur on the 
average. The local spin concentration is inversely 
related to 7\. So if the number of et_ in a spur is a

Figure 1. Yield of trapped electrons in M THF at 77°K vs. 
radiation dose. G(et~) refers to the yield per 100 eV of 
absorbed radiation energy.

Figure 2. Partial optical bleaching effects on the characteristic 
relaxation time of et_ in M THF at 77°K by a 500 W slide 
projector: (1), 0.52 Mrad; (2), 1.75 Mrad; (3), 3.15 Mrad;
(4), 6.30 Mrad.

small number, optical bleaching will increase the 
average relaxation time for et“  that is measured experi
mentally. This increase is observed and shown by 
curve (1) in Figure 2. It can also be noted that if only 
one et_ were present in each spur, then optical bleaching 
in the isolated spur region would not change the relaxa
tion time.

Curve (2) is consistent with the onset of spur overlap. 
As the first 30% of et_ are bleached the relaxation time 
remains constant. Since 7he spurs overlap, the removal 
of one et_ causes little change in the average relaxation 
time of any other given et- . However, as a greater 
percentage of the et~ are bleached the relaxation time 
increases for the same reason that curve (1) increased.

The spur model is also confirmed by looking at the 
difference in relaxation time between curves (1) and (2) 
at a constant et~ concentration of 0.75 X 1018 spins/g. 
The 34% point on curve (2) has a longer relaxation time 
and thus a lower local spin concentration than the 100%  
point of curve (1). Isolated spurs obtain in both cases
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but the number of spurs is greater for curve (2) because 
it received a higher dose. Since the total electron con
centration is the same for both points the local spin 
concentration is lower and the relaxation time is higher 
for the 34% point in curve (2).

An et~ concentration gradient may be established 
within the sample during optical bleaching and may 
possibly affect the validity of the above interpretation of 
the results. The concentration gradient has been cal
culated for the conditions of the present experiments 
and is negligible with respect to spur dimensions.9

B. Evidence for Spin-Spin Relaxation between Elec
trons and Radicals. Curves (3) and (4) apply to the 
situation where considerable spur overlap occurs. It is 
apparent that the same spin concentrations of et~ do not 
have the same relaxation times. The initial et~ con
centration in curve (4) at 6.30 Mrad is less than the 
initial e<r concentration in curve (3) at 3.15 Mrad as 
shown in Figure 1, yet the relaxation time is lower at the 
higher dose. This indicates that the et~ spin interacts 
with the radical spins as well as other et~ spins. At 
high doses the radical spin concentration continues to 
increase and does not pass through a maximum as does 
the et_ concentration.6 So at doses above 3 Mrad the 
spin relaxation of et_ is dominated by interactions with 
the radicals over interactions with other et~. When 
some of the et~ are bleached, there is no change in relaxa
tion time because the radicals dominate the relaxation.

The spin-spin interaction between et~ and MTHF 
radicals that is supported by curves 3 and 4 contrasts 
with the conclusion that the spin-spin relaxation 
mechanism is only dependent on et_ and not on the 0~  
radicals in the alkaline ice matrix (10 M  NaOH) at high 
dose.10 Thus there seems to be a real difference be
tween these two matrices. In the MTHF matrix the 
overlap between the et-  and radical spectra is com
plete, but in the alkaline ice matrix the overlap is only 
partial. This difference may be related to these ob
servations.

More quantitative evidence for spin-spin relaxation 
between trapped electrons and radicals in MTHF is 
provided by the expression for T2 in terms of the local 
spin concentration. Kittel and Abrahams11 calculated 
the frequency moments for spin-spin dipolar broadening 
from spins randomly distributed on a cubic lattice with 
the external magnetic field along the 100 axis. For 
nonequivalent magnetic centers (i.e., different ^-factors 
or gr-anisotropy) and for a glassy or polycrystalline 
sample in which the species are oriented randomly with 
respect to the magnetic field the dipolar width is reduced 
by 0.67 and 0.71, respectively.12 When the fractional 
spin population is less than 0.01, as it is for radiation- 
produced species, the dipolar line is Lorentzian and 
characterized by a frequency half-width at half-height of 
T2 1. The relationship between rL\ and np where n is 
the number of spins per gram and p is the matrix density 
is then given by eq 2 which can be rewritten as eq 3

T 2 =  ( 0 . 8 2  X  1 0 - 1 2 n p ) - 1  ( 2 )

( I W - 1 =  ( 0 . 8 2  X  1 0 - ™ n P ) T x- 1 ( 3 )

The data for (TiTf)*1 vs. dose taken from ref 6 is 
plotted according to eq 3 in Figures 3 and 4. In 
Figure 3 n is taken as the total bulk spin concentration 
of et_ plus radicals while in Figure 4 n is taken as only 
the et~ concentration. Now, n is the local-spin concen
tration, but as the spurs overlap at high doses the local

Figure 3. (T i^ ) -1 of et_ in MTHF vs. total spin
concentration of et_ plus radicals: a test of eq 3 in the text.

NO. OF ef X lo'*/GM

Figure 4. (TiTi)-1 of et~ in M TH F vs. the spin concentration 
of et”  only: a test of eq 3 in the text.

concentration approaches the bulk concentration. So 
eq 3 is expected to hold at high doses or higher total spin 
concentration. It can be seen that Figure 3 does fit eq 3 
while Figure 4 does not at all. This confirms that the 
spin-spin relaxation of et_ involves the total spin con
centration of both et_ and radicals. Furthermore, if T, 
is calculated from the slope in Figure 3 a value of 1.1 X 
10 “4 sec is obtained which is in reasonable agreement 
with the Ti values previously measured.6

Acknowledgment. This research was supported by

(9) D . P. Lin, Ph. D . Thesis, W ayne State University, 1971.
(10) H . Hase and L. Kevan, J. Chem. Phys., 52, 3183 (1970).
(11) C. K ittel and E. Abrahams, Phys. Rev., 90, 238 (1953).
(12) S. J. W yard, Proc. Phys. Soc., London, Sect. A, 86, 587 (1965).

The Journal of Physical Chemistry, Vol. 76, No. 6, 1972



V isible-Light Effects on Electronic A bsorption Bands 639

the U. S. Atomic Energy Commission under Contract 
No. AT(ll-l)-2086. In addition equipment support

was received from the Air Force Office of Scientific 
Research under Grant No. AFOSR-70-1852.

Visible-Light Effects on Electronic Absorption Bands of Some Cation 

Radicals Produced by Photoionization at 77  °K

by Katsumi Kimura,* Shunji Katsumata, and Kazntoshi Sawada
Physical Chemistry Laboratory, Institute of Applied Electricity, Hokkaido University, Sapporo, Japan 
(.Received July 16, 1971)

Publication costs assisted by the Institute of Applied Electricity, Hokkaido University

In an EPA rigid glass at 77° K, we have carried out photoionization experiments of some aromatic amines 
(m-aminophenol, m-anisidine, and m-phenylenediamine) yielding radical cations and trapped electrons located 
in their vicinity, and have observed appreciable blue shift and sharpening of electronic absorption bands of the 
cations by visible-light bleaching of the trapped electrons. When the biphenyl anions instead of the trapped 
electrons are located near the cations, the almost same spectral changes have also been observed. The observed 
cation-band shifts may be explained quantitatively by a perturbation theory, in which Coulomb potential 
terms due to the trapped electron are taken into account in the Fock Hamiltonian of the cations, suggesting 
that the photoejected electrons are trapped at a mean distance o: about 30 A from the partner cations.

Recently we have studied electronic absorption 
spectra of free radicals produced by uv irradiation of 
substituted benzenes in rigid glasses at 77°K.1-4 When 
photolyzed in an EPA glass, some meta-disubstituted 
benzenes have been found to give very broad absorp
tion bands peaking at about 670 nm owing to trapped 
electrons with an intensity as strong as the visible bands 
of the cations.4 It has also been shown that the 
trapped-electron band disappears completely by irradia
tion with red light without significantly affecting the 
intensity of the cation spectra.4 This experimental 
fact seems to indicate that most of the trapped elec
trons react with the solvent molecule by near-ir ex
citation to yield a secondary negative species, e.g., 
C2H50~, which does not show any detectable visible 
absorption bands. According to recent photoioniza
tion studies6-7 on some aromatic amines in rigid glasses, 
it has been indicated that photoejected electrons are 
trapped at a mean distance of 30 to 70 A apart from 
the partner cations depending on polarity of rigid sol
vents used. For instance, the mean distance is reported °
to be 30 A in a rigid EPA glass.6 Therefore, it seems 
interesting to determine whether a secondary negative 
ion species could be located at a similar distance.

While reinvestigating the 77°K photolysis of the 
meta-disubstituted benzenes, we noticed that their 
cation radicals showed small blue shifts and consider
able band sharpenings of the visible bands when ir

radiated by the visible light of 550-620 nm. This 
did not come to our attention in the previous study.4 
In this note it is indicated that the spectral changes 
observed here may tentatively be explained in terms 
of a difference in electrostatic interaction between the 
cation-trapped electron system and the cation-sec
ondary anion system.

Experimental Section
Samples studied here are m-aminophenol, m-anis- 

idine, and m-phenylenediamine which were purified 
by the same method as previously.4 Photoirradiation 
experiments of these compounds were carefully carried 
out using glass and solution filters in the two following 
steps. The rigid EPA glasses containing these com
pounds (about 5 X 10-4 M) were first irradiated by 
uv light of 270-370 nm for 5-6 min in order to produce 
their cation radicals as well as the trapped electrons.

(1) K . Kimura, K . Yoshinaga and H. Tsubomura, J. Phys. Chem., 
71, 4485 (1967).
(2) K . Kimura, H . Yamada, and H . Tsubomura, J. Chem. Phys., 48, 
440 (1968).
(3) S. Arimitsu, K . Kimura, and H . Tsubomura, Bull. Chem. Soc. 
Jap., 42, 1858 (1969).
(4) A . Egawa, K . Kimura, and H. Tsubomura, ibid., 43, 944 (1970).
(5) W . M . M cClain and A . C. Albrecht, J. Chem. Phys., 44, 1594 
(1966).
(6) N . Yam am oto, Y . Nakato, and H . Tsubomura, Bull. Chem. Soc. 
Jap., 40, 451 (1967).
(7) K . Tsuji and F. Williams, Trans. Faraday Soc., 65, 1718 (1969).
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Figure 1. T h e  longest w avelength  cation  bands observed
b efore  (— ) and after (---------- ) the v isib le-ligh t irrad iation : a,
m -a m in op h en ol+ ; b, ro-anisid ine+ ; c, w i-phenylm enediaine +.

Then these uv-irradiated samples were illuminated by 
visible light of 550-620 nm for 2 -3  min in order to bleach 
mainly trapped electrons without significantly affect
ing the cation band intensities.

Absorption spectrum measurements were carried out 
with a Cary Model 15 spectrophotometer, using a 
quartz cell of 15-mm path length. The solutions in 
the quartz cells were degassed by the freeze-pump- 
thaw technique and then were sealed.

Results and Discussion

In Figure 1, the absorption bands of the three cations 
measured before and after the photobleaching of the 
trapped electron are compared. Magnitudes of the 
observed band shifts are shown in Table I. From the 
previous studies, it may be sure that the electrons 
ejected from the molecules upon uv irradiation are 
trapped in the rigid glass.4-6

Table I: B lue Shifts o f th e L ongest W avelen gth  C ation  B ands 
b y  the V isib le-L igh t Irradiation

Systems A<r, cm -1

m -A m inophenoI + +  e - 139
m -A m in op h en ol+ +  b ip h en y l- 139
m -A n isid in e+ +  e~ 73
m -A nisidine + +  b ip h en y l- 77
m -P henylenediam ine+ +  e - ~ 0

m -Phenylenediam ine + +  b ip h en y l- ~ 0

Similar spectral changes were also observed when 
the biphenyl anion is located in the vicinity of the cat
ion. When biphenyl (about 1 X  10-s  M) as an elec
tron scavenger is added into the EPA solutions of the 
compounds studied here, the absorption bands of not 
only the cation but also the biphenyl anion appear by 
the uv irradiation. The successive photobleaching 
of the biphenyl anion by using the visible light of the 
600-nm region gives rise to essentially the same spec
tral change observed in the case of the trapped elec
tron, again without affecting the cation-band inten
sities. The resulting cation band shifts are also in
cluded in Table I, for comparison.

Since as far as the cation remains the opposite charge 
should exist somewhere, the photobleaching of the 
trapped electron or of the biphenyl anion seems to 
transform an electron into, e.g., C2HsO~, not showing 
any detectable visible absorption band. If the result
ing negative charge retains in the same position as 
that of the original one (the trapped electron or the 
biphenyl anion), no spectral change may take place. 
The considerable cation-band sharpenings8 observed 
here could indicate a reduction in electrostatic field 
strength acting on the cation. Therefore, the second
ary negative ion should locate in a much longer dis
tance from the cation than the initial one. (Another 
possibility of an ion-pair formation between the cat
ion and anion might be considered upon the visible- 
light irradiation, but this may be ruled out since such 
an ion-pair formation will shift the cation band to the 
opposite side.)

Let us estimate the average strength of electric field 
acting on the cation by the charge of an electron 
trapped in the EPA glass as follows. Using the Lorentz 
field for the effective field strength9 and the coulombic 
field for the external field, then the effective field (F) is 
given by (D +  2)e/3Dr2, where D is the dielectric con-

(8) To investigate how much the cation-band sharpening takes place, 
the m-phenylenediamine+ band with vibrational structure obtained 
before and after the visible-light irradiation was analyzed in terms of 
a superposition of Gaussian functions. From such a spectrum simula
tion, it was found that the bandwidth (at 1/e of the peak height) be
comes narrower from 600 to 500 cm -1 by 20% . Similar band sharpen
ings were also observed for the other two cations.
(9) H. Labhart in “Advances in Chemical Physics,’ ’ I. Prigogine, Ed., 
Interscience, New York, N. Y ., 1967, p 179; K . Seibold, H. Navangul, 
and H. Labhart, Chem. Phys. Lett., 3, 275 (1969).
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stant and r is the distance between the cation and the 
trapped electron. With a reasonable value of D =  2 
for the 77°K  glass, the effective field strength is 
estimated to be about 1070 kV/cm  when at r =  30 Â. 
This may be compared with an external field of 500 
kV/cm  used by Sauter and Albrecht10 for studying an 
electronic absorption broadening of azulene in 3-methyl- 
pentane glass at 77°K .

With the model mentioned above for the secondary 
negative ion, the observed cation-band shifts (Table
I) may be interpreted qualitatively by the following 
simple theoretical treatment. For simplicity, here, 
the secondary negative ion is assumed to be at a far 
distance from the cation so that its electric field acting 
on the cation is negligibly weak compared to that due 
to the initial negative charge. Since perturbation 
terms are given by Y lZ^/D r^  in the Fock Hamilton-

ian, the excitation energies are approximately given by

AFi-y = A ( i  — = XXci„2 — (1)
M

Here A e4 = e/ — et, and e/ and are fth molecular 
orbital energies expressed by the use of the perturbed 
and nonperturbed Hamiltonian, respectively, and p 
and X  denote the pth atomic orbital and the trapped 
electron, respectively. In this approximation, the 
transition-energy shifts can be calculated from a re
lation of

AW = Ŷ ai}AEt̂ .} (2)
ij

in which ay’s are coefficients in the state wave functions. 
According to our recent theoretical calculation11 with 
the open shell SC F -M O  C l method, the cation bands 
under consideration are assigned to electronic transi
tions to the second excited states from the ground one. 
This calculation also indicates that the transitions to 
the first excited states may occur at 0.782 and 0.724 
eV for m-aminophenol+ and m-phenylenediamine+, 
respectively, with very small oscillator strengths (0.004 
and 0.010, respectively). No absorption bands as
signed to these first transitions have been observed in 
the near-infrared region.

Taking these spectral assignments into account, the 
above eq 2 , in which a main contribution comes from 
AF3—5, yields the cation-band shifts plotted in Figure 
2 with D =  2. The marked differences of curves a 
and b arise from mainly the differences of the coeffi
cients in the third and fifth M O ’s of the two cations. 12

Figure 2. C alcu lated shifts s f th e cation  bands p lo tted  against 
distance betw een the cation and the trapped  electron  
(or  the b iphenyl a n ion ): a, m -am in oph en ol+ ; 
b, m -phenylenediam ine +.

It is of interest to indicate that red shifts of 130 and. o
30 cm-1 are estimated at a distance of r = 30 A  for 
m-aminophenol+ and m-phenylenediamine+, respec
tively, in fairly good agreement with the experimental 
shifts. The present experimental information seems 
thus to support that the photoejected electron is located 
in the vicinity of the partner cation, and by the visible 
light irradiation it reacts with the solvent molecule 
giving rise to a secondary anion species which is finally 
located at far distance from the cation.

Changes in the dipole moment between the ground 
and excited states of the cations (A/u =  — pg) may
roughly be estimated from the band shifts (Atr) by 
the following equation: A/r =  Qic/F)A<r, with neglect 
of a polarizability change in the both states. Then, 
from the band shifts observed here, the dipole moment 
changes were evaluated to be about 7.8, 4.2, and 0 D  
for m-aminophenol+, m-anisidine+, and m-phenyl
enediamine+, respectively.
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B y  a  s tu d y  o f  th e  tem p e ra tu re -d e p e n d e n t n m r sp ectra  o f  th e  t it le  c o m p o u n d s , th e  b a rr ier  to  r o ta t io n  a ro u n d  
th e  cen tra l c a r b o n -c a r b o n  b o n d  h as b een  fo u n d  t o  in crea se  in  th e  o rd er  ox a m id e  (9 .7  k c a l /m o l ) ,  th io o x a m id e  
(17 .6  k c a l /m o l ) ,  a n d  d ith io o x a m id e  ( > 2 4  k c a l /m o l ) .  T h e  barriers  are  p re d o m in a n tly  steric  in  orig in , a n d  th e y  
resu lt fr o m  rep u ls ion s  b e tw een  th e  o x y g e n  o r  su lp h u r a to m  in  on e  h a lf o f  th e  m o le cu le  a n d  th e  b e n z y lic  m e th y 
len e  g ro u p  in  th e  E  p o s it io n  in  th e  oth er. T h e  b a rrier  t o  ro ta t io n  o f  th e  d ib e n z y la m in o  g rou p  in  th e  o x a m id e  is 
sim ilar to  th e  a n a log ou s  b a rr ie r  in  d im e th y lfo rm a m id e , a n d  th e  co rresp on d in g  barriers in  th e  th io a m id e  p a rts  
are  a t  least as h ig h  as in  d im e th y lth io fo rm a m id e , in d ica t in g  th a t  th e  m o le cu le  is free  fr o m  stra in  in  th e  in itia l 
s ta te . T h e  e q u ilib r iu m  co n fo rm a tio n s  ca lcu la te d  b y  a n o n b o n d e d  6 -1 2  p o ten tia l fu n c t io n  are  in  g o o d  a gree
m en t w ith  d ip o le  m o m e n t  d a ta . T h e  I N D O R  te c h n iq u e  p r o v e d  v e r y  v a lu a b le  in  u n ra v e lin g  th e  fo u r  o v e r 
la p p in g  A B  q u a rte ts  in  th e  n m r sp e ctru m  o f  th e  m o n o th io o x a m id e .

An earlier investigation of the ultraviolet spectra of 
mono- and dithiooxamide and their N-methyl deriva
tives1 showed that in the N,N-dimethyl derivatives the 
planar trans configuration is energetically unfavorable 
and that the steric strain is relieved by rotation mainly 
around the central carbon-carbon bond (the pivot 
bond). From the shifts of the uv maxima on N-meth- 
ylation, it was possible to calculate approximate angles 
of twist (6 ), and it was found that an — -N(CH3)2 • • • 0 =  
interaction gave a smaller twist than an — N (C H 3)2- 
• • • S =  interaction, and that two —-N (CH3)2 • • • S =  
interactions caused a larger twist than one, as exempli
fied by the compounds Ia-d.

Such twisted molecules are chiral, and provided the

Hv
s v  / N~ H> -x

CH3— N O
n ch3

I

CH —  N i 
ch3

la, 0 = 5 0 ° lb, 0 = 58°

ch3
Ox /N - C H 3> -s

CH3— N s 
n ch3

CH.
S. N-

) c - <
CH— N S

ch3
Ic,e = 6 6 ° Id, e =  89°

barriers to rotation around the pivot bond fall in the 
appropriate range, 'hey can be estimated by a variable 
temperature study of the nmr spectra of suitable pro- 
chiral groups attached to the molecule. Siddall and 
Good2 studied tetraisopropyloxamide and observed a 
rotation which was slow on the nmr time scale below 
— 15°. W e have chosen to study tetrabenzyloxamide 
and its mono- and dithio analogs (Ila-c) in the hope of
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obtaining a quantitative estimate of the difference in 
steric effect between oxygen and sulfur. For compari
son, the temperature dependence of the nmr spectra of 
tetramethyloxamide and its dithio analog (Id) were also 
studied.

PhCH2\

PhCH^
N — C' ,CH2Ph

c— nC
CH2Ph

□ a , X  =  Y =  0  
H b ,X = Y  =  S 
He, X  =  0 , Y  =  S

Experimental Section
Tetrabenzyloxamide (Ila) was prepared according to 

Armbrecht, et al,,8 from dibenzylamine and oxalyl 
chloride in benzene-triethylamine. It crystallized from
1-butanol as colorless rod-shaped prisms, mp 132-132.5° 
(lit. 130-131°).

Tetrabenzylmonothiooxamide (He). Tetrabenzylox
amide (10 g) was reacted with phosphorus pentasul- 
fide (10 g) in refluxing dry toluene (200 ml) for 10 hr 
with mechanical stirring. The solution was filtered 
hot, the residue extracted with hot toluene, and the 
combined toluene solutions were evaporated. Ex
traction with chloroform left an und:ssolved residue of 
phosphorus pentasulfide, and addition of light petro
leum (bp 40-60°) to the chloroform solution precipitated 
a pale yellow crystalline product (8.5 g), mp 128-129°, 
consisting of a mixture of the mono- and dithioamides 
with unreacted starting material according to nmr anal-

(1) B. Persson and J. Sandstrom, Acta Chem. Scand., 18, 1059 (1964).
(2) T . H. Siddall, III, and M . L. Good, Bull. Soc. Chem. Jap., 39, 1619 
(1966).
(3) B. H. Armbrecht, L. M . Rise, C. H. Grogan, and E. Emmett 
Reid, J. Amer. Chem. Soc., 75, 4829 (1953).
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ysis. Due to the very similar solubility properties of 
these compounds, fractional crystallization proved to 
be inefficient for separation, but on chromatography of 
the crude product (2.5 g) on alumina, benzene eluted 
the dithiooxamide (0.20 g), and benzene containing 5 %  
diethyl ether, the monothiooxamide (1.61 g), which was 
obtained as pale yellow prisms, mp 134-136°, after re
crystallization from toluene. (Calcd for C30H 28N 2OS 
(464.60): C, 77.6; H, 6.07; N , 6.03; S, 6.90. Found: 
C, 78.1; H, 6.02; N, 6.02; S, 7.03.)

Tetrabenzyldithiooxamide (lib) was most conven
iently prepared by reacting tetrabenzyloxamide (5 g) 
with phosphorus pentasulfide (6  g) in refluxing dry 
xylene (1 0 0  ml) for 26 hr with mechanical stirring. 
The solution was filtered hot, and on cooling the prod
uct separated (4.6 g, 84%  yield) as pale yellow, flattened 
rods, mp 177-178° after recrystallization from toluene. 
(Calcd for C s c E W ^  (480.67): C, 75.0; H, 5.87; N, 
5.83; S, 13.3. Found: C, 74.3; H, 5.89; N, 5.81; 
S, 13.4.)

Tetramethyldithiooxamide was prepared according to 
Flopping and van der Kerk .4

Nmr spectra were recorded on Varian A60, A60-A, 
H A -10 0 , and/or XL-100 instruments, equipped with 
variable temperature probes and V-6040 temperature 
controllers. IN D O R  experiments6 were performed on 
the HA-100 instrument operating in the frequency 
sweep mode and locked on the signal from internal 
TM S or hexamethyldisiloxane. The irradiation radio
frequency field was generated by modulation of the 
magnetic field using a Hewlett-Packard 200 CD Audio 
Oscillator.

Temperature measurements were made by the replace
ment technique, using the Varian methanol or ethylen- 
glycol samples, calibrated with the aid of a thermo
couple as previously described.6 Temperatures mea
sured in this way are assumed to be accurate to within 
± 2 °, which is considered acceptable for the present 
purposes in view of the difficulty in an exact determina
tion of the coalescence point in spectra with several 
overlapping AB quartets.

Free energies of activation were estimated by the ap
proximate formulas appropriate for a coalescing dou
blet ( l ) 7 or for a coalescing AB quartet (2) , 8 derived 
from the expressions given in references 7 and 8 in con
junction with the Eyring equation.9 The accuracy of

AG* = 4.57 T,
1000 V

(9.97 +  log —- ] kcal/mol (1) 
\ Avr,/

AG* = X1000

9.97 +  log
T „

"\/Ar2AB +  6J 2ab
kcal/mol (2 )

the AG* determinations is governed mainly by the ac
curacy of the temperature measurements (vide supra). 
The estimated limits of error are given in Table I.

Figure 1 . Nmr spectra of Ila  in dichlorofluoromethane at 100 
MHz, methylene protons.

Results and Discussion
Tetrabenzyloxamide (11a). The 100 M H z spectra of 

this compound were recorded on 0.3-0.5 molal dichloro
fluoromethane and deuteriochloroform solutions. At 
low temperatures ( — 90° to — 100°) in dichlorofluoro
methane solution, the spectrum of the benzylic protons 
consisted of two overlapping AB quartets (Table I and 
Figure 1), and the signals due to the aromatic protons 
were two well-resolved singlets. On increasing the 
temperature, first the downfield and then the upfield 
AB quartet coalesced (at —70° and at —63°, respec
tively), and at probe temperature the benzylic protons 
gave rise to two singlets at 5  =  4.27 and 4.42 (ppm from 
TM S). It is worth noting that the AB coupling con
stant in the high-field quartet (at — 100°) is about 1 Hz 
greater than tliat in the low-field one. This may be a

(4) H. L. Klopping and G. J. M . van der Kerk, Rec. Trav. Chim. 
Pays-Bas, 70, 917 (1951).
(5) V. J. Kowalewski in Progr. Nucl. Magn. Res. Spectrosc., 5, 1
(1969) .
(6) G. Isaksson and J. Sandstrom, Acta Chem. Scand., 24, 2565
(1970) .
(7) H. S. Gutowsky and C. H. Holm, J. Chem. Phys., 25, 1228 (1956).
(8) R. J. Kurland, M . B. Rubin, and W . B. Wise, / .  Chem. Phys., 40, 
2426 (1964).
(9) S. Glasstone, K . J. Laidler, and H. Eyring, “Theory of Rate 
Processes,” McGraw-Hill, New York, N. Y ., 1941, p 195 ff.
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T a b le  I :  N m r Param eters (100 M H z )  fo r  A rom atic P rotons and A B  Spectra, and Barriers to  R ota tion  around d ie  P iv o t  B on d

■PCH2 — Z ----------------------------------------s -̂-----------------------------------PCH2 — E-
Com
pound -Ar, Hz“

— Hz-------
vB J ab To, ° K

A(?o
kcal/mol -A6

-----Hz—
VB Jab To, “ K

A(?o
kcal/mol

I la “ 7 2 5 .6 ;7 4 9 .6 4 5 4 .7 4 0 5 .4 1 5 .5 203 9 .7  ± 0 . 2 5 2 1 .6 3 8 1 .0 1 4 .5 2 1 0 9 .7  ±  0 .2
lib * 7 2 7 .7 4 9 5 .7 4 4 1 .7 1 5 .2 5 4 6 .4 4 9 2 .2 1 4 .4
lib* 4 8 3 .7 4 3 7 .9 1 5 .3 5 1 8 .6 5 0 0 .5 14 .1
l i b ' 7 1 8 .5 ;7 2 2 .7 4 8 9 .2 4 4 6 .4 15 .1 > 4 7 3 > 2 4 5 1 4 .7 508 .1 1 4 .5

n o -  {•
7 2 1 .0 ;7 2 2 .4 4 6 2 .1 4 3 6 .2 1 5 .8 4 6 9 .3 4 4 6 .4 1 4 .4
7 2 9 .7 ;7 3 2 .1 4 7 8 .8 4 2 5 .3 1 5 .3 5 6 8 .8 4 4 9 .6 1 4 .5 373 1 7 .9  ± 0 . 5

“ N o  assignm ent to  specific phenyl groups has been attem pted . 6 A rb itrarily  assigned to  the low -field resonances. e In  d ich loro - 
fluorom ethane at — 100°. d In  deu terioch loroform  at p robe tem perature. • In  o-dich lorobenzene at p robe  tem perature. ' In  
hexam ethylphosph oric triam ide at + 6 0 ° .  » A m ide part. h T h ioam id e part.

reflection of different spatial orientations of the benzylic 
protons with respect to adjacent x bonds.10 The aro
matic protons gave rise to two broad singlets at low 
temperatures (Am/, =  6 -7  Hz at ca. — 100°). Be
tween — 80° and —60° the upfield signal was resolved 
into a broad, unsymmetrical “ triplet,” (Figure 2) while 
the downfield signal remained a singlet with A n/, of the 
order of 1.5 Hz between —50° and probe temperature. 
It is quite plausible that the differences in appearance 
of the two aromatic signals are due to different disposi
tions of the aryl rings with respect to the anisotropic 
carbonyl groups.

In deuteriochloroform solution at probe temperature, 
the singlets from the benzylic protons were at 5 =  4.38 
and 4.51, and those due to the aromatic protons were 
at 8 =  7.18 (Api/ 2 =  1.7 Hz) and 7.28 (Avi/, =  1.4 Hz). 
On increasing the temperature, the benzylic singlets 
broadened and then coalesced at 127° (spectra run at 
100 M Hz with the sample in a sealed tube). The dif
ference in width of the aromatic proton singlets disap
peared as the temperature was increased, and the sig
nals coalesced at 121° (spectra run at 100 M H z).

A  reasonable interpretation of the appearance of the 
AB type spectra at low temperatures is hindered rota- 

O O

II II
tion around the — C— C—  (pivot) bond. From the ob
served coalescence temperatures a value of 9.7 kcal/mol 
for AG* may be estimated by the use of eq 2. The co
alescence of the benzylic and aromatic singlet pairs at 
higher temperatures is of course due to rapid rotation 
on the nmr time scale around the —-C— 'N bonds. Use of 
eq 1 allows the estimation of a value of 21 kcal/mol for 
AG* in this case.

Solvent effects seem to be of no great consequence 
for the amide rotation in Ila, since the same AG* value 
(within the experimental error) was obtained in both 
hexamethylphosphoric triamide (HM PT) and o-di
chlorobenzene (ODC) solution.

Tetrabenzyldithiooxamide (Jib). In deuteriochloro
form solution at probe temperature (100 M Hz), the 
benzylic protons gave rise to two well-resolved AB

AO*

740 730 720 Hz

Figure 2. A rom atic  proton s o f  I l a  in dich loroflu orom ethan e 
at 100 M H z.

quartets (see Table I). As noted above in the case of 
Ila, the AB coupling constant in the high-field quartet 
was about 1 Hz greater than that in the low-field one. 
Furthermore, the line width of the downfield pair of 
lines in each quartet in the spectrum of lib  was greater 
than that of the upfield pair. This is most plausibly 
explained as the result of stereospecific long-range cou
pling between the benzylic and aromatic protons. 
The resonance due to the aromatic protons was a broad 
band consisting of at least three poorly resolved peaks.

Spectra of this compound were recorded at various 
temperatures in H M P T and ODC solutions. In both 
of these solvents, the internal shift of the low-field 
benzylic AB quartet had been considerably diminished 
(see Table I). As the temperature was increased, all 
of the resonances due to the benzylic protons slowly 
broadened, but even at 188°, the highest temperature 
reached in ODC solution, the AB structure was still dis
cernible. In H M P T solution, at about 200° (60 M H z), 
a broad structureless absorption was observed. In this 
case, it is unfortunately impossible to distinguish be
tween the effects of thioamide rotation and rotation 
around the pivot bond on the line shape. A  lower limit 
of 24 kcal/mol for AG* for both rotations may be 
roughly estimated.

Tetrabenzylmonothiooxamide (He). A  100-MHz spec
trum in deuteriochloroform solution at probe tempera-

(10) M . Barfield and D, M . Grant, J. Amer. Chem. Soc., 85, 1899 
(1963); see S. Sternhell, Quart. Rev., Chem. Soc., 23, 236 (1969).
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1 1

A A

550 500 <50 <00 H*

Figure 3. M ethylen e proton s o f  l i e  in deu terioch loroform  at 
100 M H z, p robe tem perature.

ture contained thirteen peaks between 8 =  4.1 and 5.8 
ppm due to the benzylic protons (Figure 3), arising 
from four partially overlapping AB quartets (Table I), 
and four peaks due to the aromatic protons between 
5 =  7.1 and 7.4 ppm. The four lines of each AB quar
tet were disclosed with the aid of the IN D O R  tech
nique;5 the resulting assignments are indicated in Fig
ure 3 and Table I. It should be pointed out that the 
chemical shifts of the benzylic protons of Ila  and lie  
are highly temperature dependent. As the tempera
ture was increased, a gradual broadening of all signals 
was observed. Due to considerable overlap of the peaks 
from the various AB spectra at higher temperatures, 
the separate coalescence of each AB system was not 
discernible. However, since the line shape of the low- 
field half of the quartet denoted 1 (assigned to the 
thioamide half of the molecule; vide infra) could be ob
served undisturbed by the other benzylic signals, a co
alescence temperature of about 100° could be estimated 
for this quartet. All four lines of the quartet denoted 
2 (also assigned to the thioamide half of the molecule) 
were observable up to about 70°. Between this tem
perature and ca. 95°, the 2 quartet was transformed into 
a broad shoulder on the high-field side of the relatively 
sharp singlet arising from the coalescence of the 3 and 
4 quartets (assigned to the amide half of the molecule). 
It is obvious that the line shapes of the 3 and 4 quartets 
must be influenced by both the rotation around the 
pivot bond and that around the acyl-nitrogen bond in 
the amide group. A  coupling of these two rotations is 
an attractive possibility, since a rotation around the 
amide bond alleviates the CH2- • -S interaction (vide 
infra) which is responsible for the twist around the 
pivot bond. At ca. 130°, the highest temperature 
reached in deuteriochloroform solution (sealed tube), 
the benzylic proton resonances consisted of a strongly 
braodened doublet arising from the collapsed 1 and 2 
quartets and, overlapping the “ 2-component” of the 
doublet, a relatively sharp singlet from the collapsed 3 
and 4 quartets. The same general appearance of the 
spectrum was observed at higher temperatures in 
HM PT solution, but even at 200°, the 1-2 doublet had 
not coalesced. This allows the estimation of a rough 
value of 24 keal/mol as a lower limit for the barrier to 
acyl-nitrogen rotation in the thioamide group. A

tentative assignment, of the quartets 1-4 to the four 
methylene groups in the monothiooxamide may be 
made on the basis of the following observations.

(a) In the 100-MHz spectrum of the oxamide in di- 
chlorofluoromethane and in that of the monothioox
amide in deuteriochloroform solution, the protons of 
one of the benzylic methylenes show AB shifts of 140.6 
Hz and 119.2 Hz, respectively, whereas the AB shifts 
of the other benzylic protons in these molecules fall in 
the region 20-55 Hz. The large shifts may be attrib
uted to the proximity of a methylene group in one 
half of the molecule to a carbonyl group in the other 
half. An indication that this interpretation is correct 
may be obtained from the fact that both of the AB  
shifts in the dithiooxamide spectrum are only 54 Hz 
(at 100 M Hz in deuteriochloroform solution; see Table
I ) .

(b) Of the four AB coupling constants in the mono
thiooxamide spectrum, two fall in the region 14.1—
14.5 Hz and two in the region 15.3-15.8 Hz. As noted 
above, there is a similar difference between the coupling 
constants in the oxamide (Ila) and dithiooxamide 
(lib) spectra. With the aid of a molecular model it 
becomes clear that the methylene group with the large 
shift is most likely the E group11 in the thioamide half 
of the molecule (1). From the behavior of the spe- 
trum with increasing temperature, it can be concluded 
that the signals of quartet 2 (in compound lie  below)

2 (Z) 3(E)
P h C H 2 8 C H 2Ph

\  j[ /
N — C — C - -N

/  II \
F h C H 2 0 C H 2Ph

1  (E) 4 (Z)
lie

are attributable to the thioamide Z-methylene group. 
The smaller of the two “ thioamide” AB coupling con
stants is thus associated with the E-methylene group, 
and the larger with the Z group. It seems reasonable 
to assume that the same relation holds in the amide 
half of the molecule. Accordingly, the signals of 
quartet 3 are assigned to the amide Z-methylene group, 
and those of 4 to the E  group. Also for the oxamide 
and dithiooxamide, the AB quartet with the large cou
pling constant is assigned to the Z methylene group, and 
that with the small coupling constant to the E group.

Amide Rotations and Equilibrium Conformations. 
The barrier to rotation of the dibenzylamino group 
in the oxamide Ila  (Table II) is close to the values given 
for the corresponding rotation in A,A-dimethylform- 
amide (20.8-21.1 keal/mol in carbon tetrachloride12). 
The analogous barriers in the dithiooxamide lib  and 
in the thioamide group of lie  are at least not signifi-

(11) J. E. Blackwood, C. L. Gladys, K . L. Loening, A. E. Petrarca, 
and J. E. Rush, J. Amer. Chem. Soc., 90, 509 (1968).
(12) M . Rabinowitz and A. Pines, J. Amer. Chem. Soc., 91, 1585 
(1969).
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Ph
Table I I :  N m r Param eters (a t 100 M H z unless Otherwise
N oted ) for A m ide and T h ioam id e R otation s

'cf
\

A <?„*
u
\

\fE  ~ Ipe - T c , kcal/ c - — c 2
Compound Solvent rz|a,Hz rzl6. Hz °K moi / \

I la C U C I, 1 4 .9 400 2 0 . 8 PhCh^------N2 5
9 .3 394 2 0 .9

O D O 1 0 . 8 395 2 0 . 8 /  H
H M P T 9 .8 395 2 0 .9 Ph

1 0 . 8 397 2 0 .9 Figure 4 . T h e  s-trans con form ation  o f ’
l i b H M P T 2 2 .5 e > 4 7 3 > 2 4 in teraction  calcu lations.
I l e H M P T 4 7 e > 4 7 3 > 2 4
T etram ethy loxam ide H M P T 1 . 2 373 2 1 . 2

T etram eth y ld ith io -
oxam ide O D C 1 0 . 2 451 2 3 .9 Table III : Param eters fo r  C alcu lating .

“ M eth y l and m ethylene p roton s b A rom a tic  proton s. » A t 
60 M H z.

cantly lower than in X,N-dimethylthioformamide 
(24 kcal/mol* 13) or Ai-methyl-A^-benzylthioformamide 
(25.1 kcal/mol14 15). This is to be expected, if the two 
halves of the molecules II are independent of each other 
in the equilibrium conformation. To clarify this point, 
we have calculaled the conformational energy of the 
molecule as a function of the dihedral angle 8 . Starting 
from the s-t rans conformation ( 6  =  0), we have com
puted the atom pair interactions that are affected by 
the rotation around the pivot bond, employing the 
technique described by Scheraga.16 Molecular models 
indicate that the benzene rings are turned away from 
the opposite half of the molecule in all reasonable con
formations (Figure 4), and consequently all repulsions 
involving these groups were neglected. An idealized 
geometry was assumed, with all bond angles equal to 
120° and the bond lengths taken from the X-ray crys
tallographic studies of oxamide16 and dithiooxamide,17 
though with the pivot bond assumed to be 1.48 A in all 
three systems. The atom-atom interactions were cal
culated by a Lennard-Jones potential (eq 3). The 
coefficients et] depend on the atoms involved and were

-  % -  ‘f. O)

obtained using the Slater-Kirkwood equation16

_  1.5 eTboiiCtj 3 6 2 .3 2 « ^  (4)

from  R ef 15 unless O therw ise Stated

Atom
or

group N i Zmin. A a ,  Â 3 Interaction
«UÀ6

kcal/m ol

d i j  1 0  -«
l is

kcal/m ol

CO 367 205
c 5 .2 1 .7 0 0 .9 3 c s 1409 1295

H N 125 27
H 0 .9 1 . 2 0 0 .4 2

H O 125 25
N 6 . 1 1 .5 5 0 .8 7 H S 498 181

N N 363 161
O 7 .0 1 .5 2 0 .8 4

N O 365 153
s 1 5 .0» 1 .8 0 3 .9 0 6 N S 1385 979

OO 367 145
C H S 7 .0 » 1 .85» 1 .77»

OS 1387 928
s s 5405 5883
c h 2c h 2 1129 1448

Vm(vi wi) " vi

« C alcu lated accord in g  to  ref 18. 6 A verage po larizab ility ,
i /s  (a|| +  2  a i ) ,  calcu lated from  the value fo r  carbon  disulfide 
(K . G . D enbigh , Trans. Faraday Soc., 3 6 ,  936 (1940 )). » F rom
D . A . B randt, W . G . M iller, and P . J . F lory , J. Mol. Biol., 2 3 ,  4 7  

(1967).

The conformations of the benzylic methylene groups 
were chosen so that both hydrogen atoms had the same 
distance to the opposite oxygen or sulfur atom, and 
the individual H ---O (S ) and C ---O (S ) interactions 
were computed. They were found to vary in a parallel 
manner throughout the entire range of dihedral angles, 
and they were the only repulsive interactions in the 
range 0 ^ 9 ^  100°. The methylene groups were 
treated as united particles (“ extended atoms” accord
ing to Scheraga16) in the CH2 • • • CEb interaction, which

where is the polarizability of atom i (in Â 3) and Nt 
is the “ effective” number of outer shell electrons. Nt 
was obtained by a graphic method devised by Scott 
and Scheraga.18 The coefficient for the r-12 term is 
obtained by minimizing the energy for a distance equal 
to the sum of the van der Waals radii of atoms i and j. 
The parameters employed are found in Table III.

(13) A. Loewenstein, A. Melera, P. Rigny, and W . Walter, J. Phys. 
Chem., 68, 1597 (1964).
(14) W . Walter, G. Maerten, and H. Rose, Justus Liebigs Ann. 
Chem., 691, 25 (1966).
(15) H. A. Scheraga, Advan. Phys. Org. Chem., 6, 103 (1968).
(16) C. Romers, Acta Crystdllogr. 6, 429 (1953).
(17) P. J. Wheatley, J. Chem. Soc., 396 (1965).
(18) R. A. Scott and H. A. Scheraga, J. Chem. Phys., 42, 2209 (1965).
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IU-, kcal//mole

Figure 5. N on bon d ed  in teractions in  com pou nds I I  as a 
function  o f  the dihedral angle 9.

was repulsive beginning at 0 =  100° with an energy 
that increased rapidly with increasing dihedral angle.

Since our aim has not been to calculate the barrier 
to rotation around the pivot bond, we have omitted 
all considerations of bond bending and compression, 
as well as electrostatic interactions and ^-electron in
teraction across the pivot bond. Consequently, the 
calculated differences in strain energy between the 
equilibrium conformations and the transition states 
for rotation around the pivot bond are more or less 
unrealistic. It is evident, however, that the transition 
state must have the s-trans conformation, since the

corresponding barriers are 12.3 kcal/mol for Ha, 116.1 
kcal/mol for lib , and 64.2 kcal/mol for lie, whereas 
the energies for the s-cis conformations are extraor
dinarily high. It also appears that the two halves of 
the molecule are independent of each other in the range 
50° g  0 ^  110°, and this conclusion is not affected by 
the approximations made in the calculations. There
fore, we concluded that the initial state of the amide 
(thioamide) rotation is free from steric strain in the 
equilibrium conformation. This must also apply to 
tetramethyldithiooxamide, and is reflected in the good 
agreement between the thioamide barriers in this com
pound (Table II) and in dimethylthioformamide. As 
mentioned above, only a lower limit to the thioamide 
barriers in lib  and lie  could be determined. If these 
barriers are indeed higher than that in dimethylthio
formamide, this could most reasonably be ascribed to 
steric strain in the transition state. The similarity 
of the amide barriers in Ila, tetramethyloxamide (Ta
ble II), and dimethylformamide indicates that this ef
fect must be small.

It is worth noting (Figure 5) that the equilibrium 
values for the dihedral angle obtained for the oxamide 
(0 =  80°) and dithiooxamide (0 =  77°) systems agree 
well with the values found by Lumbroso19 by an analysis 
of the dipole moments of tetramethyloxamide (0 =  
85°) and tetramethyldithiooxamide (0 =  82°).

Acknowledgments. W e wish to thank Miss Eva 
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was supported in part by the Swedish Natural Sciences 
Research Council.

(19) H. Lumbroso in a paper presented at the Fourth Symposium on 
Organic Sulphur Chemistry in Venice, 1970.
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T h e  I n fr a r e d  S p e c tr u m  o f  M a t r ix  Is o la te d  U 0 2( g )  a n d  

Its  T h e r m o d y n a m ic  P r o p e r t ie s 1

by S. Abramowitz* and N. Acquista
National Bureau of Standards, Washington, D. C. 20234 (Received September 29, 1971)

Publication costs assisted by the National Bureau of Standards

The far-infrared spectrum of U1602 and U180 2 has been observed and assigned. A value of the missing stretch
ing fundamental has been estimated. These vibrational frequencies have been utilized to estimate the S °20oo 
for reasonable molecular models. A value of »S'° 2000 of 93.9 ±  2.0 eu is estimated for U02(g) to the harmonic 
oscillator rigid rotor approximation. Any electronic contributions to the <S°2ooo have been neglected and a 
singlet ground state has been assumed.

The infrared spectrum of matrix isolated U 0 2 has re
cently been observed.2 In this study we observed one 
stretching fundamental for U 160 2, U 160 180 , and U 180 2 
and we also reported observing v2, the bending mode of 
U 0 2 at 81 cm - 1  for U 160 2 and at 73 cm- 1  for U 180 2. 
The observation of r2 of U 180 2 was somewhat obscured 
by the absorption band of the polyethylene windows 
(used as outer windows in our cryostat) in this region. 
Having observed v2, and a stretching mode of U 160 180 , 
it seemed worthwhile to try to estimate the missing 
stretching fundamental in order to have reasonable val
ues for the calculation of thermal functions for this spe
cies.

We calculated the vhlue of the missing fundamental 
by using the observed stretching modes of U 160 2, 
U 1S0 180 , and U 180 2, and the bending mode of U 160 2 
and U 180 2. An angle of 105° yields very good agree
ment with the observed frequencies if one assigns the 
observed fundamental to v\, the symmetric stretching 
frequency. A  variation of Fu =  \ / 2 fra over values 
from + 0 .5  to —0.5 m dyn/A does not materially affect 
the calculated value of v3. (The calculated value of ¡>3 
varies from 753.8 to 756.3 cm-1 .) Reversing the as
signment of the stretching modes requires the change in 
the angle to about 90° and results in a calculated fre
quency for v, varying from 754.2 to 757.3 for a similar 
variation in FVi. A drastic change of the angle from 
the 90-110° range to 160° results in a somewhat poorer 
fit in the calculated frequencies, but does not materially 
change the value of the calculated missing fundamental. 
Values of about 755 ±  5 cm - 1  are calculated for the 
fundamental for a suitable variation of / + .  The diffi
culty of estimating the angles for a molecule such as 
U 0 2 was noted in ref 1 . However, we feel that an angle 
of about 105° is consistent with the observed data. In 
conclusion we prefer a value of 755 cm - 1  for the unob
served stretching fundamental and an angle of 105° for 
the OUO angle. An uncertainty in this frequency of 
about 15 cm - 1  is indicated by the calculations, but as

noted below, an error of 1 0 %  in this frequency will not 
seriously alter the calculated entropy. A summary of 
some of the calculations is given in Table I. Linevsky 
has observed T h 0 2 in an argon matrix at liquid helium 
temperatures.3 He observed both vi and v3 for T h ]60 2, 
T h 180 2, and T h 160 180 . His data are consistent with 
an angle of 106° with n higher in frequency than v3 
(in =  786.8 c m "1, v3 =  734.5 cm-1). The similarity of 
these results with those in our study is very good and 
lends confidence to our conclusions.

The calculation of the thermal functions of U 0 2(g) 
to the rigid rotor harmonic oscillator approximation 
was performed. To test the sensitivity of the calcula
tion to our choice of molecular parameters we varied a, 
the value of the calculated stretching frequency, and R, 
the interatomic distance. The S °2ooo is given in Table 
II for some of the models chosen assuming a nondegen
erate electronic ground state and no low-lying elec
tronic states which would contribute to the entropy at 
2000 K . The number of significant figures is given for 
comparison purposes and does not reflect the accuracy 
of the value reported.

As one can see, a variation in R of 0.25 A from 1.75 to
2.00 A at a constant value of a changes the entropy by
0.80 eu; a change in the vibrational frequency from 
755 to 680 cm - 1  effects the entropy to the extent of 
0.20 eu, while a change in a from 105 to 160° gives a 
difference of 2.02 eu. Therefore, we feel that a iS’°2ooo 
of U 0 2(g) is 93.9 ±  2.0 eu assuming the matrix frequen
cies reflect the gas phase frequencies. In this connec
tion it should be noted that a change in vibrational fre
quency for v2 from 81 to 100 cm - 1  changes the entropy 
by about 0.54 eu.

We prefer a value of 93.9 eu which is in good agree-

(1) This research was supported in part by the Defense Nuclear 
Agency, Washington, D. C.
(2) S. Abramowitz, N . Acquista, and K . R. Thompson, J. Phys. 
Chem., 75, 2283 (1971).
(3) M . Linevsky, private communication.

The Journal of Physical Chemistry, Vol. 76, No. 6, 1972



Ir Spectrum of Matrix Isolated U 02(g) 649

Table I: F orce C onstants and F requencies fo r  V arious M olecu lar M od e ls  o f U 0 2

i ' l l “ F l l “ F n a F » “
A  +  f t t \/2fra foe U  -  f t t a vi,b c m -1 vi,b c m -1 v i b c m - 1 Species

6 .8 59 0 .0 0 .0 2 7 4 .9 3 6 105 8 7 4 .2  (0 .1 ) 7 9 .1  (1 .9 ) 7 5 3 .8 U 160 2

8 2 6 .7  ( - 0 . 1 ) 7 4 .9  ( - 1 . 9 ) 7 1 4 .1 U 180 2

8 5 4 .4  (0 .0 ) 7 7 .0 7 3 0 .0 U 180 180

5 .1 1 0 .0 0 .0 2 7 6 .6 3 105 7 5 7 .5 7 9 .1  (1 .9 ) 8 7 3 .4  (0 .9 ) U 180 2

7 1 3 .5 7 4 .9  ( - 1 . 9 ) 8 2 7 .5  ( - 0 . 9 ) U 180 2

7 3 0 .1 7 7 .0 8 5 4 .4  (0 .0 ) U 160 180

5 .0 2 0 .0 0 .0 2 8 6 .7 41 90 7 5 4 .2 7 9 .1  (1 .9 ) 8 7 3 .8  (0 .5 ) U I80 2

7 1 3 .8 7 4 .8  ( - 1 . 8 ) 8 2 7 .1  ( - 0 . 5 ) U 180 2

7 3 0 .1 7 7 .0 8 5 4 .4  (0 .0 ) U I60 180

5 .0 2 0 .0 0 .0 2 8 6 .7 41 90 8 7 3 .8  (0 .5 ) 7 9 .1  (1 .9 ) 7 5 4 .2 U 160 2

8 2 7 .1  ( - 0 . 5 ) 7 4 .8  ( - 1 . 8 ) 7 1 3 .8 U l80 2

8 5 4 .4  (0 .0 ) 7 7 .0 7 3 0 .1 U 160 180
5 .3 3 0 .0 0 .0 2 6 6 .3 4 160 7 5 5 .7 7 9 .0  (2 .0 ) 8 7 2 .5  (1 .8 ) u « o 2

7 1 2 .8 7 5 .0  ( - 2 . 0 ) 8 2 8 .4  ( - 1 . 8 ) U 180 2

7 3 0 .4 7 7 .0 8 5 4 .4  (0 .0 ) U 160 l80

“  A ll force  constants in m d y n /Â . b T h e  (r0bsd Pealed) is given  parenthetically . T h e  error in vi  o f a b ou t 2  c m - 1  p roba b ly  reflects the
error in m easuring r2 o f  U 180 2 as discussed.

Table H: S°2000 for V arious M od e ls  o f U 0 2“

*S°20oo, ealed,
a Vibrational frequencies, cm-1 R, A cal mol-1 K ”:

105 755 81 8 7 4 .3 1 .7 5 9 3 .8 8 2
160 755 81 8 7 4 .3 1 .7 5 9 1 .85 9
90 755 81 8 7 4 .3 1 .7 5 9 3 .93 4

105 680 81 8 7 4 .3 1 .7 5 9 4 .0 8 5
105 755 81 8 7 4 .3 2 . 0 0 9 4 .6 7 8
105 755 81 8 7 4 .3 1 .6 0 9 3 .3 4 7
105 755 1 0 0 8 7 4 .3 1 .7 5 9 3 .46 3
105 740 81 8 7 4 .3 1 .7 5 9 3 .92 0

“ A n y  electronic contributions to  th e en trop y  have been ne
glected and a singlet ground state has been  assumed.

ment with the S°2ooo for Pu02 and Ce024 which have 
been determined by standard calorimetric means to be
93.3 and 92.7, respectively, with an uncertainty of about

1 to 2 eu. This value is also in agreement with entropy 
values computed from vapor pressure and calorimetric 
data. It should be noted that this estimated value of 
the entropy, unlike previous ones, neglects any contribu
tion from excited electronic states and further assumes 
a singlet ground state for U 0 2. Since the U 0 2 mole
cule has a C2„ structure with a preferred angle of 105° 
one expects both valence and ionic bonding between the 
U and 0  atoms. This type of bonding may be expected 
to yield low multiplicities for U 0 2. The addition of R 
In 3 to the entropy values given in Table II would be re
quired if the ground state of U 0 2 is a triplet instead of a 
singlet. No data exist on the electronic states of U 0 2 
making estimates of entropy contributions from the ex
cited levels difficult.

(4) R. J. Ackerrr.ann, J. Chem. Thermodynamics, in press.
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T h e  s tru ctu re  o f  fo u r  d e h y d r a te d , p o ta ssiu m  ex ch a n g ed  Y  a n d  X  zeo lites  (S i: A1 ra tio  2 .98 , 2 .51 , 1 .75, a n d  1.22 
resp ectiv e ly ) w as stu d ied  u sin g  X -r a y  p ow d er  m eth od s . T h e  ca tion s  seem  to  b e  d is tr ib u te d  o v e r  th e  h ig h est 
ch a rg ed  sites. T h e  to ta l o c c u p a n c y  o f  th e  s ites I  a n d  I '  a p p roa ch es  a  m a x im u m  a m ou n t, im p osed  b y  th e  ru le 
th a t n o  sites sharin g th e  sam e s ix -m em b ered  rin g  shall b e  o c cu p ie d  s im u lta n eou sly . T h e  o c c u p a n c y  o f  site  
I I  a lso  reach es its  m a x im u m . A  com p a rison  w as m a d e  w ith  th e  h y d ra te d  sta te , fo r  w h ich  th e  stru ctu re  p a ra m 
eters  w ere d e te rm in ed  in  p r e v iou s  w ork .

Introduction

The occupancy of the different exchange positions 
in the synthetic zeolites X  and Y  is not fixed and is to 
be considered as a parameter in minimizing the free 
energy of the structure. The occupancy of the cation 
sites is influenced by, e.g., the Si:A l ratio, the nature 
and the charge of neutralizing cations, and the presence 
or absence of hydration water or other ligands.

In the first part of this work1 we investigated a series 
of synthetic zeolites X  and Y , with Si:Al ratios of 
2.98, 2.51, 1.75, and 1.22,-saturated with K +  ions and 
hydrated. It was shown that there are gradual changes 
in the occupancy of the different ion sites from sample 
to sample.

In the present work the same samples are investi
gated in the dehydrated form: important changes 
in the occupancy of the ion sites were observed and 
will be discussed.

Thus far, it was mainly for the location of the multi
valent cations in the zeolites X  and Y  that a compari
son was made between the hydrated and dehydrated 
state. A general observation was an increased popu
lation of the sites inside the small cavities (I and I') 
in the dehydrated state with respect to the hydrated 
samples. Smith2 made an excellent review on that 
subject.

Within the composition range of our zeolites, K  ex
changed and dehydrated samples were only studied 
by Eulenberger,3 el al., who investigated a dehydrated 
K Y  sample (Si: Al =  2.36), and by Pluth and Schomaker 
(see Smith2) who studied a single crystal of a K +  ex
changed and dehydrated natural faujasite (Si:Al =  
2.3). Their results will be included in our discussion.

In this paper we provide a systematic survey of 
the changes in the occupancy of the different ion loca

tion sites in relation with the Si: Al ratio for a series 
of dehydrated samples saturated with the same mono
valent ion: K +. A comparison with part I of this 
work1 will provide an insight in the influence of hydra
tion water on the ion location.

Experimental Section
Four samples of synthetic faujasite with Si: Al ratios 

of 2.98, 2.51, 1.75, and 1.22 were kindly supplied by 
the Linde Company. The chemical composition and 
a full description of the analytical methods are given in 
part I .1 For this work a vacuum camera was con
structed in which the samples could be heated to a 
temperature over 300° and evacuated at a pressure 
of 10 ~5 to 10 Torr. The windows of the camera 
consisted of two layers of milar, and the vacuum-tight 
sealing was realized with epoxy resin araldite. The 
camera was mounted on the axis of the Philips powder 
diffractometer and carefully adjusted using Si powder 
as a standard.

The pretreatment of the sample in the camera con
sisted of an overnight evacuation at 80 to 100°. The 
temperature was then raised slowly to 300° and kept 
at that level for at least 1 hr. Subsequently, the sam
ple was cooled to room temperature. During this 
procedure a pressure of 10 ~6 Torr was maintained by 
continuous pumping. Comparison with thermogravi- 
metric experiments revealed that this procedure de
livers a completely dehydrated sample. Rehydration 
of the sample was prevented by continuing the evacua
tion during the diffraction experiment.

(1) W . J. Mortier and H. J. Bosmans, J. Phys. C h em 75, 3327 (1971).
(2) J. V. Smith, 2nd International Conference on Molecular Sieve 
Zeolites at Worcester, Mass., 1970.
(3) G. R. Eulenberger, D . P. Shoemaker, and J. G. Keil, J. Phys. 
Chem., 71, 1812 (1967).
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T ab le  I  : D eh ydrated  K  Zeolites X  and Y

-Atomic parameters“-
F 48.2 F 54.7 F 69.3 F 86.5

(Si, A l) X 0 .1 2 4 4 (2 ) 0 .1 2 6 2 (2 ) 0 .1 2 5 0 (2 ) 0 .1 2 4 6 (2 )
y 0 .9 4 5 6 (2 ) 0 .9 4 5 0 (2 ) 0 .9 4 5 9 (2 ) 0 .9 4 5 6 (2 )

192 (i) z 0 .0 3 7 6 (2 ) 0 .0 3 6 8 (2 ) 0 .0 3 6 9  (2) 0 .0 3 7 2 (2 )
B, A 2 2 .2 6 (1 1 ) 2 .4 8 (1 3 ) 0 .9 4 (1 4 ) 1 .7 8 (1 4 )

o 1 x =  - y 0 .1 0 6 3 (9 ) 0 .1 0 5 6 (1 1 ) 0 .1 0 7 0 (1 2 ) 0 .1 0 7 5 (1 1 )
z 0.0 0.0 0.0 0.0

96 (h ) B, Â 2 5 .6 8 (4 3 ) 6 .6 2  (51) 6 .0 5 (5 8 ) 6 .0 8 (5 2 )
o 2 x =  y 0 .2 5 2 1 (8 ) 0 .2 5 0 7 (1 0 ) 0 .2 5 0 6 (1 0 ) 0 .2 5 0 4 (1 3 )

z 0 .1 3 5 5 (5 ) 0 .1 3 9 8 (6 ) 0 .1 3 5 8 (6 ) 0 .1 3 7 3 (8 )
96 (g ) B, A 2 3 .6 7  (33) 3 .9 3 (3 9 ) 2 .0 3 (3 8 ) 5 .9 4 (5 1 )
0 3 x =  y 0 .1 7 1 8 (7 ) 0 .1 7 1 4 (8 ) 0 .1 7 3 7 (8 ) 0 .1 7 4 5  (8 )

z 0 .9 6 7 3 (5 ) 0 .9 6 3 9 (5 ) 0 .9 6 4 2  (6 ) 0 .9 6 1 5 (6 )
96 (g ) B, Â 2 1 .4 7  (31) 1 .7 4 (3 3 ) 0 .0 0 (3 3 ) 1 .5 1 (3 9 )
o 4 x =  y 0 .1 8 0 1 (8 ) 0 .1 7 9 8 (8 ) 0 .1 7 9 7 (8 ) 0 .1 8 0 3 (8 )

Z 0 .3 2 0 2 (5 ) 0 .3 2 2 4 (6 ) 0 .3 2 2 5 (6 ) 0 .3 2 3 3 (6 )
96 (g) B, A 2 1 .8 8  (31) 2 .0 2 (3 6 ) 1 .0 4 (3 8 ) 1 .5 5 (3 7 )
K ( I ) x =  y =  2 0.0 0.0 0.0 0.0

occu p a n cy 0 .4 0 2 (3 2 ) 0 .3 3 5 (3 5 ) 0 .5 9 0 (3 8 ) 0 .5 7 3 (3 5 )
16 (c ) B, A 2 8 .1 3 (1 .2 6 ) 8 .4 8 (1 .7 8 ) 6 .4 1 (1 .0 0 ) 6 .8 3 (1 .0 6 )
K ( I ') x — y — z 0 .0 7 4 9 (1 8 ) 0 .0 7 6 8 (1 5 ) 0 .0 7 5 1 (1 9 ) 0 .0 7 6 0 (2 0 )

occu p a n cy 0 .4 4 1 (2 0 ) 0 .5 6 6 (2 0 ) 0 .5 1 8 (2 4 ) 0 .4 3 0  (22 )
32 (e ) B, A 2 4 .6 1 (6 3 ) 4 .5 2  (50) 4 .5 1  (69) 3 .2 1 (6 5 )
K ( I I ) x = y = z 0 .2 5 3 5 (7 ) 0 .2 5 1 0 (8 ) 0 .2 5 0 2  (7) 0 .2 4 7 3 (1 0 )

occu p a n cy 0 .8 1 5 (1 4 ) 0 .8 3 8 (1 7 ) 0 .9 0 3 (1 9 ) 0 .7 9 9 (1 8 )
32 (e ) B, A 2 1 .2 7 (2 1 ) 2 .1 3 (2 7 ) 0 .9 8  (26 ) 2 .4 4 (3 0 )
K + x =  y =  z 0 .3 7 5 0 0 .3 7 5 0 0 .3 75 0 0 .3 7 5 0

R, A 5 .4 5 .3 5 .4 5 .4
n° m olecules 1 .5 8 4 .4 2 1 4 .8 8 3 8 .1 9

8  (b ) B, A 2 1 0 . 0 1 0 . 0 1 0 . 0 1 0 . 0

Final Ri 0 .1 98 3 0 .1 96 7 0 .2 01 8 0 .1 9 5 8
R f 0 .1231 0 .1 2 5 9 0 .1299 0 .1321

° T h e  standard dev iation s are in dicated  in parentheses.

The unit cell parameters were obtained by extrap
olation of about 2 0  a0 values, calculated from the 
strongest Cu Kai peaks, against cos2 0/sin 0.4 (X of 
Cu Kai was taken 1.54050 Â). The extrapolated a0 
values are given below. The samples are indicated 
by the letter F followed by the number of cations per 
unit cell. The chemical compositions are given in pa
rentheses; F 48.2, (K 48.2AI48.2̂ 1x43.8O384) cto =  24.776
(1) A ; F 54.7, (K 54.7Al54.7Sij34.s0384) cto =  24.896 (6 ) A ; 
F 69.8, ( K  69.8Al69.8Si122.20  384) «o =  24.973 (3) Â ; F 86.5, 
(Kg6.5AI86 .ôSil05.6 C M  do =  25.076 (3) Â.

For each sample, four diffractometer diagrams were 
recorded. The intensities of the peaks were estimated 
from the weights of paper cuts, made in tracing paper, 
and obtained as the mean of the four independent mea
surements. They were measured up to A  =  h2 +  
k2 +  Z2 =  396, he., 128 reflections. Unobserved in
tensities were taken as Jm¡n/2 . Absorption corrections 
were not needed, since the samples were sufficiently 
thick (sample holder : 38 X  11 X  4 mm).

With the slit system used,-a certain amount of the 
incident radiation fell outside the sample holder for 
the first diffracted peak. Therefore, the observed 
intensity of this peak was multiplied by a factor to

take into account the loss of incident radiation. Never
theless, for the least-squares refinement the weight of 
this peak was put equal to zero.

In the least-squares refinement, a block-diagonal 
approximation was used. The coordinates and the 
temperature factor B of each framework atom were 
taken in a separate block. For the exchangeable ca
tions, the temperature factors and the occupancy fac
tors were refined alternately together with the positional 
parameters in another single block. The scaling was 
adjusted every four cycles, and obtained from a plot of 
In (2i<> 70/2io 7C), against sin2 0/X2 for every ten lines. 
The main reason for this procedure of calculation was 
to eliminate the correlation between the temperature 
factor on one hand, and the occupancy and scale fac
tors at the other.

The same weighting scheme as in part I was used. 
The application of liquid scattering functions6 to un
located scattering material was shown to be success

es W . Parrish, J. Taylor, and M . Mack, Advan. X-ray Anal., 7, 66 
(1964).
(5) H . D . Simpson and H. Steinfink, Acta Crystallogr., A26, 158 
(1970).
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Table II : Dehydrated Potassium Zeolites X  and Y

-Interatomic distances (À ) and bond angles (deg)a-
F 48.2 F 54.7

Tetrahedron

F 69.8 F 86.5

T-O, 1.65(2 ) 1.63(2) 1.67(3) 1 . 6 8 (2 )
T-C) 2 1.65 (2) 1.67(2) 1.65(3) 1.68 (3)
t -o 3 1.62(2) 1.64(2) 1.63(2) 1 .61(2 )
t -o 4 1.64(2) 1.63(2) 1.67(2) 1 .69(2 )
Mean 1.64 1.64 1 . 6 6 1.67
T-Oi-T 137.9(1 .5 ) 142.4(1 .8) 136.8(1 .9) 135.4(1 .8 )
T-CVT 155.3(1 .1 ) 148.9(1 .3) 152.7(1 .4 ) 150.3(1 .8 )
T -0 3-T 140.5(9) 146.0(9) 145.3(1 .1 ) 148.1(1 .1 )
T-Oi-T 139.6(1 .1 ) 139.8(1 .1 ) 138.2(1 .1 ) 136 .3 (1 .1 )
Mean 143.3 144.3 143.3 142.5
O1-O2 2.68(3 ) 2 .74(4 ) 2.75 (4) 2.79 (4)
O1-O 3 2.75(2 ) 2 .69(3 ) 2 .72(3 ) 2 .6 9 (3 )
O 1-O4 2.67(3 ) 2 .67(3 ) 2 .67(3 ) 2 .67 (3 )
O2-O3 2.56 (2 ) 2 .64(3 ) 2 .58(3 ) 2 .63 (3 )
O2-O4 2.69(3 ) 2 .69(3 ) 2 .75(3 ) 2 .7 6 (3 )
O3-O4 2 .70 (3 ) 2 .68 (3 ) 2 .74(3 ) 2.77 (3)
Mean 2 . 6 8 2 . 6 8 2.70 2.72
O 1-T-O 2 108.7(9) 1 1 1 . 8 ( 1 . 0 ) 111.7(1 .1) 1 1 2 . 0 ( 1 . 2 )
O1-T-O 3 114.7(9) 110.3(1 .1 ) 110.7(1 .1 ) 109.4(1 .1 )
Oi-T-O, 108.5(9) 109.7(1 .1 ) 106.2(1 .1) 104.9(1 .1 )
O2-T-O 3 103.2(8) 105.5(9) 103.7 (9) 106.3(1 .1 )
O2-T-O 4 109.7(8) 109.4(9) 111.9(9) 109.9(1 .0 )
O3-T-O 4 1 1 1 . 8 ( 1 . 0 ) 1 1 0 . 0 ( 1 . 0 ) 1 1 2 . 8 ( 1 . 0 ) 114.5(1 .0 )
Mean 109.5 109.5

Cations

109.5 109.5

K(I)-Oi 3 .73(2 ) 3 .71(3 ) 3 .78(3 ) 3 .81(3 )
-O2 3.36(1 ) 3 .47(1 ) 3.39(1) 3 .44(2 )
-O, 2 .8 6 ( 2 ) 2.90(2 ) 2.84(2) 2 .85(2 )
-K (I ') 3 .21(4) 3.30(4) 3 .25(5 ) 3 .30(5 )

K (I ') -0 2 3.09(5) 3 .14(4 ) 3.07 (5) 3 .12(6 )
-Os 2 .67(5 ) 2 .80(4 ) 2 .77(5 ) 2.87 (5)
-K (I ') 3 .51(9 ) 3 .38(7 ) 3 .53(9 ) 3.48(10)

K(II)-02 2.92(2 ) 2 .76(2 ) 2 .8 6 ( 2 ) 2.76(3 )
- O 4 3.06(2) 3 .06(3) 

Framework6

3.08(3 ) 3.05 (3)

Center cubooctahedron
-K (I ') 2.15 2.07 2.16 2.13
-O3 4.24 4.32 4.37 4.46
-O 2 4.46 4.43 4.44 4.46
-T 4.94 4.97 4.99 5.01
-O4 5.21 5.26 5.30 5.35
-K(II) 5.51 5.42 5.42 5.31
- 0 ,

Center large cage
6.53 6.53 6.60 6.63

-K (II) 5.21 5.33 5.40 5.55
- O 4 6.96 6.97 7.02 7.03
-O2 7.33 7.29 7.42 7.42
- 0 , 7.36 7.39 7.40 7.42
-T 7.61 7.57 7.65 7.69

* r̂ '̂ le standard deviations are indicated in parentheses. 6 The standard deviations were not computed.

ful in the study of the hydrated samples.1 A  similar 
procedure was applied to the unlocated potassium ions 
in this work. Their centers were supposed to be located 
randomly at the surface of a sphere with a radius ob
tained by trial calculations, using the first 20 reflec

tions. An additional temperature factor of 10 A 2 was 
always applied. Difference fourier analysis gave a 
good agreement with the cation occupancy obtained by 
the least-squares procedure. The space group Fd3m 
(no. 227) was used.
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Table III: L ocation  o f Potassium  Ion s in the D ehydrated  Sam ples and C om parison  w ith  O ther D a ta “

K F 48.2 K F 54.7 K F 69.8 K F 86.5

1 . C ations that cou ld  be located  (in %  o f to ta l am ou nt) 9 6 .7 9 1 .9 7 8 .7 5 5 .9
2 . C ations loca ted  in the hydrated  sam ples (in %  o f tota l a m ou n t ) 1 6 5 .2 6 3 .2 6 2 .2 4 5 .5
3. Ions on  site Si 6 . 4 ( 0 .0 ) 5 .4 ( 1 .3 ) 9 .4 ( 7 .0 ) 9 .2 ( 8 .9 )
4. Ions on site Si< 1 4 .1 (1 3 .6 ) 1 8 .1 (1 3 .3 ) 1 6 .6 (1 2 .0 ) 1 3 .6 ( 7 .2 )
5. Ions on site S u 2 6 .1  (1 7 .8 ) 2 6 .8 (2 0 .0 ) 2 8 .9 ( 2 4 .3 ) 2 5 .6 (2 3 .2 )
6 . Ions on  sites Si +  Si< 2 0 .5 (1 3 .6 ) 2 3 .5 (1 4 .6 ) 2 6 .0 (1 9 .0 ) 2 2 .7 (1 6 .1 )
7. U nlocated ions (near S in -) 1 .6 (1 6 .8 ) 4 .4 ( 2 0 .1 ) 1 4 .9 (2 6 .5 ) 3 8 .2 ( 4 7 .2 )
8 . n (I )  +  0 .5 n (I ') 1 3 .5 1 4 .6 1 7 .7 1 6 .0

“ T h e  num bers in parentheses are the values obta in ed  for  the hydrated  sam ples in  part I.

The residuals were defined by

R f  =  E  1 * 1 ^ 1  -  | F c | | /  E t l F o lhkl hkl

Ri = E  \kh -  h\/Zkh
N  N

where I0 was the observed intensity, corrected for the 
continuously varying factors.

The following charges were given to the framework 
atoms: Si2+, A l2+, 0 ~ . To the cations the real 
charge + 1  was attributed. The atomic scattering 
factors were taken from the international tables for 
X-ray crystallography III. The interatomic distances 
and bond angles were calculated using the program 
ORFFE.6

Results

In Table I, the parameters describing the structure 
are given. We followed the cation site indication pro
posed by Smith.2 The sites I (16 per unit cell) and 
I ' (32 per unit cell) share the six-ring of oxygen ions 
of the hexagonal prism. Site II and II ' (both 32 per 
unit cell) share the other six-rings of the cubooctahedron 
facing the large cage. The accents indicate a cation 
site inside the cubooctahedron. In part I 1 site I II ' was 
defined as a four-ring composed of two oxygen ions Oi 
and two ions 0 4. The prime is used here to distinguish 
this site from the site III proposed by Breek.7 The 
Rf and Ri values are also indicated in Table I. For 
the first three reflections a large deviation is observed 
between observed and calculated intensities. If these 
three reflections are not included in the calculations 
the -Ri and Rf values are 0.1710, 0.1105; 0.1730, 0.1150; 
0.1877, 0.1211; and 0.1822, 0.1258. A  list of Ia and /„  
values for part I and II can be obtained from the 
National Auxiliary Publications Service.7“

Table II gives the interatomic distances and bond 
angles; the distances from the center of the cubocta- 
hedron and the large cage to the surrounding atoms 
are given also. A  survey of the occupancy of the dif
ferent sites is given in Table III. Figure 1 gives a 
plot of the occupancy of the sites as a function of the 
number of cations per unit cell.

Figure 1. D ehydrated  K -zeolites X  and Y  vs. o ccu p a n cy  o f 
the cation  sites. These occu p a n cy  figures are p roportiona l 
to  the num ber o f  ions at the different sites 
b y  a  fa c to r  o f  32.

Discussion
The results show that the framework coordinates 

remain essentially identical with these of the hydrated 
samples.1 The occupancy of the cation exchange sites 
and the distance between the coordinating oxygen 
ions and the exchangeable cations are the main points 
of difference between the hydrated and the dehydrated 
samples.

Like in the hydrated state, the variation of the T - 0  
distances follows the sequence of increasing aluminum 
content. Assuming the distances S i-0  =  1.61 A and 
A l -0  =  1.75 A (Smith and Bailey8) the average T - 0  
distances, for the samples F 48.2, F 45.7, F 69.8, and 
F 86.5 would be, respectively, 1.645, 1.649, 1.661, and 
1.673 A. This corresponds closely to our experimental 
values 1.640, 1.644, 1.655, and 1.665 A  for tne average 
of the four different T - 0  distances of the Si, A1 tetra
hedron.

(6) W . R. Busing, K . O. Martin, and H. A . Levy, ORFFE, Oak 
Ridge National Laboratory, Oak Ridge, Tenn., 1964.
(7) D . W . Breek, J. Chem. Educ., 41, 678 (1964).
(7a) For this list, order document NAPS-01694, frem ASIS-Na- 
tional Auxiliary Publications Service, c /o  CCM  Information Cor
poration, 866 Third Avenue, New York, N . Y ., 10022, remitting 
$2.00 for each microfiche or $5.00 for each photocopy.
(8) J. V. Smith and S. W . Bailey, Acta Crystallogr., 16. 801 (1963).
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The cations at site I are surrounded by six oxygens 
in an octahedral arrangement (3 m) . This is the only 
site in the dehydrated framework which provides full 
coordination of the framework oxygens to the potas
sium ions. The K ( I ) -0 3 distance seems to be longer 
in the dehydrated as compared to the hydrated state. 
A higher potassium content in the hexagonal prisms 
and stronger lattice distortions are probable reasons 
for this variation. Going from F 48.2 to F 86.5 the 
values of the K ( I ) -0 3 distances for the hydrated sam
ples are 2.74, 2.80, 2.82, and 2.76 and for the dehy
drated ones 2.84, 2.90, 2.85, and 2.84 A. The cations 
at the sites I' and II are closer to the coordinating oxy
gens than they are in the hydrated samples. This is 
certainly due to the one-sided coordination with three 
framework oxygens. In zeolites X  and Y , saturated 
with Ca2+ or Sr2+ ions, cations on sites II ' were re
ported in partly dehydrated samples.2 In our work 
cations on sites I I ' were never detected.

The most interesting features and at the same time 
the main objective of this study are the data on the 
cation site occupancies, related to the number of cat
ions per unit cell, and their comparison with the hy
drated samples.

In the hydrated samples1 the relative occupancy 
of the different ion exchange sites could be more or less 
explained on the basis of a statistical distribution of 
the cations. In the dehydrated samples the absence 
of the water molecules with a high dielectric constant 
will most likely result in a less homogeneous charge 
distribution. Therefore, the exchangeable cations will 
be fixed preferentially on the sites with the highest 
charge density or in the sites I where the most favor
able coordination conditions are realized.

As compared to the series of hydrated samples more 
cations could be located in this work. The comparison 
is made in Table III : lines 1 and 2 compare the total 
fraction of the cations that could be located in the 
hydrated and in the dehydrated samples. These vari
ations are due to an increase, upon dehydration, of the 
population in sites Si, Si', and Sn, and a corresponding 
decrease of the number of ions on sites Sm- where they 
were not detectable by X R  diffraction. One of the 
most striking changes upon dehydration is the filling 
of site I for the samples K F 48.2 and K F 54.7. In 
the hydrated samples1 these sites were almost empty, 
where in the dehydrated state the occupancy is close 
to 40% . For the samples K F  69.8 and K F 86.5 the 
filling of site I is over 50%  but this is only slightly 
higher than in the hydrated samples.

Smith suggested2 that the best way to distribute 58 
monovalent cations in zeolite Y  or in faujasite is to 
put 32 in SiI; 20 in Si/, and 6 in Si. Our values ob
tained with K F 54.7 seem to substantiate this sugges
tion since we found, respectively, 26.8, 18.1, and 5.4. 
However, Smith’s suggestion is based mainly on elec
trostatic considerations, and applicable to Y  zeolite.

On the basis of our data more general rules can be for
mulated, as explained in the next paragraphs, which 
seem to be applicable to the complete composition 
range of the synthetic faujasites.

At first it is observed that the number of ions on site 
I ' is not higher than two cations per cuboctahedron 
which corresponds to 16 cations per unit cell. The 
value 18.1, obtained for K F 54.7, is somewhat high 
but still considered reasonably close to the limit 16.

It also seems to be a rule that neighboring sites Si 
and Si/ are not occupied simultaneously. This was as
sumed yet in most works on this field, and the only real 
exception in the literature were the figures by Eulen- 
berger, et al. 3 This will be discussed further.

In a more general way we can formulate the rule that 
the maximum occupancy of sites I and I ' is such that 
the sum of the number of cations on site Si and half the 
number on site Si- is never higher than 16. This can be 
expressed by the formula

n(I) -  0.5n(I') si 16

The application of this rule to our samples, going from 
KF 48.2 to KF 86.5, yields the values 13.5, 14.6, 17.7, 
and 16.0. The figure obtained for F 69.8 (17.7) is 
somewhat high, but within the limits of experimental 
errors still in agreement with this rule. The figures ob
tained by Pluth and Schomaker (see Smith2) on K Y  
are in agreement with this rule since they add up to
15.1. Application of this rule to Eulenbergers3 data 
gives a value of 19.3 which is improbably high and at 
variance with our data on K F 54.7, a sample comparable 
to Eulenberger’s K Y .

In fact, the foregoing equation is another expression 
of the complementarity rule given by Dempsey and 
Olson9 for zeolites X  saturated with divalent ions (Ni/ 
=  2(16 — Ni)). The formulation used by us was sug
gested earlier by Smith.2 Our results just show that it 
can be generally applied to a wide variety of composi
tions by introducing the inequality sign. The value 16 
is only realized for the X  like members of the series. 
For our two Y-type samples almost all the cations are 
located without realizing the maximum filling of the 
small cavities.

In the four samples, the sites Sn are occupied for at 
least 80% . This is in agreement with earlier deter
minations on dehydrated samples.2

There are still a number of unlocated cations. Since 
the samples were completely dry, these cations must be 
close to the walls in the large cavities. In part I ,1 the 
four-membered rings of oxygen ions composed of two 
ions O! and two 0 4 were discussed to be the most prob
able sites. They were indicated as sites Sm /. The 
negative charge that can be associated with these sites 
depends on the aluminum content of the sample. The 
highest possible charge will be realized when three of

(9) E. Dempsey and D. H. Olson, J. Phys. Chem., 74, 305 (1970).
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the six T  atoms surrounding site I II ' are aluminum 
(local Si : A1 ordering 1 :1 ). The probable number of 
such highly charged sites can be calculated as follows. 
The charge at two neighboring sites III ' is determined 
by the sequence of four pairs of T  atoms. This charge 
can adequately be described by the A1 content of the 
two four-rings of the hexagonal prism. To take into 
account all the T  atoms (192 per U .C .), only 48 four- 
rings must be considered. If a given four-ring contains 
two A1 atoms, the site I II ' to which it belongs will be 
highly charged if the adjacent four-ring contains also 
two A1 atoms. When the adjacent four-ring contains 
only one A1 atom, a highly charged site I II ' is generated 
in 50%  of the cases, i.e., when the A1 occupies a position 
close to the first four-ring. If p2 is the probability to 
have a four-ring containing two A1 atoms and p, is the 
probability that it contains only one A1 atom, the prob
ability for a site III ' to be highly charged is given by 
V — (P2) 2 +  0.5pip2- W e must substract from this
0.5(p2)2 if we exclude a double occupancy of two adja
cent highly charged sites III '. W e obtain then p = 
0.5p2(pi +  p2) =  0.5p2, and per unit cell, this yields 
(0.5p2)96, or 48p2- Using the A1 content of the differ
ent samples, the number of four-membered rings con
taining two A1 atoms were calculated and given in part
I .  1 The numbers of highly charged sites III ' derived 
from these figures, excluding double occupancy are as 
follows

Samples K F 4 8 .2  K F 5 4 .7  K F 6 9 .8  K F  86.5
Number of

sites 0 .0  6 .6  21 .8  38.5

the total number of sites Sur, being 96 per unit cell. 
Comparing these figures to the number of unlocated 
cations (1.6, 4.4, 14.9, and 38.2) we observe a very close 
agreement. This seems to us a reasonable speculation, 
but no direct X-ray evidence was found. Site III ' 
might be a not as well defined site, as the sites I, I ', and
II, resulting in no strictly localized ions. Disorder in 
the Si : A1 distribution, local lattice distortions in the 
dehydrated state (the Oi oxygens have unusually high 
temperature factors), and four oxygens instead of three 
can be a reason for this.

In the hydrated samples1 systematic variations of the 
occupancy of the different sites as a function of the alu
minum content of the samples could be drawn. A  
gradual increase of the population on Su with increasing 
aluminum content was observed, and also a decrease of 
the occupancy on sites Si- and a concomitant increase 
on Si going from K F  48.2 to K F 86.5. These correla
tions (see Figure 1) were not observed for the dehydrated 
samples. Within narrow limits the occupancy of the 
site Su is the same in all the samples. The only sig
nificant variations were observed in the Y  type samples 
(KF 48.2 and K F  54.7) for the sites Si and Si-. This 
is due to the fact that thèse two sites are still below 
maximum filling.

The question arises whether the cation migration is 
reversible or not. In order to investigate this, a sample 
of K F  54.7 was strongly dehydrated and subsequently 
exposed to the air. After 24 hr, the diffractometer dia
gram was identical with that of the original hydrated 
sample, but after 1 hr exposure the diagram was still 
very similar to that of the dry material. Therefore we 
may assume that, for our samples, the cation migration 
is reversible.

Conclusion

In this and in a preceding work1 a study was made of 
the distribution of the potassium ions over the different 
cation sites in a series of four synthetic zeolites of type 
X  and Y  with different aluminum contents. The study 
was realized on dehydrated and hydrated samples. 
Some general rules can now be formulated.

In the dehydrated samples the cations seem to be 
distributed ir_ such a way that they occupy the sites 
with the highest charge. For the sites inside the small 
cavities there are some restrictive rules due to space re
quirements and electrostatic interactions. The site 
Si, although it provides optimum coordination possibil
ities, is never completely filled. This is due to the fact 
that neighboring sites Si and Si- are never occupied 
simultaneously. The occupancy of site Si- is never 
higher than 2 potassium ions per cuboctahedron. For 
the Y  zeolites the occupancy of the sites Si and Si- is 
lower than the maximum values allowed by these rules.

In the dehydrated samples the occupancy of the sites 
Sn approaches the maximum value, 32 per ions cell, for 
all the samples.

A  number of ions cannot be located, and this number 
increases with the total amount of potassium ions. In 
dehydrated samples these cations are likely to be close 
to the walls of the large cavities: the geometrically 
favorable sites for these locations, indicated as Sm -, are 
composed of two oxygen ions of type Oi and two of 
type 0 4. No experimental evidence was found for the 
presence of ions exactly on these sites, but it could be 
shown that the number of unlocated cations corresponds 
to the number of Sm - sites carrying the highest possible 
charge.

In the hydrated state the number of cations that 
could be located is lower than in the dehydrated sam
ples, and the difference increases with the aluminum 
content. The difference in occupancy for the sites in
side the small cages is most pronounced in Si for the 
samples KF 48.2 and K F 54.7 (Y  type) and in Si- for 
the samples K F 69.8 and K F  86.5 (X  type). The ac
tion of the water molecules probably results from the 
combined effect of the hydration of the cations, which 
offers a more favorable coordination, and a lowering of 
the electrostatic field by the dielectric properties of the 
water. The effect of the hydration is a more statistical 
distribution of the cations. Nevertheless, a tendency
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can still be observed towards a preferential occupancy 
of the sites with the highest charge density.
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A potential energy surface for the cycloaddition of benzyne to ethylene, calculated by the extended Hiickel 
method, is presented. The least-motion 2„ +  2, approach is forbidden, while the allowed 2, +  2a process is at 
high energy. The computed reaction path is shown in Figure 3. It has as one important feature a dead end 
valley in which the ethylene polarizes the benzyne and interacts in a typical carbonium ion manner with the 
electrophilic terminus of the polarized bond. We believe this valley will simulate an intermediate. The reac
tion terminates by a complex rotation and relaxation leading to benzocyclobutene. The calculated potential 
energy surface does not at this time appear completely consistent with the experimental facts concerning 
energetics and stereochemistry.

Rapid reactions of unstable intermediates are no 
guarantee that such processes are concerted. The most 
common reactions of o-benzyne are the Diels-Alder 
and “ ene” type additions (1) and (2).1 These are both

symmetry-allowed 4 + 2  cycloadditions,2 anticipated 
to proceed in a stereospecific concerted manner. The 
stereochemical supporting evidence for concertedness 
has been obtained in both cases.3-6 When neither re
action 1 nor 2 is available to a benzyne, but there is 
offered up to this reactive species a simple ethylene, 
there takes place a 2 +  2 cycloaddition resulting in 
benzocyclobutene (3).1 This cycloaddition is highly 
exothermic. Though no kinetic information is avail
able the reaction appears to take place readily at room 
temperature. W e estimate an experimental upper 
limit of 15 kcal/mol for the activation energy to reac
tion 3.

The least motion 2„ +  2S cycloaddition,2a in which the 
two reactants approach each other maintaining the 
C2„ geometry shown in Figure la, is a symmetry-for
bidden process. This may easily be shown from a cor
relation diagram for the reaction or from our general 
arguments concerning concerted cycloadditions.2 De
spite the exothermicity of the process we would not ex
pect a reaction following the forbidden path to proceed 
as readily as the actual reaction does.

2S +  2a cycloadditions2“ are symmetry-allowed and 
we turn to considering these. A  benzyne adding in a 
2a manner is a stereoelectronic impossibility, since it 
would lead to a trans double bond or disruption of 
bonding in the benzene ring. A  2S +  2a cycloaddition, 
2e on the benzyne, 2a on the ethylene, (approach ge
ometry of Figure lb) at first sight offers an attractive 
pathway. But a 2, +  2 , cycloaddition appears to re-

(1) Benzyne chemistry is reviewed by Reinhard W . Hoffmann, “ De
hydrobenzene and Cycloalkynes,” Academic Press, New York, 
1967, and T . L. Gilchrist and C. W . Rees, “ Carbenes, Nitrenes, and 
Benzynes,” Nelson, London, 1969.
(2) (a) For a definition of the 2„ 2a nomenclature see ref 2c, p 824; 
(b) R. Hoffmann and R. B. Woodward, J. Amer. Chem. Soc., 87, 
2046 (1965); (c) R. B. Woodward and R. Hoffmann, Angew. Chem., 
81, 797 (1965).
(3) R. W . Atkin and C. W . Rees, Chem. Commun., 152 (1969).
(4) M . Jones, Jr., and R. H . Levin, J. Amer Chem. Soc., 91,6411  
(1969).
(5) L. Friedman, private communication.
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Figure 1. (a ) T o p . A n  app roach  geom etry  fo r  the least 
m otion  2 g +  2 „ cy cload d ition  o f  benzyne to  ethylene, (b ) 
B ottom . One possib le approach  geom etry  for  the 
2 ,  +  2 a cy c load d ition .

quire torsion in both components,6 and such torsion is 
prohibitive for the benzyne which is constrained to a 
planar geometry.

W e are left with postulating a nonconcerted process 
for this facile cycloaddition. Several groups have in 
fact found that the 2 +  2 cycloaddition of benzyne to 
cis or trans-substituted ethylenes is somewhat stereo
selective but not stereospecific.4’7-11 Whatever stereo
selectivity is exhibited is not in the direction of a 2S +  
2» addition.

In this paper we present an extended Hiickel study 
of the potential surface for the addition of benzyne to 
ethylene. Our findings point up the complexities of 
many-dimensional potential surface explorations and 
reinforce the necessity of revising our naive view of 
nonconcerted reactions.

Benzyne
Before we begin our discussion of the potential en

ergy surface we review our knowledge of the electronic 
structure of benzyne.1'12-14 The two localized a hy
brids which one may imagine are left behind when two 
hydrogens are removed from benzene combine into a 
symmetric (S) and antisymmetric (A) pair. Any dif
ferentiation in energy between S and A  is the conse- S

S A

quence of interaction of the two hybrids with each other. 
The overlap of the hybrid lobes is relatively inefficient, 
and the splitting between S and A  is consequently small.

Configuration interaction mixes strongly the configura
tions (S)2 and (A )2. The resulting lowest singlet, of 
the form Ci(S)2 +  02(A )2, ci >  c2, and the triplet of the 
configuration (S)1 (A )1 compete for being the ground 
state of benzyne. The interaction between the hy
brids appears to be just large enough to guarantee that 
the ground state of the o-benzyne is a singlet. The 
essential facts of the electronic structure of benzyne are 
the following. (1) The molecule possesses a singlet 
ground state with a low-lying triplet state an unknown 
energy above it. (2) There is in benzyne a high-lying 
occupied S level and a low-lying unoccupied A  level.
(3) The ground state singlet may be described as arising 
primarily from the configuration (S)2, with a sizable 
admixture of (A )2. (4) A  weak third bond is a conse
quence of this description. W e also anticipate good 
electron donor and electron acceptor properties from 
this easily polarizable third bond. In the introduction 
we mentioned that the least-motion cycloaddition of 
benzyne to ethylene is a symmetry forbidden process. 
This conclusion is based on the primacy of the configura
tion (S)2 in the ground state wave function of benzyne.

Calculations
We carried out semiempirical molecular orbital cal

culations of the extended Hiickel type.16 Some seven 
degrees of freedom were allowed in our study. Three 
spherical coordinates D,8 ,<t> and three Euler angles16 
e<f>, e0, t\p were used to define the location and orienta
tion of ethylene relative to benzyne. The origin of the 
spherical polar coordinate system coincided with the 
origin of the body-centered cartesian coordinates at the 
center of the benzyne triple bond (see Figure 2). The 
spherical polar vector D was directed to the origin of 
the body-centered coordinate system of ethylene (Fig
ure 2).

The seventh degree of freedom studied was the “ re
laxation” of ethylene as it approaches the benzyne ring.

(6) Reference 2c p 828.
(7) I. Tabuahi and R. Oda, Tetrahedron Lett., 3743 (1968).
(8) L. Friedman, R. J. Osiewicz, and P. W . Rabideau. ibid., 5735 
(1968).
(9) M . Jones, Jr., and R. H. Levin, ibid., 5593 (1968).
(10) H. H. Wasserman, A. J. Solodar, and L. S. Keller, ibid., 5597 
(1968).
(11) P. G. Gassman and H. P. Benecke, ibid., 1089 (1969).
(12) T . Yonezawa, H. Knoishi, H. Kato, K . Morokuma, and K . 
Fukui, Kogyo Kagaku Zasshi, 69, 869 (1966); T . Yonezawa, H. 
Knoishi, and H. Kato, Bull. Chem. Soc. Jap., 41, 1031 (1968); T. 
Yonezawa, H. Knoishi, and H. Kato, ibid., 42, 933 (1969).
(13) R. W . Atkin and T . A. Claxton, Trans. Faraday Soc., 66, 257 
(1970).
(14) R. Hoffmann, A. Imamura, and W . J. Hehre, J. Amer. Chem. 
Soc., 90, 1499 (1968); M . D . Gheorghiu and R. Hoffmann, Rev. 
Roum. Chim., 14, 947 (1969).
(15) R. Hoffmann, J. Chem. Phys., 39, 1397 (1963); R. Hoffmann 
and W . N . Lipscomb, ibid., 36, 2179, 3489 (1962); R. Hoffmann and 
W . N. Lipscomb, ibid., 37, 2872 (1962). The hydrogen Is exponent 
was 1.3.
(16) See H. Goldstein “ Classical Mechanics,”  Addison-Wesley, 
New York, N. Y . 1950, p 107 for definition and sign convention of 
Euler angles.
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Figure 2 . T h e  coord inate system  fo r  benzyne and ethylene. 
Spherical coord inates Z)( =  r), 8, and <j> loca te  the origin  o f  the 
ethylene body-cen tered  cartesian system  w ith  respect to  the 
origin  o f  the benzyne body-cen tered  axes.

At large distances the molecular geometry of ethylene 
should remain unperturbed. As the molecule ap
proaches benzyne we would anticipate the ethylene 
carbon-carbon bond to lengthen and the CH2 groups to 
become pyramidal, culminating in a benzocyclobutene 
fragment geometry. W e initially studied three stages 
of relaxation: “ planar” (P), “ partially relaxed” (PR), 
“ relaxed” (R). Our results then forced us further to 
consider a fourth geometry “ planar-partially relaxed”  
(PPR) in which the degree of relaxation differed at each 
carbon. The geometrical parameters for these four
ethylenes are listed in Table I.

Table I : G eom etrica l Param eters of 
R elaxation  o f E thylene

V arious Stages of 

Angles Pyramidality,®
Relaxation state C-C, A HCH, deg deg

Planar (P )
P lanar-P artially  R elaxed

1.34 120, 120 0, 0

(P P R ) 1.44 120, 115 0, 22 .5
P artia lly  R elaxed (P R ) 1.44 115, 115 22.5, 22 .5
R elaxed (R ) 1.54 110, 110 45, 45

“ A cu te  dihedral angle betw een th e H C H  plane and the b od y - 
centered x'y' plane.

Benzyne was maintained as an idealized regular hexa
gon with all C -C , 1.40 A; all C -H , 1.10 A; all HCC  
and CCC angles, 120°. The C -H  distance in ethylene 
was also maintained at 1.10 A.

No attempt has been made to map the entire poten
tial energy surface for the benzyne and ethylene system. 
Rather, the aim of this work has been to determine the 
reaction path and its vicinity. In our exploration of 
this path we were aided by an automatic minimum 
seeking program which utilized a procedure due to 
Rosenbrock17 for finding those values of 6 , </>, e<f>, tff, t\p 
which for a given D gave the lowest energy.

W e present our computed reaction path in Figure
3-— a sequence of snapshots of the two molecules at var
ious separations.

K h l-o {
Z » _Y

Figure 3. T h e  com pu ted  reaction  path  presented as a series 
o f snapshots. E ach  p icture is presented as tw o  view s (n ot 
p ro jection s) from  along the ben zyn e z and y axes. T h e  
snapshots are at D = 3.25, 3.00, 2.75, 2.50, 2.45, 2.28, and 
2.25 A  in sequence. In  the side v iew , on ly  the carbons 1 and 
2  o f  benzyne are shown, the rest o f the m olecu le  referred to  
b y  a  w a vy  line. P ictures 1-3 are discussed in  the “ D istan t 
A p p roa ch ”  section  and pictures 4 -7  are discussed in  the 
“ T erm inating A p p roa ch ”  section. P ictu re  1 illustrates the 
“ center”  approach  and p icture 3 the “ u prigh t-side”  approach . 
These illustrations were produced  b y  a  com pu ter program  due 
to  C . K . Johnson, “ O R T E P , a F ortran  T h erm al E llipsoid  P lo t  
Program  fo r  C rystal Structure Illustrations,”  O R N L  R ep or t N o . 
3794, O ak R id ge  N ation a l L a b ora tory , Oak 
R idge, T en n ., 1965.

The Distant Approach
W e first confirmed some of the qualitative conclu

sions reached in the introduction. Figure 4 shows how 
the energy varies along the least motion 2S +  2S ap
proach for P and R  ethylene. The degree of relaxation 
can influence the value of D at which level crossing oc
curs, but it cannot prevent that level crossing. The 
calculated activation energy for the forbidden reaction 
is approximately 1.7 eV.

In the 2S +  2a approach there takes place an effective 
torsion of 180° around the ethylene CC bond. Our 
study of the 2S +  2a approach was restricted to three 
degrees of freedom consistent with the twofold sym
metry axis shown in Figure lb : D, a torsional angle 
around the CC bond of ethylene, a. and a twist angle 
around the twofold axis, /3. All geometries considered 
were even less stable than those in the 28 +  2S approach. 
Thus although the level crossing is avoided by joint ro
tation in a and (3, there is not enough return in the 
bonding to make up for the energetic cost of twisting

(17) H. H. Rosenbrock and C. Storey, "Computational Techniques 
for Chemical Engineers,” Pergamon Press, New York, N . Y ., 1966.

The Journal of Physical Chemistry, Vol. 76, No. 6, 1972



Addition of Benzyne to Ethylene 659

Figure 4. C om pu ted  poten tia l energy curves fo r  the 
least-m otion  app roach  o f  ethylene to  benzyne. T h e  solid  
line is fo r  a  planar P  ethylene, the dashed line fo r  a fu lly  
relaxed R  ethylene.

the ethylene. W e attribute this to the previously men
tioned fact that a 2S +  2a cycloaddition requires torsion 
in the 2S as well as the 2a component, and that this tor
sion, which was not allowed in our calculations, is un
likely in a benzyne.

The optimum orientation of an ethylene at large sep
aration is not contained in the above two approaches. 
W e searched the coordinate space at various D by 
varying independently the angles 0, <p, e<f>, td, tip. A  
rough grid covered (at great cost) the entire range of 
these angles. The automatic minimization program 
allowed us then to home in on the true minima. In the

, o
region D >  2.50 A  we located two distinct potential en
ergy valleys, corresponding to geometries which we will 
call “ center” and “ upright-side.” These are illustrated 
in snapshots 1 and 3 of Figure 3. In the “ center” ge
ometry the ethylene is above the benzyne plane, tilted, 
but with its CC bond in the plane. The benzyne 
carbons are equivalent but the ethylene carbon atoms 
are not. In the “upright-side” geometry the ethylene 
orients itself off to one side, interacting more with one 
benzyne carbon than with the other. The ethylene 
carbons are now equivalent but those of the benzyne 
are not.

The optimized energies of the center and upright-side 
valleys are compared in Figure 5. A t D >  3.0 A  the 
center minimum is at lower energy, while at D <  3.0 A 
the upright-side minimum is at lower energy. W e have 
confirmed that these are nevertheless independent val
leys. The center valley persists until D =  2.5 A, at 
which point a minimization procedure sends the mole
cule to the upright-side minimum. The upright-side 
minimum does not persist for D >  3.2 A. The barrier 
between the two valleys was studied in some detail. 
It is very small at D =  3.0 A ; in fact the upright-side 
minimum at this point is slightly distorted (snapshot 2 
of Figure 3) compared to its subsequent appearance 
(snapshot 3) in such a way as to take it partway toward 
the center minimum.

Figure 5. P oten tia l energy is. D fo r  several ethylene
approaches: .......“ center”  v a lley ; —  “ upright-side”  approach
o f a p lanar e t h y le n e ; -------------“ upright-side”  approach  o f  a
P R  eth ylen e; -------- - 2„ +  2 S least m otion  app roach  for
partia lly  relaxed ethylene.

Figure 5 also contains a curve for an upright-side ap
proach of a partially relaxed ethylene. At D <  2.25 
A this geometry is favored.

The Effective Intermediate
W e are next faced with the problem of how the up

right-side valley is converted to the benzocyclobutene. 
The upright-side valley, to whose extremely interesting 
electronic structure we will return in a moment, is 
clearly a cul-de-sac. Figure 5 indicates that partially 
relaxed or not the energy rises steeply as D is decreased. 
Also reproduced in Figure 5 is the energy of a partially 
relaxed ethylene 2S +  2e approach, taken from Figure
4. At D <  2.25 the PR approach, terminating in ben
zocyclobutene, is more stable than the PR “upright- 
side.” Yet the latter continues to be a true local min
imum, with respect to the angular parameters, at 
smaller D.

Molecules exploring this surface will probably usually 
proceed into the “upright-side” valley past D =  2.25 
A, even though such motion cannot lead to reaction. 
Reaction must occur by initiating in the region 2.3 <  
D <  2.6 a rotatory motion by which the upright-side 
geometry is transformed into benzocyclobutene. It 
should be noted that the value of D at which rotation 
can take place is severely restricted. If we rotate at 
D >  2.50 A then we find ourselves in-plane right at the 
point where the forbiddenness of the reaction is most 
strongly felt (see Figure 4). If we rotate at D <  2.25 
A we have already climbed within the upright-side val
ley to too high an energy.

The rotatory motion encounters initially a steeper 
portion of the potential surface than progress up the 
valley, but whereas the latter meets with increasingly 
stiffer resistance, the former leads to reaction. The 
situation is shown in a highly schematic two-dimen
sional contour map in Figure 6. Path A corresponds 
to the initially easy but ultimately nonproductive as
cent into the valley of the upright-side geometry. 
Path B is the initially steep but ultimately productive
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Figure 6 . S chem atic con tou r diagram . T h e  vertica l scale 
represents progress in to the “ upright-side”  va lley , while the 
h orizontal scale m odels a rotation  leading to  ben zocyclobu ten e. 
T h e  con tou r values are arbitrary, ind icating on ly  the rise and 
fall o f  the energy.

populations and charges are indicated. N o te  th at one o f  the 
view s is a long the x axis, unlike the second  view s o f 
Figures 3 and 9.

Figure 7. Schem atic representation o f  the energy a long paths 
A  and B  described in the “ E ffective  In term ediate”  section  o f 
th e text. C u rve C  corresponds to  the form ation  o f  a 
true interm ediate.

optimum ascent. The energy variation along these 
paths is schematically drawn in Figure 7.

W e think that typical molecular trajectories will un- 
productively explore the “ dead-end” valley. The av
erage molecule should then have a long residence time 
in the “ upright-side” valley before it finds its way over 
to the product. Such long residence times would also 
result if the valley did not exist but instead there were 
a true local minimum, an intermediate, at a position 
close to where the optimum ascent out of the valley be
gins (curve C in Figure 7). It is clear that detailed tra
jectory calculations18 are required to check our intuition 
on dynamic effects. We think that a dead-end valley 
such as the one we discern here will be operationally indis
tinguishable from a true intermediate, and as such con
stitutes another example of a twixtyl.19

The electronic structure of a typical “ upright-side” 
oeometry becomes then of utmost interest as a model 
for such an intermediate. Figure 8 shows the important 
charges and overlap populations for such a model. It

The Journal of Physical Chemistry, Vol. 76, No. 6, 1972

is not surprising to find some bonding to the near ben- 
zyne carbon, little bonding to the other. Note, how
ever, the remarkable polarization of the benzyne, and 
the significant positive charge transfer to the ethylene. 
We may imagine that as the ethylene approaches it 
polarizes the benzyne third bond to a charge distribu
tion corresponding to 4, and that the polarized benzyne 
interacts in a typical electrophilic manner with ethylene

to produce the species 5. The electronic distribution 
of 5 is consistent with our computational results 
(Figure 8); this effective intermediate is rationally 
described as an internally compensated zwitterionic 
(r-phenonium ion. While it bears an obvious resem
blance to other phenonium ions,20 it carries its own 
counterion within itself.

In some of the experimental studies on the benzyne- 
ethylene cycloaddition the possibility of an intermediate 
closely related to 5, namely the “ classical” zwitterionic 
structure 6, was considered.10 The absence of major 
solvent effects on the observed stereochemical prefer
ences was considered as partial evidence against the 
involvement of a species such as 6 .11 W e are not sure 
if the usual solvation arguments are applicable to a

(18) P. J. Kuntz, M . H. Mok, and J. C. Polanyi, J. Chem. Phys., 
50, 4623 (1969); L. M . Raff and M . Karplus, ibid., 44, 1212 (1966); 
D. L. Bunker and N. C. Blais, ibid., 41, 2377 (1964), and related 
work by these and other research groups.
(19) R. Hoffmann, S. Swaminathan, B. G. Odell, and R. Gleiter, 
J. Amer. Chem. Soc., 92, 7091 (1970).
(20) D. J. Cram, J. Amer. Chem. Soc., 86, 3767 (1964); D. J. Cram 
in “ Carbonium Ions,” Vol. III, G. A. Olah and P. v. R. Schleyer, 
Ed., Wiley-Interscience, New York, N . Y ., 1971.
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Figure 9. V iew s from  along the z and y axes o f benzyne o f  a 
transform ation  o f P R  ethylene from  the “ upright-side”  va lley  
to  the p rod u ct geom etry. D is fixed at 2.25 A  while the m otion  
is carried ou t w ith  all five angular degrees o f freedom  ch angin g 
b y  the sam e fraction a l am ou nt in  each  step. A  =  beginning,
B  =  m iddle poin t, C  =  end o f  rotation .

species such as 5 ; since the positive and negative 
charges are held so close to each other, the species might 
appear neutral to an external solvent molecule.

The Terminating Approach
W e turn to the final stages of the reaction, the trans

formation of the upright-side geometry into the product 
benzocyclobutene. Our first attempt involved a con
tinuous transformation, treating all the angular pa
rameters as varying in a correlated fashion, from the 
upright-side geometry to the benzocyclobutene struc
ture for a partially relaxed ethylene at D =  2.25 A. 
The beginning, midway, and end points of this motion 
are shown in projection in Figure 9. The potential en
ergy along this path rose to a maximum of 1.7 eV above 
the separated molecules, a disappointingly large value 
in view of the potentially lower activation energy im
plied in Figure 5.

W e found a lower activation energy path by two dif
ferent procedures.21 In the first process we began with 
planar ethylene in the upright-side valley at D =  2.50 
A at an energy of 0.58 eV (this and all subsequent un
referenced energies are relative to separated ethylene 
and benzyne). W e rotated the ethylene by 90° around 
the line joining carbons 1 and 4 of benzyne (see Figure

8 for labeling convention). Since the perpendicular to 
the ethylene plane was very nearly collinear with the
1-4 axis, such a rotation keeps D approximately con
stant at 2.50 A. The energy rises uniformly along with 
this motion, to a value of 0.90 eV when the ethylene 
carbons reach the benzyne plane. Optimization of the 
angular variables <f> and e0 only, i .e . ,  restricting the 
ethylene CC bond to lie in the benzyne plane and the 
ethylene hydrogens symmetrically above and below 
that plane, led to a minor readjustment in geometry 
with a correspondingly small reduction in excitation to 
0.87 eV.

In the next stage of the reaction the ethylene moves 
in to somewhat smaller D with the ethylene carbons in 
the benzyne plane but still off to the side. The energy 
climbs slowly along this stage of the approach. Since 
C(7) of ethylene is more strongly bonded than C(8) to 
benzyne carbon 1, we allowed partial relaxation at C(7), 
while keeping C(8) trigonal (see PPR geometry of Ta
ble I). The optimized P and PPR ethylenes are of 
nearly identical energy between D =  2.40 and 2.50 A. 
At D =  2.28 A, which turns out to be the high energy 
point on our reaction path, the PPR ethylene (shown 
in snapshot 6 of Figure 3) is definitely more stable. 
The energy at this point is 1.19 eV above separated 
molecules.

The reaction terminates by an energetically downhill 
sequence. At D =  2.25 A the PPR geometry simul
taneously partially relaxes the planar end and moves to 
a symmetric benzocyclobutene conformation. This 
spontaneously fully relaxes both ends as it descends in 
energy to a true benzocyclobutene (snapshot 7 of Fig
ure 3).

The second pathway from the upright-side valley to 
the product derives from the observation that at D =
2.25 A less than 0.1 eV is required to move the ethylene 
in the positive ^-direction until the lower ethylene car
bon is in the benzyne plane. This motion corresponds 
to converting a “ nonclassical” geometry, 7, to a “ class
ical” conformation, 8, of an ethyl cation. The calcu-

R

A

7 8
lated “ softness” of the surface of this motion is consis
tent with the results of other calculations on model 
systems such as the ethyl cation.22

Moving the ethylene vertically up makes the ethylene 
carbon atoms nonequivalent. The lower in-plane car-

(21) Details for the energy surface search may be found in the Ph.D. 
Dissertation of D. M . Hayes, Cornell University, 1971.
(22) J. E. Williams, V. Buss, L. C. Allen, P. v. R. Schleyer, W . A. 
Lathan, W . J. Hehre, and J. A. Pople, J. Amer. Chem. Soc., 92, 2141 
(1970); G. V. Pfeiffer and J. G. Jewett, ibid., 92, 2143 (1970); R. 
Sustmann, J. E. Williams, M . J. S. Dewar, L. C. Allen, and P. v. R. 
Schleyer, ibid., 91, 5350 (1969).
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Figure 10. T h e  ca lcu lated poten tia l energy a long the reaction  
path . T h e  circled num bers correspond to the 
snapshots o f Figure 3.

bon atom is expected to relax faster than the dangling 
upper carbon. Accordingly we changed the ethylene 
geometry to planar-partially relaxed and optimized its

o

orientation at D = 2.50 A. The resulting geometry, 
snapshot 4 of Figure 3, differs by only 0.02 eV from the 
symmetrical planar upright-side geometry. W e now 
rotated the ethylene around the 1-4 axis of benzyne, 
until the carbon atoms of the ethylene were in the ben
zyne plane. The midway point of this rotation is snap
shot 5 of Figure 3. At the termination of the rotation 
we optimized the geometrical parameters again, which 
resulted in a trivial displacement, and an excitation en
ergy  of 0.99 eV. It should be noted that, in the process 
of rotation into plane, D decreases from 2.50 to 2.43 A.

A t this point the alternative reaction path merges 
with the first one. The closure to benzocyclobutene 
proceeds as before, through an activation energy of 
1.19 eV. The energy along the entire reaction path, 
previously illustrated in Figure 3, is shown in Figure 10.

It seems that the necessity to consider two branching 
pathways for the approach to the transition state is a 
consequence of our inadequate treatment of the degree 
of freedom of relaxation. Ideally, we should allow a 
continuous series of relaxations independently at each 
ethylene carbon. It may be that one clear reaction 
path would emerge in that case. But our computa
tional resources do not allow us eight degrees of freedom, 
and the resolution of this problem remains for the fu
ture.

The transition state for the cycloaddition, approxi
mated by snapshot 6 of Figure 3, possesses a highly un- 
symmetrical charge distribution shown below. The 
correspondence to a dipolar intermediate, 6, is obvious,

and the same questions regarding the absence of sol
vent effects on this reaction11 that were discussed above

can be raised. It should be noted that the true charge 
imbalance in this geometry will be less than that shown 
above. First, extended Hiickel calculations tend to 
exaggerate charge distributions. Second and more im
portant, we are dealing with a formal diradical situation, 
meaning that we have two energy levels not far split in 
one-electron energy.23 Let us call these levels HO and 
LU, for highest occupied and lowest unoccupied. HO 
is essentially a C2 lone pair, while LU is heavily concen
trated at C8. The EH calculation considers only 
the configuration . . . .  (HO)2. To the extent that HO 
and LU are close in energy a more elaborate calculation 
will introduce configuration interaction and yield a 
ground state ci(HO)2 +  ^ (L U )2 which is much more 
balanced in the charge distribution.

W e next studied the barriers to internal rotation in 
the ethylene fragment along the reaction path, in order 
to account for the observed nonstereospecificity of the 
cycloaddition. It is obvious that there should be a 
high barrier in the reactant ethylene and the product 
cyclobutene. The expectation that very low barriers 
would be found in PPR geometries near the transition 
state, where 7r-overlap between ethylene carbons is 
decreased, were however not met. The calculated 
barriers to twisting the terminal methylene group by 
90° were certainly lower in the region between snap
shots 4 and 7. However, they did not fall below 25 
kcal/mol, much too high to account for the observed 
nonstereospecificity. The barrier can be lowered sig
nificantly by reoptimizing the angular parameters 
for a twisted ethylene fragment, and we believe that if 
greater flexibility is allowed to the ethylene the barrier 
will decrease further.

The Reaction Path
The benzyne-ethylene potential surface is a com

plicated one. W e have identified three distinct po
tential energy valleys. These are (1) the distant cen
tered approach, (2) the upright-side valley— a cul-de-sac 
simulating an intermediate, and (3) the product valley.

The reaction path for this cycloaddition is not easily 
defined. D— the distance between the center of the 
benzyne triple bond and the center of the ethylene— is 
a good reaction coordinate for large distances. Further 
in it is not at all clear that D serves as well. The min
ima of the potential surface are off to one side while 
D is basically a symmetrical coordinate. To move 
from the upright-side geometry to the transition state 
we were led to a rotation around the benzyne 1-4 axis 
— a motion which keeps D constant only for some 
special cases.

The lowest energy pass between reactants and prod-

(23) R. Hoffmann, J. Amer. Chem. Soc., 90, 1475 (1968); R. Hoff
mann, G. D. Zeiss, and G. W . VanDine, ibid., 90, 1485 (1968); R. 
Hoffmann, A. Imamura, and W . J. Hehre, ibid., 90, 1499 (1968); 
R. Gleiter and R. Hoffmann, ibid., 90, 5457 (1968); Tetrahedron, 24, 
5899 (1968); Angew. Chem., 81, 225 (1969); R. Hoffmann, Chem. 
Commun., 240 (1969).
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ucts on this surface is fairly well defined. It occurs 
at the beginning of the product valley, corresponding 
to snapshot 6 of Figure 3. The calculated energy of 
this transition state is 1.19 eV or approximately 27 
kcal/mol above separated products. This number is 
somewhat high, but in a reasonable range given the 
deficiencies of the computational method.

There is a wide range of reactive trajectories for this 
reaction. The one we think most closely approximates 
the true reaction path is given by the series of snap
shots in Figure 3. The energy along this pathway was 
shown in Figure 10. An alternative trajectory which 
would encounter the same transition state but differ 
in the region of “ rotation” is described in the previous 
section. Still another family of trajectories may be 
constructed by taking the transition state and pulling 
the ethylene off to infinity while maintaining the C ( l ) -  
C(7)-C (8) angle constant. If at the proper stages 
in this path relaxation is allowed for, such a motion 
would proceed along a path of uniformly decreasing 
energy on the large D side of the barrier. However 
these alternate trajectories, which could be followed by 
some specific molecule, do not constitute the reaction 
path, as classically defined. All the points along this 
trajectory, other than the transition state, would move 
to lower energy “ upright-side” or “ center” geometries

at the same D. Nevertheless it is clear that a multi
plicity of reactive paths with the same activation en
ergy on this surface implies the importance of dynamic 
effects and reinforces the need for trajectory calcula
tions.

It is important here to reiterate the deficiencies of 
our calculation. The computed activation energy 
is too high by approximately a factor of 2. The com
puted barrier to rotation of the ethylene along the re
action path is also too high to account for the lack of 
stereospecificity. While some of the disagreement 
may be due to lack of optimization of all degrees of 
freedom, we fear that the major source of discrepancy 
is to be traced to the inadequacies of the extended 
Hückel method. While there is some reason to believe, 
on the basis of our experience with many other systems, 
that the qualitative reaction path is reliably predicted, 
the results must be viewed with reservation until much 
better calculations are performed.
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Molecular orbital calculations favor an attack of singlet CH2 and CF2 on ethylene in which the methylene 
approaches slightly off-center and with its plane approximately parallel to the ethylene plane. The carbene 
substituents are canted in such a way as to optimally maintain three-center overlap, with corollary symmetry of 
bond formation and charge transfer. In an approach to an isobutene these pathways are modified for steric 
reasons, and the possibility of two separated reactive channels arises. A detailed study of the methylene +  
ethylene surface shows that special care must be taken in the choice of the computational reaction coordinate.

Some fifteen years ago, in the early days of modem 
carbene chemistry, Skell and coworkers came to the 
conclusion that the transition state for the addition of 
methylenes to ethylenes was characterized by the geo
metrical arrangement shown below as A.1 Methylenes

A

exhibited carbonium or halonium ion type selectivity 
in their additions to substituted ethylenes. The ap
proach of carbonium ions or other two-electron-de- 
ficient species to olefins is likely to begin with an inter
action of an unoccupied orbital (e.g., the p orbital in 
carbonium ion la) with the olefin x system. This line 
of reasoning led to transition state A, whose primary 
feature is the interaction of the unoccupied methylene 
p orbital (lb), rather than its in-plane “ lone pair,” 2 
with the x-system of the ethylene.

P P

la lb

The direct experimental probes of transition state 
geometry are not yet available, and the first test of 
Skell’s conclusion came from a semiempirical molec
ular orbital calculation of the potential surface for the 
approach of a methylene to an ethylene.3 Figure 1 
shows some superimposed snapshots of a side view of 
the reaction path thus computed. The calculated 
reaction path clearly shows the initial approach of the

two molecules in parallel planes, and the concomitant 
interaction of the methylene p orbital with the ethylene 
x system.4 The insight of the previous workers was 
thus confirmed.

The transition state for the computed attack, which 
we may approximate in B, differs in a minor but inter-

B

esting way from transition state A. This is in the posi
tion of the methylene hydrogens. In A they are tilted 
up and to the right, in B up and to the left. Were 
the methylene carbon directly over the midpoint of the 
ethylene C = C  bond then these distortions would be 
indistinguishable. To the extent that the methylene 
carbon is off-center they are distinct.

This preference for approach B over approach A is 
a detail of the potential surface worthy of further con
sideration. First we would like to review the procedure 
utilized for obtaining the computed reaction path.3

(1) P. S. Skell and A . Y . Garner, J. Amer. Chem. Soc., 78, 3409 
(1956). See also P. S. Skell and M . S. Cholod, ibid., 91, 7131 (1969) 
and W . R. Moore, W . R. Moser and J. E. La Prade, ./. Org. Chem., 
28, 22 (1963).
(2) (a) The electronic structure of methylenes is discussed by P. P. 
Gaspar and G. S. Hammond, in “ Carbene Chemistry,” W . Kirmse, 
Ed., Academic Press, New York, N . Y ., 1964, p 235; R. Hoffmann, 
G. D. Zeiss, and G. W . Van Dine, J. Amer. Chem. Soc., 90, 1485
(1968); (b) Excellent discussions of the present state of carbene 
reactivity studies may be found in the papers by G. L. Closs, Top. 
Stereochem., 3, 193 (1968); and R. A . Moss in “ Carbene Chemistry,”  
L. Friedman, Ed., Wiley-Interscience, New York, N. Y ., 1971.
(3) R. Hoffmann, J. Amer. Chem. Soc., 90, 1475 (1968).
(4) An alternative approach, involving a symmetrical attack of a 
linear singlet methylene, has been suggested by A. G. Anastassiou, 
Chem. Commun., 991 (1968).
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Figure 1 . Snapshots o f  the reaction  p ath  fo r  m ethylene 
add ing to  ethylene. T h e  fixed ethylene and the m ov ing  
m ethylene are b o th  seen in  p ro jection  u pon  the m irror plane 
o f sym m etry  m aintained in the reaction . T h e  tilt o f  the 
approaching m ethylene is th at y ie ld in g  the low est energy fo r  
a given value o f  R, the distance from  the center o f the ethylene 
to  the m ethylene carbon . T h e  scales are in A . Further 
details m a y  b e  fou n d  in  reference 3.

The full potential surface for the system C2H 4 +  
CH2 spans 21 internal degrees of freedom. Chemically 
reasonable constraints must be applied to reduce this 
number to a magnitude which we can reasonably 
handle. With extended Hiickel computation times of
2-3  sec per geometry we are able to deal with an esti
mated maximum of eight degrees of freedom. In the 
case at hand, a highly exothermic reaction, we con
centrated on the distant approach, in which we could 
assume that the reactant geometries were not severely 
affected. The problem reduced to one of the relative 
motion of two solid bodies, an ethylene and a methylene. 
A convenient coordinate system for describing this 
motion could be obtained by freezing the ethylene 
with the origin at its inversion center, using three spher
ical coordinates R, d, <p to locate the methylene carbon 
and three Euler angles tip, td, ep to specify the orienta
tion of the methylene.

Our computer program automatically searched for 
those 9, <p, tip, td, tip which gave the minimum energy at 
a given R.s The result is a computed reaction path. 
W e believe this path approximates the true reaction 
path, though it must be realized by the reader that in 
the absence of a view of the whole surface the choice 
of origin for R remains more or less arbitrary. The 
final section of this paper will discuss this point further. 
It was found that the computed reaction path could be 
described in less than six degrees of freedom. A  mir
ror plane of symmetry was chosen by the molecule 
along the computed reaction path, thus reducing the 
number of degrees of freedom to three— R, 6, td. Fig
ure 1 shows the projection of the reactants on the mir
ror plane which is maintained.

Figure 2 . One num erical experim ent on  the 
m ethy lene-eth ylen e poten tia l surface. A  m ethylene w ith  the 
in itial geom etry  m arked “ start’ ' m oves b y  an energetically 
u n iform ly decreasing path  to  “ finish.”  T h e  v iew  is th e same 
as in Figure I.

There is no doubt that the path shown in Figure 1 
and symbolized by the snapshot B is the favored com
puted reaction path. In particular if a methylene 
molecule is placed initially in a geometry resembling 
A and is allowed three to six degrees of freedom in its 
motion then it moves directly over along a path of 
uniformly decreasing energy to a mirror image of ge
ometry B, designated as B*. One such numerical ex
periment, at R =  2.2 A, is shown in Figure 2. At this 
distance the motion from A to B* gains 6 kcal in energy. 
At larger distances the energy gain for a corresponding 
motion would of course be smaller still.

There are two obvious pathways from A to B or B*, 
and their identification will become important to the 
sequel. The first pathway, the one chosen in the com
puted potential surface, is a simple sideways sliding 
of the CH2 unit from A to B*.

The second pathway is a pivoting in place of the 
CH2 group leading from A to B.

(5) The optimizing procedure was one due to H. H . Rosenbrock, 
Comput. J 3, 175 (1960), and was adapted by K . D . Gibson.
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Figure 3. Charge distribution on the carbons along the 
reaction path of figure 1. C3, the methylene carbon, is closer
to Ci at intermediate stages in the reaction.

Figure 4. Overlap populations between carbon atoms along 
the reaction path of Figure 1.

Whereas the sliding over process is energetically down
hill, we always find a barrier to the pivoting process. 
Presumably this is due to the fact that the midpoint 
in the pivoting motion has the methylene “ lone pair” 
or <r orbital interacting with the ir system, approaching 
the situation for the high energy forbidden reaction.3

What makes transition state B better than A? Let 
us first look at the charge distribution on the three 
carbons as the reaction proceeds (Figure 3). The most 
striking feature of the charge distribution is the charge 
transfer from olefin to methylene, consistent with the 
primary interaction of a filled ethylene molecular orbital 
with an empty methylene acceptor level. The second 
remarkable feature of the charge distribution is the 
extent to which both ethylene carbons are similarly

charged. Examination of the overlap populations 
(related to bond orders) along the reaction path (Figure
4) shows that while the new CC bonds are forming at 
unequal rates, with the proximal C i-C 3 bond forming 
first, there is never any great disparity in the rate of 
bond formation.

Both the charge distribution and the bond orders are 
consistent with as symmetrical as possible an inter
action of the methylene carbon with the ethylene, 
and yet the methylene carbon is significantly off cen
ter most of the reaction path. The symmetry in 
charge transfer and in bonding is accomplished by 
tilting the methylene in just the sense required by B. 
That is, given that methylene carbon is off center it 
can restore approximate symmetry in the p—ic inter
action by tilting as in 2 (B), but makes the electronic 
interaction still more unsymmetrical if it tilts as in 3 (A).

R. Hoffmann, D. W. Hayes, and P. S. Skell

2 3

This conclusion is confirmed by examination of charge 
distributions for geometries like 3. The occasion for 
a quantitative comparison will arise below.

Our calculated potential energy surface for the addi
tion of methylene to ethylene shows no activation en
ergy for the process. In reality there must be an acti
vation energy, but it also must be small,1 less than 3 
kcal/mol. W e wanted to confirm our computed reac
tion path for a carbene addition with a larger activa
tion energy. The species chosen was CF2, which is 
known to possess an activation energy of approximately
11-12 kcal/mol6 to addition to ethylene. Our com
puted reaction path for CF2 addition is shown in Figure
5. It clearly is very similar to the CH2 reaction path. 
Figure 6 shows the energy along the forbidden least 
motion path3'7 as well as the energy along the reaction 
path of Figure 5. The calculated activation energy 
of slightly more than 20 kcal/mol is, of course, an upper 
limit; were we to allow some additional degrees of free
dom such as relaxation of the ethylene fragment by 
bending the hydrogens out of plane we would surely 
lower the activation energy. Extended Hiickel cal
culations, while qualitatively reliable, typically err 
by a factor of two on activation energies.

The transition state, marked =t= in Figure 5, occurs 
at a distance of approximately 1.8 A. Every geometry

(6) See S. W . Benson and H. E. O’Neal, “ Kinetic Data on Gas Phase 
Unimolecular Reactions,”  Nat. Stand. Ref. Data Ser., Nat. Bur. 
Stand., 21, 248 (1970); also R. A. Mitsch and A. S. Rodgers, Int. J. 
Chern. Kin., 1, 439 (1969).
(7) R. B. Woodward and R. Hoffmann, Angew. Chem., 81, 797
(1969).
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Figure 5. Snapshots o f the reaction  path  fo r  difluorom ethylene 
adding to  ethylene. T h e  con ventions and v iew  are specified 
in  the caption  to  F igure 1. T h e  transition  state is m arked b y  
the sym bol =)=.

estingly enough, there is now an imbalance in the source 
of the electron transfer, most of it originating at Ci, 
the carbon closest to the CF2 during the approach.

W e next turned to a study of an unsymmetrical olefin 
substrate, isobutylene. For an unsymmetrical olefin 
of this type, conformation B is no longer identical with 
its mirror image B*, nor A with A*. Let us write down 
the four possible transition state geometries 4 (A), 5 (B), 
6 (A*), 7 (B*).

CH^. ch3_

o X "\

-t»

1

ch3̂

5

o

CJ)

1

ch3- ^  ^

7

Figure 6 . E n ergy  a long the reaction  p ath  o f F igure 5 (m arked 
optim u m ), as w ell as a long the least-m otion  approach  o f C2„ 
sym m etry. T h e  energy zero is arbitrary.

of type A  slides over smoothly to one of type B. Elec
tron density is still transferred to the methylene in the 
course of the reaction, but in accord with the lower 
electrophilicity of difluorocarbene much less charge 
transfer occurs than in the methylene case.8 Inter-

W e had noticed that the ethylene carbons were sym
metrically participating in the charge transfer to the 
methylene. However in the case of isobutylene, where 
there exists the opportunity for very favorable cation 
stabilization at the methyl substituted end, it seems 
reasonable that the methylene would take advantage 
of this fact and accordingly favor conformations 4 and 
5. These correspond most closely in geometry to the 
important valence structure 8.

C H a “ C X 2

^ C + -------- C H 2

ch/
8

Moreover there is a possible steric destabilization of 
conformations 6 and 7.

The interesting case is then conformation 4. This 
is A type, and in the case of methylene adding to 
ethylene we have noted that such a conformation slides 
easily over to B*. However in this case B* is 7, de
stabilized for the above mentioned reasons. Since 
in-place pivoting of 4 to attain 5 is also energetically 
costly, there is here a real possibility that there are two 
distinct reaction paths, represented by 4 and 5, leading 
to dimethylcyclopropane.

(8) For some studies on dichlorocarbene related to this point see P. S. 
Skell and M . S. Cholod, J. Amer. Chem. Soc., 91, 7131 (1969); I. A. 
Dyakonov, R. R. Kostikov, and V. S. Aksenov, Reakts. Sposobnost 
Org. Soedin., 7, 557 (1970); I. H. Sadler, J. Chem. Soc. B, 1024 
(1969).
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Figure 7. Snapshots o f the reaction paths for the add ition  of 
m ethylene to  isobutylene. T h e  conventions and v iew  are 
specified in the caption  to  F igure 1. T h e  isobutylene m ethyl 
groups are at left. D ashed lines con n ect the independent 
reaction  paths described in  the text.

The presence of two such distinct paths is confirmed 
by the molecular orbital calculations. Figure 7 shows 
a superposition of snapshots of the reaction paths. 
For large R there are two conformations, each of them 
a local minimum in the five angular dimensions. At 
R ~ 1 .9  A  these merge, close to the product cyclopro
pane. At each R the minimum corresponding to 4 
is at higher energy than that corresponding to 5, as 
we would have expected from our experience with 
methylene plus ethylene. The destabilization of 4 
is not great, amounting to a maximum of 2 kcal/mol. 
Potential curves for 4 or 5 show no activation energy 
for the reaction. One might also note the increasing 
parallelism of the 4 and 5 methylene planes at large R, 
terminating in a geometry for 4 in which the hydrogens 
come below the carbon. Clearly at these long dis
tances all that seems to matter is that the methylene 
p orbital be directed toward the center of the ethylene 
-i t  bond. Starting geometries corresponding to 6  and 
7 are not local minima, but slide over to 5 and 4, re
spectively.9

The theoretical presence of two computed reaction 
paths allowed us to compare the electron density 
changes along approaches A and B (4 and 5) more pre
cisely. This is accomplished in Figure 8. It will be 
noted that the lower energy B approach necessitates 
somewhat less charge transfer, as well as less charge 
imbalance among the ethylene carbons.

R. Hoffmann, D. W. Hayes, and P. S. Skell

Figure 8 . C harge d istribution  a long the tw o reaction  paths 
o f F igure 7. T h e  solid  line is fo r  the reaction  path  o f  ty p e  B, 
the dashed line fo r  th at o f  ty p e  A.

We have also calculated a potential surface for CF2 
and isobutylene. This shows the combined features 
of the CF2 +  C2H 4 and CH 2 +  (CH8)2C = C H 2 sur
faces. There are two distinct reaction paths of type 
4 and 5. There is also present a sizable activation 
energy.

Importance of Proper Choice of Computational Reac
tion Coordinate. In the process of studying the methy
lene-ethylene surface we came across a problem of some 
significance in the general computation of potential 
surfaces. The reaction path of Figure 1 was calculated 
by optimizing 8 , <p, e<p, e8 ; ef for a given value of the 
computational reaction coordinate R. R was chosen 
as the distance between the ethylene center and the 
methylene carbon.

Suppose the computed reaction coordinate R is chosen 
in a different way, for instance as the distance between 
the methylene carbon and one of the ethylene carbon 
atoms. The computed reaction path is shown in Fig
ure 9. The distance R is here measured from the right- 
hand ethylene carbon. This second calculated reac
tion path is primarily of type A, and the optimum 
approach brings the methylene closer to the left-hand 
carbon. If bond formation is to be a consequence of 
reaction then this seems to be a poor choice for a re
action coordinate, since bonding is first established 
with a carbon other than the one from which the re
action coordinate is measured.

What is needed here is a view not only of the reaction 
path but a substantial section of the entire potential 
surface. Without such an examination the true reac
tion path cannot really be said to have been established.

(9) Some interesting stereochemical consequences of the favored 
paths of approach of alkylidenecarbenes to unsymmetrical olefins are 
given by M . S. Newman and T . B. Patrick, J. Amer. Chem. Soc., 91, 
6461 (1969); 92,4312 (1970).
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Figure 9. Snapshots o f  reaction  path  for  the addition  o f 
m ethylene to  ethylene when the reaction  coord inate R is 
chosen as the distance from  th e right-hand carbon  o f  ethylene.

In Figure 10 we show an enlarged section of the area 
covered by Figure 1. The methylene carbon is fixed 
at the indicated y and z coordinates (the horizontal 
and vertical coordinates of Figure 1) and the optimum 
tilt of the methylene group is computed. This tilt is 
indicated by a slant line and its energy is specified be
low this line.10

The figure illustrates clearly why if motion is con
strained to be along an arc of equal distance from the 
center of the ethylene the B geometry is preferred, 
while if the motion is along an arc measured from an 
ethylene carbon, an A geometry is favored. More 
energy is gained from moving down to the ethylene 
than from moving sideways. The general features of 
the potential surface revealed in Figure 10 confirm 
our original choice of reaction coordinate and provide

Figure 10. A  section  o f the area o f  F igure 1, fo r  a ltitudes 2 to  
3 A  ab ove  the ethylene. T h e  m ethylene carbon  is fixed at the 
the indicated poin t and the optim u m  tilt o f  the m ethy lene is 
com pu ted . T h e  tilt is in d icated  b y  the slope o f  the 
line— w hich  is n ot o f sufficient len gth  to  be a true p ro jection  
o f the m ethylene. A ssociated  energies are in electron  volts  
relative to  an arbitrary  zero. T h e  dashed curves are lo c i o f  
poin ts 2 .4 A  from  the center o f  the ethylene and from  the 
right-hand ethylene carbon .

a better picture of the energy attached to various im
pact geometries. Finally we would like to emphasize 
that we have included the numerical experiments in 
this section not because they yield any chemical in
sight but because they are instructive in demonstrating 
the dangers of arbitrary choice of computational re
action coordinate in limited searches of a complex 
potential surface.

Acknoxvledgment. This work was supported at Cor
nell by the Petroleum Research Fund and the National 
Science Foundation. P. S. S. acknowledges the support 
of the Air Force Office of Scientific Research.

(10) Only nonequivalent geometries are specified. For each point 
there are A and B type minima, if methylene tilt is the only degree of 
freedom allowed.
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T h e  g rou n d -s ta te  p o ten tia l en erg y  su rface  fo r  th e  h e lica l c o n fo rm a tio n s  o f  a te tra p e p tid e  o f  g ly c in e  h as b een  
ca lcu la te d  u sin g  th e  C N D O /2  m e th od . T h e  p o ten tia l en erg y  su rface  con ta in s  th ree  n on e q u iv a le n t m in im a . 
T h e  a b so lu te  m in im u m  is fo u n d  in  a reg ion  close  t o  b o th  th e  a h e lix  a n d  th e  3io h elix . T h e  o th e r  tw o  lo c a l 
m in im a  are fo u n d  in  th e  reg ion  o f  th e  2̂  h e lix  a n d  near th e  fu lly  e x ten d ed  c o n fo rm a tio n , re sp e ct iv e ly . T h e  re
su lts are  com p a red  to  th o se  ob ta in e d  in  ou r p rev iou s  e x ten d ed  H u ck e l ca lcu la tion s  on  th e  sam e system .

Introduction
Theoretical studies of the conformations of isolated 

helices (under vacuum) of polypeptide chains with 
intramolecular interactions have been carried out by 
many workers2'3 using semiempirical potential func
tions for barriers to rotation around single bonds, non- 
bonded interactions, dipole-dipole interactions between 
amide groups, and hydrogen bonding potential energy 
functions. More recently semiempirical quantum me
chanical techniques have been used to study glycyl 
and alanyl residues,4 polypetide chains6 and model pep
tide molecules.6 We7 have presented the results of a 
detailed study by extended Huckel theory (EHT) of 
the stereochemistry of a polypeptide chain long enough 
to incorporate an intramolecular hydrogen bond (see 
Figure 1). In the present work, we present the cor
responding results obtained by using the C N D O /2  
method.

Method
Santry’s modification12 of the C N D O /2 method8-12 

was applied. The C N D O /2 method provides an ap
proximate SCF solution to the LCAO molecular Har- 
tree-Fock equations, in which all valence electrons are 
included and in which electronic repulsion is explicitly 
introduced.

The method for determining the coordinates of the 
atoms in the helical conformations of the polypeptide 
chain as shown in Figure 1 is due to N6methy and Scher- 
aga.13 The peptide unit is considered to have a rigid 
planar structure with fixed bond angles and bond 
lengths. The coordinates of the atoms in a peptide 
unit for the bond angles and distances taken from 
Leach, N6methy, and Scheraga14 are given in Table I.

The new conventions16 for the rotation angles <p and 
ip are used in the present work. (The rotation angles 
<t> and \p as given by the former convention16 are re
lated to the new rotation angles 4 >  and \ p  by: <j>n e w  =  

<f>old — ir, pnew = '/'old — ir.) The calculations were 
performed on an IBM  360/75 computer. (The execu
tion time for a tetrapeptide of glycine was approxi
mately 8 min for each point on the potential energy 
surface.) The largest grid width was taken to be 30°,

(1) This work was supported by Grant No. 2741-6 from the Swedish 
Natural Science Research Council.
(2) (a) D. A. Brant and P. J. Flory, J. Amer. Chem. Soc., 87, 633, 
2791 (1965); (b) G. N. Ramachandran, C. M . Venkatachalm, and 
S. Krimm, Biophys. J., 6, 849 (1966).
(3) R. A. Scott and H. A. Scheraga, J. Chem. Phys., 45, 2091 (1966).
(4) R. Hoffmann and A. Imamura, Biopolymers, 7, 207 (1969).
(5) A. Rossi, C. W . David, and R. Schor, Theoret. Chim. Acta, 14, 429
(1969) .
(6) J. F. Yan, F. A. Momany, R. Hoffmann, and H. A. Scheraga, J. 
Phys. Chem., 74, 420 (1970).
(7) A. Rossi, C. W . David, and R. Schor, J. Phys. Chem., 74, 4551
(1970) .
(8) J. A. Pople, D. P. Santry, and G. A. Segal, J. Chem. Phys., 43, 
129 (1965).
(9) J. A. Pople and G. A . Segal, ibid., 43, 136 (1965).
(10) J. A. Pople and G. A. Segal, ibid., 44, 3289 (1966).
(11) D. P. Santry and G. A. Segal, ibid., 47, 158 (1967).
(12) D. P. Santry, J. Amer. Chem. Soc., 90, 3309 (1968).
(13) G. N . Némethy and H. A. Scheraga, Biopolymers, 4, 369 (1966).
(14) S. J. Leach, G. Némethy, and H. A. Scheraga, Biopolymers, 4, 
369 (1966).
(15) IUPAC-IU B Commission on Biochemical Nomenclature, Bio
chemistry, 9, 3471 (1970).
(16) J. T. Edsall, P. J. Flory, J. C. Kendrew, A . M . Liquori, G. 
Némethy, G. N. Ramachandran, and H. A. Schegara, Biopolymers, 4, 
121 (1966); J. Biol. Chem., 241, 1004 (1966); J. Mol. Biol., 15, 399 
(1966).
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Figure 1 . D iagram m atic representation  o f a tetrapeptide o f 
glycine includ ing th e ro ta tion  angles <t> ( N -C ° )  and ¡p 
(C “ - C ' )  around the single bonds.

Table I : C oord inates fo r  the A tom s in a Planar 
P ep tid e  U n it o f  G ly c in e 14

Atom 3 xj, A Vi, A 2j, A

C ' 1 1 .4 2 0 .5 8 0 . 0 0

0 2 1.61 1 .8 0 0 . 0 0

N 3 2 .3 7 - 0 . 3 4 0 . 0 0

H  (am ide) 4 2 .1 8 - 1 . 3 2 0 . 0 0

C “ 5 3 .8 0 0 . 0 0 0 . 0 0

H “  “ 6 0 .3 6 0 .5 4 0 .8 9
H “ « 7 0 .3 6 0 .5 4 - 0 . 8 9

T h e C “ - H  distance was taken  to  b e  1 .0 9  Â  w hich  is
average o f  the data  on  a liph atic h ydrocarbon s.

but a width as small as 5° was used for studying certain 
energy contours which varied more rapidly with 4> and xp.

Results
The ground-state potential energy surface for four 

peptide units (three residues) is displayed in Figure 2. 
Since R  — H, the map is centrosymmetric about the 
point <t> =  0, \p =  0.

There are three nonequivalent minima in the con
tour map: (1) the absolute minimum around <p =
— 20°, \p =  —60° whose energy has been set equal to 
zero. It should be noted that the minimum is quite 
shallow in this region and the interpolation is uncer
tain. Hence, the estimated uncertainty in the min
imum is about ± 1 5 ° :  (2) a local minimum about 4> =
— 60°, \p =  60° of 4 kcal/mol of residue; and (3) one 
local minimum at the fully extended chain conforma
tion <f> =  — 180°, \p =  — 180° of 5 kcal/mol of residue.

The absolute minimum is reasonably close to and 
about equidistant from both the 3i0 helix <f> =  —49°, 
\p =  — 2 6 °17 and the a helix <t> =  —48°, \p =  —57°. 
The minimum at <j> =  — 60°, \p =  60° corresponds to a 
seven membered hydrogen bonded ring. Two postu
lated conformations in this region are the 2.27 helix 
and the 27 helix at 0 =  —75°, \p =  7 0 °.17 Maigret, 
et al.,m found this to be the most stable conformation 
in their calculation on A-acetyl-A'-Methylglycyl- 
amide V.

Additionally, one notes the suggestion of a valley at 
4> =  —60°, \p =  —50° which would correspond to the 
a helix.17

The general features of our present map (particularly 
in the regions of high steric repulsion) are similar to 
those obtained in our previous (EHT) calculations on

Figure 2 . G rou nd-state  poten tia l energy surface for a 
tetrapeptide o f g lycine calcu lated b y  the C N D O /2  m ethod .
T h e  contours o f constant energy are relative to  the m ost 
stable con form ation  chosen  as zero energy and are in units 
o f k ca l/m o l o f  residue.

the same system. The most significant differences 
are: (1) the absolute minimum occurs much closer
to the a helix and the 3io helix than in the previous com
putations; (2) there is a shift of the local minimum in 
the d region to the fully extended chain conformation; 
and (3) the appearance of a new minimum conforma
tion which corresponds to the formation of a seven 
membered hydrogen bonded ring.

The partial charges, which are sensibly independent 
of the rotation angles 0 and \p, are given in Table II for 
the extended chain and the a helical conformations. 
The charges, although taken from the first and fourth 
peptide units, are representative of the atoms in the 
entire chain. The present results for the charge dis
tribution around the peptide bond should be compared 
to those obtained by using Extended Hiickel Theory 
(EHT) on A-methyl acetamide6 and on the tetrapeptide 
of glycine.7 On the basis of the C N D O /2  method, 
there is no longer an exaggerated charge separation for 
the atoms in the C -0  bond.

Conclusion
The present C N D O /2 calculations on the helical 

calculations of a tetrapeptide of glycine are consistent 
with recent calculations in protein stereochemistry. 
An extension of the calculation to longer chain lengths 
may result in a more definite assignment of the absolute

(17) G. N. Ramaehandran and V. Sasisekharan, Advan. Protein 
Chem., 23, 323 (1968).
(18) B. Maigret, B. Pullman, and M . Dreyfus, J. Theor. Biol., 26, 
321 (1970).
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Table II : Gross Charges on the Atoms in a Planar Peptide Unit for Various Helical Conformations of the Tetrapeptide of Glycine

Conformation N “ H° O6
—Atomic charges—

c ,b C6 H“  “ H“  b '

Fully extended chain - 0 . 1 9 + 0 . 1 2 - 0 . 3 7 + 0 . 3 6 - 0 . 0 9 + 0 . 0 3 + 0 . 0 1
Antiparallel-chain pleated sheet - 0 . 1 9 +  0 . 1 2 - 0 . 3 7 +  0 . 3 6 - 0 . 0 9 + 0 . 0 3 +  0 .0 1
Parallel-chain pleated sheet - 0 . 2 0 +  0 . 1 2 - 0 . 3 7 +  0 . 3 6 - 0 . 0 9 + 0 . 0 3 +  0 .0 1
Right-handed a helix - 0 . 2 0 +  0 . 1 5 - 0 . 3 7 + 0 . 3 7 - 0 . 1 0 + 0 . 0 3 +  0 . 0 0
Neighboring helix - 0 . 2 2 +  0 . 1 7 - 0 . 3 7 + 0 . 3 7 - 0 . 1 0 +  0 . 0 3 0 . 0 0

Atomic charge taken from fourth peptide unit. 6 Atomic charge taken from first peptide unit.

m in im um  to  a region around the a -he lica l conform ation. 
Such ca lcu la tion s on longer cha ins w ou ld  requ ire  ex
tended com puter space and com puter t im e  w h ich  is 
un fo rtu na te ly  no t read ily  a va ilab le  to  us a t the present 
tim e.
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to  acknow ledge fru it fu l discussions w ith  D rs . B jö rn  
Roos, F . A . M om any , and R .  F . M cG u ire .
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A  model for simulating the esr spectrum of nitroxide-type molecules in nematic mesophases is developed which 
includes nuclear spin-flip transitions in  the reorientation process. A  typ ical nitroxide, A xx = 32 G , A „„ = 
A „ = 6 G  and gxx = 2.0027, gyy = 2.0061, gzx = 2.0089, is used as an example and the variation of the g value 
and hyperfine splitting (A) of the resulting three-line spectrum (isotropic line shape) is calculated as dependent 
on an ordering parameter (S„) which corresponds to a maximum angular deviation (0m,i) of the length of the 
nitroxide molecule from the static magnetic field direction. Spin-flips of the nucleus in the reorientation process 
are included due to the anisotropy in the hyperfine tensor (A) and the fast jump rates involved in  isotropic 
averaging. Comparison is made to other treatments of the problem which yield results differing to the extent 
of the approximations involved.

There  is  cu rren t in te rest in  e lectron sp in  resonance 
(esr) stud ies o f param agnetic molecules in  liq u id -c ry s 
ta llin e  so lvents, especia lly  nem atic-type  mesophases.1“ 4 
Su itab le  param agnetic  probe m olecules are rod -like  
molecules w ith  a m ethy l-p ro tected  n itro x id e  group in 
corporated a t the te rm in a l pos ition . P rope r choice of 
n itro x id e  in corpora tion  ensures cop lana r ity  o f the two 
te r t ia ry  carbon atoms, the n itrogen  and oxygen atom s6 
and m in im um  departure  o f the N - 0  bond d ire c tion  
from  the length  o f the m olecu le ax is .4 W ith  these con
d it ion s one m ay  find  correspondence in  the degree of 
o rdering  o f the probe molecules w ith  th a t o f the d ia 
m agnetic l iq u id -c ry s ta llin e  so lven t molecules as de
scribed b y  ordering param eters.6

W e w ish  to  report resu lts fo r the s im u la tion  b y  a mo
t io n a l m odel of the esr spectra of such n itro x ide -type  
probe molecules h ypo th e tica lly  in  a nem atic mesophase

(1) H . R . Falle and G. R . Luckhurst, J. Magn. Resonance, 3, 161 
(1970).
(2) G. Havach, P. Ferruti, D . Gill, and M . P. Klein, J. Amer. Chem. 
Soc., 91, 7526 (1969).
(3) G. C. Fryburg and E. Gelerinter, J. Chem. Phys., 52, 3378 (1970).
(4) P. Ferruti, D . Gill, M . A . Harpold, and M . P. Klein, ibid., 50, 
4545 (1969).
(5) C. L . Hamilton and H . M . M cConnell in “ Structural Chemistry 
and M olecular B iology,”  Ed., A . R ich and N. Davidson, W . H . Free
man, San Francisco, Calif., 1968, p 115.
(6) A . Saupe, Z. Naturforsch. A, 19, 161 (1964); A . Saupe, Angela. 
Chem. Int. Ed. Engl., 7 ,9 7  (1968).
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w ith  the ¿ -p rin c ipa l axis ( N - 0  bond d irection) pa ra lle l 
to the sta tic  m agnetic fie ld  Ho fo r perfect ordering. 
Th e  m otion  of the n itro x ide  probe molecules in  the 
ordered mesophase is s im u lated b y  sm a ll d iscrete re
orien tations of less than  5° spherica l angle and the esr 
spectra resu lt from  th is  s im u la tion  of m otion  b y  use of a 
more general trea tm en t to  s im u late  random  m o tio na lly  
averaged esr spectra.7 T h is  general trea tm en t is in te r
mediate in  com puta tiona l d iff icu lty  between the m eth
ods used b y  G riff ith , et al.,s and more recen tly  b y  Freed, 
et al.,9 fo r s low -tum b ling  rates. In  th is  instance, how 
ever, the n itro x ide  is undergo ing rap id  reo rien ta tion  
(corre lation tim e  fo r tum b ling  <10~9 sec) in  the nem atic 
mesophase so as to  exh ib it iso trop ic  lin e  shapes (three 
lin e  spectrum ) w ith  sh ifts  in  g v a lu e  and hyperfine 
sp litt in g  as dependent on the degree of ordering. The  
technique fo r s im u la ting  esr spectra (PW ) w h ile  s im ila r 
to  the treatm ent of I tz k o w itz 10 differs in  tha t a sta tion - 
a ry-sta te  H am ilto n ia n  w h ich  inc ludes a ll o ff-d iagonal 
term s (nonsecular and pseudosecular) was so lved ex
a c t ly 11 and the tim e-dependent esr spectra were s im u
la ted  b y  su itab le  linea r com b inations o f the exact sta
tionary-sta te  so lutions. A  and g tensors chosen were 
fo r “ ty p ic a l”  m ethy l-p ro tected  n itro x id e  rad ica ls:6 
A xx = 32 G , A yv = 4 «  = 6 G  and gxx = 2.0027, gvv = 
2.0061 and gzz = 2.0089. T h e  2p ir o rb ita l w h ich  con
ta ins the odd-electron lies a long the x axis and the N - 0  
bond d irection  and long axis o f the rod -like  m olecule lie  
along the z axis (see F igu re  1).

The  d iscrete-jum p m odel used has 93 orien ta tions in  
the po s it ive  x,y,z octant. A  random  w a lk  s im u la ting  
molecule m otion  is done b y  a llow ing the m agnetic fie ld 
vecto r Ho to  jum p to  nearest ne ighbor o rien tations in  
the fixed-coord inate system  bu t w ith  re stric tion  to  those 
o rien tations whose 9 < 6m&x w ith  6 being measured from  
the 2 axis (see F ig u re  1). Pe rfect ordering along H 0 w ou ld  
occur fo r 0max = 0° and an iso trop ic  spectrum  resu lts at 
0max = 90°. A  basis set of orien ta tions is estab lished 
fo r a p a rt icu la r 0max w h ich  describes the cone in  F igu re  
1 and a random  w a lk  is done over a su ffic ient num ber of 
po in ts in  tha t basis set to ensure iso trop ic  averaging of 
the hyperfine tensors. T h e  esr spectrum  resu lts from  
a cum u la tion  of in d iv id u a l spectra averaged over the 
o rien tations v is ited . E a ch  o rien ta tion  has an esr spec
tru m  associated w ith  i t  as a resu lt of so lv ing  the 
H am ilto n ia n  fo r th a t o r ien ta tion  (6, 4>). In  the course 
of the random  w a lk  the ordering  param eter6 Szz = 
y 2((3 cos2 8 — 1)) was com puted as an ensemble average 
along w ith  Sxx and Svv using 6 and d>. In  th is  model 
Sxx = Svv = — y 2S„. T h e  resu lts fo r the en tire  range 
of $max 0-90° are shown in  F igu re  2 as the dotted- 
dashed lines (m[ = ±1). T h e  center lin e  {m¡ = 0) is 
linea r w ith  respect to  Szz. T h e  resu lts from  th is  s im u
la tion  can be nearly  approx im ated b y  using the first- 
order expression:12 A 2 = l/¡72 (gXx2A xx2 s in 2 d cos2 <p +  
gvv2A vy2 s in 2 6 s in 2 </> +  gzz2A zz2 cos2 8) and de riv ing  an 
expression fo r (A), the hyperfine sp litt in g , as dependent

Z

Figure 1. Principal axes of the hyperfine and coincident g 
tensors showing the magnetic field vector H0 limited to a 
basis set formed by 0ma*. The 2px orbital lies along the x axis.

Figure 2. Positions of the three hyperfine lines plotted against
SZz and 0max- Results are from: -------, linear approximation;
•— •, first-order expression ; ------- , initial simulation ;
.................. , simulation including nuclear spin-flip transitions.

on Szz. These results for (A) plotted about the mr =  0 
line are the connected points in Figure 2 (%  =  ±1). 
The expression for A2 includes contributions from 
pseudosecular terms which are found to contribute sig
nificantly (up to a maximum of 4 G) to the splitting at 
a particular orientation.13

(7) T . Pietrzak and D . E. W ood, J. Chem. Phys., S3, 2454 (1970), 
subsequently referred to as PW .
(8) L. J. Libertini, A . S. W aggoner, P . C. Jost, and O. H . Griffith, 
Proc. Nat. Acad. Sci. U. S., 6 4 , 13 (1969).
(9) J. H. Freed, G. V. Bruno, and C. Polnaazek, J. Phys. Chem., 75, 
3385 (1971).
(10) M . S. Itzkcwitz, J. Chem. Phys., 4 6 , 3048 (1967).
(11) M . K opp and J. H . M aokey, J. Computational Phys., 3, 539
(1969) ; J. H . M aekey, M . K opp, and E . C. Tynan in “ Electron Spin 
Resonance of M etal Complexes,”  Teh Fu Yen, E d., Plenum, New 
York, N. Y „  1969.
(12) B. Bleaney, Phü. Mag., 42, 441 (1951).
(13) L . J. Libertini and O. Hayes Griffith, J. Chem. Phys., 53, 1359
(1970) .
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A pp ro x im a te  trea tm en t fo r an average effective 
H a m ilto n ia n  w h ich  neglects pseudosecular term s and 
g an iso tropy y ie ld s an expression4 fo r A  A  lin e a rly  de
pendent on S21 where the average hyperfine sp litt in g  
is (A ) = A Uo +  A A .  These resu lts as dependent on 
Szz are p lo tted  as the so lid  lines (m7 = ±  1) in  F ig u re  2. 
E xp e r im en ta l da ta  are presumed to  be w e ll described 
b y  th is  lin ea r app rox im ation .4 T h e  lin ea r dependence 
o f the g va lue  as a fun c tion  of SZ2 was found to  be the 
same from  the s im u la tions and from  a ll the app rox im a
tion s discussed in  th is  paper.

F ro m  the s im u la tion  of the iso trop ic  spectrum  at 
Szz — 0, (A ) is  2.5 G  larger than  A iso (14.7 G ). T h is  is 
a weakness of the m odel at least fo r large an iso tropy in  
A 14 and can be due to  the  neg lect o f nuc lear sp in -flip  
tran s it ion s (AmI = ± 1 , A ms = ± 1 ) w h ich  become in 
creasing ly  im po rtan t at fast jum p rates encountered in  
iso trop ic  averag ing .16 In c lu s ion  in  the o rien ta tion  p ro 
cess o f the p ro b a b ility  of such nuclear sp in -flip  tran s i
t ions resu lts in  the dashed lines (m7 = ±  1) as shown in  
F ig u re  2. These resu lts were obta ined b y  a llow ing 
such sp in -flips to  fo rb idden  lines in  the averaging pro
cess to  the extent of ob ta in ing  the best va lue  fo r (A ) at 
Szz = 0 (isotrop ic). T h is  corresponded to  a nuclear 
sp in -flip  occurring  every th ird  jum p in  the reo rien ta tion  
process of a sing le n itro x id e  molecule.

T h e  resu lts from  the s im u la tion  b y  the d iscrete-jum p

m odel in co rpo ra ting  nuclear sp in -flip  tra n s it io n s  sug
gests s lig h t ly  larger (A ) va lues at ty p ic a lly  in te rm ed ia te  
experim enta l S2Z va lues of 0.4 to  0 .7 .16'17 I t  a lso sug
gests th a t  the dependence of (A ) on Szz is de term ined b y  
the an iso tropy  in  the hyperfine tensor (A) since off- 
d iagona l term s con tr ibu te  to  the in te n s ity  o f these sp in- 
f lip  tran s it ion s  at a ll o rien ta tions .13 B o th  in  approach 
and in  resu lts fo r (A), th is  trea tm en t lies between the 
lin ea r app rox im ation  (so lid lines) w h ich  neglects 
pseudosecular term s and the in it ia l s im u la tion  (dotted- 
dashed lines) and first-o rder resu lts (connected po in ts) 
bo th  o f w h ich  neglect nuclear sp in -flips in  the reo rien ta 
t io n  process. F o r  experim enta l ve rifica tion , indepen
dent co rre la tion  of ordering param eters w ith  tem pera
tu re  in  nem atic  mesophases is necessary a long w ith  con
s ide ra tion  o f the n itro x ide  probe molecules as non idea l 
nem atic  molecules in  a nem atic host.

(14) A  hypothetic species with the same g tensor but with an A  tensor 
of 20 G, 11 G, and 11 G  as x, y, and z diagonal elements, respectively, 
was simulated with this model at isotropic averaging w ith (A ) =  14.2 
G. This indicates that the anisotropy in A plays a role in the good
ness of fit for Aiso as simulated from this model. This conclusion is 
also supported by the good agreement for A iSO o f NO2 in zeolite as 
simulated by this model (see ref 7).
(15) H . Silleseu and D . Kivelson, J. Chem. Phys., 48, 3493 (1968).
(16) A . Saupe, Angew. Chem. Int. Ed. Engl., 7, 97 (1968).
(17) A . Saupe, G . Englert, and A . Povh, Advan. Chem. Ser., No. 63, 
51 (1967).
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Adsorption on Flat Surfaces. III. Adsorption of Branched-Chain Alcohols

by T. D. Blake* and W. H. Wade
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Gravimetric measurements have been made of the vapor-phase adsorption of various branched-chain alcohols 
on the oxidized surface of aluminum foil. All resulting isotherms are Langmuirian up to at least 0.3 relative 
pressure, but then rise steeply. Tertiary alcohols show a subsequent step at two to three monolayers. In 
the case of 2-methyl-2-propanol, as the temperature is lowered below the melting point, multilayer adsorption 
diminishes and the step moves towards higher relative pressures. A t temperatures just below the melting point, 
isotherms intersect the saturation vapor pressure axis, and nucleation of the bulk phase is sufficiently delayed 
for isotherm measurement above saturation. This delay is attributed to a large contact angle resulting from a 
structural dissimilarity between the adsorbed and bulk phases. If the alumina surface is first covered with 
70%  of a monolayer of pentanol, then although the total adsorption of tertiary alcohols is reduced, the general 
shape of their isotherms is unchanged. In general, the work provides further evidence that the high energy, 
heterogeneous character of alumina surfaces can be masked by  a monolayer of a low-molecular-weight alcohol 
to give a low energy surface of considerable uniformity.

Introduction
P rev ious w o rk  carried  ou t in  th is  la bo ra to ry ,1-3 has 

dem onstrated th a t the im po rtan t au tophob ic ity  con
cept due to  Z ism an and coworkers4-6 m ay be app lied  to  
the vapor-phase adsorp tion  of low -m olecu lar-we ight 
m-aliphatic a lcohols on a lum ina. E v id e n t ly , mono- 
layers of a lcohols hav ing  hydrocarbon  cha ins conta in ing 
as few as 3 carbon atom s per m olecule are su ffic ient to 
obscure the h igh  energy character of th is  surface. In 
complete m onolayers of longer cha in  a lcohols are also 
effective. Thus, 70%  of a m ono layer of pentanol re
duces the surface pressure of decane from  36.2 to 7.1 
dyn  cm -1, and increases the contact angle from  0 to 
about 8 deg.3

These investigations have now been extended to  in 
clude va rious branched-cha in  alcohols. A s  in  the ear
lie r papers in  th is  series,2'3 the substrate chosen was ox
id ized a lum inum  fo il. T h e  use of a p lanar ra the r than  
a powdered adsorbent reveals certa in  features of the 
isotherm s th a t m igh t otherw ise be obscured b y  sub
sa tu ra tion  condensation. The  adsorbates investiga ted  
were cyclohexanol, 2-propanol, and the te rt ia ry  a lco
hols 2-m ethyl-2-propanol, 2 -m ethyl-2 -butano l, and
3-m ethyl-3-pentanol. H ere inafte r, these w il l be desig
nated, respective ly , c y c lo -C 6, iso-C3, tert-C 4, tert-C 6 and 
terfrC 6. S tra igh t cha in  a lcohols w il l be referred to  as 
C 3 , C 4 , etc.

Experimental Section
D e ta ils  of the g rav im etr ic  adsorp tion  apparatus and 

the experim enta l techn ique used in  th is  w o rk  have been 
g iven elsewhere.2'3 The  fo il sample (package B ) 2 com
prised a stack  of 200 rectangu lar sheets of 5-p.m a lum i
num  fo il h av ing  a to ta l geometric area of 1.02 m 2 and  a 
roughness fac to r of 1.08. T h e  sheets were held in  place 
by  a lig h t s ilica  fram ework. P r io r  to each run, the

sample was cleaned by overnight treatment with pure 
oxygen at 400°, and then outgassed to 10-6 Torr before 
being cooled to isotherm temperature and constant 
weight. If required, pretreatment with C6 was carried 
out as previously described.3

The alcohols (99 +  mol % grade, supplied by Mathe- 
son Coleman and Bell) were exhaustively dried over 
molecular sieve, and outgassed and repeatedly distilled 
under vacuum before use.

The arrangement used to maintain the sample within 
0.02° of the quoted isotherm temperature is shown in 
Figure 1. Ambient room temperature was either 23 or 
28 ±  0.5°. Saturation vapor pressures, p0, (listed in 
Table I) were always determined with excess bulk alco
hol present in the sample chamber since in most cases 
literature values v7ere not considered sufficiently reli
able. The presence of foreign vapors (typically air 
from solution) could be detected by partially evacuating 
the system and remeasuring p0.

Contact angles were measured using the sessile drop 
apparatus described previously.3

Results and Discussion
Up to p/pa =  0.8, all adsorption isotherms (Figures

2-5) resemble those obtained with straight-chain alco-

* Address correspondence to this author at K odak , L td ., W ealdstone, 
Harrow, M iddlesex, England, HA1 4 T Y .
(1) J. Barto, J. L. Durham, V. F . Baston, and W . H . W ade, J. 
Colloid Interface Scr., 22, 491 (1966).
(2) T . D . Blake and W . H . W ade, J. Phys. Chem., 75, 1887 (1971).
(3) T . D . Blake, J. L. Cayias, W. H . W ade and J. A . Zerdecki, J. 
Colloid Interface Sci., 37, X X X  (1971).
(4) E .  F .  Hare and W . A . Zisman, J. Phys. Chem., 59, 335 (1955). 
W . H . Fox, E .  F. Hare, and W . A . Zisman, ibid., 59, 1097 (1955).
(5) O. Levine and W . A . Zisman, ibid., 61, 1068 (1957).
(6) W . A . Zisman, Advan. Chem. Ser., N o. 43, 1 (1964), and papers 
cited therein.
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TO BALANCE

Figure 1. Details of the arrangement used to control 
sample temperature. For the 0° isotherm, the water bath 
was replaced by a larger vessel containing distilled 
water-ice slush.

Table I :  Saturation Vapor Pressures (Torr) at T, °C 

------------------------ t , ° o ---------------
Alcohol 0 .0 0 13.30 20.00

cyclo-Ce 0 .4 8 5
iso- C3 3 1 .6 4
tert-Ci (liquid) 7 .7 7 “ 1 9 .4 “ 3 0 .6 »
tert-Ci (solid) 5 .7 4 1 7 .22 2 8 .2 8
tert-Ch 1 1 .7 4
tert-Cs 4 .6 1

° Indicates supercooled liquid (from data of Parkes and 
Barton, J. Amer. Chem. Soc., 50, 24 (1928)).

hols C 3 to  O 5,1,2 be ing h ig h ly  L angm u ir ian  in  character, 
possessing well-developed /1 “ knees”  and long linea r re
gions. A d so rp tio n  on the bare surface was revers ib le  
above 9  = 0.65. How ever, the 0.35 9  rem nan t cou ld 
no t be rem oved even a fte r pro longed evacuation  a t 1 0~ 6 
T o r r  and was, presum ably, d issoc ia tive ly  adsorbed . 1'2

T h e  Lan g m u ir  m o lecu lar areas of a ll the  a lcohols so 
fa r investigated are lis ted  in  Tab le  I I  together w ith  
measured contact angles and selected ph ys ica l p rop
erties obta ined from  the lite ra tu re . A ssum ing  a lign
m ent rough ly  no rm a l to  the surface, the m olecu lar areas 
fo llow  a log ica l progression, w ith  molecules of poten
t ia l ly  s im ila r  cross-section hav in g  s im ila r areas. Thus,

Figure 2. Adsorption of cyclo-C6 (□) and iso-C3 (A) on 
aluminum foil at 20°.

Figure 3. Adsorption of tert-Cs (■) and tert-Ce (A) on 
aluminum foil at 20°.

iso -C 3 and cy c lo -C 6 d iffe r b y  on ly  1.1 A 2, whereas the 
in troduc tion  of two - C H 2-  groups in  going from  tert-C 4 
to tert-Ci invo lves an area increase of 4.7 A 2.

Above  p/p0 = 0.8, a ll the isotherm s rise steeply. 
C yc lo -Ce adsorp tion  exceeds five  s ta tis t ica l m ono layers 
a t p/po = 0.97 and appears to  approach the sa tu ra tion  
vapo r pressure axis asym p to tica lly . T h is  suggests a 
zero con tact angle fo r the b u lk  a lcohol, w h ich  is  a so lid  
a t the experim enta l tem perature (20°). fso-C3 also 
shows m u lt ila ye r adsorption, and in  th is  case, the con
ta c t angle was found to  be less th an  5 deg, b u t poss ib ly  
nonzero. T h e  fa c t th a t C 32 is  more au tophob ic th an  
iso-C 3 can be exp la ined i f  i t  is  assumed th a t the  c r it ic a l 
surface tensions of th e ir m ono layers are, respective ly , 
low er and h igher than  th e ir  b u lk  surface tensions.
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p/p.

Figure 4. Adsorption of tert-Ci on aluminum foil at 26.6° (O), 
20° (▼), 13.3° (V), and 0° (•).

Figure 5. Adsorption of tert-C4 (▼) and tert-Ci (■ ) on 
Cs-treated aluminum foil at 20°.

S ince the la tte r  are 23.7 d yn  cm -1 (C 3) and 21.4 d yn  
cm -1 (iso-C 3), the c r it ic a l surface tensions w ou ld  be 
com parab le w ith  those of so lid  hyd roca rbon  and close- 
packed C H 3-  surfaces (22-24 d yn  cm -1).6 F u rth e r
more, as one w ou ld  no t expect the surface tension of 
c y c lo -C 6 to  change s ign if ican tly  on freezing, the c r it ic a l 
surface tension  of a m ono layer o f th is  a lcoho l m ust be 
a t least 34 d yn  cm -1 , w h ich  is about the va lue  found 
fo r C H 2-  surfaces.®

F igu re s 3 and 4 show  th a t the m u lt ila ye r adsorp tion  
of the te r t ia ry  a lcohols is  more unusual. A t  abou t 
p/po = 0.93 each o f the 20° iso therm s shows a de fin ite  
step. In  add ition , the  tert-Ci iso therm s fo r tem pera
tures below  the m e lt ing  po in t in te rsect the sa tu ra tion

Table II: Molecular Areas, Contact Angles (6), Surface 
Tensions (yLv), and Boiling ard Melting Points (bp and mp) 
of the Alcohols so far Investigated

Molec
ular /— 9, deg at 20°—  ̂ yLv at

Alcohol
area
b

Advanc
ing

Reced
ing

20 ° dyn 
cm -1 Bp, °C Mp, "C

Cx 15.9 0 0 22.6 65 - 9 4
C 2 19.9 0 0 22.3 78.5 -1 1 7c3 24.6 13 <5 23.7 97 -1 2 6c4 24.4 16 5 24.6 118 - 9 0
Cs 24.8 31 21 25.6 138 - 7 9
eyclo-Ca 26.7 33.8 at 161 +  25.2

¿S0 -C 3 25.4 < 5 0
27°

21.4 82 - 8 9 .5
tert-Ci 32.4 < 5  at 19.6 82.5 + 2 5 .5

tert-Ci 33.3
26°

11 7 22.8 102 - 9
tert-Ci 37.1 23.6 122 - 2 4

vapo r pressure axis and, a t 20°, continue w e ll beyond 
saturation . How ever, d iscussion of th is  la tte r  behav
io r  w il l be deferred u n t il la ter. F o r  the mom ent, i t  is 
su ffic ient to  note th a t the in fle ction  po in ts on e ither side 
of the step risers correspond to  com p letion  of the firs t 
and third s ta tis t ica l m ono layers (ra ther than  firs t and 
second). Thus, i t  appears th a t  the second and th ird  
m ono layers adsorb concerted ly, poss ib ly  w ith  molecules 
in  the second laye r hydrogen-bonded to  those in  the 
th ird . K ise lev , et at.,1 who observed a concerted b i- 
m olecu lar adsorp tion  of tert-Ci on G rap hon  w ith  the 
step rise r a t p/p0 = — 0̂.1, b r ie f ly  adopted a hydrogen 
bonded d im er exp lanation.

A ssoc ia tion  of alocho ls in  the l iq u id  phase is w e ll doc
um ented and is  d ire c tly  responsib le fo r th e ir h igh  bo ilin g  
po in t. Thom as8 in  a series of pub lica tion s has pa id  
p a rt icu la r  a tten tion  to  the differences in  the l iq u id  state 
association of p r im a ry , secondary, and te r t ia ry  alcohols. 
H is  ca lcu la tions show th a t tert-C 4, tert-Ci, and tert-Ci 
are the most extensive ly  associated a lcohols, and, based 
on a fin ite  degree of association in  the low  tem perature 
l im it , he favo rs a r in g  po lym er con figu ra tion  in vo lv in g  
app rox im ate ly  fou r m o n im e r un its. Such a s tructu re  
fo r tert-Ci orien ted to  m ax im ize  v e rt ica l in te ractions 
y ie ld s a ca lcu la ted (based on D re id in g  models) equ iva
len t monom er area of 18 A .2 T h is  is  equ iva len t to  a 
rise r o f 0  = 1.8— ve ry  close to  the observed value. 
Zettlem oyer, et al,,9 have observed w ha t is  close to  a 
single step rise r w ith  0  = ~ 2  fo r iso-C3 on a g raph it ized  
b la ck  and one m ust w onder i f  the above postu la te  is  no t 
also app licab le  fo r h is system.

(7) N . N. Avgul, A . V. Kiselev, and I. A . Lyzina, Kolloid. Zh., 23, 
513 (1961).
(8) L. H . Thom as and R . M eatyard, Proc. Roy. Soc., 1986, 1995 
(1963).
(9) D . R . Bassett, E. A. Boucher, and A . C. Zettlemoyer, J. Phys. 
Chem., 71, 2787 (1967).
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P ie rce  and E w in g 10’11 and others have suggested th a t 
stepw ise adsorp tion  is  favored by : (1) u n ifo rm ity  of
substrate; (2) strong la te ra l in te ractions between ad
sorbate molecules; (3) a su ffic ien tly  low  tem perature 
such th a t the sm a ll energy differences th a t give rise to  
steps are no t smeared ou t b y  the rm a l ag itation . These 
v iew s are consistent w ith  the present resu lts since:
(1) a close-packed m ono layer of nea rly  spherica l 
( C H 3)3C -  groups is  l ik e ly  to  p rov ide  a h ig h ly  un ifo rm  
surface; (2) strong la te ra l in te rac tion s are possib le 
w ith  adsorbates th a t give Lan gm u ir ia n  iso therm s on 
heterogeneous surfaces (such as a lum ina );2 (3) the 
iso therm  tem peratures of the te r t ia ry  a lcoho ls (espe
c ia lly  tert-Ci) are reasonab ly  close to  th e ir  m e lting  
po ints, and a t least th e ir f irs t m onolayers w il l be h ig h ly  
loca lized  because of strong in te ractions w ith  the surface. 
How ever, i t  w ou ld  appear w isest to  recognize the spe
c ific  in te ractions in  ¿erf-alcohols and m o d ify 2 in  recogni
t io n  of the possib le existence of such r in g  po lym ers.

F ig u re  5 reveals th a t i f  the fo il is pretreated w ith  C 5, 
the am oun t of te rt ia ry  a lcoho l necessary to  complete 
the f irs t  m ono layer is  m uch reduced, b u t subsequent 
adsorp tion  is  on ly  s lig h t ly  affected. E v id e n t ly , the 
appearance of steps is  no t determ ined b y  the deta iled  
s tructu re  of the firs t m onolayer, w h ich , in  these exam
ples, com prises app rox im ate ly  28 C 6 and 6 tert-C 4, C H 2, 
and C H 3 u n its  per 100 A 2.

T h e  greater f le x ib ility  o f the stra igh t cha in  un its, 
w h ich  is responsib le fo r th e ir lower, less w e ll defined 
m e lt ing  po ints, is  p robab ly  the m a in  reason w hy they  do 
not also show stepped isotherm s a t 20°. P ie rce  and 
E w in g  repo rt th a t e th y l ch loride adsorbs stepwise on 
graph ite  a t — 78°, b u t no t at 0 ° ,10 and carbon te tra 
ch lo ride  gives steps at tem peratures ju s t be low  the 
m e lt ing  po in t, b u t no t above.11

A s  the tem perature is lowered s t il l  fu rther, however, 
the steps in  the CC14 isotherm s move to  h igher re la tive  
pressures: the step o r ig in a lly  centered at p/po = 0.75 
a t — 26° m ov ing  to p/po = 0.83 a t —42°. In  the pres
ent w ork, equ iva len t behav io r is shown b y  tert-C 4. A t  
26.6° (1.1° above the m e lting  po in t), the step is cen
tered around p/p0 = 0.93, b u t at 20°, a lthough the step 
is som ewhat more pronounced, i t  has sh ifted  to  p/po = 
0.99. A t  13.3°, to ta l adsorp tion  in  excess of a mono- 
la ye r is  re stric ted  to  abou t one and one-half m onolayers; 
a t 0°, i t  is  a lm ost en tire ly  absent. P ie rce  and E w in g  
postu la te  th a t even w ith  nea rly  spherica l molecules 
such as C C h , adsorbate-adsorbent in te rac tion s a t tem 
peratures be low  the m e lt ing  po in t m ay produce a firs t 
la ye r stru c tu re  un favo rab le  fo r fu rth e r adsorption. 
A t  tem peratures above the m e lt ing  po in t, however, in 
creased the rm a l ag ita tion  u lt im a te ly  destroys bo th  the 
ordered struc tu re  and the energetic d isc r im in a tion  be
tween the m olecu lar layers, and thereby increases the 
to ta l am ount of m u lt ila y e r  adsorption.

A s  noted above, the isotherm s fo r tert-C 4 below  its  
m e lt in g  po in t in te rsect the sa tu ra tion  vapo r pressure

Figure 6 . A d sorp tion  o f  tert-C 4 on  alum inum  foil at 26 .6° (O ), 
20 ° (▼), 13 .3° (V ), and 0° (• ) , w ith  isotherm s p lo tted  as 
fu nction s o f p / p o .L ,  w here p0,l  is the saturation v a p or  pressure 
o f  tert-C  in  the liqu id  state (su percooled  a t 20 °, 13 .3°, and 0 ° ) .

axis. T h is  behav io r is  to  be expected w ith  adsorbates 
th a t e xh ib it nonzero contact angles, b u t  is  se ldom  ob
served because of cap illa ry  condensation. Some sub
sa tu ra tion  condensation a t v e ry  h igh  re la t ive  pressures 
was expected in  the present w o rk  also— ow ing to  the in 
ev itab le  presence of some areas of fo il- fo il  and fo i l-  
fram ew ork  con tact w ith in  the sam ple package.2 Y e t , 
w ith  tert-C 4 a t 20°, condensation-free e q u ilib r iu m  data  
were obta ined up to  p/po = 1.02 (F igu re  4) and 1.04 on 
the C 6-treated surface (F igu re  5). T h e  system  w ou ld  
rem a in  a t these re la tive  pressures fo r m any hours before 
condensation set in, V became unbounded, and p/po 
dropped to  1.00.

These observations are exp licab le  :f the con tact angle 
between b u lk  (be. so lid ) tert-C 4 and its  adsorbed phase 
is su ffic ien tly  large to  in h ib it  heterogeneous nuc lea tion  
of condensate b y  increasing the free energy o f fo rm a tion  
of c r it ic a l nuc le i.12 A  large con tact angle im p lie s  a 
s tru c tu ra l difference between the adsorbed and b u lk  
phases2-18'14 th a t  w ou ld  be consistent w ith  the in te rp re 
ta tio n  of step sh ifts suggested b y  P ie rce  and Ew ing .

How ever, the above exp lanation  is incom plete, for, 
as the tem perature was lowered, i t  became increas ing ly  
d iff icu lt to  ob ta in  data  above sa tu ra tion : thus, at
13.3 and 0°, F  became unbounded a t on ly  p/pa = 1.005 
and 1.00, respective ly. Such  behav io r p resum ab ly  re-

(10) C. Pierce and B. Ewing, J. Amer. Chem. Soc., 84, 4070 (1962).
(11) C . Pierce and B . Ewing, J. Phys. Chem., 71, 3408 (1967).
(12) R . Defay, I. Prigogine, A . Bellemans, and D . H . Everett, “ Sur
face Tension and A dsorption,”  Longmans, London, 1966.
(13) B. V . Derjaguin and Z. M . Zorin, Proc. lnt. Cong. Surf. Activ., 
2nd, 145 (1957).
(14) D . H. Bangham and Z. Saweris, Trans. Faraday Soc., 34, 554 
(1938); D . H . Bangham, J. Chem. Phys., 14, 352 (1946).
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fleets a reduction  in  the free energy o f fo rm ation  of 
c r it ic a l nuclei, and, therefore, a reduction  in  e ither the 
con tact angle or the surface tension o f the condensate. 
S ince the la tte r param eter is  u n lik e ly  to  decrease w ith  
tem perature, i t  is  necessary to  exp la in  w hy  the contact 
angle shou ld do so.

N ow , i t  has been found th a t i f  the tert-C 4 isotherm s 
are p lo tted  as functions of p/p0,l, where p 0,l is the sat
u ra tio n  vapo r pressure of the a lcoho l in  the l iq u id  state 
(supercooled a t 20, 13.3, and 0°; see T ab le  I), then, to 
a close app rox im ation , they  co inc ide w ith  one another 
(F igu re  6). T h is  d ic ta tes an isosteric  heat o f adsorp
t io n  equal to  the heat of vaporization of the supercooled 
liq u id  and im p lie s th a t the r in g  complexes are m etasta
b le and have the app rox im ate  degrees of freedom  asso
ciated w ith  the l iq u id  state. I t  thus appears th a t  the 
properties of the adsorbed phase are la rge ly  indepen
dent of bo th  tem perature and the ph ys ica l state of the 
b u lk  a lcohol; bu t, as the tem perature is  lowered, suc
cessively less o f the to ta l adsorp tion  iso therm  is  re
vealed before condensation sets in. A t  0°, fo r example, 
o n ly  the firs t m ono layer is  com pleted before the satura
t io n  vapo r pressure of the so lid  is  reached, whereas at 
20° the firs t three s ta tis t ica l m ono layers are completed. 
I f  i t  is  supposed th a t the s tructu re  of the firs t  mono- 
la ye r is  more so lid -like  (e.g., has a greater dens ity  and 
order) th an  subsequent layers, then, as requ ired, the 
so lid  condensate shou ld e xh ib it  a sm aller con tact angle 
a t 0° than  at 20°.

O n the other hand, a t 20°, the contact angle between 
the supercooled liquid tert-Ci and its  adsorbed phase 
m ay be su ffic ien tly  sm a ll fo r nuc lea tion  o f l iq u id  con
densate before so lid . (In  th is  case, O stw a ld ’s ru le9 w ould

be operative  fo r heterogeneous nucleation.) C e rta in ly , 
the con tact angle of tert-C 4 a t 27° is  less than  5 deg (T a 
b le I I) , w h ich  is  consistent w ith  the fa c t tha t its  surface 
tension is 3 -4  dyn  cm -1 low er than  the c r it ic a l surface 
tension of C H 3 surfaces. In  com parison, tert-C6, w h ich  
has a surface tension of 22.8 d yn  cm -1, exh ib its  a con
ta c t angle o f 7-11 deg a t 20°.

I t  shou ld be noted th a t a t tem peratures be low  the 
m e lt ing  po in t, once condensation of tert-Ci had set in, 
the pressure u lt im a te ly  became stable at p0 w ithou t re
du ction  in  T. I f  a lcoho l was subsequently w ithd raw n  
from  the system , the eq u ilib r iu m  pressure rem ained at 
p0 w h ile  T fe ll (arrowed po in ts in  F igu re s 4 and 5) u n t il 
the adsorp tion  b ranch  of the  iso therm  was regained; 
desorption then  proceeded reve rs ib ly . Thus, the un 
usual supersaturation  data  reported here are not due to 
tem perature differences between the fo il sam ple and 
the w a lls  of the  sam ple cham ber; on the con tra ry , the 
quoted re la tive  pressures should be w ith in  ±0.005 of 
the ac tua l values.

In  conclusion, i t  is po in ted ou t th a t the basic p r in c ip le  
underly ing  the above discussion is th a t w ith  autophob ic 
systems, adsorbed and b u lk  m a te ria l shou ld be treated 
as separate phases. T h is  p rin c ip le , w h ich  m ay  be a t
tr ib u ted  to  B angham ,14 is w e ll borne ou t b y  the w o rk  
o f D erjagu in , et a h ,13’15 and b y  the resu lts reported here.
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The thermodynamic parameters for the exchange of halide ions on D ow ex - lX l have been calculated from the 
temperature variation of the equilibrium constant. These data for anion exchange are found to correlate with 
the change in the water content of the resin phase during the ion exchange. Selectivity values can be predicted 
for halide exchange on Dowex-1 and Dowex-2 resins of 0.5 to 4% D V B  content from a knowledge of the water 
content of the pure resin salts and the thermodynamic values per mole of water exchanged per per cent D V B  
of the resin.

One theory  of ion  exchange proposes th a t se le c tiv ity  
is  the resu lt of specific in te ractions in  the resin phase.1 
In  con trast to  th is  theory  of resin phase ion  p a ir in g  is 
an  a lte rna tive  model in  w h ich  anion-exchange resin 
se le c t iv ity  is re lated to  differences in  the hyd ra t io n  
tendencies of the exchanging anions in  the external 
aqueous phase.2 A lte rna te ly , Re ichenberg  has de
scribed evidence to  support a m odel in  w h ich  the  d if
ferences in  hyd ra t ion  energies in  the resin  phase de
te rm ine  the order o f ha lide  se le c t iv ity .3

So lu tions of te traa lky lam m on ium  sa lts can serve as 
m odel compounds fo r strong ly  basic ion-exchange re
sins such as Dowex-1. I t  had been proposed th a t 
“ w ater-structu re  enforced ion  pa irs”  are form ed be
tween the large te traa lky lam m on ium  cations and the 
heavier halides such as brom ide  and iod ide .4 T h is  
w ou ld  seem to p rov ide  support fo r the m odel 
wherein ha lide  se lectiv ities in  anion-exchange resins 
reflect the effects o f ion  p a ir in g  in  the resin phase. 
How ever, more recen tly  the osm otic coefficients and 
m o la l heat contents of te traa lky lam m on ium  ha lide  
so lu tions have been in te rp re ted  as p ro v id ing  no ev i
dence fo r ion -pa ir fo rm ation  bu t as in d ica tin g  sign ifi
cant effects b y  the ions on the so lven t structure .6,6 
T h is  w ou ld  support the ion-exchange theories o f R e i
chenberg, Chu , W h itney , and D iam ond . A  prev ious 
s tu d y  of ha lide exchange w ith  Dow ex-2 resin using 
ca lo r im e try  considered the po ss ib ility  bo th  o f s ite  b in d 
ing  of the heav ier halides and of ion -so lven t in te rac
t ions in  the aqueous phase w ith  the la tte r  p la y in g  an 
ill-de fined  ro le.7

In  th is  paper we report the  resu lts of the determ ina
t ion  of the therm odynam ic parameters of ha lide  ex
change w ith  Dowex-1 resin. T h e  nm r sh ifts  of the 
w ater in  the resin phase as w e ll as in  aqueous so lu tions 
of te traa lky lam m on ium  sa lts were obta ined to  p rov ide  
a measure of the s im ila r ity  of the resin phase and its  
m odel system .

Experimental Section

A n a ly t ic a l grade Dowex-1 (1% D V B )  resin (B io -

R a d  Laborato ries, ch loride form , 50-100 mesh) was 
washed w ith  1 M  HC1, saturated N a C l,  and then  w ith  
d is t ille d  w ater u n t il no fu rth e r ch loride cou ld  be de
tected in  the effluent. P a r t  of th is  m a te ria l was con
verted  in to  the fluoride, brom ide, iod ide, n itra te , 
hydrox ide, and perch lorate forms. These resins were 
washed and then  a ir-d ried  w ith  frequent m ix in g  and 
analyzed. T r ip lic a te  samples agreed w ith in  1 pp t.

W eighed samples of ha lide  form s of the d ry  resin 
were hyd ra ted  b y  subm ersion in  d is t ille d  water. H a lid e  
exchange was accom plished b y  eq u ilib ra tin g  these 
resin samples b y  s t ir r in g  w ith  standard ized so lu tions 
of b in a ry  m ixtures of potass ium  halides in  w h ich  the 
to ta l ha lide  concentration  in  the so lu tions were ana lyzed  
fo r the concentration  of the  ha lides present. T h e  
ch lo r ide -fluo ride  exchange experim ents were designed 
so th a t F~  was present in  excess o f C l -  in  so lution. 
F o r  the fluoride determ ination  P b C IF  was p rec ip ita ted  
along w ith  P b F 2 in  75%  acetone. A l l  o ther ha lide  
analyses were done b y  standard  methods. Com parison  
of to ta l concentrations in  the in it ia l and f in a l so lu tions 
gave the correction  fo r fina l effective so lu tion  vo lum e. 
F ro m  the in it ia l and fina l so lu tion  data  it  was possib le 
to  ca lcu la te  the am ount of each ha lide  present in  the  
resin phase. S to ich iom etric  e q u ilib r ium  constants were 
ca lcu la ted  from  the m o la lities of the an ions in  each 
phase.

T o  determ ine the w ater content of the wet resins, 
resin samples were separated from  the so lu tion  and 
centrifuged fo r 20 m in  on a sin tered glass p la te  in  a 
centrifuge cone. A fte r  weighting, the resin  sam ples

(1) F . E. Harris and S. A . Rice, J. Chem. Phys., 24, 1258 (1956); 
Z. Phys. Chem. (Frankfurt am Main), 8, 207 (1956).
(2) B. Chu, D . C. W hitney, and R . M . Diamond, J. Inorg. Nucl. 
Chem., 24, 1405 (1962).
(3) D . Reichenberg in "Ion  Exchange,”  Vol. I, J. M arinsky, Ed., 
M arcel Dekker, New York, N. Y ., 1966.
(4) S. Lindenbaum and G. E. B oyd, J. Phys. Chem., 68, 911 (1964).
(5) S. Lindenbaum, L. Leifer, G. E . B oyd, and J. W . Chase, ibid., 
74, 761 (1970).
(6) S. Lindenbaum, ibid., 74, 3027 (1970).
(7) F . Vaslow and G. E. Boyd, ibid., 70, 2507 (1966).
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were dried in  a vacuum  desiccator over M g (C 1 0 4)2 fo r 
24 h r and reweighed. I t  is possib le th a t a sm a ll 
am ount of w ater was reta ined b y  the  resin after th is  
d ry in g  techn ique since i t  has been shown th a t Dowex-1 
resin  in  the ch loride fo rm  reta ined about 0.3 mole of 
w ater per m ole of ch loride.8 A n  error o f th is  m agni
tude w ou ld  not affect our resu lts u nd u ly  since the to ta l 
w ater content o f our resins was m uch greater than  th is. 
The  tem perature, w h ich  was con tro lled  w ith in  ±0.02°, 
was treated as an errorless variab le .

T h e  nm r spectra o f w ater in  te traa lky lam m on ium  
sa lt so lu tions and in  D o w e x - lX l  resin  in  the d ifferent 
an ion ic  form s were recorded on a V a r ia n  H R -6 0  spec
trom eter. A  sealed concentric ca p illa ry  con ta in ing  
dioxane as an externa l reference was used.

Results

The  exchange reaction  can be w ritten  as

Y - 1 +  X - 1 X - 1 +  Y - 1 (1)

in  w h ich  Y  and X  are the resin  phase species. W e 
define the  standard  state of the resin as th a t state w h ich  
is in  eq u ilib r ium  w ith  an externa l so lu tion  phase of 
0.10 M  potass ium  ha lid e  so lution. T h is  is  s im ila r to  
the standard  state defined b y  Vas low  and B o y d  in  
th e ir  therm odynam ic s tud y  o f ha lide  exchange w ith  
Dowex-2 resin.7 T a b le  I presents the equ ilib r ium

Table I : Equilibrium Constants For Halide Exchange 
in D ow ex-lX l Resin

I o n  A I o n  B C [B  ] / [A J) K T e m p , ° C

F Cl 0 . 2 5 8 3 . 3 2  ±  0 . 0 7 4 . 0

F i 0 . 0 9 4 5 3 6 . 7 6  ±  0 . 1 4 5 . 2

C l Br 0 . 5 9 6 2 . 3 6  ±  0 . 0 9 5 . 2

F Cl 0 . 2 7 1 2 . 6 8  ±  0 . 0 5 2 5

F I 0 . 1 2 7 1 9 . 3  ±  0 . 0 6 2 5

F I 0 . 1 3 0 1 8 . 9 2 5

Cl Br 0 . 6 1 7 2 . 1 4  ±  0 . 0 8 2 5

Cl Br 1 . 0 1 2 . 4 9  ±  0 . 2 5 2 5

C l Br 1 . 1 4 2 . 0 4  ±  0 . 1 9 2 5

C l I 0 . 1 9 6 7 . 2 1  ±  0 . 0 3 2 5

Cl I 0 . 2 0 7 6 . 4 2 5

Cl I 0 . 4 2 5 6 . 6 7 2 5

F Cl 0 . 2 8 6 2 . 3 6  ±  0 . 0 4 4 0

F I 0 . 1 4 8 1 3 . 3 6  ±  0 . 0 4 4 0

C l Br 0 . 6 4 5 1 . 8 7  ±  0 . 0 8 4 7 . 5

ra tios of the  ha lide  ion  concentrations in  the aqueous 
phase and the  ca lcu la ted  equ ilib r ium  constants fo r the 
ha lide  exchange. T h e  error lis ted  is the standard  de
v ia t io n  fo r a s ing le measurement ca lcu la ted  from  the 
estim ated errors in  the volum es, concentrations, etc. 
D up lica te  runs gave resu lts w e ll w ith in  the sta ted error 
lim its . T h e  va lues o f K  were independent of the d irec
t ion  from  w h ich  eq u ilib r ium  was approached.

T h e  in tegra l va lues of the therm odynam ic functions 
are g iven b y

A G° = In Kdnx (2)

and

AH 0 = f 1 Afldnx  (3)
J o

where nx is the m ole fra ction  of the exchanging ha lide 
an ion  and K  is  the eq u ilib r ium  constant. In  an idea l 
system  w h ich  w ou ld  exh ib it a lin ea r v a ria tio n  o f the 
w ater content of the resins w ith  the m ole fra ction  com
position, the therm odynam ic properties measured for 
a resin com position of î i f  = « y  = 0.5 are num erica lly  
equal to  the in teg ra l va lues.3 T ab le  I I  lis ts  the data

Table II: Water Content of Saturated Dowex-1 Anion Resin

R e s in  fo rm

F "
C l-
B r-
I -cio4-

0.43 C l-  +  0 .5 7 1 -  
0.26 C l- +  0.74 1 - 
0.29 F -  +  0.71 I -  
0.49 C l-  -(- 0.51 B r- 
0.37 C l“  +  0.63 B r-

M o le s  H 2O  p e r  e q u iv a le n t  
o f  res in

9 8 . 5  ±  0 . 3

7 1 . 5  ±  1

5 3 . 8  ±  0 . 2  

1 0 . 1 5  ±  0 . 0 3  

1 7 . 9 5  ±  0 . 0 5

3 1 . 6

20.6 
4 4 . 5

5 4 . 7

5 2 . 4

fo r our systems and ind icates the  p o ss ib ility  o f large 
devia tions from  lin e a r ity  in  some cases. How ever, 
considering the experim enta l uncerta in ties and d iffi
cu lties in  m easuring the w ater content o f resins, we 
have assumed th a t the app rox im ation  o f lin e a r ity  is 
acceptable.

A cco rd ing ly , we chose in it ia l cond itions in  most 
experim ents th a t w ou ld  g ive app rox im ate ly  u n ity  for 
the ra tio  of ha lide  ion  concentrations in  the resin  phase 
a t equ ilib rium . M ode ra te  va ria tion s in  th is  ra tio  d id  
no t change the values o: K  s ign if ican tly  as is  shown in  
T ab le  I. T h e  va ria tio n  o f the  e q u ilib r ium  constant 
w ith  tem perature cou ld be used to  ca lcu la te  the en
tha lp y . W ith in  error l im its  lin ea r p lo ts were obta ined 
fo r In K  vs. the rec ip roca l of the  abso lute tem perature. 
Th e  values ca lcu la ted fo r A G°, A H°, and A S° at 25° 
are lis ted  in  T ab le  I I I .  A s  m ay be ascerta ined read ily  
from  T ab le  I I I , in te rna l agreement existed w ith in  the 
therm odynam ic data  for d ifferent possib le com b inations 
of exchanging ions, thereby p rov id ing  add it ion a l proof 
th a t our experim ents y ie lded  the in teg ra l values.

T h e  nm r chem ical sh ifts of the te traa lky lam m on ium

(8) Y . M arcus and J. Naveh, J. Phys. Chem., 73, 591 (1969).
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Table I II : Thermodynamic Values for Halide Exchange With D ow ex-lX l at 25.0°

R e a c t io n M e d iu m A G ° , k c a l /m o l A H°, k c a l /m o l A S , c a l /d e g  m o l

RF —  RC1 0.10 M K + -0 .5 8 0  ±  0.008 - 1 . 6  ±  0.1 - 3 . 5  ±  0.4
RF —► RI 0.10 M  K + -1 .7 6 3  ±  0.003 -5 .0 2  ±  0.02 -1 0 .9 5  ±  0.08
RC1 — RBr 0 .1 0 M K + -0 .4 5 2  ±  0.022 - 1 . 0  ±  0.2 - 1 . 7  ±  0.8
RC1 - »  RI 0.10 M  K + -1 .1 7 6  ±  0.003 - 3 .4 6  ±  0.02 -7 .6 8  ±  0.06
RF —  RC1 0.10 M  Na+ -0 .7 7 5  ±  0.007 - 1 .5 5  ±  0.06 - 2 . 6  ±  0.2
RF -*• RBr° 0.10 M  K+ -1 .0 3 2 -2 .6 0 - 5 . 2
RBr —  RI« 0 .1 0 M K + -0 .7 2 4 -2 .4 6 5.98

• Calculated by Hess’ law from the first four systems.

Figure 1. Observed proton chemical shifts of water as a 
function of the molality of solutions of (CH3)4 NA 
where A =  O H - (O), F "  (■), Cl~ (□), Br (•), and N 0 3~
(V). The values for analogous hydrated resins 
are also included.

sa lt so lu tions and of the hyd ra ted  resin  re la tive  to  pure 
w ater are p lo tted  in  F ig u re  1.

Discussion

Th e  the rm odynam ic values of T ab le  I I I  fo r ha lide  
exchange w ith  D o w e x - lX l  are in  good agreement w ith  
the  data  fo r D ow ex -2X0 .5  and D ow ex -2X 2  obta ined 
b y  ca lo rim etry .7 T h e  standard  sta te  in  a ll these studies 
was the resin phase in  eq u ilib r ium  w ith  an externa l 
aqueous phase of 0.1 M  a lk a li ha lide. O u r counterion 
was potass ium  ra the r than  sod ium ; in  T a b le  I I I  we 
have in c luded  da ta  fo r one system  using sod ium  as the 
counterion  to  show the difference.

W e  have recognized an in te resting  co rre la tion  be
tween the  en tha lpy  and en tropy  o f ha lide  exchange 
and the change in  the num ber of moles o f w ater in  the 
resin  phase when a m ole o f a p a rt icu la r  resin-ha lide 
is  com p le te ly  converted in to  a m ole o f a d iffe ren t resin- 
ha lide . T h e  num ber of moles of w ater transferred 
from  resin to aqueous phase per m ole o f h a lide  exchange 
is  (from  T ab le  I I)  27 fo r R F  —► RC1, 45 fo r R F  — R B r ,  
and 88 fo r R F  -*■ R I .  T h e  AH  va lue  of — 1.6 k ca l is 
assumed to  be re la ted d ire c t ly  to  the change of 27 m ol 
o f water. F o r  45 m o l o f w ater in  the R F  —► R B r  ex
change we w ou ld  expect, then, — 1.6 X  45/27 or 2.7 
k ca l d ifference and  fo r 88 m o l o f w ater in  the  R F  -*• R I  
exchange, the d ifference shou ld be — 1.6 X  88/27 or

Figure 2. Plots of AH/n-w (A,0) and AS/nw (A ,») as a 
function of divinylbenzene content of Dowex-2 for C l-B r 
(A) and Br-F (O) exchange.

— 5.2 k ca l difference. These values are ve ry  close to 
those in  T ab le  I I I . S im ila r ly , re la ting  the  difference 
of — 3.5 ca l/deg in  the entropy values o f Tab le  I I I  for 
the R F  —► RC1 exchange to  27 m ol of w ater resu lts in  
expected differences in  the entropies fo r the R F  —► 
R B r  and R F  —► R I  exchanges of — 5.8 and — 11 ca l/  
deg w h ich  again agree w ith  the observed differences 
w ith in  the accuracy imposed b y  the  un ce rta in ty  in  the 
exact va lues fo r the moles o f w ater invo lved . F o r  
these three systems the en tha lpy  change per mole of 
w ater exchange is — 57 ±  1 ca l and the en tropy change 
per m ole of w ater exchanged is —0.12 ±  0.01 cal/deg.

T h e  lite ra tu re  da ta  ava ilab le  fo r the the rm odynam ic 
va lues o f ha lide  exchange in  Dow ex-2 resin  are more 
extensive th an  th a t  fo r Dowex-1. In  F ig u re  2 the 
values o f A H/nw and A S/nv (n„ = num ber o f moles 
of w ater exchanged per m ole of ha lide  exchange) are 
p lo tted  as a function  of d iv iny lbenzene  content. The  
resins up to  4%  D V B  can be fitted  to  s tra ig h t lines 
whose slopes are — 61 ca l/  (mol H 20  %  D V B )  fo r A H/nw 
and — 0.11 ca l/(deg  m o l H 20  %  D V B )  fo r AS/nw. 
N o t  su rp ris ing ly , the data  for 10% D V B  resin do not 
f it  th is  lin e  so well. A s  the D V B  content increases, 
the w ater content decreases and re la t ive ly  large un 
certa in ties ex ist in  the nw values.

These resu lts show  th a t the therm odynam ics of the  
exchange of the ha lide  ions in  an ion-exchange resin
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of re la t ive ly  low  D V B  content can be corre lated w ith  
the transfer of w ater between the  resin  and the externa l 
aqueous phase. T h e  effect o f the ha lide  ions on the 
s tru c tu ring  o f the so lven t w ater in  the  resin phase m ust 
be an im po rtan t facto r in  de term in ing  the w ater con
ten t of the resin. T h e  s im ila r ity  in  the chem ica l sh ifts 
fo r the  resin  ha lides and te traa lky lam m on ium  ha lide  
so lu tions prov ides add it ion a l support fo r the v iew  th a t 
the  observed the rm odynam ic param eters fo r an ion 
exchange are no t a ttr ib u tab le  to  any  specific mode of 
in te raction  of the an ions w ith in  the  resin  phase.

Phenom eno log ica lly , the re la tion sh ip  between the 
sw e lling  vo lum e of resins and the  types of counterions 
present has been re la ted to  the  h yd ra t io n  vo lum es of 
the ions.9 A s  we noted in  the in troduction , se lectiv 
it y  has been ascribed to  the  d ifference in  the h yd ra 
t io n  tendency o f the  ions exchanging in  the externa l 
aqueous so lu tion  phase2,7 and  in  the resin  phase.3 T h e  
data  in  th is  paper re la te  se le c t iv ity  to  the differences in  
h yd ra t io n  in  th e  resin  phase as ions are exchanged. 
F ro m  a know ledge of th e  w ater content of the pure 
resin sa lts fo r a resin  of low  D V B ,  we can p red ic t the 
va lues of the  se le c t iv ity  constan t and  the  en tha lpy  and 
en tropy  o f exchange fo r resins o f d iffe ren t cross linkages 
w ith  the va lues A G/nw/%  D V B ,  etc.

W e  recognize th a t  ion  exchange is  a ve ry  com plex

phenom enon and  se le c t iv ity  is  u n lik e ly  to  be exp la ined 
b y  any  single, s im p le  corre la tion . H ow ever, the  re la 
t iv e  h yd ra t io n  tendencies o f the ions m ust be one o f the 
facto rs in  se le c tiv ity . A  possib le exp lanation  fo r the 
re la t ive  order o f h yd ra t io n  o f the pure resin  sa lts has 
been suggested b y  S te igm an and D ob ro w .10 These 
au tho rs proposed th a t “ an ion  se le c tiv it ie s  on ion-ex
change resins in  w ater are s trong ly  in fluenced b y  antag
on is t ic  and cooperative  in te rac tion s o f tw o w ater at
mospheres: th a t  su rround ing  the qua te rna ry  am m o
n ium  ion  of the  resin  and th a t  su rround ing  the entering 
an ion ." Q u a lita t iv e ly , such a concept corre lates w ith  
the greater h yd ra t io n  o f R F  com pared to  RC1, etc. 
F o r  system s of low  w ater content (e.g., resins o f h igher 
D V B ) ,  i t  is  u n lik e ly  th a t the resinate and the counter
ion  fo rm  fu l l h yd ra t io n  spheres and o ther facto rs m ust 
p la y  dom inan t roles in  se le c tiv ity .
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We have found fair agreement between the free enthalpies of solvated electrons as computed from experimental 
data and from theoretical models. The apparent anomalies in the entropy of the ammoniated electron are due 
to a looser packing in the first solvation layer relative to the pure solvent, this effect being larger at a lower 
temperature. Some spectroscopic results can be rationalized in terms of the thermodynamic data.

Introduction
V a r io u s  the rm odynam ic  properties have been pre

v io u s ly  com puted fo r h yd ra ted  and am m on ia ted  elec
trons on the  basis of experim enta l d a ta .1-4 W e  w ish 
to  use these da ta  fo r  a com para tive  s tu d y  o f the h y 
dra ted and the am m on ia ted  e lectron and fo r a com 
parison between the the rm odynam ic  properties o f 
so lvated e lectrons in  po la r liq u id s  and  the resu lts of

recent theo re tica l estim ates.6 T o  ach ieve th is  goal, 
we requ ire  a un ified  cho ice of de fin itions and extra

it )  R . M . Noyes, J. Amer. Chem. Soc., 86, 971 (1964).
(2) J. Jortner and R . M . Noyes, J. Phys. Chem., 70, 770 (1966).
(3) W . L. Jolly, Advan. Chem. Ser., N o. 50 , 30 (1969).
(4) G. Lepoutre and A . Demortier, to  be published in Ber. Bunsenges. 
Phys. Chem.
(5) D . A. Copeland, N . R . Kestner, and J. Jortner, J. Chem. Phys., 
53, 1189 (1970).
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the rm odynam ic  assum ptions fo r the h yd ra ted  and fo r 
the am m oniated electron.

Definitions
L e t  us consider the fo llow ing  set o f reactions

fo rm ation

so lva tion

L e t  X °  be any  standard  the rm odynam ic  p rope rty  
(S, H ,G . . .  .) and AX°n be its  v a r ia t io n  du ring  reaction  
» (»  =  1 ,1 1 . . . . ) ,

L e t  [H  + ](solv) and [e_ ](solv) be protons and elec
trons in  the so lven t in  h ypo the tica l states where th e ir  
X°  v  alues and  the corresponding A X °  va lues of fo rm a
t ion  a re  zero.

T h e n , we assert th a t  (a) a ll A X i°  are zero b y  de fin i
t ion ; (b) the va lues of A X ° iV and of A l ° v  are in d i
v id u a l p roperties of “ fo rm a tio n ”  of the  so lva ted  p ro ton  
or the  so lva ted  e lectron ( A X ° iV = A J f0H,olv+; A l%  
= A X f°etolv-); (c) the va lues of A X ° Vi and of A X ° v n  
represent in d iv id u a l p roperties of “ so lv a tio n ”  of the 
gaseous pro ton  or the gaseous electron.

Extrathermodynamic Assumptions
A. T h e  A X f° o f fo rm a tion  of in d iv id u a l so lva ted  

ion ic  species and th e ir  in d iv id u a l s tandard  entrop ies S° 
can be separated b y  re liab le  ex trapo la tion s schemes 
w h ich  in vo lv e  experim enta l data  concern ing a large 
num ber of cations and anions. T h is  assum ption  is 
qu ite  re liab le  and is  no t expected to  lead to  la ig e  errors. 
Such a m ethod p rev iou s ly  app lied  b y  Jo rtn e r and N oyes 
to  hyd ra ted  e lectrons1'2 w il l now  be extended to  am 
m on iated electrons. In  the case of am m onia, J o l ly 3 
and Lepou tre4 had  indeed used in d iv id u a l s tandard  
entropies, bu t th e ir  A l f ° va lues of fo rm a tion  were com 
pu ted  on the basis of a rb itra ry  assum ption  th a t "all the 
A X ,°  va lues of fo rm a tion  of the am m on ia ted  pro ton  
are equa l to  zero.

B. T h e  A X f° va lues o f fo rm a tion  o f the  gaseous 
electron are equal to  th e ir  X°  va lues, i.e., A I f°e|- = 
X ° eg-. A s  a consequence, fo r reaction  I I I ,  we have

A X f°HB+ =  X ° H g + -  V 2X ° H ,g

resu lting  in  an asym m etry  in  the A X f° va lues fo r the 
p ro ton  and fo r the electron. T h is  asym m etry  w il l 
fo rb id  us to  com pare the properties o f the so lva ted  
p ro ton  w ith  the properties o f the so lva ted  electron, bu t 
we sha ll s t i l l  be able to  compare the va riou s therm o
dynam ic  properties o f the so lva ted e lectron in  d ifferent 
so lvents.

C. T h e  X°  va lues fo r the gaseous e lectron can be 
com puted as fo r a perfect gas w ith  tran s la t io n  and 
sp in , p ro v id in g  a “ best guess”  fo r these quantities.

Jo rtn e r and N o ye s2 have app lied  assum ptions b  and  c 
fo r the h yd ra ted  e lectron; we sh a ll a p p ly  th em  here 
fo r the the rm odynam ic properties o f the am m on ia ted  
electron.

Data
W e choose the  hypo the tica l idea l s tanda rd  m o la l 

sta te  fo r the so lva ted  protons and electrons, and the  
standard  state where the fugac ity  is 1 a tm  fo r the gase
ous protons and electrons. W e  use the resu lts of J o r t 
ner and N o ye s2 fo r the h yd ra ted  e lectron and  the  resu lts 
of Lepou tre  and D em o rtie r4 fo r the am m on ia ted  elec
tron . Some de ta ils  about our com puta tions are g iven  
in  A p p end ix  I. W e ob ta in  the the rm odynam ic  q u an ti
ties lis te d  in  T ab le  I. F o r  each the rm odynam ic  quan 
t it y ,  we have ind ica ted  w hether assum ptions a, b, and 
(or) c were used.

Discussion
A. Comments on the Formation of the Solvated Elec

tron. Focus ing  a tten tion  m a in ly  on the features of 
reactions I I , Y ,  and V I I ,  we see from  T a b le  I  th a t, a l
though assum ption c has no t been in vo ked  for the same 
properties in  w ater and in  am m onia, the va lues ob
ta ined  in  these tw o  so lvents are o f com parab le m agn i
tude. L e t  us reca ll th a t assum ption  a is  safe, th a t  b 
bears the on ly  inconven ience of fo rb id d in g  a com parison 
between protons and electrons, and ‘ ha t assum ption  c 
prov ides a best guess. L oo k in g  more spec ifica lly  at 
reaction  V  (the fo rm ation  of the so lva ted  e lectron) 
we find  th a t the standard  free en tha lp y  o f fo rm a tio n  
of the so lva ted  e lectron is low er in  w ater th an  in  am 
m on ia  and th a t i t  decreases w ith  increasing tem pera tu re  
in  am m onia; th is  tem pe iature coeffic ient can be com 
mented in  tw o d ifferent ways.

T h e  tem perature coeffic ient o f A G f0eam- is  due to 
the large decrease of H f°eam- w ith  increasing tem pera
ture, th is  effect be ing on ly  p a r t ia lly  com pensated b y  
the increase o f (— T A S f° eam-). I t  m ay  be use fu l to  
bear in  m ind  tha t the entha lp ies and the entrop ies of 
fo rm a tion  con tr ibu te  w ith  opposite signs to  the tem pera
tu re  coeffic ient of the free en tha lpy  of fo rm ation . I t  
m ay  also be usefu l to  remem ber th a t the  large tem pera
tu re  coefficients o f AH¡°eBm- and of AiS(°eam- arise 
essen tia lly  from  the experim enta l reaction  I I ,  and th a t  
the experim enta l da ta  y ie ld  a sm a ll tem perature co
efficient of A G °n  and a large negative tem perature 
coefficient of A H°n. F u rth e r  in s igh t in to  the nature 
of the tem perature coeffic ient of AG f°eam- is based on 
the fo llow ing  consideration. B o th  — (ôG °eam-/ô r ) 
and — (0G f°eam-/d r ) are equal to  S °eam-, the standard  
en tropy  of the am m oniated e lectron. T h e  large posi
t iv e  va lue  o f (S°eam- gives rise to  the negative  tem perature 
coefficient of A G f°eam-. I t  shou ld  be noted th a t  the 
va lue  of S°eam- derived  from  G°n and from  H°n  w ith o u t 
in vo k in g  assum ptions b  and c.

W e  thus conclude th a t the en tha lpy  o f fo rm a tio n  of 
the so lva ted  e lectron is low er in  w ater th an  in  am m on ia
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Table I : Thermodynamic Data for Some Reactions Involving the Solvated Electron“

NH«, -35° NHs, +25° H2O, +25°

II A G° + 4 3 .7 + 4 4 .4 +  66.3
A H° + 4 2 .2 + 3 7 .4 +  62.2 c
A S° - 6 . 2 -2 4 .2 - 1 3 .7 c

IV (H+) AGi° + 6 8 .6  a, b, c +  71.1 a, b, c +  103.8 a
A HP +  58.3 a, b, c +  58.9 a, b, c +  98.8 a: b
A SC - 4 2 .8  a, b — 40.6 a, b - 1 6 .8  a. b
<S°H»ol, + - 2 8 .0  a - 2 5 .0  a - 1 . 2  a

V (e -) AGP, G° — 24.9 a, b, c — 26.4 a, b, c - 3 7 .5  a b
A HP, H° —16.1 a, b, c — 21.5 a, b, c — 36.6 a. b,
ASP +  36.6 a, b +  16.4 a, b +  3.1 a, b,<?o& esolv +  36.6 a +  16.4 a +  3.1 a, c

VII (e -) A(?°solv — 25.1 a, c — 26.4 a, c - 3 7 .5  a, b
A //° bo1v - 1 7 .3 a - 2 3 .0  a - 3 8 .1  a. b
AlSsolv0 +  32.4 a, c +  11.4 a, c - 1 . 9  a

III A H° +  366.5 +  367.1 +  367.1
VI (H+) A f f V i , -3 0 0 .3  a -3 0 6 .7  a — 266.8 a, b,

q °  _
egae + 4 .2  c +  5 .0  c +  5 .0  c

JJ°
Ggaa +  1.2 c +  1.5 c +  1.5 c

$  V 2 H 2 g a s

G°, H°, AG°, AH° are in kcal/mol. All S°, AS0, are in cal/(mol deg).

and is  m a in ly  responsib le fo r the low er va lue  of the 
free en tha lpy  o f fo rm a tion  in  l iq u id  am m onia. The 
standard  en tropy is also low er in  w ater than  in  am m o
nia. I t  was shown elsewhere4 th a t the values of S°e- 
in  am m onia  are excep tiona lly  h igh. T h e  low  pos it ive  
va lue of /S°eag- w ou ld  y ie ld  a v e ry  sm a ll negative  
tem perature coefficient fo r A G f ° eag- .

B. Comparison with Theoretical Values. In  a recent 
paper, Cope land , K estne r, and Jo rtn e r ( C K J ) 6 have 
com puted the energies o f so lva ted electrons. T h e y  
state th a t  the to ta l energy, E t, is  the sum  of the elec
tron ic  energy, E e, and  of the m ed ium  rearrangem ent o f 
energy E M.

Et = E e +  E m (1)

T h ey  com pute these energies as functions of a configura
t iona l va riab le  (the rad ius R  of the ca v ity ) and estab lish  
the con figu ration  s ta b ility  b y  the cond itions

(t>Et/bR)B=Bo = 0; (V E t/bR*)R=RB > 0 (2)

T h e ir  m odel accounts fo r the coo rd ina tion  num ber N  of 
so lven t molecules in  the firs t she ll around the e lectron, 
and a continuous d ie lectron ic  m edium  beyond th is  
layer. The  fo llow ing  com m ents shou ld  be made at 
th is  po in t, (a) E t is  a free en tha lpy  of the rearrange
m ent o f the m ed ium  a t constant tem perature and pres
sure. T h e  te rm  E m in  eq 1 is  the con tr ibu t io n  to  
in te rna l energy of e lectrosta tic  in te ractions in vo lv in g  
the so lven t molecule. I t  does no t in c lude  heat and 
w o rk  con tr ibu tion s to  the in te rn a l energy. Therefore

E m = H m — Gm (3)

and the to ta l in te rna l energy o f rearrangem ent is

Eut — TSm — P V m +  E m (4)

S ince there are no TS or P V  te rm s in  the e lectron ic pa rt 
of the in te rna l energy, the to ta l in te rn a l energy is

Et = E e +  E Mt = Ee i +  TSm -  P V m +  E M (5) 

The  to ta l free en tha lpy  is

G t  =  E t  -  T S m  +  P V m  =  E e, +  E m  —  E t  ( 6 )

Therefore, as we have stated, E t is the to ta l free en
tha lp y , Gt, of the so lva ted electron.

(b) W e see th a t cond ition  2 fo r configu ra tiona l s ta b il
i t y  is  correct, since we have to  w rite , a t constant T 
and P

(dGt/dR)B=Bo = 0 (7)

(c) F in a lly , le t us state th a t  in  eq 4, 5, and  6, the 
te rm  P V m is neg lig ib le a t o rd in a ry  pressures, so tha t

-E-Mt = Hm Et = Jit (8)

W e can now  proceed to  com pare theo ry  and experi
ment. W e take  the theo re tica l va lues o f Gt = E t in  
the C K J  paper. E q u il ib r iu m  va lues in  am m onia  were 
g iven at 203 and 300°K ; we in te rpo la te  them  at 240°K . 
W ith  C K J ,  we have to  m ake assum ptions fo r the ap
p rop ria te  choice o f Vo, the e lectron ic energy of the quasi 
free e lectron state, and of N, the  coo rd ina tion  num ber. 
W e  m ake the reasonable asum ptions th a t V0 = 0.5 
or 0.0 eV  and N  = 4 or 6. F o r  w ater, in stead of h av in g  
an e q u ilib r ium  va lue , we add the assum ption  th a t  R 0 = 
0.5 A .

In  T ab le  II, we lis t  these theo re tica l resu lts fo r the 
to ta l free entha lp ies of the species e~ (N H 3)w and e~- 
(HaO)^ in  a po la rizab le  continuum . These species are 
form ed accord ing to  reactions of the type

e_ (solv) +  N  ■ N H 3 — >■ e^ (N H s)w
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where (e~) (solv) is  the e lectron in  the h ypo the tica l 
sta te  w ith  zero free en tha lpy  and zero free en tha lpy  of 
fo rm ation .

Table II : Theoretical and Experimental Values0 for Gt 

Gt =  Et =  A(7f°e,olv-  -  2A73AGv.p°

Theory (Gt) NHj -35° NH. +25° H,0 +25°

Vo =  0 .5  N  =  4 -1 .0 3 -0 .9 9 - 1 . 4 1
N  =  6 - 0 . 9 3 - 0 . 8 9 - 0 . 8 7

To =  0 .0  N =  4 - 1 .4 1 - 1 . 3 7 -1 .9 1
N  =  6 - 1 . 2 4 - 1 . 2 1 - 1 . 2 3

Experiment

- 1 . 0 8 - 1 . 1 5 - 1 . 6 3
— G  3 A(?vap0 0.00 +  0 .04 - 0 . 0 6
A(?f°e„,v- ~  2A /3A G vap°

N =  4 -1 .0 8 -0 .9 9 -1 .8 7
N  =  6 - 1 . 0 8 - 0 .9 1 - 1 . 9 9

° All data are in eV.

T h e  theo re tica l va lue  o f G t and the experim enta l 
va lue  o f A G f°Csolv- cannot be d ire c t ly  com pared, as 
the la tte r va lue  inc ludes all the free en th a lp y  con tr ibu 
tion s requ ired  to fo rm  the e lectron lo ca liza t io n  center, 
w h ile  Gt in  the C K J  m odel d id  no t account fo r a ll the 
s tru c tu ra l changes requ ired  to b r in g  N  m olecules from  
the  b u lk  to  create the firs t coo rd ina tion  layer. W e 
sh a ll therefore set

fjf°e8olv- — Gt — N  AGl°
where A G L° is the difference in  the m o la l free en tha lpy  
(due to a ttra c t iv e  in te rm o lecu la r in te ractions) between 
a m olecule in  the b u lk  o f the pure l iq u id  and in  the firs t 
coo rd ina tion  layer. A  crude estim ate of th is  energy 
te rm  m ay be obta ined as fo llows. A p a r t  from  la te ra l 
in te ractions, in c luded  in  Gt, these N  m olecu les m ay  s t il l  
in te ract, in  the d ire c tion  of R, w ith  ne ighbor so lven t 
molecules in  the outer shells. W e  shou ld  therefore 
in c lude  in  A G L° on ly  about tw o -th ird s  o f the in te rm o
le cu la r in te ractions in  the pure l iq u id  (or, a lte rna tive ly , 
add one-th ird  of th is  in te ra c t io n  te rm  to  Gt). F in a lly ,  
since we can id e n t ify  these in te rm o lecu la r in te rac tions 
w ith  the cohesion in  the l iq u id  state, we set

A G L° -  2/sAG°

where G v ° is the free en tha lpy  o f vapo riza tion , and 
therefore state th a t  GxCtheor) = ( A G f ° 0, oW -  — 
2/ 3./VA<j v °) (exptl).

W e lis t  the pe rtin en t da ta  in  T ab le  I I . L e t  us m ake 
the reasonable assum ptions6 th a t F 0 = 0.5 in  am 
m on ia  and F 0 = 0.0 in  water. I f  we choose N  = 4 
for bo th  so lvents, the agreement between theo ry  and 
experim ent is fa ir ly  good fo r the abso lute va lues o f Gt in  
d iffe rent so lvents and fo r the tem perature effect. The  
agreement in  respect to  the sign o f the tem perature

coeffic ient dG t/ d T  is due to  the large p o s it iv e  
tem perature coefficient o f — AG v° w hich , m u lt ip lie d  
b y  2N/S  overwhelm s the negative  tem pera tu re  co
efficient of A G °eam-. F u rth e r  discussion shou ld  con
cern com parison between theore tica l and experim enta l 
entha lp ies and  entropies. U n fo rtu n a te ly , d ire c t theo
re tica l com puta tions of entha lp ies o r entrop ies are no t 
presen tly  ava ilab le .

T h e  present da ta  fo r the tem pera tu re  coeffic ient of 
Gt in  am m on ia  c lea rly  ind ica tes th a t the negative  
tem perature coefficient of A G f°e>m- and the correspond
ing  po s it ive  va lues of S ° eam- are m ostly  due to  w ha t 
happens to  so lven t molecules when they  are transfe rred  
from  the b u lk  of the so lven t to  the firs t so lv a tio n  layer. 
T h e  new so lven t arrangem ent in  the firs t coo rd in a tion  
la ye r is  looser th an  in  the bu lk , so th a t  the m olecu les 
in  the firs t so lva tion  laye r have a la rger num ber o f de
grees o f freedom  than  in  the bu lk . I t  thus seems 
reasonable th a t  S°e- shou ld  be sm alle r in  am m on ia  at 
h igher tem perature, when there is a lready more freedom  
in  the b u lk  and  s t i l l  be sm a lle r in  water, where the firs t 
conduction  she ll is  more t ig h t ly  so lvated .

T h e  present therm ochem ica l da ta  presented here in  
m ay be usefu l to  e luc idate  some of the pecu lia rit ie s 
concern ing the shape of the op tica l abso rp tion  spectrum  
of v e ry  d ilu te  m eta l am m onia  so lutions. Th e  tw o 
am azing features of the op tica l spectrum  are (a) a p ro 
nounced asym m etry  on the h igh  energy side, (b) the 
ha lf-line  w id th  is  p ra c t ic a lly  tem perature independent.6’7 
T h e  theo re tica l ca lcu la tions6 of the lin e  shape fo r a con
stan t N  p red ic t a p ra c t ic a lly  sym m etric  lin e  shape fo r the 
Is -*■ 2p tra n s it io n  where the h a lf-w id th  shou ld  revea l a 
tem perature dependence p ropo rtiona l to  T v,\ T h e  
pronounced experim en ta lly  observed asym m etry  can 
be ra tiona lized  b y  in vo k in g  h igher bound and  bound 
and bound-con tinuum  trans it ion s; however, s t i l l  the 
ha lf- lin e  w id th  (or the second m om ent of the in te n s ity  
d is tr ib u tio n ) shou ld  be tem perature dependent. One 
has therefore to  in voke  the idea of a com pound lin e  
shape where electron cav it ie s characterized b y  d iffe ren t 
N  va lues y ie ld  a d iffe rent co n tr ib u t io n  at d iffe ren t 
tem peratures. T h e  va lues o f <5Gt = Gt (N = 4) — 
Gt (N  = 6) are p ra c t ic a lly  tem perature independent, 
be ing 5Gt = 0.10 eV  bo th  at — 35 and  at + 25° (see 
Tab le  I I) . A lth oug h  the abso lute va lue  o f SGt is  b y  
no means certa in , one m ay conclude th a t  at h igher 
tem peratures the con tr ibu t io n  of the N  = 6 c lusters w il l  
increase, thus lead ing  to  an add it ion a l source o f b road 
ening w h ich  increases a t h igher tem perature, in  con
tra s t to  the experim enta l spectroscopic data. H ow eve r, 
once the con tr ibu t io n  o f the A(7l ° te rm  is in c luded  we 
fin d  th a t the free en tha lpy  difference 8G = A Gf°eaolv- 
(N = 4) — A G f ° e a o l v -  (N = 6) from  5G  = - 0 .1 0  eV

(6) R . K. Quinn and J. J. Lagowski, J. Phys. Chem., 73 , 2326 (1969).
(7) S. Golden and T . R . Tuttle, in “ M etal-A m m onia Solutions”  
(Colloque W eyl II , 1969), J. J. Lagowski and M . J. Sienko, Ed., 
Butterworths, London, 1970.
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a t 35° to  5G = — 0.18 e V  at + 25° whereupon a t h igher 
temperatures the N  = 4 s tructu re  w il l be favored. 
Thus at low er tem peratures we m ay expect a substan
t ia l con tr ibu tion  to  the op tica l absorp tion  band from  
bo th  the N = 4 and the N  = 6 species, the com pound 
line  shape w il l narrow  w ith  increasing tem perature due 
to  the d im in ished  con tr ibu t io n  of the N  = 6 species, 
w h ile  each N  = 4 and N  = 6 com ponent suffers phonon 
broaden ing so th a t  the resu lt ing  lin e  w id th  rem ains 
constant. I t  appears thus th a t  some of the pu zz ling  
spectroscopic observations can be adequate ly  ra tiona 
lized  in  v iew  of the new  the rm odynam ic  data.
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A p p e n d ix : D e ta ils  fo r T ab le  I

1. Water, 25°.
R eaction  I V : R e lia b le  ex trapo la tion s1 y ie ld  A G° 

and S°. A ssum p tion  b gives then ASt0 and AH f °.
R eact io n  V : R e lia b le  ex trapo la tion s1 and com par

isons2 y ie ld  A(?f°. R e lia b le  com parisons2 and assum p
t io n  c y ie ld  S°. A ssum p tion  b gives then A»Sf0, 11° and 
G ° a n d H ° .

R eaction  I I : Sum  of I V  and V ; does not depend on

assum ptions a and b, w h ich  are cancelled; s t il l  depends 
on re liab le  com parisons used fo r reaction  V .

R eact io n  V I I :  R e liab le  com parisons2 y ie ld  A S 0. 
Assum ptions c and b, and the data  of reaction  V , give 
A G 0 and AH°.

R eaction  V I : Assum ptions c and b, and the data  of 
reactions I V  and I I I , g ive AH°.

2. Ammonia, +25 and —35°.
R eactio n  I I : E xpe rim en ta l data, no assum ption.
R eaction  V I I : R e lia b le  extrapo la tions8 g ive AH° at 

25°. W e  take the rev ised va lue  o f re f 5. R e liab le  
extrapo la tions4 give S °n  <- a t + 2 5  and at — 35°. The  
data  o f reaction  I I  a t bo th  tem peratures g ive S ° e-. 
B y  w rit in g  T(dSe-/dT)p = (d H /d T )p we ob ta in  the 
approx im ate va r ia t io n  of AH° between + 25° and — 35°. 
T h is  gives A H °  a t — 35°. F ro m  A H ° , S ° ,  and assum p
t io n  c, we com pute AS° and A G° at bo th  temperatures.

R eact io n  V I : T h e  data  o f reactions I I, I I I ,  and V I I ,  
g ive AH ° .

R eactio n  V :  A s  a lready stated, S°e- is  obta ined 
th rough re liab le  extrapo la tions and the data  o f reaction
II. AS° is then g iven b y  assum ption  b. A G° and AH° 
are obta ined w ith  assum ptions b and c and the data  
o f reaction  V I I .

R eact io n  I V : D ifference between reactions I I  and
V.

(8) J. Jortner in “ M etal Am m onia Solutions,”  G . Lepoutre and M . J. 
Sienko, Ed., W . A. Benjamin, New York, N . Y ., 1964.
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Thermodynamic parameters have been evaluated for the interaction of methylene blue with cellulosic poly
anions in heterogeneous systems. Fo r a particular anionic site (carboxymethyl, phosphate, and sulfate) the free 
energy (A (? ° ) and the enthalpy (A H°) changes increase with anionic site density. A t  a given site density AG° 
and AH° increase in the order carboxymethyl > phosphate > sulfate, which correlates w ith the photon energy 
of the light absorbed by the polyanion dye complexes. The reasons for selectivity are discussed, and the order 
of binding is rationalized in terms of the size and charge density of the anionic sites.

Introduction
P rev iou s ly , the m echanism  and therm odynam ics of 

in te ra c t ion  of m ethylene b lue w ith  syn the tic  and con
nective  tissue po lyan ions was exam ined in  d ilu te  aque
ous so lutions, using pulse rad io ly s is  and spectra l m eth
ods. I t  was shown th a t dye aggregation ra the r than  
ion  b ind ing  is m a in ly  responsib le fo r the spectra l sh ifts 
w h ich  accom pany such in te ractions (m etachrom asia).1 
T h e  spectra l sh ifts  and ion  b ind ing  w h ich  accom pany 
the in te ractions are the basis o f a w ide range o f h is to 
log ica l methods fo r id en tify in g  po lyan ions in  b io log ica l 
systems, p a r t icu la r ly  in  tissue sections.2 W hereas 
there is in fo rm a tion  ava ilab le  about the mechanisms of 
such in te ractions in  aqueous so lution, the com parab le 
data  about so lid  state system s is extrem ely sparse,3 de
sp ite  the fact th a t i t  is such systems w h ich  are encoun
tered in  p ractice  in  b io log ica l s ta in ing  procedures. T o  
ach ieve reproducib le  so lid -state system s fo r exam ina
t io n  we have synthesised a range o f ce llu los ic  po lyan 
ions. O u r firs t ob jective  is  to  estab lish  re liab le  therm o
dynam ic da ta  about the in te rac tion  o f ca tion ic  dyes 
w ith  so lid  po lyan ions in  heterogeneous systems. Sec
ond ly , since a w ide va ria tio n  in  an ion ic  s ite  dens ity  can 
be ach ieved w ith  syn the tic  ce llu losic po lyan ions, the in 
fluence o f th is  fac to r can also be exam ined, in  add it ion  
to  the influence o f the chem ica l nature of the site. N o  
such system atic  v a ria tio n  is  possible, of course, w ith  
the n a tu ra lly  occurring  po lyan ions.

H ere  approaches w il l be c r it ic a lly  considered in  order 
to  select the m ost su itab le  procedures fo r eva lua tion  of 
the experim enta l data. F o llow ing  the observation  th a t 
the mass action  constant v a ried  w ith  the concentrations 
of the in te rac ting  ions, several em p irica l approaches 
have been evo lved fo r in ve stig a ting  ion  b ind ing , based 
on the more extens ive ly  stud ied  behav io r o f ion-ex
change resins. R o thm u nd  and K o rn fe ld 4 considered 
tw o  re la tionsh ips to  describe the ion  exchange prop
erties o f p e rm u tit

where C i and C2 are the concentrations o f the  two 
(un iva len t) ions in  the aqueous so lu tion  and C Y  and C2 
are the concentrations o f the ions in  the so lid  phase at 
equ ilib r ium . H e re  /3 = 1/p, and log K 2 = (log Ki)/p, 
or log  K-i = d log K i.  F o rm u la  2 sa t is fa c to r ily  accounts 
fo r the exchange of s ilve r and sod ium  ions on p e rm u tit ,4 
and D av id son6 used th is  expression fo r so lid  ce llu lo s ic  
po lyan ions (oxycelluloses) in  e q u ilib r ium  w ith  u n iv a len t 
dye cations. E q u a t io n  2 has also been used in  stud ies 
on the  exchange of ions of the same va len cy6,7 and  for 
the  b ind ing  o f m eta l ions to  po lyan ions.8 A n  expres
sion s im ila r  in  fo rm  to  (2) m ay be de rived  b y  considera
t io n  o f the ion  exchange of ion  B+  fo r ion  A +  on an ion 
exchange m a tr ix  C a~ as a series o f e q u ilib r ia

CAa +  B+ ^  CAo_iB +  A+ (3)

CAa-iB +  B+ CAa- 2B2 +  A+ (4)

etc., each represented b y  an e q u ilib r ium  constant from  
h, k2 . . . .  kn. W hen a ll the ions are rep laced a = n

(1) J. S. M oore, G. O Phillips, D . M . Power, and J. V . Davies, J- 
Chem. Soc. A, 1155 (1970).
(2) G. Quintarelli, Ed., “ The Chemistry and Physiology of M uco
polysaccharides,”  Little, Brown and Co., Boston, Mass., 1968.
(3) G. O. Phillips, Proc. N .A .T .O . Advanced Study Institute on 
“ Connective Tissue Research”  Santa Margherita, Italy, Academ ic 
Press, London, 1969.
(4) V. Rothm und and G. Kornfeld, Z, Anorg. Allg. Chem., 103, 129 
(1918).
(5) G. F . Davidson, J. Text. Inst., 41, T361 (1950).
(6) T . Yambe, Tokyo Daigaku Seisan Gijustsu Kenkyujo Hokoku, 
6, 1 (1956).
(7) 0 .  Samuelson and R . Djurfeld, Acta Chem. Scand., 11, 1209 
(1957).
(8) J. R . Dunstone, Biochem. J., 85, 336 (1962).

The Journal o f  P hysical Chem istry, V ol. 76, N o. 5, 1972



POLTANIONS AND THEIR COMPLEXES 689

K '  = h  X  h  X  (5)

and

, { C B a}{ A + }a 
{ C A a}{B+}° (6)

where { } represents the concentration  o f the species in  
appropria te  un its. In  eq 1, 2, and 6 a c t iv ity  coefficients 
are neglected. E isenm an ,9 w o rk ing  w ith  ca tion  selec
t iv e  glass electrodes, em p ir ica lly  de rived an expression 
w h ich  is c la im ed to  y ie ld  a true  therm odynam ic equi
lib r iu m  constant

= { Ç B o h  {A + j t a  
{ C A ,} ”1 {B+}

where m  is dependent on the a c tiv it ie s  o f the ions bound 
to  the po lyan ion  and 7 a , 7 b the a c t iv ity  coefficients of 
the ions A +  and B + in  so lution. Express ion  7 is  ve ry  
s im ila r to  eq 1 since C B „  and C A a correspond to  C i '  and 
C 2', respective ly. T h u s

7 b
(8)

G enera lly , however, ion-exchange is  described b y  the 
reduced fo rm  of eq 3 10-12 in  w h ich  a ty p ic a l s ite  and 
tw o  cations are represented

C A  +  B+  C B  +  A +  (9)

where

_ { C B ? {A +}

‘  {C A }  { B 4-}

since

{C B }  {A+} 7 a 
8 {C A }  {B+} 7 b

then

K a = K ^
7 b

(10)

(ID

(12)

Here, m ole fra ction  o f ions in  the so lid  phase is used 
and m o la rity  (or m o la lity ) o f ions in  so lution, since on ly  
ra tios o f these quan titie s occur in  (11). K a is  a “ selec
t iv it y  coeffic ient,”  w h ich  varies w ith  the com position 
o f the so lid  phase.

U s in g  the G ib b s -D u h em  re la tion sh ip  fo r the ions in  
the so lid  phase, assum ing th a t  the a c t iv ity  o f w ater in  
th a t phase rem ains constant, the therm odynam ic equi
lib r iu m  constant (K ) can be eva lua ted10-13 from  the 
re la tionsh ip

In K  = f  In K M b (13)
J o

where N b is the m ole fra ction  o f ion  B+ . T h e  a c t iv ity  
coefficient of an ion  in  the so lid  phase is  u n ity  in  the 
standard state, w h ich  is defined as th a t state in  w h ich

a ll the an ion ic sites are occupied b y  ions o f the same 
type. T h u s the standard  free energy change

— A G 0 =  R T  In K  (14)

is the change in  free energy when 1 m o l of the ion  ex
changer in  the fo rm  C A  is transfo rm ed to  the  fo rm  C B . 
There  appears to  be no p a rt icu la r  advantage in  the  a l
te rn a tive  treatm en t o f Izm a ilo v  and M u sh in sk a y a 14 
where log K a is p lo tted  aga inst N b  and extrapo la ted to 
N b = 0 to  g ive log K.

Ion  exchange of inorgan ic io n s16-20 have m a in ly  been 
stud ied  us ing these methods, b u t as fa r as we are aware 
no the rm odynam ica lly  v a lid  param eters have been 
measured fo r ion  exchange eq u ilib r ia  in vo lv in g  dye 
cations. The  ava ilab le  in fo rm a tion  re la ting  to  m ethylene 
b lue ind icates th a t a true  e q u ilib r ium  is estab lished in  
an ion-exchange resin when the  degree of cross-lin k ing  
is low .21 M o re  recently , L ib in son , et a l.,22 measured 
e q u ilib r ium  constants fo r the exchange of m ethylene 
b lue w ith  hyd roxon ium  ions on a po lystyrenesu lfonate 
resin. U s ing  the assum ption th a t  the  ra tio  o f the ac
t iv it y  coefficients in  the aqueous phase is u n ity , selec
t iv it y  coefficients were obta ined b y  extrapo la tion  to 
zero dye concentration  in  the po lyan ion . In  our study  
we have ca lcu la ted  actua l a c t iv ity  coefficients o f m eth
y lene b lue  from  p rev iou s ly  pub lished  freezing-po in t 
depression da ta .23 U s in g  these va lues we have ob
ta ined  therm odynam ic e q u ilib r ium  constants fo r the 
exchange of ce llu losic  po lyan ions w ith  m ethylene b lue 
cations.

Experimental Section

Materials. C o tto n  ya rn  supp lied  b y  Je tt  C . A rth u r, 
Jr., Southern  Reg iona l Research Labora to ries, U . S. 
D epartm en t of A g ricu ltu re , was of the D e ltap in e  va 
r ie ty  and was pu rified  b y  extraction  w ith  ho t ethanol

(9) G. Eisenman, Biophys. J., 2, 2590 (1962).
(10) O. D . Bonner, W . J. Argersinger, and A . W . Davidson, Trans. 
Kans. Acad. Sci., S3, 404 (1950).
(11) E. Hogfeldt, E. Ekedahl, and L. G. Sillen, Acta Chem. Scand., 
4, 556 (1950).
(12) G. L. Gains an dH . C. Thomas, J. Chem. Phys., 21, 714 (1953).
(13) L. H . Baetsle, “ Notes on Physical Chemistry of Ion  Exchange,”  
School of Public Health, University of California, Berkeley, 1963.
(14) N. A . Izm ailov and S. K .  M ushinskaya, Russ. J. Phys. Chem., 
36, 640 (1962).
(15) O. D . Bonner and F. L. Livingstone, J. Phys. Chem., 60, 530 
(1956).
(16) O. D . Bonner and L. L. Smith, ibid., 61, 1614 (1957).
(17) J. S. Redinha and J. A . Kitchener, Trans. Faraday Soc., 59, 515 
(1963).
(18) H .S . Sherry and H .F . W alton, J. Phys. Chem., 71,1457 (1967).
(19) H . Laudelout, R. van Bladel, G. H . Bolt, and A. L. Page, Trans. 
Faraday Soc., 64, 1477 (1968).
(20) G. E. B oyd  and F. Vaslow, J. Phys. Chem., 70, 2295 (1966).
(21) G. S. Libinson, E . M . Savitskaya, and B. P. Burns, Dokl. Akad. 
Nauk SSSR, 145, 511 (1962).
(22) G . S. Libinson and I. M . Vagina, Russ. J. Phys. Chem., 41, 1575 
(1967).
(23) J. Lange and E . Herre, Z. Phys. Chem., Abt. A, 181, 329 (1937).
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fo llow ed b y  bo ilin g  in  d ilu te  sod ium  hyd rox ide  so lution. 
A t  the same t im e  precautions were taken  to  m in im ize  
a ir  ox ida tion . T h e  sod ium  hyd rox ide  was rem oved b y  
w ash ing in  d is t ille d  water, the co tton  ac id ified  w ith  d i
lu te  acetic acid, neu tra lized  w ith  d ilu te  am m onium  h y 
droxide, and f in a lly  washed w ith  d is t ille d  w ate r.24

Sod ium  ca rboxym ethy l cellu loses (C M C 1 -C M C 4 )  
were prepared from  the co tton  y a rn  b y  the m ethod of 
D au l, et al.,2i us ing  sod ium  m onoch loroacetate instead 
o f the  free acid. Ce llu lo se  phosphates (C P )  were p re
pared using the m ethods o f G a llagh e r26 (C P I )  us ing a 
m ix tu re  of sod ium  phosphates in  water, and Thom as, 
et al.*1 (C P 2  and C P 3 )  us ing phosphorus oxych lo ride  
in  p y r id in e  at 60°. Ce llu lose  su lfates (C S1 -C S3 ) 
were prepared b y  the m ethod of D ing ie r, et a/.,28-29 using 
ch lo rosu lfon ic  ac id  in  p y r id in e  at 50°. Subsequently, 
the sod ium  sa lts of each o f the ce llu losic  po lyan ions 
were prepared b y  im m ersing the reaction  p roducts in  
sod ium  carbonate so lu tion  p r io r to  the fina l washings 
in  de ion ized water.

T h e  degree of su bstitu tion  (D S) was determ ined by  
the m ethod of the Am erican  Soc ie ty  fo r T e st ing  and 
M a te r ia ls .30 T h e  degree of po lym eriza tion  (D P )  was 
measured b y  de term in ing the f lu id ity  o f a so lu tion  of 
the co tton  in  a so lu tion  of te traam m ineeopper(II) h y 
drox ide us ing  the m ethod developed at the S h ir le y  In 
s t itu te .31 T h e  f lu id ity  was re lated to  the in tr in s ic  v is 
co s ity 32 and from  th is  va lue  the D P  was de term ined .33 
These measurements showed th a t the an ion ic  cellu loses 
were s im ila r  in  D P  to  the  untrea ted  m ateria l.

M e th y le n e  b lue was obta ined from  E . G u r r  L im ited . 
Th e  same sam ple was used fo r a ll the experim ents and 
the p u r ity  was checked ch rom atog raph ica lly  b y  the 
methods o f Be rgm ann and O ’K o n s k i,34 and B e il in  and 
R o n a y n e .36 A  3.4 X  10-6 M  aqueous so lu tion  had a 
m o la r ex tin c tion  coefficient (e) o f 9.5 X  104 a t the m ain  
absorp tion  peak o f 667 nm, w h ich  is in  agreement w ith  
the  va lues of Be rgm ann  and O ’K o n s k i.34

Polyanion-Dye Equilibria. A pp rop ria te  weights of 
po lyan ion  were equ ilib ra ted  w ith  a liquo ts (50 m l) of 
dye so lu tion  (10-4 M), buffered a t p H  8,5-30 con ta in ing  
sod ium  ch loride (0-15 M). E q u il ib ra t io n  was ach ieved 
a t selected tem peratures, us ing the the rm osta tica lly  
con tro lled  “ O rb ita l In cuba to r”  supp lied  b y  G a llen kam p  
L td . T h e  up take  of the dye b y  the po lyan ion  was 
measured w ith  a U n icam  S P  500 spectrophotom eter, 
us ing the equ ilib ra ted  so lu tion  a fte r cen trifuga tion  to  
rem ove any suspended po lyan ion -dye  complex. U nd e r 
these cond itions D av id son5,36 has shown th a t a true  ion  
exchange e q u ilib r ium  exists between m ethy lene b lue 
cations and sod ium  ions on an ion ic  cellu loses. W e  have 
ve rified  th is  under our experim enta l cond itions b y  
g rav im e tr ic  estim ation  of the ch loride ion  concentration  
a t eq u ilib r iu m  fo r each type  o f po lyan ion  stud ied, us ing 
C M C 2 , C P 3 , and CS2 . In  the absence o f sa lt we found 
no decrease in  the ch loride  ion  concentration  at eq u ili
b rium . T h u s the dye was o n ly  taken  up b y  ion  ex-
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Figure 1. Evaluation of K' from the expression6-8 log K ' = 
log ( {C M B } /  {CNa} ) +  a log ({N a } /  (M B )).

change on a ll three types of po lyan ion . In  the  presence 
of 0.15 M  N a C l (the h ighest concentra tion  used) the 
ch loride  ion  concentrations were constant to  w ith in  the 
experim enta l error of ±0.1% .

T h e  v a r ia t io n  of the e q u ilib r ium  w ith  p H  was stud ied 
fo r each type  of po ly  an ion us ing the bu ffer so lu tions 
proposed b y  D a v id so n 36 to  m a in ta in  constan t concen
tra t io n s o f sod ium  ions in  a ll the so lu tions used.

Results
T h e  experim enta l da ta  were treated b y  bo th  the  em

p ir ic a l4-8 and the rm odynam ica lly  v a lid  m ethods10-13 
described. F o llo w in g  the w ork  of D av id son5 on the 
up take  of dye cations b y  oxycellu lose, the  em p irica l 
trea tm en t g iven b y  R o thm u nd  and K o rn fe ld 4 has been 
used in  a fo rm  w h ich  m ay be de rived from  eq 6

l0gK' = l0g{i!:! + 0l0B|iij <15)
T h u s  a p lo t o f log {C B a}/{C A a} against log  ({A + }/ 
{B  + }) gives log  K '  as the  in te rcep t. A  p lo t of 
eq 15 is shown in  F ig u re  1 (C A „  = C N „  fo r sites occu
p ied  b y  sod ium  ions, and C B a = C M B  fo r sites occu
p ied  b y  m ethy lene b lue  cations).

(24) C. M . Conrad and J. H . Kettering, Ind. Eng. Chern., Anal. Ed., 
14, 432 (1942).
(25) G. C. Daul and J. D . Reid, Text. Res. J., 17, 554 (1947).
(26) D . M . Gallagher, Amer. Dye Rep., 53, 361 (1964).
(27) G. A . Thom as and G. Kosolapoff, U. S. Patent, 2401440 (1946).
(28) O. Dingier, W . H . Stevens, and E. Gebauer-Fuelnegg, Ber. Deut. 
Chem. Ges. A, 61, 2000 (1928).
(29) O. Dingier and E. Gebauer-Fuelnegg, J. Amer. Chem. Soc., 52, 
2849 (1930).
(30) Book ASTM Stand., 15, (1969).
(31) Shirley Institute T est Leaflet N o. Chem. 7, 3rd ed, M ay 1960.
(32) “ Cellulose and Cellulose Derivatives,”  JHigh Polym er Series 
5, Part I I I ), Interscience, London, 1955, p 1433
(33) C. M . Conrad, V. W . Tripp, and T . Mares, J. Phys. Colloid 
Chem., 55, 1474 (1951).
(34) K . Bergmann and C. T . O ’Konski, J. Phys. Chem., 67, 2169 
(1963).
(35) J .  S. Beilin and M . E. Ronayne, J. Chromatogr., 24, 131 (1966).
(36) G. F. Davidson, J. Text. Inst., 3 9 , T59 (1948).
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Table I : Determination of Activity Coefficients of Methylene Blue

{D ye}, M 0.001663 0.001813 0.003084 0.004046 0.005943 0.007640 0.007893 0.009292
Osmotic coefficient ( /0) 0.652 0.642 0.603 0.579 0.539 0.513 0.506 0.480
Activity coefficient 0.451 0.433 0.344 0.300 0.243 0.210 0.205 0.180

( y ± )

Th e  ca lcu la tions requ ired b y  the the rm odynam ica lly  
v a lid  m ethod have been made on the basis of certa in  
assum ptions w h ich  have been discussed p rev iou s ly37 
and are sum m arized as fo llow s: (a) the a c t iv ity  co
efficients fo r m ethylene b lue  (T ab le  I) ca lcu la ted from  
the data  o f Lange and H e rre 23 b y  the m ethod of K o r -  
tu m 38 m ay be extrapo la ted  to lower concentrations b y  
the D av ie s  equation ,39 and are v a lid  a t the tem peratures 
used in  the experim ents; (b) sing le ion  a c t iv ity  co
efficients m ay be ca lcu la ted  from  the above values for 
M B +  using the data  of B u t le r40 and Stokes and R o b in 
son41 and fo r N a+  from  the data  o f B u t le r ;40 (c) th a t 
the prem ises u nd e r ly in g  eq 13 are v a lid  here; (d) th a t  
log K  = / q log K a dATB (from  eq 13).

In  considering these assum ptions, i t  is im po rtan t to 
note th a t a ll our so lu tions were o f low  ion ic  strength, 
and the dye concentra tion  was less than  10 -4 M  in  a ll 
instances. Thus, the recent evidence o f M u ke rje e  and 
G hosh42 th a t m ethy lene b lue  sa lts behave as o rd ina ry  
e lectro lytes and the proo f b y  P a d d a y 43'44 th a t no io n  
pa ir in g  took  p lace in  s ix  dye ch loride  so lu tions stud ied 
b y  h im  offer ju s tif ica t io n  fo r our ca lcu la tion  o f sing le 
ion  a c t iv ity  coefficients. Neverthe less, i t  is im po rtan t 
to po in t ou t th a t the resu lts are no t s ign if ican tly  d iffe r
ent i f  mean a c t iv ity  coefficients are used. M oreover, 
whereas the ca lcu la ted  a c t iv ity  coefficients fo r M B C 1  
are s t r ic t ly  v a lid  o n ly  a t the freezing po in t of the so lu
tion , a v iew  has been expressed b y  G lasstone45 th a t  for 
low  concentrations, a c t iv ity  coefficients are u n lik e ly  to 
change s ign if ican tly  over a sm a ll tem perature range. 
In  our ca lcu la tions o n ly  the ra tio  o f y m b /YN a is used; 
thus it  is reasonable th a t  in  our experim enta l so lutions 
the a c t iv ity  coefficients ca lcu la ted  from  so lu tion  data 
fo r M B C 1  and N a C l p rov ide  a true  representation of 
th is  ra tio . B ae ts le 13 po in ts ou t th a t in  d ilu te  so lu tions 
the  a c t iv ity  coefficients show no m u tua l interference. 
P rev ious au tho rs16-18'22 have assumed th a t the ra tio  of 
a c t iv ity  coefficients in  th e ir  so lu tions was u n ity  and our 
results, i f  ca lcu la ted  on th is  basis, show no change in  the 
re la tive  va lues o f log  K a.

O ur o rig in a l ca lcu la tion s37 were made before the pub
lic a t io n  o f the  paper on the a c t iv ity  coefficients of 
m ethylene b lue  b y  G hosh  and M u ke rje e .42 How ever, 
th e ir  resu lts support our ca lcu la ted  values. U s in g  the 
new data  we have ca lcu la ted  the concentra tion  of mono
m eric dye in  m any  of our so lu tions and eva luated the 
a c t iv ity  coefficient of the dye m onom er a t app rop ria te  
ion ic strengths. U s in g  these resu lts we find  th a t our 
A G° va lues in  T ab le  I I  are changed b y  less than  1%.

O u r use of the therm odynam ic m e thod10-13 of ca lcu
la tin g  log K  is  supported b y  our experim enta l find ing 
th a t there is  no p referen tia l up take  of anions ( C l- ) b y  
the ion  exchange m atrix . In  add ition , our po lyan ions 
have conta ined on ly  a few  an ion ic sites and thus each 
site is  free ly  accessible to the exchanging cations. T h is  
low  degree of su b s t it it io n  also a llow s us to assume th a t 
any  change in  so lvent a c t iv ity  w ith in  the exchanger is 
neg lig ib le. P rev ious au tho rs16-20 have also used these 
assumptions.

T ab le  I I I  shows the effect o f a c t iv ity  corrections on 
the data  re la ting  to  a cellu lose phosphate (CP3). F ig 
ure 2 shows a p lo t o f log  K a aga inst m ole fra ction  of 
m ethylene b lue fo r the same data. T h e  area under the 
curve (fo log  K a cL/Vb ) is equal to  log  K.

Th e  data  obta ined in  our experim ents have been used 
to  ca lcu late bo th  em p irica l (K A  G', A  H', A  S') and 
therm odynam ic (K , AG°, AH°, AS°) param eters and 
the va lues are presented in  T ab le  I I . A lth o u g h  we 
have sought to ca lcu la te  tru e  therm odynam ic values, 
i t  w il l be seen in  the subsequent d iscussion th a t our 
argum ents depend on ly  on true  re la tive  values being

Figure 2. Evaluation of K  from the expression10 13 
log K  =  f o  log A  a d N  ; plot of log fca  r s .  N ub-

(37) J. B . Lawton, M . Sc. Thesis, University of Salford, 1970.
(38) G. Kortum, “ Treatise on Electrochem istry,”  Elsevier, Amster- 
dam, 1965.
(39) C. W . Davies, J. Chem. Soc., 2093 (1938).
(40) J. N . Butler, “ Ionic Equilibria, M athem atical Approach,”  
Addison-W esley, Reading, M ass., 1964.
(41) R . H . Stokes and R . A . Robinson, “ Electrolyte Solutions,”  
Butterworths, London, 1968.
(42) A. K . Ghosh and P. M ukerjee, J. Amer. Chem. Soc., 92, 6413 
(1970).
(43) J. F . Padday, J. Phys. Chem., 71, 3488 (1967).
(44) J. F . Padday, ibid., 72, 1259 (1968).
(45) S. Glasstone, “ Thermodynamics for Chemists,’ D . van Nos- 
trand, New York, N. Y ., 1958.

The Journal o f  P hysica l Chem istry, V ol. 76, N o . B, 1972



692 P. J. B au gh , J. B . L aw to n , and  G. O. P hillips

Table II: Parameters for the Exchange of Methylene Blue and Sodium Ions on Cellulosic Polyanions

• E m pirica l t r e a t m e n t 4 '~8 (R o t h m u n d -K o r n fe ld ) r------T h e m a o d y n a m ic  tr<s a tm e n t10 !, 15 20----------,

— A S °,
/— ---- k c a l m o l--------s — A S ', ca l r----------k c a l m o l— ------' c a l  " K - i D e g r e e  o f

P o ly a n io n T, ° C K' — a - A G ' -AH' °K~1 m o l -1 K - A  G° -AH° m o l -1 s u b s t it u t io n

CM Cl 25 2,090 1.43 4.52 4.10 133 2.89 1.95
5.74 3.47 0.021

CMC1 39 1,350 1.45 4.46 4.10 102 2.86 1.96
CMC2 26 42,600 1.70 6.32 140 331 3.44 4.75

54.5 4.85 0.051
CMC2 36 2,160 1.42 4.71 161 254 3.39 4.72
CMC3 22 282 1.02 3.30 283 3.30 0.056
CPI 25 2,040,000 2.32 8.59 448 3.60 0.0776
CP3 26 479 1.15 3.66 3.58 296 3.37 1.55

4 .7 3.82 0.012
CP3 35 380 1.11 3.63 3.48 246 3.34 1.43
CS1 24 74.5 0.38 2.54 8.05 5,620» 5.08 5.05

5.15 6.58 0.0086
CS1 37 51.9 0.37 2.42 8.82 3,540» 5.01 5.07
CS2 25 176 0.51 3.35 57.9 7,490» 5.26 6.20

20.6 6.60 0.0103
CS2 35 88 0.38 2.73 58.0 5,240» 5.21 6.07

“ Calculated from average values of log K „. b As dibasic sites.

Table III: Evaluation of log K  of Cellulose Phosphate (CP3) at 26°“

{NaCl}, M 0.00024 0.0102 0.0252 0.0502 0.0752 0.1002 0.1252 0.1502
YN a 0.990 0.900 0.857 0.816 0.791 0.769 0.733 0.713
{M B }, M 4.64 6.61 7.51 8.36 8.86 9.11 9.27 9.39

(X 10-5)
7M B 0.760 0.721 0.704 0.690 0.681 0.677 0.672 0.671
CMB 7.09 4.49 3.29 2.17 1.51 1.18 0.97 0.81
log A c 2.3874 2.4025 2.4475 2.4103 2.3635 2.3322 2.3212 2.3050
log 7N» 0.1145 0.0960 0.0860 0.0680 0.0650 0.0550 0.0380 0.0260

7 M B

log K a 2.5019 2.4985 2.5335 2.4783 2.4285 2.3872 2.3592 2.3310
( V m b 0.980 0.621 0.455 0.300 0.209 0.163 0.134 0.112

» MB =  methylene blue cation; Na =  sodium cation; CMB =  methylene blue salt of cellulose polyanion as millimoles dye per 100 g 
of dry polyanion.

obtained, since we are a ttem pting  to  com pare the p rop
erties of the three types of an ion ic  site used in  our p o ly 
anions.

T h e  va r ia t io n  of dye -b ind ing  w ith  p H  is  illu s tra ted  
in  F igu re  3, w h ich  shows s im ila r trends to  those a lready 
reported  fo r po lyan ions in  tissue sections b y  Ba la zs  
and S z irm a i.46

Discussion
U s in g  the  em p irica l trea tm en t of R o th m u n d  and 

K o rn fe ld ,4 D av id son6 obta ined the va lues K '  = 138, 
— AG' = 2.92 kca l m o l-1 and a = 0.85 fo r the in te r
ac tion  between oxyce llu lose (D S  = 0.0058) and m e thy 
lene b lue a t 20°. F o r  the up take  of a s im ila r cation ic  
dye azure A  b y  po lyan ions present in  tissue sections a t 
4°, G o ld s te in 47 reported  —AG' o f 3.8-5.3 k ca l m o l-1 . 
O u r va lues based on the R o th m u n d -K o rn fe ld 4 tre a t
m ent are of com parab le m agn itude (Tab le  I I) . H o w 

ever, there is  no t a lw ays good agreement between the  
va lues ca lcu la ted  b y  th is  procedure and the more the r
m odynam ica lly  acceptable approach we have also de
scribed. W hen  the R o th m u n d -K o rn fe ld  index a (eq 
15) is  near u n ity , the agreement is  reasonable as fo r 
C M C 1  and C P 3 . O therw ise d iscrepancies are appar
ent, as fo r C P I  where a = 2.32, and —AG' = 8.59 
against —AG° = 3.60 k ca l m o l-1 . T h is  la ck  of co r
respondence between the tw o approaches is  p a r t ic u la r ly  
m arked fo r the  po lyan ions w h ich  show  m ost a ff in ity  
fo r the m ethylene blue. T h e  cellu lose su lfates show 
the greatest a ff in ity  in  the presence of sa lt (Tab le  I I)  
and a t low  p H  (F igu re  3) and here there is  lit t le , i f  any, 
co rre la tion  between the va lues o f AG' and AG°. N e -

(46) E . A. Balazs and J. A . Szirmai, Acta Histochem. Supp., 1, 56 
(1958).
(47) D . J. Goldstein, Quart. J. Microsc. Sci., 104, 413 (1962).
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Figure 3. Variation of dye-binding with pH : A, 
carboxymethyl cellulose, CMC4; B, cellulose phosphate, CP2; 
C, cellulose sulfate, CS1.

gleet of a c t iv ity  facto rs is, therefore, a serious om ission 
in  the em p irica l treatm ent. A  be tte r co rre la tion  has 
been obta ined b y  use of the other em p irica l fo rm u la  of 
R o thm und  and K o r fe ld 4 (eq 1) and E isenm an9 (eq 7) 
where log  A i  = (log K ')/a  = log  A " ,  and AG i = AG'/a 
= AG". How ever, th is  amendm ent offers no advan 
tages over the therm odynam ic approach and i t  w il l no t 
be developed fu rth e r here. O u r comments about the 
cellu lose po lyan ion -m ethy lene  b lue in te ractions w ill, 
henceforth, be confined to  the more re liab le  the rm ody
nam ic param eters w h ich  are sum m arized in  T ab le  I I .

Effect of Anionic Site Density. T h e  data  in  T ab le  I I  
dem onstrates th a t fo r the carboxym ethy la ted , phos- 
phory la ted , and su lfa ted celluloses the energy changes 
in vo lved  in  exchanging sod ium  ions fo r m ethylene b lue 
cations increase as the degree of substitu tion  increases. 
T h is  observation  is  in  agreement w ith  the pred ictions 
of H a r r is  and R ic e ,* 48 who ind ica ted  th a t the se le c t iv ity
(K ) of a po lye le ctro ly te  shou ld increase as the capac ity  
of the po lye le ctro ly te  fo r counterions increases. O ur 
prev ious the rm odynam ic stud ies on po lyan ion -m eth - 
y lene b lue in te rac tions in  aqueous so lu tion  em ploy ing  
pulse rad io ly s is1 u t iliz e d  po lyan ions w ith  considerab ly  
h igher an ion ic s ite  densities (D S  0.5-1) and gave en
th a lp y  va lues w h ich  were exotherm ic w ith in  the range
9-13.6 k ca l m o l-1 . R e cen tly , us ing a d ire c t ca lo rim et
r ic  m ethod in  our labo ra to ry , A rm an d 49 has found 
— AH° — 11.4 k ca l m o l-1 fo r the in te ra c tion  of C M C  
(D S  0.7; D P  200) w ith  m ethylene b lue in  aqueous so
lu tion . T h e  general correspondence in  the resu lts b y  
the three m ethods ind ica tes the re lia b il it y  of the values 
and does support the trend  tow ards h igher enthalp ies 
w ith  increasing site density  up  to  a m ax im um  of ca. 13 
kca l m o l-1 .

Nature of the Site. C om pa ring  ca rboxym ethy l 
(C M C 1 ) , phosphory la ted  (CP3) and su lfa ted (CS2) 
cellulose, Tab le  I I  shows th a t the energy changes in 
crease in  the order ca rboxym ethy l <  phosphate <  su l
fate, despite the  fa c t th a t the ca rboxym ethy l cellu lose

is  more h ig h ly  substitu ted. T h e  photon energy of the 
m etachrom atic  absorp tion  m ax im um  in  so lu tion  due to 
these groups also increases in  th is  order.60 A no the r pa
ram eter w h ich  has been used to  ind ica te  the strength of 
the in te rac tion  between po lyan ions and organic counter
ion s2'3,60 is  the sa lt concentration  requ ired  to  release a ll 
the counterion  from  the po lyan ion -coun te rion  complex. 
F o r  the various types of site  considered, th is  lim it in g  
sa lt concentration50 51 also increases in  the same order as 
the energy changes. The  order found is also supported 
b y  the  data  in  F igu re  3, g iv ing  the re la tive  affin ities of 
m ethylene b lue tow ards the three types of an ion ic  site 
a t va riou s p H  values. Here, therefore, we are able to 
dem onstrate the therm odynam ic basis fo r the w ide ly  
u t iliz e d  procedure of fra ction a ting  n a tu ra lly  occurring 
po lyan ions accord ing to  the chem ica l na tu re  of the ir 
an ion ic sites b y  means of the so lu b iliza t io n  of po lyan
ion -o rgan ic  counterion  complexes w ith  sa lts .2

Ion Exchange Selectivities. Va lues of K  in  T ab le  I I  
v a ry  from  102 (C M C 1 , 39°) to  7490 (C S 2 ,25°), show ing 
th a t in  a ll instances m ethylene b lue  cations are taken  
up  in  preference to sod ium  ions. Com parab le  values 
fo r o ther ion-exchange eq u ilib r ia  are shown in  Tab le
IV . I t  is s ign ificant th a t organ ic cations have a h igh  
a ff in ity  fo r bo th  ce llu losic  po lyan ions and po lystyrene- 
sulfonates, and th a t the va lues of K  are of the same or
der fo r each, in d ica ting  th a t s im ila r energy changes are 
invo lved .

Table IV : Equilibrium Constants from Published Studies 
of Ion Exchange

/--------- Ions exchanged--------- '
Type of resin A + B + K T

Carboxymethyl
cellulose“

h 3o + Na + 398 20

Zeolite18 Ag + Na + 794 25
Polystyrenesulf onate17 Ag + Na + 12 25
Polystyrenesulfonate14 aniline h 3o + 126 25
Polystyrenesulfonate22 aniline h 3o + 2 . 5 40
Polystyrenesulf on ate22 neutral red h 3o + 795 40
Polystyrenesulfonate22 methylene blue h 3o + 2000 40
Polystyrenesulf onate14 tétraméthylam

monium ion
h 3o + 7 9 .5 25

“ H. Sobue and Y. Tabata, Bull. Chem. Soc. Jap., 29, 527 
(1956).

In  eva lua ting  such energy changes it  is necessary to 
consider no t on ly  the e lectrosta tic  in te ractions ,61 bu t 
also the free energy changes due to  the rearrangem ent 
of w ater m olecu les.9,62'63 A  theo re tica l consideration

(48) F . E. H am s and S. A . Rice, J. Phys. Chem., 61, 1850 (1957).
(49) G. Armand, unpublished results.
(50) G . O. Phillips, J. V. Davies, K . S. Dodgson, and J. S. M oore, 
Biochem. J„ 113, 465 (1969).
(51) L. J. Pauley, J. Amer. Chem. Soc., 76, 1422 (1954).
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of the exchange of one un iva len t ion  b y  another has 
y ie lded  the re la tion sh ip

A G BA = yr[" — - — 1 — I” AG a — AG b I  (16)D lr e +  rA re +  rBJ  L  J

where AGba is  the free energy change fo r the exchange 
of ion  A  b y  ion  B , AG a and AG'b are the free energy 
changes in vo lved  in  rearrang ing  the w ater of h yd ra t io n  
around the ions, e is the e lectron ic charge, re the effec
t iv e  rad iu s of the ion  exchanging group ing, r A and r B 
the ra d ii of the ions, and D  the d ie lec tr ic  constant of the 
m edium .

F o r  cellu lose su lfates re w il l be conside rab ly  greater 
th an  fo r ca rboxym ethy l cellu lose and since the e lectro
s ta tic  term s w il l be larger fo r the ca rboxym ethy l group, 
i t  w ou ld  be expected to  b in d  sm all ca tions more strong ly  
th an  large ones. In  keep ing w ith  th is  expectation, 
Re ichenberg52 on ion  exchange resins and R in au d o  and 
M ila s 64 using ca rboxym ethy l cellu lose in  so lu tion  have 
shown th a t  po lyca rboxy la te s b in d  N a+  in  preference to 
K + . O n  the o ther hand, since re is  large fo r cellu lose 
sulfates, the free energy changes due to  the rearrange
m ent of the w ater of h yd ra t io n  w ou ld  be the m ost pro 
nounced influence. A g a in  experim ent supports th is  
p red iction , since s ilv e r  ions are bound more f irm ly  than  
sodium , or hyd roxon ium  ions, and K  + more f irm ly  than  
N a+  to  po lysty rene su lfonates.17'62 In  our w o rk  we 
have considered on ly  the exchange between m ethylene 
b lue  cations (M ) and sod ium  ions (N ), and the va riab les 
are, therefore, on ly  the nature of the an ion ic  sites and 
th e ir  d is tr ib u tion . Thus, i f  AG c and AG's are the free 
energy changes in vo lved  in  the exchange of M  fo r N  on 
each po lyan ions, and i t  is  assumed th a t there is  no con
siderab le d ifference between the A G va lues fo r the rear
rangem ent of w ater around N  and M  fo r each of the 
an ion ic  sites, then

a g 'c -  a g s = i  r - r ^ r r —, -D l( r c +  r M)(rc +  rN)

ru -  rN ~|

(r8 +  r M)(rs +  rN) J

Thus, since re > rc and rM >  r-s, then  AGs w il l  be num eri
ca lly  greater th an  A G o  A s  experim en ta lly  ob
served,60'65-68 therefore, in  dye  b in d in g  and m etachro- 
m asia studies, the su lfate group is  a stronger b inder 
fo r ca tion ic  dyes th an  ca rboxy l groups, whereas ions 
such as L i + and N a+  are bound more s trong ly  to  car
b o x y l th an  su lfate groups.69 T h e  da ta  reported in  T a 
b le I I  are, therefore, in  good agreement w ith  theo re tica l 
p red ic t ion s and experim enta l observations of the b in d 
in g  o f o rgan ic and ino rgan ic  cations to  po lyan ions in  
aqueous so lutions.

Th e  phosphate group is in te rm ed ia te  in  its  behav io r 
and the change in  free energy lie s between th a t of the 
su lfa te  and ca rboxy la te  groups. T h is  observa tion  is 
in  agreement w ith  the m etachrom atic  behav io r of th is

group,57 a lthough  B o o ij,60 and Bungenberg de Jong61 
reported th a t th is  group bound ce rta in  o ther dye  ca t
ions more strong ly  than  su lfate, or ca rb oxy l groups. 
These facts can be ra tiona lized  on the basis o f eq 16 and 
17 b y  considering the effect of p H  on the  phosphate 
group. A t  low  p H  va lues the group w il l  be in  the 
fo rm  — O-PO3H2, w h ich  w il l no t b in d  dye cations; a t 
in te rm ed ia te  p H  values the group w il l be — O-PO3H- , 
w h ich  w il l b in d  dye cations more strong ly  th an  the su l
fate group. A t  h igher p H  va lues the group w il l be 
—O-PO32- w h ich  is  s im ila r in  size to  — O-SO3- , b u t the 
h igher e lec tr ica l charge w il l cause the group to  have  
b ind ing  properties in te rm ed iate  between those o f the 
ca rboxy l and su lfate groups. F o r  po lyan ion  CP3, ana l
ys is  shows th a t  the phosphate group is s ing ly  charged 
(doub ly  esterified = P 0 2- ) and th is  group fa lls  n a tu ra lly  
between the  carboxy la te  and the su lfate groups in  size 
and thus in  b ind ing  power, accord ing to  the p red ic tions 
of eq 17. T h is  behav io r is supported b y  the va lues in  
T ab le  I I .

Energy Changes and Metachromasia. I t  was p re v i
ously  noted th a t  the photon energy of the m etachro
m a tic  absorp tion  m ax im um  decreases in  so lu tion , in  the 
order su lfa te  >  phosphate >  ca rboxy la te .64-67 U s in g  
diffuse reflectance, we have determ ined the abso rp tion  
spectra of the  so lid  po lyan ion -m ethy lene  b lue  com
plexes.37 T h e  com parison between the energy changes 
associated w ith  sh ifts  in  spectra and — AG° and — A H° 
obta ined in  the  present s tud y  are shown in  T ab le  V . 
T h e  energy changes ca lcu la ted  from  band centers are 
p robab ly  the m ost s ign ifican t since the d is t r ib u t io n  of 
dye m ust be random  w ith in  the po lyan ion , some be ing 
aggregated and p roducing  strong m etachrom asia  and 
some m onom eric, g iv ing  on ly  sm all ba thoch rom ic  ef
fects.37 Thus, there is more th an  one absorb ing system  
and, therefore, the m ax im um  trend  is th a t the  energy 
changes ca lcu la ted  from  the abso rp tion  spectra in 
crease as the free energy and en tha lpy  changes increase 
(nu m erica lly ) . T h is  behav io r w ou ld  be an tic ip a ted  
since the decrease of bo th  the free energy and  en tha lpy  
of the system  w ou ld  lead to  greater s ta b ility , m ak ing  
e lectron ic tran s it ion s more d iff icu lt (i.e., h igher en
ergy). S im ila r ly , the co lor change on com plex form a-

(52) D . Reichenberg, “ Ion Exchange,’ ’ Vol. 1, J. M arinsky, E d., 
E . Arnold, London, 1964.
(53) G. N. Ling, “ A  Physical Theory of the Living State,”  Blaisdell, 
New Y ork , N. Y „  1962.
(54) M . Rinaudo and M . M ilas, J. Chim. Phys., 66, 1489 (1969).
(55) J. W . K elly and L. Chang, J. Histochem. Cytochem., 17, 651 
(1969).
(56) A . L. Stone, Biochim. Biophys. Acta, 148, 193 (1968).
(57) O. Bank and H . J. Bungenberg de Jong, Protoplasma, 32, 489 
(1939).
(58) J. Dorling and J. E. Scott, Histochemie, 5, 221 (1965).
(59) H . J. Bungenberg de Jong, “ Colloid Science,”  Vol. 2, H . R . 
K ruyt, Ed., Elsevier, Amsterdam, 1949.
(60) H . L. B ooij, Acta Histochem. Suppl., 1, 37 (1958).
(61) H . J. Bungenberg de Jong and C. van der M eer, Proc. Kon. Ned. 
Akad. Wetensch., 45, 593 (1942).
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Table V : Energy Changes Associated with Metachromasia

E n e r g y  ch a n g e s  
,•--------{hv),a k c a l m o l-------- >

P o ly a n io n
R a t io  o f  

s ite s  t o  d y e
B a n d ,
ce n te r M a x im u m &

- A  G°, 
k c a l /m o l

- A  ff°, 
k c a l /m o l

CM Cl 14.2 0.6 3.1 2.9 3.5
CP3 1.10 2.5 8.4 3.4 3.8
CS1 1.00 5.6 11.3 5.1 6.6

“ Calculated by comparison with the dye in aqueous solution 
(maximum absorption at 665 nm). b Calculated on the basis of 
the short wavelength end of the broad absorption band.

t io n  (m etachrom asia) is  p red ic tab ly  hypoch rom ic since 
e lectron ic trans ition s of h igher energy are less l ik e ly  to  
occur, thus low ering  the m o la r ex tin c tion  coefficient of 
the m a in  absorp tion  peak.

Sum m ariz ing , therefore, the the rm odynam ic param 
eters w h ich  have been obta ined fo r the in te rac tion  of 
the sod ium  sa lts o f cellu lose su lfates, phosphates, and 
ca rboxym ethy l cellu lose w ith  m ethylene b lue satis
fa c to r ily  account fo r the strength  of ion  b ind ing  and 
spectra l characte ris tics of the complexes produced.

Acknowledgment. T h a n k s  are due to M rs . B . J . 
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Reactivities of Ion Pairs and Free Ions in Proton Abstraction Reactions. 

The Reaction between Polystyryl Carbanion Salts and Triphenylmethane
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The proton abstraction reaction between polystyryl carbanion salts and triphenylmethane in ethereal solvents 
was studied spectrophotometrically. The apparent second-order rate constant as measured from the in itia l 
slope of the optical density vs. time curve was found to increase strongly at lower in it ia l po lystyryl con
centration. The reaction mechanism resembles that found for the anionic homopolymerization of styrene,
i.e., the free polystyry l ion is much more reactive than the contact ion pair (in T H F  at 25° the reactiv ity of the 
free ion is about 1000 times that of the sodium ion pair). In more polar solvents the ion pair rate constant in 
creases as more reactive loose ion pairs are formed. The above proton abstraction reaction is self-retarding, 
as the newly formed tr ity l carbanion salt is much more dissociated than the corresponding po lystyry l salt 
(Kd = 7.6 X  10-6 M~l for tr ity l sodium in T H F  at 25° vs. K i  = 1.5 X  lO “ 7 M -1 for the styry l salt). Con
ductance measurements and optical spectra were employed to obtain more imormation on the solvation state of 
the tr ity l ion pairs.

The  m echanism s of reactions in vo lv in g  carban ions as 
in te rm ediates are know n to  be sensitive to  the type  of 
counterion, the tem perature, the natu re  of the so lvent 
and the presence of ion -coo rd ina ting  add it ives .1'2 T h is  
can often be a ttr ib u te d  to  the v a r ie ty  of ion ic  and so lva
t io n  states (such as d iffe rent k in d s  of ion  pa irs) in  w h ich  
the reacting  species can exist. In  th is  respect, mech
an ist ic  stud ies of an ion ic  po lym eriza tion  of v in y l mono
mers have su b stan tia lly  con tr ibu ted  to  a be tte r under
stand ing of the effects of counterion  and other va riab les 
on rea c tiv it ie s  of carban ion  sa lts in  m edia where ion  
pa ir in g  is  p redom inan t,lbi 2 and a considerab le am ount 
of q u an tita t ive  in fo rm a tion  is  p resen tly  ava ilab le  on 
the reac tiv it ie s  of free carban ions and th e ir  ion  pa irs  in  
add ition  and e lectron transfe r reactions.

P ro to n  transfer to  carban ions has been stud ied in  a 
v a r ie ty  of w ays in  order to  estab lish  k in e tic  and equi
lib r iu m  ac id itie s of hydrocarbons and the effect of sol
ven t on these quan tit ie s .3'4 A b so lu te  ra te  constants

(1) (a) D . J. Cram, “ Fundamentals of Carbanion. Chem istry,”  
Academic Press, New York, N . Y ., 1965; (b) M . Szwarc, “ Carb
anions, Living Polymers and Electron Transfer Processes,”  Inter
science, New York, N. Y ., 1968.
(2) J. Smid, “ Structure and M echanism in Vinyl Polym erization,”  
T . Tsuruta and K . F. O ’Driscoll, Ed., M arcel Dekker, New York, 
N. Y ., 1969, Chapter 11.
(3) A . Streitwieser, Jr., J. H . Hammons, E. Ciuffarin, and J. I. 
Brauman, J. Amer. Chem. Soc., 89, 59 (1967), and m any other papers 
by  A . Streitwieser, Jr., et al.
(4) C. D . R itchie and R . E . Uschold, J. Amer. Chem Soc., 90, 3415 
(1968); C. D . Ritchie, ibid., 91, 6749 (1969), C. D . Ritchie, “ S olute- 
Solvent Interactions,”  M arcel Dekker, New Y ork, N. Y ., 1969, 
Chapter 4.
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were measured b y  R itch ie , et a l in  so lvents such as 
m ethano l and D M S O  where the extent o f ion  pa ir in g  
is u sua lly  sm all. How ever, no t m uch is know n about 
the difference in  rea c tiv it ie s  between free carbanions 
and the ir ion  pa irs  in  pro ton  transfe r reactions. The  
ava ilab le  da ta  on the extent o f d issoc ia tion  o f po ly s ty - 
r y l carban ion  sa lts ( ~ C H 2C H ~ (P h ), M + , and denoted 
b y  S ~ ,M +) in  ethereal so lvents induced us to  study  the 
reaction  of th is  carban ion w ith  tripheny lm ethane, a re
action  w h ich  can conven ien tly  be fo llow ed spectropho- 
tom etrica lly . In  order to in te rp re t the k in e tic  da ta  it  
was necessary to  determ ine the extent of d issoc ia tion  of 
the t r i t y l  sa lts from  conductance measurements and to 
ob ta in  in fo rm a tion  on the so lva tion  state of the ion  
pa irs from  op tica l spectra.

Experimental Section

T h e  p o ly s ty ry l sa lts (“ liv in g  po lym ers” ) were pre
pared in  T H F  from  the corresponding d ica rban ion  sa lts 
of a -m ethy lstyrene d im ers or tetram ers b y  add it ion  of 
an app rox im ate ly  ten fo ld  excess of styrene. D e ta ils  of 
the p repara tion  as w e ll as the pu rif ica t io n  o f the sol
vents used in  th is  study  (te trahydro furan , te trahyd ro - 
pyran , and 1,2-d im ethoxyethane) have been reported 
elsewhere.6'6

T r ip h e n y lm e th y l ( t r ity l)  sa lts were prepared from  
the correspond ing p o ly s ty ry l sa lts b y  add it ion  of a 
s ligh t excess of tripheny lm ethane. T h e  reaction  pro
ceeds to  com p letion  as ind ica ted  from  the iden tica l op ti
ca l spectra of tw o t r ity l l i th iu m  samples, one prepared 
from  p o ly s ty ry ll ith iu m  and a second one obta ined b y  
reacting  b u ty llith iu m  w ith  tr ip h e n y l methane. A l l  
spectra l measurements were carried  ou t on a C a ry  14 
record ing spectrophotom eter.

Conductance  data  fo r the t r i t y l  sa lts were obta ined 
w ith  a Leeds and N o rth ru p  A -C  conductance bridge 
operating  at 1000 H z , w ith  a G enera l R ad io  Co rp . tuned 
am p lifie r and n u ll detector be ing used as a ba lance in 
strum ent. T h e  a ll-g lass enclosed conductance appa
ra tu s5 con ta in ing  the t r i t y l  so lu tion  was constructed 
in  such a w ay th a t  the concentration  cou ld  be va ried  
between 10 _4 and 5.10-6 M  w ith ou t exposing the so lu
t io n  to  a ir  or moisture. D estru ct io n  of the t r i t y l  car
ban ions was less than  5%  du ring  the tim e  of the mea
surements. C o n d u c tiv it ie s  of t r i t y l  sod ium  in  T H F  
were measured over a tem perature range of 25 to  — 70°, 
th a t of tr ity lp o ta ss iu m  on ly  a t 25° (for de ta ils  o f such 
measurements, see also ref 7). S a lt  concentrations 
were measured spectroscop ica lly  a t room  tem perature, 
us ing the absorp tion  peak in  the 460-500-nm  region. 
T h e  ex tin c tion  coefficients, em, o f T m _ ,Na+  and Tm ~ ,- 
K +  were obta ined b y  reacting  a T m ~ ,M  + so lu tion  of 
know n op tica l dens ity  w ith  a s ligh t excess o f so lid  flu - 
orene. F ro m  the know n em values of the fluo reny l 
sa lts6'8 the em va lue  fo r Tm ~, N a + a t 472 nm  was found 
to  be 2.3 X  104, w h ile  th a t of Tm ~ ,K +  at 480 nm  is
2.4 X  104. Th e  lite ra tu re  va lue  of T m _ ,N a + in  d i

e th y l ether is  2.3 X  104.9 A  s ligh t error is  in troduced  
when these em values are used a t low  sa lt concen tration , 
as under these cond itions the op tica l spectrum  resu lts 
from  a superposition  of the spectrum  of the ion  p a ir  and 
th a t of the free ion. D ue  to  the broadness o f the t ra n 
s it ion  and the com para tive ly  sm a ll ba thoch rom ic sh ift  
fo r the free ion, the ex tin c tion  coefficient measured at 
the apparent Xm decreases b y  less than  10% com pared 
to  the em a t h igh  concentration .

R ea ct io n  rates were obta ined b y  a conventiona l b a tch  
technique, us ing again an a ll-g lass enclosed evacuated 
apparatus. A fte r  the concentration  o f the p o ly s ty ry l 
sa lt so lu tion  was measured spectropho tom etrica lly  
(Xm 340 nm, em 12000), a know n q u an tity  of so lid  t r i 
phenylm ethane was disso lved b y  d is t il l in g  p a r t  o f the 
so lvent from  the p o ly s ty ry l so lu tion  onto the so lid  h y 
drocarbon. T h e  two so lu tions were then  ra p id ly  m ixed 
a t 25°, the m ix tu re  transferred to  an op tica l ce ll and 
the change in  op tica l density  recorded a t the Xm of the 
T m _ ,M +  sa lt or a t th a t of S~ ,M+ . Poo r s ta b ilit y  of 
T m _ ,L i+  and of p o ly s ty ry ll ith iu m  prevented us from  
ob ta in ing  re liab le  da ta  fo r th is  counterion. T h e  sta
b i l it y  o f a ll sa lts is  less in  D M E  than  in  T H F .  F o r  re
actions carried  ou t in  D M E  or in  T H P ,  the so lven t was 
rem oved from  a p o ly s t y r y l- T H F  so lution, and a know n 
q u a n tity  of D M E  or T H P  (d is tilled  from  a carban ion  
so lution) was then  added to  the d ry  sa lt ju s t p r io r  to  
the reaction  w ith  tripheny lm ethane. The  reaction  ra te  
was measured in  a s im ila r w ay  as described fo r T H F .  
F u l l  de ta ils  o f the reaction  apparatus and  the precau
tions w h ich  m ust be taken  to  ensure re liab le  k in e tic  
da ta  are ou tlined  in  ref 10.

Results and Discussion

Absorption Spectra. T h e  op tica l spectrum  of the 
t r i t y l  carban ion  conta ins a b road abso rp tion  band  w ith  
a m ax im um  in  the 470-500-nm  reg ion .11'12 I ts  exact 
position , g iven  in  T ab le  I  under a v a r ie ty  o f cond itions, 
is  affected b y  so lvent, tem perature, typ e  of ca tion  and  
the carban ion  concentration . F o r  example, ba tho 
ch rom ic sh ifts  are observed in  more po la r so lvents or on 
low ering the tem perature. T h is  behav io r resembles 
th a t of o ther carban ion  sa lts such as the flu o ren y l a l
k a li sa lts6'18 and those o f the d ica rban ions o f te traphe-

(5) D . N. Bhattacharyya, C. L. Lee, J. Smid, and M . Szwarc, J. 
Phys. Chem., 69, 612 (1965).
(6) T . E. Hogen Esch and J .  Smid, J. Amer. Chem. Soc., 88, 307 
(1966).
(7) T . E. Hogen Esch and J. Smid, ibid.., 88, 318 (1966).
(8) T . Ellingsen and J. Smid, J. Phys. Chem., 7 3 , 2712 (1969).
(9) S. F. M ason, Quart. Rev. (London), 15, 336 (1961).
(10) T . Shimomura, J. Smid, and M . Szwarc, J. Amer. Chem. Soc., 
8 9 , 5743 (1967).
(11) R . W aack and M . A . Doran, ibid., 85, 1651 (1963).
(12) A . Streitwieser, Jr., J. I. Brauman, J. H . Hammons, and A . H . 
Pudjaatmaka, ibid., 8 7 , 384 (1965).
(13) L. L. Chan and J. Smid, ibid., 90, 4654 (1968).
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Table I : Absorption Maxima of Triphenylmethyl Salts

106 Cone, ^m, nm----------------- *
Cation M Solvent

oO»O 25° -5 0 °

Li+ 300 THF 496
50 THF 500“

Na+ 300 THF 480
50 THF 472 480 500
5 TH F 490
5 THF 4806
0.1 THF 500

50 THP 470
50 DM E 500

K + 300 THF 482 485 495
50 THF 490

5 THF 495
0.1 THF 500

Cs + 50 THF 485e 495 ( - 7 5 ° )

“ The same value was found by Waack, et al.11 b Measured 
in the presence of a twenty times excess sodium tetraphenyl- 
boride. '  A \m of 488 nm was reported for Tm - , Cs+ in cyclo- 
hexylamine12 and 495 nm in DMSO. (C. D. Ritchie and R. E. 
Uschold, J. Amer. Chem. Soc., 89, 2960 (1967)).

ny le th y len e14’16 and 1,1,4 ,4-te traphenylbu tane .6 T h e  
absorp tion  m ax im a and band  shapes of the la tte r  tw o 
sa lts are s im ila r to  th a t of the t r i t y l  salts.

The  so lvent and tem perature dependent op tica l 
changes, a t least those o ccu rring  above T m _ ,M  + con
centrations o f 10~3 M, can be ra tio na lized  b y  assum ing 
an eq u ilib r ium  between t ig h t  and loose ion  pairs. N o  
separate absorp tion  m ax im a are observed in  so lu tions 
con ta in ing  m ixtu res o f the tw o k in d s  of ion  pa ir, due to 
the broadness of the abso rp tion  band. How ever, the 
observed change in  the h a lfw id th  of the T m ~ ,N a + 
peak, viz., 88 nm  in  T H P ,  106 nm  in  T H F ,  and 96 nm  
in  D M E ,  ind ica tes th a t the spectrum  in  T H F  is a super
pos ition  of the spectra of the tw o separate ion  p a ir  spe
cies. In  T H P ,  the ion  pa irs  are essentia lly  of the t ig h t 
v a r ie ty  (Xm 470 nm ) w h ile  in  D M E  on ly  separated ion  
pa irs ex ist a t 25° (Xm 500 nm ). One ca lcu lates th a t 
the fra ction  of loose ion  pa irs  in  T H F  a t 25° is about 0.3.

Fo rm a tio n  of free T m _ ions causes the bathoch rom ic 
sh ifts  a t low  sa lt concentra tion  (see Tab le  I). T h is  can 
be deduced from  the observa tion  th a t add it ion  of excess 
N a B P h 4 to  a T m ~ ,M +  so lu tion  a t low  concen tra tion  
causes a hypsoch rom ic sh ift. I t  is  estim ated th a t the 
ra tio  o f ion  pa irs  to  free ions in  a 5 X  10-5 M  so lu tion  of 
T m ” ,Na+  in  T H F  a t 25° is  close to  u n ity  (Xm be ing
490 nm  as com pared to  500 nm  fo r the free ion  and 480 
nm  fo r the ion  pa ir  in  T H F ) .  T h is  means th a t Kd ~
10-5 M~l, w h ich  compares fa vo rab ly  w ith  the va lue  of 
Kd = 7.6 X  10-6 M  measured b y  conductance (see 
next section).

Conductance Measurements. The  va rious param eters 
of the Fuoss conductance equation, F / A  = 1 /A 0 +  
P C A /K t>FAo2 were ca lcu la ted  b y  us ing p rev iou s ly  pub
lished data  on the tem perature dependence of the den-

Figure 1. The effect of temperature on the Walden product 
Aotj of triphenylmethylsodium in THF.

Figure 2. Fuoss plots of triphenylmethylsodium in THF (note 
the displacement of the origin for the various plots).

s ity , v iscos ity , and d ie lectric  constant of T H F .7 A p 
prox im ate  va lues fo r the l im it in g  conductances, A0, 
were obta ined from  1 /A  vs. CA p lo ts and inserted in to  
the Fuoss equation. T h e  Ao va lues obta ined from  the 
Fuoss p lo ts are presented in  F ig u re  1 as a W a lden  p lo t 
(A0n vs. T) and are also lis te d  in  T ab le  I I , together w ith  
the d issoc ia tion  constants Kd ca lcu la ted  from  the slopes 
of the Fuoss p lots. T h e  la tte r  p lo ts are dep icted in  
F ig u re  2 fo r T m ~ ,N a + in  T H F .  T h e  entha lp ies and 
entrop ies of d issoc ia tion  o f T m ~ ,N a + were de rived 
from  the log  Kd vs. l/ T  p lo t shown in  F ig u re  3. T h e  
fo llow ing  values were found

A H ° d ,298 — — 6.2 k ca l/m o l, AtS°D,298 = —44 e.u.

and

A H ° d ,213 = —0.6 k ca l/m o l, A iS°d ,213 = — 23 e.u.

(14) J. F . Garst and R . S. Cole, J. Amer. Chem. Soc., 84, 4352 (1962).
(15) R . C. Roberts and M . Szwarc, ibid., 87, 5542 (1965).
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Figure 3. Temperature dependence of the dissociation constant 
Kd of triphenylmethylsodium in THF.

Table I I : The Ao and K d  Values of Tritylsodium and 
Tritylpotassium in THF

ooE*i Ao Ao rj 10'Xd, M

Tritylsodium
25.0 83.2 0.382 7.6
10.0 70.0 0.382 14.8
0 .0 62.0 0.381 20.5

- 1 0 .0 54.8 0.380 25.8
- 2 0 .0 48.0 0.380 31.8
- 3 0 .0 41.5 0.377 36.0
- 4 0 .0 35.0 0.375 42.0
- 5 0 .0 29.0 0.370 45.4
- 6 0 .0 23.4 0.364 50.4

Tritylpotassium
25 83.5 0.383 3 .4

T h e  Ao and Ku  va lues fo r T m _ ,M  + appear to  be rea
sonable. S ince the A0+ va lues fo r the T H F  so lvated 
N a+  and K +  ion  at 25° were bo th  reported to  be 45 
cm 2 ohm -1 e q u iv -1, 16 a va lue  o f 41 is  ca lcu la ted  fo r 
the A0_ of the Tm ~  ion. T h is  is  s im ila r to  th a t found 
fo r the B ~ P h 4 ion  (A0~ = 41 a t 25°, see re f 16) and fo r 
the  te trapheny le thy lene  m onorad ica l an ion  T - _ (A0~ 
= 41 a t 20°, see re f 15). T h e  size o f the la tte r  two 
ions is  p robab ly  no t m uch d ifferen t from  th a t of the 
T m _ ion  w h ich  is reported to be a prope lle r shaped 
m o lecu le .17 T h e  decrease in  the W a lden  p roduct 
a t low er tem perature has also been found fo r N a B P h 416 
and fo r T -  “ ,N a +,15 the cause be ing enhanced so lva tion  
a t low er tem peratu res.16

A p p lic a t io n  o f the D en ison -R am sey  equation  AII, ° 
= (Ne2/aD) [1 +  d  In D/d  In T] y ie ld s  va lues fo r the 
in te r io n ic  distance, a, equa l to  1.2 A  a t 25° and 7.2 A  a t
— 60° (d In D/d  In T  is  — 1.13 a t 25° and — 1.20 at
— 60°, see re f 8). T h e  7.2 A a t low  tem perature ap
pears to  be reasonable and is in d ica tive  of a loose ion  
p a ir  structure , in  agreement w ith  op tica l data. One 
ca lcu la tes from  the Fuoss equation  K d = (3000/47ra:i) 
exp(—e2/aDkT) a va lue  of K d = 5.5 X  10~6 M  fo r 
T m - ,N a + in  T H F  a t — 60°. T h is  is  close to  the ex
pe rim en ta lly  observed va lue  of K d = 5.0 X  10-5 M.

How ever, the 1.2 A  va lue  a t 25° po in ts to  the nonap
p lic a b il ity  o f the D en ison -R am sey  equation  a t  th is  
tem perature. T h is  is no t su rp ris ing  since the op tica l 
da ta  show th a t  the fra c t io n  o f t ig h t  T m ~ ,N a + ion  pa irs  
under these cond itions is  about 0.7. A lso , the AH°d:m 
= — 6.2 k ca l/m o l is  close to th a t found fo r the  ion  pa irs  
o f the d ian ion  of te trapheny le thy lene  (— 7.2 k ca l/m o l) 
and fo r fluo reny lsod ium  ( — 8.3 k ca l/m o l) bo th  o f w h ich  
are p redom inan tly  t ig h t ion  pa irs  in  T H F  a t 25°.845 
T h e  d issoc ia tion  constant fo r Tm ~ ,K +  in  T H F  a t 25° 
is  about tw ice  as low  as th a t found fo r T m “ ,N a +, in  
agreement w ith  the behav io r observed fo r p o ly s ty ry l 
and fluo reny l sa lts.6'8

Rate Constants of Proton Abstraction. A ssum ing  the 
sim p le b im o lecu la r reaction

S - ,M +  +  T m H  — > S H  +  Tm ~ ,M +

(the reaction  was found to  go to  com pletion) one can 
w rite  fo r the ra te  o f p ro ton  abstraction

- d [ S - ,M + ] / d f  =  + d [T m - ,M + ] / d i =

fc [S -,M + ][T m H ]

T h e  reaction  can be fo llow ed b y  observ ing e ither the 
increase in  op tica l dens ity  a t the Xm of T m ~ ,M + or 
b y  m easuring the d isappearance of S~ ,M  + a t 340 nm. 
S ince O D x = O D x,s - +  O D XiT (X re fe rring  to  the 
wave length o f the measurement) one can eas ily  show 
th a t

_  (d[OD ]/dQo em,s -
0 ~  [TmH]0[OD]m,s- 6X,t - -  ex,s -

In  th is  equation, (d[OD]/d£)o denotes the in it ia l slope 
of the O D  vs. t im e  cu rve  a t the Xm of T m _ ,M +  (an 
exam ple of such a cu rve  is g iven  in  F igu re  4). [T m H ]0 
is the in it ia l concen tra tion  of tripheny lm e thane, O D m,s- 
is  the op tica l dens ity  and em,s- the ex t in c tio n  coeffi
c ien t of the p o ly s ty ry l sa lt a t its  abso rp tion  m ax im um  
of 340 nm  (O D m,s - is  measured before S _ ,M +  is  m ixed  
w ith  the so lid  T m H ), w h ile  €X T - and €X,s- refer to  the 
respective m o la r ex tin c tion  coefficients o f T m _ ,M  + 
and of S - , M + a t the abso rp tion  m ax im um , Xm, of 
T m _ ,M +. T h e  pe rtin en t k in e tic  da ta  and the ca l
cu la ted ho va lues are co llected in  T ab le  I I I .

T h e  dependence of the apparen t second-order ra te  
constant k0 on the in it ia l p o ly s ty ry l concen tra tion  is 
rem in iscen t of the behav io r of p o ly s ty ry l sa lts in  an ion ic  
hom opo lym eriza tion .6 I t  ind ica tes a h igh  re a c t iv ity  
of the free p o ly s ty ry l ion, and hence, an increase in  k0 
as the p o ly s ty ry l sa lt concentration  is  decreased.

I t  shou ld be po in ted ou t at th is  stage th a t the ove ra ll 
reaction  is com p lica ted b y  the fa c t th a t the p ro ton  
transfer between S - ,M  + and T m H  produces a new carb-

(16) C. Carvajal, K. J. Tolle, J. Smid, and M . Szwarc, J. Amer. 
Chem. Soc., 87, 5548 (1965).
(17) V. R . Sandel and H . H . Freeman, ibid., 85, 2328 (1963); R . 
W aack, M . A . Doran, E . B. Baker, and G. A . Plak, ibid., 88, 1272 
(1966).
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Table III : Proton Abstraction Reaction between 
Polystyryl Salts and Triphenylmethane at 25°

104
[S - ,M + ] o , ko,

S a lt S o lv e n t M 105[TmH], M s e c -1

S~,Na+ THF 708 107 0.4
72.5 6.9 2 .0
6.3 3.46 9 .0
4.5 1.54 10.0
1 . 1 4.9 20.0
9.3° 81.0 0.33
8 .P 54.0 0.27

DME 80.0 17.9 1 4

40.0 7.76 20
6.15 2.82 31
1.45 2.08 50

S-,K + THF 96.0 12.9 1.4
69.0 24.4 1.7
32.0 32.2 2.3

9.8 12.7 4 .3
8.8 7.0 4.3
2.9 3.1 7.3

[NaBPfu] added =  3.1

Tot-HX

6 [NaBPhJi added
1.7 X IO“ 3 M.

Figure 4. Plot of optical density vs. time for the reaction 
S -, Na+ +  TmH —  SH +  Tm~, Na+, in THF at 25°, 
measured at X =  480 nm.

an ion sa lt T m ~ ,M +  th a t  is  conside rab ly  stronger d is
sociated th an  S~ ,M+ . (T h is  means th a t the progress 
of the reaction  can also be fo llow ed conductom etrica lly .) 
A t  25° in  T H F ,  the K d of S~ ,Na+ is 1.5 X  1()-7 M  
and th a t o f T m _ ,N a+  is  7.6 X  10-6 M. Therefore, 
a h igh  re a c t iv ity  of the free S~ ion  means th a t  the pro 
ton  abstrac tion  reaction  slows dow n as soon as T m ~ ,M  + 
is form ed. T h is  is  also apparent from  the observed 
ra te  curve shown in  F ig u re  4. T h e  apparent b im o lecu la r 
ra te  constant as ca lcu la ted  from  the h a lf l ife  tim e  of the 
reaction  is  su b s tan tia lly  low er th an  th a t de rived from  
the  in it ia l slope. F ro m  the  know n d issoc ia tion  con
stants of the tw o  sa lts one can ca lcu la te  the  fra c t io n  
/  = [S_ ]/[S ~ ,M +] as a fun c t io n  o f the extent of the 
reaction  fo r d iffe rent in it ia l concentrations of S~ ,M+ .

Figure 5. Dependence of the fraction of free polystyryl ions 
S~/S~,N a+ on the progress of the reaction S~,Na + +  TmH 
-*• SH +  Tm~,Na+. Curves A, B, and C represent solutions 
with initial [S~,Na+] of 10~3 M, 10~4 M, 
and 10 ~6 M, respectively.

Th e  resu lts o f such com puter ca lcu la tions are shown 
in  F ig u re  5. I f  the T m _ ,M  + d issoc ia tion  constants 
were neg lig ib ly  sm a ll com pared to  those of S - ,M +, 
the fra c t io n  S ~ /S ~ ,M + shou ld  have increased w ith  the 
progress of the reaction. Th e  ca lcu la ted  decrease in  
the fra c t io n  S~ /S~ ,M+ shows th a t  one shou ld expect a 
considerab le re ta rda tion  of the  reaction  rate. H ow 
ever, we estim ate th a t  the ra te  constant as ca lcu la ted 
from  the in it ia l slope is no t affected b y  more th an  20%.

Assum ing  th a t ion  pa irs  and  free ions are bo th  pa r
t ic ip a t in g  in  the p ro ton  abstra c tion  reaction , one can 
w rite 6

fco = h  +  (fcf -  fc i) (A d/[S - ,M + ]o ),/2

where fci and fcf are the respective ra te  constants of the 
ion  p a ir  and free ion  and ( A d/ [ S _ , M +]0) 1/2 represents 
the fra c t io n  of free S _ ions a t the onset of the reaction, 
assum ing th a t th is  fra c t io n  is « 1 .  P lo ts  of fc0 vs. 
[S~,M+]<%1/2 fo r S~ ,Na+ and S _ ,K +  are shown in  
F ig u re  6, and the lin ea r co rre la tion  ind icates th a t  the 
suggested m echanism  in vo lv in g  ion  pa irs  and free ions 
is  correct. T h e  h igh  free ion  re a c t iv ity  is  also appar
ent from  the ra te  depression caused b y  the  add it ion  
of N aB Ph u  (see Tab le  I I I ) .

Th e  free ion  ra te  constant kt can be ca lcu la ted  from  
the slopes of the p lo ts of F ig u re  6, u t il iz in g  the  know n 
d issoc ia tion  constants of the p o ly s ty ry l sa lts. The  
ion  p a ir  ra te  constant fci fo r S - ,N a 4 in  T H F  cannot be 
re lia b ly  de rived from  the in te rcep ts of the above plots. 
How ever, a reasonable va lue  can be deduced from  the 
experim ents perform ed in  the presence of N a B P h 4 b y  
ca lcu la ting  the fra c t io n  of free S~ ions. In  D M E  the 
in te rcep t is m uch larger and y ie ld s a re liab le  va lue  fo r fci.

T h e  fci and fcf va lues are co llected in  T ab le  IV .  C o n 
side ring  the u n ce rta in ty  in  de term in ing  the apparent 
ra te  constants fc0 from  the in it ia l slopes of the reaction  
curves, the agreement in  the fcf va lues in  T H F  as derived 
from  the tw o d ifferen t a lk a li p o ly s ty ry l sa lts is  good. 
One finds th a t the free S~ ion  ra te  constant is  about 103
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Figure 6. Plot of the apparent second-order rate constant ka 
vs. the reciprocal of the square root of the initial polystyryl 
salt concentration.

tim es h igher th an  th a t of the sod ium  ion  p a ir  in  T H F  
a t 25°. However,, the ion  p a ir  re a c t iv ity  is  strong ly  
enhanced in  be tte r so lva ting  m edia, as shown b y  
the increase in  the of S~ ,Na+  w hen T H F  is re
p laced b y  D M E .  A n  increase in  the fra c t io n  of 
reactive  loose ion  pa irs  of S"",Na+ in  D M E  is  the most 
l ik e ly  cause of the h igher ion  p a ir  ra te  constant. A  
s im ila r increase was found in  the ion  p a ir  p ropagation  
ra te  constant of p o ly s ty ry l sod ium ,10 w h ich  was found 
to  increase from  11 M _1 sec-1 in  T H P 18 to  80 M~x sec-1 
in  T H F 8 to  3600 M~l sec-1 in  D M E 10 a ll va lues re
fe rrin g  to  25°. T h e  free ion  ra te  constant does not 
appear to  be m uch  affected b y  a change in  so lvent. 
T h is  was also observed fo r the an ion ic po lym eriza tion  
of styrene in  ethereal so lven ts.19 G ene ra lly , therefore, 
the  m echan ism  of the p ro ton  abstrac tion  reaction  be
tween p o ly s ty ry l sa lts and tr ipheny lm e thane  resembles 
th a t found in  add it ion  reactions in v o lv in g  carban ion  
in te rm ed iates such as the an ion ic hom opo lym eriza tion  
of v in y l monomers.

Table IV : Absolute Rate Constants for the Reaction of 
Polystyryl Carbanion Salts with Triphenylmethane; 
Temperature 25°

C a t io n S o lv e n t K it M
kt, M -1  

s e c -1
k\, M  

s e c -1

Na + THF 1.5 X  10-’ “ 178 0.15
Na + DM E 1.4 X 10- ®8 138 11
K + THF 8.8 X 10-8“ 142 < 0 .2

1 Reference 5. b Reference 10.

T h e  p ro ton  transfe r ra te  constant kt = 178 M _1 
sec-1 fo r the reaction  S -  +  T m H  S H  +  Tm ~  ap
pears to  be ra the r low . T h e  Ap&A between tr ip h e n y l
m ethane and ~ C H 2C H 2<£ is  p robab ly  close to  3.5 (the 
P&a  fo r T m H  is  reported  to  be 32.5, w h ile  th a t  of ~ C H 2- 
C H 2<f> shou ld be in  between th a t o f toluene, pfcA = 35 
and  cumene, = 37, a ll va lues taken  from  the M c -

E w en -S tre itw ie se r-A p p leq u is t-D e ssy  scale, see re f la , 
p 19). O n  the o ther hand, the ApK A between fluorene 
and 9-m ethylfluorene is  on ly  0.6 in  D M S O 20 and less 
th an  0.1 in  cyc lohexy lam ine ,21 w a te r22 and  etherea l 
so lvents.23 Neverthe less, the  ra te  constan t o f p ro ton  
transfe r of the free fluo reny l ca rban ion  w ith  9 -C II3 
fluorene in  T H F  a t 25° was found to  be 85 M~x sec-1 
and conside rab ly  h igher in  T H P . 23 C le a r ly , the B ro n - 
sted equation  w il l  no t ho ld  in  th is  case, and ste ric  h in 
drance in  the reaction  in vo lv in g  tripheny lm e thane  is the 
m ost l ik e ly  cause. T h is  has p rev iou s ly  been suggested 
b y  S tre itw iese r24 and b y  R itc h ie 26 fo r the  reaction  of 
a lkox ide  ions w ith  tripheny lm ethane. W e  have re
cen tly  observed other cases of slow  p ro ton  transfe r 
reactions due to  steric h indrance, such as the reaction  
between the d ian ion  of 1,1 d ipheny le thy lene  (Cfa- 
C H 2C H 2 C 02) and 9 -p ropy l fluorene in  T H F . 26 T h e  
apparent second-order ra te  constant of th is  reaction  is 
on ly  20 M~x sec-1 in  T H F  a t 25°, in  sp ite  of an  ex
pected A p A A of a t least 10.xa U n d e r a lm ost id en tica l 
cond itions the apparent second-order ra te  constan t of 
the reaction  F~ ,N a+  +  9-m ethylfluorene (A p R A ~  
0.0) was found to  be 2.0 M~x sec-1 23 w h ile  th a t of the 
reaction  F _ ,Na+  +  1,2 benzofluorene (ApKA ~ 2.0) 
was reported to  be in  the order of 10s M  ~x sec-1 .27

Recen t w o rk  b y  B a n k  and B o ck ra th  on the  p ro tona
t io n  of sod ium  naphtha lene w ith  w ater in  te trahyd ro - 
fu ran  has produced evidence fo r a low  re a c t iv ity  of the 
loose ion  p a ir  as com pared to  th a t  o f the t ig h t  ion  p a ir .28 
One hypo thes is  th a t  was advanced to  e xp la in  th is  be
h av io r suggests th a t the counterion  p lays  a c a ta ly t ic  
ro le and th a t  the ion  p a ir  re a c t iv ity  is  de term ined b y  
the a b il it y  of the ca tion  to  fa c ilita te  the  rup tu re  of the 
H - O H  bond. In  some of our earlie r w o rk  on the  p ro 
tona tion  of flu o ren y l carban ions by  the  m ore ac id ic  
benzofluorenes we also had  ind ica tion s of a low  free 
ion  re a c t iv ity  as com pared to  th a t  of the t ig h t  ion  p a ir .28 
M o re  recent w o rk  shows th a t th is  is  no t the  case w hen 
9-methylfl.uorene is the p ro tona ting  agent.23 I t  is  no t 
u n like ly , however, th a t a s im ila r re a c t iv ity  behav io r as 
observed b y  B a n k  and B o ck ra th  fo r ra d ica l an ions w il l

(18) M . van Beylen, M . Fisher, J. Smid, and M . Szwarc, Macromole
cules, 2 , 575 (1969).
(19) M . van Beylen, D . N. Bhattacharyya, J. Smid, and M . Szwarc, 
J. Phys. Chem., 70, i57  (1966).
(20) C. D. Ritchie and R . E . Uschold, J. Amer. Chem. Soc., 89, 1721 
(1967).
(21) A . Streitwieser, Jr., E. Ciuffarin, and J. H . Hammons, ibid., 
89, 63 (1967).
(22) K . Bowden and R . Stewart, Tetrahedron, 21, 261 (1965).
(23) K . H . W ong, T . Ellingsen, and J. Smia, unpublished results 
from  this laboratory.
(24) A . Streitwieser, Jr., Progr. Phys. Org. Chem., 3, 41 (1965).
(25) C. D. Ritchie and R . E. Uschold, J. Amer. Chem. Soc., 89, 2960 
(1967).
(26) G. Collins and J. Smid, unpublished results from  this labora
tory.
(27) T . E . Hogen Esch and J. Smid, ibid., 89, 2764 (1967).
(28) S. Bank and B . Bockrath, J. Amer. Chem. Soc., 93, 430 (1971).
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be found fo r carban ions when p ro tonated in  ethereal 
so lvents b y  w ater or alcohols, a lthough  the stud ies of 
such reactions are l ik e ly  to  be com p lica ted  b y  the ag
gregation o f the re su lt in g  hyd rox ides or a lcoho lates in  
the low  p o la r ity  media.
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Comproportionation Kinetics of Stable Violene Radical Ions
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Violene radical ion systems contain highly colored oxidized, reduced, and semireduced species, a ll existing in 
simultaneous equilibrium in solution. K inetic measurements by the stopped-flow method have enabled cal
culation of a rate constant for the rapid combination of the reduced and oxidized forms (comproportionation) 
of l,l',2,2 '-tetram ethyl-(ds- +  ¿rons-)vinylene-3,3'-diindolizine: k = (6.5 ±  2.0) X  108 M~l sec-1 in aceto
n itrile (m < 10-4 M, 25°). The kinetics of a second violene system are just beyond the range of accessibility 
of the stopped-flow apparatus. The comproportionation reaction appears to be close to diffusion-controlled in 
acetonitrile.

A  s ign ifican t co llection  of rad ica l ion  systems, whose 
suggested nam e is  the “ v io lenes,” 1 are know n to  exist 
as p a rt of a two-step redox system  represented b y

X ----( -C H = C H -)— X  Z Z Z'n
reduced

X ---- f C H = C H } ——X

sem ireduced

X = = £ C H — G H ^ = X  (1) 

oxid ized

T h e  three form s are each iso lab le  and can exist in  s im u l
taneous eq u ilib r ium  in  so lu tion  as

k\
reduced +  ox id ized  < > 2 sem ireduced (2)

k- i
J p i r e d u o ^  R  >  I00 

[reduced J [oxid ized J

Because the extra  e lectron o f the sem ireduced fo rm  is 
de loca lized in  a ir-e lectron system , th is  fo rm  is especia lly  
stable and absorbs lig h t  of longer wavelengths. A l 
though H iin ig  and co-w orkers1-4 have reported equ i
lib r iu m  constants fo r m any  of these systems, no a t
tem pts to  measure the re lated ra te  constants have been 
reported. W e  report here the p repara tion  of tw o v io 
lene systems and measurements o f the fo rw ard  and re

verse ra te  constants fo r fo rm ation  o f the sem ireduced 
form . T w o  systems were prepared
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l, l ',2 ,2 '- te tra m e th y l-(c is -  +  trans- )v iny lene-3 ,3 '- 
d iin do liz in e  and its  sem ireduced and ox id ized  form s 
(I, I I , and I I I )  were prepared as described b y  F rase r 
and R e id .5 W e  iso la ted a sam ple o f the trans isom er 
o f I  b y  ch rom atograph ing the c is -tra n s  m ix tu re  on a lu 
m ina, b u t the trans isom er gave no d ifferent k in e tic  
resu lts than  d id  the o rig ina l m ix tu re  of isomers. The re 
fore, we made no fu rth e r efforts to  separate isomers in  
o ther syntheses. W e prepared l,2 -b is -(3 '-m e thy lben - 
zo th iazo l-2 '-y lidene) ethane and its  o x id ized  fo rm  (IV  
and V I )  b y  the m ethod of K ip r ia n o v  and K o rn ilo v .6 
T h e  sem ireduced fo rm  (V) was prepared b y  d isso lv ing  
equ im o la r quan tit ie s of (IV ) and (V I) in  a ce ton itrile  
and a llow ing  them  to  react.

W e  checked the p u r ity  of each com pound b y  com
parison  w ith  m e lt ing  po in t and spectra l da ta  from  the 
pub lished  reports of those who firs t prepared them .5,6 
Agreem ent was exce llent in  a ll cases, w ith  the exception 
th a t the reported spectrum  fo r species (IV ) in  e thano l5 
does no t represent th a t species. W e  d isso lved a sam ple 
o f ( IV ) in  a lcoho l and observed th a t the so lu tion  
changed from  ye llow  to  rose w ith in  a few  m inutes. 
T h is  la tte r  so lu tion  gave a v is ib le  spectrum  w h ich  cor
responded exac t ly  w ith  the pub lished  w o rk ,6 b u t we 
found th a t th is  so lu tion  w ou ld  not react w ith  (V I) to 
g ive  the d is t in c t ly  red co lored in te rm ed ia te  (V ) . C om 
pound (V I) was stab le  in  a ce ton itrile  o n ly  under a N 2 
atmosphere. K ip r ia n o v  and K o rn ilo v  reported no 
m e lt ing  po in t fo r the d ipe rch lo ra te  sa lt of (V I) , bu t we 
found  mp 208-209°.

A l l  k in e tic  experim ents were ca rried  ou t in  aceton i
t r ile  because th is  so lven t afforded the best s ta b ility . 
H i in ig 1 suggests th a t the idea l so lven t fo r v io lene  ra d i
ca l ion  system s shou ld be ap ro tic  and exh ib it ne ither 
nuc leoph ilic  nor reducing power, espec ia lly  tow ards the 
ox id ized  forms. T h e  indo liz in e  system  (I, I I , and I I I )  
rem ains stab le fo r several hours in  ace ton itrile , w h ich  
appears to  be a n ea rly  idea l so lvent. T h e  o ther v io lene  
system  (IV , V , and V I )  is less stab le in  e ither aceton i
t r i le  deoxygenated b y  bubb ling  w ith  N 2, o r in  d im e th y l 
form am ide, another good v io lene so lvent. T o  ensure 
th a t in s ta b ility  w ou ld  be no prob lem , a ll experim ents 
were conducted w ith in  m inutes a fte r p repara tion  of 
stock  so lutions. Im m ed ia te ly  a fte r each experim ent, 
so lu tions were checked fo r decom position b y  m easuring 
op tica l absorbances a t the m ax im a fo r each o f the three 
species in  each system . O n ly  species (V I) decomposed 
app rec iab ly  du ring  an experim ent. S ince fo r o ther 
reasons we were no t able to  measure a ra te  constant for 
the system  of w h ich  (V I) is a part, no corrections fo r 
concen tra tion  changes were attem pted.

Reagent grade ace ton itrile  (J. T . B a k e r  and E a s t 
man) con ta in ing  less than  0.1%  w ater was used in  a ll 
experim ents. S to ck  so lu tions of 1.00 X  10~4 M  each 
of bo th  the reduced and ox id ized  form s were prepared 
b y  w e igh ing the respective com pounds to  1 yug accuracy 
w ith  a M e tt le r  m icrobalance.

K in e t ic  experim ents were conducted w ith  a D u rru m - 
G ib son  S topped-F low  Spectrophotom eter equ ipped 
w ith  a 2-mm op tica l-pa th -leng th  K e l- F  absorbance 
cuvette . T h e  in strum ent was therm ostated a t 25 ± 
0.05° b y  means of a L au da  K -2  c ircu la to r. T h e  flow  
deadtim e was determ ined to  be less th an  1 msec us ing 
the F e 3+ +  S C N "  reaction  and the ex trapo la tion  
m ethod recom m ended b y  the m anufacturer. T h e  
triggering  m echanism  n o rm a lly  used w ith  the tem per
a tu re -jum p accessory to  the in strum en t was used in  
these stopped flow  experim ents and was set to  exclude 
extraneous effects seen du ring  m ix ing .

E q u a l concentrations of the fre sh ly  prepared ox id ized  
and reduced form s of the com pounds in  a ce ton itr ile  
were m ixed  in  the stopped-flow  apparatus and  the ra te  
o f fo rm a tion  of the sem ireduced fo rm  was fo llow ed 
spectropho tom etrica lly  w ith  2-m m  s lits  at 643 nm  fo r
(II) and 594 nm  fo r (V ). T h e  resu lts fo r the in do liz in e  
system  cou ld  be checked w ith  less s e n s it iv ity  b y  fo l
low ing  the ra te  of d issappearance of e ither o f the  reac
tan ts a t the w ave lengths o f th e ir  abso rp tion  m ax im a,
(I) a t 412 nm  or (I I I)  at 512 nm. T h e  reaction  was too 
rap id  to  pe rm it the app rox im ation  of pseudo-first-order 
k in e tic s  b y  increasing the concen tra tion  of one reactan t 
s ig n if ican tly  above th a t of the other. T h e  reactan ts 
were unstab le  at concentrations be low  ^ Î O -6 M  in  
a ce ton itr ile  th rough  w h ich  N 2 had  been bubb led . O n ly  
the la st few  percent ( ~ l- 5 % )  of a re la t ive ly  large tran s
m ittance  change (up to  ~ 8 0 % ) th a t occurred upon  
m ix ing  cou ld  be re lia b ly  observed. W ith  k in e tic  da ta  
ob ta ined  so close to  equ ilib r ium , the fo rw ard  and re 
verse rates are nea rly  equal. T h e  m ost obv ious w ay  to 
trea t such data  is b y  means of re la xa tion  k ine tics .

A  cha racte ris tic  re laxa tion  t im e  was de term ined from  
each oscilloscope photograph of tran sm ittance  vs. tim e. 
W e  developed a usefu l k in e tic  expression in  the fo llow 
ing  manner. T h e  re laxa tion  t im e  fo r reaction  2 is 
found b y  standard  procedures to  be

t~1 = 4&i [sem ireduced] +

fci ([reduced] +  [oxid ized]) (4)

Because we a lw ays m ixed equal concen trations o f re
duced and ox id ized  form s in  our experim ents, we can 
w rite , us ing equation  3

[reduced] = [oxid ized] =
K ~ lhC0 

1 +  2 K ~ l/l (5)

(1) S. Hünig in “ Free Radicals in Solution." Plenary lectures pre
sented at the International Symposium on Free Radicals in Solution, 
Ann Arbor, M ichigan, August 21-24, 1966, pp 109-122, Butterworths, 
London, 1967.
(2) S. Hünig and J. Gross, Tetrahedron Lett., 2599 (1968).
(3) S. Hünig, H . Schlaf, G. Kiesslich, and D . Scheutzow, Tetrahedron 
Lett., 2271 (1969).
(4) S. Hünig, Angew. Chem., Int. Ed. Engl., 3, 286 (1969).
(5) M . Fraser and D . H . Reid, J. Chem. Soc., 1421 (1963).
(6) A. I. K iprianov and M . Yu. K ornilov, Zh. Obshch. Khim., 31, 1699 
(1961).
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and

C0
[sem ireduced] = -  —  ~ r tJt (6)

where C0 represents the to ta l v io lene  concentration , in 
c lud ing  a ll three species. S u b st itu t io n  o f eq 5 and 6 in to  
eq 4 leads to  the s im p lif ie d  expression

1 = 2 h K ~ 'hC0 (7)

A  p lo t of r “ 1 vs. Co w il l  y ie ld  a slope from  w h ich  kt can 
be read ily  ca lcu la ted  from  the know n eq u ilib r ium  con
stant. These data  are presented in  T ab le  I  fo r the 
(I, I I ,  I I I )  in do liz in e  system . A  p lo t fo r th is  system  is 
shown in  F ig u re  1.

Table I : Comproportionation Kinetic Data for 
Indolizine Radical Ions in Acetonitrile at 25°

,<* 10-5 M r x,6 103 sec“ 1 h , c 10« M ~ l sec“

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

2 . 0 8 5 . 9
2 . 2 7 6 . 4

1 0 .0 4 . 3 5 6 . 1
4 . 4 5 6 . 3

° Total concentration of indolizine in all forms. b Observed 
relaxation time from stopped-flow experiments. '  Calculated 
comproportionation rate constant.

T a k in g  K  = 8 X  102 from  a pub lished  v a lu e1 fo r the 
same so lvent, we ca lcu la te  ki = 6.5 X  108 M~l sec“ 1. 
F o r  the reverse ra te  constan t we ca lcu la te  fc_i = k ,/K  
= 8.1 X  106 M ~ l sec-1 . C ons ide ring  the sca tte r of 
po in ts in  F ig u re  1, our ca lcu la ted  ra te  constant is ac
curate to  about ± 30% . A ttem p ts  to  measure re laxa
t io n  tim es fo r the second v io lene  system  (IV , V , and V I )  
were no t successful. T h is  reaction  is apparen tly  
more rap id  than  the first, and is nea r ly  com pleted w ith in  
the m ix ing  t im e  of the stopped-flow  instrum ent. 
Therefore, i t  can on ly  be determ ined th a t fci fo r th is  
system  is  w ith in  the same order o f m agnitude, b u t more 
rap id  than  fo r the indo liz in e  system .

T h e  ra te  constant, k\ = 6.5 X  IO8 M ~1 sec-1 , lies 
near the l im it  o f a ccess ib ility  o f the stopped-flow  
method. W e  had  attem pted to  measure the same k i
netics using a tem peratu re-jum p re laxa tion  method, 
bu t found th a t the  e q u ilib r ium  is qu ite  tem perature in 
sensitive, even to  a 15° pe rtu rba tion . T h is  im p lie s a 
re la t iv e ly  low  heat o f reaction . T h e  S to ke s -E in s te in  
equation  fo r the d iffus ion  coefficients of the reacting  
species taken  w ith  the Sm o luchow sk i re la t ion  fo r the 
ra te  of a d iffus ion -contro lled  reaction  between m ole
cules o f equal ra d ii7 p red ic ts a lim it in g  ra te  constant of
1.8 X  IO10 M _1 sec“ 1 in  a ce ton itr ile  at 25°. O u r ob

Figure 1. Plot cf reciprocral relaxation time, t “ 1, vs. total 
indolizine concentration, Co, ir. acetonitrile at 25°.
Circles denote experimental data points of Table I. Vertical 
error bars correspond to the estimated ± 3 0 %  imprecision in 
measured r values. The diagonal theoretical line is the best 
fit of the data subject to the constraints imposed by eq 7 
that it be linear and that it pass through the 
origin of coordinates.

served com proportionation  ra te  constan t fo r the in 
do liz ine  system  is s lig h t ly  more than  one order o f m ag
n itu de  slower th an  the d iffus ion -con tro lled  ra te  pre
d ic ted  b y  th is  app rox im ate theo re tica l equation. T h is  
is  consistent w ith  measured rates8 fo r o ther p resum ab ly  
d iffus ion -con tro lled  reactions.

O u r resu lts also com pare fa vo ra b ly  w ith  those of 
D ieb le r, E igen , and M a tth ie s , who investiga ted  the 
com propo rtiona tion  reaction  between benzoqu inone 
and hydroqu inone an ion to  fo rm  the sem iqu inone rad i
ca l ion  in  basic aqueous so lu tion .9 T h e y  reported a 
com propo rtiona tion  ra te  constant hi = 2.6 X  108 M~l 
sec“ 1 and a d isp ropo rtiona tion  ra te  constant fc_i = 7 
X  107 M  “ 1 sec“ 1 a t 11° in  aqueous so lu tion  w ith  p H  
> 10 and ion ic  strength  n — 0.1. I f  w e correct th e ir  fci 
fo r the v is co s ity  of a ce ton itrile  and a tem perature of 
25° we w ou ld  p red ic t a com propo rtiona tion  ra te  o f 7.1 
X  108 A f “ 1 sec“ 1 fo r the benzoqu inone system  under 
the cond itions of our experim ents. T h is  p red ic ted  ra te  
is  v e ry  close to th a t measured fo r the  v io lene  system  
considered in  th is  paper and lies w ith in  the range of ex
pe rim en ta l error. W e  m igh t expect com proportiona
t io n  electron transfe r reactions of o ther v io lenes and 
qu inone-like  system s to  e xh ib it s im ila r behav io r in  sol
v en t system s where they  rem a in  stable.
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The kinetic equations for a sequence of two competitive-consecutive second-order reactions have been solved 
so that both rate constants can be evaluated from runs with any ratio of in itia l reactant concentrations. The 
technique has been successfully applied to the data of Ingold for the saponification of dimethyl glutarate by 
sodium hydroxide.

M e thod s  of eva lua ting  the ra te  constants from  
k in e t ic  da ta  generated b y  a series o f tw o com pe tit iv e - 
consecutive second-order reactions have been in ve st i
gated b y  W e lls , 1 recen tly  b y  S a v ille , 2 and reviewed 
b y  F ro s t  and Pearson3 and Szabo .4 T h e  system  is 
v e ry  com plex and the  k in e t ic  equations cannot be 
hand led b y  the conventiona l techniques. A ssum ing  
th a t the in it ia l concentrations of the reactants are 
sto ich iom e tr ica lly  equ iva lent, F ro s t  and Schwem er6 
developed a so lu tion  fo r th is  system . M c M i l la n 6 
showed th a t the  ra tio  o f the ra te  constants can be 
determ ined eas ily  i f  the  sim u ltaneous concentrations 
o f tw o substances are know n.

A lthough  F ro s t and Schwem er’s m ethod6 is com 
p u ta t io n a lly  convenient, in  p ractice  i t  can be d ifficu lt 
to  prepare sto ich iom etric  am ounts o f reactants. T h is  
was found to  be p a rt icu la r ly  tru e  when the reactants 
are gases and  the reactions are ra p id .7 T o  avo id  th is  
re stric tion  we have derived a general F ro st-Schw em er 
equation  w h ich  can be app lied  to  reactan t m ixtures 
w ith  any  p roportions of the tw o reactants.

T h e  chem ica l system  consists o f the reactions8

A  +  B - ^ C  +  E  (1)

A  +  C  — >• D  +  E  (2)

where /tj and fc2 denote the ra te  constants of reaction  
1 and 2, respective ly. A lthough  there are five  possible 
k in e t ic  equations fo r the system , o n ly  tw o of them  are 
independent. Those fo r B  and D  are

d B
—  = - M B  (3)

dD
—  — k2AC  (4)

B y  m a te ria l ba lance one obta ins

A  — 2B  — C = A 0 -  2 B 0 (5)

B  + C + D = Bo (6)

A E  — A 0 (7)

where A, B, C, D, and E  are the concentrations o f the  
corresponding substances and the zero subscrip ts 
ind ica te  in it ia l concentrations. S ince there are o n ly  
three independent sto ich iom etric  re la tionsh ips fo r five  
variab les, tw o  parameters are needed to  describe the 
system  com p lete ly  and one m ust e ither measure the 
concentrations o f tw o species at the same t im e  or the 
same species a t at least tw o d ifferent tim es (besides t = 
0) in  order to  ob ta in  the tw o ra te  constants. T h e  
la tte r  techn ique is developed in  the present paper.

T o  s im p lify  the derivations, the fo llow ing  d im ension
less va riab les and param eters are in troduced.

a =

€ =

A
Ao

E
Ao

B C D
Bo 7  “  Bo 0 ~ Bo

AokiBot
* = h P ~ Bo

In  term s of these, C  is  e lim inated  from  eq 4 us ing eq 6 
and then  the ra tio  of eq 4 to  3 becomes

d5 1 — ß — S 
dß~  ß (8)

E q u a t io n  8 can be transform ed in to  a homogeneous firs t- 
order d iffe ren tia l equation w h ich  can be read ily  so lved 
to  g ive9

(1) P. R. Wells, J. Phys. Chem., 63, 1978 (1959).
(2) B. Saville, ibid., 75, 2215 (1971).
(3) A. A. Frost and R. G. Pearson, “ Kinetics and Mechanism,” 
Wiley, New York, N. Y ., 1961, p 178.
(4) Z. G. Szabö, “ Comprehensive Chemical Kinetics,” C. H. Bam- 
ford and C. F. H. Tipper, Ed., Vol. 2, Elsevier, New York, N . Y ., 
1969, p 61.
(5) A. A. Frost and W . C. Schwemer, J. Amer. Chem. Soc., 74, 1286 
(1952).
(6) W . G. McMillan, ibid., 79,4838 (1957).
(7) P. Goldfinger, R. M . Noyes, and W . Y . Wen, ibid., 91, 4003 
(1969).
(8) For comparison all symbols used in the derivations are adopted 
from those in ref 3 and 5.
(9) W . Y . Wen, Ph.D. thesis, University of Oregon, 1971, p 116.
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T a b le  I  : a, y, S, and e as F u n ction s p, k, and /S

k--------------------------------- . ,------------------------- K = l

(10) a = 1 -  -[2 -  (2 -  In |3)/S] 
P

(10a)

0 - 0 *  
7 K -  1 (11) 7 = —(3 In /S (11a)

<C -  1 (9) « = 1 -  (1 -  In 0)0 (9a)

(12) « = -12 -  (2 -  In m  
P

(12a)

5 =  1 «0 ~
K ~ 1 (9)

assum ing th a t on ly  A  and B  are present in it ia l ly .  F o r  
a specia l case of k = 1, d ire c t so lu tion  of eq 8  y ie lds

8 = 1 -  (1 -  In 0)0 (9a)

w h ich  also can be ob ta ined  b y  ta k in g  the l im it  o f eq 9 
as k  -*■ 1. I t  can be shown, us ing eq 5, 6 , 7, and 
9 o r 9a, th a t  a, y, and e can be expressed as functions 
o f p, k, and /3. R e su lts  of these de riva tions are 
sum m arized in  T ab le  I. I t  shou ld be noted th a t if  
p = 2, eq 10 reduces to  the F rost-S chw em er equation ,6 
th a t eq 11 is exactly  th a t obta ined b y  M c M i l la n ,6 and 
th a t both  7  and 5 are independent of p.

In  term s of the d im ension less variab les and pa
rameters, the in tegra ted  fo rm  of eq 3 becomes

1 r 1 d/3 
p J  p aft (13)

B y  sub st itu t in g  eq 10 in to  eq 13, r  can then be eva l
uated i f  p, k , and the l im it  of (5 are known.

F o r  p = 1.5 F ig u re  1 shows r  and a p lo tted  against 
0 fo r various k. t  was ca lcu la ted  from  eq 13 b y  means 
of the trapezo ida l fo rm u la  us ing a step size fo r /3 of 
0.01. S ince fo r a p a rt icu la r  (3 and a, t  has on ly  one 
value, p lo ts s im ila r  to  F ig u re  1 fo r y, 5, and e can be 
constructed us ing eq 10,11, 9, and 12.

Because r  is  defined as kiR0t, a p lo t of /3 vs. log ¿ fo r a 
s ing le run  w ith  p = 1.5 shou ld y ie ld  a curve pa ra lle l 
to  one of the fa m ily  o f /? vs. log r  curves. B u t  k can 
be more accura te ly  determ ined b y  the tim e  ra tio  
( i ra tio ) m e thod .6 I t  shou ld  be clear th a t the ra tio  of 
t im e  fo r 50%  of B  reacted to  tim e  of 10% reacted, 
W h o , equals r 5o/no w h ich  is a fun c tion  of k . Severa l 
resu lts o f k as functions o f t ratio , w ith  p — 1.5, for 
various ra tio s of B  reacted are shown g rap h ica lly  in  
F igu re  2 . S im ila r  ¿-ratio p lo ts based on A , C , D , o r E  
also can be obta ined from  the re la ted equations lis ted  
in  T ab le  I.

U s in g  p lo ts analogous to  F igu res 1 and 2, or the 
corresponding tab les i f  desired, fci and k2 can be deter
m ined from  the resu lts o f a sing le run  fo llow ing  any of

Figure 1. P lots  o f  r  and a vs. ¡3 for variou s values o f 
k, w ith  p =  1.5.

Figure 2. P lots  o f k  v s . t  ratio for  6 0 %  and 1 0 % , 6 0 %  and 
2 0 % , and 5 0 %  and 1 0 %  o f B  reacted, w ith  p =  1.5.

the five  species. The  ca lcu la tiona l procedure is 
described by  F ro s t  and Schw em er .5 How ever, be
cause the re la tions between /3 and a, y, 5, or e are qu ite
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T a b le  I I : C alcu lations o f  the R a te  C onstants fo r  the
Sapon ification  o f D im eth y l G lutarate b y  S od ium  H ydrox ide
a t 20 .3° U sing the D a ta  o f  In g o ld 10 (p  =  1 -0 )

A , 10-« hi, l./(m ol
t, min mol/1. a T min)

0 . 0 1 .9 99 1 . 0 0 0

2 .5 1 .9 29 0 .9 6 5 0 .0 3 6 6 7 .3 2 4
4 .2 1 .8 83 0 .9 4 2 0 .0 6 1 5 7 .3 2 4
6 . 0 1 .8 39 0 .9 0 2 0 .0 8 7 7 7 .3 2 0

1 0 . 0 1 .7 43 0 .8 7 2 0 .1 4 6 5 7 .3 2 9
1 2 . 0 1 .6 9 9 0 .8 5 0 0 .1 7 6 0 7 .3 3 7
14 .1 1 .6 5 5 0 .8 2 8 0 .2 0 6 5 7 .3 2 6
1 6 .0 1 .6 1 9 0 .8 1 0 0 .2 3 4 0 7 .3 1 6
1 8 .0 1 .5 7 7 0 .7 8 9 0 .2 6 3 5 7 .3 2 3
2 0 . 0 1 .5 3 9 0 .7 7 0 0 .2 9 3 0 7 .3 2 9
2 3 .0 1 .4 8 7 0 .7 4 4 0 .3 3 6 5 7 .3 1 9
2 6 .0 1 .4 3 5 0 .7 1 8 0 .3 8 1 0 7 .3 3 1
2 9 .0 1 .3 87 0 .6 9 4 0 .4 2 5 5 7 .3 4 0
3 2 .0 1 .3 4 5 0 .6 7 3 0 .4 6 8 0 7 .3 1 6
3 5 .0 1 .3 0 7 0 .6 5 4 0 .5 2 1 0 7 .4 4 6

A verage =  7 .3 3 4
=  0 .151 X  7 .3 3 4 =  1 .1 0 7

.
comparison

of % a
a t, min reacted t ratio K

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

3 0 /2 0 1 .6 6 9 0 .1 5 2
A verage == 0 .1 51

T a b le  I I I : C om parison  o f  the R a te  C onstants O btained from
the D ata  o f In g o ld 10 b y  D ifferen t M eth od s o f C alcu lation

Method fci, I./(mol min) &2, l./(m ol min)

In g o ld 8 7 .2 4 1 . 1 2

W id e q v is t 10 7 .2 7 7 1 . 1 2

T h is  w ork 7 .3 3 4 1 .1 0 7

Figure 3. P lots  o f t ratio vs. p fo r  various values o f  k, w ith  
the ratio o f 5 0 %  to  1 0 %  o f B  reacted.

com plicated , da ta  ana lys is becomes ve ry  ted ious i f  the 
reaction  is m on itored b y  fo llow ing  the concen tra tion  
o f a species o ther than  B .

O u r ca lcu la tions o f a and r  vs. 0 covered the  ranges 
o f 0 .2-20 fo r p and of 0.02-50 fo r k . T h e  cases of 
s = 0 and k = co were also eva luated. F ig u re  3 
shows p lo ts o f the ra tio  of the t im e  requ ired  fo r 50%  
reaction  of B  to  th a t requ ired  fo r 10% reaction  vs. 
p fo r va rious va lues of k, w h ich  ind ica te  th a t  the ¿-ratio 
techn ique is qu ite  sensitive  fo r va lues o f p between 1 
and 4. I f  p is  ve ry  sm all, then B  is in  large excess and 
one has to  sacrifice experim enta l precis ion  o f deter
m in ing  B. W hen p is in  the range of 1-2, the ¿-ratio 
techn ique can be most conven ien tly  app lied.

T h e  above m ethod has been em ployed to  in te rp re t 
the data  o f In go ld 10 fo r the sapon ifica tion  of d im e th y l 
g lu ta ra te  b y  sod ium  hyd rox ide  at 20.3°. Th e  resu lts 
o f the ca lcu la tions are shown in  T ab le  II. In  T a b le  I I I , 
the ca lcu la ted  va lues o f the ra te  constants are com pared 
w ith  those obta ined b y  tw o  o ther app rox im ation  
techn iques10’11 in  w h ich  fc2 had to  be determ ined b y  
independent k in e t ic  measurements.
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The adsorption of tetraphenylborate (BPh4) -  anions at the mercury electrode was investigated by measuring 
differential capacity values as a function of applied potential. The solutions examined were aqueous x M  
N a B P lu  +  (0.916 — x) M  N aF . The results indicate strong adsorption of (BPh4) _ in the potential range 
— 0.15 to —1.00 V  vs. aN aC ln ce ; at potential values more positive than —0.15 V  the anion is oxidized, whereas 
at potential values more negative than - 1 .2  V  the specific differential capacity values coincide with those of the 
pure N a F  solution. The zero-frequency capacity data were back integrated to obtain specific charge q and 
interfacial tension values. The interfacial pressure curves vs. log x (at q = constant) are congruent with respect 
to the charge; a quadratic dependence of free energy of adsorption on the charge was found. The best fitting 
of experimental data was obtained with a Frumkin-type isotherm, with a repulsive interaction parameter. 
The result is discussed in connection with the “ cluster”  theory of H 20  molecules at the Hg-solution interface. 
The Levine, Bell, and Calvert isotherm and Frum kin isotherm are compared; the agreement between experi
mental and calculated isotherm parameters can be considered satisfactory.

Introduction
A t  the present t im e  no s tud y  has been reported about 

the behav io r o f te trapheny lbo ra te  an ions (B P h 4)~ at 
the  id ea lly  po la rized  m ercury-aqueous so lu tion  in te r
face. W e  found th a t (B P h 4) - is  s trong ly  adsorbed; to 
evidence adsorption, we used d iffe ren tia l capac ity  mea
surements because o f the greater se n s it iv ity  of th is  
m ethod to  the  fine stru c tu re  of the  doub le layer.

In  add it ion  to  the  in te rest in  the adsorp tion  behav
io r of (B P h 4) ~ per se, th is  system  was chosen also for 
the fo llow ing  reasons, (i) (B P h 4)~ ion  is  large when 
com pared w ith  closed she ll ions p rev iou s ly  stud ied,
(ii) I t  is  centrosym m etrica l, so th a t an iso tropy  in  io n -  
electrode, ion -so lven t, and io n - io n  in te ractions can be 
supposed nearly  absent, ( iii)  I ts  sod ium  sa lt is so lub le 
enough to  a llow  measurements in  a reasonable concen
tra t io n  range; moreover, no com p lica tions de riv ing  
from  h yd ro ly s is la'b were detected, (iv) In  the N a F -  
N a B P h 4 so lu tions we investigated , the e lectrochem ica l 
ox ida tion  of (B P h 4)~ io n 2a’b takes p lace a t po ten tia l 
va lues more anod ic th an  — 0.15 V , so th a t  the H g -so 
lu tio n  in te rface from  th is  po in t up  to  the extreme ca
thod ic  side can be considered id ea lly  po larized.

P o in t  i i  is  re levan t w ith  respect to  the congruence of 
adsorp tion  iso therm s.3 I t  cou ld  be expected th a t  our 
system  w ou ld  resemble on th is  respect the s im p le r 
m onatom ic closed she ll ions l ik e  C l -  or I - , fo r w h ich  
experim enta l da ta  were fitted  to  some iso therm  con
gruent w ith  respect to  the charge.4a,b In  fact, as 
po in ted  ou t b y  P a r ry  and Parsons,6a'b when the o rien ta 
t io n  of the adsorbed anions is constant, the isotherm s 
are congruent w ith  respect to  the  charge. A s  expected, 
the experim enta l da ta  o f (B P h 4)~ adsorp tion  cou ld  be 
fitted  to  a F ru m k in -typ e  isotherm ,6 w ith  a charge-inde
pendent in te ra c t ion  param eter.

P o in t  i  is  o f im portance, among o ther th ings, in  de

te rm in ing  the charge dependence of the  e lectrica l te rm  
of the free energy of adsorption; fo r our system , we 
found a quadra tic  trend  in  such dependence, w h ich  is 
rem in iscent of the behav io r of organ ic neu tra l mole
cules.7

Experimental Section
Th e  measurements of the  m e rcu ry -so lu tio n  in te r

face capac ity  were perform ed b y  means o f an A M E L  
M o d e l 951 im pedance bridge. A  de ta iled  descrip tion  
of th is  in strum en t and its  performances can be found 
elsewhere.8

T h e  separate measurements o f the res istive  and ca
pac itive  components o f the  ce ll im pedance can be 
achieved b y  th is  apparatus, as w e ll as a ve ry  accurate 
and precise de term ination  of the  in s tan t of the bridge 
balance, when a d ropp ing m ercury electrode (dme) is 
used. T h e  dme was a d raw n-out type, and its  in te rna l 
bore had been m ade w ater repe llen t b y  su itab le  coating. 
T h e  ce ll em ployed was a three-electrode type, w ith  a 
p la t in u m  cy lin de r counter electrode, and p rov is ions to

(1) (a) S. S. Cooper, Anal. Chem., 29, 446 (1957); (b) J. N. Cooper 
and R . E. Powell, J. Amer. Chem. Soc., 85, 1590 (1963).
(2) (a) D . H . Geske, J. Phys. Chem., 63, 1062 (1959); 66, 1743 
(1962); (b) W . R . Turner and P. J. Elving, Anal. Chem., 37, 207
(1965) .
(3) R . Parsons, Trans. Faraday Soc., 51, 1518 (1955).
(4) (a) E. Dutkiewicz and R . Parsons, J. Electro anal. Chem., 11, 100
(1966) ; (b) R . Payne, Trans. Faraday Soc., 64, 1638 (1968).
(5) (a) J. M . Parry and R . Parsons, ibid., 59, 241 (1963); (b) J. M . 
Parry and R . Parsons, J. Electrochem. Soc., 113, 992 (1966).
(6) A . N. Frumkin, Z. Phys., 35, 792 (1926).
(7) (a) R . Parsons, J. Electroanal. Chem., 7, 136 (1964); (b) J. O ’M . 
Bockris, M . A . V . Devanathan, and K . Müller, Proc. Roy. Soc., Ser. 
A, 274, 55 (1963); (c) B . B . Damaskin, J. Electroanal. Chem., 23, 
431 (1969); (d) V . A. K ir’yanov, V. S. K rylov, and B . B . Damaskin, 
Sov. Electrochem., 6, 521 (1970).
(8) C. Giomini, L . Grifone, L . Rampazzo, and P. Silvestroni, Ann. 
Chim. (Rome), 61, 23 (1971).
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V.

Figure 1 . Specific differential ca p a city  o f  a m ercu ry  e lectrode in con ta ct w ith  aqueous solutions o f  x M N a B P h 4 +  (0.916 
— x) M N a F  at 25°, as a fu n ction  o f  the poten tia l against a norm al (1 F N a C l) calom el electrode. V alues o f  x:
(1 ), 5 X  1 0 -6 ; (2 ), 10~ 4; (3 ), 5 X  10- 4 ; (4 ), 10 -3 ; (5 ), 5 X  10 - s ; (6 ), 10 -2 . M easurem ents perform ed at 1.1 k H z on  a 
d rop p in g  m ercury  electrode.

f it  the  drop ju s t in  the center o f the counter electrode. 
A  reservoir, con ta in ing  the  same so lu tion  to  be exam
ined, separated the ce ll from  the reference electrode. 
T h e  so lu tion  was never a llow ed to  come in to  con tact 
w ith  rubber, grease, or s im ila r m atte r. Te flon  rings 
were used to  m ake the ce ll a ir-t igh t, or whenever i t  was 
necessary to  gran t some e la s t ic ity  in  the apparatus.

T h e  reference electrode was ca lom el type; its  aque
ous phase was a 1 f  N a C l so lu tion . N a C l instead of 
K C 1  was used because K +  ions w ou ld  have p rec ip ita ted  
inso lub le  K B P h 4 from  N a B P h 4 in  the so lu tion . T h e  
electrode was connected to  the reservo ir filled  w ith  the 
same so lu tion  of the ce ll b y  means o f an agar bridge 
con ta in ing  aqueous sa tu rated N a F .  T h e  po ten tia l of 
such an e lectrode was + 0 .043 V  vs. see.

T r id is t il le d  water, M e rc k  “ S up rapu r”  N a F ,  and 
B D H  or F lu k a  reagent grade N a B P h 4 were used to  pre
pare the so lutions. T h e  la tte r  p roduct was pu rified  ac
cord ing to  lite ra tu re  m ethods.9 N o  difference was de
tected between capac ity  va lues obta ined w ith  pu rified  
and reagent grade product, so th a t  the pu rif ica t io n  was 
om itted  in  fu rth e r experim ents. Th e  m ercury  was sub
jected to  the usua l pu rif ica t ion  treatm ents, and then

tr id is t il le d  under reduced pressure; the  la s t operation 
was perform ed a short t im e  before the  beg inn ing of the  
capac ity  measurements. U ltra p u re  n itrogen  was used 
to  deoxygenate the so lutions.

T h e  s o lu b ility  of N a B P h 4 in  a lm ost sa tu ra ted  N a F  
so lu tions is s lig h t ly  more than  1 X  10~2 mol/1. a t room  
tem perature. Therefore  the upper l im it  of N a B P h 4 
concentra tion  fo r the so lu tion  under exam ination  was 
set a t 1 X  10 ~2 F, the  low er l im it  be ing 5 X  10_5 F. 
N a F  was added to  the various so lu tions in  such a quan
t it y  to  ob ta in  a constant ion ic  strength  of 0.916 mol/1. 
T h e  p H  va lues of such so lu tions ranged from  7.3 (pure 
N a F )  to  7.6; therefore th e ir  s ta b ility  was granted at 
least fo r some days after the  p repa ra tion .la N o  ev i
dence was reported fo r the existence of a te trapheny l- 
bo ric  a c id ,lb so th a t h yd ro ly s is  of (B P h 4)~ in  such so lu 
t ion s is though t to  be ve ry  sm all, in  accordance w ith  the  
measured p H  values. Ion -pa ir  fo rm ation  fo r N a B P h 4 
is repo rted9 to  be absent or no t re levan t, at least u p  to  
m oderate concentrations.

(9) A . K . Covington and M . J. Tait, Electrochim. Acta, 12, 113
(1967).
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G enera lly , the in s tan t o f b ridge  ba lance was caused 
to  occur 8.05 sec a fte r the drop b ir th . T o  ascerta in  the 
existence o f e q u ilib r ium  cond itions w ith in  the  in te r
fa c ia l region a t th is  tim e, specific capac ity  measure
ments were perform ed at d iffe ren t tim es of the  drop 
life , fo r the so lu tion  con ta in ing  the  lowest q u a n tity  of 
N a B P h 4, the po ten tia l be ing kep t constant, a t various 
potentia ls. These measurements showed th a t  the ca
p a c ity  was p ra c t ic a lly  constan t from  ~ 5  sec onwards. 
T h e  t im e  of 8.05 sec was chosen fo r greater convenience. 
The  capac ity  measurements were made a t va rious fre
quencies, from  0.8 to  5 k H z , because of th e ir  frequency 
dependence in  the desorption  peak reg ion ,10 in  order to  
a llow  an ex trapo la tion  to  zero frequency.11 T h is  ex
trapo la t io n  was made by  f itt in g  a least-squares curve 
th rough  the  experim enta l po ints.

Results and Discussion
F igu re  la  and b shows specific d iffe ren tia l capac ity  

curves as a function  of po ten tia l fo r va rious concentra
tions of N a B P h 4 in  aqueous N a F  so lu tions a t constant 
ion ic  strength  (x M  N a B P h 4 +  (0.916 — x) M  N a F ;  
x = 5 X  10~5 to  10-2) a t th e  frequency 1.1 k H z . E x 
pe rim en ta l po in ts were taken  at 50 -m V in te rva ls , ex
cept in  the peak region, where more measurements were 
made, genera lly  a t 10-m Y in te rva ls  or more, to  detect 
the proper coord inates of the peak. S im ila r  measure
ments at va rious frequencies pe rm it extrapo la tion  of 
the data to  zero frequency.10 T h e  correspond ing curves 
are no t v e ry  d iffe ren t from  those of F ig u re  1, except 
th a t the peaks are h igher; in  fact, as expected,10 in  the 
region of strong adsorp tion  the frequency d ispersion 
was low, no t exceeding ^ 3 % ; in  the ca thod ic  peak 
(desorption peak) reg ion i t  was 13-5%  on going from  
the lowest to  the  highest concentration .

I t  is c lear th a t (B P h 4)~ an ion  is s trong ly  adsorbed 
from  — 0.2 to  — 0.8 V ;  desorption  peaks lie  in  the re
g ion from  —0.9 to  — 1.2 V  depending on the concentra
tion ; at fa r ca thod ic  po ten tia ls  the capac ity  curves co
in c ide  w ith  the cu rve  of the  pure N a F  so lu tion  in d ica t
ing  th a t  desorption is com plete. T h e  h igher the  con
centration , the h igher the desorption peaks and the 
more sh ifted  tow ards more negative po ten tia ls .12 T h e  
capac ity  m in im um  va lues are v e ry  low  (7-8 p F / c m 2) 
and a lm ost co inc iden t fo r the va rious concentrations; 
therefore, i t  can be in fe rred  q u a lita t iv e ly  th a t  the m ax
im um  coverage is nea r ly  a tta ined  even fo r the lowest 
concentration .

In  F ig u re  2 n onequ ilib r ium  capac ity  va lues re la t ive  
to 5 X  10 ~6 M  so lu tions are reported. T h ey  refer to  
measurements made at 2, 3, 5, and 8 sec a fte r the drop 
b ir th  and are in d ica t iv e  of the  fa c t th a t no tab le  capac ity  
depression occurs even when o n ly  2 sec are a va ilab le  to 
(B P h 4)~ ions fo r d iffus ion  tow ards the electrode.

The  zero-frequency capac ity  da ta  were num erica lly  
in te rpo la ted  in  order to  ob ta in  va lues every 5 m V ; 
specific charge q and  in te rfa c ia l tension y va lues were

Figure 2. Specific differential ca p a city  data  o f a m ercury 
electrode, in con ta ct w ith  an aqueous solu tion  o f  5 X  1Q~ 6 M 
NaBPhn +  0.916 M N a F  a t 25°, as a fu n ction  o f the 
potentia l, at various tim es t a fter the d rop  birth . V alues o f  t:
( I )  , 2.05 sec; (2 ), 3.05 sec; (3 ), 5.05 sec ; (4), 8.05 sec.
D o tte d  line: 0.916 M N aF .

then ob ta ined  b y  back  in tegra tion . T h e  (know n)13 
charge and in te rfa c ia l tension  va lues re la t ive  to  the 
pure N a F  so lu tion  a t — 1.790 V  were taken  as in tegra
t io n  constants, because of the  co incidence of capac ity  
da ta  re la t ive  to  a ll N a B P h 4 so lu tions exam ined w ith  
those re la t ive  to  the  pure N a F  so lu tion  a t more ca thod ic 
po ten tia l values.

T h e  function  f  = y  +  qE at q = const. (T,P = 
const.)3 was then  eva lua ted  fo r each concentra tion  of 
N a B P h 4, so th a t  the  fa m ily  of curves f b — f  (index b 
refers to  the pure N a F  so lu tion) a t various q (q = 
integer) vs. log x was obta ined. Th e  va riou s curves 
were congruent, i.e., cou ld  be trans la ted  p a ra lle l to  the 
log  x axis, to  ob ta in  a com m on cu rve  o f the  in te rfa c ia l 
pressure $> = f  ws. log  fix = log x +  f (q) (F igu re  3).

(10) R. Parsons in “ Advances in Electrochemistry and Electro
chemical Engineering,” Vol. I, P. Delahay and W . Tobias, Ed., Inter
science, New York, N. Y ., 196-, p l f f .
(II) R. Parsons and P. C. Symons, Trans. Faraday Soc., 64, 1077
(1968).
(12) R. Parsons, J. Electroanol. Chem., 5, 397 (1963).
(13) D. C. Grahame, Office of Naval Research, Technical Report 
No. 14 (1954).
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Figure 3. C om posite  curve relative to  the in terfacia l pressures 
$  o f (B P h i) -  ion , adsorbed on  a m ercury  e lectrode, as a 
fu n ction  o f  log  x.

F igu re  4 shows the  fun c tion  f(q) = log /3(g) — log 
/3(q = 0), where IS is the  adsorp tion  coefficient and 
—R T  In /3 = A(7ads°. F ro m  F ig u re  4, the  non linear 
behav io r of f(g) and, consequently, o f A6-'ads° as a func
t io n  o f q is  evident.

F ro m  the data  of F ig u re  3, a mean-square th ird -  
order po lynom ia l was ca lcu lated; the d ifference be
tween experim enta l and ca lcu la ted  va lues was 0 .04- 
0.2 dyn /cm . I t  is  know n4“ tha t, a t constan t ion ic  
strength  I, the  (re lative) in te rfa c ia l excess o f ions ad
sorbed in  the inner la ye r r 4 can be ca lcu la ted  w ith  suffi
c ien t accuracy b y  means o f the re la tion

r 4 = r w  = [i/RT](d$/b  in  x)qJ ( l)

T h e  ca lcu la ted  <t> vs. log x po lynom ia l was d iffe ren tia ted 
num erica lly  to  give the corresponding r 4 va lues; the 
m ax im um  va lue  o f T 4 was found to  be r m4 = 2.6 X  10-10 
g - io n /cm 2.

S t r ic t ly  speaking, eq 1 is v a lid  on ly  i f  i t  is assumed 
th a t (i) F~  io n s  are not spec ifica lly  adsorbed (th is is 
genera lly  accepted); (ii) the  mean a c t iv ity  coefficients 
o f N a F  and N a B P h 4 are constant when x is  va ried ; th is  
can be nea r ly  true  because I  is  no t ve ry  h igh  (<  1 M) 
and x itse lf is  low  (<  10 ~2 M), a lthough the size o f the 
ions is d iffe ren t;4“ '14-16 (iii) l iq u id  ju n c t io n  po ten tia ls  
are constant; th is  can be reasonab ly  assumed in  our 
experim enta l arrangem ent; (iv) r d i,f(BPh1) - / I V -  =  
x / (0.916 — a;);4“ '14 th is  im p lies th a t  d, the d istance be
tween the  electrode and the ou te r-H e lm ho ltz  plane, is 
con stan t.14

So lu tions o f N a B P h 4 were su ffic ien tly  d ilu te  to  a llow  
the  in te rfa c ia l excesses to  be iden tified  w ith  the  in te r
fa c ia l concentrations.

T h e  experim enta l log  4> vs. log x p lo t was exam ined; 
i t  cou ld  be fitted  to  a theo re tica l log 4> vs. log  x p lo t cor
responding to  a F ru m k in -typ e  isotherm , w ith  the  m ax
im um  in te rfa c ia l concentra tion  Tm4 = 2.6 X  10-10

Figure 4. V alues o f f (g )  =  log  /3(g) — log  /3(g =  0) 
as a  fu n ction  o f the in terfacial charge density.

g -ion /cm 2 and a repu ls ive  in te rac tion  param eter A / 2.3 
= 6.36. M a x im u m  dev ia tion  in log  4> was 0.1 a t h igh  
coverages and decreased a t low  coverages. A ssum ing  
a closest-hexagonal pack ing  fo r (B P h 4) -  an ions in  the 
inne r layer, and g iven a mean rad ius o f 4.2 A 17 fo r 
(B P h 4) - , we ca lcu la ted  Tm4 = 2.7 X  10-10 g - ion /cm 2, 
w h ich  agrees w ith  the experim enta l Tra4 reasonab ly  well.

T o  test the v a lid ity  of the F ru m k in  iso therm  assumed 
before, the  da ta  were then  rep lo tted  in  the fo rm  of log 
[d/( r ( l  — d)r) X  \/x] as a fun c tion  o f d a t q = 0 (m od
ified  F lo ry -H u g g in s  iso the rm )18 w ith  r =  1, 2, 3, 4, 5, 
and d = r 4/ r ro4; r — 5 w ou ld  correspond to  the num 
ber o f H 20  molecules d isp laced b y  the (B P h 4) -  ion  at 
the interface, assum ing V-'"\ 12 A 2/m o lecu lc  o f H 20 .  A  
lin ea r p lo t was ob ta ined  on ly  i f  r  = 1, w h ich  corresponds 
to  the F ru m k in  isotherm , and the slope of the  s tra ig h t 
lin e  was 6.36, the m ean-square corre la tion  coeffic ient 
be ing 0.99. F o r  r >  1, the cu rve  shows a m in im um ,
i.e., a ttra c t ive  in te ractions a t h igh  coverages. T h is  
can h a rd ly  be accepted fo r a charged species, a lthough 
some k in d  of “ hyd rophob ic  bond ing”  between b u lk

(14) H . D. Hurwitz, J. Electroanal. Chem., 10, 35 (1965).
(15) S. Lakshmanan and S. K . Rangarajan, ibid., 27, 127 (1970).
(16) S. Lakshmanan and S. K . Rangarajan, ibid., 27, 170 (1970).
(17) E. Grunwald, G. Baughman, and G. Kohnstam, J. Amer. Chem. 
Soc., 82, 5801 (1960).
(18) (a) P. J. Flory, J. Chem. Phys., 10, 51 (1942); (b) M . L. Hug
gins, J. Phys. Chem., 46, 151 (1942).
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(B P h 4) "  ions has been reported .19 Th e  m od ified 
H e lfand , F r isch , and L e b o w itz20 iso therm  was tr ied  
also and was rejected fo r s im ila r reasons. F ro m  the 
above-m entioned p lo t (r = 1), the va lue  of log 0 (q = 
0, # = 0) o f 7.4, corresponding to  A(?°q=o, d=o = 
— 9.9 k ca l/g - io n  was obta ined.

T h e  fun c tion  f (q) = log 0(q) — log /8(q = 0) of 
F igu re  4 was w e ll app rox im ated  b y  the mean-square 
parabo la

A ' B '
i{q) -  0.022 = 0.2981g -  0.0197g2 = —  q +  —  g2

(2)
w ith  g max =  7 . 5  i i C / 'c m 2, w hich  corresponds rough ly  to 
the  surface pressure 4> = 67 d yn /cm  observed a t x = 
10-2 M . T h e  descending branch  o f the parabo la  on 
the anod ic side cou ld  no t be experim en ta lly  observed 
because o f the an ion ox idation .

T h e  more re liab le  va lue  o f r = 1 we have obta ined 
cou ld  mean th a t  H 20  m olecules are grouped in  clusters 
of about five  u n its  in  the interphase, so th a t each c luster 
behaves as a sing le e n t ity  w ith  respect to  d isp lacem ent 
b y  a (B P h 4) -  ion. R e su lts  in  favo r of the “ c luster 
th eo ry ”  have been ob ta in ed ,21-28 as w e ll as con tra ry  to 
i t ; 24,25 the  question is therefore no t resolved (see also 
ref 26 and 27). A no the r w ay to  exp la in  r  = 1 cou ld  be 
th a t a pheny l group of the (B P h 4) ~ ion  is no rm a l to  the 
surface of the electrode, the o ther groups be ing located 
in  the outer zone of the  inne r doub le layer; in  th is  in 
stance the  d istance between the  electrode and the p lane 
of the adsorbed charges w ou ld  be equal to  the m ax i
m um  rad ius of (B P h 4) -  ion  and not to  the mean rad ius 
as quoted above. B u t  w ith  rmax = 4.8 A  a va lue  of 
Ym = 2.2 X  10-10 g - ion /cm 2 is obta ined, w h ich  is some
w hat low er th an  the  experim enta l one. T h e  fa c t th a t 
r = 1 gave more sa tis fac to ry  resu lts cannot be ex
p la ined, at p resen t: the proper va lue  of r is connected 
w ith  the  en tropy  of adsorp tion  of ion s27,28 and is  p rob
ab ly  specific of the  system  under s tud y  (configuration  
of H 20  m olecules in  the  ne ighborhood of adsorbed ion, 
in  com petition  w ith  the  m e ta l-so lu tio n  fie ld ). In  o ther 
words, the va lue  o f r cannot be s im p ly  ca lcu la ted  b y  
the num ber of H 20  m olecules or c lusters d isp laced by  
an adsorbed pa rtic le , espec ia lly  when th is  is large.

T h e  F ru m k in  iso the rm

ßx Ad
1 -  Û (3)

i.e., In û/ (1 — &) = In 0 +  In x — Ad  can be re la ted  to 
the  Lev ine , B e ll, and C a lv e rt  iso the rm ,28'29 th a t  in  our 
cond itions can be w ritte n  as (assum ing r  = 1, a c t iv ity  
coefficient constant)

ln -
d A.irF‘i (d

= In 0 +  In x — — X l )

1 - d \RT ( ‘ - 1)
T jd

(4)

where In 0 is charge dependent, X\ = d istance between 
the electrode and the p lane of adsorbed charges, d = 
inner la ye r th ickness, e” ' = m ean28-30 d ie lectric  con
stan t of the inner layer. E q u a t io n  4 ho lds i f  m u lt ip le  
im ag ing  between m eta l and O H P  is  assumed; i f  the 
energy of po la r iza tion  is  neglected, In 0 in  (4) is  ex
pressed b y

i , , 4-rF(d — Xi) F
I n 0  =  I n 0 t  =  o 4 ------------e . m R T  q  +  R T  <i>diff 5

where <f>am = the mean po ten tia l at the  O H P . The  
in c lu s ion  of the po la r iza tion  energy tu rn s out in  a more 
com plex dependence of In 0 on g (ion fie ld  in te ra c t io n ). 
T h e  te rm  in  eq 5 w h ich  is lin e a r in  q orig inates from  the 
fa c t th a t the la te ra l (repulsive) in te rac tion s between 
adsorbed ions are the resu ltan t o f repu ls ive  io n - io n  
and a ttra c t ive  ion -im age  forces. C om pa ring  eq 2, 3, 
4, and 5 i t  fo llow s th a t

,  4rr(d -  X i ) l V F 2 X i \  //i\

A ~ --------S r -------- ~ (6)

and

/ d ln  ß\ _  4 ttF(d — Xi) d&nn
\  d q  ) s = 0  t i mR T  R T  d q

4rrF(d -  xi)
t tmR T  1 j

i f  1/Cdiff is sm a ll as in  our system  (/ ~ 1 M). A ssum 
in g 26 — 6; d — 6.3 A  and xi = r j  = 4.2 A  for 
(B P h 4) -  we found: A / 2.3 = 6.4 (c/. A / 2.3 = 6.36 as 
found experim enta lly).

I t  is  know n th a t the m ajor unce rta in tie s are in  the 
choice of the proper va lues o f ttm and  d .28 How ever, 
if  the  va lues are nea rly  c ir re c t, th ey  shou ld g ive a va lue  
fo r the  coefficient of q in  eq 5 a t least o f the  correct order 
o f m agnitude. T h e  experim enta l va lue  o f th is  coeffi
c ient is (eq 2) (d In 0/dq)a=l  ̂= A '/ 2.3 = 0.30 cm 2// iC  
and the ca lcu la ted  one (eq 5, 7) A '/ 2.3 = 0.66 cm 2//iC . 
T h e  agreement between experim enta l and ca lcu la ted  
bo th  A  and A '  is no t so sa tis fa c to ry  if  fo r instance the

(19) S. Subramanian and J. C. Ahluwalia, J. Phys. Chem., 72, 2525
(1968) .
(20) D . M . Mohilner in “ Electroanalytical Chemistry,”  Vol. I, A. J. 
Bard, Ed., Marcel Dekker, New York, N . Y ., 1966, p 241 ff.
(21) R. Parsons, J. Electroanal. Chem., 8, 93 (1964).
(22) B. B. Damaskin, Sov. Electrochem., 1, 51 (1965).
(23) B. E . Conway and L. G. M . Gordon, J. Phys. Chem., 73, 3609
(1969) .
(24) J. Lawrence and R. Parsons, ibid., 73, 3577 (1969).
(25) R. Payne, J. Electrochem. Soc., 113, 999 (1966).
(26) J. O’M . Bockris, E. Gileady, and K . Müller, Elsctrochim. Acta, 
12, 1301 (1967).
(27) B. E. Conway and L. G. M . Gordon, J. Phys. Chem., 73, 3523 
(1969); see also ref 23.
(28) S. Levine, J. Mingins, and G. M . Bell, J. Electroanal. Chem., 13, 
280 (1967).
(29) S. Levine, G. M . Bell, and D. Calvert, Can. J. Chem., 40, 518 
(1962).
(30) V. A. Kir’yanov, Sov. Electrochem., 6, 1143 (1970).
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fo llow ing  d and etm couples are assumed: d = 2rmi , 
tim = 6; d = 5.2 A , = 6; d = 6.3 A , <=/* = 10; d =

o

5.2 A , e™ — 10. P a r ry  and Parsons63 found th a t ben- 
zene-m -disulfonate ion  is adsorbed w ith  the benzene 
r ing  pa ra lle l to  the m ercury surface, the center of the

o

negative charge be ing a t X\ = 2 A  from  the m etal; in  
th is  case, In j3 is  lin e a rly  dependent on q. D ev ia tio n s

from  the lin e a r ity  of In p as a function  of q are to  be ex
pected fo r large ions as (B P h 4) _ (x, = 4.2 A )  as experi
m en ta lly  observed, since the po la r iza tion  energy is to 
be taken  in to  account in  eq 5.29
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T h e  ca tio n - a n d  a n ion -co n s t itu e n t tran sferen ce  n u m bers  o f  p o ta ssiu m  ch lo r id e  in  e th y len e  g ly c o l a t  2 5 °  h a v e  
b een  m easu red  b y  th e  d ir e c t  m o v in g  b o u n d a r y  m e th o d  a t  0 .005 , 0 .01 , 0 .02  a n d  0 .0 5  m ol l . -1 . S m a ll a d d it io n s  
o f  w a ter  d ecrea sed  th e  a n ion  tra n s feren ce  n u m ber . T h e  lim itin g  tran sferen ce  n u m bers  w ere c o m b in e d  w ith  
litera tu re  co n d u cta n ce s  t o  g iv e  in d iv id u a l ion ic  co n d u cta n ce s  in  e th y len e  g ly c o l. O n ly  th a t  o f  B u 4N  + w as 
fo u n d  t o  b e  in  a g reem en t w ith  th e  Z w a n z ig  (1970) th e o r y  o f  io n ic  m o t io n .

Introduction
In  a prev ious s tu d y 1 we determ ined transference 

numbers, and hence in d iv id u a l ion ic  conductances, in  
a so lven t of p a rt icu la r ly  h igh  d ie lectric  constant (form- 
am ide, e = 109.5). Th e  present w ork  was carried  ou t to 
p rov ide  fo r the firs t t im e  accurate transference num bers 
and ion ic  conductances in  a so lvent of ve ry  h igh  v is 
cosity . E th y le n e  g lyco l was chosen not on ly  because 
it  is  su itab ly  v iscous (?? = 0.1684 P  at 25°)2 bu t also be
cause i t  possesses a d ie lectric  constant su ffic ien tly  large 
(40.752'3 a t 25°) to  a llow  com plete d issoc ia tion  of several 
d isso lved sa lts such as KC1 .

E rd e y -G ru z  and M a jth 6 n y i4 have reported a series of 
m ov ing  boundary  transference num bers at 5° and 25° 
in  ethy lene g ly co l-w a te r m ixtures. T h e ir  lowest m ol 
%  w ater contents were 0.3 (for K F ) ,  4.1 (for KC1 ), 0.5 
(for HC1), and 0.2 (for K O H ) .  In  a ll cases on ly  one 
concentration  (0.01-0.02 M) of lead ing e lectro ly te  was 
stud ied. I t  was therefore decided to use d ry  g lyco l as 
so lvent, as m any tests o f in te rna l re lia b il ity  as pos
s ib le— independence of cu rren t and of concentra tion  of 
fo llow ing  e lectro lyte, use o f bo th  ca tion  and anion 
boundaries— and to  measure transference num bers at 
severa l concentrations to  pe rm it extrapo la tion  to  zero 
ion ic  strength. Po tass ium  ch loride was selected as the

lead ing e lectro lyte, fo r its  conductances in  e thy lene 
g lyco l at 25° have a lready been accu ra te ly  de term ined .2

Experimental Section
Materials. T h e  re la tive  goodness of d iffe rent m eth

ods of p u r ify in g  a so lven t is com m on ly  assessed b y  the 
properties of the end-product. F o r  convenience b u lk  
properties such as dens ity  and re fractive  index are nor
m a lly  measured even though these are extrem ely  insen
s it iv e  to the presence of sm a ll quan titie s of im pu ritie s . 
F reez ing  po ints, though be tte r in  th is  respect, cannot 
be determ ined ve ry  accura te ly  in  the case o f g lyco l be
cause of the v iscous nature of the so lven t and the asso
c ia ted  supercooling. I t  is thus d iff icu lt to  judge be
tween m ost o f the lite ra tu re  pu rifica tions o f ethy lene 
g lyco l. T h e  on ly  re a lly  sensitive  tests are those th a t 
reg ister d ire c t ly  the am ount of the im p u rity . O n  th is  
c rite rion  the best lite ra tu re  prepara tion  was b y  Accas- 
c in a  and P e tru c c i,2 who d is t ille d  g ly co l fou r tim es a t 1

(1) J. M . Notley and M . Spiro, J. Phys. Chem., 70, 1502 (1966).
(2) F. Aocascina and S. Petrucci, Ric. Sci., 30, 808 (1960).
(3) Interpolated from the data of N. Koizumi and T . Hanai, J. Phys. 
Chem., 60, 1496 (1956).
(4) T. Erdey-Gruz and L. Majth6nyi, Acta Chim. Acad. Sci. Hung., 
20, 175 (1959).
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T o r r  and obta ined a l iq u id  of specific co n d u c t iv ity  2 .2-
2.7 X  10 ~8 ohm -1 cm -1 and w ater content 0.3 g l . -1 . 
These workers found th a t  chem ica l trea tm en t w ith  
N a 2S 0 4 had  no effect, a lthough m any  o ther groups have 
em ployed d is t il la t io n  under reduced pressure w ith  
prio r, sim ultaneous, o r subsequent trea tm en t w ith  a 
d ry in g  agent such as Na^SCh, C aO , N a O H , or d rie rite . 
W e  therefore ca rried  ou t fu rth e r pu rif ica t ion  experi
ments and tested the  p roducts fo r the  presence of ions 
b y  specific co n d u c t iv ity  (k), fo r w ater b y  K a r l  F ische r 
t it ra t io n  w ith  dead-stop end po in t, and fo r aldehydes b y  
a va r ie ty  o f reagents (o-d ian isid ine, To llen s  reagent, b i
su lfite  +  iod ine ,5 and sod ium  iod ide6).

I .C .I . “ S ”  grade ethy lene g lyco l ( [H20  ] = 0.7 g l . -1 , 
k  = 7 X  10~8 ohm -1 cm -1, fp  = — 14°) served as the 
s ta rtin g  m ateria l. A llo w in g  i t  to  stand over 3A  M o le c 
u la r S ieve reduced the  w ater content app rec iab ly  bu t 
enorm ously increased the  condu ctiv ity . W hen  the 
crude g lyco l was d is t ille d  at 3 -5  T o r r  under d ry  oxygen- 
free n itrogen  in  an a ll-g lass system  w ith  a 30-cm heated 
sp ira l-packed  co lum n, the m idd le  fra c t io n  had a lower 
w ater content b u t the  co n d u c t iv ity  was unchanged. 
D is t i lla t io n  a fte r stand ing  over 3 A  M o le cu la r  Sieve, 
N a 2S 0 4, or C a S 0 4 b rough t about some im provem ent in  
bo th  the concentra tion  o f w ater and the condu ctiv ity , 
w h ile  the  best resu lts were obta ined on d is t il l in g  the sol
ven t over C a S 0 4. T h is  la s t procedure was acco rd ing ly  
adopted, w ith  150 g g ranu la r B .D .H . C a S 0 4 added to
3.5 1. g lyco l. A  ca lc ium  test b y  flam e pho tom etry  ca
pab le  o f de tecting 1 ppm  showed th a t none of the sa lt 
had passed over, and a ll a ldehyde tests were negative.

I t  was found essentia l to  d ry  the  C a S 0 4 tho rough ly7 
b y  load ing  i t  in to  a i m  long glass co lum n of 5 cm  d iam 
eter w ound round w ith  n ichrom e resistance w ire. 
T h e  co lum n was heated to  a t least 360° w h ile  the con
tents were purged fo r several hours in  a stream  of ve ry  
d ry  n itrogen  ob ta ined  b y  e le c tr ica lly  heating  l iq u id  n i
trogen.8 T h e  C a S 0 4 was then  a llow ed to cool in  a 
desiccator over P 2Os. T h e  same trea tm en t was app lied  
to  the 3 A  M o le cu la r  S ieve em ployed fo r d ry in g  the ox
ygen-free cy lin d e r n itrogen  (B .O .C .) used in  the  g lyco l 
d is t illa t io n . T h e  pu rified  so lven t was kep t under a d ry  
n itrogen atm osphere and  each ba tch  was ana lyzed for 
w ater content and co nd u c t iv ity  before use, the mean 
va lues be ing [H 20 ]  = 0.22 g l . -1 , k  — 2.3 X  10~8 
o hm -1 cm -1 . I ts  dens ity  was 1.1099 g cm -3 . N o  
ba tch  was kep t longer th an  three weeks. A n  experi
m ent showed th a t  31 g g ly co l in  an open 100 cm 3 beaker 
absorbed 0.03 g w ater each hour, and therefore d ry  (cy l
inder) n itrogen  was used to  transfe r pu rified  g ly co l to 
prepare so lutions, and these so lu tions to f i l l  the cell.

H o p k in  and W ill ia m s  A n a la r  K C 1  was tw ice  recrys
ta llize d  from  co n d u c t iv ity  water, d ried  firs t at 60° and 
then  at 120°, and stored in  a desiccator over P 20 5. 
H o p k in  and W ill ia m s  A n a la r  B a C l2 was pu rified  and 
stored s im ila r ly  b u t d ried  at 150° to  rem ove w ater of 
c ry s ta lliza tion . Po tass ium  p ic ra te  ( K P i)  had been

prepared b y  N o t le y .1 E a s tm an  K o d a k  2,3,5-triiodo- 
benzo ic a c id  (H T B )  was pu rified  and converted to  the 
potass ium  sa lt ( K T B )  as described b y  D av ies, K a y , and 
G o rd on .9 B .D .H . m icroscop ica l reagent sod ium  fluo- 
resceinate (N a F lu )  was p rec ip ita ted  from  its  saturated 
aqueous so lu tion  b y  s low ly  (over 4 days) add ing  acetone 
under v igorous stirr in g . T h e  c rysta ls  were d ried  in  
vacuum  and stored in  a brow n bo ttle  over s ilica  gel. 
A l l  so lu tions were made up a t 25° in  ca lib ra ted  P y re x  
vo lum e tr ic  flasks.

Apparatus. T h e  experim enta l techn ique was s im ila r 
to th a t p rev iou s ly  em ployed .1 N o t le y ’s e lec tr ica l c ir 
cu it was m od ified as described b y  Sham im ,11 and a 30 
megohm  resistor was p laced in  p a ra lle l w ith  the ce ll 
when currents less than  30 pA  were wanted. D e ta ils  
o f the r is in g  and fa llin g  m ov ing  boundary  ce lls and the 
m ethod of o p tica l observation  o f the bounda ry  have 
been pub lished elsewhere,11 T h e  resu lts were indepen
dent o f w hether the m a in  stopcock was lub r ica ted  w ith  
Ap ie zon  L  or s ilicone grease, a lthough on ly  the  la tte r 
was used when K P i  was the fo llow ing  e lectro ly te. A l l  
experim ents were carried  ou t in  an o il- f ille d  therm ostat 
a t 25°.

Preliminary Experiments. K C 1  hav in g  been chosen 
as the lead ing e lectro lyte, experim ents were needed to 
find  su itab le  fo llow ing  so lutions. W ith  s ilv e r  ch loride 
cathodes and s ilve r anodes, no fa llin g  ca tion  boundaries 
were seen w ith  L iC l ,  N a C l,  or E t 4N C l  as fo llow ing  sa lt 
and no r is in g  ones w ith  E t 4N C l,  Z n C l2, C o C l2, or M n C l2. 
R is in g  boundaries th a t d isappeared after a t im e  were 
produced w ith  C u C l2 and P b C l2. T h e  r is in g  boundary  
between K C 1  and C d C l2 was ve ry  weak and none was 
v is ib le  in  an autogenic experim ent w ith  a cadm ium  
anode; perhaps E rd e y -G ru z  and M a jth f in y i4 had  been 
ab le to  use an autogenic ce ll w ith  a cadm ium  anode be
cause th e ir  g lyco l conta ined more w ater w h ich  helped 
the  d issoc ia tion  of C d C l2. A  good r is ing  bounda ry  was 
form ed w ith  B a C l2. A  series of runs w ith  r is in g  an ion 
system s produced good boundaries when K C 1  was fo l
low ed b y  K T B  or b y  K P i .  T w o  boundaries appeared 
w ith  N a F lu  (unpurified) bu t on ly  a d iffuse tran s it ion  
region w ith  N a F lu  (purified) suggesting th a t  an im pu r
it y  had caused the sharper v isu a l effect, and no bound
aries were seen when potass ium  form ate, benzoate, or 
su lfonate  acted as fo llow ing  e lectro ly te.

T h e  boundary  system s selected fo r q u an tita t ive

(5) F. Feigl, “ Spot Tests in Organic Analysis,” 6th ed, Elsevier, 
Amsterdam, 1960, pp 130, 213, 225.
(6) R. E. Gibson and J. F. Kincaid, J . Amer. Chem. Soc., 59, 579 
(1937); R. E. Gibson, ibid., 59, 1521 (1937).
(7) J. M . Notley and M . Spiro, J. Chem. Soc. B, 362 (1966).
(8) J. H. Robertson, J. Sci. Instrum., 40, 506 (1963)
(9) J. A. Davies, R. L. Kay, and A. R. Gordon, J. Chem. Phys., 19, 
749 (1951).
(10) M . Shamim and M . Spiro, Trans. Faraday Soc., 66, 2863 (1970).
(11) M . Spiro, ‘Physical Methods of Chemistry, Part IIA : Electro
chemical Methods,” A. Weissberger and B. W . Rossiter, Ed., Inter
science, New York, N. Y ., 1971, Chapter 4.
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s tu d y  were K C 1  B a C l2, K C 1  IvT B , and K C 1  
K P i .

Determination of Kohlrausch Concentrations. In  in i
t ia l ca tion  experim ents w ith  0.02 N  KC1 , the K o h l
rausch concentration  of the fo llow ing  B a C l2 so lu tion  
had been estim ated from  aqueous conductances. The  
resu lt ing  potass ium  transference numbers, at a g iven 
current, va ried  over a range of ±0.002. T h e  irrep ro - 
d u c ib il ity  d isappeared when the correct K oh lrau sch  
concentra tion  fo r g lyco l so lutions, some 25%  lower, was 
used. T o  measure th is  K oh lrau sch  concentra tion  a 
m od ified  r is in g  boundary  ce ll was constructed w ith  a
6-m m -w ide m ov ing  boundary  tube th a t was accessible 
at the upper end to pe rm it sam pling. W hen  a K C 1  
B a C h  boundary  reached the top  o f the tube the m ain  
stopcock was closed, the stopper above the tube re
moved, and the  K C 1  so lu tion  sucked ou t w ith  a cap il
la ry  tube  connected to a vacuum  pum p. T h e  top  laye r 
of B a C l2 so lution, poss ib ly  b y  now  contam inated  w ith  
KC 1 , was s im ila r ly  rem oved and d iscarded. A  clean 
c a p illa ry  tube was then inserted and a 1 cm 3 sam ple of 
B a C l2 so lu tion  taken  ou t fo r exam ination. M ic ro g ra v i-  
m e tr ic  ana lysis, k in d ly  ca rried  ou t b y  D r. D . A . P an - 
ton y  of the M a te r ia ls  Science A n a ly t ic a l Labo ra to ry , 
led  to  a B a C l2 concen tra tion  o f 0.013 N. A  subsequent 
experim ent w ith  0.05 N  K C 1  lead ing showed the B a C l2 
concentra tion  (ana lyzed b y  flam e photom etry) to  be 
0.033 N. T h e  K o h lra u sch  ratios, 0.65 and 0.66, are 
in  good agreement.

S im ila r  experim ents were done fo r the an ion  in d i
cators. H e re  the samples were d ilu te d  100- o r 1000- 
fo ld  us ing a m icrosyringe  and a vo lum e tr ic  flask, and 
ana lyzed spectrophotom etrica lly . T h e  spectrum  of 
K T B  possessed a peak a t 235 nm  where the ex tin c tion  
coeffic ient was 2 .7 i X  104 1. e q u iv -1  cm -1 . W ith  a 
lead ing  so lu tion  of 0.02 N  K C 1  the ad justed K T B  con
cen tra tion  was found to  be 0.0066 N  (independent of 
the in it ia l K T B  concentration); w ith  0.005 N  K C 1  it  
was 0.0016 N.

T h e  tw o  K o h lrau sch  ra tio s of 0.33 and 0.32 are again 
v e ry  close. In  the case o f K P i  the  abso rp tion  spec
tru m  d isp layed  a m ax im um  at 360 nm  where the  ex
t in c t io n  coeffic ient was 1.64 X  104 1. e q u iv -1  cm -1 . 
Lead ing  so lu tions of 0.02 N  and 0.005 N  K C 1  were 
found to be fo llow ed b y  0.0108 N  and 0.0028 N  K P i ,  
respective ly , and once more the K o h lra u sch  ra tios of 
0.54 and 0.56 agree w ell.

Volume Correction. In  a ll ca tion  runs the closed 
electrode was a s ilv e r-s ilv e r  ch loride  cathode, w ith  an 
open s ilv e r  anode. T h e  vo lum e increased per fara- 
day  between the  cathode and a po in t in  the lead ing 
K C 1  so lu tion  w h ich  the boundary  does no t pass is then

A F i  =  F Ag -  F AgCi +  T k k c 1F Kci

T h e  an ion runs -were carried  ou t w ith  an open s ilve r or 
p la t in u m  cathode and a closed s ilve r anode. T o  con

firm  th a t one was ju stified  in  w rit in g  the app rop ria te  
vo lum e increase per fa raday as

A F 2 =  F Agc i  -  F Ak -  T k k c 1F k c i

tw o  tests were carried  ou t on the anode process. F ir s t , 
had any  g lyco l been e lectrochem ica lly  oxid ized, ac id  
w ou ld  have been generated. Ana lyses of the  ano ly te  
so lu tion  before and after e lectro lys is p roved the extent 
of any such reaction  to  be less than  0.1% . Second, 
an a u x ilia ry  experim ent w ith  a s ilv e r  anode in  0.035 
N  K C 1  so lu tion  in  g lyco l, in  an H -shaped cell, showed 
th a t the electrode weighed 6 .3  mg more a fte r the  pas
sage of 16.2 C  w h ile  the theo re tica lly  expected increase 
due to  A g C l fo rm ation  was 6.0 mg. T h e  agreement 
is sa tis facto ry .

A pp a ren t m o la r vo lum es of several sa lts have been 
determ ined6 in  ethy lene g lyco l b u t no t th a t  o f KC1 . 
T h e  densities of K C 1  so lu tions at several m o la lit ie s  
(m) between 0.18 and 0.65 m o l (kg o f g ly co l) -1  were 
acco rd ing ly  measured, and the apparent m o la r vo lum es 
f itted  the equation

0 / c m 3 m o l-1  = 31.8 +  1.5v V

F o r  0.05 N  KC1 , H k c i  = 32.0 cm 3 m o l-1 . Hence, from  
the  know n m o la r "volumes of A g  and A g C l, and the 
transference num bers in  T ab le  I

Table I : Sum m ary o f C ation  T ransference M easurem ents 
on K C1 in E th y len e  G ly co l at 25°

---------T  K-------
- N ------------------. Current Zeio

C K C 1 103 C B a C l2 m A Mean water Best

0 . 0 1 0 0 6 . 5 -6 .7 50 0 .4 75 6 0 .4 7 5 5 0 .4 7 5 8
0 . 0 2 0 0 1 1 .7 -1 3 .6 87-124 0 .4 7 5 6 0 .4 7 5 5 0 .4 7 5 5
0 .0 5 0 0 3 3 .2 -3 4 .8 202 -327 0 .4 75 9 0 .4 7 5 8 0 .4 75 3

a f 2 = 1 O T 11 0.3 cm 3 m o l-1

T h e  vo lum e correction  c k c iA F  is therefore neg lig ib ly  
sm a ll even at the h ighest concentration  em ployed.

Results
Tab le s I  and  I I  sum m arize the resu lts o f 34 tran s

ference runs. T h e  transference num bers were a ll in 
dependent of the concentration  o f the fo llow ing  elec
tro ly te  w ith in  the range em ployed. T h e  choice of 
currents was restric ted  b y  poor v is ib il it y  at low  cu r
rents (the ca tion  boundary  was in v is ib le  fo r 0.005 N  
K C 1  and fa in t fo r 0.01 N  KC1 ) and b y  jou le  heating  
a t h igh  ones where the boundaries became curved. 
Th e  ca tion  transference num bers were independent 
of cu rren t w h ile  the an ion ones showed a ve ry  s lig h t 
tendency to  fa ll a t greater currents. Th e  “ m ean”  
va lues o f T c i have therefore been b iased in  fa vo r of 
the low  cu rren t values, affecting the fou rth  dec im a l 
p lace b y  less than  1 on the average. A t  any  g iven
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concentration , the  average dev ia tion  o f the ca tion  or 
an ion resu lts from  the  mean was ±0.0001,5. T h e  sol
ven t correction  has been app lied  to  a ll “ mean”  trans
ference numbers.

T a b le  I I : Sum m ary o f A n ion  Transference M easurem ents 
on  KC1 in  E th y len e  G ly co l at 25°

CKCl
~N ----------------.

1 0 3 c k t b

Current
#*A

0 .0 05 0 1 .7 - 1 . 8 19 -34
0 . 0 1 0 0 3 .2 - 3 .4 3 2 -5 2
0 . 0 2 0 0 6 . 5 - 9 . 8 7 3 -123
0 .0 5 0 0 1 7 .1 5 2 -320

Mean

------ Tci------
Zero

water Best

0 .5 2 3 6 0 .5 23 7 0 .5 44 0
0 .5 2 3 8 0 .5239 0 .5 24 2
0 .5 2 4 5 0 .5 24 6 0 .5 2 4 5
0 .5 25 2 0 .5 25 3 0 .5 24 7

A  series o f experim ents was carried  out w ith  0.02 
N  K C 1  so lu tions to d iscover the effect o f sm a ll quan
t it ie s  o f w ater in  the so lvent. B o th  lead ing and fo l
low ing so lu tions were made up in  the same water-con
ta in ing  g lyco l. T h e  resu lts are sum m arized in  T ab le  
I I I  and p lo tted  in  F igu re  1. O n  the basis o f these 
measurements the “ m ean”  transference num bers (col
um n 4 in  Tab le s I  and II) , w h ich  were determ ined in  
g lyco l con ta in ing  0.012 m o l l . -1 of water, have been 
extrapo la ted to  zero w ater content (co lum n 5 of Tab les 
I  and II) . T w o  an ion  runs were also done w ith  0.02 
m ol K C 1  d isso lved d ire c t ly  in  a l ite r  o f g lyco l as supp lied  
b y  the m anufacturers (I .C .I. L td ., [H20 ]  = 0.04 m ol
l . ” 1). T h e  ch loride  transference num ber was 0.5246, 
on ly  0.0003 h igher th an  the  va lue  expected from  pu rified  
g lyco l o f the same w ater content. I t  seems iro n ic  th a t 
d is t illa t io n  o f the so lven t affected the resu lts so lit t le .

T ab le  I I I :  E ffe c t o f th e A d d ition  o f W ater on  T ransference 
N um bers in  0.02 N K C1 Solution

[ H jO ] ,  
m o l  l . -1 y K o T c ib

0 . 0 1 0 . 4 7 5 6 0 . 5 2 4 5

0 . 2 2 0 . 5 2 3 3

0 . 4 8 0 . 4 7 7 5

0 . 7 6 0 . 5 2 1 1

1 . 0 0 0 . 4 7 9 4 0 . 5 2 0 9

» W ith  0.0135 N B aC h  solu tion  fo llow ing , at 121-122  /¿A. 
6 W ith  0.0074 N K T B  solu tion  follow ing , at 119-124  ¡xA.

T h e  independently  measured ca tion  and an ion trans
ference num bers, a t zero w ater content, add up to 
0.9994 (0.01 N  KC 1 ), 1.0001 (0.02 N  KC1), and 1.0011 
(0.05 N  KC1 ). T h is  p rov ides a good check on the  re
l ia b il it y  of the  resu lts. “ B e s t”  transference num bers 
have been ob ta ined  b y  d iv id in g  the experim enta l fig
ures b y  (Tk  +  Tci), and have been lis ted  in  the 6th 
co lum n of Tab le s I  and  II. W e  estim ate th e ir  un 

715

0.485 

0.480 

. 0.475 

0.470 

0 .465  

0 .460

..o"

0 2 3 ,[H20 ], mol I. 1.

F igure 1. V ariation  o f ca tion -constitu ent transference num ber 
in 0.02 N g lyco llic  KC1 solution  w ith  con centration  o f added 
w ater: O, present w ork ; X ,  ref 4.

certa in ties as less than  ± 0 .1%  and p robab ly  less than 
±0.05% .

A  set of an ion boundary  runs was also carried  out 
w ith  K P i  as fo llow ing  e lectro lyte. T h e  so lutions 
around the open p la t in u m  cathode a lways tu rned  red, 
perhaps due to the fo rm ation  o f p icram ate  or a M e isen- 
he im er complex, b u t the com pound d id  no t come near 
the boundary  region. Supe rfic ia lly  the  K C 1  K P i  
resu lts seemed satisfacto ry, be ing reproducib le , inde
pendent o f in it ia l in d ica to r concentra tion  over a 10% 
range, and on ly  s lig h t ly  dependent on current. The  
va r ia t io n  w ith  w ater content was m uch the  same as in  
T ab le  I I I . T h e  “ mean”  ch loride  transference num 
bers in  pu rified  g lyco l were 0.5284 (0.005 N  KC1), 0.5264 
(0.01 N  KC1), 0.5274 (0 02 N  K O I) , and 0.5277 (0.0348 
N  K O I;  the lim ite d  so lu b ility  of K P i  in  g lyco l made it  
im possib le  tc  study  h igher K O I  concentra tions). These 
figures, on average, are more th an  0.003 h igher than  
those obta ined w ith  K T B  as fo llow ing  e lectro ly te  (T a 
b le  I I) . M oreover, add it ion  o f the p ic ra te  data  and 
the cation  transference num bers in  T ab le  I  gives (Tk  
+  T c i) va lues of ca. 1.003, conside rab ly  greater than  
the theo re tica l va lue  of un ity . These externa l crite ria  
apart, there is  a suspicious aspect w ith in  the  K C 1  ■*- 
K P i  transference num bers themselves: the  va lue  fo r 
0.005 N  K C 1  floats ca. 0.003 above the  TCi vs. y/c  line  
on w h ich  the other p icra te  data  lie. F o r  these reasons 
the resu lts obta ined w ith  K P i  as bounda ry  ind ica to r 
have been rejected. O the r examples of such dev ian t 
behav io r are not u nknow n ,12 and they  underline  the 
necessity of em ploy ing  every possib le means o f testing  
the re lia b ility  of transference measurements. The  
m ov ing  boundary  m ethod is p a rt icu la r ly  w e ll su ited  
fo r a large num ber o f checks and cross-checks. I t  
shou ld be added th a t 3 runs w ith  0.02 N  K C 1  ■*- 0.012 
N  K P i  in  w ater gave Tci = 0.5100, in  exce llent agree
m ent w ith  the lite ra tu re  values of 0.5099-0.5101.13,14

(12) G. S. Kell, private communication (1961), found the hydrogen 
transference number of HC1 in water to be 0 . 0 0 2 5  higher with BaCls 
following than with KC1.
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Discussion
Comparison with Previous Results. T h e  resu lts in  

Tab les I  and II, and those of E rd e y -G ru z  and M a j-  
th dn y i,4 are p lo tted  in  F ig u re  1. T h e  va r ia t io n  of 
transference num ber w ith  w ater content is seen to  be 
ve ry  s im ila r b u t the  transference num bers themselves 
are a lm ost 4%  apart. I t  is d iff icu lt to  account for 
such a large difference. E rd e y -G ru z  and M a jth e n y i4 
estim ate the ir experim enta l un ce rta in ty  as ca. ± 1% , 
and a lthough they  app lied  no so lvent or vo lum e cor
rection  these shou ld  be sm a ll fo r 0.02 N  KC1 . D oub ts 
m ust therefore be raised about the autogenic boundaries 
they  form ed w ith  a cadm ium  anode. T h e  use of such 
boundaries invo lves the assum ption th a t the fo llow ing  
e lectro ly te  au tom atica lly  adjusts itse lf to the K o h l-  
rausch concentration  beh ind the boundary, and since 
C d C l2 is lik e ly  to be a weak e lectro ly te  in  g ly co l (K,nBB 
fo r P b C l2 in  g ly co l16 is 0.0026 m ol l . -1), jou le  heating 
m ay have d istu rbed  the no rm a l process of adjustm ent. 
T h is  prob lem  disappears w ith  sheared boundaries. 
H ere  the in it ia l concentration  of fo llow ing  e lectro ly te  
can be va ried  a t w ill, and the electrode itse lf— and the 
layers of concentrated so lu tion  above i t— can be posi
tioned su ffic ien tly  fa r from  the m ov ing  boundary  to 
avo id  the danger o f convective  m ix ing.

Variation with Concentration. T h e  “ best”  Tk values, 
p lo tted  aga inst y / c, fa ll on a curve th a t approaches the 
D eb ye -H iic k e l-O n sag e r lim it in g  slope from  above and 
begins to merge w ith  i t  at ve ry  low  concentrations. A  
graph of the Longsw orth  fu n c t io n 13

T k A ' +  p V c  
] A' +  2/3 V c ( 1)

where

A' =  A0 -  (aA° +  2/3)V c

and a. = 0.612, 2d =  4.44, A° = 9.6932, is shown in  
F ig u re  2 to  be lin ea r in  n o rm a lity  c. T h e  lim it in g  
potassium  transference num ber TK ° is thus 0.47665 
and the Longsw orth  slope 0.031 1. e q u iv -1 . The  
S tokes16 and K a y  and D y e 17 equation

Tk = Tk° +
2(Tk -  0.5)<3Vc 

A°(l +  Ka) (2)

where k  —  0.456 a / c , fits the experim enta l da ta  best 
w ith  a = 9 ±  1 A. A t  th is  d istance of closest approach 
Tk° is constant, and equals 0.4766. O n the  o ther hand, 
the conductances of K C 1  in  g lyco l requ ire2 an a va lue  
of 3.78 A , a figure m uch low er and more p h ys ica lly  rea
sonable than  9 A . Such a resu lt is no t unexpected, 
fo r a recent c r it ic a l ana lys is18 has shown equation  2 to 
be unsa tisfacto ry  fo r most transference num ber data  
in  nonaqueous so lutions.

Limiting Electrolyte Conductances. E x ten s ive  con
ductance measurements in  ethy lene g lyco l over a range 
of (low) concentrations have been carried  ou t b y  two

Figure 2. P lo t o f L on gsw orth  fu n ction  Tk°' v s . 

n orm ality  o f  KC1.

groups o f workers, bo th  of w hom  ana lyzed  the data  
b y  the O nsager-Fuoss equa tion19

A = A° — (<xA° +  2/3) a / yc +  Eye  log yc +

Jyc  — K Aycf±2A (3)

A, as before, stands fo r equ iva len t conductance and  c 
fo r no rm a lity , y is  the  degree of d issoc ia tion , K A the 
association constant, and /± the mean ion ic  a c t iv ity  
coefficient. T h e  o ther sym bo ls represent param eters 
of the th eo ry .19 A ccasc ina  and h is school have in  th is  
w ay p rov ided  lim it in g  equ iva len t conductances (in  
cm 2 ohm -1 e q u iv -1) fo r L iC l 20 (7.185), N a C l21 (8.18), 
K C 1 2 (9.693), N a B r 22 (8.087), E t 4N P i23 (4.41), and 
B u 4N B r 24 (6.496). O n ly  the la s t tw o com pounds 
showed some association. N o  association a t a ll was 
d iscovered b y  DeS ieno, et al.,26 who recen tly  de term ined 
the conductances of te tram ethy l, te trae th y l, te tra - 
p ropy l, and te tra b u ty l brom ides and iod ides. T h e  
resu lts are in te rn a lly  consistent w ith  the exception of 
B u 4N I  whose conductance appears to  be too  low  b y  
0.05. Th e  lim it in g  conductance o f the o n ly  com pound 
of overlap, B u 4N B r ,  is  6.489, in  good agreement w ith  
D ’A p ran o ’s v a lu e24 of 6.496, w h ich  had  been ob ta ined  
b y  eq 3 w ith  a sm a ll v is co s ity  term . I t  shou ld  be 
m entioned th a t the  g ly co l in  the la te r  s tu d y25 possessed 
a v is co s ity  4%  low er than  th a t genera lly  accepted; 
th is  affects the ex trapo la tion  s lig h t ly  (as does the  choice 
of a low er d ie le c tr ic  constant) and  suggests th a t  some

(13) L. G. Longsworth, J. Amer. Chem. Soc., 54, 2741 (1932).
(14) R. W . Allgood, D . J. Le Roy, and A. R. Gordon, J. Chem. Phys., 
8, 418 (1940).
(15) J. C. James, J. Amer. Chem. Soc., 71, 3243 (1949).
(16) R. H. Stokes, ibid., 76, 1988 (1954).
(17) R. L. Kay and J. L. Dye, Proc. Natl. Acad. Sci. U. S., 49, 5
(1963) .
(18) M . Spiro, "Physical Chemistry of Organic Solvent Systems,”  
A. K. Covington and T . Dickinson, Ed., Plenum Press, London, 1972, 
Chapter 5.
(19) R. M . Fuoss and F. Accascina, "Electrolytic Conductance,” 
interscience, New York, N . Y ., 1959, p 195.
(20) F. Accascina and M . Goffredi, Ric. Sci., 37, 1126 (1967).
(21) F. Accascina, A. D ’Aprano, and M . Goffredi, ibid., 34, 151
(1964) .
(22) F. Accascina and A. D ’Aprano, ibid., 36, 257 (1966).
(23) F. Accascina and S. Pétrucci, ibid., 30, 1164 (1960).
(24) A . D ’Aprano and R. Triolo, ibid., 34, 443 (1964).
(25) R. P. DeSieno, P. W . Greco, and R. C. Mamajek, J. Phys. 
Chem., 75, 1722 (1971).
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w ater m ay have been in troduced  in to  the so lven t from  
the ion-exchange co lum n th a t  was em p loyed .25

Severa l o ther stud ies con ta in  usefu l in fo rm ation . 
T h e  conductances o f fou r e lectro ly tes over a range of 
g ly co l-w a te r m ixtu res have been g raph ica lly  reported26 
and discussed , 27 and E rd e y -G ru z  has k in d ly  sent u s28 
the deta iled  resu lts. F o r  0.01 N  so lu tions in  g lyco l 
the  equ iva len t conductances of K C 1  and K F  were found 
to be 8 .66  and 7.06 cm 2 ohm -1  e q u iv -1 , respective ly, 
and the figures extrapo la ted to  d ry  g lyco l from  con
ductances in  several m ixtu res con ta in ing  less than  1% 
w ater are 30.4 fo r HC1 and 13.65  fo r K O H .  B y  use of 
eq 3 w ith  a = 4 A , we ca lcu la te  the lim it in g  conduc
tances to  be K C 1  9.59, K F  7.88, H C1  32.8, and K O H  
14.91 . T h e  phys ica l s ign ificance of the K O H  resu lt 
is discussed la ter. T h e  va lue  fo r K C 1  is 1% sm alle r 
than  A ccasc ina  and P e tru c c i’s .2 A  s t i l l  low er lim it in g  
conductance fo r K C 1  of 8.75 is obta ined when eq 3 w ith  
a = 4 A is app lied  to  K i r b y  and M a a s s ’ 29 conductance 
at 0.05 N; a t th is  concentration , however, eq 3 m ay no 
longer be exact. T h e ir  HC1 figure29 a t 0.05 N, treated 
s im ila r ly , y ie ld s A °  = 22.1, a resu lt so low  th a t  i t  sug
gests e ither the presence o f w ater in  the so lvent or a 
chem ical reaction  such as

H O C H 2C H 2O H  +  H +  +  c i -

H 0 C H 2C H 2C1 +  H 20

K ir b y  and M aa ss ’ l im it in g  conductances fo r H N 0 3 
(29.8), K N O 3 (9.6), and N a N O s (7.6) (derived b y  s im 
p le A  vs. V c  extrapo la tion s whose slopes ind ica te  some 
association in  the  case o f n it r ic  acid) lead to  A° (HC1) 
= 30.2 when com bined w ith  the a lk a li ch loride data  
above. T h is  resu lt agrees be tter w ith  th a t of E rd ey - 
G ru z 28 than  the  one they  obta ined d ire c tly . G rave  
doubts m ust be expressed about a recent Ru ss ian  
paper30 whose HC1 conductances in  g lyco l rise w ith  in 
creasing concentra tion  and w h ich  g ive an extrem ely 
low  lim it in g  conductance of 16. I t  was c la im ed, more
over, th a t the  add it ion  of w ater to  1 X  10 ~ 4 N  g ly co llie  
HC1 so lu tions increases the equ iva len t conductance, 
in  com plete con trad ic tion  to  a ll prev ious in fo rm a
t io n . 26’27

T h e  Shed lovsky  ex trapo la tion31 has been used in  
the lite ra tu re  to  ob ta in  the l im it in g  conductances in  
g ly co l o f A g N 0 332 (9.14) and A g N 0 233 (9.04), and by  
M .  C a rm o  Santos34 35 to  trea t pub lished  data  for A g N 0 336 
and T1C136 to  g ive 9.93 and 10.38 cm 2 ohm -1  e q u iv -1 , 
respective ly. T h e  tw o s ilve r n itra te  resu lts d iffe r b y  
8 %, and we sh a ll choose the  more recent v a lu e .32 A  
figure fo r P b C l2 (7.73) was de term ined37 from  a sim p le 
phoreogram . In  the  case of b a r ium  and n icke l per
ch lorates , 38 p lo ts of A  vs. V c  were curved and extrap
o la tion  to  zero concentra tion  gave negative and thus 
ph ys ica lly  meaningless in tercepts. Jam es39 has ob
ta ined  the lim it in g  conductances of z inc su lfate, z inc 
malonate, and lan th anum  fe rricyan ide  in  several w a te r-

T ransference  N umbers of E th ylene  G lycol

g lyco l m ixtures b u t no t in  pure g lyco l, and an em p irica l 
m ethod of estim ating  the conductances in  100%  glyco l 
has been described .34

Limiting Ionic Conductances. C om b in a tion  of the 
l im it in g  K C 1  transference num ber w ith  the  lite ra tu re  
conductances a llows us to  construct T ab le  I V  in  w hich 
lim it in g  in d iv id u a l ion ic  conductances are lis ted  in  
cm 2 (int. ohm ) -1  e q u iv - -. T h e  accuracy of the  figures 
relies la rge ly  on th a t  of the e lectro ly te  conductances 
invo lved . Th e  conductance of the  N 0 3-  ion, in  pa r
t icu la r, depends upon w hether the da ta  fo r K N 0 3 or 
N a N O s  are em ployed ( H N 0 3 gives qu ite  a d ifferent 
answer), and an un ce rta in ty  o f ca. ± 0 .3  m ust be as
signed to i t  and to  the derived conductances o f A g + 
and N 0 2- .

717

T a b le  IV  : L im iting Ion ic  E qu iva len t C on du ctan ces 
in E th y len e  G ly co l at 25°

Cation x+° Anion xJ>

H  + 2 7 .7 O H - “ 1 0 .3
L i + 2 . 1 1 2 F - 3 .2 6
N a  + 3 .1 0 7 c i - 5 .0 7 3
K  + 4 .6 2 0 B r - 4 .9 8 0
A g  + 4 .4 I - 4 .6 0 8
T1 + 5 .3 1 n o 3- 4 .7
M e 4N  + 2 .9 7 3 n o 2- 4 .6
E t4N  + 2 .1 9 7 P i - 2 .2 1 3
P r4N  + 1 .737
B u4N  + 1 .5 1 3
P b 2 + 2 . 6 6

0 See tex t for species actu a lly  in volved .

A pp rox im ate  lim it in g  conductances fo r certa in  ions 
can be deduced from  tw o o ther sources of transference 
data. These were a ll converted to lim it in g  transfer-t o
ence num bers b y  means of eq 2 w ith  a — 4 A , and com
b ined  w ith  the lim it in g  conductance of e ither C l -  or 
K+ , as appropriate, from  T ab le  IV . F irs t , the transfer-

(26) T . Erdey-Gruz, E. Kugler, and J. Hidv6gi, Acta Chim. Acad. 
Sci. Hung., 19, 363 (1959).
(27) T. Erdey-Gruz, E. Kugler, and L. Majth6ny:, Electrochim. 
Acta, 13, 947 (1968).
(28) T . Erdey-Gruz, private communication (1969).
(29) P. Kirby and O. Maass, Can. J. Chem., 36, 456 (1958).
(30) V. I. Vigdorovich and I. T. Pchyelnikov, Elektrokhimiya, 5, 710 
(1969).
(31) T . Shedlovsky, J. Franklin Inst., 225, 739 (1938).
(32) V. S. Griffiths and K . S. Lawrence, J. Chem. Soc., 473 (1956).
(33) V. S. Griffiths and M . L. Pearce, ibid., 3243 (1957).
(34) M . Carmo Santos, Rev. Port. Quim., 11, 50 (1969).
(35) R. Muller, V. Raschka, and M . Wittmann, Monatsh., 48, 659 
(1927).
(36) A. B. Garrett and S. J. Vellenga, J. Amer. Chem. Soc., 67, 225 
(1945).
(37) J. W . Norman and A. B. Garrett, ibid., 69, 110 (1947).
(38) A. L. Chaney and C. A. Mann, J. Phys. Chem., 35, 2289 (1931).
(39) J. C. James, J. Chem. Soc., 1094 (1950); ibid., 153 (1951).
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ence resu lts of E rd e y -G ru z  and M a jth e n y i4, extrap
o lated as w e ll as possib le to zero w ater content, y ie ld  
34 cm 2 ohm “'1 eq u iv -1 fo r H +, 9.8 fo r O H - , and 3.7 
fo r F - . T h e  firs t tw o figures are ra the r sensitive  to 
experim enta l error; fo r example, the 1% uncerta in ty  
m entioned b y  the au tho rs4 in  the ca tion  transference 
num ber of HC1 affects X°h+ b y  ±2.6. Second, the 
K o h lra u sch  ra tios measured in  the present w ork  lead 
d ire c t ly  to  the transference num bers o f the adjusted 
in d ica to r so lutions, w h ich  in  tu rn  g ive lim it in g  ion ic  
conductances of 2.5 fo r B a 2+, 2.0 fo r P i - , and 1.1 fo r 
T B - . In  bo th  cases the agreement w ith  com parab le 
figures in  T a b le  I V  is fa ir  i f  a reasonab ly  generous a l
low ance is made fo r experim enta l uncerta in ties.

L im it in g  ion ic  conductances can also, a t least in  
p rin c ip le , be a rrived  a t via trace d iffus ion  coefficients. 
T h a t  o f N a+  in  0.1 m N a C l has been de term ined40 in  
ethy lene g lyco l at 25° and found to  be 0.82 X  10-6 
cm 2 sec-1 . U n fo rtu n a te ly  the concentra tion  is too 
h igh  to  pe rm it a re liab le  extrapo la tion  to zero ion ic  
strength. I f  nevertheless one does app ly  the Onsager 
l im it in g  equation fo r se lf-d iffus ion ,40 together w ith  
the know n lim it in g  conductance21 of N a C l,  one obta ins 
b y  successive app rox im ations Z)°N a+  =  1-02 X  10-6 
cm 2 sec-1 and thus, via N e rn s t ’s re la tion , X°Na + = 
3 .84  cm 2 o hm -1 e q u iv -1 . N o t  even the 5%  unce rta in ty  
in  the measured d iffus ion  coefficient can cover the d is
crepancy between th is  resu lt and th a t in  T a b le  IV . 
R eve rs ing  the procedure, however, and us ing the sod ium  
conductance in  the table, gives H°Na + = 0.827 X  10-6 
cm 2 sec-1 . T h is  is  no t an unreasonable resu lt b y  com 
parison  w ith  the s itu a tio n  in  aqueous,40 41“ aqueous m eth- 
ano lic ,42 and e thano lic42 so lu tions where trace d iffu 
sion coefficients at an ion ic  strength  of 0.1 are on ly  a 
few un its  per cent less th an  the l im it in g  values, and it  
w ou ld  appear th a t  g ly co l fits in to  the  same patte rn .

A s  in  o ther a lcoho lic  m edia ,43 ion ic  conductances 
increase in  the order L i+  <  N a + < K +  because the 
sm a lle r the bare ion, the more h eav ily  so lva ted it  is 
and the more resistance it  offers to  ion ic  m igration . 
T h e  same is true  fo r F -  <  C l - . T h is  p ic tu re  breaks 
down, however, when the bare ion  is large, and in  the 
ha lide  series the m o b ility  passes th rough  a m ax im um  
at C l - . D esp ite  a regu lar conductance rise o f C l -  
<  B r -  <  I -  in  most a lcoho lic  so lvents,48'44 45 a m ax im um  
conductance also exists (at B r - ) in  w a te r41b and in  
fo rm am ide .1’46 In  these two so lvents,410'1 as in  g ly 
co l,46 there is evidence from  v iscos itie s th a t the 
h igher ha lid e  ions produce structure-b reaking . O ur 
know ledge is no t ye t adequate to  exp la in  these fea
tures quan tita t ive ly .

Ions of su ffic ien tly  large size approx im ate to  the 
hyd rodynam ic  sphere-in-continuum  model, and the 
te traa lk y lam m on ium  ions offer some scope fo r testing 
va rious theo re tica l re la tionsh ips. T h e  sim p lest is 
S tokes ’ law

Xj0?? = \zt\eF/Avwrt (4)

where z(e is the charge of the ion  and rt its  rad ius, F  
is F a ra d a y ’s constant, and the param eter A v is 6 i f  the 
l iq u id  adjacent to  the in te rface “ wets”  the  ion  and 
moves w ith  i t  (perfect stick ing) and 4 i f  there is  perfect 
s lip p ing  of so lven t at the surface o f the ion. I t  fo llow s 
th a t i f  the ion  is large enough no t to  be app rec iab ly  
so lvated, rt equals the rad ius o f the bare ion  and then

Xj°tj = constant (5)

w h ich  is W a lden ’s rule. In  p ractice  even ions of the 
size of B u 4N +  do not obey th is  equation. There  is  a 
tendency fo r the Xj0?/ product to  increase w ith  increas
ing  v iscos ity , b u t  an em p irica l lin ea r re la tion sh ip

Xj0?? = a + br) (6)

recen tly  proposed47 is not confirm ed b y  the  resu lts in  
T ab le  V . In  pa rticu la r, extrapo la tion  of the s tra ig h t 
lin e  fo r B u 4N  + in  F igu re  1 of re f 47 to  th e  v is co s ity  
of ethy lene g lyco l p red icts 0.32s as the W a lden  p roduct: 
the measured va lue  is  0.255, low er even th an  th a t fo r 
the  so lven t of next lmvest v is co s ity  (sulfo lane).

T a b le  V : T ests o f T h eoretica l R elationships

-X¿° (Zwanzig)6—. ,-------------Exptl6-
Ion, i n, Â- Stick Slip x¿° Xi° n

Li + 0 .6 0 0 .3 2 0 .1 6 2 . 1 1 0 .3 5 6
N a  + 0 .9 5 1 .0 4 0 .6 0 3 .1 1 0 .5 2 3
K  + 1 .3 3 1 .81 1 .3 5 4 .6 2 0 .7 7 8
c i - 1 .8 1 2 .0 7 2 .1 3 5 .0 7 0 .8 5 4
M e 4N  + 3 .4 7 1 .3 7 1 .9 8 2 .9 7 0 .5 0 1
E t4N  + 4 .0 0 1 . 2 0 1 .7 6 2 . 2 0 0 .3 7 0
Pr4N  + 4 .5 2 1 .0 7 1 .5 8 1 .7 4 0 .2 9 3
B u4N  + 4 .9 4 0 .9 8 1 .4 6 1 .5 1 0 .2 5 5

“ F rom  ref 41, p p  125-126, 461. L a ter X -r a y  w ork  b y  B . S. 
G ourary  and F. J. A drian, Solid. State Phys., 10 , 127 (1960), g ives 
the follow ing , rather different, radii: L i+, 0 .94 ; N a +, 1 .17; K + , 
1 .49; C l - , 1 .64; so th a t the con du ctan ce values ca lcu lated for  
N a + cou ld  m ore fittingly  app ly  to L i +. H ow ever, m ore recent 
w ork  still suggests th at even  these radii require m od ification  
(V . M eisa lo and O. Inkinen, Acta Crystallogr., 2 2 , 58 (19 6 7 )). 
6 Ion ic  conductances are in cm 2 o h m - 1  e q u iv -1 , v iscosities in 
poise.

(40) A. E. Marcinkowsky, H. O. Phillips, and K. A. Kraus, J. Phys. 
Chem., 72, 1201 (1968).
(41) (a) R. A. Robinson and R. H. Stokes, “ Electrolyte Solutions,” 
2nd ed, Butterworths, London, 1959, p 317; (b) pp 463, 465; (c) pp 
304, 516.
(42) P. C. Carman, J. Phys. Chem., 73, 1095 (1969).
(43) Reference 18, Appendix Tables 5.7-5.9.
(44) D . F. Evans and P. Gardam, J. Phys. Chem., 72, 3281 (1968); 
ibid., 73, 158 (1969); M . A. Matesich, J. A. Nadas, and D. F. Evans, 
ibid., 74, 4568 (1970).
(45) J. Thomas and D. F. Evans, J. Phys. Chem., 74, 3812 (1970).
(46) K . Crickard and J. F. Skinner, ibid., 73, 2060 (1969).
(47) M . Della Monica and L. Senatore, ibid., 74, 205 (1970).
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A  more soph istica ted trea tm en t has recen tly  been 
published b y  Zw anz ig .48 In  a rev is ion  of h is earlier 
theo ry49 on the effect o f d ie lec tr ic  as w e ll as v iscous 
fr ic t io n  on the m otion  o f an ion, he derived the equa
t ion

(A/%
(27)1/11 zt\eF 

ár,(zMDP*y/l^ A v)3/t ’

Oh) n

\ {°V =  \zi \eF/(Avwri +  A ^ P ^ r * )  (7)

where the param eter An equals 0.375 fo r perfect s t ic k 
ing  and 0.75 fo r perfect s lipp ing . T h e  sym bo l P * 
stands fo r

p * __e2(«o — O  t

«o(2«o +  1) v

in  w h ich  «o and e«, are the s ta tic  (low frequency) and 
op tica l ( lim it in g  h igh frequency) d ie lectric  constants, 
respective ly, and t the d ie lectric  re laxa tion  tim e. Fe r- 
nández-P rin i and A tk in so n 60 have exam ined how  w ell 
th is  theo ry  app lies to  a v a r ie ty  of ions in  a range of 
solvents. T h e ir  ca lcu la tions show  th a t  eq 7, w ith  per
fect s lipp ing , is fa ir ly  successful fo r R 4N +  ions in  apro tic  
so lvents and in  pro t ic  so lvents in  w h ich  P*  is sm a ll 
(water, form am ide) b u t th a t  the agreement w ith  ex
perim ent is poor fo r o ther so lvents and especia lly  for 
sm a ll a lk a li m eta l cations. D ie le c tr ic  sa tu ra tion  of 
the so lvent around the ion  was suggested60 as a l ik e ly  
reason. A t  the  t im e  no accurate da ta  were ava ilab le  
fo r a so lvent o f re a lly  h igh  v iscos ity , and it  is therefore 
of in te rest to  see how  w e ll eq 7 fits  the conductances 
in  ethy lene g lyco l.

F ro m  d ie lec tr ic  tabu la tion s in  the  lite ra tu re61 we 
find  th a t fo r g lyco l a t 25° e„ = 5.4g and r  = 11.1 X  
10~u sec so th a t P*  = 1.60 X  10-30 cm 4, a va lue  not 
m uch b igger th an  th a t fo r w ater o r fo rm am ide and 
sm a lle r b y  more than  an order o f m agn itude than  those 
in  m ethanol and the h igher a lcohols. T h e  ion ic  con
ductances ca lcu la ted  b y  eq 7 are contrasted w ith  the 
experim enta l resu lts in  T ab le  V . W ith  cond itions of 
s lip  the agreement is  good fo r the largest te tra a lk y l-  
am m onium  ions b u t deteriorates ra p id ly  as the ions 
become sm aller. F o r  the a lk a li m eta l ions the d is
agreement is less bad  fo r “ s t ic k ”  than  fo r “ s lip ,”  no t 
an unreasonable resu lt in  v iew  of the lik e lih o o d  of 
strong so lvation . O n  the whole, therefore, ethy lene 
g lyco l fits the pa tte rn  found fo r the o ther so lvents ex
am ined,60 be ing s im ila r  in  behav io r to  form am ide. 
I t  shou ld be em phasized th a t the theo ry  holds good 
under ju s t those cond itions (large r4, sm a ll P*) in  w hich 
eq 7 approx im ates c lose ly to  eq 4 w ith  slip , i.e., to  one 
fo rm  o f S tokes’ law . A s  soon as d ie le c tr ic  fr ic t io n  be
comes com parab le w ith  v iscous fr ic t io n  there is  no 
longer any  sa tis fa c to ry  concordance between theory  
and experim ent.

A no the r w ay o f testing  the Zw anz ig  theo ry  is b y  the 
co ro lla ry  th a t a p lo t o f XÉ° vs. rt m ust pass th rough  
a m ax im um ,62 a t a po in t

In  ethy lene g lyco l, fo r u n iva len t ions, these coord inates 
are X°max = 2.077 cm 2 ohm -1 e q u iv -1 at rmax = 1.758A 
in  the case of s t ic k in g  and W a x  = 2.367 a t rmax = 
2.314 A  fo r the s lip  cond ition . I t  is  ev ident b y  inspec
t ion  of T ab le  I V  th a t num erous ions exist of conduc
tance greater than  th a t pred icted b y  the theory.

One ion  o: excep tiona lly  h igh  conductance is H+, 
and its  a b il ity  to  ou trun  other cations in  certa in  p ro tic  
so lvents as a resu lt o f p ro ton -jum p ing  is  w e ll know n.63 
T h e  reason fo r the decrease in  p ro ton -jum p ing  on the 
add it ion  of w ater has been discussed b y  several w ork 
ers.26'27'64 The  sign ificance of the h igh  O H -  m o b ility  
is d iff icu lt to assess in  v iew  of the possib le reaction

O H -  +  H O C H 2C H 2O H  h 2o  +  h o c h 2c h 2o -

A n  estim ate of its  e q u ilib r ium  constant K  can be made 
b y  w rit in g

K  = A kg/ A hoh

T h e  autopro to lys is constant66 of e th y len eg ly co l (1.445 
X  10-16 m o l2 k g -2) d iv id ed  b y  the  m o la lity  of the so l
ven t itse lf (15.11) gives A Eg = 8.97 X  10-18 m o l k g -1 . 
A  rough app rox im ation  to  K hoh  in  g lyco l of d ie lectric  
constant 40.75 m ay be obta ined from  data  in  45 w t %  
d ioxane-w ater at 25° whose d ie le c tr ic  constan t is 
38.48.60 H ere  the au topro to lys is constant o f w ater 
is67 1.809 X  10-16 m o l2 k g -2 and its  m o la lity  3.053 m ol 
(kg to ta l so lven t)-1 , so th a t  K Hoh = 5.93 X  10-17. 
Thus K  ~ 0.15. C rude  as th is  estim ate is, i t  does 
suggest th a t in  d ilu te  hyd rox ide  so lu tions in  ethylene 
g lyco l the eq u ilib r ium  lies fa r over to the righ t. I f 
th is  is  so, the h igh conductance o f O H -  in  T ab le  I V  
shou ld more p rope rly  be a ttr ib u te d  to  the  H O C H 2- 
C H 20 -  ion, a resu lt o f some in te rest since the so lvate 
ions in  m ethanol and ethanol show lit t le  sign o f pro-

(48) R. Zwanzig, J. Chem. Phys., 52, 3625 (1970).
(49) R. Zwanzig, ibid., 38, 1603 (1963).
(50) R. Fern&ndez-Prini and G. Atkinson, J. Phys. Chem,., 75, 239 
(1971).
(51) F. Buckley and A. A. Maryott, Nat. Bur. Std. Circ., 589 (1958).
(52) H . S. Frank, “ Chemical.Physics of Ionic Solutions,” B. E. Con
way and R. G. Barradas, Ed., Wiley, New York, N . Y ., 1966, Chapter 
4.' '
(53) B. E. Conway, “Some Aspects of the Thermodynamic and 
Transport Behavior of Electrolytes,” “ Physical Chemistry: An Ad
vanced Treatise,” Vol. I X  A, H. Eyring, Ed., Academic Press, New 
York, N. Y ., 1970, Chapter 1
(54) R. W . Gurney, “ Ionic Processes in Solution,” McGraw-Hill, 
New York, N. Y ., 1953, Chapter 4.
(55) K . K . Kundu, P. K . Chattopadhyay, D. Jana, and M . N. Das, 
J. Phys. Chem., 74, 2633 (1970).
(56) H. S. Harned and B. B. Owen, “ The Physical Chemistry of Elec
trolytic Solutions,” 3rd ed, Reinhoid, New York, N. Y ., 1958, p 713.
(57) H . S. Harned and L. D. Fallon, J. Amer. Chem. Soc., 61, 2374 
(1939).
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ton  ju m p in g . 18 A  d irec t de term ination  o f the lim it in g  
conductance of a sa lt of ethy lene g lyco l in  the  d ry  so l
ven t w ou ld  resolve any  uncerta in ty .

A  usefu l app lica tion  of ion ic  conductances is to  help 
se lect an e lectro ly te  fo r sa lt bridges in  em f w ork. One 
c rite rion  is th a t the ca tion  and an ion  o f the  sa lt be 
equ im obile , and inspection  of T ab le  I V  shows th a t in  
g ly co l N a F ,  T1C1, K I ,  K N 0 3, and E t 4N P i  c lose ly meet 
th is  requ irem ent. W h ich  o f these e lectro ly tes is the

m ost su itab le  w il l depend upon the  second c rite rion  
o f h igh so lu b ility , and a t present insu ffic ien t so lu b ility  
data  are ava ilab le  fo r a decision to  be made.
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by William L. Marshall
Reactor Chemistry Division, Oak Ridge National Laboratory, Oak Ridge, Tennessee 878S0 {.Received November 25, 1970) 

Publication costs assisted by the Oak Ridge National Laboratory, U. S. Atomic Energy Commission

A  complete equilibrium constant (A0), in which solvent species are included to reduce the number of parameters 
needed for describing solute ionization equilibria, is derived from a multistep solvation treatment of a conven
tional ionization constant (K ). The previously assumed net change (k) in the number of solvent molecules in 
the reaction process is shown to have this mathematical form for both single and multiple solvent systems. The 
usefulness of K° and k originates from their experimental, isothermal constancy over wide ranges of solvent 
concentration (varied by pressure or inert diluent, where the solute concentration always approaches zero). 
In the present derivation, both are shown not to be exactly constant. Therefore, the experimental invariance 
of K° and k is proposed to result from only a very few solvated species of major concentration for each class of 
solute species, and thus the usefulness of the concept is unhindered. No additional parameters are needed for 
application. The use of fugacity of the solvent and the G ibbs-Duhem relation are considered in connection 
w ith this description. In  an example of application, the aqueous ionization behavior of MgSCh is predicted 
both in dioxane-water solvents at saturation vapor pressure and in water to 2000 bars by combining solvent 
separated ion-pair theory (five constants required) with the complete constant approach, using results in water 
at saturation vapor pressure only. Reasonable agreement w ith experiment is observed, although better agree
ment is obtained by applying just a complete constant concept, which requires only the two constants, K° and k.

Introduction
A  com plete equ ilib r ium  constant (K °) describ ing 

e lectro ly te  eq u ilib r ia  in  so lvent m edia under iso therm al 
cond itions m ay be g iven b y

Um AUHjO* . flHjO*

where a (a c t iv ity ) is taken  to  be in  un its  of moles per 
l ite r  fo r bo th  so lute and so lvent species, a ll species are 
in  so lu tion , K  is the  conventiona l ion iza t io n  constant, 
and k represents the  net change in  so lva tion  num bers 
between the  p roduct and reactan t so lute species in  the 
reaction  process .2-4 W hen  the so lute and so lvent 
are in  reference states o f in f in ite  d ilu t io n  fo r so lute and 
of pure substance (or so lvent m ixtu re) fo r so lvent, the 
a c t iv ity  coefficients (7 ) of so lute and so lven t species 
are u n ity  b y  de fin ition . U n d e r th is  restric tion , a =

yC  = C where C = concen tra tion  (moles per lite r), 
and eq 1 can be w ritten

log K  = log  K° +  k log C h 2o (2 )

C (solute) — *■ 0

T h e  concentration  o f reactive  so lven t ( C h 2o )  m ay be 
changed e ither b y  v a ry in g  the  hyd ro sta tic  pressure 
on the system  or b y  d ilu t in g  w ith  a so lven t assumed to  
be inert. In  the  treatm ent, i t  fo llow s th a t  on ly  ab
so lute concentration  is app licab le, fo r example, moles

(1) Work sponsored by the U. S. Atomic Energy Commission under 
contract with the Union Carbide Corporation. Presented before the 
Division of Physical Chemistry at the 160th National Meeting of the 
American Chemical Society, Chicago, 111., Sept. 13-18, 1970.
(2) W . L. Marshall and A. S. Quiet, Proc. Nat. Acad. Sci., U. S., 58, 
901 (1967).
(3) A. S. Quist and W . L. Marshall, J. Phys. Chem., 72, 1536 (1968).
(4) W . L. Marshall, ibid., 74, 346 (1970).
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Figure 1. R ecen t exam ples o f  adherence to  com plete constant con cep t: I , so lub ility  p rod u ct behavior o f ca lcium  sulfate in  w ater to  
1000 bars a t 1 0 0 -3 0 0 °, values o f log  Ksp from  T a b le  I ;  I I , ion ization  behavior o f cesium  brom ide in d iox a n e -w ater solvents at 25°.

per lite r, w h ich  is p ropo rtiona l to  the num ber of the 
g iven species per u n it  o f vo lum e. T h e  standard  states 
fo r a ll species, in c lu d in g  the so lvent, are the hypo the ti
ca l 1 M  so lu tions a t the p a rt icu la r pressure (and tem 
perature) where K  and C h ,o are obta ined. Th e  above 
cond ition  th a t C (solute) approaches zero applies to 
a ll considerations of com plete constants g iven in  th is  
and our preceding papers.

F ro m  recent lite ra tu re ,5'6 examples o f conventiona l 
ion iza t ion  and so lu b ility  constants adhering to  eq 2, 
and not inc luded  elsewhere,2_4'7 are shown in  F ig u re  1. 
F o r  ion iza tion  in  d ioxane-water so lvents, the dioxane 
was assumed to  be an in e rt d ilu en t w ith  respect to  pref
e ren tia l so lva tion  o f so lute species. F o r  so lub ility , 
the so lu b ility  products [Kap (m o les/ lite r)2] at zero ion ic  
strength (/), p lo tted  as log  K sp (Tab le  I) in  F igu re  1, 
were obta ined b y  conversions and  extrapo la tions of the 
m o la l so lub ilit ie s o f B lo u n t  and D ick so n  a t 100-300°6 
as described in  the  Append ix . F igu re  2 shows the 
experim ental, iso therm a l constancy of K° fo r various

substances ever w ide ranges o f d ioxane -w ater com
position , pressure, and tem perature. In  F ig u re  3 the 
logarithm s of some conven tiona l ion iza tion  constants 
p lo tted  aga inst log C h 2o are com pared w ith  log K  
p lo tted  aga inst log  fugac ity  (/) of H 20  to  show the 
sim p le rec tilin ea r re la tionsh ips observed w ith  log C H2o 
as the variab le , as contrasted w ith  the  need fo r m any 
param eters :o describe behav io r w ith  log / h , o  as a 
va riab le .4 L ite ra tu re  references to  va lues of K  used 
fo r F igu res 2 and  3 are g iven elsewhere.3

I t  is the purpose of th is  paper to show th a t the fo rm  
of a com plete constant can be ob ta ined  d ire c t ly  from  
the  descrip tion  of a conventiona l constant in  term s of 
m u lt is tep  so lva tion  equ ilib r ia . M u lt is te p  reaction

(5) J.-C. Justice, R. Bury, and C. Treiner, J. Chim. Phys. Physico- 
chim. Biol., 65, 1708 (1968).
(6) C. W . Blount and F. W . Dickson, Geochim. Cosmochim. Acta., 33, 
227 (1969).
(7) W . L. Marshall, Rev. Pure Appl. Chem., 18, 167 (1968); Rec. 
Chem. Progr., 30, 31 (1969).
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Figure 2. E xam ples o f  the invariance o f the com plete equilibrium  con stant over extrem e ranges o f  tem perature, pressure, and 
d iox a n e-w ater com position . F rom  K values o f  ( I )  K unze, Fuoss, (1963); ( I I )  Quist, M arshall (1968); ( I I I )  A tk inson , H allada 
(1962 ); ( IV ) D unsm ore, Jam es (1951 ); (V ) Fisher, D avis  (1965 ); (V I )  F isher (19 6 2 ); (V I I )  H am ann, Strauss (1955); (V I I I )  
Fuoss, K raus (1933 ); and ( I X )  H am ann (1963). A ll values o f  log  K° fo r  sets V  and V I  were arbitrarily  norm alized to  sets I I I  and 
IV  at the com m on  boun dary, so lven t w ater a t saturation  va p or  pressure, b y  adding 0.24 and 0.13 units o f  log  K ° to  each  va lu e o f 
sets V  and V I , respectively . W h ich  sets ( I I I  and IV  v s .  V  and V I )  are m ore nearly correct at this bou n dary  is n ot considered.

eq u ilib r ia  have been com m on ly used to  describe com 
p lex reaction  rates and eq u ilib r ia  bo th  in  theo ry  and 
practice. F ro m  th is  usua l descrip tion, the add it ion a l 
steps presented here to  ob ta in  the fo rm  fo r K° (the 
extraction  of Cn,ok from  a conventiona l constant) do 
not appear to  be in it ia l ly  obvious. T h rough  the de ri
va tion , K° and k are found no t to  be exact iso therm al 
constants, a lthough i t  is se lf-ev iden t th a t they  are ex
pe rim en ta lly  constant over w ide ranges of so lven t con
cen tra tion  as shown in  F igu res 1-3; therefore, the use
fulness o f K° is no t im paired- T h e  trea tm en t is shown 
to  be app licab le  to  so lu te -so lven t eq u ilib r ia  bo th  in  
s ing le and  m u lt ip le  so lvent system s and fu rth e r sup
po rts the  in co rpo ra tion  of the a c t iv ity  of so lven t species 
as a v a riab le  in  these eq u ilib r ium  expressions.

I t  is the purpose also to  present several aspects of 
the app lica tion  o f com plete constants re la ted to  th is  
descrip tion . In  a new  app lica tion , the com bined use of 
so lven t separated ion -pa ir  theo ry  (w hich requ ires five

constants fo r its  use here) and com plete constants a l
lows p red ic t ion  of the aqueous ion iza t io n  behav io r of 
M g S 0 4 a t 25° bo th  in  w ater to 2000 bars and in  
d ioxane -w ate r so lvent com positions a t sa tu ra tion  vapo r 
pressure. Com parison  w ith  experim ent is reasonable, 
and th is  is accom plished w ith  resu lts on M g S 0 4 on ly  
a t sa tu ra tion  vapo r pressure in  water, together w ith  
the p ressure-vo lum e properties o f w ater and the  den- 
s ity -w t  %  properties of d ioxane -w ate r so lvents. H o w 
ever, be tte r agreement w ith  experim ent was ob ta ined  
from  the use on ly  o f a com plete constant approach, 
where on ly  tw o constants, K° and k, are requ ired. T h e  
deta iled  m athem atica l descrip tion  does no t therefore 
l im it  the usefulness of K°, whereby a conside rab ly  
sm a lle r num ber of constants (or parameters) are needed 
to  describe eq u ilib r ium  (or ion iza tion ) behav io r in  so l
ven t system s than  b y  approaches where the so lven t 
is no t considered a reactan t of v a riab le  a c t iv it y  (in  
moles per lite r  where C(so lute) -*■ 0).
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Figure 3. C ontrasts in the dependence o f  i f  (m olar ion iza tion ) on  the fu gacity  and m olar concentration  o f  w ater over extrem e ranges 
o f  tem perature, pressure, and d iox an e-w ater com position . F rom  K values o f ( I )  K unze, F uoss (1963 ); ( I I )  Quist, M arshall (1968); 
( I I I )  A tkinson , H allada (1962); ( IV )  D unsm ore, Jam es (1951); (V )  Fisher, D avis  (1965); (V I )  Fisher (1962 ); and (V I I )  H am ann, 
Strauss (1955). A ll values o f  log  K fo r  sets V  and V I  were norm alized to  those o f I I I  and IV , as done fo r  F igure 2.

Mathematical Description of A Complete Constant
T h e  fo rm  of a com plete constant can be obta ined 

m a them atica lly  from  a deta iled  descrip tion  of a con
ven tiona l ion iza t io n  constant representing ion iza tion  
eq u ilib r ia  in  so lven t media. A  conventiona l ion iza 
t io n  constant m ay be w ritten

I X '( M aq+ ) £ ^ ( A aq-)
+ « A -  _  __________________ i V _______________  -g.

a MA° £ C , ( M A aq°)
i

C(so lute) — »- 0

where u n its  o f concentra tion  (C) have been substitu ted  
fo r a c t iv ity  (a) as the  concentra tion  of so lute approaches 
zero and where each sum m ation  represents a p a rt icu la r  
class o f so lute species of v a ry in g  extents o f so lvation . 
F o r  exam ple

£  C V (M aq+) = C m + +  C m w + +
>'=o

Cmw2+ +  •■•Cmw„+ (4)
where M +, M W + , M W 2+, . . .M W ,+ represent pos itive  
ions and W  represents the so lven t molecule. The  
usua l eva lu a tion  o f a conven tiona l constan t does not. <fr
d is tingu ish  between these separate ly  so lva ted species 
bu t ra the r considers on iy  the sum of the concentrations 
of the  separate species in  each class as described b y  eq 
4.

In  o rder to  describe e xp lic ity  a conven tiona l ion iza 
t io n  constant b y  mass action  equ ilib r ia , th is  constant 
m ay  be eva luated on the  basis of stepw ise so lva tion  
processes. F ro m  k in e t ic  theory, th is  requ irem ent 
w ou ld  appear to  app ly  fo r any fo rw ard  (or reverse) 
reaction  process when more th an  tw o molecules (or
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ions) of reactan t species fo rm  a p roduct species. A  
series of so lva tion  reactions fo r an in it ia l unso lvated 
neu tra l m olecu le (M A ) , pos it ive  ion  (M +), and nega
t iv e  ion  (A - ) can be represented b y  the  fo llow ing  series 
o f reaction  equ ilib r ia , where K f ,  K f ,  ■ ■ ■ K f ,  K ib, 
K b,■ ■ ■ K b, K f ,  K 2,■ ■ K v0 are the separate so lva tion  
constants

MA +  W MAWi K f

MAWi +  W MAW2 A,»

MAW(1_i) +  W ^  MAW( K t•

M+ +  W MWi+ Ktb

MWi+ +  W MW2+ K 2b

MWw + +  W MW„+ K b (5)

A - +  W A W r K f

A W r +  W AW2- K ?

AW(t_i)-  +  W AW,“  ’ K vc

T h e  concentrations of the separate neu tra l so lute species 
are g iven  b y

C m a  = M A

C mawi =  K i ' M A - W  (6)

C m  a w * =  K f K f M A  ■ W 2 =  K t + M A - W *

C m a w , =  k t* ' M A  ■ W ‘

where brackets denoting concentra tion  are om itted  
from  the righ t-hand  term s and K t** represents the p rod
u c t of the separate so lva tion  constants up to  the num 
ber t. T h e  concentrations in  the  classes of pos it ive  
and negative  so lute species are described s im ila r ly . 
T h e  sums of these concentrations in  the  separate classes 
are now  substitu ted  in to  eq 3 to  g ive

K =  [M+][l +  iC1bW +  A2*bWH------K u*bW u] X
[ A - ] [ l  +  K fW  +  K 2*°W2 +  ■ ■ 1 / r ]  

[M A ][1  +  K f W  +  A 2*aW 2 +  • • -K ^ W 1] ( }

where A 2*a = K f - K f ,  K 2*h = Ahb ■ K 2h, etc. T a k in g  
the n a tu ra l log a rithm  of eq 7 and rearrang ing y ie lds

T ab le  I :  C alcu lated Values (F irst T reatm en t) o f th e M ola r 
Solu bility  P rod u ct [A sp(m o les /lite r )2j o f  A n hyd rous C alcium  
Sulfate a t Zero Ion ic  Strength from  T h e  Solu b ility  in  W ater 
o f B lou n t and D ick son , 6 and R equired Densities,
D ie lectric C onstants, and D eb y e -H iick e l L im iting S lopes; 
100-300° at Pressures to  1000 Bars

Temp, Pressure, Density, Dielectric
D ebye-
Huckel

log -Ksp 
(plotted in

°C bars g cm -3 constant® slope6 Figure 1)

1 0 0 1 . 0 1 c 0 .9 5 8 5 5 .4 0 .6 0 1 - 5 . 1 5
1 0 0 500 0 .9 8 0 5 7 .2 0 .5 7 9 - 4 . 7 5
1 0 0 1 0 0 0 1 . 0 0 0 5 8 .8 0 .5 6 1 - 4 . 4 4
150 4.76* 0 .9 1 7 4 3 .9 0 .6 9 0 - 6 . 0 2

150 500 0 .9 4 2 4 5 .5 0 .6 6 3 - 5 . 5 7
150 1 0 0 0 0 .9 6 5 4 7 .1 6 .6 3 7 - 5 . 2 1
2 0 0 1 5 .5C 0 .8 6 5 3 4 .6 0 .8 1 0 - 6 . 9 4
2 0 0 500 0 .8 9 7 3 6 .6 0 .7 5 8 - 6 . 4 1
2 0 0 1 0 0 0 0 .9 2 4 3 8 .0 0 .7 2 7 - 6 . 0 0

250 3 9 .8 ' 0 .7 9 9 2 6 .7 0 .9 8 5 - 7 . 9 0
250 500 0 .8 4 2 2 8 .8 0 .9 0 5 - 7 . 3 3
250 1 0 0 0 0 .8 7 8 3 0 .7 0 .8 4 0 - 6 . 8 1
300 8 5 .9 ' 0 .7 1 2 1 9 .7 1 .2 87 ( — 8 .8 9 ) ‘
300 500 0 .7 7 7 2 2 .5 1 .0 9 8 - 8 . 2 6
300 1 0 0 0 0 .8 2 4 2 4 .5 0 .9 9 5 - 7 . 6 5

° V alues o f d ie lectric constant estim ated , 46 excep t at saturation  
va p or  pressure. b D eb y e -H iick e l lim itin g slope based on  ion ic 
strength  in  units o f m ola lity  (see tex t). '  Saturation  v a p or  pres
sure o f  pure water. d V alue in parentheses n ot included in F igure 
1  since the value o f so lu b ility  used fo r  its determ ination  was o b 
tained b y  a rela tively  lon g extrapolation  (see T a b le  2 o f B lou n t 
and D ick son 6).

In K  = In +  In [1 +  K ,bW  +  K 2*bW2 +
[M A ]

• • - K u*bW u] +  In [1 +  K ? W  +  A 2*°W2 +
• • -K ^ W ’ ] -  In [1 +  K fW  +  A 2*aW 2 +

■■ ■ K t* * W ‘ ] (8)

B y  d iffe ren tia tin g  eq 8 w ith  respect to  In W  a t con
s tan t tem perature (T ), we ob ta in

[KFW_ +  2 K 2*bW2 +  • • -uKu*bWu]
[1 +  K J W  +  A 2*bW 2 +  • • -K u*hWu] +

[K fW  +  2 A 2*°W2 +  • • ■vK^W'1]
[1 +  K fW  +  K 2*°W2 +  • • • A V W ']

[K fW  +  2 A 2*aW 2 +  • ■ -tKi^W1]
[1 +  K ?W  +  K2**W2 +  • • -Kt+W*] (

rem em bering in  the d iffe ren tia tion  th a t (dW/d In W)T 
= W  and th a t the  firs t te rm  on the r igh t-hand  side in  
eq 8, representing on ly  anhydrous species, is indepen
dent of changes in  so lven t concentration . Aga in , i t  
shou ld  be em phasized th a t C(so lute) a lw ays approaches 
zero.
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The  second, th ird , and fou rth  term s on the righ t- 
hand side of eq 9 correspond m a them a tica lly  to  the 
average num ber o f m olecules o f so lva tion  on the  posi
t iv e  ions, negative  ions, and  neu tra l molecules, respec
t iv e ly . T h is  observa tion  fo llow s b y  m u lt ip ly in g  bo th  
the denom inator and num era to r o f these three term s 
in  eq 9 b y  [M  + ], [A - ], and [M A ] , respective ly , w ith  
the consideration  o f eq 6. Thus

/ d  In K \
\ t t a w ) r - m + n - J - k  <10)

where m, n, and j  are substitu ted  fo r the corresponding 
term s in  eq 9 representing average so lva tion  num bers. 
B y  d iffe ren tia ting  eq 8 w ith  respect to h yd ro sta tic  pres
sure (P) a t constant tem perature, we ob ta in

/ d  In K \
V d P  ) T =  +  n ~  ^  =  k13

where /J is the com p ress ib ility  o f the so lvent.
E q u a t io n  9 shows th a t  k and thus K° cannot be exact 

iso therm a l constants as the so lven t concentra tion  is 
va ried  where C (solute) 0. A t  the extreme double
lim it , fo r example, where (.'(solvent W ) 0 in  add i
t io n  to  C(so lute) -*■ 0, we find  th a t (d In K /b  In W)T 
or k a lso approaches zero. [Th is doub le l im it  cou ld  
be approached experim en ta lly  fo r so lu te -so lven t equi
lib r ia  in  aqueous supe rcrit ica l flu id s or in  gaseous m ix 
tures in  general, b u t of course no t fo r liq u id  w ater as 
so lven t a t low  tem perature. ] Neverthe less, the param 
eter k is now  m a them a tica lly  defined to  represent the 
net difference in  average so lva tion  num bers between 
the p roduct and reactan t so lute species in  the equi
lib r iu m  a t the p a rt icu la r  pressure o r concentration  of 
so lvent where the  d iffe ren tia ls o f eq 9-11 are obta ined. 
Therefore, a g iven va lu e  of K° as defined b y  eq 1 or 2 
app lies exactly  on ly  a t a p a rt icu la r  pressure, or con
cen tra tion  o f so lven t [again, where C (solute) —► 0]; 
th a t is, the  slope o f In K  vs. In W  a t P  g ives the va lue  
of k (at P ) necessary to  ca lcu la te  K° (at P). T h e  in 
tegra tion  of eq 10 o r 11 thus y ie ld s eq 1 o r 2 where K° 
and k m ust be rep laced b y  K° (P ) or k (P) to  show the 
dependency on pressure and where the tem perature 
is a lways he ld  constant. Neverthe less, w ith in  the 
precision of pub lished  experim enta l measurements, 
K° and k have been found to  rem a in  constant over 
w ide ranges of so lven t concentra tion  at constant tem 
perature (F igures 1-3). A  suggested reason fo r th is  
approx im ate constancy, w h ich  makes the  concept use
fu l, is g iven in  a la te r section.

Complete Constants in Mixed Solvents. T h e  m athe
m a tica l descrip tion  of K° fo r so lute behav io r in  m ixed 
solvents, where the  several so lvents se lective ly  so lvate 
the so lute species, is considerab ly  more com p lica ted 
than  the above descrip tion  w ith  a sing le so lvent. F o r  
th is  paper, therefore, a s im p le r descrip tion  of the step
w ise so lva tion  eq u ilib r ia  of a s ing le so lute species (A)

in  a m ixed so lvent (W  and Z) w il l suffice to show the 
m athem atica l fo rm  th a t w il l be obta ined on treatm en t 
of ion iza t ion  equ ilib r ia  in  m u lt ip le  so lvents. In  th is  
treatm ent, we sh a ll assume th a t the ana ly t ica l con
cen tra tion  of an anhydrous species A  can be determ ined 
bu t th a t the so lvated species of A  o f d ifferent extents 
of so lva tion  are ind ist ingu ishab le  b y  our ana ly t ica l 
method. T h e  observed so lva tion  constant K (solv) is 
then  described by

J2C t(A , so lvated)

K(SOlV> = C (A , anhydrous) (12)

C'(solute) — > 0

Stepw ise equ ilib r ia  can be w ritten , w h ich  fo r s im 
p lic ity  are lim ited  to  a sm all, f in ite  num ber of steps

A  +  W  A W  K C

A W  +  W T ±  a w 2 k c

A  +  Z  A Z  K 3d

A Z  +  Z  A Z 2 K<d

A W  +  Z  A W Z  K C

A Z  +  W ^ 1  A W Z  A 6d

(13)

B y  substitu tin g  in to  eq 12 the  sum  of the concentra
tions of the va rious so lva ted species defined b y  the 
above set o f equ ilib ria , we ob ta in

A (so lv )  =
[AW ] +  [AW ,] +  [AZ] +  [AZ,] +  [AW Z]

[A]

[A ](.Ki*W +  K^K^W 2 +  K zdZ +
K/KidZ2 +  KidK &dW-Z)

[A]

= K xdW  +  AidA2dTF2 +  K sdZ +
K/K^Z2 +  KCK-dW-Z  (14)

T a k in g  the na tu ra l log a rithm  of eq 14 and d iffe ren tia t
ing  w ith  respect to  In W  a t constan t tem perature y ie lds

/ ò  In K  (solv) \

V ò ln  W ) t =ò In W
(KidW +  2AidA 2dW2 +  K-dK,dW-Z)

0KxdW +  KidK 2dW2 +  K/Z  +
K 3dK,dZ2 +  KxdK-dW-Z)

(K3dZ +  ‘¿K/KjZ"1 +  KCKCW-Z)
(KCW +  KSK^W2 +  K/Z  +

K zdK,dZ- +  KJKJW-Z)

+

/ ò  In Z  \  
\b  In Wj-j

r +  s
/  ò  In Z  \  
U  In IT  A (15)

rem em bering again th a t (d lT /d  In W)T — IT, and 
th a t  (bZ/b In W)r = Z (d  In Z/b  In W)T. T hu s in  
th is  s im p le  example, the firs t te rm  on the r igh t-hand
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side o f eq 15 corresponds m a them atica lly  to the  average 
extent of so lva tion  of the so lva ted  species b y  so lven t 
W  and the second term , respective ly , corresponds to 
the average extent of so lva tion  b y  so lven t Z  m u lt ip lie d  
b y  (d In Z / d  In W)T. The  le tters r  and s are used to 
represent these two average extents of so lva tion  th a t 
do no t in c lude  the anhydrous species A  w h ich  is con
sidered a separate, a n a ly t ic a lly  d istingu ishab le  species 
in  eq 12.

E q u a t io n  15 shows th a t r and s are functions of so l
ven t concentrations and of the separate va lues of the 
va riou s so lva tion  constants. How ever, a t a constant 
m ixed so lven t com position  and constant pressure, r 
and s are constants, and eq 15 can be in tegra ted  to 
y ie ld

d ( ln  A ( s o lv ) ) r  = r (d In W)T +  s(d In Z)T
In A (so lv )  = In A°(so lv) +  r  In W  +  s In Z

A °( so lv) = K(so\v)/(WrZ !) (16)

where A 0(solv), a com plete constant, orig inates from  
the  constan t of in tegration , In A 0(solv), under the 
above restric tions.

T h e  fin ite  num ber o f steps of so lva tion  g iven b y  eq 
13 is  v e ry  sm a ll com pared to  the rea l s itu a tio n  where 
the average so lva tion  num bers r and s w il l be expected 
to  have va lues m uch greater than  2, the m ax im um  pos
s ib le  num ber w ith  the lim ite d  steps of eq 13. F o r  ion 
iza tio n  eq u ilib r ia  in vo lv in g  neutra l, po s it ive  ion, and 
negative  ion  so lvated species, the m a them atica l trea t
m ent w il l y ie ld  the same fo rm  as eq 15 fo r the separate 
classes (for example, the neu tra l so lva ted molecules, 
and  pos it iv e  and negative so lva ted ions) of so lute species 
from  w h ich  b y  com b ina tion  of these separate equations 
(s im ila r to  eq 15) w il l y ie ld

A 0 = K/{W kZv) (17)

where k and p represent net changes in  the num ber of 
molecules of so lva tion  b y  W  and Z, respective ly , on 
ion iza tion  of a substance M A (so lv a te d ) of average 
se lective so lva tion  to fo rm  tw o  ions M (so lv a te d )4- and 
A (so lv a ted )-  o f average se lective so lvation . E q u a t io n  
17 is the fo rm  of the re la tion sh ip  g iven  elsewhere3 fo r 
ion iza t io n  behav io r in  a b in a ry  m ixed so lvent system  
where bo th  so lvents se lective ly  so lva te  the so lute 
species. W hen  more th an  tw o reactive  so lvents are 
present, a re la tion  s im ila r  to  eq 17 is read ily  derived 
b y  the same m athem atica l process of eq 12-16.

Use of Concentration of Solvent Where C(Solute) 
Approaches Zero

Application of Gibbs-Duhem Relation. W hen  the 
so lute species are in  th e ir  reference states, as defined 
herein, the use of concentration  fo r the a c t iv ity  o f a 
sing le so lven t in  eq u ilib r ium  expressions m ay be ju s t i
fied th rough  consideration  o f the G ib b s -D u h e m  rela
tion . W here (w — 1) com ponents (tha t is, the so lute

components) are treated idea lly , the  rem a in ing  com 
ponent can also be treated to  behave accord ing to  the  
form of an idea l substance.8“ T o  show th is  re la t ion 
sh ip  where concentration  is used in  an eq u ilib r iu m  ex
pression, the G ib b s -D u h em  re la tion  m ay be w ritten , 
a t constant tem perature and pressure

W

n id p i = — 2] iijdpu (18)
1 = 2

where n i is the num ber o f moles o f so lven t in  a u n it  of 
constant vo lum e (V) con ta in ing  n 2 +  m +  • ■ • nw moles 
of com ponents 2, 3, • • • w. T h e  chem ica l po ten tia ls  are 
represented b y  m- W ith  the re stric tion  o f id e a lity  fo r 
so lute species, eq 18 m ay now  be w ritten

nidpi = —R T  £  n t d  In ( ^ )  (19)

W

= - R T  £  dnt (20)
i  =  2

w
= + R T  dn i, since 2 ] dnt = 08b (21)

¿=i

D iv id in g  bo th  sides b y  the constant vo lum e, V, rear
ranging, and in teg ra ting  y ie ld s

(^ )d w  = RT  d ^  (22)

dm = R T  d In W  (23)

M i = M i°(P) +  R T  In Ct (24)

where n\/V  is equal to C\, the concentra tion  o f the so l
vent, and where the concentration  o f so lute appoaches 
zero. Th e  standard  state p o ten tia l is g iven  here as 
a function  o n ly  of pressure (P) since in  th is  paper we 
have considered on ly  iso therm a l equ ilib r ia . I f  tem 
perature also is a llow ed to va ry , th is  standard  sta te  
po ten tia l m ust be expressed as a fun c tion  bo th  o f tem 
perature and pressure [/i°(T,P) ]. R e iss derives a s im 
i la r  re la tion sh ip  where m ole fractions of com ponents 
are used instead of concentrations.8“ A  un ique d iscus
sion of a c t iv ity , of standard  state po ten tia ls as func
tions o f bo th  pressure and tem perature, and also of 
so lvents th a t m ay be treated as in e rt so lvents (as as
sumed here and p rev iously  fo r dioxane) is g iven in  c r it i
ca l de ta il b y  Re iss .8“

D e fin ing  the fo rm  of id ea lity  fo r a so lven t in  so lu te - 
so lvent eq u ilib r ia  in  m u lt ip le  so lven t system s b y  means 
of the  G ib b s -D u h e m  re la tion  does not appear to  be 
app licab le  since the m ixed so lvent consists of more than  
one com ponent. F o r  these so lven t systems, the defi
n it io n  th a t the reference state of each so lven t species

(8) (a) Howard Reiss, “ Methods of Thermodynamics,” Blaisdell 
Publishing Co., New York, N. Y ., 1965, Chapter IX , pp 142-146; 
(b) ibid., pp 129-132, eq 8.61.
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w ill be taken  as its  concentration  in  the p a rt icu la r (pure) 
so lvent m ixtu re  m ust suffice.

Consideration of Solvent Fugacity. F o r  observed 
conventiona l ion iza tion  constants expressed b y  eq 7, 
or fo r the complete constant w h ich  is obta ined d ire c tly  
from  the  va ria tio n  of the conventiona l constant w ith  
so lvent concentration , one m igh t consider us ing fugac ity  
(/) instead o f concentration  of the so lvent species in  the 
mass action  expression. A  d iscussion on th is  subject 
is g iven elsewhere.4 How ever, we now  have a m athe
m atica l expression fo r k (eq 9, 10) in to  w h ich /(so lven t) 
can be substitu ted  fo r W. W ith  th is  substitu tion , 
/(so lvent) m ust also be considered to  have been con
ta ined in  eq 7 fo r the conventiona l constant. E q u a t io n  
2 prov ides a slope (/;) fo r log  K  vs. log C h 2o th a t  is es
sen tia lly  a constant a t 500-700° (See F igu re  3) over a 
range of C h so of abou t 0.5 log a rithm ic  u n it  (base 10). 
The  fugac ity  of w ater over th is  range of Ch 2o varies 
also b y  about 0.5 log a r ithm ic  u n it  b u t w ith  a d ifferent 
fo rm  (F igu re  3) th a t y ie ld s a w ide ly  v a ry in g  slope fo r 
log K  vs. log / hzo- I t  therefore is ev ident th a t replace
m ent b y  fugac ity  o f the concentra tion  of so lvent as 
inc luded  in  the expression fo r K  (eq 7) increases the 
com p lex ity  o f descrip tion.

Experimentally Observed Isothermal Constancy 
of K° and K

A  va lue  o f k, a lthough shown m a them atica lly  no t 
to  be a constant, fo r m any  eq u ilib r ia  is experim enta lly  
constant at constant tem perature over a -wide change 
in  concentration  o f so lven t (water). T h is  observation  
o f constancy m ust mean th a t on ly  a ve ry  few  so lvated 
species of successive so lva tion  num bers com prise the 
m a jo r ity  m ole fra ction  o f each class of solute. The 
existence o f a v e ry  w ide  range o f so lvated species 
in  each class w ou ld  be ind ica ted  b y  a large change in  
the va lue  o f k w ith  change in  the concentration  o f sol
ven t at constant tem perature; th is  behav io r is no t ob
served. Neverthe less, i t  m igh t be possib le th a t  w ide 
ranges cou ld  exist fo r a ll classes whereby, upon chang ing 
the so lvent concentration , un ique ly  s im u ltaneous 
va ria tio n s in  m, n, and j  of eq 10 w ou ld  e ffective ly  y ie ld  
a (nearly) constan t va lue  fo r k. T h is  uniqueness w ou ld  
seem to be u n like ly , and therefore the firs t exp lanation  
appears to  be more reasonable to  account fo r the ex
pe rim en ta l constancy of k (and of K°) at constant 
tem perature.

T h e  va lue  o f k, however, changes ra the r ra p id ly  w ith  
tem perature, a t least fo r the ion iza t ion  o f sod ium  ch lo
ride  in  water, u n t i l a tem perature of about 400° is 
reached.9 F ro m  eq 9, k is considered to  be a function  
of the concentra tion  of w ater and of the m any separate 
so lva tion  constants; these so lva tion  constants are taken  
to  be independent o f pressure bu t to  van^ w ith  tem 
perature. T h e  m arked  change in  k w ith  chang ing 
tem perature, b u t no t w ith  chang ing so lvent concentra
t io n  a t constan t tem perature, im p lies th a t va ria tion s

w ith  tem perature o f the separate so lva tion  constants 
as g iven in  eq 9 produce the m a jo r change w ith  tem 
perature in  the va lue  of k.

I f  o n ly  one so lva ted species exists in  each class of 
neu tra l molecules, pos it ive  ions, and negative  ions, 
k shou ld be m athem atica lly  independent of both tem 
perature and pressure in  accordance w ith  eq 9 (or eq 
17 — k and p). In  add it ion  k (or k and p) shou ld be 
an integer, representing the change in  the num ber of 
molecules of so lva tion  fo r a single reaction  process. 
T h is  behav io r m igh t appear to  ex ist fo r the several 1-1 
sa lts (N aC l, N a B r , N a l)  in  w ater as so lvent in  the 
range of tem perature 400-800° where k is essentia lly  
an in teger (10) th a t is independent bo th  o f tem perature 
and pressure.10

Solvent Separated Ion-Pair Theory
So lven t separated ion -pa ir theo ry  states th a t the 

ion iza t ion  of a sa lt in  so lven t m edia m ay occur in  three 
m a jo r steps, whereby one and tw o molecules o f so lvent 
(water) successively separate the ca tion ic  and an ion ic 
p a rt o f a neuoral sa lt m olecu le to  fo rm  d istingu ishab le  
ion -pa irs before fu ll separation to  fo rm  the tw o so lvated 
ions. T h is  theory, firs t proposed b y  E ig en  and 
T a m m ,11 can be described b y  the fo llow ing  equ ilib r ia  
fo r the ion iza tion  of a sa lt l ik e  M g S 0 4 in  w ater so lvent

K u  K z3 K n

M g S 0 4 ^  M g (W )S 0 4 M g (W W )S 0 4 ^

Steps: I I I  I I I

M g 2+(aq) +  S 0 42~(aq) (25)

where w ater (W ) is no t in c luded  as a reactan t of v a r i
ab le concentration . F ro m  these equ ilib ria , the fo llow 
ing  expression fo r a conventiona l ion iza t io n  constant 
A '(Mgso4) is derived

K '
C llg^~^ (^a.q)C Q o f  (aq)

(MgSOi)
C,Mg(WW)SC'i +  C M g(W )S04 +  F llgS O j

(26)

(/(solute) 0

K iìK ìsK u 
1 +  K m +  K n K Si

(27)

w h ich  corresponds to  the rec ip roca l o f the  equation 
g iven b y  A tk in so n  and P é tru cc i fo r the  conventiona l 
association constant fo r th is  process.12 T h e  sym bols 
fo r the constants of the stepw ise eq u ilib r ia  are the same 
as those presented p rev iou s ly ;11' 12 steps I, I I , and I I I , 
however, are reversed.

T o  describe these stepw ise eq u ilib r ia  in  term s of sep
arate, com plete constants and C h 2o, eq 27 can be w ritten  
in  the fo llow ing  fo rm

(9) (a) L. A. Dunn and W . L. Marshall, J. Phys. Chem., 73, 2619
(1969); (b) A. S. Quist and W . L. Marshall, ibid., 72, 684 (1968).
(10) L. A. Dunn and W . L. Marshall, ibid., 73, 723 (1969).
(11) M . Eigen and K . Tamm, Z. Elektrochem., 66, 93, 107 (1962).
(12) G. Atkinson and S. Pétrucci, / .  Phys. Chem., 70, 3122 (1966); 
see their eq 13.
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(MgS°4) 1 +  Ku°CHloh +  K ^ K 3i>Cmo(e+h) ( }

where h, g, and e represent net changes in  so lva tion  
num bers th a t  in c lude  the so lven t separating  the ion- 
pa irs and  K°34, A °23, and K '\2 are com plete constants 
th a t are iso th e rm a lly  independent o f va ria tio n s in  Ch 2o 
fo r each o f the  steps I, I I , and I I I ,  respective ly . T h e  
assumed v a r ia t io n  o f each stepw ise conventiona l con
stan t in  eq 27 as described in  eq 28 is  analogous to th a t 
fo r va ria tio n s in  the ove ra ll conventiona l constan t where 
fo r the ion iza tion  of M g S 0 4 (aqueous)

A< Mgsoo = K°Catok (29)

and where k is the net change in  so lva tion  num bers for 
the o ve ra ll process (see F ig u re  2). F ro m  the va lues 
o f E ig en  and Tam m  fo r standard  vo lum e changes (A F )  
at 25° and 1 ba r of — 3, — 14, and 0 cm 3 m o l-1,11 v a l
ues o f h, g, and e of 3.7, 13.4, and 0 were ca lcu la ted  fo r 
steps I, I I , and I I I , respective ly . T h e  num bers 3.7 
and 13.4 are to be contrasted w ith  the im p lied  num 
bers 1 and 1 fo r steps I  and II, respective ly . T h e  
ca lcu la tions were made w ith  the equa tion13

k = -A V /(R T p ) +  1 (30)

where the integer 1 arises from  the use o f va lues o f A F  
obta ined from  va ria tio n s of K  in  m o la l un its  w ith  pres
su re ,1311 where h, g, o r e is substitu ted  fo r k, where fi, 
the com p ress ib ility  of water, was taken  to  be 45.89 X  
10~6 a tm -1 a t 1 ba r (25°),14' 16 and where R  is the gas 
constan t and T  is the  abso lute tem perature.

W ith  pub lished va lues of A 34, A 23, and K 12 a t 25° 
and 1 ba r of A tk in so n  and P e tru c c i,12 the earlier, s im 
ila r  va lues o f E ig en  and T a m m ,11 in c luded  also in  the 
paper of A tk in so n  and P e tru c c i,12 and the  above values 
o f h, g, and e from  w hich A 34°, A 23°, and K n° are ob
ta ined  w ith  equations analogous to  eq 29, va lues of 
A'tMgso.) were ca lcu la ted  a t pressures to  2000 bars 
us ing P V T  tab les g iven elsewhere16 fo r the conversion 
from  pressure to  C H2o. In  add ition , va lues of A ' {Mgso,) 
were ca lcu la ted  w ith  eq 28 fo r low  concentrations of 
water, as in  d ioxane -w ater so lvents; densities fo r re la t
ing  C h 2o to  w t %  H 20  m ay  be ob ta ined  from  several 
sources.17 A  cu rve  describ ing  these ca lcu la ted  values 
of A ' (MgSo,) is com pared in  F igu re  4 w ith  experim enta lly  
determ ined va lues o f F ish e r in  w ater a t pressures to 
2000 ba rs18 and w ith  some values o f D unsm ore  and 
Jam es in  d ioxane -w ate r so lvents at sa tu ra tion  vapor 
pressure.19 Inc luded  also is a s tra ig h t lin e  obta ined 
from  ca lcu la ted  values of A (Mgso,) w ith  eq 29 where the 
va lu e  o f k has been ad justed to g ive the best o ve ra ll f it 
to  bo th  sets of experim enta l va lues of A (Mgso,). [In 
F igu re  2, k = 9 was selected to  f it  bo th  A (Mgso() and 
A(Mnso,) fo r the best consistency. How ever, w ith  greater 
w e igh ting  of the tw o values of A (Mgso() in  d ioxane-w ater, 
k = 8.2 appeared to g ive the best f it  fo r A (Meso,) alone.] 
In  F igu re  4, a ll ca lcu la ted  and experim enta l va lues of

A(MgsOd) (or A'fMgso,)) were no rm alized to  a log  A (Mgso,) 
o f — 2.40 and — 2.42, respective ly, at 1 ba r b y  add it ion  
of a constant A (log  A (Mgso())to each log A (Mgso4) in  a pa r
t ic u la r  set. M a n y  separate ly  pub lished  va lues of log 
AstgsOi a t 25° and 1 ba r have va ried  between — 2.2 and 
— 2.4 as referenced elsewhere;20 a va lue  o f — 2.40, how 
ever, appears to  p rov ide  the best consistency w ith  v a l
ues a t o ther tem peratures.20

There  appears to be reasonab ly good agreement be
tween the three-step (five constants requ ired, A 34°, 
A 23°, A i2°, h and g; e is zero) and the m u lt is tep  (un
defined num ber, b u t w ith  on ly  two constants, A 0 and 
k°, requ ired) com plete constant approaches, a lthough 
add it ion a l w ater molecules of so lva tion  m ust be added 
in  reaction  steps I  and I I  of the three-step process (eq 
25). How ever, between the  tw o treatm ents a be tte r 
f it  to  experim ent is obta ined th rough  the  use o f the 
m u lt is tep  approach w ith  on ly  A 0 and k requ ired  (line  
A  o f F igu re  4). A  la ck  of fu ll agreement cou ld  be ex
p la ined  b y  some errors in  the  assigned va lues of A 34, 
A 23, A i2, A F 34, A F 23j and A V12 a t 1 ba r o f the  E ig e n -  
T am m  theory . D isagreem ent w ou ld  also be expected 
i f  species o the r than, o r in  add it ion  to, those g iven b y  
eq 25 are present in  s ign ifican t concentra tion  a t equ i
lib r ium . A d d it io n a l steps w ou ld  need to  be added to  
the  eq u ilib r ia  of eq 25, w ith  the  necessity fo r add it ion a l 
constants in  eq 27 and 28. Neverthe less, ca lcu la tions 
b y  bo th  approaches f it  experim enta l va lues re la t iv e ly  
well, w ith  som ewhat be tte r agreement b y  the  tw o- 
constant treatm ent.

Concluding Comments
T h e  consideration  of equ ilib r ium  behav io r o f solutes 

in  term s of in te rac tion s w ith  so lven t p robab ly  is  the 
m ost im po rtan t aspect of e lectro ly te  and none lectro ly te  
so lute chem istry. In  recent years, m any  authors have 
considered and discussed the so lvent as a reactan t u n 
der the above circum stances bo th  in  experim enta l s tud 
ies and in  th eo ry .2-4'21-31 T h e  d istingu ished  theore ti-

(13) (a) See ref 4, eq 13; (b) see ref 4, p 348.
(14) F. J. Millero, R. W . Curry, and W . Drost-Hansen, J. Chem. 
Eng. Data, 14, 422 (1969).
(15) G. S. Kell and E. Whalley, Phil. Trans. Roy. Soc. London, 258, 
565 (1965).
(16) (a) W . E. Sharp, University of California Report No. UCRL- 
7118 (1962); (b) C. W . F. T . Pistorius and W . E. Sharp, Amer. J. 
Sci., 258, 757 (1960).
(17) I. D . McKenzie and R. M . Fuoss, J. Phys. Chem., 73, 1501 
(1969) plus previous papers by R. M . Fuoss and coworkers; V. S. 
Griffiths, J. Chem. Soc., 1326 (1952); E. Tommila and A. Koivisto, 
Suom. Kemistilehti B, 21, 18 (1948); F. Hovorka, R. A. Schaefer, 
and D. Dreisbach, J. Amer. Chem. Soc., 58, 2264 (1936); ibid., 59, 
2753 (1937); J. A . Geddis, ibid., 55, 4832 (1933).
(18) F. H. Fisher, J. Phys. Chem., 66, 1607 (1962).
(19) H . S. Dunsmore and J. C. James, J. Chem. Soc., 2925 (1951).
(20) W . L. Marshall, J. Phys. Chem., 71, 3584 (1967).
(21) E. U. Franck, Z. Phys. Chem. (Frankfurt am Main), 8, 107, 192 
(1956).
(22) M . Levy, C. R. Trav. Lab. Carlsberg, Ser. Chim., 30, 291, 301 
(1958); M . Levy and J. P. Magoulas, J. Amer. Chem. Soc., 84, 1345 
(1962).
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DIOXANE ( w t % )  
10 0 1

PRESSURE (bars) 
1000 2000 4000
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e
*

1.64 1.66 1.68 1.70 1.72 1.74 1.76 1.78 1.80
log [C H2o (m oles /liter)]

Figure 4. C om plete  con stant con cep t (L ine A )  com pared w ith  use o f  com plete constants com bined  w ith  solvent-separated ion-pair 
th eory  (three step process o f E igen  and T am m , 1962) (L ine B )  fo r  ca lcu lating ion ization  constants (aqu eous) o f MgSCfi in 
d iox an e-w ater solvents a t saturation v a p or  pressure and in  w ater to  2000 bars at 25°.

cal trea tm en t o f M c M i l la n  and M a y e r32 is concerned 
p r in c ip a lly  w ith  m u lticom ponent in te ractions th a t 
inc lude  the so lvent as a component, where the theo re ti
ca l equations are based on num bers of “ set”  species 
per u n it  o f vo lum e. M o s t  recently , several authors 
and books have rev iew ed the lite ra tu re  on so lu te -so l
ven t in te ractions in  great d e ta il.33-86 I t  is be lieved, how 
ever, th a t the in trodu c t io n  o f successive, mass action  
so lva tion  reactions ( like  the  sets of eq 5) to  ob ta in  a 
m a them atica lly  defined net change in  so lva tion  num 
bers has no t been presented p rev iou s ly  fo r so lu te -so l
ven t equ ilib r ia . W h ile  the descrip tion  o f the ac tiv it ie s  
of p a rt icu la r  classes o f so lute species as described in  eq 
3 m ay be se lf-evident, the qu an tita t ive  resu lt of th is  
m u ltip le , mass action  approach (eq 3-9) seems to  stress 
fu rth e r the  im portance  o f in co rpo ra ting  the  so lven t 
as a reactan t o f va ria b le  a c t iv ity  in to  a com plete equi
lib r iu m  expression.

In  a ll d iffe ren tia tions w ith  respect to  pressure (or In 
W) in  th is  paper, the tem perature was he ld  constant be-

(23) D . J. Glover, J. Amer. Chem. Soc., 87, 5275, 5279 (1965).
(24) R. Gaboriaud, Ann. Chim. (Paris), 2, 201 (1967).
(25) Y . Kondo, H. Tojima, and N. Tokura, Bull. Chem. Soc. Jap., 40, 
1408 (1967); Y . Kondo, Y . Honjo, and N. Tokura, ibid., 41, 987 
(1968); Y . Kondo, M . Uchida, and N. Tokura, ibid., 41, 992 (1968).
(26) F. Aufauvre, “ Etude du Comportement des Anilines dans l’eau, 
l'acetone et les melanges eau-icetone,” Doctor of Physical Sciences 
Thesis, Faculty of Sciences, Univ. of C'ermond-Ferrand, France, 
Oct., 1969.
(27) H . C. Helgeson, Amer. J. Sci., 267, 729 (1969).
(28) R. V. James and E. L. King, Inorg. Chem., 9, 1301 (1970).
(29) R. L. McDonald and T H. Hufen, J. Phys. Chem., 74, 1926
(1970).
(30) E. M . Woolley, D . G. Hurkot, and L. G. Hepler, ibid., 74, 3908
(1970) ; K . P. Anderson, E. A. Butler, and E. M . Woolley, ibid., 75, 
93 (1971).
(31) R. G. Bates, Electroanal. Chem. Interfacial Elecirochem., 29, 1
(1971) ; S. Goldman, P. Sâgner, and R. G. Bates, J. Phys. Chem., 75, 
826 (1971).
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cause under th is  cond ition  the m any separate so lva tion  
constants of eq 5 cou ld be taken  to  rem ain  constant. 
E q u a t io n  8 can also be d iffe rentia ted w ith  respect to 
1 /(T, ° K )  a t constant pressure fo r substitu tion  in to  
the  v a n ’t  H o ff isochore, (c) In K/b(l/T )')P = — A ll/R , 
where AH  is the standard  change in  en tha lpy  and R  is 
the gas constant. T h e  fin a l equation, however, is con
s ide rab ly  com plex because a ll separate so lva tion  con
stan ts m ust also be taken  to  v a ry  w ith  tem perature; 
therefore, th is  de riva tion  was not presented. In  add i
tion , the  expected large change in  k w ith  tem perature 
(at 25-300°) in troduces a question concern ing the ac
tu a l sign ificance o f the determ ined values of the conven
t io n a l therm odynam ic function  AH  (and also of AS, the 
standard  change in  entropy). B y  correct app lica tion  
of the  v a n ’t  H o ff isochore, i t  m ust be accepted th a t  the  
reaction  s to ich iom etry  does not v a ry  w ith  tem perature. 
F o r  com plete equ ilib r ia  the above expected large change 
in  k w ith  tem perature w ou ld  no t sa tis fy  th is  re s tr ic t io n .4 
D ete rm ined  va lues of AH  and o f AS p rov ide  not on ly  
the  differences in  these standard  state therm odynam ic 
functions between so lute reactants and p roducts bu t re
flect also differences in  so lu te -so lven t in te ractions be
tween reactants and products. These effects of so lvent 
are q u a lita t iv e ly  ev ident from  the d iv e rs ity  of behav io r 
of AH  and of AS th a t are obta ined from  the va ria tio n  
w ith  tem perature of conventiona l ion iza tion  constants 
of aqueous e lectro lytes.

T h e  trea tm en t o f so lu te -so lven t eq u ilib r ia  presented 
here prov ides a descrip tion  b y  m any separate so lva tion  
constants. How ever, experim enta l observations show 
th a t these m any constants are not requ ired fo r a sa tis
fa c to ry  descrip tion  o f so lu te -so lven t eq u ilib r ia  over 
w ide ranges o f pressure and m ixed so lven t com position. 
T h e  experim enta l constancy of k (and of K°) ce rta in ly  
ind ica tes tha t there m ust not be a w ide range of sol
va ted  species fo r each o f the va rious classes of species 
as defined b y  equations lik e  eq 4. O n ly  the  net change 
in  so lva tion  num bers (k) and K° fo r a g iven e lectro ly te  
a t a g iven  tem perature appears to  be requ ired fo r most 
app lica tions. Consequently , the com plete mass action, 
or chem ical, approach shou ld continue to  be usefu l fo r 
describ ing iso therm a l behav io r of so lute ion iza t ion  con
stants and fo r p rov id ing  add it ion a l in s igh t in to  so lu te - 
so lven t in te ractions.

Appendix
The Solubility Product (Kap) of Calcium, Sulfate at 

Zero Ionic Strength from Its Solubility. B lo u n t  and 
D ic k so n  recen tly  have pub lished m o la l so lub ilit ie s  (s') 
o f anhydrous ca lc ium  su lfa te  in  w ater and in  aqueous 
so lu tions o f sod ium  ch loride  a t tem peratures from  100 
to  450° and at pressures from  vapo r sa tu ra tion  to  1000 
bars.6 In  order to test a log [Wsp(m oles/Iite r)2] vs. log 
C h 2o re la tion sh ip  fo r ob ta in ing  a com plete constant, 
th e ir  m o la l so lub ilit ie s (s') to  300° were converted to 
so lu b ility  products [Q 'sp (m o le /1000 g o f so lven t)2 =

(s ')2] at the various ion ic  strengths (/), w h ich  were then  
extrapo la ted b y  means of extended D e b y e -H u c k e l 
theory  to  va lues [K '8p (m ol/1000 g of so lven t)2] a t zero 
ion ic  streng th .37 W ith  densities of w ater as a fun c t io n  
of tem perature and pressure,16 the va lues o f K 'sp ob
ta ined  were converted to  m o la r s o lu b ility  p roducts 
[Kbp (moles per lite r )2] fo r p lo tt in g  as shown in  F igu re
1. Severa l papers have been pub lished  recen tly  on the 
above typ e  of extrapo la tion  from  experim en ta lly  ob
ta ined  m o la l so lub ilit ie s  of C a S 0 4 (and its  tw o hydrates) 
a t 0-350° and sa tu ra tion  vapo r pressure in  w ater and 
in  1-1 e lectro ly te  sa lt so lu tions.38-41 In  these studies, 
the so lub ilit ie s  of C a S 0 4 were fitted  to  the  fo llow ing  
equation  a t constant tem perature

log [QsP' at I] = log [Ksp't I  = 0] +

8 S V '/ / ( 1  +  A spV l )  + B I  -  C P  (31)

where the ion ic  strength I  is in  u n its  o f m o la lity , S is 
the D e b y e -H u c k e l lim it in g  slope based on I  in  m o la l 
u n its  fo r a m onova lent ion  [8 S is the com b ined va lue  
fo r a 2 -2  e lectro ly te], and A sp, B  and C  are ad justab le  
param eters th a t  v a ry  o n ly  w ith  tem perature. F ro m  
the  prev ious stud ies38-41,42 the param eters B  and  C 
were taken  to  be essentia lly  zero at 100-350°, and v a l
ues o f H sp were g iven  as 1.59 at 100° and 1.60 a t 125- 
350°.

F o r  m ak ing  the above ca lcu la tions o f log  K sp from  
the so lub ilit ie s  of C a S 0 4 of B lo u n t and D ick son , va lues 
of the D e b y e -H u ck e l slopes (based on m o la l u n its  fo r 
I) a t the va rious tem peratures and  pressures were ob
ta ined  from  the theo re tica l expression fo r S (m o la l), as 
in c luded  in  the treatise  of H a m e d  and O w en,43 w ith  the  
use of densities16 and experim enta l44 and estim ated46

(32) W . G. McMillan and J. E. Mayer, J. Chem.. Phys., 13, 276 
(1945).

(33) B. E. Conway, “ Physical Chemistry, An Advanced Treatise,” 
Vol. IX A , Henry Eyring, Ed., Academic Press, New York, N . Y ., 
Chapter 1, 1970.
(34) J. E. Desnoyers and C. Jolicoeur, “ Modern Aspects of Electro
chemistry,”  No. 5, J. O’M . Boekris and B. E. Conway, Ed., Plenum 
Press, New York, N . Y ., Chapter 1, 1969.
(35) J. F. Coetzee and C. D. Ritchie, Ed., “ Solute-Solvent Interac
tions,” Marcel Dekker, New York, N . Y ., 1969.
(36) S. Petrucci, Ed., “ Ionic Interactions from Dilute Solutions to 
Fused Salts,”  Vol. 1, Academic Press, New York, N . Y ., 1971.
(37) Note: In a previous paper (ref 3), extrapolations to zero ionic 
strength of relatively low solubilities of particular salts were not 
made, and these solubilities probably should have been evaluated on 
the basis of zero ionic strength.
(38) W . L. Marshall, R. Slusher, and E. V. Jones, J. Chem. Eng. 
Data, 9, 187 (1964).
(39) W . L. Marshall and R. Slusher, J. Phys. Chem., 70, 4015 (1966).
(40) C. C. Templeton and J. C. Rodgers, J. Chem. Eng. Data, 12, 536 
(1967).
(41) W . L. Marshall and R. Slusher, ibid., 13, 83 (1968).
(42) W . L. Marshall and E. V. Jones, J. Phys. Chem., 70, 4028 (1966).
(43) H . S. Harned and B. B. Owen, “ The Physical Chemistry of 
Electrolytic Solutions,” Reinhold, New York, N . Y ., 1958, pp 164- 
166.
(44) G. C. Akerlof and H. I. Oshry, J. Amer. Chem. Soc., 72, 2844 
(1950).
(45) A . S. Quist and W . L. Marshall, J. Phys. Chem., 69, 3165 (1965).
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d ie lectric  constants at the  separate tem peratures and 
pressures. T h e  va lues of log  K ap be lieved to  be the 
best were ca lcu la ted  from  the  sm oothed (w ith  fitted  
equation) so lu b ility  va lues o f B lo u n t and D ic k so n  in  
w ater on ly  fo r each cond ition  of constant tem perature 
and pressure th rough  the use of eq 31, w ith  the va lues 
o f A 8p g iven above and B  and C equa l to  zero (first 
treatm ent). These ca lcu la ted  va lues o f log K sp, w h ich  
are p lo tted  in  F ig u re  1, are g iven in  T ab le  I  together 
w ith  the ca lcu la ted  va lues o f the D e b y e -H iic k e l slopes 
and eva luated densities and d ie lectric  constants th a t 
were used. W hen  the  B lo u n t-D ic k s o n  so lub ilit ie s  in  
sod ium  ch loride  so lu tions were included, w ith  the  use of 
eq 31 and a non linear least-squares (N L L S )  treatm ent, 
a ll ca lcu la ted va lues o f log A sp were abou t 0 .1-0 .2 log
a r ithm ic  un its  less negative  th an  those from  the  firs t 
treatm ent. In  th is  second treatm en t, a ll fou r param 
eters (K 'sp, A sp, B, C) were a llow ed to  ad just to  g ive the 
best f it  a t each tem perature and pressure. W hen  A sp 
was restric ted  to  1.60 (1.59 a t 100°) and B  and  C a l
lowed to adjust, the ca lcu la ted  va lues o f log  K sp ob
ta ined from  the use o f a ll so lub ilit ie s  a t a constan t tem 
perature and pressure were about 0 .1-0.2 loga rithm ic  
un its  more negative  th an  those from  the firs t treatm ent. 
S ince there were no reported sm oothed so lub ilit ie s  in

A pplication  of Significant  Structures T heory

so lu tions con ta in ing  between 0 and 1 m N a C l,  the  firs t 
trea tm en t was preferred M a n y  so lub ilit ie s  in  so lu
t ion s of added e lectro ly te  m o la lity  between 0 and 1 m 
w ou ld  appear to  be requ ired fo r a re la t ive ly  v a lid  trea t
m ent b y  eq 31 where A ep, B, and C are also determ ined 
s im u ltaneously .

In c lu s ion  of an associated species, C a S 0 43, d id  not 
appear to  be ju stif ied  under the circum stances o f these 
ca lcu la tions, a lthough association constants fo r the fo r
m a tion  of C a S 0 4° at sa tu ra tion  vapo r pressures and 
tem peratures of 0-350° have been considered and given 
elsewhere.39'46 47 How ever, i t  is  be lieved th a t the sol
u b il it y  o f anhydrous ca lc ium  su lfa te  is su ffic ien tly  low  
a t the  h igh tem peratures (100-350°) th a t th is  associa
t ion  behav io r does no t have an appreciab le effect on the 
values of log K sp g iven in  T ab le  I  and  p lo tted  in  F igu re
1. Com parisons o f pub lished  va lues fo r the ion  so lu
b i l it y  p rodu ct46'47 w ith  the fo rm a l s o lu b ility  constant 
(where association is no t in c luded )38'40 -42 of C a S 0 4 at 
100-300° show agreement w ith in  about 0 .2-0.4 loga
r ith m ic  un its.

(46) L. B. Yeatts and W . L. Marshall, J. Phys. Chem., 73, 81 (1969).
(47) A . W . Gardner and E. Glueckauf, Trans. Faraday Soc., 66, 1081 
(1970).
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Using significant structures theory, the thermodynamic properties of benzene, o-xylene, m-xylene, and p-xylene 
have been calculated in the normal liquid region (melting point to critical point). W ith  the use of a single 
partition function the thermodynamic properties of toluene and ethylbenzene have also been calculated for the 
normal as well as the supercooled liquid region. The entropy of melting disappears near the glass transition 
temperature for the supercooled liquids. A  new method of parameter determination is proposed for liquids 
comprised of complex molecules.

Introduction
S ign if ican t structu res theo ry  has been successfu lly  

app lied  to  a large num ber o f liq u id s  and l iq u id  m ixtures 
con ta in ing  re la t ive ly  s im p le  m olecu les.1-5 T h is  w o rk  
investigates the  the rm odynam ic  properties o f the 
no rm a l l iq u id  and supercooled l iq u id  regions of a 
fam ily  o f benzene ring -con ta in ing  com pounds: ben
zene, toluene, ethylbenzene, o-xylene, m -xylene, and 
p-xylene. In  an earlie r paper6 the v iscous flow  and 
glass tra n s it io n  tem peratures of the supercooled mono-

substitu ted  a lky lbenzenes were discussed. T h is  leads 
to  an in te resting  po ss ib ility  th a t  a sing le p a r t it io n

(1) H. Eyring and M . S. Jhon, “ Significant Liquid Structures,” 
Wiley, New York, N. Y ., 1969.
(2) E. J. Fuller, T . Ree, and H. Eyring, Proc. Nat. Acad. Sci. U. S., 
45, 1594 (1959).
(3) S. Chang, H. Pak, W . Paik, S. H . Park, M . S. Jhon, and W . S. 
Ahn, J. Korean Chem. Soc., 8, 33 (1964).
(4) K . Liang, H. Eyring, and R. P. Marchi, Proc. Nat. Acad. Sci. 
U. S„ 52, 1107 (1964).
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fun c t io n  m ay poss ib ly  extend s ign ifican t structures 
theo ry  to  the supercooled l iq u id  region.

S ign ifican t structures theo ry  (see re f 1) recognized 
the fo llow ing  as the m ost im po rtan t con tr ibu tion s to 
l iq u id  structu re : (1) o sc illa ting  or so lid like  molecules;
(2) the pos itiona l degeneracy o f the so lid lik e  molecules; 
and (3) tran s la t in g  or gaslike molecules.

T h e  p a r t it io n  fun c tion  / i  fo r a mole o f l iq u id  can be 
w ritte n  as

. / . = (fa)NV-/V(fs)N(V- V’)/V (1)

where N  is  A vogad ro ’s num ber, f s and f g are the p a r t i
t io n  functions fo r the so lid lik e  and gaslike molecules, 
respective ly . F  and F s are the m o la r vo lum es of the 
l iq u id  and so lid , respective ly . F s/ F  represents the 
fra c t io n  of so lid lik e  molecules w h ile  ( F  — F » ) / F  
represents the fra c t io n  of gaslike molecules.

S ince the tem peratures considered were fa r from  
0 ° K , even fo r the supercooled regions, the E in s te in  
perfect crys ta l o sc illa to r p a r t it io n  fun c tion7 was used 
fo r the so lid . How ever, P au lin g 8 suggested th a t below  
a ce rta in  tra n s it io n  tem perature ro ta tiona l degrees of 
freedom  in  the so lid  are frozen in to  lib ra t io n a l modes 
fo r so lids th a t exh ib it h igh  entrop ies o f fus ion  (i.e.,
8 -9  eu ). S ince a ll the compounds stud ied  exh ib it h igh  
entrop ies o f fusion, the num ber o f degrees of freedom  
assigned to  E in s te in  osc illa to rs was increased from  
three to  six. The  p a rt it io n  fun c tion  fo r the so lid lik e  
molecules then becomes

fs = exp(E,/RT)[1 -  e x p ( - 0 / r ) ] - 6[ l +
N I

n ( F  -  F s) / F s exp(~aEaVs/(V  -  V,)RT)] I I
i = 1

N i l

I I  [1 -  exp(-hvi/kT)} (2) 
3=1

E s is the sub lim a tion  energy; R  is the gas constant; 
T  is  absolute tem perature; 6 is the E in s te in  characte r
is t ic  tem perature; n and a are dim ensionless param ete is 
in  the so lid lik e  degeneracy term . N I  is  the num ber of 
side cha in  rotors; I, is the reduced m om ent o f in e rt ia  
of the a lk y l side cha in  ro tor; <rm is the sym m etry  
num ber o f the side cha in  ro tors; k is  B o ltzm an n ’s 
constant; and h is P la n c k ’s constant. N i l  is  the 
num ber o f v ib ra t io n a l degrees o f freedom  and the 
Vi’s are the in te rna l v ib ra t io n a l frequencies.

T h e  p a r t it io n  fun c tion  fo r the gaslike  molecules is

/ ,  = (2TrmkT)3/2/h3(eV/N)[8T2(8Tr3A B C y /i](kTy/l/crh*
N I N i l

I I  {&**IikT)l/t/ v J i  I I  [1 ~  exp i-h v i/kT -1)] (3)
»' =  1 3 = 1

where m is  the mass o f the m olecule; A, B, and C are 
the m om ents o f in e rt ia  fo r the molecule; and a is  the 
sym m etry  o f the molecule.

F ro m  the rm odynam ics,9 H e lm h o ltz  free energy, A, is 

A = - k T  In f i (4)

H e lm h o ltz  free energy can then  be d iffe ren tia ted  w ith  
respect to  tem perature and vo lum e and  y ie ld  the vapo r 
pressure, P, entropy, S, heat capac ity  a t constan t 
vo lum e and pressure, Cw and C P, respective ly , co
efficient of the rm a l vo lum e expansion, a, and  the 
coefficient of vo lum e com press ib ility , /?.

Determination of Parameters
T h e  p a rt it io n  function , f\, depends on five  pa ram 

eters: Eg, 6, Fs, a, and n. F o r  the s im p lest system s 
these param eters can be ca lcu la ted  a priori,7 or experi
m enta l va lues m ay be used. In  more com p lex system s 
the experim enta l va lues m ay not be adequate ly  know n 
or, as in  the case of w a te r,10 the experim enta l c ry s ta llin e  
so lid  va lues do not represent the “ so lid lik e ”  structu res 
in  the flu id . T h is  is no t su rp ris ing  since c ry s ta llin e  
so lids frequen tly  exh ib it po lym o rph ic  phase tran s it io n s  
as a fun c tion  of tem perature and pressure. I t  is  no t 
u n lik e ly  th a t a “ so lid lik e ”  a rray  of m olecu les in  a 
l iq u id  w ou ld  have considerab ly  d iffe rent p ropertie s than  
the same molecules in  a crysta l. Therefo re  some 
m ethod of param eter de term ination  m ust be used. 
T o  date the “ Seoul techn ique” 3'10 has proved  the most 
popu lar. T h is  m ethod requ ires good experim enta l 
t r ip le  po in t da ta  th a t are not ava ilab le  fo r the com 
pounds stud ied  here.

A  new param eter determ in ing  m ethod is  proposed 
th a t  relies on the fact th a t the l iq u id  p a r t it io n  fu n c t io n  
is v e ry  dependent on the “ so lid lik e ”  degeneracy te rm

1 +  n ( F  -  Fs)/Fs exp [ - a E sVB/ (V  -  Ve)RT] (5)

since w ith o u t th is  te rm  the cond ition  G\ = Gs cannot 
be satisfied. B y  exam in ing eq 4 fo r severa l s im p le  
com pounds p rev iou s ly  s tud ied ,1 i t  was found th a t  the 
ra tio  n /Vs was nea r ly  a constant fo r the in e rt gases, 
methane and n itrogen  (av n /Vs = 0.473). T h e  va lue  
o f aEsVs/R T  was also nea rly  a constan t (av aEsV8/ 
R T  = 1.55). S ince argon is the m odel com pound fo r 
the theo ry  and a substance fo r w h ich  n and  a have been 
theo re tica lly  ca lcu lated, i t  was decided to  use the argon 
va lues o f these ratios.

W e therefore use the experim enta l F s and the ra t io  fo r 
argon to  determ ine nopd.

Tic pd ÎargonFg(Cpd)/Fs(argon) 0.432Fs(cpd) (6)

T o  determ ine a, the experim enta l va lues of E S) F s, 
and Tm, the m e lt ing  tem perature o f the com pounds was

(5) M . S. Jhon, J. Grosh, T. Ree, and H. Eyring, Proc. Nat. Acad. 
Sci. U. S „ 54, 1419 (1965).
(6) G. L. Faerber, S. W. Kim, and H. Eyring, J. Phys. Chem., 74, 
3510 (1970).
(7) A . Einstein, Am. Phys., 22, 180 (1907).
(8) L. Pauling, Phys. Rev., 36, 430 (1930).
(9) H. Eyring, D. Henderson, B. Stover, and E. M . Eyring, “Statis
tical Mechanics and Dynamics,” Wiley, New York, N . Y ., 1964.
(10) M . S. Jhon, J. Grosh, T . Ree, and H. Eyring, J. Chem. Phys., 
44, 1465 (1966).
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used. In  the fo llow ing  re la tion sh ip  1.472 is the va lue  
of aEBVs/RT  fo r argon.

®cpd = lA72RTm/EsVB(0pd) (7)

N o te  th a t n cpd increases w ith  F s(opd), app rox im ate ly  as 
the  num ber o f atom s in  a molecule, and a increases as
1/ F  s(cpd)*

W ith  the experim enta l va lue  o f 6, a t r ia l set of 
param eters are ava ilab le  w ith  w h ich  the phys ica l and 
therm odynam ic properties can be ca lcu lated. T h e ta  is  
adjusted to  g ive the correct en tropy  a t the m e lting  
po in t. E a is  ad justed to  g ive 1 a tm  pressure at the 
experim enta l b o ilin g  tem perature. F in a lly , F s(cpd) is 
adjusted to  g ive the best vo lum es o f the liq u id .

S ince the m o la l vo lum e of the “ so lid lik e ”  p a rt of the 
liq u id  is  tem perature and pressure dependent, the 
fo llow ing  correction  is made

F spt = V  s(opd) [1 +  as (T  — Tm) — /3S(P  — 1)] (8)

where F sPt is  the m o la r vo lum e of the “ so lid lik e ”  p a rt of 
the l iq u id  a t tem perature T  and pressure P. a s and ¡is 
are the coefficients of the rm a l expansion and com pressi
b il it y , respective ly. F o r  benzene, a s is  about 4.5 X  
10-4 ( ° K -1) and /3S is about 8.36 X  10-8 (a tm -1) .11 
T h e  com p ress ib ility  is so sm a ll th a t at 1 a tm  the pres
sure te rm  in  eq 8 can be neglected.

T h e  va lues o f n  fo r com plex molecules are found to  be 
larger than  the num ber of nearest neighbors. The  
degeneracy fac to r n(Vm — F s) / F m fo r a large molecule 
is  no t on ly  due to  trans la tion , b u t the extra vo lum e 
s im u ltaneously  increases the freedom  of ro ta t io n  w h ich  
shows up  as an increase in  n lead ing  to  va lues greater 
than  10.7.

Results of Thermodynamic Calculations
S ign ifican t structu res theo ry  was app lied  to  benzene,

o-xylene, m -xylene, p-xylene, toluene, and e th y l
benzene. The rm odynam ic  ca lcu la tions were made 
from  the m e lt ing  po in t to  the c r it ic a l po in t. S ince 
toluene and ethy lbenzene are know n to  supercoo l,12 
the theo ry  was extended dow n in  tem perature to  the 
experim enta l glass tra n s it io n  po in t.

The  param eters used fo r the ca lcu la tions are found 
in  T ab le  I .13-18 T ab le  I I  lis ts  the per cent standard  
dev ia tion  between observed and ca lcu la ted  resu lts fo r 
the the rm odynam ic  properties over the l iq u id  range. 
T ab le  I I I  lis ts  the ca lcu la ted  and observed properties 
o f to luene and ethy lbenzene as ty p ic a l resu lts in  th is  
study. T ab le  I V 19 lis ts  the ca lcu la ted  and observed 
c r it ic a l properties. T ab le  V  lis ts  the ca lcu la ted  and 
observed m o la r vo lum es and entrop ies o f to luene and 
ethylbenzene in  the supercooled region. F ig u re  1 
shows the ca lcu la ted  and observed m o la r vo lum e vs. 
tem perature fo r benzene, toluene, and ethylbenzene. 
F ig u re  2 g ives p lo ts o f log  (vapor pressure) vs. l/ T  for 
benzene, toluene, and ethylbenzene. T h e  experim en ta l 
data used to  check  the ca lcu la tion s were gathered from  
m any sources.20-40

Figure 1. M olar volum es o f  benzene, toluene, and 
ethylbenzene vs. tem perature.

(11) P. W . Bridgman, Proc. Amer. Acad. Arts Sci., 74, 399 (1942).
(12) A. J. Barlow, J. Lamb, and A. J. Matheson, Pros. Roy. Soc., Ser. 
A, 292, 322 (1966).
(13) E. R. Andrews and R. G. Eades, ibid., 218, 537 (1653).
(14) J. H. Hildebrand and G. Archer, Proc. Natl. Acad. Sci. V. S., 
47, 1881 (1961).
(15) S. G. Biswas and S. C. Sirkar, Indian J. Phys., 31, 141 (1957).
(16) F. D. Rossini, et al., “ Selected Values of Physical and Thermo
dynamic Properties of Hydrocarbons and Related Compounds,” 
Carnegie Press, Pittsburgh, Pa., 1953.
(17) A. I. Kitaigorodskii, B. D. Koreshkov, and E. I. Pikus, Fiz. 
Tverd. Tela., 7, 2843 (1965).
(18) A . I. Kitaigorodskii, Sov. Phys. Cryst., 7, 152 (1962).
(19) K. A . Kobe and R. E. Lynn, Jr., Chem. Rev., 52, 117 (1953).
(20) J. S. Rowlinson, “ Liquids and Liquid Mixtures,” Butterworths, 
London, 1959, p 37.
(21) L. A . K . Staveley, W . J. Tupman, and K . R. Hart, Trans. 
Faraday Soc., 51, 323 (1955).
(22) J. S. Burlow, J. Amer. Chem. Soc., 62, 696 (1940).
(23) R. C. Lord, Jr., and D. H. Andrews, J. Phys. Chem., 41, 149 
(1937).
(24) G. D. Oliver. M . Eaton, and H. M . Huffman, J. Amer. Chem. 
Soc., 70, 1502 (1948).
(25) E. B. Freyer, J. C. Hubbard, and D. H. Andrews, ibid., 51, 759 
(1929).
(26) W . Schaafs, Z. Phys. Chem. (Leipzig), 194, 28 (1944).
(27) K . S. Pitzer and D. W . Scott, J. Amer. Chem. Soc., 65, 803 
(1943).
(28) L. S. Kassel, ibid., 58, 670 (1936).
(29) W . D. Felix, "Technique and Application of the Significant 
Structure Theory to Simple Liquids,” Ph.D. Thesis, University of 
Utah, Salt Lake City, Utah, 1962.
(30) V. Ya. Kurvatov, J. Gen. Chem. (USSR), 17, 1999 (1947).
(31) G. Allen, G. Gee, and G. J. Wilson, Polymer, 1, 456 (1960).
(32) E. W . Washburn, Ed., “ International Critical Tables,” Vol. 3, 
McGraw-Hill, New York, N. Y  , 1928, pp 223, 224.
(33) R. J. Corruccini and D. C. Ginnings, J. Amer. Chem. Soc., 69, 
2291 (1947).
(34) C. Drucker, E. Jimeno, and W . Kangro, Z. Phys. Chem. (Leip
zig), 90, 513 (1915).
(35) D . Tyrer, ibid., 87, 169 (1914).
(36) K . K . Kelley, J. Amer. Chem. Soc., 51, 2738 (1929).
(37) J. C. Marshall, L. A. K. Staveley, and K . R. Hunt, Trans. 
Faraday Soc., 52, 19 (1956).
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Table I : Sum m ary o f L iqu id  Param eters

Va E, 0 ( o b s d ) , '
C o m p o u n d n a V. ( o b s d ) Es ( o b s d ) d e " K " K

Benzene 3 3 . 0 0 0.00101 7 8 . 1 6 7 6 . 8 8 “ 1 0 , 0 3 5 . 7 1 0 , 3 8 3 5 6 . 9 9 5 »

o -X y len e 4 6 . 0 0 0 . 0 0 0 6 0 3 8 1 0 8 . 1 4 1 2 , 9 8 7 . 6 1 3 , 1 4 0 4 6 . 8 6 1 - 8 4

m -X ylen e 4 6 . 0 0 0 . 0 0 0 5 4 9 8 1 0 8 . 7 6 1 0 6 . 9 » 1 2 , 2 1 5 . 7 1 3 , 2 4 3 “ 3 8 . 2 5 8 - 6 8

p -X y len e 4 3 . 8 0 0 . 0 0 0 7 3 7 6 1 1 1 . 5 3 1 0 1 . 9 s 1 1 , 8 5 7 . 5 1 3 , 7 9 7 “ 3 9 . 9 7 2 - 9 1

T olu en e (su percooled) 3 8 . 0 0 0 . 0 0 0 5 6 8 6 9 1 . 2 1 8 7 . 4 8 “ 1 1 , 1 1 7 . 3

7 , 2 5 0 . 0

1 0 , 0 7 0 3 9 . 3

5 7 . 0

6 6 - 8 4

E thylben zen e (su percooled) 4 3 . 6 0 0 . 0 0 0 4 4 0 1 0 5 . 8 5 1 2 , 3 9 5 . 8

9 , 2 0 0 . 0

1 1 , 6 9 5 4 6 . 0

8 8 . 3

5 8 - 8 4

“ See ref 1 3 .  b See ref 1 4 .  c See ref 1 5 .  d See ref 1 6 .  ‘ See ref 5 .  !  See ref 1 7 .  1 See ref 1 8 .

Table I I : Per C en t Standard D ev ia tion “ betw een O bserved 11 and C alcu lated Properties

V, P , Cv, ca l Cp, ca l a X  10*, ß X  10® i
C o m p o u n d c c / m o l a t m S, e u d e g -1  m o l -1 d e g ” 1 m o l -1 °K-1 a t m -1

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

T olu en e 0 . 8 5 5 1 . 6 6.20 1 . 7 5 1 3 . 5 9 3 1 . 0 2 9 . 1

o -X y len e 0 . 5 4 21.6 1 . 6 9 c 1 1 . 8 4 2 4 . 3 3 1 . 1

m -X ylen e 0 . 6 4 4 1 . 5 8 2 . 4 7 1 4 . 0 3 2 5 . 7 2 6 . 4

p -X y len e 0 . 5 0 5 3 1 . 2 7 1 . 2 5 1 6 . 1 6 2 9 . 3 2 9 . 0

E thylbenzene 1 . 4 3 5 0 . 2 6 . 3 4 1 3 . 6 2 6 . 5 9 . 8 5

“ P er cent standard deviation  defined as

.  -  r  ±  ( X~ -  M ' / n f  X  100 
|_» =  1 \  ^-Obsd /  J

b F or  references to  experim ental data  consu lt G . Faerber, P h .D . D issertation, U n iversity  o f U tah , Salt L ake C ity , U tah , 1971. c N o  
experim ental data  available.

Table III : C alcu lated and O bserved Properties

T, ° K P ,  a t m

1 7 8 .1 6  caled 5 .7 3  X  IO “ 7

ob sd
2 9 8 .1 6  caled 3 .7 7  X  IO “ 2

obsd 3 .7 8  X  IO " 2

3 8 3 .7 7  caled 1 .0 36
obsd 1 . 0 0

1 7 9 .2 6  caled 8 .8 8 7  X  IO “ 8

obsd
2 9 8 .1 6  caled 2 .0 6 9  X  IO“ 2

obsd 2 .0 1 3  X  IO“ 2

4 0 9 .1 0  caled 1 .8 9
obsd 1 . 0 0

V, Cv, cal Cp, cal
cc/mol deg-1 mol-1 

Toluene

deg-1 mol'

94 .6 7 18.89 2 3 .99
94 .5 9

105.57 2 8 .07 3 4 .25
106.84 37 .53
117.45 34.97 4 3 .5 2
117.62

Ethylbenzene

44 .0 9

109.65 2 0 .06 25 .0 9
109.65
120.53 30 .9 0 38 .1 5

4 3 .9
139.62 41 .4 3 54.21
139.68

« X 10*. ß X 10®,
S, eu °K-> atra-1

3 7 . 9 9 0 . 5 4 4 2 3 . 7

3 4 . 9 1

5 2 . 3 9 0 . 7 4 9 6 9 . 3

5 2 . 4 0 1 . 0 8 9 0 . 6

6 2 . 1 7 1 . 1 6 0 1 7 1 . 9

1 . 1 8

4 4 . 7 4 0 . 4 8 0 21.8
4 0 . 3 0

6 0 . 9 4 0 . 7 6 4 7 0 . 1 6

6 0 . 9 5 1.01 8 1 . 2

7 5 . 8 3 1 . 5 8 3 2 7 1 . 3

Discussion and Conclusions
Th e  ro to rs on the benzene r in g  have been assumed to  

be free in  our p a rt it io n  function . T h is  is  ce rta in ly  
ju s tif ia b le  in  the case o f toluene, m- and p-xylene. 
T h e  barrie rs fo r the m e thy l ro to r o f to luene has been 
ca lcu la ted  to  be 67 ca l/m o l.41 T h is  is in  accord w ith

(38) G. Jones and F. C. Jelen, J. Amer. Chem. Soc., 57, 2532 (1935).
(39) G. B. Guthrie, Jr., R. W . Spitzer, and H. M . Huffman, ibid., 66, 
2120 (1944).
(40) F. E. Blacet, P. A. Leighton, and E. P. Bartlett, J. Phys. Chem., 
35, 1935 (1931).
(41) W . R. Woolfenden, “ Carbon-13 Magnetic Resonance Analysis of 
Some Alkylbenzenes,” Ph.D. Thesis, University of Utah, Salt Lake 
City, Utah, 1965.
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Table I V : C ritica l P roperties

Calculated Observed®
%

deviation

Benzene T e  9K 590 562 +  5 .0
F„, cc 294 260 +  13 .1
P „, atm 5 9 .6 4 8 .6 +  2 2 .6

T olu en e T o ,  °K 618 594 + 4 . 0
F 0, cc 358 316 +  1 3 .3
P o ,  atm 5 1 .2 4 1 .0 +  2 4 .9

o -X y len e T o , 607 631 - 3 . 8
Vo, cc 409 379 +  7 .9
P o ,  atm 4 4 .1 3 6 .9 +  1 9 .5

m -X ylen e T o ,  °K 644 619 + 4 . 0
Vo, cc 422 393 + 7 . 4
P o ,  atm 4 5 .4 3 6 .0 +  2 6 .1

p -X y len e T o ,  °K 664 618 +  7 .4
Vo, cc 421 366 +  1 5 .0
P o ,  atm 4 6 .9 3 5 .0 +  3 4 .0

E thylben zen e T o ,  3K 573 619 - 7 . 4
Vo, cc 398 374 +  6 .4

“ See ref 19.

P o ,  atm 4 2 .8 3 8 .0 +  1 2 .6

T ab le  V : Results o f V olu m e and E n trop y  Values 
in  the Supercooled R eg ion “ * 550

Entropy, cal deg-1 
/------Volume, ccb------> mol-1

T, "K Toluene
Ethyl

benzene Toluene
Ethyl

benzene

Caled 1 7 9 .2 6  (m p ) 117 .1 4 0 .6
O bsd 1 0 9 .9 4 0 .6 4
Caled 178 .17 9 7 .0 3 4 .9
O bsd 9 4 .7 3 4 .9 '
Caled 170 9 6 .1 1 1 5 .3 3 3 .8 3 8 .9
O bsd 9 3 .9 1 0 8 .9
Caled 160 9 5 .0 1 1 3 .4 3 2 .5 3 7 .1
O bsd 9 3 .0 1 0 7 .8
Caled 150 9 3 .9 1 1 1 .7 3 1 .1 3 5 .4
O bsd 9 2 .1 1 0 6 .9
Caled 140 9 2 .8 1 1 0 .3 2 9 .7 3 3 .6
O bsd 9 1 .2 1 0 5 .8
Caled 130 9 1 .7 1 0 8 .9 2 8 .2 3 1 .7
O bsd 9 0 .3 1 0 4 .8
Caled 120 9 0 .7 1 0 7 .6 2 6 .6 2 9 .8
O bsd 8 9 .4 1 0 3 .7
Caled 113 (T g ) 8 7 .8 2 5 .4
O bsd 8 3 .8
Caled 111 (T g ) 1 0 6 .3 2 7 .8
O bsd 102.8

“ N ew  param eters fo r  supercooled  region : toluene, EB =  7250 
cal, 6 = 5 7 .0 °K ; ethylbenzene, Ea =  9200 cal, 0 =  8 8 .3 °K . 
6 See ref 12. '  See ref 36. d See ref 39.

earlie r workers who c la im  a low  b a rr ie r.42’43 The  
barrie rs in  ca lories per mole fo r the xylenes are m eta
550, para  600, and o rtho  2200.42 So in  the case of
o-xylene our app rox im ation  is no t s t r ic t ly  v a lid . F o r  
ethylbenzene the m e thy l ro to r is assumed to  have a 
ba rrie r o f 3400 ca l/m o l, and the e th y l ro to r is g iven  a

Figure 2. L o g  o f va p or  pressure (benzene, toluene, and 
ethylbenzene vs. l/T.

va lue  o f 1080 ca l/m o l.42 In  th is  case the m e thy l group 
is  c lea rly  no t free.

A lth o u g h  no lite ra tu re  va lues o f as are a va ilab le  for 
any o f the com pounds stud ied  except benzene, the 
ranges o f va lues o f 1.6 to  4.5 ( X  10-4 deg-1) seem 
reasonable since benzene has an as = 4.5 X  10-4 
deg-1 .11

The  va lues of n, as expected, increase w ith  larger 
molecules. La rge  va lues of n arise from  the ro ta t io n a l 
degeneracy as w e ll as tran s la t io n a l degeneracy in  the 
liq u id . T o  get a rough idea of the ro ta t io n a l con
tr ib u t io n  to  the degeneracy, we exam ined the de
generacy fa c to r us ing the param eters fo r v is co s ity  (a 
measure o f the tran s la t io n a l degeneracy).6 T h is  va lue  
was then subtracted  from  the average degeneracy 
fac to r obta ined fo r the the rm odynam ic properties 
(?av = S W s  • ffrot) ■ T h e  co n tr ib u t io n  o f gav fo r 
to luene and ethy lbenzene is about tw ice  as m uch as 
fo r tran s la t io n  alone. T h e  Vs va lues are cons isten tly  
la rger th an  the observed F s fo r the so lid  at the m e lt ing  
po in t. T h is  corresponds to  a change in  pa ck ing  near 
the m e lting  po in t. 6 va lues are not unreasonable when 
we loo k  at the range of observed va lues (see T a b le  I). 
W h ile  the va lues of E , d iffe r from  observed values, th ey  
are no t unreasonable i f  we rem em ber th a t they  app ly  
to  the so lid like  structu re  in  the liq u id .

In  T ab le  I I  i t  can be seen th a t the ca lcu la ted  and 
observed resu lts are in  good agreement fo r m o la r v o l
ume, entropy, and (for the observed) cases of heat 
capac ity  a t constant vo lum e. S ince the heat capac ity  
at constant pressure, coefficients o f the rm a l expansion 
and com p ress ib ility  in vo lv e  the second de riva tive s  of 
the H e lm ho ltz  free energy surface, the range of per cent

(42) W . J. Taylor, D . D . Wagman, M . G. Williams, K . S. Pitzer, 
and F. B. Rossini, J. Res. Nat. Bur. Stand.., 37, 95 (1946).
(43) D. W . Scott, G. B. Guthrie, J. S. Messerly, S. S. Todd, W . T. 
Berg, I. A . Hossenlopp, and J. P. McCullough, J. Phys. Chem., 66, 
911 (1962).
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standard  dev ia tions between 9.6 and 31.1%  seems 
acceptable. T h e  vapo r pressure p red ic tions o f the sub
stances stud ied  are less sa tis facto ry . F ro m  T a b le  I I I  
and  F ig u re  2 it  can be seen th a t the dev ia tion  between 
ca lcu la ted  and experim enta l, a lthough no t sm all, is 
som eth ing lik e  10% a t h igher tem peratures, w h ile  the 
greatest dev ia tion  is a t low er tem peratures. The 
resu lts fo r benzene and m -xylene are en tire ly  acceptable, 
bu t the vapo r pressure resu lts fo r the rem a in ing  com
pounds lie  in  the reg ion o f 20-52%  dev ia tion  and the 
vapo r pressure of com plex molecules m ust be fu rthe r 
stud ied. In  the case o f toluene the low  tem perature 
vapo r p iessure measurements m ay stand  re investiga
t io n  since they  show  a larger dev ia tion  th an  the h igh 
tem perature measurements.

Th e  ca lcu la ted  c r it ic a l properties offer a severe test 
fo r the theory. C om paring  these resu lts w ith  those 
obta ined p re v iou s ly 1 on other substances the resu lts 
are som ewhat im p roved  w ith  the c r it ic a l pressure be ing 
the m ost d iff icu lt to  obta in .

S ign if ican t structu re  theo ry  was extended some 68° 
in to  the supercooled reg ion fo r to luene and e th y l
benzene. To luene and ethylbenzene undergo a glass 
tra n s it io n  a t 113 and 111°K , respective ly . T o  ob ta in  
convergence o f slopes down to  the experim enta l glass 
po in t, i t  was necessary to  v a ry  E a and 9. I t  was 
necessary to  decrease E a, w h ich  is consistent w ith  the 
poorer pack ing  w h ich  occurs in  a supercooled liq u id . 
S ince the in te rm oleeu la r bonds are not as strong and 
there is  wasted space, E a decreases. S ince 9 decreases 
w ith  an increase in  tem peratu re ,17'18’44 i t  is reasonable 
to  fin d  th a t in  the supercooled reg ion 9 increases. T h is  
is  consistent w ith  a t igh ten ing  of the so lid lik e  structure . 
T h e  ca lcu la ted  en tropy at the glass po in t is  h igher than  
the en tropy of the so lid  at th a t tem perature. The  
ca lcu la ted  entropies o f supercooled toluene a t 113°K  
and  ethy lbenzene at 1 1 1°K  are 25.4 and 27.9 eu, 
respective ly . F ro m  in tegra ted  p lo ts of Cp vs. In T  the 
en tropy  o f so lid  toluene is about 18 eu36 and fo r e th y l
benzene the en tropy  is also about 18 eu.39 T h is  
difference allows fo r the residua l en tropy th a t  a glass 
has above the en tropy  o f a c ry s ta l at the same tem pera
ture . T h e  difference in  en tropy from  the m e lt ing  po in t 
to  the glass po in t is 9.52 eu fo r toluene and 12.74 eu 
fo r ethylbenzene. Th e  entrop ies o f fusion are 8.89 
and 12.29 eu, respective ly . T h u s we see th a t a ll of

Figure 3. Schem atic representation o f  the isobaric dependence 
o f en trop y  o f  a substance, in various states, on  tem perature 
(after ref 45).

the en tropy  o f m e lting  has been los t when the l iq u id  is 
supercoo led to  its  glass po in t. E x ten s ive  qu an tita t iv e  
com parisons in  th is  region are not possib le a t th is  tim e . 
S ince as T u rn b u ll45 states, “ There  is  some bu t no t 
m uch in fo rm a tio n  on the the rm odynam ic  properties of 
substances in  th e ir  undercoo led l iq u id  and glass sta tes.”  
T h is  in fo rm a tion  seems consistent w ith  the en tropy  
representation  in  F igu re  3.

In  sum m ary we conclude th a t s ign ifican t stru c tu re  
theo ry  successfu lly  ca lcu lates the the rm odynam ic  and 
phys ica l properties o f the s ix  com pounds investigated . 
Th e  new m ethod of fix ing  param eters w orks successfu lly  
fo r large po lya tom ic  molecules. T h is  m ethod of 
param eter de term ination  can be re ad ily  app lied  to  
o ther series of compounds. T h e  necessarily  lim ite d  
extension in to  the supercooled region y ie lded  q u a lita 
t iv e ly  good resu lts. W e conclude th a t s ign ifican t 
structu re  theory  gives good resu lts fo r com p lex liq u id s .
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T h e  h ea t c a p a c ity  o f  m eta sta b le  N a 2S 0 4( I I I )  h as b een  m easu red  fr o m  15 to  3 0 0 °K . T h ese  d a ta , in  co m b in a 
t io n  w ith  th e  ca lo r im etr ic  h eat o f  tran sition  fro m  stab le  N a 2S 0 4(V ) to  N a 2S0 4( I I I ) ,  a n d  a v a ila b le  ca lo r im etr ic  
d a ta  a t  tem p era tu res  a b o v e  3 0 0 ° K , h a v e  b een  u sed  w ith  th e th ird  law  o f th e rm o d y n a m ics  t o  sh ow  th a t  N a 2S 0 4-
( I I I )  is m eta sta b le  a t  all tem p era tu res  fr o m  0 t o  5 1 7 °K , w here it  is in  eq u ilib r iu m  w ith  N a 2S 0 4(V ), w h ich  has 
itse lf b e c o m e  m eta sta b le . N a 2S 0 4( I I I )  h as p r e v io u s ly  b een  con sid ered  t o  b e  a s ta b le  ph ase  a t  tem p era tu res  
a b o v e  4 5 8 °K . A  ph ase  N a 2S0 4( IV )  w as fo u n d  to  h a v e  an  en th a lp y  co n te n t  75 c a l /m o l  a b o v e  th a t  o f  N a 2- 
S 0 4(V ) a n d  th is  h as b een  ta k en  as th e  h ea t o f  tran sition  fr o m  stab le  N a iS 0 4(V ) t o  s ta b le  N a 2S 0 4(IV ) a t  4 5 8 °K . 
T h e  u p p e r  lim it o f  s ta b ility  fo r  N a 2S 0 4( I V )  w as ta k en  as 5 1 4 °K . T h ese  tw o  tem p era tu res , 458  a n d  5 1 4 °K , 
h a d  b een  fo u n d  to  b e  th e  o n ly  s tab le  tran sition  tem p era tu res  b y  K ra ce k  a n d  G ib son , w h o  u sed  a b o m b  co n 
ta in in g  th e  so lid  in  c o n ta c t  w ith  a q u eou s  so lu tion  t o  o b ta in  equ ilib r iu m . H e a t c a p a c ity , e n tro p y , en th a lp y , and  
free  en erg y  fu n c tio n s  h a v e  b een  ta b u la ted  fo r  N a 2S0 4(V , I V , I I I ,  a n d  I ) .  T h e se  d a ta  p r e d ic t  th a t  N a 2S 0 4( I ) ,  
th e  fo r m  stab le  b e tw een  5 1 4 °K  a n d  th e  m eltin g  p o in t , ca n  u n d erg o  a tran sition , N a 2S 0 4(I )  t o  N a 2S 0 4( I I I )  a t 
5 0 9 °K , in  w h ich  b o th  ph ases are m eta sta b le . T h is  tran sition  tem p era tu re  h a d  a lso  b een  n o te d  b y  K ra ce k  and  
G ib son , u sin g d r y  N a 2S 0 4, a lth ou g h  th e y  a scrib ed  it  to  th e  tran sition  N a 2S 0 4(I )  -*■ N a 2S 0 4( I I ) .

In te rest in  the re la tion sh ip  of the sod ium  su lfa te  sys
tem  to the th ird  law  of therm odynam ics in  th is  labo ra
to ry  started w ith  the d iscovery  of P itz e r  and C o u lte r  2 
th a t the deeahydrate has res idua l en tropy when cooled 
to  lim it in g  low  tem peratures. A fte r  m any o ther h y 
drates had been investiga ted  here w ith ou t the d iscovery  
o f o ther cases o f such res idua l en tropy  i t  seemed desir
able to check the  w o rk  on N a 2S 0 4- 10H2O. The  p r in 
c ipa l reason fo r th is  was the accum ulated experience 
in  th is  labo ra to ry  re la tin g  to  the d iff icu lty  w h ich  can be 
caused b y  assum ing th a t the ove ra ll ana lys is fo r w ater 
in  a hyd ra ted  c ry s ta l g ives a true  account of the phases 
present. B roda le  and G iau qu e3 repeated the w ork  on 
N a 2S 0 4- 10H 2O, in c lu d in g  the heats of aqueous so lu tion  
under cond itions such th a t the  phases were de fin ite ly  
known. T h e ir  experim ents confirm ed the residua l en
tro p y  resu lt o f P itz e r  and  C o u lte r .2 There  was and is 
no reason to  question the  low  tem perature heat capac ity  
measurements of P itz e r  and C o u lte r  on the fo rm  of an
hydrous N a 2S 0 4 (F o rm  V )  stab le  a t o rd in a ry  tem pera
tures. How ever, B ro da le  and G iauque  decided th a t it  
w ou ld  be o f in te rest to  measure the heat capac ity  o f a 
the rm odynam ica lly  unstab le  fo rm  of anhydrous N a 2S 0 4 
(Fo rm  I I I )  w h ich  was be lieved to  resist tra n s it io n  due 
to  slow  reaction  rate. T h e  re la tion sh ip  between the 
N a 2S 0 4(III)  and N a sS 0 4(V ) form s appeared to  offer an 
in te resting  th ird  law  com parison. A lth o ug h  the heat 
capacities and heats o f so lu tion  were completed, a t
tem pts to  com bine the resu lts w ith  the then ava ilab le  
in fo rm ation  at h igher tem peratures in d ica ted  some la ck  
of understand ing w ith  respect to the h igh  tem perature

data. A l l  of our da ta  on N a 2S 0 4(III)  were w ithhe ld  
from  pub lica tion , especia lly  since i t  was genera lly  rea l
ized th a t the trans it ion s above o rd in a ry  tem peratures 
were slow  and m ay have caused error in  the ava ilab le  
h igh  tem perature data.

M u ch  of the earlie r w ork designed to estab lish  phase 
re la tion sh ips c f N a 2S 0 4 was done b y  K ra ce k  and his 
co llabo ra to rs.4-6 K ra c e k 3 stud ied  the N a 2S 0 4 system  
us ing d iffe ren tia l the rm a l ana lys is and m icroscop ic ex
am ina tion  of the d ry  (no more than  0.1%  H 20 )  salt, and 
postu la ted the existence of five  d iffe ren t form s of anhy 
drous N a 2S 0 4 in  order to  exp la in  a ll the features of h is 
observations. H e  labe led  these m od ifica tions w ith  
R om an  num era ls from  Na^SCR® w h ich  c rysta llize s 
from  the m o lten  sa lt to  N a 2S 0 4(V ) w h ich  c rysta llize s 
from  aqueous so lution. U pon  coo ling  Na^SO^I) in  the 
absence of m o isture one a lw ays ob ta in s m etastab le 
N a 2S 0 4(III)  w h ich  can appa ren tly  be kep t in de fin ite ly  
a t room  tem perature i f  kep t abso lu te ly  dry , and w h ich  
is eas ily  detected b y  its  h igh  heat content re la tive  to 
N a 2S 0 4(V ) as was shown b y  P icke rin g ,7 who made heat 
o f so lu tion  measurements in  water.

(1) This work was supported in part by  the National Science Founda
tion.
(2) K . S. Pitzer and L. V . Coulter, J. Amer. Chem. Soc., 60, 1310 
(1938).
(3) G. E. Brodale and W . F. Giauque, ibid., 80, 2042 (1958).
(4) F . C. Kracek, J. Phys. Chem.., 33, 1281 (1929).
(5) (a) F . C. Kracek and R . E. Gibson, ibid., 33, 1304 (1929); 
(b) F . C. Kracek and R . E. Gibson, ibid., 34, 188 (1930).
(6) F . C. Kracek and C. J. Ksanda, ibid., 34, 1741 (1930).
(7) S. U. Pickering, J. Chem. Soo., X L V , 686 (1884).
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M easurem ents on the d ry  sa lt are adverse ly affected 
b y  slow  eq u ilib r ium  and superheating, and it  was not 
possib le fo r K ra ce k  to  assign accurate tem peratures to 
the va rious trans ition s. K ra ce k  and G ib son ,6a using 
d ila tom e try , found th a t the presence of aqueous so lu
t io n  su b stan tia lly  speeds up the transfo rm ations and 
reduces the hysteresis. T h e  l iq u id  apparen tly  pro
v ides a m echanism  fo r re crysta lliza tion , thus enab ling 
easier a tta inm en t o f equ ilib rium . In  the presence of 
aqueous so lu tion  they  observed on ly  tw o transfo rm a
tions corresponding to  three stab le phases. T h e  two 
observed tem peratures were 458 ± l° K a n d 5 1 4  ± 1°K . 
X - R a y  ana lys is b y  K ra ce k  and K san d a6 also detected 
o n ly  three form s of N a 2S 0 4. S ince i t  had been w e ll es
tab lished  from  heat of so lu tion  measurements th a t 
N a2S 04(III)  is form ed when N a 2S 0 4(I) is cooled in  the 
absence of m oisture, K ra ce k  and K san d a  suggested tha t 
the  system  cou ld be represented b y  the re la tion sh ip

458° K 514°K
N a 2S 0 4(V) ^  N a 2S 0 4( lI I )  N a 2S 0 4(I)

w ith  N a 2S 0 4(II) and N a 2S 0 4(IV ) ex isting  on ly  as u n 
stab le  phases. How ever, the present resu lts u t il iz e  the 
th ird  law  of therm odynam ics to  show th a t N a 2S 0 4(III) 
is m etastable w ith  respect to N a 2S 0 4(V ) a t a ll tem pera
tures from  0 to  517°K . N ew  observations also ind ica te  
th a t N a 2S 0 4(IV ) is the stab le phase between 458 and 
514°K .

Schroeder, G ab rie l, and P a rtr id g e8 made so lu b ility  
m easurements of N a 2S 0 4 in  w ater between 413 and 
62 3 °K , and subjected the res idua l so lid  phases to  m i
croscop ic exam ination  w h ich  confirm ed K ra ce k  and 
G ib so n ’s observations th a t in  the presence of aqueous 
so lu tion  N a 2S 0 4 undergoes on ly  tw o transfo rm ations 
near 458 and 5 1 4 °K  correspond ing to three stab le 
phases.

R e cen tly  P au ko v  and L a v re n t ’eva9 heated N a 2S 0 4 
to 350° fo r 1 h r and measured the low  tem perature heat 
capac ity  over the range 13.5 to  2 9 6 °K  on the assum p
tion  th a t it  had been converted to  N a 2S 0 4(III) . T h e ir  
resu lts are in te rm ed ia te  between our measurements on 
N a 2S 0 4(III) and the data  of P itz e r  and C o u lte r  on 
N a 2S 0 4(V ). P a u ko v  and L a v re n t ’eva report th a t 
therm ograph ic ana lys is was used to dem onstrate th a t 
th e ir sam ple of N a 2S 0 4(III) conta ined on ly  traces of 
N a 2S 0 4(V). W e  have l it t le  confidence in  therm o
graph ic ana lys is at the rates o rd in a r ily  used (not sta ted 
b y  P. &  L .), and especia lly  in  a case where the tran s it io n  
is sluggish. T h u s we decided to  test our hypothesis, 
th a t the com position  of the sam ple o f P . & L . was in te r
m ediate between phases I I I  and V , b y  the heat of so lu
t ion  method.

Fo llo w ing  the procedure of P . &  L ., N a 2S 0 4(V) was 
heated fo r exactly  1 h r at 350°. A  heat of so lu tion  
measurement of a po rtion  in  water, at 25°, 2.5 h r la te r 
showed th a t the sam ple conta ined about 96%  N a 2S 0 4-
(III) . T h e  N a 2S 0 4 was a llow ed to stand fo r 8 days,

afte r w h ich  another heat o f so lu tion  m easurem ent 
showed th a t it  conta ined on ly  10% N a 2S0 4(III) .

T h e  above statem ents are based on an accurate  
know ledge of the heat of tra n s it io n  a t 25° between 
phases (V) and (III) . T h is  has been m ost accu ra te ly  
determ ined b y  C o u g h lin ,10 whose sam ple of N a 2S 0 4(III)  
was “ ign ited  at 880° fo r 6 h r ,”  fo llow ed b y  a measure
m ent o f the heat o f so lu tion  in  w ater a t 30°. S im ila r  
heat of so lu tion  measurements b y  C o u g h lin 10 on stab le  
Na^SO^V) con ta in  an erroneous correction  fo r the 
“ 0.105% ”  w ater content of h is sam ple. Be fo re  correc
tion  h is average va lue  fo r the AH  o f so lu tion  to a f in a l 
concen tra tion  of 0.0543 M  a t 30° was — 628.2 ± 1.6 
ca l/m o l. T h e  correction  shou ld have been — 17.1 
ca l/m o l instead of the — 1.4 ca l/m o l g iven  b y  Cough 
l in ,10 lead ing to a va lue  A H  = — 628.2 — 17.1 = — 645 
± 1.6 ca l/m o l. W hen th is  va lue  is  com bined w ith  
C o u g h lin ’s AH  o f so lu tion  fo r N a 2S 0 4(III) , — 1363 ±
3.3 ca l/m o l the AH  of tran s it io n  is found to be

N a 2S 0 4(V) = N a 2S 0 4(III)  (1)

A H 303.15 = - 1 3 6 3  +  645 = - 7 1 8  ±  4 ca l/m o l

U sing  the sm a ll A C P fo r reaction  1 from  the present re
su lts

A H 29s.i5 = 716 ± 4 ca l/m o l (2)

W e m ay also com bine the heat of so lu tion  of N a 2S 0 4-
(V) from  P itz e r  and C o u lte r2 w ith  the heat of so lu tion  
of N a 2S 0 4(III)  measured du ring  the present w ork. 
T h is  in vo lved  the heat of aqueous so lu tion  and low  
tem perature heat capacities on a sam ple w h ich  had 
been heated at ~ 780° fo r 4 days, fo llow ed b y  coo ling  
in  a d rybox  to  produce N a 2S 0 4(III) . T h e  re su lt ing  
heat of tra n s it io n  was in  substan tia l agreement (713 ± 
10 ca l/m o l) w ith  C o u g h lin ’s10 va lue  o f the above heat 
of tra n s it io n  a t 25°.

I t  w ou ld  appear th a t heating  N a 2S 0 4 to  tem peratures 
near or above the m e lting  po int, fo llow ed b y  cooling, 
produces m etastab le N a 2S 0 4(III) w h ich  resists conver
sion to  N a 2S 0 4(V ). How ever, ho ld ing  the substance 
at a tem perature such as 350° m ay leave m any nu c le ii 
of N a 2S 0 4(V), w h ich  cause re c ry s ta lliza tio n  o f the 
N a 2S 0 4(III) . Such a s itu a tion  is no t a t a ll unusua l and 
extra heating  to destroy nu c le ii of an unw anted phase 
is a standard  procedure in  p roducing  a w ide v a r ie ty  of 
unstab le  phases. A lso , i t  is  d iff icu lt to  rem ove a ll of 
the w ater from  N a 2S 0 4 b y  heating  fo r a short t im e  such 
as an hour in  an env ironm ent a t 350°, espec ia lly  when 
the heating  de lay  caused b y  tran s it io n  heat absorp tion  
near 250° is considered. A n a ly s is  of ou r sam ple after 
i t  had been in  an oven at 350° fo r exactly  1 h r showed

(8) W . C. Schroeder, A . Gabriel, and E . P . Partridge, J. Amer. Chem. 
Soc., 57, 1539 (1935).
(9) T . E. Paukov and M . N. Lavrent’eva, Zh. Fiz. Khim. Tsiklu 
Vseukr. Akad. Nauk, 43, 2116 (1969); Russ. J. Phys. Chem., 43, 1185 
(1969).
(10) J. P. Coughlin, J. Amer. Chem. Soc., 77, 868 (1955).
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0.03% of H 20 , whereas P au ko v  and L a v re n t ’eva9 re
port 0.008% of H 20 . S ince there is evidence th a t w ater 
has a ca ta ly tic  effect on the N a 2S 0 4 trans it ion s we con
sider tha t heating to  350° is  insu ffic ien t to  ensure the 
s ta b ility  o f N a 2S 0 4(III) due to w ater content.

Preparation of Na2S04
N a 2S 0 4(III) was prepared by  heating  reagent grade 

Na^SOi at ~ 780° in  a p la t in u m  d ish  fo r 4 days. The 
hot sam ple was rem oved to a d rybox  where it  was a l
lowed to  cool to  room  tem perature. T h e  low  tem per
ature ca lorim eter and the sam ple tubes A  and B  for 
the heat of so lu tion  were a ll f illed  and sealed in  the dry- 
box on M a rch  4, 1958. S ince the experim ents extended 
over a considerable period  they  present an unusual 
oppo rtun ity  to observe the substan tia l s ta b ility  of 
N a 2S 0 4(III) when N a 2S 0 4(I) has been heated to a 
su ffic iently h igh  tem perature to  rem ove w ater and to 
destroy nuc le ii of N a2S04(V ). T h e  s ign ifican t dates 
of experiments w il l be given.

Low Temperature Heat Capacity of Na2S04(IH)
The  low  tem perature ca lo rim eter was the one used 

for our measurements on Na^SCh- 10H2O .3 R e fe r
ences to the type  of ca lo rim eter and  therm om etry  were 
g iven .3 The  m ost com plete descrip tion  of our low  
tem perature ca lorim eters and techniques is  inc luded 
in  “ N otes on A ssem b ly  and E xpe rim en ta l Procedure 
w ith  Low  Tem perature Ca lo rim ete rs.” 11 The  experi
m ental data on Na^SO^III) are g iven in  T ab le  I. The

Table I: Heat Capacity of Na2S04(III)a

T,  ° K Op T,  ° K Op

13.16 0.250 129.03 19.66
15.18 0.383 135.62 20.29
16.83 0.524 142.68 20.94
18.99 0.767 150.73 21.62
21.63 1.104 159.41 22.32
24.42 1.574 167.92 22.97
27.79 2.200 175.94 23.55
31.97 3.077 183.54 24.05
36.23 4.003 191.20 24.58
40.39 4.944 199.24 25.17
44.80 5.982 207.67 25.77
49.74 7.133 215.89 26.29
55.64 8.481 223.71 26.79
62.21 9.912 231.32 27.23
68.15 11.14 238.65 27.64
74.61 12.33 245.93 28.07
82.09 13.66 253.27 28.58
89.78 14.84 260.34 28.88
97.67 15.97 266.99 29.27

105.27 16.96 274.05 29.62
112.64 17.86 281.22 29.93
120.38 18.73 288.72 30.32
127.90 19.54 297.71 30.71

'p in gibbs/mol; M.W. 142.04; 0° = 273.15°K. (gibbs
defined calorie/defined degree.)

sam ple weighed 172.1049 g corrected to  in vacuo weight. 
The  m olecu lar w eight was taken  as 142.04.

The  heat capac ity  of N a 2S 0 4(III) was measured 
over the range 15 -300°K  du ring  the period  M a rc h  31 
to A p r i l  16, 1958. I t  was le ft  a t room  tem perature 
u n t il Septem ber 11, 1958, a t w h ich  t im e  a sam ple was 
rem oved from  the ca lo rim eter and exam ined b y  X -ra y . 
The  exam ination  showed the cha racte ris tic  s tructu re  
of N a2S04(III) and gave no evidence of N a 2S 0 4(V). 
T h is  in  itse lf does no t ru le  ou t the presence of a few 
percent of N a 2S 0 4(V ), b u t if  the low  tem pera tu re  had  
triggered conversion, the period from  A p r i l  to  Septem 
ber 1958 shou ld have produced a detectable am ount of 
N a 2S 0 4(V). A fte r  the sam ple fo r X - r a y  exam ination  
had been rem oved the ca lo rim ete r was stoppered. On 
M a y  20, 1959 the  sod ium  su lfa te  was transfe rred  to  a 
stoppered glass bottle . P ro b a b ly  n e ithe r the stoppered 
ca lorim eter nor the glass bo tt le  was com p le te ly  a ir 
t ig h t aga inst “ b rea th ing”  du ring  the pe riod  u n t il N o v  
4, 1959, a lthough the tem perature was ve ry  un ifo rm  
and any “ b rea th ing”  shou ld have been m in im ized . 
A fte r  the sealed heat of so lu tion  sam ples A  and B  had 
been exam ined, as w il l  be discussed below, i t  was con
sidered of some inte rest to  test the low  tem perature 
sam ple th a t had been a llow ed to  come in to  con tact 
w ith  the und ried  atmosphere. T h e  heat o f so lu tion  
on N o v  4, 1959, corrected to  in f in ite  d ilu t io n  a t 25°, 
was found to  be — 574 ca l/m o l in  good agreement w ith  
the — 560 ± 10 ca l/m o l re su lt of P itz e r  and C o u lte r2 
fo r N a 2S 0 4(V). I t  is  p robab le  th a t  m o istu re  caused 
com plete conversion of the N a 2S 0 4(III)  sam ple  to 
N a 2S 0 4(V) a lthough the chance of N a 2S 0 4(V) nuclea- 
t io n  s ta rt in g  shou ld  be p ropo rtio na l to  the some 100 
g of the o rig ina l sam ple w h ich  rem ained on N o v  4, 1959.

T o  supp lem ent the data  in  T a b le  I b y  resu lts above 
3 0 0 °K  we prefer measurements b y  ad iaba tic  ca lo r im 
e try  over those obta ined b y  d ropp ing  capsu le en
closed samples from  tem perature T to  a ca lo rim ete r at 
o rd in a ry  tem peratures. In  fact, the  several m eta
stab le  states and severe hysteresis of N a 2S 0 4, m ake it  
an excep tiona lly  poor sub ject fo r the drop method. 
Thus, we g ive no w eight to  the  en tha lpy  differences 
obta ined b y  C o u g h lin ,10 us ing th a t techn ique. W e 
have g iven fu ll w e ight to  the data  of S h m id t and Soko
lo v ,12 who used ad iaba tic  ca lo r im e try  fo r bo th  N a 2S 0 4- 
(I I I)  and (V ). T h e y  prepared N a 2S 0 4(III)  from  N a 2- 
S 0 4(I), and since they  made m easurements on N a 2- 
S 0 4(I) to  748° in  a p la t in u m  capsu le w h ich  was not 
“ a ir t ig h t,” 12 we m ay assume th a t th is  sam ple cou ld  
lose w ater and thus was ve ry  d ry . T h e y  state: “ O n
coo ling  in  the absence of m oisture, th is  m od ifica tion  is 
transfo rm ed in to  N a 2S 0 4 ( I I I ) .”  T h e  data  o f P itz e r  
and C o u lte r2 on N a 2S 0 4(V) were used be low  300°K .

(11) “ The Scientific Papers of W illiam F. G iauque,”  Vol. I, D over 
Publications, New York, N . Y ., 1969, pp 332-368.
(12) N . E. Shmidt and V. A . Sokolov, Zh. Neorg. Khim., 6 , 2319 
(1961); Russ. J.Inorg. Chem., 6 , 12 (1961).
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Table II : T h erm od yd a m ic P roperties o f  N a 2S 0 4“

-(F -H S) (H-HS) - (F -H p)1
T C« S T T T c p S T T

S ta b le  NaaS0*(V ) S ta b le NaaSQ*(V) (c o n td )

15 .222 .072 .054 .018 400 34.710 45.343 22.203 23.140
20 .581 .179 .135 .043 410 35.064 46.204 22.512 23.692
25 1.213 .372 .284 .089 420 35.411 47.053 22.815 24.238
30 2.026 .663 .504 .159 430 35.751 47.891 23.112 24.779
35 2.981 1.045 .788 .258 440 36.085 48.716 23.403 25.313
40 4 .054 1.512 1.127 .385 450 36.413 49.531 23.689 25.842
45 5.206 2.056 1 .516 .540 458 36.672 50.175 23.913 26.262
50
55

6.402
7.595

2 .666
3.332

1.944
2.403

.722

.929 S ta b le  NaaSO*(V)

60
70

8 .746
10.851

4.043
5.552

2.884
3 .874

1 .159
1 .678 M etastable NaaS0*(V)

80 12.754 7.128 4.868 2.260 458 36.672 50.175 23.913 26.262
90 14.439 8 .729 5.839 2 .890 460 36.736 50.335 23.969 26.366

100 15.941 10.330 6.776 3.554 470 37.055 51.128 24.244 26.884
110 17.258 11.912 7 .670 4 .242 480 37.369 51.912 24.514 27.398
120 18.441 13.465 8 .519 4.946 490 37.681 52.686 24.780 27.906
130 19.520 14.985 9 .325 5 .660 500 37.989 53.450 25.040 28.409
140 20.502 16.468 10.088 6.379 510 38.295 54.205 25.297 28.908
150 21.397 17.913 10.813 7 .100 512 38.356 54.355 25.348 29.007
160 22.232 19.321 11.501 7 .820 517 38.509 54.728 25.475 29.254
170 23.030 20.693 12.156 8.537 520 38.600 54.952 25.550 29.401
180
190

23.793
24.515

22.031
23.337

12.781
13.380

9 .250
9.957

M etastable  NaaS0*(V)

200
210

25.217
25.871

24.612
25.858

13.954
14.506

10.658
11.352 S ta b le  NaaSO*(IV)

220 26.492 27.076 15.037 12.039 458 36.672 50.339 24.077 26.262
230 27.085 28.267 15.548 12.719 460 36.736 50.499 24.132 26.367
240 27.656 29.432 16.041 13.391 470 37.055 51.292 24.403 26.889
250 28.209 30.572 16.517 14.056 480 37.369 52.076 24.670 27.405
260 28.741 31.689 16.976 14.712 490 37.681 52.849 24.933 27.917
270 29.251 32.783 17.421 15.362 500 37.989 53.613 25.190 28.423
280 29.744 33.856 17.853 16.003 509 38.265 54.294 25.419 28.874
290 30.223 34.908 18.271 16.637 510 38.295 54.369 25.444 28.924
298.15 30.603 35.751 18.603 17.148 514 38.417 54.668 25.545 29.123
300
303.15

30.688
30.831

35.940
36.262

18.677
18.803

17.263
17.459 S ta b le  NaaSO*(IV)

310
320

31.138
31.576

36.954
37.950

19.072
19.456

17.882
18.494 M etastable NaaS 0 *(I ll)**

330 32.001 38.928 19.830 19.098 15 .373 .123 .092 .031
340 32.415 39.889 20.194 19.695 20 .881 .293 .220 .073
350 32.819 40.835 20.549 20.286 25 1.662 .569 .426 .143
360 33.215 41.765 20.895 20.870 30 2.656 .958 .713 .246
370 33.601 42.680 21.233 21.447 35 3.731 1.448 1 .066 .382
380 33.979 43.581 21.564 22.018 40 4 .855 2 .019 1.468 .550
390 34.348 44.469 21.887 22.582 45 6.027 2 .658 1 .909 .749

T Cp____ S
(H-HS)

T Cp____ S
(H-HS) -(F -H o )

T' T T T

M etastable NaaS 0 * (I I I )  (có n td ) M etastable  NaaS0 „ ( I I I )  (c o n td )

50 7 .189 3 .354 2 .379 .975 460 38.784 52.003 24.477 27.525
55 8 .342 4.094 2.869 1 .225 470 39.369 52.842 24.788 28.055
60 9 .436 4.867 3 .370 1 .496 480 40.021 53.678 25.098 28.580
70 11.506 6.479 4.387 2.092 490 40.772 54.511 25.410 29.101
80 13.318 8 .137 5.393 2.744 500 41.667 55.343 25.726 29.617
90 14.879 9.798 6/362 3.435 509 42.644 56.095 26.016 30.079

100 16.280 11.439 7.285 4 .154 510 42.755 56.179 26.049 30.130
110 17.540 13.050 8 .161 4.890 517' 43.696 56.768 26.281 30.487
120 18.698 14.627 8 .991 5.636 520 44.147 57.022 26.383 30.639
130 19.747 16.166 9.779 6.387 *S0* ( I l l )140 20.695 17.664 10.525 7.139
150 21.546 19.122 11.232 7.889
160 22.349 20.538 11.902 8 .636
170 23.105 21.916 12.539 9.377 490 (4 0 .5 6 6 )(5 7 .8 0 0 )(3 0 .1 3 0 )(2 7 .6 7 1 )
180 23.829 23.257 13.146 10.111 500 (4 0 .7 0 2 ) (5 8 .6 2 1 ) (3 0 .3 4 0 ) (2 8 .2 8 2 )
190 24.535 24.564 13.727 10.837 509 40.822 59.348 30.524 28.825
200 25.236 25.841 14.285 11.556 510 40.836 59.429 30.544 28.885
210 25.910 27.088 14.823 12.266 512 40.862 59.589 30.584 29.004
220 26.548 28.309 15.341 12.968 514 40.889 59.748 30.624 29.123
230 27.160 29.503 15.841 13.661
240 27.751 30.670 16.325 14.346
250 28.322 31.815 16.793 15.022 SO *(I)
260 28.877 32.936 17.247 15.689
270 29.421 34.036 17.688 16.349 514 40.889 59.748 30.624 29.123
280 29.955 35.116 18.117 17.000 520 40.968 60.223 30.743 29.480
290 30.481 36.176 18.534 17.643 530 41.059 61.004 30.937 30.067
298.15  30.904 37.027 18.866 18.161 540 41.229 61.774 31.127 30.647
300 30.999 37.218 18.941 18.278 550 41.358 62.532 31.312 31.220
303.15  31.160 37,543 19.067 18.476 600 41.989 66.157 32.175 33.982
310 31.507 38.243 19.338 18.905 650 42.614 69.543 32.954 36.589
320 32.005 39.251 19.726 19.526 700 43.255 72.724 33.667 39.057
330 32.495 40.244 20.105 20.138 750 43.940 75.732 34.329 41.403
340 32.980 41.221 20.477 20.744 800 44.709 78.591 34.953 43.639
350 33.462 42.183 20.840 21.343 850 45.611 81.328 35.552 45.776
360 33.940 43.132 21.198 21.935 900 46.713 83.965 36.141 47.824
370 34.415 44.069 21.548 22.521 950 48.101 86.527 36.732 49.794
380 34.886 44.993 21.893 23.100 1000 49.887 89.037 37.343 51.693
390 35.355 45.905 22.232 23.673 1050 (5 2 .2 1 2 )(9 1 .5 2 5 )(3 7 .9 9 4 )(5 3 .5 3 1 )
400 35.824 46.804 22.564 24.240 1100 (5 5 .2 5 4 )(9 4 .0 2 1 )(3 8 .7 0 6 )(5 5 .3 1 5 )
410 36.292 47.694 22.893 24.801 1150 (5 9 .2 3 8 )(9 6 .5 6 1 )(3 9 .5 0 8 )(5 7 .0 5 3 )
420 36.763 48.574 23.218 25.357 1157 (5 9 .8 8 5 )(9 6 .9 2 2 )(3 9 .6 2 9 )(5 7 .2 9 3 )
430 37.240 49.445 23.538 25.907 1157 M elting  P oin t
440 37.731 50.307 23.855 26.451 SO *(I)
450 38.242 51.156 24.166 26.991

“ C p, S, H / T ,  and F / T  in  g ib b s /m o l (g ibbs =  defined ca lorie /d e fin ed  degree). s A H ° a for N a 2S 0 4 ( I I I )  =  638 c a l/m o l .

Table III: H eat o f Solu tion  o f N a2S 0 4( I I I )  in  W ater at 2 5 .00°“

Sample Date measured W t, g Conen A A V Cor to œ dii. A ff œdil.25°

A M a r 27, 1958 19 .9990 0 .1 69 6 - 1 1 0 7 - 1 6 2 - 1 2 6 9
B O ct 9, 1959 18.5822 0 .1 50 5 - 1 0 9 5 - 1 8 1 - 1 2 7 6

M ean  value and dev ia tion  — 1273 ±  4

“ C on centration  in  m ol/1 0 0 0  g  o f  H 20 .  AH  in ca l/m o l. Sam ple tubes A  and B  were b o th  filled and sealed w ith in  a d ry b ox  on  
M a rch  4, 1958.

Since it  is  w e ll know n  th a t the trans it ion s of N a 2S 0 4 
are sluggish, i t  is  d iff icu lt to  decide w hether the some
w hat lam bda  typ e  m ax im a in  the  heat capacities of 
bo th  N a 2S 0 4(III)  and (V ) are due to  the effects o f slow 
eq u ilib r iu m  on sharp trans ition s, or are tru e  curve 
shapes. F o rtu n a te ly  the decision makes l it t le  d iffe r
ence to  the the rm odynam ic functions g iven in  T ab le  
I I  fo r the m etastable phase N a 2S 0 4(III) . T h e  heats 
g iven b y  Shm id t and Soko lo v12 have ev id en tly  been 
taken  to  correspond to  the areas under the ra the r sharp 
m ax im a w h ich  rise above the basic heat capac ity  curves.

S im ila r ly  the data  of P itz e r  and C o u lte r1 and those 
o f S h m id t and S oko lo v ,12 on N a 2S 0 4(Y) and (I), have 
been com bined to  g ive the the rm odynam ic  functions 
co llected in  T ab le  II.

AH  of Solution Measurements for Na2S04(III)
T h e  ca lo rim eter and procedure fo r m easuring the  

AH  of so lu tion  of N a 2S 0 4(III) in  w ater have been de
scribed p rev iou s ly .8 T h e  data  of Lange and S tre e ck13 
and W a lla ce  and R ob in son14 were used to  correct the  
measurements from  the fin a l concen tra tion  to  in f in ite  
d ilu tio n . T h e  data  are g iven in  T a b le  I I I .

A lth oug h  bo th  sam ple tubes fo r the AH  of so lu tion  
measurements were filled  and sealed a t the same tim e, 
M a rch  4, 1958, Sam ple A  was measured on M a rc h  27, 
1958, b u t Sam ple B  was he ld  u n t il O c t 9, 1959, some

(13) E . Lange and H. Streeck, Z. Phys. Chem., Abt A, 157, 1 (1931).
(14) W . E . W allace and A . L. Robinson, J. Amer. Chem. Soc., 63, 
958 (1941).
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18 months la ter, before so lution. T h e  agreement of 
the AH ’s of so lu tion  o f the  tw o sam ples leaves no doubt 
concerning the s ta b ility  of the  d ry  N a 2S0 4(III)  over 
the above period.

Determination of the Transition Temperature of
Na2S04(V) — Na2SOi(III)

T h e  AH  o f so lu tion  of Na^SO^III) g iven in  T ab le  
I I I  was used above in  com b ina tion  w ith  the  data  of 
P itze r  and C o u lte r2 on N a 2S 0 4(V ) to  g ive 713 ± 10 
ca l fo r the tran s it io n  (V ) -*■ (I I I)  a t 298°K , as men
tioned above. T h e  data  o f C oug h lin 6a have been cor
rected above to  g ive the va lue  716 ±  4 ca l/m o l fo r 
th is  tran s it ion  a t 298°K . W e  prefer to  g ive to ta l 
weight to  the resu lt of C oug h lin  because he made six  
determ inations w ith  a ve ry  sm a ll mean devia tion . 
A lso  the form er Be rke le y  Bu reau  of M in e s  Labo ra to ry  
had long prev ious experience in  aqueous so lu tion  
ca lo rim etry . S ince the heat o f tra n s it io n  is obta ined as a 
difference, it  is preferab le to  g ive com plete w e ight to 
the w ork o f the one experim enter, w ith  one ca lorim eter, 
in  e lim inating  errors w h ich  m igh t be sys tem atica lly  
h igh or low . In  add ition , the com bined w ork  in  th is  
labo ra to ry  b y  P itz e r  and C o u lte r2 and the present 
authors gives a resu lt, 713 ± 10 ca l/m o l, w ith in  Cough
l in ’s sm a ll dev ia tion  a lthough its  possib le l im it  of error 
is  somewhat greater. Thus, we accept the  va lue  716 
±  4 ca l/m o l as the heat o f trans ition .

N a 2S 0 4(V) = N a 2S 0 4(III)

AHms = 716 ± 4 ca l/m o l (3)

U s ing  the en tha lpy  va lues in  T ab le  I I

AH°0 = 638 ca l/m o l (4)

T h e  (F° — H °0) / T  va lues in  T a b le  I I  m ay now  be 
used to  determ ine the  tran s it io n  tem perature of N a 2- 
S 0 4(V) — N a 2S 0 4(III).

AF n AH°0 , A(F° -  H \ )
Y  = 0 = —j r  ------------^-------- (5)

The  tem perature a t w h ich  the above eq ua lity  is 
v a lid  is  found  to be 517°K .

A s  m entioned above, K ra ce k  and G ib sonSa stud ied 
the trans it ion s and vo lum e changes in  N a 2S 0 4 in  the 
presence of w ater in  a bom b, because they  had found 
th a t w ater enabled the a tta inm en t of e q u ilib r ium  con
d itions. In  the  d ry  state the system  d isp lays m arked 
hysteresis. O n  the  basis o f th e ir  resu lts in  the pres
ence of w ater they  suggestedSa th a t a phase to  w h ich  
they  assigned the designation of N a 2S 0 4(IV ) was stab le 
over a sm a ll reg ion be low  45 8 °K . W e prefer to  be lieve 
and w il l  offer evidence in  support of the idea th a t N a j-  
S 0 4(IV ) is stab le  above 458°K , hav in g  been p roduced  
b y  a stab le tra n s it io n  from  N a 2S 0 4(V) a t 458°K . 
K ra ce k  and G ib son  found th a t a stab le  tra n s it io n  to 
N a2S04(I) occurred at 5 1 4 °K  and consistency w ith

Figure 1. F ree energy diagram s fo r  N a 2S 0 4 phases 
I, I I I ,  IV , and V .

the above requ ires th a t  th is  tem perature be assigned to  
the tran s it io n  N a 2S 0 4(IV ) = N a 2S 0 4(I).

Be fo re  proceed ing fu rth e r in  the o rde r ly  ana lys is 
of the several tran s it ion s  i t  is  desirab le to  construct 
a d iagram  for free energy vs. tem pera tu re  fo r the  several 
phases. N a 2S 0 4(V ) w il l  be ta ken  as a zero reference 
fo r free energy a t a ll tem peratures, as is  shown in  F ig 
ure 1.

T h e  ho rizon ta l so lid  lin e  te rm in a tin g  a t 4 5 8 °K , in  
F igu re  1, represents the  stab le  reg ion of N a 2S 0 4(V ). 
T h e  dashed extension above 4 5 8 °K  represents m eta
stab le  N a2S04(V ). T h is  cond ition  is re a d ily  rea lizab le  
in  the d ry  state, as has been dem onstra ted b y  the  ca lo r i
m e tric  measurements of S h m id t and  S o ko lo v ,12 to  
w h ich  we have referred above.

Th e  dashed lin e  fo r N a 2S 0 4(III) , is  d raw n from  
the  th ird  law  trea tm en t of the  ca lo r im e tric  data. I t  
shows the eq u ilib r iu m  between m etastab le  N a sS 0 4(V ) 
and m etastab le  N a 2S 0 4(III)  a t 517°K , w h ich  serves 
as an anchor fo r draw ing  the N a 2S 0 4(I I I)  curve.

K ra ce k  and G ib son6a show  in  th e ir  F ig u re  1 1 a  tra n 
s it io n  in  the presence of a sa tu ra ted  w ate r so lu tion  
w h ich  has a vo lum e increase a t 51 4 °K . T he re  seems 
to  be l it t le  doubt th a t th is  is  a tra n s it io n  between equ i
lib r iu m  phases and we assign it  to  N a 2S 0 4(IV )  = Na^- 
S 0 4(I) as m entioned above.

W e  have sta ted above th a t new  observa tions have 
ind ica ted  th a t N a 2S 0 4(IY ) is the  e q u ilib r iu m  phase 
over the range 458 -514°K . I t  was ev id en t from  the 
ove ra ll the rm odynam ic da ta  and  p a r t ic u la r ly  the  p rox
im ity  of the several assignable tra n s it io n  po in ts  in  the 
short range above 500° K ,  th a t  an assumed N a 2S 0 4(IV ) 
phase m ust have an en tha lpy  con ten t and  a heat ca
p a c ity  ve ry  s im ila r  to  those o f N a 2S 0 4(V ). T h e  fo l
low ing  experim ent was carried  out: N a 2S 0 4 was c rys
ta llize d  from  so lu tion  in  the  range 40-45°. I t  was 
then  he ld  fo r 19 days a t a tem pera tu re  of 4 7 0 -4 75 °K . 
T h is  tem perature was selected because it  was above 
the tra n s it io n  tem perature, 45 8 °K . T w o  h r  and  40 
m in  a fte r rem ova l the  AH  o f so lu tion  o f a sam ple  at 
298 .15°K  was found to  be — 636 ca l/m o l a t in f in ite  
d ilu tion . A  second sam ple was he ld  fo r 16 days at 
room  tem perature and another AH  of so lu tion  mea
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surem ent gave a resu lt o f — 634 ca l/m o l, confirm ing 
the firs t resu lt. A  sam ple was shown to  have a w ater 
content of 0.04% . T h is  ind icates th a t the  state pro
duced b y  ho ld ing  N a 2S 0 4 a t a tem perature above the 
4 5 8 °K  tran s it io n  acqu ired an increased en tha lpy  of 
about 75 ca l/m o l and th a t i t  had a substan tia l s ta b ility  
when he ld  a t room  tem perature. I t  w il l  now  be as
sumed th a t the heat of tran s it io n  o f N a 2S 0 4(V) -*■ 
Na^SO^IV) is 75 ca l/m o l and the consequences in 
vestigated.

T h e  en tropy  of tran s it io n  at 4 5 8 °K  is then  75/458 
= 0.163 g ibbs/m o l, and  the va lue  o f A F  fo r N a 2S 0 4(IV ) 
m inus N a 2S 0 4(V ) b y  —0.163 X  (T — 458) between 
458 and  514°K . T h is  lin e  has been d raw n stra igh t 
in  F ig u re  1 because of our assum ption th a t  the  heat 
capacities of N a 2S 0 4(V) and (IV ) are iden tica l.

In  extend ing the  (F° — H ° 0/T )  function  fo r N a 2- 
S 0 4(I) beyond the  5 1 4°K  tran s it io n  po in t of N a 2S 0 4
(IV ) a n d N a 2S 0 4(I), the AlI-aU°K of th is  tra n s it io n  is re
qu ired . T h is  is the sum of A H ( F - * I iI )  +  AH  (II I—*-I) 
— A H (V -» T V ) , a ll ca lcu la ted  to  514°K . A H (V -* T II )  
is ava ilab le  b y  com b in ing  the en tha lpy  data  in  T ab le  I I  
w ith  the A H ° 0 = 638 ca l/m o l. T h e  resu lt is  AH  
(V -* -III)6i4°k  =  1040 ca l/m o l.

AH ( I I I—>-I) is g iven b y  Shm id t and So ko lo v12 as 
1630 ca l/m o l (1629, 1626, 1636) a t about 521.7 °K . 
T h e y  com m ent on the severe hysteresis. W e  w il l  pre
sent evidence la te r w hich ind icates th a t th is  tra n s it io n  
is superheated from  509°K . U s in g  the ACV of the 
tran s it io n  to  ca lcu la te  the heat at 514°K , the 1630 ca l/  
m o l becomes AH (III-^ -I)514oK = 1646 ca l/m o l.

T h e  A H (V —»-IV) over the range 4 5 8 °K  to  5 1 4°K  
has been taken  as 75 ca l/m o l, thus AH (V—*TV)5i4»k = 
75 ca l/m o l.

T h e  above sum  A H  ( I V - » T ) 6i4°;b: = 1040 +  1646 — 
75 = 2611 ca l/m o l.

T h is  heat of tra n s it io n  and the heat capacities of 
Shm id t and So ko lo v12 enable the ca lcu la tion  o f the 
therm odynam ic properties of N a 2S 0 4(I). as g iven in  
T ab le  I I  and shown near the tran s it io n  region in  F ig 
ure 1. T h e  da ta  have been extrapo la ted a short d is
tance and are found to  in te rsect the free energy curve 
o f N a 2S 0 4(III)  a t 509 °K , as shown in  F ig u re  1. T h is  
tem perature, 5 0 9 °K  = 236°, is  of in te rest because 
K ra ce k  and G ib so n 4 found a b reak near th is  tem per
ature du ring  th e ir  d ila tom eter experim ents on “ d ry ”  
N a2S04. T h e y  state, “ T h is  break at 235° was one of 
the most de fin ite  and reproducib le  po in ts we en
countered in  a ll the  in ve stig a tion .”  T h e y  found tha t 
the d ry  N a 2S 0 4 cou ld  be cycled  th rough a ra the r sm a ll 
hysteresis loop as the substance was a lte rna te ly  heated 
and cooled a l it t le  when i t  was near 509° K  (236°) and 
ascribed a tran s it io n  to  th is  tem perature. W e  have 
used the te rm  “ d ry  N a 2S 0 4,”  a lthough we be lieve tha t 
m ost o f the w ork  on N a 2S 0 4, w h ich  d id  not in vo lve  
heating  to  v e ry  h igh  tem peratures, was carried  out on 
N a 2S 0 4 w h ich  m ust have conta ined a sm a ll concentra

t io n  o f water. In  fact, th is  m ay  have had  a p a r t in  
reducing the superheating of tran s it ion s w h ile  preserv
ing  substan tia l am ounts of unstab le  states as a fo rtuna te  
comprom ise. How ever, when d ry  N a2S04 was be ing 
heated from  low er tem peratures i t  d id  no t beg in to 
undergo the  tran s it io n  u n t il a tem perature o f about 
248° (521°K), as is  shown b y  F ig u re  5 o f K ra c e k  and  
G ib son .6a T h is  is  apparen tly  the  reason w hy  Shm id t 
and So ko lo v12 observed the ( I I I—»-I) tra n s it io n  a t the 
h igher tem perature, as heat was added du ring  th e ir  
ca lo r im e tric  measurements. Perhaps one shou ld  no t 
be su rp rised th a t there are c ry s ta l structu res w h ich  act 
lik e  traps, th a t  sp ring  eas ily  on ly  in  one d irection . A n  
in te resting  exam ple is  the ca re fu lly  stud ied  case of 
phosphine, P H 3.16 T h is  substance has a tra n s it io n  
p o in t a t 49 .43°K , where i t  shou ld  tran sfo rm  on coo ling  
to  the fo rm  stab le be low  49 .43°K ; however, the ra te  
was im m easu rab ly  slow  a t 4 8 -4 9 °K  even when a m ix 
tu re  o f the stab le  and unstab le  form s was know n to  
be present. W hen  the P H 3 was cooled to  4 0 °K , the 
op tim um  tem perature, conversion to the stab le  fo rm  
cou ld  be accom plished in  2 or 3 days. How ever, in  
th is  case, when the stab le fo rm  was heated, tra n s it io n  
a t 4 9 .43 °K  occurred w ith  no detected hysteresis.

T a b le  I I  a lso gives the  the rm odynam ic  properties 
of N a 2S 0 4(V ) and N a 2S 0 4(I) in  sho rt regions where 
these phases are m etastable.

W e  can m ake a com m ent on the  tw o  heats o f t ra n s i
t io n  o f S h m id t and Soko lo v12 w h ich  they  assign to  the  
process N a 2S 0 4(V ) — N a 2S 0 4(I). T h e y  found  2584 
± 15 ca l/m o l a t 5 1 6 °K  fo r N a 2S 0 4 w h ich  had  been 
c ry s ta llize d  from  aqueous so lu tion  a t 42-45°. T h e y  
also found  2673 ± 5 ea l/m o le  a t 5 2 1 °K  fo r effloresced 
N a 2S 0 4, w h ich  had been prepared b y  dehyd ra ting  Na^- 
S 0 4 • 10H2O in  a vacuum  at room  tem perature. Severa l 
experim ents in  th is  labo ra to ry  have shown th a t there 
is  no appreciab le difference in  en tha lpy  when N a 2S 0 4 
prepared in  each of these ways is d isso lved in  w ater a t 
25°. T h is  means th a t N a 2S 0 4 prepared b y  vacuum  
efflorescence of the decahydrate is  no t su ffic ien tly  m ic ro 
scop ic to  affect the entha lpy . T h e  difference in  the  
above measurements, 2673 — 2584 = 89 ±  20 ca l/m o l, 
is susp ic iously  near to  the difference in  en tha lp y  be
tween N a 2S 0 4(V ) and N a 2S 0 4(IV ).

T h e  h igher va lue  is  app rox im ate ly  equal to  th a t  ob
ta inab le  from  T ab le  I I  fo r N a 2S 0 4(V ) = N a 2S 0 4(I)

A H 5i2«k  = 2681 ca l/m o l

I t  seems reasonable th a t the fine ly  d iv id ed  effloresced 
sa lt can lose w ater m uch more e ffective ly  and thus cou ld  
be more re ad ily  obta ined as the m etastab le N a 2S 0 4(V) 
in  the re la t ive ly  d ry  state. T h e  coarse pa rtic le s of 
ground sa lt shou ld re ta in  more w ater and thus i t  is  
more l ik e ly  to  transfo rm  to  N a 2S 0 4(IV ) w h ich  has a

(15) C. C. Stephenson and W . F. Giauque, J. Chem. Phys., 5, 149 
(1937).
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higher en tha lpy  and thus a lower heat o f trans ition , 
AH  = 2611 ca l/m o l, toNa^ SO^I) a t5 1 4 °K .

S ince N a2S04(IV ) w ith  a substan tia l s ta b ility  below  
4 5 8 °K  can be prepared i t  shou ld be possib le to  com
pare its  en tropy w ith  th a t  of N a sS 0 4(V) b y  us ing the 
th ird  law . F ro m  T a b le  I I , S (N a 2S 0 4,V)458°K = 50.175 
g ibbs/m o l; thus, S (N a 2S 0 4,IV )468°K = 50.175 +  0.163 
= 50.338 g ibbs/m o l. T h e  sm a ll difference, 0.163 
g ibbs/m o l, in  a to ta l entropy of 50.338 g ibbs/m o l,

means th a t on the average the heat capac ity  of Na^- 
S 0 4(IV ) shou ld exceed the heat capac ity  of Na^SChOO 
by  on ly  about 0.3%  over the range 0 -4 58 °K . T h is  
shou ld help convey the reason w hy we are w illin g  to 
assume th a t the heat capacities o f these tw o  phases 
can be taken  as iden tica l over the range 458 to  514°K .

Acknowledgment. W e  thank  H e lena  W . Ruben  for 
the X - r a y  analysis.

The Vapor Pressure Isotope Effect in Aqueous Systems. I. H20 -D 20  ( — 64°  

to 10 0°) and H2160 -H 2180  ( — 17° to 1 6 °); Ice and Liquid.1 II.

Alkali Metal Chloride Solution in H20  and D20  ( — 5° to 100°)
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High precision data are reported over a broad temperature range for the vapor pressure isotope effects displayed 
by the systems H 2160 - H 2180 ; H 20 -D 20 ; H 20 - I ) 2O  N aC l (1.1, 2.9, 4.0, and 5.5 m); H 20 - D 20 -K C 1  (3.5 and
4.5 m); H 20 - D 20 -C sC l (1.0, 3.0, 4.5, and 6.0 m); and H 20 -D 20 - L iC l  (3.0, 5.0, 7.0, and 15.0 m). Here m is 
the concentration in aquamolality. The results are summarized with analytical expressions reported in the 
text and are good to ±0.0003 In R unit or better (R is the isotopic pressure ratio). Fo r the solutions the data 
extend from about 0 to 90° except for KC1 where the lower bound is 20°. The pure deuterium oxide system 
was investigated in both the ice and liqu id phases in the region between —64 and 100°, but the measurements 
on oxygen-18 labeled water were lim ited to a narrower temperature range. Fo r the pure waters, agreement 
with earlier workers was satisfactory and extends to the predicted triple points and ice-liqu id fractionation 
factors. The analytical expressions for the temperature dependence of the vapor pressure isotope effects re
ported here are regarded as the best now available. For the salt solutions expressions for the change in the 
vapor pressure isotope effect as a function of concentration and temperature and expressions for the isotope 
effects on the excess thermodynamic properties of solution are extracted from the data (including isotope effects 
on the osmotic and the activ ity coefficients, and the excess free energies, enthalpies, entropies, and heat capaci
ties of solution). The isotope effects on the standard thermodynamic properties of solution are also deter
mined where possible (NaC l and KC1). A  useful minor facet of the work is the least-square analysis of litera
ture data on the osmotic and activ ity coefficients of KC1 and CsC l to give expressions for these quantities reli
able w ithin ±0.01 unit between 0.5 m and saturation over our temperature range. The solution data are com
pared with those from other laboratories where available (almost a ll only at 25°). They are discussed briefly 
in terms of models of solution structure.

Introduction
There  is a great deal o f cu rren t in te rest in  theories of 

w ater and aqueous so lu tion  structure . In  th is  context 
i t  is usefu l to  com pare isotope effects on the phys ica l 
properties of aqueous so lu tions w ith  the pure so lvents. 
The  vapo r pressure isotope effect (V P IE )  is p a r t icu la r ly  
useful here because essentia lly  i t  measures the iso top ic 
free energy ratios. [Thus i t  is w e ll estab lished2'3 th a t 
the  V P I E  is a m odel sensitive  property . In  fact the

s ta tis t ica l theo ry  of isotope effects in  condensed phase 
system s4 has a lready been app lied  w ith  some success

(1) Presented in part at the 159th National M eeting o f the American 
Chemical Society, Houston, Texas, 1970.
(2) (a) J. Bigeleisen, C. B . Cragg, and M . Jeevanandam, J. Chem. 
Phys., 47, 4335 (1967); (b) J. Bigeleisen, S. V. Ribnikar, and W . A. 
Van H ook, ibid., 38, 489 (1963); (c) J. Bigeleisen, M . J. Stern, and 
W . A. Van H ook, ibid., 38, 497 (1963); (d) J. Bigeleisen and T . 
Ishida, ibid., 45, 5498 (1968); (e) M . J. Stern, W . A . Van H ook, and 
M . W olfsberg, ibid., 39, 3179 (1963).
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to  the H 20 - D 20  system  b y  V a n  H o o k ,5 b y  W o lff,6 and 
b y  Jones.7] A  num ber o f authors have therefore con
sidered isotope effects on the properties of aqueous so
lu tio n s bu t progress has been h indered b y  the fa c t th a t 
the differences between so lvent and so lu tion  are qu ite  
sm all, th a t the Y P I E  fo r the H 20 - D 20  so lven t system  
itse lf is no t prec ise ly  estab lished be low  about 50°, and 
th a t  a lm ost a ll of the pe rtin en t da ta  on so lu tions is 
lim ite d  to  a s ing le tem perature (25°) or a narrow  tem 
pe ra tu re  range.

T h e  present paper is the firs t o f a series w h ich  w il l re
po rt on so lven t isotope effects on a c t iv ity  coefficients in  
aqueous so lu tions over a broad tem perature range. In  
th is  paper we w il l  describe new h igh  precis ion  measure
m ents of the vapo r pressure isotope effect of the pure 
so lven ts and  com pare them  w ith  new measurements of 
the Y P I E ’s o f a lk a li m eta l ch loride  so lutions. T h e  
differences are sm a ll and we sha ll find  th a t h igh p rec i
sion is requ ired  if  a m ean ingfu l in te rp re ta tion  of the 
so lu tion  effects is to  be g iven. Some data  on the 
H 2160 - H 2180  system  as w e ll as da ta  on the V P I E  for 
H 2180  and D 20  ices are also presented. In  la te r papers 
w e sha ll repo rt measurements on o ther series of salts, 
and /o r m ake com parisons w ith  s ta tis t ica l m echan ica l 
m odel ca lcu la tions. In  fact the eventua l goal of the 
experim enta l program  is to test m odels of so lven t and 
so lu tion  stru c tu re  w ith  da ta  on the V P I E .

T h is  is no t the app rop ria te  p lace to  rev iew  in  any 
depth  the vo lum inou s lite ra tu re  concerned w ith  pro 
posed structures and m odel ca lcu la tions on w ater and 
aqueous so lu tions w h ich  has been adequate ly  covered 
in  a num ber of recent rev iew s.8-10

A  num ber of earlie r investiga to rs have recognized 
the u t i l i t y  of a c t iv ity  coefficient differences between 
H 20  and D 20  so lven t systems. T h u s  G oog in  and 
S m ith 11 and Selecki, T y m in sk i, and W o lko w sk i,12 have 
exam ined H 20 - H D 0  separation facto rs over sa line so
lu tions, and R o b in so n 13 and F ra n k  and K e rw in 14 have 
made isop iestic measurements in  D 20 .  A lso  Sa lom aa 
and A a lt o 16 and G reyson, and G reyson  and S n e ll16 and 
earlie r L a  M e r  and N o o n an 17 have made transfe r E M F  
studies. F r iedm an  and W u  and K r is h n a n 18 and G re y 
son and Sne ll,16 D av ie s  and Benson ,19 and W ood, 
Rooney , and B ra d d o ck ,20 and K resheck, Schneider, 
and Scheraga, and K re sh e ck21 recently , and Lange and 
cow orke rs22 m any years ago, have measured heats of 
transfe r from  H 20  to D 20 . T h e  en tha lpy  data  have 
been rev iew ed b y  A rn e tt  and M c K e lv e v .23 R ab in o - 
v it c h 24 has also rev iew ed these and other top ics of in 
terest in  the present context. G o ld  and Low e26 have 
investiga ted  so lven t isotope effects w ith  the glass elec
trode. S o lu b ility  isotope effects have also been deter
m ined26 and vapo r pressures of saturated sa lt so lutions 
in  H 20  and D 20  have been com pared .27 U n fo rtu n a te ly  
a num ber of the above stud ies are not consistent w ith  
each o ther (especia lly  references 11, 12, 13, and 14) and 
a lm ost a ll o f them  focus on ly  on a sing le tem perature

(usua lly  25°), o r a narrow  tem perature range. T h is  
la s t po in t we consider to  be im po rtan t and p a r t ic u la r ly  
un fo rtuna te  in  v iew  of the s ign ifican t changes in  the 
properties and struc tu re  o f w ater w h ich  occur between 
its  freezing and bo ilin g  po ints. F o r  exam ple the log
a r ith m  of the V P I E  ra tio  changes b y  more than  a fac to r 
o f three over th a t tem perature range. W ith  a lm ost a ll 
p rev ious so lu tion  data  restric ted  to a s ing le tem perature 
m uch  s tru c tu ra l in fo rm a tion  was lost.

W e  therefore fe lt i t  app rop ria te  to  measure so lven t 
V P I E ’s over broad tem perature and concentra tion  
ranges w ith  h igh  precision. O u r p lanned  approach is

(3) (a) W . A . Van H ook, ibid., 44, 234 (1966); (b) W . A . Van H ook 
and J. T . Phillips, J. Phys. Chem., 70, 1515 (1966) ; (c) W . A . Van 
H ook, J. Chem. Phys., 46, 1907 (1967); (d) W . A. Van H ook  and 
J. T . Phillips, J. Chromatogr., 30, 211 (1967); (e) W . A . Van Hook, 
J. Phys. Chem., 71, 3270 (1967); (f) J. T . Phillips and W . A . Van 
Hook, ibid., 71, 3276 (1967) ; (g) J. T . Phillips and W . A . Van H ook, 
J. Chem. Phys., 52, 495 (1970); (h) R . L. M cD aniel and W . A . Van 
H ook, ibid., 52, 4027 (1970).
(4) J. Bigeleisen, ibid., 34, 1485 (1961).
(5) W . A . Van H ook, J. Phys. Chem., 72, 1234 (1968).
(6) (a) H . W olff in “ Physics o f Ice ,”  N. Riehl, B . Bullemer, and H . 
Engelhardt, Ed., Plenum Press, New York, N. Y ., 1969, p 305; (b) 
H . W olff and A. Hôpfner, Ber. Bunsenges. Phys. Chem., 71, 730 (1967).
(7) W . M . Jones, J. Chem. Phys., 48, 207 (1968).
(8) (a) J. L . Kavanau, "W a ter  and Solute W ater Interaction s,”
Holden-Day, San Francisco, Calif., 1964; (b) D . Eisenberg and
W . Kanzmann, “ T he Structure and Properties of W ater,”  Oxford 
University Press, Oxford, 1969.
(9) O. Y a. Samoilov, “ Structure of Aqueous E lectrolyte Solutions and 
the Hydration of Ions,”  Consultants Bureau, New York, N. Y ., 1965.
(10) A . K . Covington and P. Jones, Ed., “ Hydrogen-Bonded Solvent 
System s,”  Taylor and Francis, London, 1968.
(11) J. M . Googin and H. A. Smith, J. Phys. Chem., 61, 345 (1957).
(12) A . Selecki, B . Tyminski, and G. Z. W olkowski, Nukleonika, 12, 
739 (1967).
(13) (a) R . A. Robinson, J. Phys. Chem., 73, 3165 (1969); (b) R . A . 
Robinson, Trans. Faraday Soc., 35, 1220 (1939).
(14) R . E. Kerwin, Thesis, University of Pittsburgh (1964).
(15) P . Salomaa and V. Aalto, Acta Chem. Scand., 20, 2035 (1966).
(16) (a) J. Greyson, / .  Phys. Chem., 71, 259, 2210 (1967); (b) J. 
Greyson and H . Snell, ibid., 73, 3208, 4423 (1969); 74, 2148 (1970).
(17) V . K . La M er and E. Noonan, J. Amer. Chem. Soc., 61, 1487 
(1939).
(18) (a) Y . C. W u and H . L. Friedman, J. Phys. Chem., 70, 166 
(1966) ; (b) C. V. Krishman and H. L. Friedman, J. Phys. Chem., 73, 
3934 (1969); 74, 2356 (1970); 74, 3900 (1970).
(19) D . H . Davies and G. G. Benson, Can. J. Chem., 43, 3100 (1965).
(20) R . H . W ood, R . A . Rooney, and J. N. Braddock, J. Phys. Chem., 
73, 1673 (1969).
(21) (a) G. C. Kresheck, H . Schneider, and H . A . Scheraga, ibid., 69, 
3132 (1965); (b) G. C. Kresheck, J. Chem. Phys., 52, 5966 (1970).
(22) (a) W . Birnthaler and E. Lange, Z. Elektrochem., 43, 643 (1937) ; 
44, 679 (1938); (b) E . Lange and W . M artin, Z. Phys. Chem, Abt. 
A, 180, 233 (1970).
(23) E . M . Arnett and D . R . M cK elvey, in “ Solute-Solvent Interac
tions,”  J. F . Coetzee and C. D . Ritchie, E d., Interscience Publishers, 
New York, N. Y ., 1969.
(24) B . S. Rabinovitch, "Influence of Isotopy on the Physiocochemical 
Properties of Liquids,”  Consultants Bureau, New York, N. Y ., 1970.
(25) V . G old and B . M . Lowe, J. Chem. Soc., A, 1967, 1936.
(26) (a) E . C. Noonan, J. Amer. Chem. Soc, 70, 2915 (1948); (b) 
R . D . E ddy and A . W . C. Menzies, J. Phys. Chem., 44, 207 (1940); 
(c) R . W . Shearman and A . W . C. Menzies, J. Amer. Chem. Soc., 59, 
185 (1937); (d) R . D . Eddy, R . Machemer, and A . W . C. Menzies, 
J. Phys. Chem., 45, 908 (1941).
(27) M . Becker, W . Schalike, and D . Zirwer, Z. Naturforsch., 24, 684 
(1969).
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to  look  at changes in  the  ra tio  P h 2o / P d 2o  at a given 
tem perature as equ iva len t am ounts o f sa lt are added to  
the tw o solvents. T h e  differences, A  In R = In 
( P h 2o ° / P d 2o ° )  — In (PH2o (m)/P D 2o<m)) are d irec t mea
sures o f the so lvent a c t iv ity  ratios, A  In R  =  In ( a n 2o /  

a m o )  =  (vm /5 5 . 5 1 )  ( 0 h 2o  —  0 d 2o ) ;  ( u d 2o  or a H, o  i s  so l
ven t a c t iv ity , m, m o la lity , v is pa rtic les per fo rm u la  and 
the 0 ’s are osm otic coefficients). T h e  in it ia l step in 
vo lves remeasurement o f the V P I E  o f the pure solvents.

Experimental Section
In  barest ou tlin e  the experim enta l procedure consists 

in  m easuring the pressure difference between tw o  sam
ples kep t a t equal tem perature and in  the case o f so lu
tions equal aquam o la litie s .28 T h e  effects are sm a ll and 
h igh precis ion  is  requ ired. T h e  to ta l pressure o f the 
common isotope m ay be determ ined e ither b y  d irec t 
measurement o r from  the  tem perature us ing the  best 
lite ra tu re  da ta  w h ich  re la te  the pressure and tem pera
tu re  and (for so lutions) osm otic coefficients. F o r  the 
systems discussed in  th is  paper the la tte r  route  was 
taken  because qu ite  precise osm otic coefficient da ta  are 
a va ilab le  in  the lite ra tu re . T h e  apparatus and the r
mom eter ca lib ra t io n  have been p rev iou s ly  described.29’30 
V e ry  brie fly , i t  consists o f a therm osta t fo r the samples 
w h ich  can be con tro lled  to  0.001° over the range — 10° 
to  100°. T h e  fem peratu re is  measured b y  resistance 
therm om etry  (Leeds and N o rth ru p  G - l  M u e lle r  
B ridge ), the  to ta l pressure (when necessary) w ith  a 
Texas In strum en t C om pany  quartz  B ou rdon  gauge 
(from  0 to 1000 m m  to  ~ 0 .0 2  mm), and the  iso top ic  
d iffe ren tia l pressure to  severa l parts in  104 w ith  a D a ta - 
m etrics D iv is io n , C G S  Co rpo ra tion , capacitance typ e  
d iffe ren tia l manom eter. (T h is  in strum ent operates on 
any  o f fou r ranges, 10-100 m m  to  10-2  mm, 1-10 m m  
to 10~3 mm, 0.1-1 m m  to 10-4 mm, 0.01-0.1 m m  to  
10 ~6 mm .) Th e  fa c to r lim it in g  the  precision of the 
data  lies ne ithe r in  the tem perature con tro l nor in  the 
pressure measurement, b u t ra the r in  the design of 
the sam ple cell, connecting lines, etc., and in  the 
sam ple hand ling  technique. T h is  we feel is  because of 
pa ra s it ic  condensation and adsorp tion -deso rp tion  
hysteresis o f the w ater vapo r in  the d iffe ren t pa rts  of 
the apparatus. Nonethe less the p rec is ion  is  consid
e rab ly  im proved  over th a t a va ilab le  to  earlier authors, 
p a r t ic u la r ly  in  the  low er tem perature regions. W e 
have found i t  necessary to  tho rough ly  degas the sam
ples w ith  m any (5 or 6) repeated m elt-freeze-pum p 
cycles. A  good deal o f patience is  requ ired  to 
tho rough ly  com plete the freeze po rtion  of the cycle  
before pum p ing  so th a t no concentra tion  change occurs. 
In  a la te r observa tion  we found th a t i f  the fin a l pum p
ing  cyc le  on the la s t degassing was made a fte r the sam
p le had  been w arm ed up to  — 100°, im proved  precis ion  
resulted. T h is  is most l ik e ly  because we then pum p 
off an am ount o f a ir  w h ich  otherw ise w ou ld  have been 
adsorbed on the  co ld  po rtions of the  apparatus. I t

is in te resting  to  note th a t  the experim enta l precision 
over most o f the tem perature range is be tte r when 
sa line so lu tions are be ing measured than  it  is  fo r the 
pure so lvents. T h is  is  no doubt due to  the d ry in g  
action  of the sa lt so lu tion  whose vapo r pressure is de
pressed w ith  respect to  the  so lvent. A s  a resu lt 
pa ras it ic  condensation, etc., is app rec iab ly  decreased. 
T h is  a llows the so lu tion  data  to  be em ployed to refine 
the pure so lven t V P I E ’s.

F o r  the so lven t measurements the  H 20  was doub ly  
d is t ille d  tap  water; 100.0% D 20  was obta ined from  
D iap rep  Inc., A t la n ta , Ga. T h is  sam ple was d is t ille d  
b y  them  from  99.8% D 20  d ire c t ly  in to  our containers. 
T h e  0.75 cm 3 sam ple of H 2180  (H  norm alized) was sup
p lied  to us b y  T h e  C en tra l Research In s t itu te  fo r 
Phys ics, H unga rian  A cadem y of Sciences, Budapest. 
M ass spectrom etric ana lys is gave fo r oxygen, 180  =
69.0 ±  0.5%, 170  = 1.4 ±  0.2% , 160  b y  difference. 
T h e  deuterium  concentration  was on ly  1.03 ± 0.01 
tim es norm al abundance; 99.8%  D 20  obta ined from  
B io R a d  Laborato ries, R ichm ond , C a lif ., was used as 
the so lvent in  the so lu tion  w ork. In  a ll experim ents 
the pressure differences were corrected to  100% 
D 20  or H 2180  assum ing R a o u lt ’s law  and the law  of 
the geom etric mean. T h e  measured pressure d iffe r
ences were also corrected fo r the zero sh ift  in  the 
pressure gage as a function  of to ta l pressure and fo r 
the concentration  change due to the fin ite  vapor vo l
ume. B o th  of the la tte r corrections were sm all, never 
more than  several ten-thousandths in  the loga rithm  
of the V P I E .  T h e  corrections app lied  in  proceeding 
from  the bridge readings to  the tem perature have a l
ready been described.30 T h e  tem peratures reported 
in  th is  paper are on the in te rna tion a l p ra c tica l Ce lc iu s 
(or K e lv in )  scales of 1968.31'32

N o rm a l precautions were taken  in  d ry in g  and weigh
ing  the salts. N a C l and K C 1  were reagent grade and 
vacuum  dried  m ateria l. Reagent grade C s C l was re
c ry s ta llized  tw ice and vacuum  dried. L iC l  was pre
pared a t O ak  R idge  N a t io n a l L ab o ra to ry  from  the 
m eta l under anhydrous cond itions. I t  was ve ry  k in d ly  
made ava ilab le  to  us b y  J . B raun ste in  and H . B raun - 
ste in  o f O ak R idge . Th e  so lu tions were made up to 
the  reported integer or h a lf  in teger aquam ola lities 
w ith in  0.0002 un it. Concen tra tions were checked 
g ra v im e tr ica lly  w ith  A g N 0 3 p re c ip ita t io n  fo r the L iC l  
stock  so lutions.

Some Thermodynamics
Cons ide r firs t the so lvent isotope effect on the os

m otic  coefficient

(28) R . E. Kerwin, ref 14, appears to have coined the phrase “ aqua- 
m olality”  which refers to moles of solute per 55.508 m ol o f solvent.
(29) J. Pupezin, G. Jancso, and W . A . Van Hook, Isotopenpraxis, 9, 
319 (1970).
(30) G. Jancso, J. Pupezin, and W . A . Van Hook, J. Phys. Chern., 74, 
2984 (1970).
(31) C. R . Barber, Metroloyia, 5, 35 (1969).

The Journal o f  P hysica l Chem istry, Vol. 76, N o. 6, 1972



746 J. P u pezin , G. Ja k l i, G. Jancso , and W. A. V an  H ook

<f>H ~ </>D —
-5 5 .5 0 8

vm
[In aH — In aD] (1)

H ere  v is  the num ber of ions per fo rm u la  o f solute, rn 
is  the  aquam o la lity , and H  refers to  H 20  so lvent, D  
to  D 20  so lvent. R e w r it in g  eq 1 in  term s of the  pres
sure ratios, we ob ta in

4> h — <f>D — ^ 9 5 r , n
vm  L

P k , P d n
p i  ~ i v  +  C o r

where the superscrip t 0 ’s refer to  the pure so lvents and 
C o r  is a sm a ll co rrective  te rm  w h ich  takes account of 
the  com press ib ilities of the condensed and vapo r phases. 
I t  is g iven to  more than  su ffic ient precis ion  by

R T  C o r  = F h !( P h° -  P H) -  V d ' ( P d° -  P D) +

bn [P h -  P H°] -  M P d -  P d°] (3)

C o r  was eva luated using the l iq u id  m o la r vo lum e data 
Vnl and Vnl of W h a lle y 33 and v ir ia l  coefficients, bn, 
from  E isenberg  and K au zm ann .8b Then  bn/bo, and 
thus bo, was estim ated using the  re la tion  g iven b y  K e ll,  
M c L a u r in , and W h a lle y .34 T h e  isotope effect on the 
so lu tion  densities was assumed to  be equal to  th a t on 
the so lvents. T h e  correction  was found to  be neg li
g ib le  as com pared to  our experim enta l precision over 
the range of the experim ent. E q u a t io n  2 m ay now  
be rearranged

<f>H — <f>D —
55.5081"

vm L
(4)

H ere  the firs t te rm  w ith in  the brackets is the V P I E  
fo r the  pure so lvents, R 0, the  second is  the V P I E  for 
the  so lu tion , R m. T h u s

4>h ~ 4>o —
55.508

vm
[In R 0 — In Rm] (5)

Phenom eno log ica lly  <f>h  o r <f>n m ay be conven ien tly  
expressed using an equation o f the fo rm  of the extended 
D e b y e -H iic k e l equation

*  -  1 -  J T ( 1  +  A t " )  -  2 In [1 +  A t '- ]  -

rrjF.]  (6)

In  th is  equation  S is  the lim it in g  slope, I  is  the 
ion ic  strength, B, C ...  are parameters, and A  is  g iven 
b y  50.29(eT)-I/2a. Pa ram ete r a enters the D ebye  
theo ry  as a cha racte ris tic  length  and e is  the d ie lectric  
constant. A lso  the lim it in g  slope, S, is g iven b y  1.8246 
X  106 (e7’)V!.35 W e  assume the d istance of closest 
approach o f the ions is  the same in  D 20  as it  is in  H 20 , 
«mo = ud2o . T h en  the con tr ibu tion  of the te rm  in  
S /A SI  is  re a d ily  found from  the tabu la ted  d ie lectric  
constants fo r H 20  and D 20 , 36 and va lues fo r a in  H 20 . 
F o r  A  = 1.5, <f>H — <f>D from  th is  te rm  is  on the order 
of 10 over the entire tem perature and concentration

range of the experim ent, about tw o  orders o f m agn itude 
less th an  our experim enta l precision. [A lso  note th a t  
the  isotope effects on the tem perature d e r iv a tive  o f the 
lead ing  te rm  are neg lig ib le  as well. ] Therefore

55.508 , _  .
4>n — <f>D — [In Ro — In R m ] —

vm

(Bn -  Bn)I +  (C H -  Cn)P  . . .  (7)

or, no ting  th a t  fo r the 1:1 system s discussed in  th is  
paper m = I, v = 2, and le tt in g  b = Bn — Bn, etc., 
we have

A  In R  = In R 0 — In Rm

2 cm3 +

55.508

2m
55.508 55.508

6m2 +

(<f>H — 4>d) (8)

A lso

In — = 2bm +  3 cm2 +  . . . (9)
7± (D20 )

G ene ra lly  b, c, etc., w il l be functions o f tem perature.
In  the deve lopm ent so fa r we have im p lic it ly  assumed 

the v a lid ity  o f the extended D e b y e -H iic k e l equation  
(eq 6). T h is  equation is  on ly  sem iem p irica l and  i f  in  
fa c t the corrective  term s take  a d iffe rent concen tra tion  
dependence than  B l  +  C P . . . . ,  then  the  re su lt ing  
concentra tion  dependence obta ined b y  our G ib b s -  
D uhem  in teg ra tion  (i.e., the  analogue of eq 8, 9) w il l 
be d ifferent. O u r da ta  are ce rta in ly  no t capab le of 
de term in ing  the v a lid ity  o f the general fo rm  of eq 6. 
I t  m ay w e ll be th a t th ey  (the data) are consistent w ith  
o ther l im it in g  behav io rs in  add it ion  to  th a t g iven by  
A  In R  = Km 2-\- ■ • •. W e, however, have chosen to  
focus on a deve lopm ent based on eq 6, since th a t  equa
t io n  is  a th eo re tica lly  based and w ide ly  accepted form .

In  proceed ing from  the osm otic coefficients o r the 
a c t iv ity  coefficients to  the isotope effects on the the r
m odynam ic properties o f so lu tion  i t  is conven ient to 
use the  excess the rm odynam ic functions as developed 
b y  F r ie dm an .37 H ere  the chem ica l po ten tia l o f the 
so lu te  is  referenced to  the hypo the tica l one m o la l ref
erence sta te  a t the same T and P  as the  so lution. 
Then

A (?to ta leX =  f?H eX -  G o ex  =

VmRT[~  (*H -  *>) +  l n ^ ^ ]  (10)

(32) T . B. Douglas, J. Res. Natl. Bur. Stand., Sect. A, 73 ,468 (1969).
(33) E. Whalley, “ Proceedings of the Joint Conference on the Ther
m odynam ic Properties of Fluids, 1957,”  Institute of M echanical Engi
neering, London, 1958, pp 15-26.
(34) G. Kell, G. E. M cLaurin, and E. W halley, J. Chem. Phys., 49, 
2839 (1968).
(35) See for example: G. KortUm, “ Electrochem istry,”  2nd ed,
Elsevier, Amsterdam, 1965, p 183.
(36) Reference 8b, pp 189-191.
(37) H . L. Friedman, J. Chem. Phys., 32, 1351 (1960).
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A ( ? t o t a ie x  =  vRT[bm2 +  y 2cm3 +  . . .  ]  ( 1 1 )

The  isotope effect on the excess free energy of the salt, 
AGgex, is  g iven by

A(jsex = V¡
d A G total

dm
= =

R T  In y ± = RT[2bm +  3/ 2cm2 +  . .. ] (12)

and  th a t on the so lvent, A G waterex =  A 6 'totaiex —  

2mAG'sex, by

(qu ite  un re liab le  in  the present case) are obta ined b y  
d iffe ren tia tin g  eq 16.

In  add it ion  to  the isotope effects on the excess prop
erties, those on the standard  sta te  the rm odynam ic 
properties are of interest. T h e y  can be obta ined from  
data  l ik e  the present on ly  i f  a d d it ion a l in fo rm a tion  
is a va ilab le  In  the case where the so lu b ility  and the 
isotope effect on the so lu b ility  are known, and i f  there 
are no com p lica tions (such as hyd ra te  fo rm ation) we 
have

AGVater6* dA(jtouieV m  _  
d ( l/m )

— 2RT{bmï +  cm3 +  . . . } (13)

The  isotope effects on the excess entha lp ies of so lu
t ion  m ay be determ ined from  the tem perature coeffi
c ien t o f the pressure measurements, a lthough the effects 
are qu ite  sm a ll and the de riva tives are not expected 
to  be precise. T h u s fo r the sa lt we ob ta in

A P sex = - T
d (A G ex/ T )

d T

-RT
t  db 
!( 2m —  
\ d T

I 3  2 dC _L4—  m 2 —  +  
2 d P

S im ila r  equations fo r A / /Wat(jrex and A i7 totaiex are read ily  
derived.

In  the process of da ta  f itt in g  (see below) we have 
taken  the tem perature dependence of b and c to  be 
consistent w ith  the s im p le  assum ption of a constant 
isotope effect on the  excess heat capac ity  fo r each of 
the sa lts stud ied.

b(T) = A^ C‘ (1> +  A £ m c i(2) In T  +  A B Mc i(3)

(15)
C(T) = — +  A G m ci(2) In T  +  A C m ci<3>

T h is  assum ption gave data  fits  w ith in  the experim enta l 
error. S t i l l  the measurements are not precise enough 
to ru le  ou t o ther p laus ib le  functiona l form s w h ich  cou ld 
replace eq 15. E qua tio n s  14 and 15 com bine to  y ie ld

A#tctaiex = 2 P m 2(AB<» -  AB (2)T) +

Rm'(AC<» -  A CœT) +  . . .
(16)

A t f sex = 2Bm (AB<1> -  AB (‘»T) +

3/ 2Bm2(AG<1> -  AC ^ T )  +  . . .

and

A H waterex = AH totaiex -  2m. A ll  sex

T h e  various isotope effects on the excess entropies are 
found b y  com b in ing  eq 11-13 and 16 accord ing to

TASe* = — AG ex +  A / P x (17)

and the isotope effects on the excess heat capacities

G s a l t ° ( t f )  -  C ?sa .t°(D ) =  A f js a ,t °  =

- 2 R T  In
w ih T h ( H )

Wd 7 d (D )
= - 2 R t \ iu —  +

L
, T h (D )~|
n 7d(D)JIn

7 h (H )

7 h (D )
(18)

In  eq 18 toh / » id  is the so lu b ility  isotope effect and 
7 h (D )  refers to  the a c t iv ity  coefficient in  H 20  a t con
cen tra tion  m-o, etc. On the  extreme r ig h t the effect 
is app rox im ate ly  broken down in to  a con tr ibu t io n  
a ttr ib u te d  to  the so lu b ility  measurements, — 2/2T[ln 
(mH/m d ) — In (yn(H)/yB.(D)] and one a ttr ib u ted  to 
the a c t iv ity  measurements, —2RT[\n (7 h ( D ) / 7 d ( D ) ) ] .  
T h is  app rox im ate facto ring  is usefu l when estim ating  
the re lia b ility  o f A6'sa t° from  the  experim enta l errors 
in  the d iffe rent measurements. F o r  present purposes 
we note th a t Shearm an and M enzies, and E d d y  and 
M en z ie s26 have determ ined the so lub ilit ie s  of K C 1  and 
N a C l as a function  o f tem perature. F o r  bo th  these 
sa lts the con tr ibu tion  to  AGs0 is p r in c ip a lly  determ ined 
through the s o lu b ility  measurements. S o lu b ility  iso
tope effect data  are not ava ilab le  fo r C s C l or L iC l;  add i
t io n a lly  the la tte r system  is com p lica ted  b y  hydra te  
fo rm ation .

Results and Discussion
A. Reference Pressures. In  order tc convert the 

corrected pressure differences Pa  — P d to  the vapor 
pressure ra tio s P h / P d  i t  is necessary to  know  the to ta l 
pressure, P h  or P d . V e ry  accurate and  h ig h ly  pre
cise vapor pressure data  are ava ilab le  fo r no rm a l ice, 
water, and the sa lt so lutions.

Ice. W e have used the equation  proposed b y  Jancso, 
Pupezin , and V a n  H o o k 30 fo r the reference pressure of 
ice. T h e  estim ated un ce rta in ty  in  the pressure varies 
from  5 parts in  104 a.z 0° to  11 pa rts in  104 a t — 60°. A t  
the h igher tem peratures the un ce rta in ty  is a lm ost en
t ire ly  due to the im prec is ion  w ith  w h ich  rhe t r ip le  po in t 
reference pressure has been estab lished (4.585 ±  0.002 
m m  at 0 .01°).30,38

Water. F o r  the pressure-tem perature cu rve  of l iq u id  
w ater we have used the equation g iven b y  G o ff.39

(38) J. Pupezin, G. Jancso, and W . A . Van Hook, J. Chem. Ed., 48, 
114 (1971).
(39) J. A. Goff in “ H um idity and M oisture,“  A. Wexler, Ed., Rein
hold, New York, N. Y „  1363, Vol. 3, p 289.
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P mm = 760 exp^2.302585-|l0.79586^1 -  -

5.028°8  log  +  1.5047 X

1 0 -  (<1 -  exp 19.1048<{l -  ¿ j - J )  +  

0.42873 X  1 0 - 8̂ je xp  10.982^9^1 -  -  l j  -

2.2195983j- ĵ (19)

T h is  equation  was selected because o f the excellent 
agreement between its  p red ictions and the recent h igh 
p rec is ion  data  of S tim son* 40 between 25 and 100°. The  
agreement between the  (1963) ca lcu la ted  and the (1969) 
measured values is  about 5 parts in  100,000. T h is  is 
a good deal be tte r than  the  o ld  com m on ly em ployed 
W ashbu rn  ca lcu la tio n41 42 43 o r the equations reported in  
the most recent ed itions of the steam  tab les.42,43

Salt Solutions. In  the ca lcu la tion  o f the to ta l pres
sure over the H 20  so lu tions we firs t f it  lite ra tu re  osm otic 
coefficient da ta  to  the  extended D e b y e -H iic k e l equa
t io n  w ith  a non linear least-squares com puter program 44 45"1 
(except fo r N a C l w h ich  was p rev iou s ly  trea ted  by  
S toughton and L ie tzk e ).44,46 In  the f itt in g  process eq 
6 was em ployed w ith  the  lin ea r (B ), square (C), and 
cub ic  (D ), param eters taken  to  be of the general fo rm

B  = B i/T  +  B 2 In T  +  B s +  B 4T +  . . .  (20)

In  the f it t in g  of da ta  to  eq 6, S, the l im it in g  slope, is 
g iven  b y

S  = 1 .17202(1X W E ™ , )  p \* » T u/<T)'h (21)

T h e  tem perature dependence of e, the d ie lectric  con
stant, and p, the density , were taken  from  A k e r lo f  and 
O sh ry46 and Lange ,47 48 49 50 51 52 53 54 55 and A  was set equal to  1.5 fo r 
a ll o f the  salts.

T h e  resu lts are g iven in  T ab le  I to  su ffic ient precis ion  
to  a llow  the <j>’s to  be recorded to  the nearest 0.001 after 
d ropp ing  the la s t d ig it  to  a llow  fo r round off. W e 
regard these equations pu re ly  as em p irica l fits to  the 
ava ilab le  data. T h ey  shou ld  no t be extrapo la ted  be
yond  the  l im its  ind ica ted  in  T ab le  I. T h e  data  selected 
fo r f it t in g  were restric ted  to  concentrations 0.5 m  or 
above, i.e., to  the concentration  range spec ifica lly  of 
in te rest to  us. T h e  param eters w h ich  resu lt are h ig h ly  
corre la ted and in  our op in ion  i t  w ou ld  not be useful 
to  quote standard  dev ia tions w ithou t c it in g  the entire  
error m atrix . Instead, fo r the in d iv id u a l sa lts d is
cussed be low  we c ite  the variance.

Potassium Chloride. D a ta  from  a num ber o f d iffe r
ent labo ra to ries48-66 between 0 and 100° and 0.5 to
5.0 m o la l were f it  w ith  good precision. T h e  va lue  of 
<r = (variance)1/2 obta ined was 5 X  10-3 ; a few po ints 
dev ia ted  in  <f> as m uch as 1 X  10-2 b u t these on ly  at

Table I: O sm otic C oefficients o f N a C l , 46 KC1 (0.5  to  5 m ), 
C sC l (0 .5  to  7 m ) and L iC l (0.5  to  15 m)  in H zO 
betw een  0  and 1 0 0 ° “

Bi Ba B* B,

KC1 — 1 4 3 8 .0 - 7 .6 3 1 1 4 5 .2 6 3 0 .0 1 0 0 8
C sC l — 4 3 8 5 .9 - 2 4 .5 1 8 144 .104 0 .0 3 4 3 5
L iC l 4 6 .9 4 0 .3 8 4 0 - 1 .9 6 2 1 0 .0 0 0 9 7
N a C l46 - 3 3 0 .3 3 0 .9 0 9 4 6 .3 1 4 5

Ci C2 Ca c,
K 1 0 0 .9 0 .2 92 9 - 1 .9 8 2 0
Cs 5 .0 6 4 0 .0 03 4 8
Li 5 .6 1 8 - 0 .0 0 6 7 4
N a 46 32 .681 0 .0 7 9 0 - 0 .5 5 3 7

Di D, Da D,

K - 0 . 4 9 7 -0 .0 0 1 6 7
Cs 0 .1 4 2 - 0 .0 0 2 0 4
L i - 0 . 1 8 4 - 0 . 0 0 0 0 1

N a 46

a 0  = i - z M ( i + A v 7 ) ~ 2 i n ( i +  AVÏ) -

------------- 4  + BI +  CP +  DP
l  + AVI)

where A =  1.5 and B , C, and D take the form  B = Bi/T +  B 2 

In ( T) +  B S +  BiT. S is the D e b y e -H iick e l lim iting slope.

the h ighest tem peratures and concentrations. I t  
therefore appears u n lik e ly  th a t any of the ca lcu la ted

(40) H. F. Stimson, J. Res. Natl. Bur. Stand., Sect. A, 73, 493 (1969).
(41) E. W . Washburn, Mon. Weather Rev., 52, 488 (1924).
(42) (a) J. H . Keenan, F. G. Keyes, P. G. Hill, and J. G. M oore, 
“ Steam Tables (Int. ed .),”  W iley, New York, N. Y ., 1969; (b) R . 
W . Bain, “ Steam Tables 1964,”  Her M ajesty ’s Stationery Office 
(Edinburgh), 1964.
(43) Note that there is a small inconsistency (but one which is within 
the experimental precision) between the equations in ref 30 and 39 
which should intersect at the triple point. W e find P (ice) =  4.585 
mm and P (liq ) =  4.584 mm. The difference is within the precision 
with which the triple point pressure is established, 4.585 ±  0.002 
m m .38
(44) (a) M . H . Lietzke, O R N L  3259; (b) M . H . Lietzke and R . W . 
Stoughton, J. Phys. Chem., 65, 508 (1961); J. Chem. Eng. Data, 10, 
254 (1965).
(45) R . W . Stoughton and M . H . Lietzke, J. Chem. Eng. Data, 12, 
101 (1967).
(46) G. C. Akerlof and H . I. Oshry, J. Amer. Chem. Soc., 72 , 2844 
(1950).
(47) N. A . Lange, Ed., “ H andbook of Chemistry,”  7th ed, Hand
book Publishers, Inc., Sandusky, Ohio, 1949.
(48) R . Caramazza, Gaze. Chem. Ital., 90, 1721 (1960).
(49) C. S. Patterson, L. O. Gilpatrick, and B. A. Soldano, J. Chem. 
Soc., 2730 (1960).
(50) R . P. Smith, J. Amer. Chem. Soc., 61, 500 (1939); R . P. Smith 
and D . S. Hirtle, 61, 1123 (1939).
(51) M . H . Lietzke and R . W . Stoughton, J. Tenn. Acad. Sci., 42, 26 
(1967).
(52) H. S. Harned and M . A . Cook, J. Chem. Soc., 59, 1920 (1937).
(53) R . H . Stokes, Trans. Faraday Soc., 44, 295 (1948).
(54) G. Scatchard and S. S. Prentiss, J. Amer. Chem. Soc., 55, 4355 
(1933).
(55) R . Caramazza, Ann. Chim. {Rome), 53, 481 (1963).
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osm otic coefficients are in  error b y  as m uch as 0.01 
under any cond ition  of in te rest to us. T h is  upper 
l im it  corresponds to  an error of less than  0.0001 in  
the V P I E  and is neg lig ib le  fo r our purposes.

Cesium Chloride. T h e  data  of Caram azza86 and of 
So ldano and coworkers49'66'67 between 0 and 121° and 
0.5 to  7 m were fit. a was determ ined as 4 X  10~3 
and the largest sing le dev ia tion  was 1.0 X  10~2. Aga in , 
these errors correspond to  less th an  ±0.0001 in  the 
V P I E  and m ay be neglected.

Sodium Chloride. The  f it  o f S toughton and L ie tz k e 46 
was em ployed. F o r  the tem perature and concentra
t ion  range described in  the  present w ork  it  does not 
appear th a t the ca lcu la ted  osm otic coefficients can be 
in  error b y  as m uch as 0.01 even a t the h ighest con
cen tra tion  and tem peratures. A  A<f> of 0.01 corresponds 
to  an error o f 0.0001 in  the V P I E  and is w ith in  the 
experim enta l precision.

Lithium Chloride. F . H . G ib ba rd , Jr., of Sou th 
ern I ll in o is  U n iv e rs ity  has k in d ly  supp lied us w ith  
sm oothed osm otic coefficients taken  from  a recent 
ana lys is68 p r in c ip a lly  o f the data  G ib b a rd  and Scatch- 
ard.69 These are f it  (T ab le  I) w e ll w ith in  0.01 and 
we regard them  as re liab le  to  w ith in  th a t bound, ex
cept a t the h ighest concentrations where the dev ia 
t ions m ay be as large, as 0.02.68 These errors m ay  be 
trans la ted  in to  the  uncerta in ties to  be expected on 
A In f t  where they  correspond to  0.0001 u n it  o r less 
(neglig ib le) except at the h igher concentrations (10 
and  15 m) a t low er tem peratures. T h u s a t 0° fo r the 
15 m  so lu tion  (the w orst case) the an tic ipa ted  error is 
large, 0.001 un it. E v e n  so, th is  am ounts to on ly  3%  
of the  effect measured fo r A  In f t  w h ich  is large at h igh  
concentrations.

The Absolute Pressure. W ith  the <f>’s estab lished 
the vapo r pressure m ay  be ca lcu la ted  using eq 22.

— 55 508
<t> = -------—  (In ft/ft»  +  (b(T)/RT)(P  -  ft») +

vm
Pi (ft» -ft))  (22)

Th e  sym bo ls have a lready  been defined. In  ob ta in ing  
eq 22 the real gas correction  term , (1 /RT) /p » (Fg — 
RT/P)dP, has been eva luated assum ing a v ir ia l equa
t io n  of sta te  w ith  term s beyond the  second v ir ia l coeffi
c ien t neglected. T h e  la s t te rm  is n eg lig ib ly  sm a ll for 
aqueous so lu tions be low  100°. b(T) was eva luated 
from  the  re la tion  due to  K eye s60 as quoted b y  E isen - 
berg and K au zm an ,8b f t0 from  eq 19, <f> fo r the so lutions 
ca lcu la ted  from  the param eters in  T a b le  I, and eq 22 
so lved fo r f t  b y  an ite ra tiv e  techn ique.61

B. Pure Water V P IE ’s. 1. H^O-H^O Results. A  
p re lim in a ry  report o f these resu lts has been g iven.62 
T h e  data  are presented in  T ab le  I la .63 T h ey  are su it
ab ly  f it  w ith  tw o param eter least-square equations

In f t 18,solid In ^
f t  rump \

Í2180

2.110
AP H2180 /  solid

+  0.00656 (256 <  T  <  273) (23)

l n Ä 18;liqu id - h(ftHa»Q \
f t  IRISO /  liquid

13.764
0.03872 (273 <  T  <  289) (24)

T h e  parameters are h ig h ly  corre lated bu t the variances 
of the fits are sm all. T hu s the precis ion  o f eq 23 as 
ca lcu la ted  from  the least-square e rror m a tr ix  and ex
pressed as the square roo t o f the variance  lies between 
0.7 X  10-4 and 0.4 X  10~4 In f t  un its. F o r  eq 24 the 
figures are 1.2 X  10~4 and 0.6 X  10~4. Th e  uncer
ta in ty  in  the iso top ic  ana lys is adds another 1 X  10 ~4 In 
f t  un its  and we feel th a t the ca lcu la ted  logarithm s from  
eq 23 and 24 are good to ±0.0002 In f t  un it.

T h e  data  are p lo tted  in  F ig u re  1 where they  are com 
pared w ith  earlie r work. O u r in it ia l reason fo r under
ta k in g  these measurements was to  resolve a d iscrepancy 
between the m anom etric  ice V P I E  data  o f M a tsu o  and 
M a tsu b a ya64 and the liq u id -so lid  fra ction a tion  fac to r 
reported by  O ’N e il.66 Because we were thus p r im a r ily  
in terested in  the  low -tem perature region, because the 
p rec is ion  o f ou r pure so lven t da ta  suffers s lig h t ly  around 
room  tem perature (see below), and because of the ve ry  
h igh  q u a lity  of the  data  of S zap iro  and S tecke l66 above 
15° we d id  no t take  data  above 16°. S im ila r ly  we d id  
no t take  data  below  our region o f good tem perature con
tro l ( — 17°). T h u s *he tem perature range fo r each 
phase is short and the  slopes o f the  V P I E  tem perature 
curves are not at a ll w e ll determ ined from  the present 
da ta  alone (tha t fo r the l iq u id  appears high, fo r the 
so lid  low).

Cons ide r firs t the l iq u id  da ta  (F igu re  1). C om pa ri
son is best made on a In f t  vs. (1 /T )2 p lo t4 because the

(56) B . A . Soldano and C. 3. Patterson, J. Chem. Soc., 937 (1962).
(57) B. A . Soldano, ibid., 4424 (1963).
(58) F. H . Gibbard, Jr., personal communication.
(59) F . H . Gibbard, Jr., Thesis, Massachusetts Institute of Tech
nology, 1962.
(60) F. G. Keyes, Trans. Amer. Soc. Mech. Eng., 78, 555 (1958).
(61) W e are indebted to Dr. Lietzke for his suggestions on this matter 
and on several other points in regard to our data fitting procedures.
(62) G. Jancso, J. Pupezin, and W . A . Van H ook, Nature {London), 
225, 723 (1970).
(63) Listings of vapor pressure isotope effects as measured at the dif
ferent experimental temperatures will appear immediately following 
this article in the microfilm edition of this volum e of the journal. 
Single copies m ay be obtained from the Business Operations Office, 
Books and Journal Division, American Chemical Society, 1155 Six
teenth Street, N . W ., W ashington, D . C. 20036. Rem it check or 
m oney order for $3.00 for photocopy or $2.00 for microfilm.
(64) (a) S. M atsuo and O. M atsubaya, Nature {London), 221, 463 
(1969); (b) M . M ajoube, Nature {London), 226, 1242 (1970); J. 
Chim. Phys. 68, 625 (1971).
(65) R . O ’Neil, J. Phys. Chem., 72, 3683 (1968).
(66) S. Szapiro and F. Steckel, Trans. Faraday Soc., 63, 883 (1967).
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Figure 1. V a p or pressure isotope effects fo r  the 
system  H 2160 -  H 5180 .

present effect shou ld be p r in c ip a lly  due to the isotope 
effect on the h indered tran s la t io n a l la tt ice  modes.6 
T h e  data  shown in  F igu re  1, in c lud in g  the present 
po ints, and lite ra tu re  values from  Szap iro  and S tecke l,66 
(SS), B ae rtsch i and T h iirk a u f,67 and W ah l and U re y 68 
have been least squared and the resu lt is reported as eq 
25. O the r lite ra tu re  da ta69 were not in c luded  in  the 
least squaring  because they  were s ign if ican tly  d ifferent 
from  the  superior (in  our estim ation) da ta  of SS. The  
agreement between the present data  po in ts and those 
of SS is sa tis fac to ry  in  the overlap region a lthough the 
em p irica l slope of (eq 24) is m uch too large. There  are 
no o ther da ta  w ith  w h ich  a d irec t com parison can be 
made be low  15°.

, 982.4 ± 19.6
111 R  liquid mi> — -  0.00193 ±  0.000181 2

(373 < T < 273) (25)

W e  feel th a t  va lues of In R  ca lcu la ted  from  eq 25 are the 
best a va ilab le  over the l iq u id  range. T h e  uncerta in ties 
can be conse rva tive ly  set as ±0.0002 In R  un it. W ith  
these l im its  eq 24 and 25 overlap  w ith in  the sta ted un 
certa in ties over the range 0° <  t <  11°.

T h e  upper lin e  in  the liq u id  region o f F igu re  1 is taken  
from  a ca lcu la tion  due to  V a n  H o o k 4 (case I I)  where 
the param eters were assigned on spectroscopic grounds. 
O n ly  the la tt ic e  h indered tran s la t ion a l frequencies con
tr ib u te  s ign if ican tly  to  the 180  effects and the good 
agreement between the ca lcu la ted  and observed V P I E ’s 
ind ica tes th a t th is  frequency was reasonab ly assigned.

D a ta  a va ilab le  fo r com parison on the  so lid  phase are 
m anom etric  measurements due to  M a tsu o  and  M a tsu -  
baya64a and the  recent mass spectrom etric  ones of 
M a joube .64b T h e  Japanese lin e  lies nea rly  2 0 %  below  
the f it  to  present da ta  w h ich  is itse lf about 5 %  below  
the F ren ch  resu lts a t the m e lt ing  po in t. T h e  la rge r 
slope d isp layed  b y  the la tte r  appears more reasonable 
from  theore tica l considerations. So lu tion  of equations 
2 3  and 2 5  a t the m e lt ing  po in t ( 0 ° )  gives a figure fo r the 
so lid - liq u id  fra c t io n a tio n  of 0 . 0 0 3 0  ±  0 . 0 0 0 3  to  be com
pared w ith  O ’N e i l ’s65 d ire c t ly  measured va lue  o f 0 . 0 0 3 0  

±  0 . 0 0 0 2  and M a jo u b e ’s va lue  of 0 . 0 0 3 4  ± 0 . 0 0 0 3  taken  
from  h is ice and liq u id  data.64b T h e  agreement is  sa t
is fa c to ry  and supports the present resu lts as com pared 
to  those o f the  Japanese. A ccep ting  fo r the  m om ent 
the overs im p lified  m odel used in  the earlie r ca lcu la tions 
o f V a n  H o o k 4 we can estim ate an effective average 
tran s la t io n a l frequency in  ice from  th a t used fo r the 
l iq u id  and the V P I E ’s fo r liq u id  and solid . Thus, 
In ( f l188„nd)/ln  (7218iiquid) = ( 0 . 0 1 4 3 8 / 0 . 0 1 1 2 4 )  S  
( r 2s o l i d /r 2liquid) =  ( r 2s o I i d /1 6 2 .5 2) ,  w h ich  gives r 8olid  

—  1 8 3  cm  4 and A r  — rsoiid rnquid  20 cm  
T h is  contrasts sha rp ly  w ith  the figure A r  = 1 1 3  cm -1 
w h ich  was estim ated earlie r5 from  the spectroscop ic l i t 
erature.70,71 T h e  present data  d e fin it iv e ly  establishes 
th a t earlie r assignm ent as wrong.

F in a l ly  the isotope effect on the tr ip le  p o in t is  ca lcu 
la ted  from  these data  as T tr iPie(H2180 )  — T tr iPie(H2160 )  
= (0.32 ±  0.03) ° K . T h e  on ly  o ther experim enta l 
measurement is  due to K u h n  and T h u rk a u f72 who esti
m ated A T t = (0.05 ±  0.01) ° K  from  a measured ice - 
l iq u id  fra c tion a tion  facto r of (5 ± 1) X  10-4 . The  
present data  (and those of ref 64b and 65) in d ica te  th a t 
th is  va lue  is  m uch too low.

2. H 2O-D2O Results. The  H 20 - D 20  data  are pre
sented in  T ab le  l i b . 63 T h e  least-square fits  fo r the 
three d iffe rent regions exam ined fo llow . (A n  a lte rna 
t iv e  f it  to  the l iq u id  data  in  w h ich  the so lu tion  effects 
are also em ployed is g iven be low  in  section C .) T h e  
param eters obta ined are h ig h ly  correlated. Enough  
s ign ifican t figures are g iven so th a t the effects can be 
ca lcu la ted  to  0.00001 and rounded to  the nearest 0.0001. 
T h is  en ta ils  repo rting  the param eters to  wre ll beyond 
th e ir  confidence lim its  (as expressed b y  the standard  
dev ia tions on the de rived values of the param eters

(67) P. Baertschi and M . Thtlrkauf, Helv, Chim. Acta, 43, 80 (1960).
(68) M . H. W ahl and H. C. Urey, J. Chem. Phys., 3 , 411 (1935).
(69) J. L. Borowitz, J. Phys. Chem., 66, 1412 (1962); A . E. Brodsky 
and O. C. Skarre, Acta Phys. Chim. USSR, 10, 729 (1939); I . Dos- 
trovsky, J. Gillis, D . R . Llewellyn, and B. H . Vromen, J. Chem. Soc., 
3517 (1952); E. H. Riesenfeld and T . L. Chang, Z. Phys. Chem., 33, 
120 (1936); S. Sakata and N. M orita, Bull. Chem. Soc. Jap., 29, 284 
(1956); 0 .  V . Uvarov, N . M . Sokolov, and N . M . Zhavoronkov, 
Kernergie, 5, 323 (1962); H . E. W atson, J. Appl. Chem., 3, 556 (1953); 
M cW illiam s, Pratt, Dell, and Jones, Trans. Inst. Chem. Eng., 34, 24 
(1956).
(70) G. E. Walrafen, J. Chem. Phys., 36, 1036 (1962); 47, 114 (1967).
(71) N . Ockman, Advan. Phys., 7, 199 (1958).
(72) W . Kuhn and M . Thtlrkauf, Helv. Chim. Acta, 41, 938 (1958).
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Table III: Values o f  103 In (P hio/-P d2o ) betw een  0  and 100°

-f, °C-
0 10 20 30 40 50 60 70 80 90 100

(1) Present w ork  ( ± 0 .3 ) 2 0 4 .2 1 7 8 .2 1 5 5 .6 1 3 5 .9 1 1 8 .8 1 0 3 .8 9 0 .7 7 9 .2 6 9 .2 6 0 .3 5 2 .6
(2) Jones7 169 150 132 117 1 0 2 .7 9 0 .3 7 9 .1 6 9 .0 5 9 .9 5 1 .6
(3) Z ieborak 82 6 9 .4 6 0 .2 5 2 .0
(4 ) L ew is and M cD o n a ld 80 152 134 118 1 0 3 .8 9 1 .0 7 9 .6 6 9 .4 6 0 .2 5 2 .0
(5 ) R iesen feld  and C hang79 158 138 1 2 2 109 9 6 .5 8 5 .5 7 5 .8 6 7 .2 5 8 .7 5 1 .0
(6 ) K iss, Jakli and I lly “ 198 171
(7 ) M iles and M enzies81 173 153 135 119 1 0 4 .0 9 0 .8 7 9 .2 6 8 .5 5 9 .1 5 0 .9
(8 ) C om bs, G oogin , and Sm ith83“ 179 158 138 1 2 2 1 0 6 .2
(9 ) F rom  salt solution  data  ( ± 0 .3 ) 2 0 4 .1 177 .9 155 .2 1 3 5 .5 118 .4 103 .5 9 0 .4 7 9 .1 6 9 .2 6 0 .5 5 3 .0

* See ref 73. T h e  liqu id  data  w ere p lo tted  as log  P vs. 1/T and fit w ith  a stra ight line w hich  was extrapolated  to  0 and 10°.

themselves), because the  lin ea r com b ination  w h ich  ex
presses the effect is  know n to  a m uch h igher order of 
precis ion  than  are the  param eters themselves.

ln  Ä i iq = In P  HiC'\
P DsO/ liqu id

(0.17416 ± 0.01175)
(191.70 ±  7.372)

T +

(54587 ±  1143)
rpi (270 < T <  373) (26)

In R si = In
( Pmo ( liq u id ) \  
\  P D,o(ice) /

-(1 4 .9 4 7 2  ±  1.4355) +
(7405.4 ±  786.7) 

T

(889582 ±  107790)
rp 2 (270 <  T  <  277) (27)

ln P so iid  = In ( - ~ )  =
DaO/ ice

(0.23688 ±  0.1435) -  (M 6 -92„ ±  75-6) +

(56783 ±  9957)
rp2

T

(209 <  T < 273) (28)

T h e  data  are p lo tted  in  F ig u re  2. T h e  lines are the 
least-square fits. T h a t  fo r the l iq u id - ic e  data  is  re
ported  as a three param eter equation fo r consistency 
bu t there is  ve ry  l it t le  difference between the fits o f the 
tw o and three param eter equations over th is  ve ry  short 
tem perature range. Some com parisons w ith  earlier 
w o rk  are g iven in  T ab le  I I I .  T o  our know ledge no pre
v ious authors have reported measurements in  the super
cooled region o r in  the  reg ion between the m e lting  
po ints. W e  consider the liq u id , so lid , and liq u id -so lid  
regions below.

H 2O-D2O Ices. P rev ious measurements on ice I 
V P I E ’s to —40° have been reported b y  K iss , Ja k li,  and 
I l ly 73 and M a tsuo , K u n iy o sh i, and M iy a k e .74 These

Figure 2. V a p or pressure isotop e  effects for 
the system  H 2O - D 2O.

are in  good agreement w ith  the  present da ta  b u t are not 
p lo tted  because of our conside rab ly  be tte r precision 
above — 20c . [Below  — 20° we cou ld  no longer use the

(73) I. Kiss, G. Jakli, and H . Illy, Acta Chim. Acad. Sci. Hung.. 47, 
379 (1966).
(74) S. M atsuo, H . Kuniyoshi, and Y . M iyake, Science, 145, 1454 
(1964).
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au tom atic  therm osta t and were forced to  use various 
organ ic slush baths. These were sa t is fa c to r ily  stab le 
except fo r the CC14 slush, — 23°, w h ich  gave poor re
su lts. N o  substitu te  was located, however, and the  re
su lts us ing CC14 are reported.] T h e  ca lcu la ted  lin e  
from  ref 5 is also in  agreement w ith  the  present resu lts. 
In  p a rt icu la r  there is  good correspondence between ca l
cu la tion  and  experim ent in  bo th  the slope and the cu rva 
tu re  a lthough  the tw o curves are d isp laced from  each 
o ther b y  a sm a ll am ount (-M1.003 In R  un it). [Note, 
how ever, th a t  the ice phase tran s la t io n a l assignments 
used in  (5) have been c r it ic ized  above on the  strength 
o f the  H 2180  resu lts. F o r  D 20 , however, the  externa l 
tran s la tion s con tr ibu te  on ly  a m ino r p a rt of the  V P I E . ]

The Region between -\-5° and —5°. W e  have sing led 
th is  reg ion ou t fo r separate a tten tion  because to  our 
know ledge no other measurements have been reported 
between the D 20  and H 20  tr ip le  po in ts o r in  the super
cooled region (a lthough M e r l iv a t  and N ie f  have mea
sured the  H 0 D - H 20  fra ction a tion  facto r fo r the  super
cooled l iq u id  to  — 15°75). T h e  data  over th is  region 
together w ith  the fits  are p lo tted  in  F ig u re  3, w h ich  
thus am ounts to an enlargem ent of a po rtio n  of F igu re
2. T h e  lines labe led A , B , C  correspond to H 20 ( l iq ) -  
D sO (liq ), H 20 ( l iq ) - D 20  (solid) and H 20 ( s o lid ) -D 20 -  
(solid), respective ly . M o s t  of lin e  A  refers to super
cooled D 20  and pa rts of lin e  A  and lin e  B  refer to  super
cooled H 20 .  N o t ic e  th a t there is  no evidence fo r the 
branch  H 20  (s o lid ) -D 20  (supercooled) w h ich  is  expected. 
How ever, our equ ipm ent design is such th a t  we were 
unab le  to  se lective ly  nucleate ju s t one of the  samples 
and so th is  po rtion  was no t observed.

T h e  curves A  and B , and C  and B , shou ld  in tersect 
a t the  tr ip le  po in ts of D 20  and H 20 , respective ly . S i
m u ltaneous so lu tion  of equations 26 and 27 and 27 and 
28 g ive 3.83 ±  0.04° fo r the t r ip le  po in t of D 20  and 
— 0.03 ± 0.04° fo r the t r ip le  po in t of H 20 76 in  good 
agreement w ith  the accepted values, 3.83° and 0.01°.

S im u ltaneous so lu tions of eq 26 and 28 a t 0° gives a 
ca lcu la ted  fra ction a tion  fac to r of 1.0381 ± 0.0004 for 
the h ypo the tica l process

H 20  (solid) +  D *0 (liq ) — > H 20  ( liq u id ) +

D 20  (solid) (29)

in  agreement w ith in  experim enta l error w ith  the va lue  
1.0384 ±  0.0002 w h ich  W eston77 ca lcu la ted  from  the 
heats of fus ion  and heat capacities of H 20  and D 20 . 
I f  we assume the  law  of the geometric mean78 fo r the 
series H O H , H O D , D O D  we ob ta in  a fra ction a tion  
fac to r o f 1.0189 ± 0.004 (compared to  W eston ’s ca lcu
la ted  va lue  of 1.0192 ± 0.002 and K u h n  and T h u r- 
k a u f ’s,72 1.0 188) fo r the process.

H 20  (solid) +  H O D ( liq )

H 20  (liqu id ) +  H O D  (solid) (30)

I t  is in te resting  to  com pare these resu lts w ith  the d irect

co(V

Figure 3. T h e  va p or  pressure isotop e effects fo r  H 2O - D 2O 
betw een  — 5 and + 5 ° .

measurements of o ther workers. T h is  is  done in  T ab le
IV .  O f the entries in  the tab le  M e r l iv a t  and N ie f  ap
pear to  be h igh, K u h n  and T h iirk a u f low . W ith  these 
po in ts disregarded the rem ainder average to  1.0202 ± 
0.0008 when equa lly  weighted. W ith in  one standard  
dev ia tion  there is  no overlap  between the  experim enta l 
resu lts and the p red ic tions of the  law  of the  mean. 
How ever, the conclusion th a t the  law  of the  mean is 
no t obeyed is tenuous since overlap  occurs w ith in  tw o 
standard  dev ia tions of e ither the experim enta l average 
o r the ca lcu la ted  pred iction . T h is  near congruence is 
in te resting  in  v iew  of the  fa c t th a t there is  no a priori 
reason fo r the law  of the mean to  ho ld  fo r w ater in  the 
condensed phase.6

H 20 -D 20 Liquids. The  ana lys is of the  H 20 - D 20  
liq u id  da ta  is  a most im po rtan t p o rtio n  o f the  present 
paper, a t least as fa r as our pro jected experim enta l p ro 
gram  is concerned. T h e  data  have a lready  been p re
sented in  F ig u re  2, T a b le  l ib ,  and equation  26. T h e  re
l ia b i l i t y  of the  data  is best judged from  an exam ina tion  
of the  va riance  of f it  o f eq 26. F o r  the so lvents at (a{ 
= V va riance  o f fit) is abou t 2 X  10 ~4. T h is  is s lig h t ly  
im proved  fo r the  in d iv id u a l sa lt so lutions, p robab ly  be
cause the vapo r pressure is  depressed and flu c tua tion s 
due to  in c ip ie n t condensation, etc., are m in im ized . 
W e  have considered th is  s ta tis t ica l e rror and the pos-

(75) L . M erlivat and G. Nief, Tellus, 19, 122 (1967).
(76) The effects (both for D 2O and H 2lsO) reported here have been 
corrected for the artifact mentioned in ref 43.
(77) R . E. W eston, Geochim. Cosmochim. Acta, 8, 281 (1955).
(78) J. Bigeleisen, J. Chem. Phys., 23, 2264 (1955).
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Table IV : F raction ation  F actors  at 0° fo r  th e R eaction  
H 2O (so lid ) +  H O D (liq )  <=* H ,0 ( l iq )  +  H O D (so lid )

a. C alcu lated from  the L aw  o f the G eom etric M ean  and 

(1) T h erm odyn am ic quantities
W eston 77 1.0192 ±  0.0002
K u h n  and T h ü rk au f72 1.0188

(2 ) V P IE  m easurem ents on D 20  liqu id  and ice
Present w ork 1.0189 ±  0.0004

b. D ire ct ly  M easured

P osey  and Sm ith“ 1.0211 ±  0.0007
K u h n  and T h ü rk au f72 1.0171 ±  0.0005
M erliv a t and N ie f76 1.0235
O ’N e il6 1.0195
C raig“ 1.0195
A rn ason d 1.0208 ±  0.0007

0 J. C . P osey  and H . A . Sm ith, J. Amer. Chem. Soc., 7 9 , 555 
(1957). 6 J. R . O ’N eil, J. Phys. Chem., 72 , 3683 (1968). “ H .
Craig, Trans. Amer. Geophys. Union, 49 , 1 , 
Arnason, J. Phys. Chem., 7 3 , 3491 (1969).

216 (1968). d B.

s ib le  system atic  errors in  assigning an un ce rta in ty  of 
±0.0003 In  R  un its  to the V P I E ’s w h ich  we report. 
T h e  data  are com pared w ith  the resu lts of some earlier 
workers in  T ab le  I I I . T h e  n in th  row  in  T ab le  I I I  
shows the resu lts obta ined be low  b y  f itt in g  data  on the 
so lvents and on L iC l ,  N a C l,  K C 1  and C s C l so lu tions a ll 
together in  order to determ ine the  best f it  zero concen
tra t io n  in te rcep t. T h is  lies consisten tly  ju s t about one 
standard  dev ia tion  be low  the present fit. H o p e fu lly  
the true  va lue  lies between the va lues quoted in  the 
first and n in th  rows.

There  are a num ber of im po rtan t po in ts o f com pari
son in  T ab le  I I I . F ir s t  there is  exce llent agreement at 
the h igher tem peratures between m ost of the workers 
in  the  tab le. [R iesenfeld and Chang79 are consisten tly  
low  and w il l  no t be considered fu rther. ] T h u s there is 
agreement w ith in  1% w ith  Jones7 from  60 to  90°, 
w ith  Lew is and M c D o n a ld 80 from  40 to 90°, w ith  M ile s  
and M enz ie s81 from  30 to 80°, and w ith  Z iebo rak82 at 
80 and 90°. [The present data  cou ld  w e ll be a l it t le  
(as m uch as 1%) h igh  a t 100° w h ich  is a lm ost 5° be
yond our actua l la s t p o in t and so invo lves some extrap
o la tion .] The most important difference between the 
present work and earlier papers is the fact that the present 
results are significantly higher at lower temperatures, i.e., 
that there is a good deal more curvature in the V  P I  E-tem
perature curve than was to be expected from the earlier 
work.93 T h is  de fin ite  conclusion is o n ly  made possib le 
b y  our im proved  p rec is ion  a t the low er tem peratures. 
A n  im po rtan t consequence w h ich  fo llow s is th a t equa
tions o f the typ e  I n i?  = A /T  +  B /T 2 s im p ly  do not 
d isp la y  enough cu rva tu re  to f it  over the en tire  range 
and one m ust e ither go to tem perature dependent A  
and .B’s or to  extended equations, fo r exam ple of type  
26. E xp e r im en ta lly  our h igh  (as com pared to  other

workers) resu lts at low  tem perature are substan tia ted 
b y  the  exce llent agreement between the ca lcu la ted72'77 
and observed ic e - liq u id  fra ctiona tion  facto r and the 
present and lite ra tu re78'74 va lues of the ice V P I E ’s.

3. Solution Data. T h e  experim enta l resu lts are 
presented in  Tab les: H e  (N a C l;  1.1024, 2.9000,
4.0000, and 5.5000 m), l i d  (KC1 ; 3.5000 and 4.5000 m), 
H e  (C sC l; 1.0000, 3.0000, 4.5000, and 6.0000 m), and 
I l f  ( L iC l;  3.0000, 5.0000, 7.0000, 10.0000, and 15.0000 
m).63 The  concentrations are good to  ±0.0002 m. 
T h e  na tu ra l loga rith im s of the observed effect together 
w ith  the associated tem peratures are g iven. E xcep t 
fo r K C 1  w h ich  was lim ite d  a t the low  end to  room  tem 
perature b y  the so lu b ility , the data  genera lly  extend 
from  0° o r s lig h t ly  below, up to  about 90° fo r each of 
the sa lts stud ied. M a n y  of the concentrations were 
scanned w ith  two different, separate ly  prepared, sam
ples.

W e chose to  w ork  the so lu tion  data  up in  tw o d iffer
ent ways. Large  scale p lo ts o f the data  gave sm ooth 
curves more or less p a ra lle l to  the  H 20 - D 20  pure so lvent 
effect. In  m ethod A , the V P I E ’s were least squared84 
to  equations of the form , In R  = Ay/T2 +  A 2/T  +  A 3, 
fo r each d ifferent so lution. T h e  equations and data  
po in ts were graphed so th a t any  unusua l behav io r cou ld 
be eas ily  detected. A  com parison of the A  parameters 
fo r a g iven sa lt at d iffe ren t concentrations a lways 
showed a regu lar progression. T h e  A  equations were 
then  so lved at regu lar tem perature in te rva ls  and these 
so lu tions (at a g iven tem perature) were in  tu rn  f it  to 
equation 8.

A  In R = In R 0 — In R m = bm2 +
5 5 .5U 8

= Km 2 +  Lm3 +  . .. (31)

T h is  process is  exem plified fo r N a C l in  F ig u re  4. F o r  
th is  sa lt the quadra tic  te rm  alone is sufficient. (The 
p lo ts show the 2.9 m so lu tion  apparen tly  low  be low  
50 °.) K  is  g iven as a fun c tion  of tem perature in  F ig 
ure 5.

M e th o d  A  is thus stra igh tfo rw ard , bu t, because it

(79) E. A . Riesenfeld and T . L. Chang, Z. Phys. Chem., Abt. B, 33, 
120(1936).
(80) G. N. Lewis and R . T . M cD onald, J. Amer. Chem. Soc., 55, 3057 
(1933). [The original data were fit with our programs to an eq of 
type 26.]
(81) F . T . Miles and A . W . Menzies, J. Amer. Chem. Soc., 58, 1067 
(1936).
(82) K . Zieborak, Z. Phys. Chem., 231, 248 (1966).
(83) (a) R . L . Com bs, J. M . Googin, and H . A . Smith, J. Phys. 
Chem., 58, 1009 (1954). (b) The results of ref 83a at the lower tem
peratures are higher than those of most earlier workers in agreement 
with us, but do not fall off with increasing temperature as steeply as 
do our data and so do not show the enhanced curvature referred to 
in the text.
(84) M . H . Lietzke, O R N L  3259. See ref 61.
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F igure 4. T h e  con centration  dependence o f In R a t several different tem peratures.

F igure 5. T h e  tem perature dependence o f Kn*cì-

T a b le  V : T h e  Param eters o f E q  34

LiCI NaCI KC1 CaCl

AB, 0 .7 3 3 0 3 .4 46 8 0 .7 3 2 6 8 .5 00 1
A S 2 0 .002696 0 .010535 0 .002016 0 .025315
A B3 - 0 .0 1 7 8 5 3 -0 .0 7 1 5 1 9 -0 .0 1 3 8 3 1 -0 .1 7 2 3 0 4
ACi 7 .0 7 2 2  X

i o - 4

- 1 .0 5 1 2

A C 2 - 3 .1 9 9 9  X  
1 0 ~ 6

- 0 .0 0 3 2 1 3

AC's 1 .8 91 7  X
i o - 4

0 .0 21 7 8 9

so lu tion  data  s im u ltaneously . Thus, we made one s in 
g le least-square fit  of a ll of the d iffe rent sa lt system s 
p lu s the so lven t da ta  to  a sing le equation.

AB 2(i) In T  +  AB 3(i) TOj2 (io } L i,  N a , K ,  C s) (32)

invo lves a th reefo ld  least squaring  in  f in a lly  a rr iv in g  
a t the  tem perature coefficient of K , does not pe rm it a 
stra igh tfo rw ard  ana lys is o f the e rror to  be assigned to 
the  the rm odynam ic parameters. W e  consider i t  an 
im po rtan t p a rt of our data  treatm ent, however, because 
it  a llow s a s im p le  graph ic com parison between ca lcu 
la ted  and observed va lues w h ich  in  the ra the r more ab
s tra ct m ethod B  is no t p rac tica l.

In  m ethod B  a ll o f the data  are treated together. W e 
have seen th a t the q u an tity  of experim enta l in te rest is 
A  In ifxc i™  = In R 0 — In Rxcim, fo r each of the salts, 
X C 1 , at each concentration , m. W e  therefore elected 
to  redeterm ine the in te rcep t, In R 0 = A i/ T 2 +  A 2/T  +  
A 3, b y  em p loy ing  a ll of the pure so lven t and pe rtinen t

Th e  in p u t da ta  fo r eq 32 was lim ite d  to  those concen
tra t io n s a t or be low  w h ich  the data  were found to be sat
is fa c to r ily  f it  b y  the quadra tic  term  alone. These were 
found in  the p re lim in a ry  least-square runs to in c lude  a ll 
of the  water, N a C l and K C 1  data, th e  1 and 3 m C s C l 
da ta  and the 3 and 5 m L i d  data. A ltoge the r 832 data  
po in ts were f it  to  the 15 param eters in  eq 32. T h e  ex
pression fo r the in te rcep t w h ich  was ob ta ined  is

In R 0
57321

rp 2
209.41

T
+  0.20252 (33)

T h e  va riance  was 1.3 X  10 ~6 and the va riance  o f f it
1.6 X  10~9. W e  have reported vapo r pressure isotope 
effects fo r H 20 - D 20  as ca lcu la ted w ith  equation  33 to
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T ab le  V I :  E rror M atr ix  (Inverse M a tr ix  o f  N orm al E qu ation s) A ssociated w ith  Param eters in T a b le  V

LiCI NaCl KC1 CeCl

Bn 1 .3 4  X  10» 6 .9 3  X  104 1 .4 9  X  10« 5 .0 2  X  10«
Bn =  Bn 4 .3 0  X  102 2 .2 8  X  102 4 .4 9  X  10s 1 .6 1  X  104

Biz ~ Bzi - 2 . 9 0  X  10 3 - 1 . 5 4  X  103 - 3 . 0 6  X  104 - 1 . 0 9  X  10»
B%2 1 .3 8  X  10» 7 .5 4  X  lO - i 1 .3 6  X  IO4 5 .1 7  X  IO4

Bìz — B 32 - 9 . 3 3  X  10» - 5 . 0 6  X  10» - 9 . 2 3  X  IO 4 - 3 . 4 9  X  102

B33 6 .2 9  X  10 1 3 .4 0  X  lQi 6 .2 8  X  102 2 .3 5  X  103

Cm 7 .3 3  X  10» 1 .6 5  X  10»
C «  =  C m 2 .3 5  X  10» 5 .2 8  X  102

C «  =  C „ - 1 . 5 9  X  10 1 - 3 . 5 6  X  IO3

C 55 7 .5 7  X  IO “ 3 1 .6 9  X  10»
C56 =  Ce s - 5 . 1 1  X  10 ~ 2 - 1 . 1 4  X  10*
C 66 3 .4 4  X  IO “ 1 7 .7 1  X  IO2

614 =  bn - 9 . 7 0  X  103 - 8 . 9 7  X  10»
bn — bzi - 3 . 1 2  X  10 1 - 2 . 8 8  X  103

&16 =  &61 2 .1 0  X  10 2 1 .9 4  X  104

&24 — &42 - 3 . 1 2  X  10 ‘ - 2 . 8 8  X  103

&25 =  &52 - 1 . 0 0  X  1 0 - 1 - 9 . 2 3  X  10»
i>26 =  &62 6 .7 6  X  IO " 2 6 .2 3  X  10*
bzi — biz 2 .1 0  X  102 1 .9 4  X  104

&35 =  bzz 6 .7 6  X  IO -* 6 .2 3  X  10>
bzz — &63 - 4 . 5 6  X  10» - 4 . 2 0  X  102

±0.0003. T h e y  are com pared w ith  those obta ined 
from  the  f it  to  the  so lven t da ta  alone in  T ab le  I I I . 
T h e  present resu lts are about one standard  dev ia tion  
be low  those ca lcu la ted  from  the  so lven t data  alone. 
W e prefer them  fo r the  present app lica tion . T h e  true  
V P I E  is hope fu lly  bracketed  b y  these tw o separate 
f itt in g  procedures.

W ith  R 0 de term ined as a function  of tem perature we 
retu rned and f it  a ll o f the sa lt data  to  the equation

In R  = In R 0 -  Y  \ +  AB 2(i) In T +  
i = i L  i

A 5 3(f)Jw ii2 — Y  +  A C 2(f) In T  +

A Cz(i) Li<8 (i = L i,  N a , K ,  Cs) (34)

T h e  18 param eters w h ich  were obta ined are reported 
in  T a b le  V . Enough  s ign ifican t figures are in c luded  so 
th a t the effects can be ca lcu la ted  to 0.00001 and 
rounded to  the nearest 0.0001, even at the h ighest con
centrations. T h is  en ta ils  repo rting  the param eters to 
w e ll beyond th e ir  confidence l im its  (as expressed by  
standard  dev ia tion ) because the  lin ea r com b ination  
w h ich  expresses the effect is  know n  to  a m uch h igher 
order o f precis ion  th an  are the param eters themselves. 
T h e  param eters con ta in  a ll o f the the rm odynam ic in 
fo rm ation  de rived from  the present s tud y  and therefore 
the  associated errors are of rea l interest. S ince the in 
d iv id u a l param eters fo r each sa lt are h ig h ly  corre lated 
w ith  each o ther (but no t a t a ll w ith  any of the  other 
salts) we have elected to report the en tire  error m atrix , 
together w ith  the variance, ra the r than  (more conven

t io n a lly ) ju s t the d iagonal elements from  w h ich  stan
dard  devia tions are obta ined. These m atrices are 
found in  T ab le  V I .  Th e  va riance  was 1.0 X  10-6 and  
the  va riance  of f it  1.3 X  10~9; 761 so lu tion  data  po in ts 
were inc luded  in  the analysis.

E v e n  though a ll the in fo rm a tion  ob ta ined  in  the pres
ent s tudy  is  conta ined in  eq 34 and Tab le s I la - f ,68 we 
be lieve i t  is  in s tru c t ive  to  exam ine some num erica l v a l
ues o f the effects and the associated the rm odynam ic 
properties a t representative tem peratures. In  th is  
w ay com parisons are fa c ilita ted , as is  the d iscussion of 
la te r paragraphs. T h is  is  done in  T ab le  V I I  where 
va lues fo r A  In R, A<f>, AG8aitex/m, A / / saitex/wi, ASs&uex/m 
and AC'pcx(salt) are shown a t 0, 25, 50, 75, and 100° 
together w ith  the associated errors as ca lcu la ted  from  
T a b le  V I .  A lth o ug h  the va lues fo r the functions 
themselves are read ily  ob ta ined  from  T ab le  V , ob ta in ing  
the  errors is  a more in vo lved  process and we feel th a t 
the entries in  the tab le  are p a r t ic u la r ly  va luab le  in  re
flecting  an accurate p ic tu re  of the errors across the  en
t ire  tem pera tu re-concentration  range of the study. 
F o r  the fou rth  co lum n, 104A  In R, the errors are those 
ca lcu la ted  w ith  T ab le  V I ,  or 0.0002, w h ichever is 
greater. E rro rs  entered in  the rem a in ing  co lum ns are 
those ca lcu la ted  from  T ab le  V I  except fo r the la s t co l
um n  (heat capacities) where they  are ca lcu la ted  from  
the  error bounds on the enthalpies.

E v e n  a casual look  a t T a b le  V I  or V I I  reveals s tr ik in g  
differences in  the errors assigned to  the  therm odynam ic 
functions o f the d iffe rent salts. T h is  is  in  sp ite  of the 
fa c t th a t the p rec is ion  fo r in d iv id u a l measurements was 
nearly  the same fo r each data  po in t. I t  is a conse
quence of the necessarily more restric ted  tem perature
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T a b le  V I I : S olvent Iso top e  E ffects on  E xcess Properties o f A queous A lkali M eta l C h loride Solutions

m t, °c 10<A In R 10s (<t>H -  <t>d) A<?BaIteVm Aflsalt'Vm ACpex/m
L iC l

2 0 - 1  ±  2 - 1 1  ±  6 - 0 .8  ±  0 .4 1 ±  6 0 .0 1  ±  0 .0 2
25 - 1  ± 2 — 8  ±  4 - 0 . 6  ±  0 .3 - 6  ±  7 - 0 .0 2  ±  0 .0 2
50 0 ±  2 3 ±  3 0 .1  ±  0 .1 - 1 3  ±  7 - 0 .0 4  ± 0 .0 2 - 0 .2 9  ±  0 .1 3
75 2 ±  2 22  ±  3 1 .4 ±  0 .2 - 2 1  +  7 - 0 .0 6  ±  0 .0 2

100 3 ±  2 45  ± 4 3 . 3  ±  0 .3 - 2 8  ±  8 - 0 .0 8  ±  0 .0 2
4 0 1 ±  2 5 ±  4 - 0 .2  ±  0 .2 3 ±  6 0 .0 1  ±  0 .0 2

25 1 ± 2 4 ±  2 - 0 . 2  ±  0 .1 — 4 ±  6 - 0.01  ± 0 .0 2
50 3 ±  2 21 ±  3 0 .4 5  ±  0 .0 7 - 1 2  ±  6 - 0 .0 4  ± 0 .0 2 - 0 .2 9  ±  0.11
75 8 ±  2 52 ± 3 1 .65  ±  0 .0 9 - 1 9  ±  6 - 0 .0 6  ±  0 .0 2

100 13 ±  2 93 ± 4 3 .3 7  ±  0 .1 3 - 2 6  ±  7 - 0 .0 8  ±  0 .0 2
6 0 10 ± 2 48  ± 4 0 .3 1  ±  0 .0 3 4 ±  5 0 .0 1  ±  0 .0 2

25 8 ±  2 36  ±  5 0 .2 6  ±  0 .0 3 - 3  ±  5 - 0 .0 1  ±  0 .0 2
50 12 ± 2 53 ± 5 0 .8 0  ±  0 .0 7 - 1 0  ± 5 - 0 .0 3  ±  0 .0 2 - 0 . 2 8 ±  0 .1 0
75 20 ±  2 91 ±  5 1 .8 8  ±  0 .1 0 - 1 7  ±  6 - 0 .0 5  ±  0 .0 2

100 31 ± 2 144 ±  5 3 .4 7  ± 0 .1 3 - 2 4  ±  6 - 0 .0 7  ±  0 .0 2
10 0 78 ±  2 216 ± 5 1 .4 2  ±  0 .0 3 7 ±  3 0 .0 2  ±  0 .0 1

25 59 ±  2 163 ±  4 1 .1 7  ±  0 .0 3 1 ± 4 0 .0 0  ±  0 .01
50 58 ±  2 161 ±  4 1 .4 9  ±  0 .0 4 — 6 ±  4 - 0 .0 2  ±  0.01 - 0 .2 7  ±  0 .0 7
75 70 ±  2 196 ±  5 2 .3 3  ±  0 .0 5 - 1 3  ±  4 - 0 .0 4  ± 0 .01

100 93 ±  2 258 ± 5 3 .6 6  ±  0 .0 7 - 2 0  ± 4 - 0 .0 6  ±  0 .0 1
15 0 313 ±  2 578 ± 5 2 .8 0  ±  0 .0 2 11 ±  2 0 .0 3  ±  0.01

25 236 ±  3 436  ±  6 2 .3 1  ±  0 .0 3 5 ±  2 0 .0 1  ±  0.01
50 203 ±  3 375 ±  5 2 .3 5  ±  0 .0 3 - 2  ± 2 - 0 .0 1  ±  0 .01 - 0 .2 6  ±  0 .0 4
75 203 ±  3 375 ± 5 2 .8 9  ±  0 .0 4 - 8  ±  2 - 0 .0 3  ±  0 .01

100 226 ±  3 419 ± 5 3 .9 0  ±  0 .0 5 - 1 4  ±  2 - 0 .0 5  ±  0 .01

N a C l
2 0 8 ±  2 111 ±  5 6 .0 0  ±  0 .0 5 63 ±  5 0.21  ±  0 .0 2

25 3 ±  2 35 ±  2 2 .1 0  ±  0 .0 7 34 ±  6 0 .1 1  ±  0 .0 2
50 1 ±  2 10 ±  1 0 .6 3  ±  0 .0 7 5 ±  6 0 .0 1  ±  0 .0 2 - 1 .2  ±  0 .1
75 1 ±  2 20  ±  1 1.41  ±  0 .0 7 - 2 4  ±  6 — 0 .0 7  ±  0 .0 2

100 4 ±  2 58 ±  4 4 . 3  ±  0 .3 - 5 3  ±  6 - 0 .1 5  ±  0 .0 2
4 0 32 ±  2 221 ±  3 6 . 0 0 ±  0 .0 3 63 ±  5 0 .2 1  ±  0 .0 2

25 10 ±  2 71 ±  1 2 . 1 0 ±  0 .0 3 34 ±  6 0 .1 1  ±  0 .0 2
50 3 ±  2 20  ±  1 0 .6 3  ±  0 .0 3 5 ±  6 0 .0 1  ±  0 .0 2 - 1 .2  ± 0 .1
75 6 ±  2 41 ±  1 1.41  ±  0 .0 5 - 2 4  ±  6 — 0 .0 7  ±  0 .0 2

100 17 ±  2 115 ±  4 4 . 3  ±  0 .2 - 5 3  ±  6 - 0 .1 5  ±  0 .0 2
6 0 72 ±  3 332 ±  4 6 .0 0  ±  0 .0 2 63 ±  5 0 .2 1  ±  0 .0 2

25 23 ±  2 106 ±  2 2 . 1 0 ±  0 .0 2 34 ±  6 0 .1 1  ±  0 .0 2
50 6 ±  2 29 ±  1 0 .6 3  ±  0 .0 2 5 ±  6 0 .0 1  ±  0 .0 2 - 1 .2  ±  0 .1
75 13 ±  2 61 ±  2 1.41  ±  0 .0 4 - 2 4  ±  6 - 0 .0 7  ±  0 .0 2

100 26 ±  2 144 ±  4 4 . 3  ±  0.01 - 5 3  ± 6 - 0 .1 5  ±  0 .0 2

KC1
2 25 4  ±  2 62 ±  13 3 .7  ±  0 .8 15 ±  24 0 .0 4  ±  0.08

50 3 ±  2 47  ±  12 3 .0  ±  0 .8 9 ±  25 0 .0 2  ±  0 .0 8
75 3 ±  2 40  ±  11 2 . 8  ±  0 .8 4  ±  26 0 .0 0  ±  0 .0 8 - 0 .2  ±  0 .8

100 3 ±  2 39 ±  15 2 . 9  ±  1.1 - 2  ±  27 - 0.01  ±  0 .0 7
4 25 18 ± 2 125 ±  13 3 .7  ±  0 .4 15 ±  24 0 .0 4  ±  0 .0 8

50 14 ± 2 94 ±  11 3 . 0 ±  0 .4 9 ±  25 0 .0 2  ±  0 .0 8
75 12 ± 2 80 ±  11 2 .8  ±  0 .4 4 ±  26 0 .0 0  ±  0 .0 8 -  0 .2  ±  0 .8

100 11 ±  2 79 ±  14 2 .9  ±  0 .5 - 2  ±  27 - 0 .0 1  ±  0 .0 8

C sC l
2 0 27 ±  2 371 ±  31 2 1 .4  ±  1 .8 146 ±  33 0 .4 6  ±  0 .1 2

25 14 ±  2 199 ±  31 12 .5  ±  1 .9 90 ±  34 0 .2 6  ±  0 .11
50 9 ±  2 122 ±  31 8 .3  ±  2 .1 33 ±  35 0 .0 8  ±  0.11 - 2 .3  ±  0 .7
75 8 ±  2 114 ±  31 8 .5  ±  2 .3 —  23 ±  37 - 0 .0 9  ±  0 .1 1

100 11 ±  2 158 ±  26 1 2 .8  ±  2 .1 - 8 0  ±  38 - 0 .2 5  ±  0 .1 0
4 0 81 ±  6 561 ±  42 1 7 . 7 ±  1 .3 117 ±  21 0 .3 7  ± 0 .0 8

25 44  ±  6 309 ±  42 10 .5  ±  1 .4 74 ±  22 0.21  ±  0 .0 7
50 27 ± 6 186 ±  42 6 .9  ± 1 .6 31 ±  23 0 .0 7  ±  0 .0 7 - 1 .7  ±  0 .4
75 23 ± 6 157 ±  41 6 .7  ± 1 .8 - 1 2  ±  24 - 0 .0 5  ±  0 .0 7

100 29 ±  6 199 ±  40 9 .5  ±  1 .9 - 5 6  ±  25 - 0 .1 7  ±  0 .0 7
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T a b le  V II (Continued)

m t, °c 10<A ln R 10‘  (0H -  4>d) AG.ait'+m AifsaH8*/» ASB&ltex/m Cpex/m

6 0 123 ±  11 569 ±  52 14 .0 ±  1 .3 89 ±  11 0 .2 7  ±  0 .0 4
25 71 ±  11 329 ±  52 8 .5  ±  1 .3 59 ±  11 0 .1 7  ±  0 .0 4
50 41 ±  11 192 ±  51 5 .5  ±  1 .5 29 ±  11 0 .0 7  ± 0 .0 4 - 1 .2  ±  0 .2
75 28 ±  11 130 ±  52 4 .8  ±  1 .9 - 1  ±  12 - 0 .0 2  ±  0 .0 3

100 27 ±  11 125 ±  49 6 .3  ±  2 .5 - 3 1  ±  12 — 0 .1 0  ±  0 .0 3

or concentration  range fo r some of the salts. T h u s 
KC1 , lim ite d  to  4.5 m (to2 = 20) and to  tem peratures 
above about 20°, shows ve ry  large errors in  the derived 
functions as com pared to  N a C l (m2 = 36) w h ich  covers 
the entire tem perature range, even though both  sets of 
data  are n ice ly  f it  b y  the three param eter quad ra tic  
te rm  alone (eq 34). S im ila r ly  C s C l shows large errors 
in  its  de rived functions as com pared to  N a C l even 
though bo th  sets of data  cover id en tica l tem perature 
and concentration  ranges. T h e  reason is due to the 
fact th a t the C s C l d isp lays s ign ifican t cu rva tu re  even 
a t low  concentrations. T h is  demands th a t add it ion a l 
param eters be in c luded  in  the f it  w ith  a concom itant 
larger unce rta in ty  in  the variance  of fit. I t  is in 
teresting  to  com pare the  C s C l w ith  the L iC l  data  w hich 
extends a ll the w ay to  15 m(m2 = 225). H ere  the w ide 
concentra tion  range pe rm its the cu rva tu re  to be m uch 
more p recise ly  defined th an  i t  was fo r the C s C l data  and 
the errors in  the de rived functions are again sm a ll 
(about the same as fo r the N a C l) , even though the f it  
em ploys s ix  param eters as com pared to  th ree for N a C l.

F in a l ly  we have ca lcu la ted  the standard  state ther
m odynam ic functions fo r transfer o f N a C l and K C 1  
from  D 20  to  H 20  from  equation  18 and its  de rivatives. 
T o  do so we made em p irica l fits  to  the sm oothed so lu
b i l it y  and so lu b ility  isotope effect data  reported b y  
M enz ie s and cow orkers.26 N o  so lu b ility  isotope effect 
da ta  are ava ilab le  fo r C sC l. T h e  L iC l  system  is com 
p lica ted  b y  hyd ra te  fo rm ation . T h e  em p irica l least- 
square fits fo llow ; m is  used to  s ign ify  the so lub ility .

N a C l

In toh = +  1.0097 In T  -  5.9034

(<r = 4 X  10“ 4) (35)

In —  = +  0.9424 ln  T  -  6.4759
tod T

(<r = 1 X  IO“ 8) (36)

— 509 5
In toh = -  -  0.6532 ln  T +  6.1102

K C 1
(<r = 2 X  1 0 -8) (37)

in  —  = —  +  2.754 ln  T -  18.997 
mD T

l (<r = 7 X  10“ 3) (38)

These re la tions m ay be com bined w ith  cu r resu lts 
(eq 34) to  ob ta in  the resu lts of T ab le  V I I I .  H ere  the 
entha lp ies were obta ined num erica lly . T h e  errors in  
the tab les were a rb it ra r ily  set, m ostly  a t 20%. T h is  
was necessary since we had no good m ethod of ana
ly z in g  the uncerta in ties of M en z ie s ’ data. Th is , the 
so lu b ility  isotope effect, makes the most im po rtan t con
tr ib u t io n  to  the isotope effects on the standard  state 
properties of transfer. T h e  second co lum n in  Tab le  
V I I I  shows the approx im ate fra c t io n a l con tr ibu t io n  of 
the isotope effect on the a c t iv ity  coefficients to  the free 
energy o f transfer (i.e., the con tr ibu t io n  of the present 
data). I t  is  as sm a ll as 6%  fo r the N a C l system  at 50° 
and in  fa c t never rises above 50%.

T a b le  V III : Iso top e  E ffects on  Standard P roperties o f T ransfer 
(D 2O to  H 20 )  C alcu lated from  the Present D a ta  and R e f 26

AG° A H °

N a C l

- 2 6 0  ±  53 
- 1 7 0  ±  30 
- 1 3 0  ±  25 
- 1 3 0  +  25 
- 1 7 0  ±  30

KC1

- 1 4 5 0  ±  300 
- 9 6 0  ±  2 0 0  

- 4 5 0  ±  100 
80 ±  1 0 0  

650 ±  130

i, ° c A G y°/A G ‘

0 (0 .2 7 )
25 (0 .1 5 )
50 (0 .0 6 )
75 (0 .1 4 )

1 0 0 (0 .3 4 )

25 (0 .2 4 )
50 (0 .3 7 )
75 (0 .4 8 )

1 0 0 (0 .4 7 )

- 1 4 0  ±  30 
- 9 0  ±  20 
-  75 ±  20 
- 9 0  ±  20

- 9 0 9  +  200 
- 5 4 0  ±  100 
-1 1 0  ±  100 
+ 4 3 0  ±  100

AS0

- 4 . 4  ±  0 .9  
- 2 . 6  ±  0 .5  
— 1 .0  ±  0 .5  
+  0 .6  ±  0 .5
+  2 .2  ±  0 .5

- 2 . 6  ±  0 .5  
- 1 . 4  ±  0 .5  
- 0 . 1  ±  0 .5  
+  1 .4  ±  0 .5

Comparisons. There  are no data  in  the lite ra tu re  
w ith  w h ich  com parisons can be made except a t the 
standard, 25°, tem perature. E v e n  there, ve ry  l it t le  
w ork  has been reported.

T h e  most d irect com parisons th a t can be made are 
w ith  the isop iestic  data  of K e rw in 14 and R o b in so n ,13 
and the glass electrode data  of S ch rie r and R ob in son .88 
These are shown in  T ab le  I X .  T h e  agreement w ith  
S ch rie r is quan tita tive . K e rw in  finds the same re la tive  
ordering  as do we, b u t i t  appears l ik e ly  th a t  h is iso
p iestic  reference, Z n S 0 4,86 is in  e rror and th a t h is scale

(85) Private communication, Drs. E. E. Schrier and R . A . Robinson.
(86) J. C. Rasiah, Thesis, University of Pittsburgh, 1965.
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Table IX : C om parison  o f  R ep orted  Iso top e  E ffects on  
O sm otic C oefficients at 25° and 2  m

<t> h  — <#>D =  10 ~ 3 Km

Present Kerwin, Schrier and Robinson,
work, K K Robinson, K K

L iC l — 0 .4  ± 0 . 1 - 5 . 8
N a C l +  1 . 8  ±  0 . 1 - 1 . 2 2 . 0

KC1 +  3 .1  ±  0 .5 0 . 0

C sC l +  1 0 .0  ±  1 .5 0 . 8

L iC l-N a C l
N a C l-N a C l

K m c i

- 2 . 2

-  KNaCl

- 4 . 6

K C l-N a C l 1 .3 1 . 2 87 3 . 0 , 1 . 2

C sC l-N a C l
R eference

8 . 2 2 . 0

14 85 13

is  d isp laced. A  com parison of differences, made a t the 
bo ttom  of the table, shows excellent agreement w ith  the 
N a C l - K C l  pa irs,87 bu t s ign ifican t differences w ith  the 
L iC l  and C s C l systems rem ain. G oog in  and S m ith 11 
were in terested in  I I 20 - H D 0  separation  factors over 
sa line so lutions. T h ey  exam ined a large num ber of 
sa lt so lu tions in  m ixed H 20 - D 20  so lvents a t 27° us ing 
the techn ique of R ay le ig h  d is t illa t io n . T h ey  in v a r i
a b ly  found th a t the separation facto r was low er than  
the pure so lven t va lue  in  agreement w ith  the pos it ive  
signs on — <t>n) quoted above. A  va lue  o f K  (above, 
T ab le  I X )  m ay be estim ated from  th e ir  da ta  us ing an 
average concentration . W e  ob ta in  from  th e ir  data

Table X : C om parison  o f  R ep orted  E xcess E nthalpies o f  T ransfer 
as a F u n ction  o f C on centration  at 25°

AH,an*/m
Present Wood and Wu and

work

L iC l

coworkers20 Friedman18

2 — 6  ±  7 1 1 . 6

4 - 4  ± 6 1 1 .4
6 - 3  ±  5 47 ±  8

1 0 1 ± 4
15 5 ±  2

N aC l

2 3 9 .4
4 34 ±  6 2 5 .2 34 ±  5
6

KC1

2 15 ±  24 3 9 .5
4

C sC l

3 2 .1

2 90 ±  34
4 74 ±  22
6 59 ±  11

L iC l  (20 m), K  = 0.3 to  be com pared w ith  ou r va lue  
(15 ni), K  = 3; fo r K C 1  (6.2 ni), K  = 14 ±  3 com pares 
w ith  our va lue  o f 3.1 ± 0.5 and fo r C s C l (7 ni), K  = 
20 ± 3 compares w ith  our va lue  (6 ni) of K  = 10 ± 2.

I t  is  also in te resting  to  look a t lite ra tu re  resu lts fo r 
the  excess en tha lpy  isotope effects. These are shown 
in  T ab le  X .  T h e  agreement is sa tis facto ry , p a r t ic u la r ly  
when i t  is  reca lled  th a t the present entha lp ies are ob
ta ined  on ly  in d ire c t ly  b y  d iffe rentia tion .

F in a l ly  in  T ab le  X I  we show  com parisons between 
the  Therm odynam ic  Fu n c tio n s  fo r transfe r between 
the  standard  sta te  so lu tions of N a C l and KC1 . T h e  
ACr°’s appear reasonable. How ever, the agreement is 
no t good between the d ifferent laborato ries. T h e  en
tha lp ie s derived from  the  present s tu d y  appear high, 
p a r t ic u la r ly  fo r the N a C l so lu tion . W e  feel th a t  th is  
is  a resu lt of uncerta in ties in  the lite ra tu re  so lu b ility  
and so lu b ility  isotope effect da ta26 because of the  ra the r 
be tte r agreement w h ich  we observe between ou r da ta  
and o ther reported excess en tha lpy  isotope effect da ta  
(T ab le  X ) .

Table X I : C om parison  o f S tandard State T h erm od yn am ic 
F u n ction  o f Transfer from  D 20  to  I I20  at 25°

a  <J° a  H °  AS0

N a C l

G reyson 16 — 110 ±  12
Lange and

M a rtin 22b — 560 — 1 .5 1  ± 0 . 0 4
Salom aa and A a lto 16 — 212 ±  9 
K erw in 14 — 116
W u  and F riedm an 18 — 545 ± 3 0
D avies and B en son 19 — 535
A rn ett and

M c K e lv e y 23 - 5 9 0  ± 5 0
T h is  w ork  and ref 26 - 1 7 4  ±  30 - 9 5 0  ±  200 - 2 . 6  ± 0 . 5

KC1

G reyson 16 — 130 ± 1 2
Lange and M a rtin 22b —615 — 1 .6 3  ± 0 . 0 4
Salom aa and A a lto 16 —219 ±  9 
L a  M er and

N oon a n 17 - 2 2 5  - 7 5 0  - 1 . 7 6
A rn ett and '

M c K e lv e y 23 — 730 ±  90
T h is w ork  and ref 26 - 1 4 0  ±  30 - 9 0 9  ±  200 - 2 . 6  ± 0 . 5

W e conclude from  the com parisons a t 25° th a t  the 
present da ta  are re liab le  w ith in  the quoted error l im its  
and expect th a t th is  conclusion is v a lid  at o ther tem per
atures as well.

Discussion
There  is  a good deal of new in fo rm a tion  w h ich  can be 

extracted from  eq 34 and T ab le  V I I .  T h e  trend  of the

The Journal of Physical Chemistry, Voi. 76, No. 5, 1972

(87) It  seems that in this portion of his thesis Kerwin is analyzing 
data due to R obinson.13



V apor  P ressure  I sotope E ffect in  A queous Systems 759

resu lts w ith  tem perature is  o f p a rt icu la r  interest. W e 
have a lready noted th a t there is  more cu rva tu re  in  the 
V P IE - te m p e ra tu re  cu rve  fo r the  pure so lvents than  
was to  be expected from  the reports of earlie r workers. 
A n  im po rtan t consequence is the fact th a t approx im ate 
equations of the fo rm  In R  = A /T 2 +  B /T  are experi
m en ta lly  ru led  ou t fo r aqueous systems.

T h e  ch ief features o f the  resu lts fo r the so lu tions are 
d isp layed  in  F ig u re  6, where the  isotope effects on the 
excess free energy pe r m ole and on the excess en tha lpy  
per m ole of sa lt added are shown a t th ree d iffe rent tem 
peratures. S tatem ents concern ing some of the  qu a li
ta t iv e  features o f the  resu lts fo llow .

(a) T h e  isotope effects on the excess free energies 
( I E E G )  are qu ite  sm a ll (in  agreement w ith  the obser
va tion s o f prev ious workers at 25°) and they  are a ll 
pos it ive  w ith in  experim enta l error (co lum n 3, T ab le
V I I ) .  T h u s to  the  extent th a t the I E E G  serves as a 
c rite ria  fo r so lu tion  s tructu re  a ll o f the sa lts stud ied 
here are s tructu re  breakers (a lthough L iC l  shows es
sen tia lly  no effect ou t to  above 5 to).

(b) T h e  I E E G  data  are apparen tly  tend ing  tow ard  a 
rough ly  com m on va lue  a t v e ry  h igh  sa lt concentration  
a t each tem perature and th is  va lu e  seems to  be about 
the  same across the  w ho le tem perature range ( ~  3 ± 2 
ca l/m o l o f sa lt added):

(c) T h e  ordering  o f the  I E E G  effects is  th a t expected. 
A rou nd  room  tem perature th a t is  Cs+ >  K +  > N a + 
>  L i+ .

(d) T h e  isotope effects on the excess enthalp ies 
( I E E E )  are large. T h e y  are de fin ite ly  tem perature 
dependent and the I E E E ’s a ll change sign in  the region 
50 to  75° except fo r L iC l  w h ich  has a sm a ll I E E E  and 
apparen tly  changes sign a t a low er tem perature.

(e) A t  v e ry  h igh  sa lt concentrations the I E E E  data 
are apparen tly  tend ing  to a rough ly  common va lue  
of 0 ± 20 ca l/m o l.

(f) The  I E E G ’s and the I E E E ’s are of the opposite 
sign and sm a lle r th an  the standard  state free energies 
and entha lp ies of transfe r (for N a C l and K C 1  at least).

A  num ber of d iffe ren t approaches to  the in te rp re ta 
t io n  o f da ta  such as the above have been made bu t a ll 
share ( im p lic it ly  or e xp lic it ly )  the ideas o f ion ic  h yd ra 
tion . In  th is  approach9 several d iffe rent k ind s of w ater 
molecules are postu lated. These in c lude  molecules d i
re c tly  bound to  the  ion  (hyd ra tion  in  the firs t layer), 
those no t im m ed ia te ly  ad jacent bu t s t i l l  w h ich  have 
had some m od ifica tion  from  the b u lk  so lu tion  structu re  
(hyd ra tion  in  outer layers), and f in a lly  unchanged wa
te r molecules. F r ie d m a n 18 ca lls  the reg ion of w ater 
molecules of changed stru c tu re  the  cosphere. In  the 
s im p lest model the d iffe ren t k in d s  o f hyd ra tion s m ay 
be lum ped together and  one is then  faced w ith  w hat is 
essentia lly  a tw o state m odel consisting  of “ changed”  
and “ unchanged”  so lven t molecules. In  add it ion  we 
m ust no t forget the com p lica tion  th a t  the “ unchanged”  
so lvent molecules (i.e., those fa r from  any  ion) m ust

Figure 6. Isotope effects on  excess free energies o f solution 
A(?sei =  Os“  (H jO ) — Os“  (D iO ) and excess enthalpies of 
solution AHb“  =  U s“  (H jO ) — f fs “  (D 20 ) .  K e y : CsCl, <J) ; 
KC1, \\\ ; N aC l, / / / / / ;  LiC l, *.

themselves be treated w b h  a t least a tw o sta te  model 
so as to  account fo r bo th  the hydrogen bonded and the 
nonhydrogen bonded species.

T h e  sim p lest possib le m odel then is one where bu t 
one k in d  o f cosphere w ater is  assumed.

M +C1_
so lvent in  b u lk --------> so lven t in  cosphere (39)

I f  in  add it ion  one assumes th a t  there is no isotope effect 
on the h yd ra t io n  num ber (the num ber o f so lven t mole
cules in  the cosphere) one can proceed to  num erica l re
su lts. A  ca lcu la tion  of th is  k in d  was carried  th rough  
b y  Sw a in  and B ad e r88 more th an  ten  years ago. T h e y  
assumed an isotope independent ion  coo rd ina tion  num 
ber o f four, and concentrated all of the isotope effects 
in to  the l ib ra t io n a l degrees of freedom  of the w ater m o l
ecule. T h e y  focused a tten tion  exc lu s ive ly  on the  stan
da rd  state ( in fin ite  d ilu t io n  properties) a t 25° and were 
ab le to  p red ic t free energies and entrop ies in  rough 
agreement w bh  experim ent. In pu t da ta  to  the  ca lcu 
la tio n  consisted of the so lven t-so lu tion  sh ifts  of the 
ra the r b road in fra red  bonds assigned to  the  w ater lib ra 
tions.

T h e  a lternate  approach, th a t  of lum p ing  a ll o f the 
isotope effects in to  a (tem perature dependent) isotope 
effect on h yd ra t io n  num ber, does no t appear to  be a 
f ru it fu l p a th  a t present. T h e  app lica tion  of th is  ap
proach to  the theo ry  of concentrated e lectro ly te  so lu
tions has a long h is to ry  of d ifficu lties.

O u r p a rt icu la r in te rest is in  the change in  the iso
top ic  ra tio  of w ater a c tiv it ie s  as measured b y  the  vapor 
pressures. F o llo w in g  the  m ethod developed in  ref 4 it

(88) C. G. Swain and R . F. W . Bader, Tetrahedron, 10, 182 (1960).
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is  a s im p le  m atte r to show th a t th is  is g iven in  term s of 
the pure so lven t and the so lu tion  p a rt it io n  functions b y  
eq 40.

In R° — In R

In  th is  equation the m o la r vo lum e and gas non idea lity  
corrections have been neglected. T h e  la s t te rm  is the 
one of interest. I f  we adopt the tw o state model d is
cussed above, the p a rt it io n  functions fo r the so lvent in  
the  so lu tion  w il l be of the  general fo rm

Q s o l n "  = (41)

so th a t

where N  is the to ta l num ber of w ater molecules in  the 
system , and n 2H and n 2d are the num ber of cosphere w a
ters in  the H 20  and D 20  so lutions, respective ly. W e 
are em p loy ing  the  no ta tion  1 fo r unchanged (solvent) 
w ater, 2 fo r cosphere water. I f  the to ta l num ber of 
w ater m olecules is  55.508 m o l then  n 2h = ntiZiuL and 
n 2D = miZioL, where Zm and  zm are the respective co
o rd in a tion  num bers and L  is A vogad ro ’s num ber. Thus 
at low  enough concentrations the  firs t and second term s 
in  equation  42 are e ffective ly  equal. A  second t r iv ia l 
case is found when Q2 = Qi, i.e., when the s tructu re  is 
no t affected b y  the solute. T h e  sim p lest in te resting  
case occurs when the  w ater in  the cosphere is  t ig h t ly  
bound. Then  we expect l it t le  or no isotope effect on 
the coo rd ina tion  numbers, and p red ic t sm a ll effects (at 
low  enough rrii on ly, no tice  th a t we are add it io n a lly  
us ing the  assum ption th a t  the Q2 ra tio  is no t too d iffe r
ent from  the  Q i ra tio . T h is  is the case treated in  a 
specia l w ay in  ref 88. In  the context of equation  42 it  
appears th a t In R  is m ost sensitive  to  an isotope effect 
on the coo rd ina tion  num bers because th is  param eter 
enters exponen tia lly). T h e  m odel cannot ho ld  to  a 
v e ry  h igh  concentra tion  bu t nonetheless th is  set of as
sum ptions does ra tiona lize  our observations on L iC l .  
These so lu tions show no change in  the V P I E  (w ith in  
experim enta l error) a ll the w ay to  about 5 m a t tem per
atures o f 50° and below. In  th is  region of low  concen
tra tion , therefore, the on ly  in te resting  isotope effect 
da ta  are those on the standard  sta te  therm odynam ic 
functions of transfer. I t  is in te resting  th a t the standard  
sta te  free energy o f transfe r fo r L iC l  is reported (a lbe it 
im prec ise ly ) as on ly  32 ± 92 c a l/m o l.16’23'89

A s  the concentration  o f sa lt is increased some in te rac
t io n  between cospheres is an tic ipa ted  and the excess

effects begin to  p la y  a role. W e  have seen fo r L iC l  th a t 
th is  does no t begin (at 50° or below) u n t il abou t 5 m. 
H e re  the  w ate r/ ion  ra tio  is a lready down to  6 and as 
the  concentra tion  o f sa lt is increased the  ra tio  drops 
fu rth e r and one m ust postu la te  th a t  coord inated waters 
in  the cosphere are be ing replaced w ith  counterions. 
T h e  isotope effect drops in d ica tin g  th a t  the stru c tu re  
in  the cosphere is be ing broken  down b y  th is  process. 
W e  w ou ld  expect th a t  i f  the  concentra tion  cou ld  be 
made ve ry  large (say ion /w a te r ra tio s of one or so) th a t  
the  effect shou ld  again leve l off to  another concentra tion  
in va r ia n t standard  state leve l, th is  t im e  for the  w ater 
d isso lved in  sa lt reference state. Therefore  one expects 
the V P IE -c o n c e n tra t io n  curve to  be S shaped. O u r 
h igh  concentra tion  data  show no evidence of th is  an
t ic ip a te d  leve ling  off even though they  extend to  15 m. 
Instead A GE/m is found m onotonously  increasing. 
(However, we are p lann ing  to  investiga te  th is  p o in t b y  
m ak ing  measurements on ve ry  concentrated C a C l2 so
lu tions.) D u e  to  the h igh concentra tion  ra the r large 
depressions of the V P I E  are observed fo r the  L iC l  so lu 
t ions (Ro — Ris = 0.024 at 25°, So = 0.145). A lso  the 
excess entha lp ies are sm all, an observation  w h ich  is con
sisten t w ith  the rem arks above.

A t  h igher tem peratures the measured excess p roper
ties fo r L iC l  are s ign if ican tly  d ifferent from  zero even 
a t low  concentrations and it  w ou ld  appear th a t  the  h y 
pothesized t ig h t ly  s tructu red  cosphere is b reak ing  down 
due to  the rm a l energy inpu t.

T h e  rem arks d irected above to  L iC l  appear p lau s ib le  
as fa r as the L i+  ion  is concerned. T h is  ion  is w e ll 
know n to  t ig h t ly  com plex its  h yd ra t io n  sphere. W ith  
respect to  the  C D  ion, however, i t  is d iff icu lt to  under
stand ju s t w hy  there shou ld  be o n ly  a ve ry  sm a ll effect, 
or a fo rtu itou s cance lla tion . One w ou ld  no t guess th a t 
C D  w ou ld  com plex its  waters of h yd ra t io n  t ig h t ly  and 
the m ost p lau s ib le  rem a in ing  hypothesis is  th a t  fo r th is  
ion  Q9 ^ Qsoin*

D a ta  fo r the o ther salts, C sC l, KC1 , and N a C l,  do 
not extend over such a w ide concentra tion  range as fo r 
L iC l .  S t i l l  these sa lts show m uch la rger effects per 
m ole on the  excess properties. W e  hypothes ize  th a t 
th is  is  because th e ir  cospheres are m uch larger th an  the 
L iC l  cosphere and more loose ly bound. In  th is  s itu a 
t io n  the assum ption  of ju s t one k in d  o f cosphere w ater 
seems unnecessarily  re stric tive . T h e  la rger excess ef
fects m ust be due to  overlap  between the  cospheres 
w h ich  m ust con ta in  several layers (because the effects 
are m easurable even a t fa ir ly  low  concentrations). In  
o ther words the stud ies on the excess properties focuses 
a tten tion  on the

"o u te r cosphere b u lk  w ate r”  (39a)

(89) One point which is hard to understand is that we would expect the 
postulated tightly bound H 2O in the LiCl cosphere to have undergone 
a significant perturbation from the electric field of the ion. Hence it 
is a puzzle why the standard free energy of transfer is so small.
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equ ilib ria . Phrased in  a s lig h t ly  d iffe rent fash ion, one 
antic ipates isotope effects on bo th  the  Q’s and the  n ’s, 
in  eq 42. T h e  net effect is  th a t N a +, K + , and Cs+ 
exert considerab ly  greater s tru c tu ra l effects than  L i+ . 
These effects corre late w ith  size, p o la r izab ility , and a 
num ber o f o ther parameters. T h e  sa lts are a ll s truc
tu re  breakers, the  V P I E  is lowered in  every so lu tion . 
Th e  excess the rm odynam ic properties seem to  be tend 
ing  tow ards sa lt independence a t v e ry  h igh  concentra
t io n  and /o r h igh  tem perature. T h is  we w ou ld  expect, 
since under these cond itions the so lven t structu re  is 
ra p id ly  disappearing. I t  is  a lso consistent w ith  the ob
se rva tion  th a t  the  I E E E ’s are tend ing  tow ard  zero at 
ve ry  h igh  concentration . U n d e r cond itions of h igh 
tem perature and /o r concentration , the  residual effects 
are most l ik e ly  due p r im a r ily  to s im p le  ion ic  po la r iza 
t io n  of s ing le (i.e., unstructu red) w ater molecules.

T h e  tem perature dependence of the effects is in te r
esting. T h e  excess free energies per m ole go th rough  
m in im a between 50 and 75°. T h e  isotope effects on 
the excess heat capacities are substantia l.

T h e  sim p lest m odel fo r the ca lcu la tion  of the V P I E  
of w ater has been described b y  V a n  H ook .6 I t  consists 
o f an “ average m o lecu le”  ce ll m odel ca lcu la tion  and is a 
refinem ent on the ca lcu la tio n  due to Sw ain  and B ade r88 
in  th a t each m olecu le is  m odelled w ith  a com plete set of 
n ine frequencies, no t ju s t the three degenerate lib ra - 
tions. T h e  m ajor po rtion  of the  effect is  con tribu ted  
b y  the  two in te rna l stretches and the lib ra tion s . These 
sets of frequencies con tr ibu te  w ith  opposite signs since 
the stre tch ing  force constan t is  conside rab ly  decreased 
on condensation from  the  gas (Avj  +  Avs «  — 330 cm -1 
a t 40°) b u t the  lib ra t io n a l constants are increased 
(from  zero in  the gas phase) due to the hydrogen bond
ing  (3riib ~ 1500 cm -1 a t 40°). I t  is  l ik e ly  th a t these 
frequency sh ifts are re la ted  and th a t an increase in  the 
hydrogen bond frequency is p a r t ia lly  compensated b y  a 
decrease in  the  in te rna l s tre tch ing  frequencies. Thus 
the com plex tem perature dependence of the  V P I E  was 
ra tio na lized  on term s of the observed90 tem perature de
pendence of the  spectra l absorp tion  bands. N o te  th a t 
con tr ibu t io n  o f the  in te rn a l (h igh frequency) modes 
goes rough ly  p ropo rtiona l to  l / T ,  w h ile  th a t from  the 
considerab ly  low er frequency externa l modes goes 
rough ly  as l / T 2. T h e  tw o effects p a r t ia lly  compen
sate one another.

I f  one shou ld  a pp ly  bas ica lly  the same m odel to  the 
cosphere ^  b u lk  eq u ilib r ium  (eq 39) he w ou ld  assume 
no isotope effect on the  h yd ra t io n  num bers and then 
develop the  theo ry  in  term s of the cosphere-bu lk  spec
t ra l frequency sh ifts  in  an analogous fash ion to  the va 
p o r - liq u id  sh ifts  used fo r the V P I E  itse lf. In  the ab
sence o f refined m easurements of the  so lu tion  spectra 
and in  the context of the rem arks above under eq 42, it  
does not appear usefu l to  pursue th is  approach quan ti
ta t iv e ly  and in  great de ta il a t th is  tim e. Nonetheless 
i t  is of in te rest to  dem onstrate certa in  consistencies be-

V apor  P ressure  I sotope E ffect in  A queous Systems

tween the data  and th is  model. T h e  tem perature de
pendence is o f p a rt icu la r in te rest in  th is  regard.

A ccep ting  the basic ideas above, one is  led to  an ap
prox im ate  expression of the fo rm  (43) fo r the isotope 
effect on the e q u ilib r ium  in  eq 39.

( M n  * ) = - £  +  f  (43)

H e re  the B  te rm  arises from  the  sh ifts in  the  in te rna l 
(stretch ing) modes and the A  from  the sh ifts  in  the l i 
b ra tions fo r the cosphere^ bu lk  equ ilib r ia . T h e  Sw a in - 
B ad e r ca lcu la tion  is equ iva len t to  re stric tin g  a tten tion  
to  the  firs t term . T h is  te rm  alone is no t su ffic ient to 
account for the tem perature dependency. I t  pred icts 
th a t the iso top ic en tha lpy  difference w il l be v e ry  sm all, 
p ropo rtiona l to  (tem perature)-1, and sign in va r ia n t. 
T h is  is  no t in  accord w ith  our data. D av ie s  and B en 
son19 have also po in ted ou t th is  lim ita t io n  o f the  Sw a in - 
B ad e r model. N o tic e  th a t the s itu a tion  is no t rea lly  
im proved  w ith  the add it ion  o f the  second or B  term . 
I t  s im p ly  am ounts to  in troduc ing  a constant te rm  to 
the expression fo r the en tha lpy  w h ich  again is  no t in  
accord w ith  the data. T h u s i t  appears th a t  i f  the effect 
is  to  be understood w ith in  th is  construct, tem perature 
dependent A  and B  param eters are needed.

T h is  can be seen another w ay  from  eq 43. I f  A  and 
B  are constants and i f  A  In i f  is  po s it ive  and does not 
change sign over the reg ion of in te rest then  i t  fo llow s 
th a t A  In R  m ust decrease m onotonously  as the  tem per
a tu re  is  ra ised ( if A  and B  be constant). T h e  data, 
however, show a d is t in c t m in im um  in  A  In R  between 
50 and 75° and we m ust therefore conclude th a t equa
t io n  43 does not app ly . A lte rn a t iv e ly , in  the absence 
of spectra l data, one cou ld  em p ir ic a lly  assign appro
p r ia te  tem perature dependencies to  the A  and B  pa
rameters. T h is  is equ iva len t to  suggesting th a t the 
frequency sh ifts from  b u lk  to  cosphere are tem perature 
dependent.

Th e  resu lt is no t su rp ris ing . W hen  the  approach 
ou tlin ed  above was app lied  to  w ater itse lf6 i t  was neces
sa ry  to  in troduce  such tem perature dependencies (in 
agreement w ith  the spectroscopic observations). I t  
seems o n ly  reasonable to  expect th a t as the  so lven t 
s tructu re  changes w ith  the tem perature (as is  w e ll es
tab lished), the differences between the so lven t and co
sphere w il l a lso change. In  the m odelling, these fre
quencies are expressed in  term s of frequencies or force 
constants w h ich  are therefore expected to  be tem pera
tu re  dependent. T h e  appearance of the  m in im um  is 
then  most easily  ra tiona lized  in  term s of tw o (or more) 
d iffe rent tem perature dependent frequencies w h ich  con
tr ib u te  to  the d iffe rent term s in  eq 43.

(I t  is w o rthw h ile  po in ting  ou t th a t the  existence of 
the m in im um  we have been d iscussing is substan tia ted

(90) M . Falk and T . A . Ford, Can. J. Chem., 44, 1699 (1966); G. E. 
Walrafen, J. Chem. Phys., 47, 114 (1967).
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b y  independent experim enta l evidence. Com bs and 
S m ith 91 stud ied  the effect o f some d ifferent sa lts (in 
c lu d ing  K C1 ) on the  crossover tem perature, Tc. A t  the 
crossover tem perature P H2o = P d2o - Tq was found to 
decrease b y  some tens of degrees w ith  added sa lt. A  
rough estim ate of A<t>/m m ay be made from  th e ir  data 
(for the  region 150-200°). T h e  va lues so estim ated are 
s ig n if ican tly  h igher than  those w h ich  we observe a t the 
m in im um .)

W e  conclude th a t da ta  of the present k in d  are of real 
in te rest as an a id  in  un rave ling  de ta ils  of so lu tion  s truc
ture. In fo rm a tion  on o ther system s w il l  be of benefit 
so th a t system atics can be established. W e  are cu r
re n t ly  em ployed in  ob ta in ing  such data.
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T h e  a b so rp t io n  sp ectra  o f  th e  la ser -a c tiv e  d y es  rh od a m in e  B , rh od a m in e  6 G  a n d  a cr id in e  red  in  a q u eou s , 
e th a n o lic  a n d  E P A  so lu tion s  w ere stu d ied  as a fu n c t io n  o f  co n ce n tra tio n  an d  tem p era tu re . T h e  o b s e rv e d  
a b s o rb a n ce  o f  th e  a q u eou s  so lu tion s  o f  rh od a m in e  B  a n d  rh od a m in e  6 G  is a n a ly zed  in  term s o f  a m o n o m e r -  
d im er  eq u ilib r iu m . T h e  d is so c ia t io n  co n sta n t , K = c2  *(m o n o m e r ) /c (d im e r ) ,  is 6 . 8  X  1 0 - 4  a n d  5 .9  X  1 0 - 4  

m o l/1 . a t  2 2 °  fo r  rh od a m in e  B - H 2O  a n d  rh od a m in e  6 G - H 2O  so lu tion s , re sp ectiv e ly . T h e  a b s o rp t io n  sp ectra  
o f  th e  p u re  m o n o m e r  a n d  pu re  d im er  a re  ob ta in e d  fo r  th ese  tw o  sy stem s. A cr id in e  red -E h O  is m o n o m e r ic  u p  to  
3 .38  X  IO -5  M. R h o d a m in e  B -e th a n o l  s o lu t ion s  fo r m  d im ers  fo r  w h ich  th e  eq u ilib r iu m  co n s ta n t  fo r  d isso c ia 
t io n  is 1.1 X  1 0 - 4  m o l/1 . a t  6 2 °  a n d  4 .9  X  1 0 - 6  m o l/1 . a t  2 2 ° . C a lcu la tio n  o f  th e  th e rm o d y n a m ic  fu n c t io n  fo r  
th e  p rocess  g iv es  AH ~  4  k c a l /m o l  a n d  AiS/u ~  — 6  eu . A t  — 7 8 .5 ° h igh er aggreg ates  fo r m  in  e th a n o lic  
rh od a m in e  B  so lu tion s. 2 X  IO “ 4 * * * * * * M rh od a m in e  6 G -e th a n o l  so lu tion s  sh ow  n o  ev id e n ce  fo r  th e  fo r m a t io n  o f  
a ggreg ates , ev en  w h en  co o le d  t o  — 7 8 .5 ° . S m a ll a m ou n ts  o f  d im er  are  n o te d  in  a crid in e  r e d -e th a n o l so lu tion s  
u n d er  th e  sam e co n d it io n s . S o lu tion s  o f  rh od a m in e  B - E P A  are t o ta l ly  d im er ic  a t  7 7 ° K . A t  2 2 °  th e  e q u ilib 
r iu m  co n sta n t is 6 .2  X  1 0 - 6  m o l /1 .;  a t  — 7 8 .5 ° it is 3.1 X  1 0 - 6  m o l/1 . T h u s , AH «  0 .8  k c a l /m o l  a n d  A1S245 ~  
— 1.6 eu . T h e  low  v a lu e  o f  AH in  th is  s o lv e n t g iv es  s tren g th  t o  th e  h y p o th e s is  th a t  h y d ro g e n  b o n d in g  is im 
p o r ta n t  in  d im er  fo rm a tio n . R h o d a m in e  6 G - E P A  fa ils  t o  a g g reg a te  w h en  co o le d  t o  7 7 °  K . A cr id in e  r e d -E P A  
is p re d o m in a te ly  m o n o m e r ic  a t  2 2 ° ;  a t  — 7 8 .5 °  an  eq u ilib r iu m  co n sta n t fo r  th e  d isso c ia t io n  o f  d im ers  o f  4 .4  X  
1 0 - 4  m o l /1 . is ca lcu la ted . A t  7 7 ° K  h igh er a ggreg ates  a lso  co n tr ib u te  to  th e  ob se rv e d  a b so rp t io n . R e s o lv e d  
m o n o m e r -d im e r  sp ectra  are  p resen ted  fo r  th e  v a r iou s  n on a q u eou s  sy stem s.

I. Introduction
Conven ien t, con tinuously  tunab le  lasers can now be

produced to  cover the entire  v is ib le  spectrum  using
organic dyes as the lasing  m ed ium .2-10 Tem pe ra tu re11
and concen tra tion12 tu n in g  of these lasers has been
tho rough ly  estab lished and exp lo ited. B a s ic  to  a
com plete understand ing  o f these lasers is  know ledge
of the absorp tion  and em ission properties o f the dyes
used. A l l  too often, theories have been generated
us ing  incom plete  or erroneous spectra l in fo rm ation .

I t  is  kno w n13-17 th a t these dyes tend to  aggregate in  
so lution, lead ing to  a non-Beer’s law  concentra tion

(1) Taken in part from J. E. Selwyn, Ph.D . Thesis, M .I.T ., June 
1971.
(2) (a) P . P. Sorokin, J. R . Lankard, E. C. Hamm ond, and V. L. 
Morruzzi, LBAf J. Res. Develop,, 11, 130 (1967) ; (b) B . B . M cFarland, 
Appl. Phys. Lett., 10, 208 (1967).
(3) P. P. Sorokin and J. R . Lankard, IBM J. Res. Dev., 10, 162 
(1966).
(4) P . P. Sorokin, W . H . Culver, E. C. Hamm ond, and J. R . Lankard, 
ibid., 10, 401 (1966).
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dependence of absorbance. How ever, in  m ost cases 
the aggregation equ ilib rium , and the monom er and 
d im er spectra, have no t been w e ll characterized. T h is  
w ork presents a system atic  s tud y  of the concentration  
and tem perature dependence of the absorp tion  spectra 
o f the com m on ly used laser dyes rhodam ine B , rho- 
dam ine 6G, and acrid ine red, in  aqueous, ethanolic, and 
E P A  (2 parts e th ano l: 5 parts isopen tane: 5 parts e thy l 
ether by  vo lum e) so lutions.

II. Experimental Section
Spectra were recorded on a C a ry  14M  autom atic  

spectrophotometer, us ing m atched quartz  absorp tion  
cells of 0.01, 0.1, 1.0, 2.0, 5.0, and 10.0-cm pa th  lengths. 
N on -room  tem perature measurements were perform ed 
w ith  the a id  of a spec ia lly  constructed P y re x  glass de- 
w ar w h ich  was fitted  in to  the  sam ple com partm ent 
of the C a ry  14M  in  p lace o f the usua l ce ll holders. The  
entire sam ple cham ber was flushed w ith  d ry  n itrogen 
to  prevent condensation on the op tica l w indows at 
low  temperatures. F o r  measurements at 7 7 ° K  and 
— 78.5° the dewar was fille d  w ith  baths of l iq u id  n itro 
gen and D ry  Ice-acetone, respective ly , to  a leve l such 
th a t the bo ttom  of the sam ple ce ll was ju s t touch ing  
the cryogenic flu id . F o r  measurements at 0° or above 
room  tem perature, the samples were im m ersed w ith in  
the dewar in  ice w ater and w arm  water, respective ly .

T h e  rhodam ine B  and acrid ine  red were obta ined 
from  Eastm an  O rgan ic, and rhodam ine 6G  from  M a th e - 
son Co lem an  and B e ll. A l l  dyes were used w ithou t 
fu rthe r pu rifica tion . In  part, th is  was done to  repro
duce the  cond itions under w h ich  the dyes are used in  
p rac tica l laser devices; furtherm ore, o rd ina ry  pu rifica 
t io n  procedures appear to  produce l it t le  a lte ra tion  in  
the spectra of these dyes.14 E P A  solvent, spec ia lly  
prepared and dried, from  Am e rican  Instrum en t Co., 
100% ethanol from  U . S. In du str ia l Chem ica ls, or d is
t il le d  w ater were used as so lvents. A l l  so lvents em
ployed showed no absorp tion  over the range 4500- 
6000 A . Th e  most concentrated so lu tion  in  each set of 
measurements was prepared b y  d ire c t weighing o f the 
so lute in to  a measured vo lum e of so lvent. These were 
then  d ilu ted  to ob ta in  the other concentrations. L it t le , 
i f  any, change in  absorp tion  was noted in  cases where 
so lu tions were stored in  the da rk  at room  tem perature 
even after several days.

III. Analysis of Data
In  the case where aggregation is p r in c ip a lly  to  the 

d im er we m ay w rite

(1 — X)
a ( X , C j )  =  OmO^X  +  a d ( X ) -----------------  ( 1 )

where a ( X , C j )  represents the  effective so lu tion  extin c
t ion  coefficient fo r a so lu tion  of to ta l concentration  c, 
(based on the monom er m o lecu lar weight) at w ave
length X ,  a m ( X )  and a d ( X )  are the ex tin c tion  coefficients

at th is  w ave length  fo r the pure m onom er and  d im er, 
respective ly, and X  is  the m ole fra c t io n  o f monomer. 
E q u a t io n  1 assumes th a t each com ponent o f the  so lu
t ion  separate ly obeys B ee r ’s law . T h e  mass action  
expression fo r the d issoc ia tion  e q u ilib r ium  gives

In  our ana lys is we guess va rious va lues fo r K  and ca l
cu la te  the corresponding X  fo r a concentration , c. U s 
ing  these values, am(X) and ad(X) are ob ta ined  from  eq 1 
using a lin ea r least-squares fit. F o r  the correct va lue  
of K, we w ou ld  expect a ll o f the  va lues o f a(X,Cj) mea
sured experim enta lly  to  fa ll on the  s tra igh t lin e  de
fined b y  the con d itions

a(X,cj) = dm (X) when X  = 1
(3)

a ( X , C j )  = ad(X)/2 when X  = 0

T h e  best va lue  of K  was p icked  on the  basis o f the  good
ness of f it  to  eq 3 as measured b y  a lin ea r co rre la tion  
coefficient. T h e  presence of h igher n-m ers in  so lu tion  
w ou ld  m ake it  im possib le  to  ob ta in  a f it  to  these equa
tions.

O n ly  the d im er d issoc ia tion  e q u ilib r iu m  has been 
considered in  th is  treatm ent. In  one of the cases stud
ied, viz., rhodam ine B  in  water, the  ion iza t io n  o f a 
ca rboxy l group cou ld  be s ign ificant. S ince p r io r  w o rk18 
had shown, however, th a t  the dye spectra are p H  in 
dependent, th is  process was no t considered fu rthe r in  
ana lyz ing  the data.

IV. Results
A. Aqueous Systems. 1. Rhodamine B. T h is  sys

tem  was firs t stud ied  in  1924 b y  H o lm es.19 F ro m  th is  
s tud y  i t  was concluded th a t a d ynam ic  e q u ilib r ium

(5) F . P. Schafer, W . Schmidt, and J. Volze, Appl. Phys. Lett., 9, 
306 (1966).
(6) M . L. Spaeth and D . P. Bortfeld, ibid., 9, 179 (1966).
(7) G. I . Farmer, B. G . Huth, L . M . Taylor, and M . R . Kagan, 
ibid., 12, 136 (196S).
(8) T . F . Deutsch, M . Bass, P. M eyer, and S. Protopappa, ibid., 
11, 379 (1967).
(9) B. H . Soffer and B . B . M cFarland, ibid., 10,266 (1967).
(10) B . B. Snavely, Proc.IEEE, 57, 1374 (1969).
(11) G. T . Schappert, K . W . Billman, and D . C. Burnham, Appl. 
Phys. Lett., 13, 124 (1968).
(12) G. I. Farmer, B . G . Huth, L . M . T aylor, and M . R . Kagan, 
Appl. Optics, 8, 363 (1969).
(13) G. S. Levinson, W . T . Simpson, and W . Curtis, J. Amer. Chem. 
Soc., 79,4314 (1957).
(14) (a) K . K . R chatgi and G. 3. Singhal, J. Phys. Chem., 70, 1695
(1966) ; (b) K . K . R ohatgi and G. S. Singhal, ibid., 67, 2844 (1963).
(15) E. S. Emerson, M . A . Conlin, A . E . Rosenoff, K . S. Norland, 
H . Rodriguez, D . Chin, and G R . Bird, J. Phys. Chem., 71, 2396
(1967) .
(16) W . W est and S. Pearce, J. Phys. Chem., 69, 1894 (1965).
(17) K . Bergmann and C. T . O’Konski, ibid., 67, 2169 (1963).
(18) (a) L . V . Levshin and V. K . Gorshkov, Opt. Spectrosc., 10, 401 
(I960); (b) L . V. Levshin and V. G. Bocharov, ibid., 10, 330 (I960).
(19) W . C. Holmes, Ind. Eng. Chem., 16, 35 (1924).
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Wovelength (À )

Figure 1. A bsorption  spectra o f aqueous solutions o f 
rhodam ine B  at 22°.

Wavelength (A )

Figure 2. R eso lved  m on om er and dim er extinction  coefficients 
for aqueous rhodam ine B .

between “ con st itu t io na l fo rm s”  was responsib le fo r 
the observed spectra. In  the present w ork the con
cen tra tion  dependence o f the absorbance o f aqueous 
so lu tions was stud ied over the concentra tion  range 
1.52 X  IO-3 M  to 4.93 X  IO-7 M, a t an am b ien t tem 
perature o f 22 ± 1°. T h e  observed spectra are pre
sented in  F igu re  1. A l l  spectra pass th rough  an isos- 
bestic  po in t a t 5350 A . T h e  resolved monom er and

d im er spectra are shown in  F igu re  2. W e  find  an equ i
lib r iu m  constant fo r the process

(rhodam ine B / H 20 ) 2 < > 2 rhodam ine B / H 20

of 6.8 X  10~4 mol/1. F ro m  the equation

A G° = —R T  In K  (4)

we ob ta in  a free energy a t 2 9 5 °K  of — 4.2 k c a l/m o l 
fo r the d issociation. R oha tg i and S in gh a l14 report an 
e q u ilib r ium  constant o f 7.3 X  10~4 mol/1. T h e  close
ness o f these tw o figures m ay in  fact be acc iden ta l in  
v iew  of the questions th a t we raise regard ing th e ir  da ta  
in  the fo llow ing  discussion.

S ince the  data  fo r th is  system  g ive a good f it  to  eq 1, 
i t  is  l ik e ly  th a t we are dea ling w ith  a system  con ta in ing  
on ly  m onom er and dimer, and th a t h igher po lym ers 
have no appreciab le  concentration  in  th is  so lu tion . 
T h is  is  in  accord w ith  the resu lts of L e v sh in  and G o r
sh ko v18 in  th e ir  studies of the bond energy o f aqueous 
rhodam ine B  d im ers (referred to  as rhodam ine C  in  the 
R u ss ian  lite ra tu re ). T h ey  find  a re la t ive ly  constant 
bond energy fo r the d im er of app rox im ate ly  10 k c a l/  
m o l up to  concentrations of 4 X  10 ~3 M. O u r re
so lved m onom er and d im er spectra are in  substan tia l 
agreement w ith  d ilu te  concentration  spectra and “ ab
sorp tion  spectrum  of the complexes”  as presented b y  
Le v sh in  and G orshkov. These authors ob ta in  the 
d im er spectrum  b y  a m ethod th a t  invo lves  f it t in g  the 
e q u ilib r ium  constant at o n ly  a s ing le w avelength. O ur 
m ethod of ana lys is is to  be preferred as we fit  the data  
over the  en tire  absorp tion  band and thereby have a 
la rger s ta tis t ica l sam ple over w h ich  to  average ex
perim en ta l deviations. R o h a tg i and S in g h a l14 in ve st i
gated rhodam ine B -w a te r  us ing a glass s lide  sandw ich 
as an absorp tion  cell, so th a t they  are unab le  to  deter
m ine d ire c t ly  the path  lengths o f th e ir  samples. T h ey  
determ ined the ex tin c tion  coefficients o f th e ir  so lu tions 
b y  a m ethod of successive app rox im a tion  to  f it  the 
ra tio  o f absorp tion  a t the short and long w ave length  
m axim a. A  long extrapo la tion  to  a sm a ll in te rcep t 
is in vo lved  in  the process. A s  a resu lt, i t  is  no t at a ll 
su rp ris ing  th a t the d im er spectrum  th ey  ob ta ined  is 
m a rked ly  d iffe rent from  ours. T h e  w ave length  of the 
d im er m ax im um  is d ifferent, as is  the o ve ra ll shape of 
the band. T h e ir  absorp tion  spectrum  fo r the mono
mer, the spectrum  of a 10~6 M  so lu tion , has the same 
shape as ours. How ever, our ex tin c tion  coefficients 
are about 20% higher. T h is  m ay be a function  of the 
fa c t th a t these authors are unab le  to  measure the path  
length  o f th e ir  samples d ire c tly . A t  least pa rt o f the 
d iscrepancy (but not the entire m agn itude of the d if
ference) m ay be a ttr ib u ted  to  the fact th a t the mea
surements reported here were made at a tem perature 
of app rox im ate ly  22° whereas these authors w orked at 
30°. I t  is also know n th a t d ilu te  aqueous so lu tions of 
rhodam ine B  show hypoch rom ic behav io r upon heat
in g .18
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Figure 3. A bsorption  spectra  o f aqueous solutions o f 
rhodam ine 6G  at 22°.

The  the rm odynam ic da ta  presented b y  R o h a tg i and 
S ingha l fa il to  take  the  hypochrom ic na tu re  of the 
monom er in to  account. T h is  in va lida tes th e ir  ana lys is 
o f the functiona l dependence of the eq u ilib r ium  constant 
on tem perature fo r a lO -3 M  so lu tion . Thus, th e ir  
va lues fo r AH  and AS are p robab ly  unreliab le .

2. Rhodamine 6G-Water. T h e  rhodam ine 6 0 -  
w ater system  is  o f p a rt icu la r  in te rest from  the laser 
po in t o f v iew  as th is  so lu tion  has been used to  produce 
the firs t continuous-w ave dye laser.20 In  the pro 
duction  o f th is  laser a detergent, T r ito n  X ,  was added 
to  the active  m edium  to  prevent d im eriza tion . O u r 
spectra l studies show th a t 1.5% T r ito n  X  added to  an 
aqueous so lu tion  e ffective ly  destroys d im ers a t con
centrations ty p ic a lly  used in  dye lasers, app rox i
m ate ly  10~6 M.

W e have stud ied the absorp tion  o f aqueous rhoda
m ine 6G  from  extreme d ilu tion , less than  10 ~6 M, up  to  
7.41 X  10“ 4 M. S ince the heat o f d issoc ia tion  fo r the 
d im er has been shown to  be constant over th is  range,21 
we m ay consider our so lu tions as b in a ry  m onom er- 
d im er systems (no h igher aggregates). O u r observed 
spectra, shown in  F ig u re  3, show  a decrease in  the low  
energy absorp tion  and a new peak a t h igh energy w ith  
increasing concentration . T h e  so lu tions are isosbestic 
at 5130 A . The  observed spectra are in  exce llent agree
m ent w ith  those pred ic ted  based on the d im er mass 
action  expression analysis.

F o r  the system

(rhodam ine 6 G -H 20 ) 2 < > 2 rhodam ine 6 G -H -0

we obta in  an equ ilib r ium  constant of 5.9 X  10 4 mol/1. 
and A G° = 4.3 k ca l/m o l. F ro m  the w ork o f Lev sh in  
and B a rano va22 a s im ila r  va lue  of 4 X  10-4 mol/1. can 
be computed. Aga in , these authors ob ta in  th is  va lue  
from  ca lcu la tions carried  ou t on ly  at the wave length of 
the monom er absorp tion  m axim um .

The best f it  monom er and d im er spectra are pre
sented in  F igu re  4. R hodam ine  6G, lik e  rhodam ine B , 
form s an aggregate th a t is b lue sh ifted  from  the

765

Wovelength (A )

Figure 4. R esolved  m onom er and d im er extinction  coefficients 
for aqueous rhodam ine 6G.

Wovelength (A)

Figure 5. A bsorption  spectra c f  aqueous solutions o f 
acridine red at 22°.

m onom er peak. The  low  energy shou lder of the  rho
dam ine 6G  d im er is of low  in te n s ity  and overlaps the 
h igh  energy absorption.

3. Acridine Red-Water. A c r id in e  red is ve ry  in 
so lub le in  water. Indeed, i t  is d iff icu lt to  prepare a 
so lu tion  con ta in ing  as l it t le  as 10 mg/1. A s  a resu lt, 
o n ly  ve ry  d ilu te  so lu tions were studied. Beer’s law  is 
obeyed b y  these so lutions. Th e  m ost concentrated 
so lu tion  stud ied was 3.38 X  10_6 M. T h e  absorp tion  
spectrum  of the acrid ine  red monom er is shown in  
F ig u re  5 a long w ith  the m o lecu la r stru c tu re  o f the  dye.

(20) O. G. Peterson, S. A . Tuccio, and B . B . Snavely, Appl. Phys. 
Lett., 17, 245 (1970).
(21) E . G. Baranova and V . L. Levshin, Opt. Spectrosc. (USSR), 10, 
182 (1960).
(22) V . L. Levshin and E . G. Baranova, ibid., 6 , 31 (1959).
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N o  o ther spectra fo r th is  system  can be found in  the 
lite ra tu re .

B. Nonaqueous Systems. 1. Rhodamine B-Ethanol. 
So lu tions of rhodam ine B  in  e thano l were stud ied at 
62, 22, and — 78.5°. T h is  m a te ria l seems to  be some
w hat unusua l in  th a t d ilu te  so lu tions aggregate in  
e thano l even a t elevated tem perature. A s  we sh a ll see 
sho rtly , rhodam ine 6G , w h ich  is s tru c tu ra lly  ve ry  s im i
la r  to  rhodam ine B , rem ains m onom eric in  e thano l 
u n t i l  h igh  concentrations (~ 10~ 2 M) are reached. 
R h od am ine  3B , the ester of rhodam ine B , also fa ils  to  
aggregate in  d ilu te  so lu tions.22 U su a lly , the add it ion  
of sm a ll am ounts of e thano l to aggregated aqueous so lu
t ion s causes considerab le d isaggregation. T h is  has 
been shown to  be the case fo r m ethy lene b lue, th io n ine23 
and cyan ines.24 T h e  existence of d im ers in  a lcoho lic  
so lu tion s at low  tem perature is  docum ented b y  S tensby 
and  Rosenberg  in  the  case o f the  ch lo roph y lls .25 
D im e rs  a t room  tem peratures have been noted in  other 
a lcohols, p r in c ip a lly  bonadur red in  m ethano l26 and 
p inacyano l in  g lyce ro l.27 P y r id o cyan in e  aggregation, 
w h ile  no t ev iden t at room  tem perature in  m ethanol, 
becomes obv ious a t 77 ° K  in  isop ropy l a lcoho l- iso 
pentane m ix tu res .13 (I t  shou ld be noted th a t the dyes 
are p ra c t ic a lly  inso lub le  in  hydrocarbons.) C yan ine , 
th iacarbocyan ine , xanthene (in c lud ing  rhodam ine B ) , 
tripheny lm ethane, and acrid ine  dyes in  ethano l have 
been stud ied a t 7 7 ° K  b y  Perm ogorov, Serdyukova, 
and F ra n k -K a m e n e tsk ii.28 These authors a ttr ib u te  
secondary m ax im a in  the absorp tion  to  v ib ra t io n a l 
structure , and deny the existence of d im ers in  the so lu
t ions they  study. A lthough  they  c la im  th e ir  spectra 
to  be in va r ia n t to  concentration  changes, no ind ica tion  
is made about the range of concentrations over which 
spectra  were recorded. T h e y  neglect the p o ss ib ility  
th a t  the so lu tions m ay, indeed, be composed so le ly 
o f aggregates. These authors assume th a t the  absorp
t io n  spectra are tem perature independent. T h is  as
sum ption , i t  shou ld  be po in ted out, is con tra ry  to  the 
data  g raph ica lly  d isp layed  in  th e ir  paper. T h e  spectra 
o f pseudocyanine and p inacyano l c le a rly  change shape 
and  exh ib it a large hyperchrom ie effect at low  tem pera
ture. Therefore, we are forced to  re ject the ana lys is of 
these authors. R a ther, we m ust v iew  the ir so lutions 
as be ing p r in c ip a lly  composed of d im ers a t 7 7 °K . 
Thus, we regard our f ind ing  the existence o f d im ers in  
a lcoho lic  so lu tions of rhodam ine B  as unusual, bu t 
ce rta in ly  no t un ique.

A  series o f spectra isosbestic a t 5440 A  (F igu re  6) 
wrere obta ined from  our study  of so lu tions rang ing from
6.64 X  10-4 to  6.64 X  10~7 M  a t room  tem perature. 
W e  note th a t the m a in  absorptions are a t 5535 and 
5440 A  in  d im er and m onom er so lutions, respective ly. 
T h e  eq u ilib r iu m  constant fo r the process

(rhodam ine B -e th an o l)2 < > 2 rhodam ine B -e th an o l 

is found  to  be 4.9 X  10~6 mol/1., w ith  a AG° of 5.8 k ca l/

Figure 6. A bsorption  spectra o f ethanolic solutions o f 
rhodam ine B  at 22°.

F igure 7. R eso lved  m onom er and dim er extinction  coefficients 
for ethanolic rhodam ine B .

m ol at 295°K . Th e  best f it  monom er and d im er 
spectra are presented in  F igu re  7.

A  concentration  correction  to  account fo r so lven t 
vo lum e expansion or compression m ust be app lied  to 
a ll so lu tions in  order to ca lcu la te  ex tin c tion  coefficients

(23) E . Rabinowiteh and L. F . Epstein, J. Amer. Chem. Soc., 63, 
69 (1941).
(24) R . B. M cK ay  and P. J. Hillson, Trans. Faraday Soc., 63, 777 
(1967).
(25) P . S. Stensby and J. L. Rosenberg, J. Phys. Chem., 65, 906 
(1961).
(26) A . R . M onahan and D . F. Blossey, ibid., 74, 4014 (1970).
(27) K h. L. Arvan and N. E . Zaitseva, Opt. Spectrosc., 10, 137 (1961).
(28) V . I. Perm ogorov, L. A. Serdyukova, and M . D . Frank-Kam e
netskii, Opt. Spectrosc., 25, 38 (1968).

The Journal o f  P hysica l Chem istry, Voi. 76, N o . 5 , 1972



A ggregation  E qu ilibria  of X an th en e  D yes 767

a t tem peratures rem oved from  th a t  a t w h ich  vo lum etr ic  
glassware is u su a lly  ca lib ra ted , i.e., 20°. T h is  cor
rection  am ounts to  a 5%  vo lum e expansion fo r e thano l 
between 0 and 50° and a 10% con trac tion  at — 78.5°. 
In  the case o f E P A  so lvent, substan tia l errors resu lt 
i f  th is  fa c to r is  no t considered. E P A  sh rinks to  88%  of 
its  room  tem perature vo lum e a t — 78 .5°K , and to  73%  
a t 77 ° K . A lth o u g h  p rev ious low  tem perature dye 
spectra have been reported, no account seems to  have 
been taken  of th is  v o lum e tr ic  effect. I f  th is  correction  
is  no t made, erroneous resu lts regard ing in tegrated 
in te n s ity  are obta ined.

M easurem ents m ade a t 62° were ana lyzed  in  a m an
ner analogous to  th a t used fo r the room  tem perature 
data. A  look  a t the spectra (F igu re  8) im m ed ia te ly  
reveals th a t  the so lu tions are no longer isosbestic a t 
5440 A . A s  a resu lt, the  decom position o f the  spectra 
in to  m onom er and d im er com ponents shown in  F ig u re  
14 is no t id en tica l to  th a t obta ined at room  tem perature 
(F igu re  7). C om parison  o f these figures reveals th a t 
a lthough the  d im er spectra are p ra c t ic a lly  iden tica l, the 
m onom er shows a decrease in  in te n s ity  at h igh  tem pera
ture . T h e  m onom er spectrum  is shown as a fun c tion  of 
tem perature in  F ig u re  9. T h e  factors th a t m ay resu lt 
in  such an in te n s ity  decrease w il l be discussed sho rtly .

A t  62°, we ob ta in  an eq u ilib r ium  constant o f 1.1 X  
10~4 mol/1. and A G 0 33S = 6.1 k ca l/m o l fo r the d issocia
t io n  process. Thus, as an tic ipa ted , our so lu tion  is 
enriched in  d im er at low er tem peratures. W e  m ay 
take  advantage o f ou r know ledge of the equ ilib r ium  
constan t a t tw o tem peratures to  ob ta in  app rox im ate 
va lues fo r the o ther the rm odynam ic  function  o f the 
d im e riza tion  process. I f  we assume A G to  be linea r 
between 22 and 62°, then we ob ta in  AH  ~  4 k c a l/m o l 
and A$3i5 ~  — 6 eu. I t  shou ld  be noted th a t th is  
va lue  of AH  is  su b s tan tia lly  low er th an  th a t obta ined 
b y  Le v sh in  and G o rsh ko v18a fo r aqueous so lu tions of 
rhodam ine B . T h e y  a ttr ib u te  the large va lue  o f AH  in  
th is  system  to  the hydrogen bonded natu re  o f the 
d im er. T h e  p o s s ib ility  o f an O - H  bridged d im er 
s tructu re  in  w h ich  the  w ater m olecu le pa rtic ipa tes has 
been proposed fo r the aqueous d im ers.29 Thus, i t  is 
consistent to  expect th a t AH  shou ld  be low er in  e th 
ano l than  in  w ater as ethano l does no t fo rm  hydrogen 
bonds as re ad ily  as does water.

W e  see a new  phenom enon deve lop ing when we cool 
our system  to  — 78.5°. A t  th is  tem perature, the  shape 
of the  spectra leads us to  conclude th a t even our m ost 
d ilu te  so lu tions con ta in  a good deal o f d im er. W e  were 
unab le  to  f it  ou r da ta  to  the  b in a ry  e q u ilib r ium  model. 
W e  a ttr ib u te  th is  to  tw o factors. F ir s t ly ,  we do not 
study  so lu tions th a t  are su ffic ien tly  d ilu te  to  con ta in  
m ostly  monomer. Second ly, a t concentrations of
4.64 X  10~4 M  and above we fin d  th a t our spectra 
increase in  in te n s ity  b u t show no m arked change in  
shape. Tw o  possib le exp lanations ex ist fo r th is  
hyperch rom ic sh ift a t h igh concentration . I t  m ay be

Wavelength ( &)

Figure 8. A bsorption  spectra  o f  eth anolic solutions o f 
rhodam ine B  at 62°.

F igure 9. C om parison  o f  the extin ction  coefficients o f 
ethanolic rhodam ine B  at 22 and 62°.

due to  a change in  the ac tua l o sc illa to r strength  o f the 
d im er tran s it ion , or, a lte rn a t iv e ly  i t  m ay be evidence 
fo r the presence of h igher aggregates.

In  1928, Speas30 presented a b r ie f q u a lita t iv e  trea t
m ent of e thano lic  rhodam ine B , in c lud in g  spectra fo r a

(29) S. E . Sheppard and A . L. Geddes, J. Amer. Chem. Soc., 66, 2003 
(1944).
(30) W . E. Speas, Phys. Rev., 31, 569 (1928).
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d ilu te  and  a concentrated so lu tion  a t room  tem pera
ture. T h e  shape o f these curves and the  pos ition  of 
the  m ax im um  is in  exce llent agreement w ith  ours. 
H e  noted the  changes in  d ilu te  so lu tions a t low  tem 
peratures, as w e ll as the  hyperchrom ie sh ift  th a t 
occurs when concentrated so lu tions are cooled.

N o  sa tis fa c to ry  exp lanation  is a va ilab le  fo r the  ob
served tem perature dependence o f the m onom er ab
sorption . Perhaps the in te n s ity  sh ifts  in  the monom er 
are a re su lt of in te n s ity  bo rrow ing  from  other absorp
t io n  bands.

2. Rhodamine 6G-Ethanol. F requen t app lica tion  
has been made of flash lam p-excited  ethano lic  rhodam ine 
6G  lasers. O u r concern was, therefore, centered on the 
range o f concentrations used in  these lasers, 10-4 to 
10-6 M. B o th  the tem perature and concentration  
dependence o f the absorp tion  spectrum  was observed. 
M easurem ents were made a t 50, 22, 0, and  — 78.5° on 
so lu tions w ith  room  tem perature concentrations from
1.65 X  10_ 4 M  dow n to  3.31 X  10- 7 M . T h e  resu lts of 
our s tudy  are presented in  F ig u re  10. A t  room  tem 
perature, we found th a t the absorbance was indepen
dent o f concentration , i.e., B ee r ’s law  is fo llowed. 
T h e  add it ion  o f detergent to  the m ost concentrated 
so lu tion  d id  not affect the absorption. Therefore, we 
conclude th a t our spectrum  corresponds to  the mono
m eric  rhodam ine 6G. T h e  monom er spectrum  is ve ry  
s im ila r  to  the one fo r rhodam ine 6G  in  w ater a t h igh  
d ilu tio n . A  red sh ift o f 40 A  is noted in  e thano l com 
pared to  water.

A t  tem peratures o ther than  22°, a vo lum e correction  
was again app lied  to  the so lvent to  ob ta in  the true  
concentra tion  dependent absorp tion  o f the  so lutions. 
Aga in , we find  th a t the ex tin c tion  is independent of 
concentration , b u t increases in  in te n s ity  at low  tem 
perature. W e  find  a steady increase in  e at Xmax 5310 A  
as the  tem perature is lowered. A  s lig h t narrow ing  of 
the m a in  absorp tion  feature is noted a t — 78.5°.

B a ra n o va ’s s tu d y 31 of th is  system  at low  concentra
t ions agrees w ith  our data. In  h is s tudy  o f 2 X  10 ~6 M  
(monomer) so lutions, he also finds th a t the long w ave
length  m ax im um  decreases in in te n s ity  w ith  increasing 
tem perature between 20 and 69°. Spectra l a lterations 
are noted when ve ry  h igh  concentrations are reached. 
A t  2 X  10-2 M, the in tegrated spectra l in te n s ity  is m uch 
sm a lle r than  in  the monomer. Th e  shape o f the absorp
t io n  curve is s lig h t ly  a ltered and the tem perature effect, 
a lthough  sm all, is in  the opposite d ire c tion  from  th a t 
seen in  d ilu te  so lutions. Increasing the concentration  
s t i l l  more causes a la rger decrease in  absorption, 
fu rthe r a lte ra tion  in  shape, and a large tem perature 
effect. A t  v e ry  h igh  concentrations the h igh  energy 
secondary peak becomes som ewhat be tte r defined. 
B a ranova  in te rp re ts these facts as in d ica tiv e  o f a 
system  con ta in ing  large aggregates. T h e  d im er stage is 
q u ic k ly  passed th rough  in  favo r of h igh  po lym ers. In  
add ition , the po lym ers have low er absorp tion  in te n s ity
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Figure 10. Temperature dependence of the 
concentration-independent extinction coefficient of 
ethanolic rhodamine 6 G.

than  the monomers. I t  appears as though the o sc illa to r 
strength  of the aggregates decreases as the num ber of 
un its  com posing the po lym er increases.

W e  p red ic t th a t the rhodam ine 6G  dim ers are fluores
cent. P re lim in a ry  stud ies in  our labo ra to ry  on the 
gain  characte ris tics o f a rhodam ine 6G -e th an o l dye 
laser are in  accord w ith  th is  conclusion, since the ou t
pu t power of the dye laser is  increased at low  tem pera
tures. T h is  phenomenon has p rev iou s ly  been reported 
fo r D T T C -e th a n o l lasers.11 W e  be lieve th a t  the 
ana lys is proposed b y  Schappert to  exp la in  h is observa
tion s on th is  system  is  inadequate, however, since i t  
does not take  in to  account the changes in  abso rp tion  
and fluorescence know n to  take  p lace in  cyan ine  dyes in  
a lcoho lic  as w e ll as aqueous so lvents at low  tem perature.

3. Acridine Red-Ethanol. L ik e  m any o ther dyes, 
acrid ine  red aggregates to  a ve ry  sm a ll degree in  ethanol. 
O u r observations at 22° over the concentra tion  range
I. 07 X  10-4 to  5.35 X  10~6 M  are presented in  F ig u re
I I .  A l l  the so lu tions stud ied are p r im a r ily  m onom er 
and the peak ex tin c tion  increases on ly  v e ry  s lig h t ly  
w ith  increasing concentration . T h e  red sh ift  noted 
w ith  increasing concentration  is an in d ica tio n  of the 
presence of some d im er adm ixture . A s  we sh a ll see 
la ter, the  d im er absorp tion  o f th is  dye in  E P A  so lu tion  
is  also sh ifted  to  low er energy than  the m onom er ab
sorption . Indeed, the m onom er peak is  a t app rox i-

o
m ate ly  the same wave length (5380 A )  in  these tw o  
systems. I t  shou ld be noted th a t the m onom er peak is 
sh ifted  to  h igher w ave length b y  app rox im ate ly  100 A  in  
w ater as com pared to these tw o nonaqueous so lvents. 
A  com parison of the absorp tion  spectra fo r e thano lic  
so lu tions of acrid ine  red, a ll app rox im ate ly  10~4 M, a t 
va rious tem peratures (F igu re  12) again shows an in 
crease in  in te n s ity  at lower tem peratures. T h is  m ay  be 
a ttr ib u tab le  to d im er adm ixture .

In  ethanol, acrid ine  red aggregates to  a lesser extent 
than  does rhodam ine B . Q u a lita t iv e ly  s im ila r  changes

(31) E. G. Baranova, Opt. S p ectrosc13, 452 (1962).
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Figure 11. Absorption spectra of ethanolic solutions of 
acridine red at 22°.

4900  5000  5100 5200  5300 5400  5500  5600  5700  5000
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Figure 12. Temperature dependence of the extinction 
coefficient of ethanolic acidine red, which is nearly 
concentration independent.

are observed as the  tem perature and concentration  are 
va ried  in  these systems. Rhodam ine  6G  shows the 
least tendency of three dyes to  aggregate in  ethanol. 
The  e thano lic  aggregates are a ll sh ifted  to  shorter 
wavelength and have d ifferent in te n s ity  than  the 
monomers.

/ . Rhodamine B -E P A .  W e  chose to  study  the

spectra o f dyes in  E P A  because th is  so lven t form s a 
clear glass at 7 7 °K . O ther so lvents have been used 
p rev iou s ly  fo r spectra l ana lys is in  the v is ib le  region at 
th is  tem peratu re .13 U n fo rtu n a te ly , spectra obta ined 
in  so lvents th a t so lid ify  above l iq u id  n itrogen  tem pera
tu re  m ay not be t ru ly  representative  of the am b ient 
tem perature o f the sample. Indeed, i t  has been found 
th a t dye spectra recorded in  a lcoho l were independent of 
tem perature be low  77 °K , and p robab ly  also som e
w hat above th is  tem pera tu re .28 O u r prev ious w ork 
on the  spectra of dyes in  p la s t ic  m atrices illu s tra te s  
th a t spectra undergo l it t le  or no a lte ra tion  w ith  tem 
perature once the dye so lven t so lid ifies .82 T h e  use of 
E P A  e lim inates th is  con figu ra tiona l freezing at tem pera
tures above 7 7 °K . U n fo rtu n a te ly , E P A  is no t a ve ry  
good so lven t fo r most ion ic  organ ic dyes.

A t  room  tem perature, we note a ve ry  strong concen
tra t io n  dependence of the rhodam ine B - E P A  (F igu re  
13) absorp tion  spectrum  even at v e ry  low  concentra
tions, w ith  no isosbestic po in t. A p p ly in g  our b in a ry  
e q u ilib r ium  model, we find  th a t  we can f it  the  data  
reasonab ly  w e ll w ith  the m onom er and d im er spectra 
presented in  F ig u re  14. T h e  best f it  e q u ilib r iu m  con
s tan t fo r the process

(rhodam ine B - E P A ) 2 2 rhodam ine B - E P A

is 6.2 X  10-5 mol/1. Thus, AG°2K = 5.7 k ca l/m o l.
I t  shou ld be po in ted ou t th a t th is  va lue  fo r the 

e q u ilib r ium  constant is larger than  the va lue  obta ined 
a t room  tem perature in  ethanol. R hodam ine  B  aggre
gates to  a greater extent in  a lcoho l than  in  the m ixed 
so lvent. T h is  m ay be due to increased so lu b ility  o f the 
d im er in  a lcoho l due to  de loca liza tion  of ion ic  charge. 
T h e  reso lved spectra have app rox im ate ly  the same 
shape in  these tw o solvents, a lthough the  secondary 
m ax im um  of the d im er is no t w e ll reso lved in  E P A .

T h e  absorp tion  in  d ilu te  so lu tions increases d ra
m a t ic a lly  when the system  is cooled to  — 78.5°. C o m 
parison of F igu res 13 and 15 illu s tra te s  th is  p o in t ve ry  
w ell. Indeed, the ex tin c tion  m ax im um  fo r a 3.51 X  
10 “ 5 M  so lu tion  E P A  at 22° is less than  one th ird  th a t  of 
a 2.49 X  10~6 M  so lu tion  at — 78.5°. T h is  change is a 
re su lt of tw o  factors th a t become obv ious when the 
monom er and d im er com ponents are resolved (F igu re  
16). F irs t , the eq u ilib r ium  constant, Km-s = 3.1 X  
10~6 mol/1., is sm a lle r than  a t room  tem perature. The  
free energy change fo r d issoc ia tion  of the d im er is  4 
k ca l/m o l a t th is  tem perature. Thus, the d im er con
cen tra tion  in  a g iven so lu tion  is enhanced a t lower 
tem perature. Second ly, the  m onom er shows a large 
hype rch rom ic sh ift at low  tem perature, analogous to 
our observations on th is  dye in  alcohol. I t  is in te r
esting to  note th a t  a t — 78.5° in  E P A  the rhodam ine B  
m onom er s t i l l  absorbs s lig h t ly  less s trong ly  than  i t  does 
a t 62° in  alcohol.

(32) F. M . Giroud, M.S. Thesis, M .I.T ., Sept 1969.
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Wavelength (Â )

Figure 13. Absorption spectra of EPA solutions of 
rhodamine B at 22°.

Wavelength (Â)

Figure 14. Resolved monomer and dimer extinction 
coefficients for EPA solutions of rhodamine B at 22°.

U s in g  the e q u ilib r ium  constants a t 22 and — 78.5°, 
we m ay  ob ta in  some in fo rm a tion  about the heat of 
fo rm ation  o f the dim er. A ssum ing  th a t A(7 is linear 
between these tw o  temperatures, we find  th a t the d is
soc ia tion  reaction  is endotherm ic b y  0.8 k ca l/m o l and 
A*S245 ~ — 1.6 eu. T h is  va lue  of A H  shou ld be con
trasted w ith  the va lue  of 4 k ca l/m o l obta ined fo r th is  
dye in  ethanol. T h is  d im inu tio n  o f the heat o f d im eri-

Wovelength (Â)

Figure 15. Absorption spectra of EPA solution of 
rhodamine B at —78.5°.

Wovelength (A)

Figure 16. Resolved monomer and dimer extinction coefficients 
for EPA solutions of rhodamine B at —78.5°.

zation  gives added w eight to  the theo ry  th a t hydrogen 
bond ing is im po rtan t in  s tab iliz in g  organ ic dye dimers. 
T h e  bond energy obta ined in  E P A  is of the order a n t ic i
pated fo r a dispersion force in te raction .

S tud ies a t liq u id  n itrogen tem perature, 7 7 °K , revea l 
th a t the absorption of rhodam ine B  E P A  so lu tion s is 
concen tra tion  independent over the range of concen
tra tion s 6.15 X  10“ 5 to  4.64 X  10-6 M  (F igu re  17). 
These concentrations have, of course, been corrected
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Wavelength (A )

Figure 17. Concentration-independent dimer spectrum of 
EPA solutions of rhodamine B at 77°K.

Wavelength (A )

Figure 18. Concentration-independent absorption spectra of 
EPA solutions of rhodamine 6 G at 22 and —78.5°.

fo r vo lum e contraction . T h e  spectra characte ris tic  of 
these so lutions strong ly  resemble the com puter gener
ated d im er spectrum  a t h igher tem peratures.

5. Rhodamine 6G-EPA. The  absorp tion  behav io r 
of d ilu te  so lutions of rhodam ine 6G  in  E P A  at tem 
peratures down to  7 7 ° K  is adequate ly described b y  
Beer’s law . S ince the shape o f the absorp tion  is 
analogous to  th a t observed in  d ilu te  aqueous and

W avelength ( A )

Figure 19. Absorption spectra of EPA solutions of 
acridine red at 2 2 °.

ethano lic  so lutions, i t  is undoub ted ly  a ttr ib u tab le  to  
the m onom eric species in  so lu tion . T h e  spectra are 
presented fo r 22 and — 78.5° in  F ig u re  18. A  m arked  
hyperch rom ic sh ift in  in tens ity , s im ila r  to  th a t  observed 
fo r th is  dye in  ethanol, is  seen. T h e  w id th  a t h a lf
he igh t decreases w ith  tem perature fo r th is  series of 
spectra. T h e  absorp tion  a t each tem perature is  some
w ha t stronger in  E P A  than  in  ethanol.

A rv a n  and Z a itseva27 have considered the  effect of 
so lvent d ie lectric  constant on the extent of aggregation 
a t room  tem perature. Aggregation  is shown to  be 
m uch less in  fo rm am ide th an  in  w ater, a lthough  the  
form er has a la rger d ie le c tr ic  constant. M ix tu re s  of 
w a te r-g ly ce ro l and w ater-acetone w ith  the  same die lec
t r ic  constant d isp lay  d iffe rent degrees o f aggregation. 
A s  a resu lt, the authors conclude th a t  the  chem ica l 
nature o f the so lven t has a m uch  la rge r effect on aggre
gation  than  does the d ie lectric  constant. T h e y  be lieve  
th a t the h yd ro xy l group present in  w ater and alcohols, 
b u t absent in  the o ther so lvents th a t  th e y  stud ied , m ay 
p la y  a p rom inen t ro le  in  aggregation.

6. Acridine Red-EPA . A s  in  the  case o f rhodam ine 
B , a crid ine  red absorp tion  shows a strong  concen tra tion  
dependence in  E P A  a t room  tem perature. A s  F ig u re  
19 illu stra tes , the spectra show a m arked  change in  
in tens ity , b u t l i t t le  a lte ra tion  in  shape, as the so lu tion  
concentration  is varied . A  b in a ry  m onom er-d im er 
m odel cannot be constructed w h ich  adequate ly  p red ic ts  
the observed absorp tion  o f the so lu tions over the con
cen tra tion  range stud ied . W e  a ttr ib u te  th is  to  the 
fa c t th a t a ll of these so lu tions are la rg e ly  com posed of 
monomers w ith  o n ly  a v e ry  sm a ll d im er concentration . 
Since, as we sh a ll see sho rtly , the  d im er absorbs m uch
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Wavelength (Â)

Figure 20. Absorption spectra of EPA solutions of 
acridine red at —78.5°.

more s trong ly  than  the m onom er does, sm a ll am ounts 
of d im er cause large spectra l a lterations. A lso , i t  ap
pears as though the m onom er itse lf has a concentration  
(and tem perature) dependent absorption. T h e  in ten 
s ity  o f the m onom er absorp tion  appears to  be d ire c tly  
p ropo rtiona l to  the so lu tion  concentration  a t low  con
centrations.

A c r id in e  r e d -E P A  shows a m arked increase in  absorp
t io n  in te n s ity  when so lu tions are cooled to  — 78.5°. 
Spectra  obta ined a t th is  tem perature are presented in  
F ig u re  20. Com parison  o f these spectra illu stra te s 
th a t d ilu te  so lu tions show the largest concentra tion  ef
fects. T h e  spectra l shape is concentra tion  dependent, 
a lthough no, isosbestic po in t is noted. T h e  m onom er- 
d im er spectra presented in  F igu re  21 correspond to  a 
best f it  e q u ilib r ium  constant of 4.4 X  10 _4 mol/1. 
T h u s  fo r the process

(acrid ine re d -E P A )  2 < > 2 acrid ine  r e d -E P A  

A(?°i94.s = 3 k c a l/m o l.
F ig u re  22 gives the resu lts of our observations on th is  

system  a t 7 7 °K . U n lik e  the o ther dyes th a t we have 
stud ied , acrid ine  red shows a concentration-dependent 
absorp tion  spectrum  even at 77 °K .

V . Discussion
A  strong coup ling  m o lecu lar exciton  model has been 

used to  in te rp re t the energy leve l s p lit t in g  observed 
under cond itions favo ring  dye aggregation.13’33'34 In  
th is  ana lys is the ground state energies and wave func
tions are considered as iden tica l w ith  those character
is t ic  o f the monomer. The  firs t excited sing let, w h ich  
corresponds to  the m ain  absorp tion  feature of the dye

4900  5000  5100 5200  5300  5400  5500  5600 5700 5800
Wavelength (A )

Figure 21. Resolved monomer and dimer extinction 
coefficients of EPA solutions of acridine red at —78.5°.

Wovelength (H i

Figure 22. Absorption spectra of EPA solutions of 
acridine red at 77 °K.

spectrum , is sp lit  A - fo ld  when N  molecules aggregate. 
N a tu ra lly , the energies and sym m etries o f the m olecules 
in  the aggregate depend on the geom etrica l arrange
m ent o f the m olecu les.13’34’36

(33) I. Tinoco, Jr., J. Chem. Phys., 33, 1332 (1960); 34, 1067 (1961).
(34) M . Kasha, M . A. El-Bayoumi, and W . Rhodes, J. Chem. Phys., 
58,916 (1961).
(35) E. G. McRae and M . Kasha, ibid., 28, 721 (1958).
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Table I : Dissociation Equilibria for Xanthene Dyes

Dye-solvent ■-----------------------------------•----------- ----------Temp, 0C— Thermodynamic
maximum concn 46-62 22 -7 8 .5 -1 9 6  (77°K) data

Rhodamine B-H 2O K  = (6 . 8  ±  0.5) X
1.52 X IO- 3 M IO- 4  M

Rhodamine 6 G-H 2O K  = (5.9 ±  0.4) X
7.41 X IO- 4  AT 1 0  ~*M

Acridine Red-hhO Monomer
3.38 X IO- 6  M 

Rhodamine B-ethanol K  = (1.1 ±  0.3) X K  = (4.9 ±  0.2) X Monomer, dimer, AH =* 4 kcal/mol
6.64 X 10~*M 1 0  ~*M

T0

N -  mer
(c >  IO- 4  M)

AN316 «  — 6  eu

Rhodamine 6 G-ethanol Monomer Monomer Monomer
1.65 X 10-* M  

Acridine Red-ethanol Mainly monomer Mainly monomer Mainly monomer
1.07 X 10 ~*M 

Rhodamine B-EPA K  =  (6.2 ±  0.1) X K  =  (3.1 ±  0.3) X All dimer AH «  0.8 kcal/mol
4.38 X IO" 5 M IO- 6  M 10~E M A S u t  «  — 1 . 6  eu

Rhodamine 6 G-EPA Monomer Monomer Monomer
5.0 X IO- 6  M  

Acridine Red-EPA Mainly monomer K  =  (4.4 ±  0.1) X Monomer,
1.90 X IO- 4  M 1 0  ~*M dimer,

iV-mer

D im e r spectra are characterized as “ H  band”  o r “ J  
band ”  accord ing to  w hether the absorp tion  is predom 
in a te ly  to  the upper o r low er energy leve l of the exciton- 
sp lit  state. T h e  existence o f tw o  types o f d im er pre
sents in te resting  consequences re levan t to  the dye laser. 
Cons ide r the decay o f the tw o fo ld  upper s ing le t leve l of 
the d im er. T h e  observed concentra tion  dependence of 
the dye fluorescence can be q u a lita t iv e ly  exp la ined w ith  
the a id  o f the  exciton  m ode l.36 Aggregation  creates a 
broad band of excited s ing le t leve ls; the band w id th  is 
p ropo rtiona l to  the d ipo le  strength  of the S i •*- So t ra n 
s it io n  o f the monom er. T h is  band  is m uch w ider than  
the t r ip le t  bands as a resu lt o f the fact th a t the T  *- S 
tra n s it io n  is  no t sp in -a llow ed. In  the dim er, in te rsys
tem  crossing m ay compete more successfu lly  w ith  flu 
orescence because o f th is  broadening. Spread ing of 
the excited sing le t e ffective ly  increases the ra te  of in te r
system  crossing a lthough the “ in tr in s ic  ra te ”  need not 
be changed. S ince the  sing le t sp lit t in g  in  the dye ag
gregate is com parab le in  m agn itude to  the s ing le t-tr ip 
le t sp lit t in g  in  the monomer, in te rsystem  crossing is 
g rea tly  enhanced. T h is  b u ild up  of t r ip le t  state m ole
cules leads to  an increase in  phosphorescent in te n s ity  
in  the d im er. T h is  add it ion a l phosphorescence is at 
the expense o f fluorescence. A n  increase in  the concen
tra t io n  o f t r ip le t  state m olecules is  de tr im en ta l to  laser 
action  no t o n ly  because i t  depletes the popu la tion  o f the 
upper laser leve l, b u t also as a resu lt o f the p o ss ib ility  
of laser quench ing a ris ing  from  T  •*- T  absorption. 
T h e  T  •*- T  tran s it ion s  overlap  the fluorescence spec
trum .

M o s t  im po rtan t, i t  shou ld be observed th a t an “ H ”  
aggregate w il l  no t be fluorescent. T h is  is a resu lt of 
the fact th a t on ly  the h igher m em ber o f the excited

sing le t band is popu la ted in  absorption. These m ole
cules then re lax n on rad ia tive ly  to  the low er leve l. 
How ever, the fluorescent tra n s it io n  to  the ground state 
from  the “ «/”  leve l is  no t a llowed. M o s t  o f the dye 
d im ers th a t have been observed in  aqueous so lu tion  
have been of the nonfluorescent “ H ”  class. W e  have 
noted the fo rm ation  o f “ J ”  d im ers in  a lcoho lic  and E P A  
so lutions. These fluorescent d im er so lu tions m ay, in 
deed, be su itab le  fo r use as lasers.

H ypo ch rom ic  sh ifts in  dye so lu tions have frequen tly  
been described under cond itions favo ring  aggregation. 
These sh ifts, w h ich  represent a decrease in  in tegrated 
absorp tion  in tens ity , have been observed in  aggregates 
in vo lv in g  num erous dyes in  aqueous so lu tion s .14-16,26 
In  the present w ork  we find  large increases in  in te n s ity  
(hyperch rom ic sh ifts) upon d im er fo rm ation  in  non- 
aqueous systems. T h is  fa c t makes an increase in  f lu 
orescence y ie ld  over the corresponding m onom er not 
u n lik e ly . F o r  th is  reason, the fo rm ation  o f “ J  typ e ” 
d im ers m ay enhance the laser po ten tia l o f these so lu
tions. A  theo ry  in vo lv in g  the a lignm en t of nonreso- 
nan t moments, often app lied  to  po lynucleotides, is 
he lp fu l in  exp la in ing  the in te n s ity  changes accom pany
ing  aggregation.34,36'37

A  sum m ary o f our find ings is presented in  T ab le  I. 
T h e  absorp tion  spectra of acrid ine  red, rhodam ine B  
and rhodam ine 6G  in  aqueous and nonaqueous so lu tions 
has been shown to  be bo th  concen tra tion  and tem per
ature dependent. The  rhodam ines fo rm  nonfluores
cent d im ers in  aqueous so lu tion . V e ry  d ilu te  so lu tions 
o f acrid ine  red are m onom eric. In  e thanc lic  so lu tion ,

(36) I. Tinoco, Jr., J. Amer. Chem. Soc., 82, 4785 (1960); 83, 5047 
(1961).
(37) H . DeVoe, J. Chem. Phys., 37, 1534 (1962).
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o n ly  rhodam ine B  shows appreciab le d im er concentra
t io n  even a — 78.5°. E v iden ce  fo r aggregate fo rm ation  
in  E P A  so lu tions o f rhodam ine B  and acrid ine  red is 
presented. T h e  d im ers th a t  are form ed in  nonaqueous 
so lvents are expected to  show appreciab le  fluorescence. 
N eg lec ting  t r ip le t  losses, we expect these d im ers to  lase. 
D ilu te  (monomeric) nonaqueous dye so lu tions exh ib it 
tem perature (and poss ib ly  concentration) dependent 
abso rp tion  spectra w h ich  cannot be adequate ly  ex
p la ined  b y  cu rren t theory.

Some com m ent as to  the w id th  of the observed ab
so rp tion  bands m ay be in  order. O u r prev ious in ve st i
g a t ion 32 of these dyes in  po lym ethy lm e thacry la te  ma
trices down to  12°K  showed ve ry  l it t le  na rrow ing  of the 
abso rp tion  bands. How ever, spectra of f lu id  so lu tions 
show considerab le narrow ing  as the tem perature is  low 
ered [see especia lly  F igu res 10, 12; 13, 15, and 16; and

19, 20, and 22]. These resu lts reflect the fa c t th a t  the  
molecules are frozen in to  va rious o rien ta tions as the 
p la s t ic  m a tr ix  hardens at room  tem perature. T h is  con
tin u um  of orien ta tions gives rise to  the unreso lved 
b road bands observed. Indeed, prev ious researchers 
have reached s im ila r  conclusions regard ing the spectra 
o f so lid  cyan ine  dye so lu tions a t tem peratures be low  
th a t a t w h ich  the so lvent so lid ifies . 13 Thus, a t least a 
pa rt o f the broaden ing is inhomogeneous, re flecting  the 
d iffe rent so lven t sites in  w h ich  the dye m olecu le finds 
itse lf, ra the r than  in tr in s ic  v ib ra t io n a l s tru c tu re  o f the 
m olecu le itse lf.
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The association of formic acid in dilute solutions of anhydrous and wet carbon tetrachloride has been studied at 
25°, using infrared intensity measurements and partition data, respectively. Studies were also made of the 
solubility of water in formic acid-carbon tetrachloride solutions. The data are consistent w ith a simple mono
mer-dimer equilibrium occurring in both the anhydrous and moist carbon tetrachloride, there being no indica
tion of hydration of the formic acid in the moist solvent. The average value of the equilibrium constant was 
found to be 1.44 (±0.14) X  103 l./mol.

O f the va r ie ty  o f experim enta l m ethods used fo r 
s tud y ing  hydrogen bond ing  equ ilib r ia , in fra red  in ten 
s ity  measurements and p a rt it io n  techniques have been 
am ong the m ost common. There  have been, however, 
considerab le differences in  the reported values o f the 
association constants, as determ ined b y  the two 
m ethods . 1 In  recent years, considerab le experim enta l 
da ta 2-8 have been obta ined in  p a rt it io n  experim ents 
w h ich  have  been in te rp re ted  in  term s of hyd ra t io n  
equ ilib r ia , as w e ll as association equ ilib r ia , occu rring  in  
the m o ist organ ic layer. N eg le c t of these h yd ra t io n  
eq u ilib r ia  in  p r io r p a r t it io n  experim ents has been 
proposed b y  these w orkers2-8 as the m a jo r reason fo r 
the d iscrepancies in  the va lues of the association 
constants, as determ ined b y  the tw o methods.

I t  is the purpose of th is  w ork  to  test the  hyd ra t io n  
idea fo r a s im p le  system  (w a te r-ca rboxy lic  a c id -  
in e rt so lvent). T h is  w ork  reports the resu lts of

stud ies o f fo rm ic  ac id  in  carbon te trach lo r ide  so lu tion  
us ing in fra red  in te n s ity  measurements, and p a rt it io n  
data  fo r fo rm ic  ac id  between carbon te tra ch lo r ide  and 
water. F o rm ic  ac id  was chosen as it  has been l it t le

(1) G. C. Pimentel and A. C. McClellan, “ The Hydrogen Bond,”  
W . H. Freeman, San Francisco, Calif., 1960.
(2) R. M . Badger and R. C. Greenough, J. Phys. Chem., 65, 2088 
(1961).
(3) S. D . Christian, H. E. Affsprung, and S. A. Taylor, J. Phys. 
Chem., 67, 187 (1963).
(4) T . F. Lin, S. D . Christian, and H. E. Affsprung, J. Phys. Chem., 
69, 2980 (1965).
(5) G. O. Wood, D. D. Mueller, S. D . Christian, and H. E. Affsprung, 
J . Phys. Chem., 70, 2691 (1966).
(6) Roger van Dyne, S. A. Taylor, S. D. Christian, and H. E. Aff
sprung, J. Phys. Chem., 71, 3427 (1967).
(7) J. R. Johnson, P. J. Kilpatrick, S. D. Christian, and H. E. Aff
sprung, J. Phys. Chem., 72, 3223 (1968).
(8) S. D. Christian, A. A. Taha, and B. W . Gash, Quart. Rev., 24, 
20 (1970).
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stud ied in  so lu t io n 9-11 a lthough i t  has been stud ied 
ra the r extens ive ly  in  the pure l iq u id  and vapo r 
states . 12-17 C a rbon  te trach lo r ide  was chosen as the 
so lvent as i t  is  a nonhydrogen-bonding solvent.

Experimental Section

In  the  in fra red  absorp tion  measurements, the 
in te n s ity  o f the absorp tion  m ax im um  of the O -H  
stre tch ing  v ib ra t io n  o f the fo rm ic  ac id  monom er was 
measured in  a series o f so lu tions o f fo rm ic  ac id  in  
C C I 4 . T h e  measurements were made on a P e rk in - 
E lm e r  221 D ou b le  Beam  record ing in fra red  spectro
photom eter; 1.00-cm ce lls were used. Th e  concen
tra t io n  o f the fo rm ic  ac id  in  the  so lu tions ranged 
from  about 0.002 to  0.02 F.

In  the p a r t it io n  experim ents, the fo rm ic  a c id -C C l4-  
w ater systems were equ ilib ra ted  in  a constant tem pera
tu re  ba th  a t 25°. T h e  aqueous layers were t it ra ted  
w ith  standard  sod ium  hyd rox ide  so lu tion . T h e  CC14 
layers were t it ra te d  w ith  ve ry  d ilu te  sod ium  hydrox ide  
(approx im ate ly  0.01 F).

T h e  fo rm ic  ac id  used was E a s tm an  9 7 + %  grade 
th a t was pu rified  as described in  W e issberger :18 it  
was stored over anhyd rous copper su lfa te  fo r several 
days and d is t ille d  over anhydrous C u S 0 4 in  an a ll glass 
apparatus under reduced pressure at a tem perature of 
26-28°.

E astm an  w h ite  labe l CC14 was d ried  over C a C l2 and 
d is t ille d  p r io r  to  use. CC14 treated in  th is  m anner had 
neg lig ib le  absorp tion  a t the m ax im um  of the  fo rm ic  
ac id  m onom er frequency.

Treatment of Data
A. Infrared Intensity Measurements. T h e  trea t

m ent is  b a s ica lly  th a t  of H a r r is  and H o bb s , 19 w h ich  
they  developed fo r th e ir  stud ies o f the d im e riza tion  of 
ca rboxy lic  acids in  CC14, w ith  some changes in  notation . 
T h e  trea tm en t assumes: (a) the e q u ilib r ium  invo lves
on ly  a m onom er and dim er, 2 [M ]  ^  [D ], w ith  a 
d im e riza tion  constant

K  = [ D ] / [ M ] 2 (1)

(b) the B e e r-La m b e rt law  is v a lid  fo r the monom er

A  = e[M]Z (2)

and (c) the d im er does no t absorb a t the same frequency 
th a t the m onom er does. Exp ress ing  the to ta l con
cen tra tion  o f the ac id  as monom er

Co = [M ] +  2 [D]

and com b in ing  eq 1-3, the equation

W (C o \ _  ±
2 K \ a )  2 K

is  obta ined. A  p lo t o f A  vs. (Ca/A ) shou ld be lin ea r 
w ith  a slope o f tH2/2K  and an in te rcep t, d/2K. In  
these equations, [M ] is  the m onom er concentration ,

[D  ] is  the d im er concentration , A  is the absorbance at 
the m onom er peak m axim um , e is the ex t in c tio n  co
efficient a t the m axim um , K  is the d im e riza tio n  con
stant, and l is the ce ll-path  length.

B. Partition Data. The  d is tr ib u tion  constan t fo r 
the eq u ilib r ium  of the ac id  monomer between the 
aqueous phase and the C C I4 laye r m ay be expressed as

K d  = c~ d  lM ]~ n  (5)Gw(l — a — f)

where Cw and [M ] are the concentrations o f th e  ac id  
in  the  aqueous la ye r and organic (C C I4) layer, respec
t iv e ly , Kd is the d is tr ib u tio n  constant, a is  the fra c t io n  
of ac id  d issociated in  the aqueous layer, and /  is  the 
fra c t io n  o f a c id  d im erized  in  the aqueous phase. 
A ssum ing  th a t on ly  a s im p le  m onom er-d im er e q u ilib 
r iu m  occurs in  the C C I4 phase and com b in ing equations 
1, 3, 5 in  a m anner s im ila r  to  th a t o f M oehvyn -H ughes ,20 
the  equation

„  C° K  = K * +  2E d2A C w( l  -  a - f )  (6) Gw(l — a. — f)

is obta ined. A  p lo t o f C0/Cw( l — a — / )  vs. CW(1 — 
a — f)  shou ld be lin ea r w ith  a slope of 2Kd2K  and 
in te rcep t Kd, i f  th is  in te rp re ta tion  is va lid . E qua tio n s 
5 and 6 d iffe r from  the  usua l equations fo r trea ting  
p a r t it io n  data  due to  the presence of the add it ion a l 
te rm  representing the d im e riza tion  o f the  m onom er 
in  the aqueous layer, /. N o rm a lly , i t  is no t necessary 
to  correct fo r d im e riza tion  in  the aqueous layer, since in  
d ilu te  so lu tions the  am ount o f ac id  d im erized is ve ry  
sm all. B u t, in  concentrated so lu tions (on the order of 
several form al) the am oun t o f ac id  th a t is d im erized  is 
no longer neg lig ib le  and such a correction  is necessary, 
a  m ay be ca lcu la ted  from  the  know n  va lue  o f the ac id  
d issoc ia tion  constan t and /  m ay be ca lcu la ted  from  the 
va lue  o f the d im e riza tion  constant.

Results and Discussion
Infrared Absorption Measurements. T h e  m ax im um

(9) H . A . Pohl, M . E. Hobbs, and P. M . Gross, J. Chem. Phys., 9, 
408 (1941).
(10) A. A. Maryott, M . E. Hobbs, and P. M . Gross, J. Amer. Chem. 
Soc., 71, 1671 (1949).
(11) D . R. Cartwright and C. B. Monk, J. Chem. Soc., 2500 (1955).
(12) A. S. Coolidge, J. Amer. Chem. Soc., 50, 2166 (1928).
(13) J. C. Halford, J. Chem. Pays., 10, 582 (1942).
(14) R. C. Herman, J. Chem. Phys., 8, 252 (1940).
(15) H . C. Rarr.sperger and C. W . Porter, J. Amer. Chem. Soc., 48, 
1267 (1926).
(16) A. A. Shubin, Izo. Alcad. Nauk SSSR, Ser. Fiz., 14, 442 (1950).
(17) M . D . Taylor and J. Bruton, J. Amer. Chem. Soc., 74, 4151 
(1952).
(18) A. Weissberger, E. S. Proskauer, J. A. Riddick, and E. S. Toops, 
Jr., Ed., “Techniques of Organic Chemistry,”  Vol. VII, (2nd edition), 
Interscience, New York, N. Y ., 1955.
(19) J. T . Harris, Jr., and M . E. Hobbs, J. Amer. Chem. Soc., 76, 
1419 (1954).
(20) E. A. Moelwyn-Hughes “ Physical Chemistry,” 2nd ed, Per- 
gamon Press, Oxford, 1961, pp 1 078 -1082.

(3)

(4)
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Co/a
Figure 1. Infrared data: plot of A  v s .  C 0/ A .

of the  0 - H  stre tch ing  band of the m onom er in  CC14 
so lu t io n  was found to  be near 3519 cm -1 . A  p lo t o f the 
da ta  accord ing to  equation  4 is shown in  F ig u re  1 . 
T h e  data  m ay be represented b y  the  equation

A = 6.67 (Co/A)  -  0.0490

w h ich  was obta ined b y  the least-squares procedure. 
T h e  average dev ia tion  of the experim enta l po in ts 
from  the least squares lin e  is 3.1%. F ro m  th is  equa
tion , the  va lue  of the  d im e riza tion  constant is  K  = 1.39 
(± 0.09) X  10s l./m o l and the ex tin c tion  coeffic ient of 
the  m onom er is  136 (± 10) l./m o l cm. T h e  un 
certa in ties are the estim ated errors.

Partition Experiments. In  the p a r t it io n  experim ents, 
i t  became ev iden t th a t the  eq u ilib r iu m  fo r the  d is
t r ib u t io n  o f fo rm ic  ac id  between the w ater and CC14 
phases was ve ry  un favo rab le  tow ard  the C C I4 la ye r 
(for an ac id  concentration  o f 7.38 F  in  the aqueous 
layer, the ac id  concentration  in  the CC14 la ye r was 
found to  be o n ly  0.01097). I t  was necessary, therefore, 
to  use system s con ta in ing  fo rm ic  ac id  concentrations in  
the  aqueous la ye r up  to  7.38 F. T h e  m in im um  con
cen tra tion  o f fo rm ic  ac id  used in  the aqueous la ye r was 
abou t 2 F. Th e  va lues o f a were ca lcu la ted  us ing the 
va lue  o f K i = 1.77 X  10-4  l./m o l fo r the  d issoc ia tion  
constan t21 and  the va lues of /  were ca lcu la ted  from  the 
va lue  o f K  — 8.33 X  10“ 8 l./m o l fo r d im e riza tion  in  
the aqueous la ye r . 11 A ssum ing  th a t  the in te rp re ta tion  
of a m onom er-d im er e q u ilib r ium  is  v a lid  fo r the C C I4 
layer, the  data  are p lo tted  in  F ig u re  2 . T h e  least- 
squares equation fo r the data  is  C0/Cw( l — a — f)  =
2.54 X  10 - 4 +  1.91 +  1 0 -4C W(1 -  a -  f). T h e  
average dev ia tion  o f the experim enta l po in ts from  th is  
lin e  is  1.6%. F ro m  the slope and in te rcep t, the values 
o f the d im e riza tion  constant, K  = 1.48 (± 0 .05) X  108
l./m o l, and d is tr ib u tio n  constant, Kd = 2.54 (± 0.04) X

Figure 2. Partition data: plot of C0/C w( l  — a — f) vs.
Cw( 1 -  a -  f).

10 ~4, a long w ith  th e ir  respective estim ated errors, 
are obta ined.

T o  determ ine i f  h yd ra t io n  o f the  fo rm ic  a c id  was 
occu rring  in  the  C C I 4 layer, the  effect of the  fo rm ic  ac id  
upon the so lu b ility  o f w ater in  the CC14 la ye r was 
stud ied. T h is  was done b y  eq u ilib ra tin g  CC14 w ith  
aqueous fo rm ic  ac id  so lu tions a t 25° and de term in ing  
the  w ater concentrations in  the CC14 layers b y  K a r l  
F isch e r t itra t io n s , us ing a Lab indu str ie s  Aquam eter. 
T h e  K a r l  F ische r reagent was standard ized  aga inst 
w ater sa tu ra ted CC14. Th e  sa tu ra tion  so lu b ility  of 
w ater in  CC14 is 0.00087 ± 0.0003 F  a t 25°.22 I n  these 
experim ents, the fo rm ic  ac id  concentra tion  ranged up  
to  10.34 F  in  the  aqueous la ye r (correspond ing to  an 
ac id  concentra tion  o f 0.01764 F  in  the CC14 laye r). 
N o  increase in  w ater so lu b ility  was noted in  these 
so lu tions. I t  w ou ld  seem, therefore, th a t  no detectab le 
h yd ra t io n  of the fo rm ic  ac id  in  d ilu te , m o ist CC14 is 
occurring . Hence, the  in te rp re ta tion  o f a s im p le  
m onom er-d im er e q u ilib r ium  in  the CC14 la ye r seems 
justified .

C o m b in in g  the  va lue  of the  e q u ilib r iu m  constan t 
from  the in fra red  data  w ith  th a t ob ta ined  from  the 
p a r t it io n  method, therefore, gives the va lue, K  = 
1.44 (± 0.14) X  103 l./m o l fo r the d im e riza tio n  con
s tan t o f fo rm ic  ac id  in  d ilu te  CC14 so lu tion  a t 25°.

C om paring  these resu lts w ith  those of the  w orkers 
who have presented evidence fo r h yd ra t io n  equ i
l ib r ia , 2-8 there is  no reason to  question th e ir  resu lts at 
present. M a n y  of the system s they  stud ied  con ta in  
a rom atic  nuc le i and since a rom atic  nuc le i are know n to  
p a rt ic ip a te  in  hydrogen bond ing  e q u ilib r ia , 1 i t  is  
possib le th a t  the  a rom atic  nucleus itse lf cou ld  be 
in vo lv ed  in  h yd ra t io n  equ ilib r ia . S ince there are no 
a rom atic  nuc le i nor ca rbon -ca rbon  unsatu ra ted  bonds

(21) “ Handbook of Chemistry and Physics,” 38th ed, Chemical 
Rubber Co., Cleveland, Ohio, 1956, p 1646.
(22) J. R. Johnson, S. D . Christian, and H, E. Affsprung, J. Chem. 
Soc.,77 (1966).
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in  the system  w a te r-fo rm ic  a c id -ca rbon  te trach loride , 
th is  com p lica ting  fa c to r w ou ld  p la y  no role.
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The Effects of Pressure and Thermodynamic Nonideality on the 

Sedimentation Equilibrium of Chemically Reacting Systems: 

Results with Lysozyme at pH 6.7 and 8.0
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Sedimentation equilibrium is considered of a polymerizing system comprising monomer in chemical equilibrium 
with a single higher polymer, where the activ ity  coefficients of both species are functions of total concentration 
and the polymerization reaction is accompanied by a volume change. Equations are derived which describe 
the concentration distribution of each solute species and the relation between the actual weight-average mo
lecular weight at a particular radial distance in the cell and the corresponding apparent value which is experi
mentally determinable. A  method based on these equations for obtaining the nonideality coefficient, the 
volume change, and the equilibrium constant at 1 atm from sedimentation equilibrium experiments is illus
trated w ith results obtained w ith lysozyme. Values found for these parameters at pH  6.7 in phosphate buffer 
agree w ith those reported by other workers, notably in that the volume change is essentially zero. It is found 
that a change of environment to pH  8.0 (diethylbarbiturate buffer) little  affects the nonideality coefficient 
or equilibrium constant at 1 atm, but results in  an apparent finite and negative volume change.

Introduction
In  a prev ious com m un ica tion 1 a tten tion  was g iven 

to the effects o f pressure on the concentration  d is tr ib u 
tions at sed im entation  e q u ilib r ium  of species in vo lved  
in  a chem ica l in te ra c t ion  (such as a p ro te in  po lym eriza 
tion), w h ich  was accom pan ied b y  a vo lum e change. 
E qua tio n s  were de rived w h ich  a llow ed theore tica l con
cen tra tion  d is tr ib u tio n s  a t sed im entation  eq u ilib r ium  
to  be ca lcu la ted  fo r the in d iv id u a l species. I t  was 
thereby shown fo r a model system  consisting  of m ono
m er in  eq u ilib r iu m  w ith  its  d im er th a t the experim enta l 
m an ifesta tion  o f a vo lum e change accom panying the 
reaction  cou ld  be nonsuperposition  of weight-average 
m o lecu la r w e ight vs. concentration  curves determ ined 
in  experim ents conducted a t d iffe rent angu la r ve loc ities 
and /o r w ith  d iffe rent in it ia l concentrations. A  m ethod 
was suggested fo r ana lyz ing  experim enta l resu lts of 
th is  k in d  to  determ ine the m agn itude of the  vo lum e 
change and the e q u ilib r ium  constant a t atm ospheric 
pressure. How ever, in  practice, app lica tion  o f the

m ethod w ou ld  be restric ted  to  resu lts ob ta ined  at low  
to ta l concentrations, since the theory, on w h ich  it  was 
based, assumed th a t the  a c t iv ity  coefficient of each 
so lute species was un ity . O n  the o ther hand, the ef
fects of therm odynam ic n on idea lity  in  the sedim enta
t io n  eq u ilib r ium  of systems reacting  chem ica lly  without 
a volume change have been exam ined in  d e ta il.2-7

T h e  purpose of the present w ork  is to  extend the 
prev ious trea tm en t1 of the sed im entation  e q u ilib r ium  
of in te rac ting  system s in  w h ich  there is a vo lum e change

(1) G. J. Howlett, P. D. Jeffrey, and L. W . Nichol, J. Phys. Chern., 
74, 3607 (1970).
(2) 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.
(3) E. T . Adams, Jr., and J. W . Williams, J. Amer. Chem. Soc., 86, 
3454 (1964).
(4) E. T. Adams, Jr., Biochemistry, 4, 1646 (1965),
(5) E. T. Adams, Jr., and D. L. Filmer, ibid., 5, 2971 (1966).
(6) E. T . Adams, Jr., ibid., 6, 1864 (1967).
(7) E. T . Adams, Jr., and M . S. Lewis, ibid., 7, 1044 (1968).
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to  in c lude  the  effects of therm odynam ic non idea lity  
as w e ll as those of pressure. Th e  extension perm its 
ana lys is of sed im entation  eq u ilib r ium  resu lts obta ined 
w ith  lysozym e in  aqueous environm ents where the 
p ro te in  exists as an equ ilib r ium  m ix tu re  o f m onom eric 
and d im e ric  species .5"8 The  general u t i l i t y  of the ap
proach is thereby illu s tra ted  w ith  a real system.

Theory
Consider a so lu tion  con ta in ing  m onom er A  in  chem

ica l e q u ilib r ium  w ith  a po lym er C . I t  is  assumed th a t 
the dens ity  o f the so lution, p, and the density  incre
m ent fo r each so lute species, bp/bct (i denotes A  or C ) 
are no t functions o f pressure .9 I t  is conven ient to  
replace the  conventiona l (1 — vtp) te rm  w ith  dp/dct 
(ct in  g /m l) in  w hat fo llow s even though the substitu 
t io n  is s t r ic t ly  v a lid  on ly  in  the l im it  c, —► 0 . 10 I t  is 
also assumed th a t the a c t iv ity  coefficients, yit on the 
w e ight concentration  scale are independent of pres
sure. F u j it a 11 has po in ted ou t th a t a necessary con
sequence of the la tte r  assum ption is th a t the p a rt ia l 
specific vo lum es of bo th  so lute and so lvent in  an in 
com pressib le b in a ry  so lu tion  at constant tem perature 
are independent of concentration . F u j it a 11 a lso notes 
th a t concentrations on the weight-scale can on ly  be 
taken  as va riab les independent o f pressure i f  the p a r t ia l 
specific vo lum es o f so lute and so lven t are independent 
o f pressure. T h e  present assum ptions are consistent 
w ith  these requ irem ents. The  m o lar vo lum e of re
action  A F  is  g iven by

AV  = mMA(bp/bcA) -  M c(bp/bcc) ^

p
where M A is  the m o lecu lar w e ight of the monom er and 
M c = mMA. E q u a t io n  1 shows th a t A F  is independent 
of pressure i f  the present assum ptions are fu lf ille d  and 
is zero on ly  when the bp/bct are iden tica l.

A t  sed im enta tion  equ ilib r ium , the a c t iv ity  o f each 
so lute species, au is  re lated to  the rad ia l distance, r, b y 12

at(r i) = (2a)

4>t = ^{bp/bCi)/2RT (2b)

where co is the constant angu la r ve lo c ity , R  the gas 
constant, T the abso lute tem perature, and r\ and r2 
are any  rad ia l d istances between or a t rm and n>, the 
pos itions of the meniscus and base o f the cell, respec
t iv e ly . C o m b in a tio n  o f eq 1 and 2 together w ith  the 
de fin it ion  o f the eq u ilib r iu m  constant, K(r) = o c (r)/  
aAm{r), y ie ld s

K(n)  = K ( r 2) e - ( AF“W - r l ,))/2f l i ’ (3 )

E q u a t io n  3 is  en t ire ly  consistent w ith  th a t de rived b y  
in teg ra ting  the expression (d In K /b P )T = — A V/RT  
w ith  the use o f the equation describ ing  the va r ia t io n  
of pressure w ith  rad ia l d istance, viz. dP  = no2pdr.
T h is  observation  serves to  em phasize th a t the use of
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eq 2a to  describe the equ ilib r ium  d is tr ib u tio n  o f each 
so lute species in d iv id u a lly  is  consistent w ith  the re
qu irem ent th a t  chem ica l e q u ilib r ium  m ust also be 
m a in ta ined  th roughout the cell. P rev ious trea tm en ts 
have estab lished th is  po in t in  s itu a tion s where either 
no n id e a lity 1 and /o r pressure effects2'13 were ignored. 
T h e  a c t iv ity  at(r) — yt(r)c{(r), where c4(r) is  the con
cen tra tion  in  grams per u n it  vo lum e a t any  po s it ion  r 
and yt(r) is  the corresponding a c t iv ity  coeffic ient on the 
same concentration  scale. Thus, eq 2a m ay be rew rit
ten  as

ct(ri) = ci (r2)ei *J'ii(r i2- ,A)-Hn ivi(n)/vt(n)} (4 )

o r in  d iffe ren tia l fo rm  as

dcj(r) = biMjCjjr) 
d ( r2) d In y,(r) (5)

d  In ct(r)

Fo llo w in g  prev ious trea tm en ts , 2-7 we express the 
a c t iv ity  coefficient as a function  o f the total so lute con
centration , c(r)

yt(r) = eBMic(-r'> (6)

where B  is  a constant expressing non idea lity : i t  is 
im p lic it ly  assumed in  eq 6 th a t the expansion of In 
yt(r) as a power series in  to ta l concen tra tion  is  t ru n 
cated a fte r the firs t term . A s  A dam s4 has noted, an 
im po rtan t consequence of th is  fo rm u la tion  is  th a t

yc(r)/yAm(r) = e BMci(-r)/e mBMAi(.r) =  j  (7 )

and hence th a t  the eq u ilib r ium  constants eva luated 
from  the concentrations o f the reacting  species are 
therm odynam ic e q u ilib r ium  constants. S u b st itu t io n  
of eq 6  in to  eq 4 gives

ct(r1) = — éOl) I (8 )

w hich pe rm its the fo rm u la tion  o f the fo llow ing  s i
m ultaneous equations

c(r i) = cA(r¡) +  cc(n) (9a)

c(r2) = cA(r1)e*AMK{ni~r>'i'>- BM \̂c(n) -c(o)) _|_

cc(ri)e*cMc(r22- r i2) - BMc{c(r2) -c(o)) (9k)

E q u a t io n  9b is equ iva len t to  th a t presented b y  H as- 
chem eyer and Bow ers , 12 who d id  not deve lop it  ex
p lic it ly  in  term s of reacting  system s in vo lv in g  a vo l-

(8) A. J. Sophianopoulos and K . E. Van Holde, J. Biol. Chern., 2 3 9 ,  
2516 (1964).
(9) P. F. Fahey, D. W . Kupke, and J. W . Beams, Proc. Nat. Acad. 
Sci. U. S., 63,548 (1969).
(10) E. F. Casassa and H. Eisenberg, Advan. Protein Chem., 19, 
287 (1964).
(11) H. Fujita in “ Mathematical Theory of Sedimentation Analysis,” 
Academic Press, New York, N. Y ., 1962, pp 247-254.
(12) R. H. Haschemeyer and W . F. Bowers, Biochemistry, 9, 435 
(1970).
(13) L. W . Nichol and A. G. Ogston, J. Phys. Chem., 69, 4365 
(1965).
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ume change. T h e  d iffe ren tia l fo rm  of eq 9b m ay be 
obta ined s im p ly  from  eq 5

dc(r) = y , ______<j>lM ici{r)_________
d ( r2) i 1 +  {d In ¡/¡(r)/d In ct(r) }

F ro m  eq 6

(10)

d  In yA(r) = dc(r)
dcA(r) A dcA (r)

d In yc(r) _  dc(r)
dcc(r) M c dcc(r)

+  < - >

+  (Ilb )

D iffe ren tia t io n  o f the de fin ition  o f the eq u ilib r ium  
constant gives

dcc (r)

dcA (r)
rncAm~1(r)K(r)

mcc(r)
c a ( t )

C om b in a tion  o f eq 11 and 12 shows th a t

(12)

d In yA(r) 
d In cA(r)

*  ln yC{;  \ = B M AcA{r) +  S M c C c ( r )  ( 1 3 )  
d  ln  cc (r)

Thus, eq 10 becomes

dc(r) _  4>AM AcA{r) +  <f>cMcCc(r) 
d ( r2) ~ 1 +  B M AcA(r) +  B M cCc(r) (14)

W e now  w ish to  rew rite  eq 14 in  term s of an apparent 
weight-average m o lecu la r weight, w h ich  cou ld  be eva lu 
ated experim en ta lly  when the density  increm ent o f the 
monom er is know n. T h is  q u an tity  is defined by

„ ,  , , d ln  c(r) 1
M w ( r ) app —  , ,  2. ■ ~  ( 1 5 )d ( r2) cf> A

O n  no ting  th a t an expression fo r <£c in  term s of dp /dcA 
is ava ilab le  b y  com b in ing  eq 1 and 2b, i t  fo llow s tha t 
eq 14 becomes

f R w (r ) a p p

M AcA(r) +  MçCç(r) _  A F p c c (r)
________c(r)____________ (dp/dcA)c(r)

1 +  B M AcA(r) +  B M ccc (r)
(16)

S ince the actua l weight-average m o lecu la r w eight a t a 
pos ition  r in  the ce ll is {MAcA(r) +  M ccc(r)}/c{r), eq
16 expresses the re la tion  between th is  q u an tity  and 
the experim en ta lly  a va ilab le  param eter, f l/w(r)app, in  
term s of the  vo lum e change A F  and the non idea lity  
coeffic ient B. W hen  A F  = 0 and B  = 0, eq 16 shows 
th a t the m o lecu la r w e igh t measured a t r is the actua l 
weight-average m o lecu la r w e ight a t th is  position; 
whereas, when A F  = 0 and B  ^  0 (therm odynam ic 
non idea lity  is  considered in  the absence o f a pressure 
effect), eq 16 reduces to  eq 9a of A dam s.4 In  e ither of 
these s itu a tion s i t  is c lear th a t M w(r)app w ou ld  be a 
continuous function  of c(r) regardless o f the va lue  of 
to se lected or o f the in it ia l load ing  concentra tion  used. 
On the o ther hand, as p rev iously  d iscussed,1 when A F
^  0, d iscon tinu it ie s in  such p lo ts are expected and in

the event th a t  also B  ^  0, the f in a l resu lt w il l  depend 
on the signs and m agnitudes o f A F  and B; thus, the 
effects m ay oppose or re in force each other.

Experimental Section

Materials. Sa lt-free lysozym e (hens’ egg white) 
was obta ined from  W o rth in g to n  B io chem ica l Corp . 
P o la cry lam id e  gel e lectrophoresis of th is  p repara tion  
in  the presence of sod ium  dodecyl su lfa te  showed the 
presence of a sing le p ro te in  band, w h ich  w h ile  no t ex
c lu d ing  the po ss ib ility  o f m icroheterogene ity  w ith  re
spect to  charge14 does suggest th a t the sam ple is hom o
geneous w ith  regard to  m o lecu la r weight. In  th is  con
nection, i t  is  no t im p lie d  th a t  the e lectrophoretic  
m ethod y ie ld s a re liab le  estim ate o f the m o lecu la r 
w e igh t.15 B u ffe r so lu tions used in  sed im entation  equ i
lib r iu m  experim ents were prepared w ith  an a ly t ica l 
reagent grade chem icals and glass d is t ille d  w ater and 
were o f the fo llow ing  com positions: p H  6.7, ion ic 
strength  0.17 (0.005 M  sod ium  d ihydrogen phosphate, 
0.005 M  disod um  hydrogen phosphate, 0.15 M  sod ium  
ch loride) and  p H  8.0, ion ic  strength  0.15 (0.02 M  so
d ium  d ie thy lba rb itu ra te , 0.01 M  d ie th y lb a rb itu r ic  acid, 
0.13 M  sod ium  ch loride). P ro te in  so lu tions were d i
a lyzed  overn igh t at room  tem perature aga inst app rox i
m a te ly  25 vo lum es of the same buffer. V is k in g  8/32 
cellophane tub ing  w h ich  had been cleaned b y  im m er
sion in  3%  acetic ac id  a t 60°, a llow ed to  cool, and then 
washed exhaustive ly  w ith  d is t ille d  water, was used 
fo r the  d ia lys is . T h e  d ia lyza te  was checked spectro- 
pho tom e tr ica lly  to  con firm  th a t  no p ro te in  had  escaped 
from  the sac du ring  d ia lys is . T h e  p a r t ia l specific v o l
ume, v, of lysozym e was taken  as 0.726 m l/g .16 T h e  
densities of the bu ffer so lu tions a t the tem perature 
o f the sed im entation  eq u ilib r iu m  experim ents w ere ' 
in te rpo la ted  from  tables g iven b y  Svedberg and Peder
sen17 and the densities, p, of p ro te in  so lu tions were 
ca lcu la ted  from  the expression p = p0 +  (1 — vp0)c, 
where p0 is the so lvent dens ity  and  c is  the concentra
t io n  of pro te in  in  gram s per m illi l ite r .

Sedimentation Experiments. E xpe rim en ts  were per
form ed w ith  a Sp inco  M o d e l E  u ltra cen trifuge  f itted  
w ith  e lectron ic speed contro l. T h e  tem perature was 
con tro lled  w ith in  ±0.1° b y  means o f the R T I C  u n it  
and re frigerato r. T h e  R ay le ig h  interference op tica l 
system  w ith  offset upper l im it in g  aperture was used 
throughout. Th e  in it ia l concentrations o f p ro te in  
so lu tions, used in  sed im entation  e q u ilib r ium  experi
ments, were determ ined from  separate experim ents 
em p loy ing  a cap illa ry -typ e  syn the tic  boundary  ce ll

(14) C. O. Stevens and G. R. Bergstrom, Proc. Soc. Exptl. Biol. Med., 
124, 187 (1967).
(15) A. K . Dunker and R. R. Rueckert, J. Biol. Chern., 244, 5074 
(1969).
(16) R. C. Deonier and J. W . Williams, Biochemistry, 9, 4260 (1970).
(17) T . Svedberg and K . O. Pedersen in “The Ultracentrifuge,” 
Oxford Clarendon Press, New York, N . Y ., 1940.
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of 12-mm pa th  length. D ia ly ze d  p ro te in  so lu tion  and 
d ia ly za te  were p laced in  the so lu tion  and so lvent sec
tors, respective ly . T h e  ro to r was in it ia l ly  accelerated 
to  10,000 rpm  to  equalize the m enisc i in  the tw o  sec
tors and then  the speed was decreased to  5600 rpm . 
A  photograph of the interference fringe pa tte rn  was 
taken  as soon as the la tte r  speed was a tta ined  and an
o ther im m ed ia te ly  a fte r the fringes in  the boundary  
region had  resolved. The  fringe fra ction  was deter
m ined  from  the firs t photograph and the w hole num ber 
of fringes from  the second.

Sed im enta tion  eq u ilib r ium  experim ents were per
fo rm ed w ith  a 12-mm double-sector filled-epon center- 
p iece and sapph ire  w indows. E q u a l am ounts b y  w eight 
o f the  fluorochem ica l F C  43 (0.02 g) were in troduced  
in to  each sector fo llow ed b y  equal weights (0.1 g) of 
d ia lyzed  so lu tion  and d ia lyza te  in  the  so lu tion  and 
so lven t sectors, respective ly . These quan titie s were 
chosen to  g ive co lum n heights o f abou t 3 mm. Care  
was taken  to  avo id  m ix ing  of the two phases, and no 
in te rac tion  o f the lysozym e w ith  the o il was observed 
th roughou t the experim ent as judged from  the op tica l 
appearance of the o il-so lu t io n  in terface. The  use o f 
d ia lyzed  so lu tion  and d ia lyza te  conform s to  the re
qu irem ents specified b y  Casassa and E isenbe rg10 for 
the correct in te rp re ta tion  o f sed im entation  e q u ilib r ium  
experim ents w ith  charged m acrom olecules in  aqueous 
so lu tions con ta in ing  buffer ions. T o  shorten the t im e  
requ ired  to  a tta in  sed im entation  equ ilib r ium , the pro 
cedure suggested b y  R icha rd s, Te lle r, and Schachm an18 
was adopted w h ich  invo lves overspeeding fo r a tim e  
before se tting  the speed to  the desired value. I t  was 
found th a t no change in  the concentration  d is tr ib u tion s 
in  any o f the experim ents was detectable a fte r 6 h r  of 
cen trifugation , bu t a ll of the resu lts reported are derived 
from  measurements taken  after 10 hr. A  photograph 
of the R ay le ig h  interference fringe pa tte rn  was also 
taken  a t the  speed of the sed im entation  eq u ilib r ium  
experim ent before the overspeeding and before any 
detectab le red is tr ib u tio n  o f so lute had  occurred. T h is  
was used to  p rov ide  a baseline correction  and in  the 
labe lin g  o f fringes in  the  e q u ilib r ium  interference pa t
tern.

Evaluation of Molecular Weights. T h e  photograph ic 
p lates were measured on a tw o-d im ensiona l m icrocom 
pa ra to r (G aertner S c ien tif ic  C o rp ). T h e  p lates were 
a ligned b y  means o f the inner and outer reference fringe 
patte rns generated b y  the  s lits  in  the counterbalance. 
T h e  rad ia l reference pos ition  was obta ined b y  measur
ing  the inner edges o f the tw o  reference fringe patte rns 
and ta k in g  the mean. T h is  pos ition  corresponds to  
a rad ia l distance, r, 6.50 cm  from  the axis o f ro ta tion . 
T h e  m easurements o f the patte rns ob ta ined  in  syn the tic  
bounda ry  and sed im entation  eq u ilib r ium  experim ents, 
in  term s of fringe numbers, j ,  and th e ir  use in  deter
m in in g  apparent weight-average m o lecu la r w eight vs. 
concen tra tion  graphs fo llow ed a m ethod described in

780

de ta il b y  R icha rd s, et al.m In  ou tline , the  pho tograph  
taken  before any so lute red is tr ibu tion  has occurred  is 
used to  p rov ide  a baseline correction  and  also to  de
te rm ine  the v e rt ica l leve l (perpend icu lar to  the fringes) 
on the eq u ilib r ium  pa tte rn  a long w h ich  the  h inge po in t 
(corresponding to  the in it ia l concen tra tion  measured 
in  the syn the tic  boundary  experim ent) m ust be located. 
M easurem ents o f the rad ia l positions o f fringes across 
the e q u ilib r ium  interference pa tte rn  a t th is  v e r t ic a l 
se tt ing  together w ith  the app lica tion  o f the conserva
t io n  o f mass cond ition  provides, a fte r base line correc
t ions have been made, the firs t estim ate o f the  con
cen tra tion  a t the meniscus. T h is  a llows a l l the  fringes 
in  the pa tte rn  from  the meniscus to  the  ce ll bo ttom  
to  be labe led. A  p lo t o f In j  vs. r 2 can then  be made 
and extrapo la ted  to  the meniscus and ce ll b o ttom  to  
p rov ide  more accurate va lues o f the meniscus concen
tra t io n  and the concentration  change across the so lu 
t io n  co lum n. I f  these va lues d iffe r s ign if ican tly  from  
the firs t estimate, the fringes are re labeled and  the pro 
cess repeated u n t il no fu rth e r change is obta ined. A  
fu rth e r refinem ent is ava ilab le  b y  m ak ing  use o f the 
fa c t th a t  the concentration  a t one rad ia l po s it ion  (the 
h inge po in t) m ust now  be equal to  the in it ia l concen
tra t io n  because of the w ay the interference pa tte rn  was 
measured. T h e  concentra tion  nearest in  va lue  to  the 
in it ia l concen tra tion  is  thus adjusted to  be prec ise ly  
equal to  i t  and a ll the o ther fringes re labe led accord
ing ly . A n  advantage of th is  refinem ent is  th a t  i t  p ro 
v ides a m ethod of labe lin g  accu ra te ly  the in terference 
fringes w h ich  does not re ly  on precise de term inations 
o f the pos itions o f the meniscus and cell bottom .

T h e  concentra tion  vs. rad ia l d istance data  ob ta ined  
as above were fitted  b y  least-squares regression ana lys is 
to  a po lynom ia l of the form

In J  = « / 2<
i = 0

where J  is  the actua l to ta l concen tration  in  term s of 
R a y le ig h  in terference fringes at ra d ia l d istance r from  
the axis o f ro ta tion . D iffe ren tia t io n  o f the resu lt ing  
p o lynom ia l g ives the va lues of d In J ( r ) / d ( r 2) w h ich  are 
requ ired  fo r the  eva lua tion  o f apparent w eight-average 
m o lecu la r w eights as a function  of concentra tion  ac
co rd ing  to  eq 15. V a lues fo r the concentra tion  are in  
term s of fringes, J, b u t m ay be expressed on the  more 
fa m ilia r  w e igh t-concen tra tion  scale b y  assum ing a 
lin ea r dependence of re fra c tive  index increm ent on 
concentration . In  the trea tm en t w h ich  fo llow s i t  is 
also assumed th a t the specific re frac tive  increm ents 
o f A  and C  are iden tica l, w ith  the v a lu e16 of 0.00185 
d l/g . O n  th is  basis, the re la tion  c = 2.46 X  10 ” 4 J  
app lied, where c is in  grams per m illi l ite r . A l l  ca lcu la 
t ions were perform ed w ith  the use o f an I B M  360 com-

(18) E. G. Richards, D. C. Teller, and H. K . Schachman, Bio
chemistry, 7, 1054 (1968).
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Figure 1. Sedimentation equilibrium results obtained with 
lysozyme in phosphate buffer pH 6.7, ionic strength 0.17 at 
15°. The ordinate axis gives values of Afw(r)app defined in eq 
16 of the text while the abscissa presents corresponding 
concentrations in terms of Rayleigh interference fringes. •, 
initial concentration 11.64 fringes, 20,000 rpm; O, initial 
concentration 28.48 fringes, 15,000 rpm. The solid line was 
calculated from the results of Adams and Filmer6 as described 
in the text with K  =  0.44 dl/g and B  =  —1.4 X 10~6 
dl/mol of monomer of molecular weight 14,400.

puter, and the program  was tested w ith  s im u lated data, 
w h ich  i t  reproduced w ith  a precis ion  be tte r than  0.1% .

Results
Adam s and F ilm e r6 have ana lyzed sedim entation 

equ ilib r ium  experim ents perform ed w ith  lysozym e at 
15° in  p H  6.7 phosphate buffer o f ion ic  strength 0.17 
in  term s of a d im e riza tion  reaction  and non idea lity  
effects. T h e y  obta ined the fo llow ing  va lues fo r the 
parameters defined earlier: M A = 14,400, K  = 0.44 
d l/g , and B  — — 1.4 X  10 ~~6 d l/m o l of monomer. I t  
was o f in te rest in  re la t ion  to  the present w ork  to  con
firm  th a t p lo ts o f M w(r)app vs. to ta l concentration  found 
in  th is  env ironm ent superimposed. T h e  resu lts of 
tw o sed im entation eq u ilib r ium  experim ents perform ed 
w ith  lysozym e in  the same env ironm ent are presented 
in  F ig u re  1. I t  is  c lear th a t the resu lts from  the two 
d ifferen t experim ents fa ll on a sm ooth curve w h ich  m ay 
be extrapo la ted  to  y ie ld  a va lue  o f 14,400 fo r M a - A s 
noted earlier, the superposition  o f the data  strong ly  
suggests th a t  A F  is essen tia lly  zero. M oreover, i t  is 
possib le to  dem onstrate d ire c t ly  th a t  the present resu lts 
are in  o ther respects in  close agreement w ith  those 
g iven b y  Adam s and F ilm e r.6 T h is  is  ach ieved by  
u t il iz in g  th e ir  parameters, reported above, to construct 
the so lid  lin e  shown in  F ig u re  1.

In  contrast to  the sm ooth p lo ts  obta ined at p H  6.7 
and shown in  F ig u re  1, the resu lts in  F igu re  2 pe rta in ing

Figure 2. Sedimentation equilibrium results obtained with 
lysozyme in dietaylbarbiturate buffer pH 8.0, ionic strength 
0.15 at 15°. •, initial concentration 11.40 fringes, 20,000 
rpm; O, initial concentration 29.42 fringes, 15,000 rpm;
▲, initial concentration 44.99 fringes, 11,000 rpm. The solid 
lines were computed as described in the text employing values 
of A(1 atm) =  0.24 dl/g, B  =  —4 X 10~6 dl/mol of 
monomer of molecular weight 14,400, and AF =  — 0.03 ml/g.

to  the  sed im enta tion  e q u ilib r iu m  of lysozym e at p H
8.0 show th a t  data  ob ta ined  from  experim ents in  w h ich  
the speed and in it ia l concen tra tion  were va r ie d  do not 
superimpose. M a n y  factors m ay  con tr ibu te  to  th is  
typ e  of nonsuperposition  in c lu d in g  the  fo llow ing : (a)
heterogeneity o f the sam ple w ith  respect to  m o lecu la r 
w e igh t ( inheren t19 o r a r is ing  as a re su lt o f o il dena tu ring  
effects7) ; (b) errors in  m easurem ent and in  the num erica l 
d iffe ren tia tion  procedures em ployed to  ob ta in  M w(r)app 
va lues;20 (c) a pressure dependence of the p a r t ia l specific 
vo lum es of the m onom er and d im er; (d) adso rp tion  
o f the p ro te in  to  ce ll w a lls ;5 (e) b u ffe r-p ro te in  in te r
actions lead ing  to  a d iffe ren t d is tr ib u t io n  of bu ffer 
com ponents in  the so lu tion  and reference channe ls; 
and (f) a difference in  the  p a r t ia l specific vo lum es of 
the m onom er and d im e r1 ( A F  X  0) a n d /o r a d ifference 
in  th e ir  specific re fra c tive  index increm ents. In  v iew  
of the d iverse range of possib le c o n tr ib u t in g  factors, 
i t  m ay seem im possib le, a t firs t sight, to  ana lyze  the 
resu lts presented in  F igu re  2. O n  the o ther hand, i t  is 
noted th a t the absence of nonoverlap  in  F ig u re  1 im p lie s 
th a t  poss ib ilit ie s  a -d  are u n lik e ly  to  be co n tr ib u t in g  
causes of the effect shown in  F ig u re  2. Thus, i t  was 
fe lt reasonable to  exp lore the a p p lic a b ility  o f the theo-

(19) D . E. Roark and D. A. Yphantis, Ann. N. Y. Acad. Sci., 164, 
245 (1969).
(20) P. D. Jeffrey and J. H. Coates, Biochemistry, 5, 489 (1966).
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re tica l re la tion s developed here in  as a f irs t a ttem pt in  
ana lyz ing  the results.

F ir s t , i t  was assumed in it ia l ly  th a t the p lo ts of c(r) 
vs. r obta ined experim enta lly  w ith  the low est in it ia l 
concen tra tion  (11.40 fringes) were unaffected b y  non
id ea lity . T h is  pe rm itted  sim u ltaneous so lu tion  of 
eq 9a and b, w ritte n  w ith  5  = 0 and w ith  assumed 
va lues of 4>A and <pc, to  y ie ld  apparen t va lues o f cA (ri) 
and cc(ri) and hence an apparent va lue  o f K ( n ) .  V a l
ues o f K  (r)app a t other ra d ia l pos itions were s im ila r ly  
de term ined and converted in to  apparen t va lues of 
K (rm) = K (  1 atm ) us ing eq 3. T h e  process was re
peated us ing  a fixed va lu e  of <f>A, correspond ing to  a 
p a r t ia l specific vo lum e16 of 0.726 m l/g , and va ry in g  <j>c 
u n t i l  the  ca lcu la ted  va lues o f 5 ( 1  atm ) became con
stan t. A  p a r t ia l specific vo lum e fo r the  dim er, C , of 
0.696 m l/g  was ind icated , correspond ing to  an apparent 
va lu e  o f — 0.03 m l/g  fo r A F .  W hen  the same pro 
cedure was app lied  to  resu lts ob ta ined  w ith  the h igher 
in it ia l concentrations (29.42 and 44.99 fringes), i t  was 
found th a t th is  va lue  o f A F  d id  no t lead to  constant 
va lues of K (  1 atm ) ca lcu la ted  from  eq 3, suggesting 
th a t n on id e a lity  effects were apprec iab le  a t these con
centrations. On the o ther hand, so lu tion  o f eq 9a 
and b as w ritte n  w ith  A F  = — 0.03 m l/g  and selected 
va lues o f B  y ie lded  a sa tis fac to ry  re su lt when B  = 
— 4 X  10 d l/m o l, in  th a t  the ca lcu la ted  va lues of 
K (  1 atm ) were 0.237 and 0.243 d l/g  fo r J  = 29.42 and 
44.99, respective ly , the standard  dev ia tion  o f s ix  po in ts 
from  the  mean in  each case be ing ±0.003. T o  show 
th a t  the ind ica ted  va lues o f the re le van t param eters 
adequate ly  describe the experim enta l resu lts obta ined 
w ith  the in it ia l concentrations of 29.42 and 44.99 
fringes, the so lid  lines in  F igu re  2 were constructed 
in  the fo llow ing  w ay. E q u a t io n  3 was used to  ca l
cu la te  K (r ) a t each re levan t r  pos ition , and hence v a l
ues o f Ca (r) and cc(r) were eva lua ted  em p loy ing  the 
de fin it ion  of the eq u ilib r ium  constant and the experi
m en ta lly  observed c(r) a t r. E q u a t io n  16 p rov ided  
the correspond ing va lue  o f M w(r)app.

A lthough  the resu lts obta ined w ith  the h igher in it ia l 
concentrations are seen in  F igu re  2 to  be sa t is fa c to r ily  
described b y  the reported parameters, i t  is  now  re levan t 
to  ask w hether the va lue  o f B  found  satisfies the re
qu irem ent th a t term s con ta in ing  i t  do no t con tr ibu te  
s ign if ican tly  to  the concentra tion  d is tr ib u t io n  observed 
w ith  the  lowest in it ia l concentration . Indeed, th is  
assum ption  was made in it ia l ly  in  order to  estim ate the 
apparent A F .  I f  the requ irem ent is satisfied, the va lue  
of 5 ( 1  atm ) ca lcu la ted  as above em p loy ing  the same 
va lues o f A F  and B  shou ld  be constant and agree w ith  
th a t  obta ined from  the ana lys is o f the experim ents 
a t the h igher in it ia l concentrations. I t  was found th a t 
5 (  1 atm ) = 0.341 ± 0.003 d l/g , the standard  dev ia tion  
in d ica t in g  reasonable constancy fo r s ix  determ inations. 
A lth o u g h  th is  va lue  d iffers from  th a t pe rta in ing  to  the 
h igher concentrations (viz. 0.24 d l/g ), the  d ifference is
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w ith in  experim enta l error. F o r  example, A dam s and 
F ilm e r6 quote eq u ilib r ium  constants in  the  range 0.44 
to  0.52 d l/g  fo r lysozym e a t p H  6.7 over a concentra 
t io n  range of 45 to  60 fringes. T h is  p o in t is  em pha
sized in  F igu re  2 where the so lid  lin e  re fe rring  to  the 
lowest in it ia l concen tra tion  was ca lcu la ted  em p loy ing  
the  same va lues o f 5 ( 1  atm ), A F ,  and B  as were used 
fo r the h igher concentrations; the f it  is adequate and 
was im p roved  o n ly  s lig h t ly  when K (  1 atm ) was set to  
equal to  0.34 d l/g .

Discussion
In  the ana lys is o f sed im entation  eq u ilib r iu m  resu lts 

in v o lv in g  n on idea lity  effects i t  seems unavo idab le  th a t 
use m ust be made of a procedure in v o lv in g  a rb itra ry  
se lection and subsequent refinem ent o f va lues o f the 
v ir ia l  coeffic ient(s).4-7 T h is  arises as a consequence 
of the de fin ition  o f the a c t iv ity  coeffic ient g iven in  eq 
6 in  term s of the to ta l so lute concentration , w h ich  in  
tu rn  in troduces in to  eq 8, describ ing the  d is tr ib u t io n  of 
in d iv id u a l so lute species, an exponentia l te rm  in  to ta l 
so lute concentration . I t  is fo r the same reason th a t  i t  
does no t seem possib le to  com pute p lo ts o f c(r) vs. r 
em p loy ing  the  conservation  o f mass equation

(Q i)ce ll —

dbCi(V\))6̂ *̂c(r̂  ~ |  'f'g'friMir̂  — (17)
J  I'm

where (Q f)ceii is  the am ount o f so lute species i  in  the 
ce ll o f th ickness b and sector angle 9. W hen  5 = 0 ,  
H ow le tt, et al.,1 have described in  de ta il how  use m ay 
be made of the ra tio  (Qc)ceii/(Q A)ceum to  com pute p lo ts 
o f c(r) vs. r fo r m odel system s even when A F  X  0. 
H ow ever, when 5 X 0 ,  the in teg rand  in  eq 17 con ta ins 
a te rm  in  c(r) w h ich  cannot be w ritte n  e x p lic it ly  in  
term s of r. I t  fo llow s th a t i t  is  a p ra c tica l approach 
to  ca lcu la te  from  the o rig in a l c(r) vs. r resu lts the quan
t it y  Mw(?*)app, fo r no t o n ly  is  th is  q u a n tity  experim en
ta lly  a va ilab le  bu t also an e xp lic it  expression fo r i t  in  
term s of the requ ired  param eters is  g iven b y  eq 16.

In  re la t ion  to  the resu lts ob ta ined  w ith  lysozym e, i t  
is noted th a t the m agnitudes o f the n o n id e a lity  coeffi
c ien t and the e q u ilib r ium  constant at 1 a tm  seem to  be 
l it t le  affected b y  a change in  p H  from  6.7 to  8.0 in  the 
specified env ironm ents. C e rta in ly , the  present re
su lts confirm 6 th a t the sign o f 5  is  negative  a t p H  6.7 
and show th a t the sign rem ains unchanged a t p H  8.0. 
M o reover, the resu lts in  F ig u re  1 agree w ith  those o f 
Adam s and F ilm e r6 in  a ll o ther respects in c lu d in g  the 
con ten tion  th a t A F  is essen tia lly  zero. T h e  nonsuper
pos ition  of the curves in  F ig u re  2 and the  a b il it y  to  
f it  these curves on the basis o f eq 16 suggests, a t firs t 
sight, th a t  a t p H  8.0 in  d ie th y lb a rb itu ra te  buffer and 
under the cond itions o f sed im entation  eq u ilib r ium , 
A F  is no t on ly  fin ite  b u t also negative  ( — 0.03 m l/g ). 
T h is  observation  is som ewhat su rp ris ing  since ce rta in  
o ther po lym eriz ing  system s21’22 are associated w ith

G. J. Howlett, P. D. Jeffrey, and L. W. N ichol
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vo lum e changes per m ole o f m onom er of com parab le 
m agnitude bu t o f opposite sign and hence tend  to  d is
sociate on an increase o f pressure. W h ile  i t  is  indeed 
possib le th a t the d im e riza tion  o f lysozym e at p H  8.0 
is accom panied b y  a negative  vo lum e change as sug
gested b y  the present analysis, i t  is  stressed th a t the 
derived va lue  m ust be regarded as apparent in  v iew  of 
the neglect of ce rta in  o ther factors (p rev iously  lis ted) 
w h ich  m ay con tr ibu te  to  the nonsuperposition . P a r 
t ic u la r  m ention  shou ld be made of the neglect o f charge 
effects and specific ion  b in d in g  effects and o f the  as
sum ption  th a t specific re frac tive  index increm ents of 
the monom er and d im er are iden tica l. I t  is c lear th a t 
the  ind ica ted  negative  vo lum e change a t p H  8.0 re
qu ires in ve stig a tion  b y  a lte rna tive  m ethods;9-22 for, 
i f  i t  were substantia ted, i t  w ou ld  de trac t from  general

iza tions made in  re la tion  to  the effects of pressure on 
enzym ic a c t iv ity .23

In  conclusion, i t  is  hoped th a t the present theore tica l 
deve lopm ent and the illu s tra t io n  o f its  use in  ana lyz ing  
experim enta l resu lts m ay assist in  the in te rp re ta tion  of 
sed im entation  eq u ilib r ium  resu lts obta ined w ith  other 
po lym eriz ing  p ro te in  system s where vo lum e changes 
and n on idea lity  effects operate.
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The formation of convection cells induced by a vertical concentration gradient has been analyzed. The experi
mental system is realized spreading a polymer solution (few mm thick) on. a membrane swollen with water. 
The critical value of concentration above which the onset of convection cells occurs has been experimentally 
determined and is found to be in good agreement with the theoretical expectations of a linear perturbative 
analysis. A study of the statistics of the cell dimensions as function of the thickness of the fluid layer is per
formed and a linear dependence is found to hold as from the theoretical expectations.

Introduction
Th e  prob lem  of in s tab ilit ie s  causing pa tte rn  fo rm a

t io n  became of great in te rest fo r m any  ph ys ic is ts1-4 
when the experim ents perform ed b y  B éna rd5 showed 
the occurence o f hexagonal convection  cells in  a ho ri
zon ta l la ye r o f f lu id  heated from  below. T h e  fo r
m ation  of B éna rd  cells has genera lly  been ascribed to 
the buoyancy  forces d r iv in g  the convective  flow s1-2 
although, more recently , the possib le ro le of surface 
tension forces in  determ in ing such ce llu la r convection 
has also been ana lyzed.6-9 T h e  p o ss ib ility  of pa tte rn  
form ation , in  system s w h ich  are in it ia l ly  homogeneous 
and where the chem ica l species can react and diffuse, 
was stressed b y  T u r in g .10 F irs t , he underlined  the 
possible im portance o f such a behav io r in  the functiona l 
processes of b io log ica l systems. W h ile  the B éna rd  
phenomenon can be ascribed to  the coup ling  between 
heat flow  and flow  of m atter, the system  ana lyzed

b y  T u r in g  deals w ith  coup ling  between chem ica l 
reactions and d iffusion. H ow ever, bo th  system s are 
examples show ing th a t coup ling  between d ifferent flows 
makes the flows them selves organize, g iv ing  rise to a 
dynam ic stru c tu re .11-13

(1) Lord Rayleigh, Phil. Mag., 32, 529 (1916).
(2) H. Jeffreys, ibid., 2, 833 (1926); and Proc. Roy. Soc. Ser. A, 118, 
195 (1928).
(3) A. R. Low, Proc. Roy. Soc. Ser. A, 125, 180 (1929).
(4) A. Pellew and R. V. Southwell, Proc. Roy. Soc. Ser. A, 176, 312 
(1940).
(5) H. Bénard, Rev. Gen. Sci. Pures Appl., 11, 1261, 1309 (1900).
(6) J. R. A. Pearson, J. Fluid Mech., 4, 489 (1958).
(7) M . J. Block, Nature (London), 178, 650 (1956).
(8) D . A. Nield, J. FhddMech., 19, 341 (1964).
(9) L. E. Scriven and C. V. Sternling, ibid., 19, 321 (1964).
(10) A. M . Turing, Phil. Trans. Roy. Soc. London, Ser. B, 237, 37 
(1952).
(11) J. I. Gmitro and L. E. Scriven, “ Intracellular Transport,” 
Academic Press, New York, N. Y-, 1966.
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T h e  a im  of th is  w o rk  is to  present a phenomenon 
where convective  and d iffus ive  flows are coupled y ie ld 
ing  an organized dynam ic pa tte rn . T h e  firs t p a rt of th is  
paper is devoted to  the theo re tica l ana lys is of the 
phenomenon. S ince the basic equations are s im ila r to 
those describ ing the B éna rd  system , we have g iven on ly  
a sum m ary of the method, w ith  the proper changes 
(for the  de ta ils  the reader is referred to  Chandrasecka r’s 
b o o k 14). T h e  s tudy  of the tem pora l evo lu tion  o f the 
system  and the num erica l com puta tion  are treated 
w ith  greater deta il.

T h e  second pa rt deals w ith  the  experim enta l rea liza 
t io n  of the system  and the com parison o f the resu lts 
w ith  the theo re tica l expectations.

Description of the Phenomenon
T h e  phenom enon under consideration  is  rea lized  in  a 

f lu id  la ye r subjected to  a concentra tion  grad ien t. The  
experim enta l system  consists of a th in  la ye r of po lym er 
so lu tion  (usua lly  po lye thy lene  g lyco l 6000, P O E G )  
spread on a d ya lis is  m em brane sw ollen w ith  w ater and 
clam ped in  a c y lin d r ic a l frame. A  sm a ll am oun t of 
w ater is  released b y  the membrane, ow ing to  the osm otic 
pressure d ifference between the so lvent inside the mem
brane and the externa l so lution. In  th is  w ay  the 
m em brane behaves lik e  a so lven t source and a grad ien t 
o f concen tra tion  is estab lished in  the f lu id  layer. The  
dens ity  v a ria tio n , due to  the concentra tion  grad ient, 
causes buoyancy  forces. T h e  system  d isp lays ascend
ing  and descending convective  flows w h ich  fo rm  a 
s ta tiona ry  po lygona l p a tte rn  in  the ho r izon ta l plane. 
Depressions and e levations on the  free surface corre
spond to  descending and ascending flows, respective ly . 
T h e  d im ensions of the cells are lin e a r ly  re la ted  to  the 
depth of the f lu id  layer. F ig u re  1 shows a p ic tu re  of 
such a po lygona l pattern .

Th e  behav io r of a f lu id  la ye r subjected to  a v e rt ica l 
tem perature g rad ient, com bined w ith  a s a lin ity  grad ient, 
has a lready been investiga ted .16-17 A lso  th is  system  
d isp lays convective  flows organ ized in to  th in  co lum ns

Figure 1. The pattern obtained with a 30% solution of 
POEG, 2 mm thick.

of flu id , a lte rn a t iv e ly  ascending and descending. H o w 
ever a regu la r organ iza tion  com parab le to  th a t  o f the 
p resently  stud ied  phenomenon in  the h o r izo n ta l p lane 
has no t been observed. T h is  fa c t can be due (c/. seq.) 
to  the large depth  of the f lu id  layer, about 25 cm, and 
to  the  d iff icu lty  in  m a in ta in ing  constant the  bounda ry  
conditions.

Theoretical Considerations
The Equations of Continuity and of Motion. T h e  

system  under s tud y  is an in f in ite  h o r izo n ta l la ye r of a 
w ater so lu tion , a t un ifo rm  tem perature T, bounded b y  
the planes z = — l/2d, z = V 2d; the  low er bounda ry  is  
m a in ta ined  a t a fixed concentration , w h ile  the  upper 
bounda ry  is a t a h igher concentra tion  value.

T h e  co n tin u ity  equation, w ith  the a id  o f the  F ic k ’s 
law , can be w ritte n  as

dp bv, dp d dc
—  = — p -  vt-  b —  D —  (1)
Ot OXi OXf OXi OXi

where p denotes the density  of the so lution, v{ the i- 
com ponent o f the ve lo c ity , D  the d iffus ion  coefficient 
and c the concentra tion  o f so lute in  g/1.

W e sha ll m ake use here of some resu lts con ta ined in  
the E xpe rim en ta l Section, in  order to  m ake reasonable 
assum ptions fo r our system. F ir s t  o f a ll we sha ll as
sume th a t  the dens ity  o f the so lu tion  is  a linea r fun c tion  
of concentra tion  (cf. F ig u re  6a)

p  =  Po(l +  tc) ( 2 )

where po is  the  dens ity  of the  w ater a t tem perature T, 
and r  is  of the order of 10-4 l./g  when c <  10 g/1. (cf. 
E xpe rim en ta l Section). M o reove r we sha ll assume 
th a t  in  th is  range of concentra tion  the d iffu s ion  co
efficient D  and the v is co s ity  y m ay be considered con
stan t in  the w hole system.

Sub s t itu t in g  (2) in  (1) we ob ta in

+  ~  ®v2c = 0 (3) ot oxt

where 2) = D/p0r, and the v e lo c ity  fie ld  has been as
sumed solenoidal, since, from  the  ac tu a l va lue  of t , the 
te rm  dv{/dxi of eq 1 appears to  be 104 tim es sm alle r 
th an  the others.

O n  the basis of the above considerations, the equation  
of m otion, under the Boussinesq app rox im ation , can 
be w r it te n  as

(12) I. Prigogine and G. Nicolis, ./. Chem. Phys., 46, 3542 (1967).
(13) A . Katchalsky and R. Spangler, Quart. Rev. Biophys., 1, 127 
(1968).
(14) S. Chandraseckar, "Hydrodynamic and Hydromagnetic Sta
bility,” Clarendon Press, Oxford, England, 1961.
(15) G. Veronis, J. Mar. Res., 23, 1 (1965).
(16) J. S. Turner and H. Stommel, Proc. Nat. Acad. Sci. U. S., 52, 
49 (1964).
(17) M . E. Stern, Tellus, 12, 172 (1960).
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dvt
bt

bvt 1  +
Po bxt

— X i  +  v V h ) t 
Po

(4)

where v is  the k in em atic  v is co s ity  defined as 77 / p o ,  X i  is 
the ¿-component o f the externa l specific force (in th is  
case X  == (0, 0, —g)), and p is the s ta tic  f lu id  pressure.

Perturbative Equations. L e t  us suppose our in fin ite  
ho r izon ta l la ye r in  a s ta tiona ry  state w ith o u t any con
vective  m otion. In  th is  state from  eq 3 we ob ta in  
th a t  the  s ta t io n a ry  d is t r ib u t io n  o f concen tra tion , c', 
is a linea r function  o f the  quota  z, i.e.

and

-  a 2 -  sff'j 0  = - R a 2Q (13)

where R  is a d imensionless num ber defined as

R  =
2>

(14)

c'(z) = Co +  pz (5)

where /3 is  the concentration  grad ient.
L e t  us denote w ith  6 a m icroscop ica l pe rtu rba tio n  of 

c' and V t the ¿-component of the ve lo c ity  of the flu id  in  
the pe rturbed state.

N eg lecting  a ll the second order term s of the pe rtu rba 
t ive  va ria tio n s 9 and V  in  eq 3 and 4 and rearrang ing, 
we get the tw o p e rtu rba tive  equations

dd
— = -Pw  +  SDV20 (6)

where w is  the z-com ponent o f the ve lo c ity  i.e., w = 
V 2, and

bV2w
dt

f<P6
\ d x 2

+
<W\
by2)

+  vV*w (7)

E q u a t io n  7 is  de rived  b y  ta k in g  the double cu r l of eq 4.
Solutions of the Equations. S ince the system  has no 

pre fe ren tia l po in ts or d irections in  the (x,y) plane, one 
can express the so lu tion  o f eq 6 and 7 as a superposition  
o f term s of the k in d

E qu a t io n s  12 and 13 have been deduced b y  e lim in a ting  
9  and W  respective ly  between eq 6 and 7. In  w hat 
fo llow s we sha ll look  fo r a so lu tion  of eq 12 in  W (z); 
the correspond ing so lu tion  fo r 0(z) can be deduced by  
the equations re la ting  9  and  W.i

Se ttin g  X* = 0 in  eq 12 we have a d iffe ren tia l equa
t io n  of order six, w h ich  governs the m arg ina l state. 
T h is  equation  m ust sa tis fy  the fo llow ing  s ix  boundary  
cond itions at the lower (rig id ) and upper (free) sur
faces14

oII z = ± -d  
2

(15)

-  a2J  W = 0 z — ±-d 
2

(16)

oII z = — -d 
2

(17)

d 2W  _
dz2

z = + \ d (18)

6 = 9(z) exp{ikxx +  ikvy +  \ kt) (8)

w = W{z) exp (He,# +  ikvy +  X kt) (9)
where

O TT
k =  (kx2 +  V ) v’ = y  (10)

is  the w ave num ber associated w ith  the kth. d isturbance. 
I t  can be shown14 th a t in  our case X* is  a rea l num ber; 
therefore when X* <  0 the d istu rbance  w il l decrease 
exponentia lly  w ith  tim e, w h ile  w hen X* > 0 the d is
tu rbance w il l  increase w ith  time. I t  fo llow s th a t the 
system  w ill pass from  a stable to  an unstab le  state via 
a m arg ina l state characte rized  b y  a w ave num ber kc.

Sub s t itu t in g  eq 8 and 9 in  eq 6 and 7 and in troduc
ing  the d imensionless num bers

d2 V
a = kd a = \k — s = — (11)

v £>

one gets 14

E q u a t io n  15 is obvious, w h ile  eq 16 is d e rived14 from  
the equation  re la ting  0  and W, under the s im p lify in g  
assum ption  th a t 0  = 0 a t z — ± ' / 2d. E qu a t io n s  17 
and 18 are bo th  de rived14 from  the so leno ida lity  cond i
t io n  of the ve lo c ity  fie ld  (by reca llin g  th a t the ho rizon ta l 
components o f the ve lo c ity  m ust van ish  a t the r ig id  
boundary  (eq 17) and b y  de riv in g  w ith  respect to  z the 
so leno ida lity  equation, and im pos ing  the van ish ing  of 
the components P xz, P yl of the stress tensor at the free 
surface (eq 18)).

W e are interested to  determ ine the fu n c t io n a l re la 
t io n sh ip  between R  and a w h ich  satisfies the d iffe ren tia l 
equations w ith  the proper boundary  cond itions. W e 
are o m itt in g  here a ll the procedure414 and g ive on ly  the 
resu lts, sum m arized in  F igu re  2, where the cu rve  R* 
= R*(a) correspond ing to  the case of the  m arg ina l 
s ta b ility  is reported.

T h e  m in im um  va lue  of R  fo r w h ich  the system  is 
m arg ina lly  stable is  R 0* = 1100.65. T h e  correspond
ing  va lue  of the w ave num ber is  ac = 2.68.

Therefo re  fo r R < R *  the system  is  stable, w h ile  
when R  s lig h t ly  exceeds Rc* the system  is unstab le  w ith  
respect to the d istu rbance characterized b y  the wave 
num ber ae.
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Figure 2. The curve of marginal stability, R * ( a ) ,  as 
function of the wave number a .

A c tu a lly  the wave num ber a defines on ly  the m odulus 
of a vecto r a w h ich  is unspecified since the components 
ax and ay m ay be chosen in  in fin ite  ways. H ow ever we 
can argue tha t, since the system  has no preferen tia l 
po in ts or d irections in  the ho rizon ta l p lane, the flu id  
la ye r w il l be tasse lated b y  po lygona l convection  cells 
w h ich  w il l be equ ila te ra l triangles, squares, or regu lar 
hexagons.

In  order to define the pa tte rn  d im ension we sha ll 
suppose th a t a hexagonal d is tr ib u tio n  occurs. In  th is  
case the side of the hexagon l and the w ave num ber a 
are re lated b y  the re la t ion sh ip 14

W e sha ll use equation  19 to  compare the experim enta l 
and the theo re tica l results.

Temporal Evolution of the Disturbances. W hen  the 
system  is  characterized b y  a va lue  o f R  greater than  
Rc*, m any d isturbances w ill grow  w ith  tim e; among 
these, the one w h ich  has the greatest tem pora l facto r 
w ill p reva il over the others. In  o ther w ords the evo lu
t io n  of our system  w ill be g iven b y  the functiona l de
pendence of the tem pora l facto r <j (defined in  eq 11) 
on R  and a. W e sha ll therefore look  fo r a so lu tion  of 
eq 12 w h ich  w il l sa tis fy  the proper boundary  cond itions, 
eq 15-18. T h is  so lu tion  m ay be w ritte n  as a super
pos ition  o f functions of the form

W(z) = exp(± gz) (20)

w h ich  substitu ted  in  eq 12 gives

Cq2 — a2)(q2 — a 2 — <j){q2 — a2 — scr) = — Ra2 (21)

Se tting  o- = 0 in  eq 21, we get

(g* -  a 2)3 = - R*a2 (22)

where R* = R*(a) is, as a lready defined, the d im ension
less fun c tion  characte riz ing  the m arg ina lly  stable state, 
w h ich  has been p lo tted  in  F igu re  2.

T h e  roots q(R*,a) of eq 22 sa tis fy  the  bounda ry  
cond itions bu t no longer sa tis fy  eq 21 fo r any  va lu e  o f <r. 

I t  can be eas ily  shown th a t  the re la tion sh ip

V(*+d2+4s(J* - x)] <23)
satisfies eq 24 as w e ll as the boundary  cond ition s and 
i t  therefore defines the fun c tiona l dependence between 
a, R, and a th a t we are look ing  for. In  the E x p e r i
m enta l Section  a num erica l ana lys is o f eq 23 w ith  the 
proper va lues of the param eters is  perform ed. T h e  
resu lts are shown in  F igu res 8 and 7c.

R e la t io n  23 shows th a t on ly  those d isturbances 
characterized b y  a wave num ber a fo r w h ich  R >  R*(a) 
w ill have a tem pora l fac to r greater th an  zero, as ex
pected from  the de fin ition  of m arg ina l s ta b ility .

T h e  fa c t th a t in  re la tion  20 we have chosen the same 
va lues of q as in  the case fo r the m arg ina l s ta b ilit y  
means th a t the ve lo c ity  as w e ll as the  concentra tion  
d is tr ib u t io n  has been supposed una lte red  even when 
the system  is fa r from  the state of m arg ina l s ta b ility .

I t  shou ld be stressed th a t we have ana lyzed  on ly  how 
the system  disp laces from  the in it ia l state. W hen  
R  »  Rc so lu tions are grow ing lik e  exp (at) and there
fore a linea r ana lys is is  no longer v a lid . H ow ever we 
sha ll suppose th a t the d istu rbance  w h ich  has in it ia l ly  
the greatest tem pora l fac to r w il l be the one p reva ilin g  
in  the system .10 ■11 T h is  k in d  of hypothesis is  supported 
b y  the experim enta l resu lts, where a lin ea r dependence 
between the hexagon sides and the th ickness of the 
flu id  la ye r is  found to hold, as from  the theo re tica l ex
pecta tion  (c/. seq.),

Experimental Section
Description of the Method. A  d ia ly s is  m em brane 

was im m ersed in  an aqueous so lu tion  of m ethy lene 
b lue or neu tra l red  fo r about 30 m in. A f te r  th is  tre a t
m ent the m em brane was gen tly  b lo tted  and clam ped 
in  a perspex c y lin d r ica l ce ll (14 cm  diam eter). G re a t 
care was devoted to keep the m em brane f la t and  in  a 
ho r izon ta l plane. A  few m illim e te rs th ic k  po lye thy lene  
g lyco l 6000 so lu tion  was then  spread over the m em 
brane. Th e  concentration  of the po lym er so lu tion  
va ried  from  0.1 to  30 g /d l in  d iffe ren t experim ents. 
A fte r  some m inutes convective  flows appeared, w h ich  
were made ev iden t b y  the co lor released b y  the  mem
brane. In  some experim ents the so lu tion  itse lf was 
co lored instead of the m em brane and the  convective  
flows appeared as transparen t lines.

The  fo rm ation  of a ce llu la r s tructu re  in  the ho r izon ta l 
p lane cou ld be eas ily  fo llow ed and recorded b y  means 
of a pho tograph ic cham ber p laced over the system . 
In  order to  observe the flows in  the v e rt ica l p lane a 
sch lieren m ethod was em ployed, and the flows were
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Figure 3. Descending and ascending flows photographed with 
a schlieren method using a 2 X 7 cm2 glass cell. Depressions 
on the free surface correspond to the descending flows.

photographed w ith  a te lescopic system . F ig u re  3 
shows a p ic tu re  of these flows, in  a 10% so lu tion , 14 
m m  th ick .

The Pattern Formation. F o r  a 30%  so lu tion  the 
convective  flows began to  be ev iden t abou t 2 -3  m in  
after the spreading of the so lu tion  over the m em brane 
(th is tim e increases on decreasing the po lym er con
centration). A fte r  abou t 10 m in  the  ho r izon ta l p lane 
was tasselated w ith  po lygons whose regu la r ity  requ ires 
the con tro l of the externa l cond itions. These cells 
lasted fo r about 1 h r; the pa tte rn  obta ined was m a in ly  
composed of quadrangu lar, pentagonal, and hexagonal 
cells (c/. F igu re  1).

S im ila r  cells were obta ined us ing a concentrated solu
t io n  (~ 3  M)  of C a C l2 o r K C 1  instead o f a po lym er so lu
t ion ; in  th is  case however, the se n s it iv ity  to  env iron 
m enta l va ria tio n s was m uch greater ow ing to  the low er 
v is co s ity  of the so lution. Therefo re  a regu lar pa tte rn  
cou ld  h a rd ly  be obtained.

In  F igu re  4 an ordered sequence of photographs 
shows the pa tte rn  fo rm ation , w h ile  F igu re  5 shows tw o 
d ifferent patte rns a t tw o d ifferen t th icknesses of the 
layer. Besides the cells, .which are due to  the ascending 
colored flows, o ther cells, less ev ident, due to  the de
scending flows, can be observed on the free surface (see 
F igu re  1). T h e  ve rtice s o f these cells correspond to  the 
centers of the po lygona l form s due to  the r is in g  flows.

T h e  phenomenon can be q u a lita t iv e ly  exp la ined in  
the fo llow ing  w ay: the osm otic pressure grad ien t be
tween m em brane and so lu tion  causes a w ater flow  from  
the m em brane to  the so lution. Therefo re  the so lu tion  
w il l be more d ilu ted  in  the lower laye r and the onset of 
convective  flows is due to  the tendency o f the system  
to  get a more stab le configuration, p rov ided  the v is 
cos ity  forces do no t overcom e the  buoyancy  forces.

Severa l experim ents were perform ed to  confirm  th is  
k in d  of in te rp re ta tion ; f irs t  of a ll the m em brane was 
dehydrated and prevented from  absorb ing w ater from  
the externa l m edium ; in  th is  case convective  flows d id  
not appear. Instead we cou ld observe the  organ ized 
flows e ither w ith  a d ry  m em brane w h ich  cou ld  absorb 
w ater vapor from  the externa l m edium , or w ith  a swol-

Figure 4. Typical formation of a pattern for 
a 30% solution 2 mm thick.

Figure 5. Two different patterns for a 30% solution 2 mm and 
8 mm thick, respectively.

len m em brane iso la ted from  the  externa l atmosphere. 
H ow ever in  the  form er case the t im e  requ ired  fo r the 
fo rm ation  of the pa tte rn  was m uch  longer. M o reove r 
convective  cells cou ld  be ob ta ined  w ith  severa l k ind s 
of m em brane presenting  a h y d ro p h ilic  characte r of the 
m a tr ix  (e.g., cellophane, co llagen film s), w h ile  no p a t
te rn  fo rm ation  was observed em p loy ing  a hyd rophob ic  
m em brane (e.g., a teflon  film ).

A  fu rth e r test was perform ed to  investiga te  w hether 
tem perature g rad ien ts were present and were p la y in g  
an im po rtan t ro le in  the pa tte rn  fo rm ation . T o  check 
th is  the tem perature difference between the  low er and 
upper la ye r was measured b y  means of an  A lu m e l-
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C rom e l therm ocouple. N o  appreciab le the rm a l g rad i
ent was observed. A  fu rth e r proo f of the m ino r ro le 
p layed  b y  possib le the rm a l grad ien ts was obta ined b y  
app ly in g  a sm all inverse tem perature d ifference (~ 1°) 
to  a 30%  so lu tion  of P O E G  and observ ing th a t the 
convective  flows were not d isturbed.

Comparison with the Theory. A  qu an tita t iv e  com 
parison  between the experim enta l resu lts and the theo
re t ic a l expectations requ ires a know ledge of the ph ys i
ca l param eters cha racte riz ing  the system . F o r  th is  
purpose iso therm a l measurements o f dens ity  and v is 
co s ity  as a fun c tion  of concentra tion  have been per
form ed. F ig u re  6a reports the re la t ive  dens ity  v a r ia 
t io n  Ap/po as a fun c tion  of concentration . T h e  slope 
o f th e  s tra igh t line, r, has the va lue  1.28 X  10-4 l./g , 
w h ich  is  of the order of m agn itude assumed in  the theo
re t ic a l considerations.

One can observe tha t the cond ition  requ ired  b y  the 
theo re tica l trea tm en t of a lin ea r dependence between 
the dens ity  of the P O E G  so lu tion  and the concentra tion  
(c/. eq 2) is  satisfied.

F igu re  6 reports the k inem atic  v is co s ity  as a function  
of concentration . T h e  d iffus ion  coeffic ient (ava ilab le  
o n ly  a t low  concentrations) has been de rived  from  pre
v io u s ly  reported  va lues.18

F ro m  eq 14 i t  is  possible to derive  the c r it ic a l va lue 
of the concentration  difference Acr above w h ich  the 
in s ta b ility  shou ld occur

where the re la tion sh ip  /3 = Ac/d has been em ployed.
Su b s t itu t in g  the ac tua l va lues of r  = 1.28 X  10-4

l./g , 2) = 7.81 X  10-6 cm 2/sec, and v = 10~2 cm 2/sec in  
re la t ion  24, fo r a th ickness d = 1.5 mm, and choosing 
fo r R e* the va lue  1100.65 (g iven b y  the theo re tica l trea t
m ent as the m in im um  va lue  of R  above w h ich  the in 
s ta b ilit y  occurs), one gets Acr = 0.02 g /d l.

In  order to  ca lcu la te  the d ifference in  concentration  
w h ich  is estab lished when the m em brane releases water, 
we sha ll m ake use of the s im ple re la tion sh ip

Ac T j- 2c(T  ~ *J <2S)
where c(5) is  the concentration  a t the upper boundary, 
w h ich  is  assumed equal to  th a t of the em ployed so lution, 
and 5 is  the actua l th ickness o f the flu id  layer, once the 
w ater inside the m em brane has been released.

T h is  re la tion sh ip  can be obta ined b y  im pos ing th a t 
the am oun t of so lute inside the so lu tion  rem ains con
stan t and a linea r d is tr ib u t io n  of concentra tion  occurs.

T h e  m in im um  va lue  of concentra tion  a t w h ich  we 
cou ld  observe organ ized flows was of the order of 0.3 
g /d l for a la ye r 1.5 m m  th ick . W e sha ll suppose th a t 
the lin ea r concentra tion  pro file  along the z d ire c tion  
has an upper boundary  va lue  of 0.3 g /d l. I f  the mem-

Figure 6. (a) The relative density variation, Ap/p0, of the
PO EG  solution as a function of concentration c of solute, (b) 
the kinematic viscosity, v, as a function of 
concentration; T  =  22°.

brane releases a ll its  w ater content (measured to  be
5.7 m m '/cm 2) the consequent concentra tion  d ifference 
ca lcu la ted  w ith  the above re la tion sh ip  is  0.022 g /d l, 
su ffic ient to  g ive rise  to  the in s ta b ility . T h e  behav io r 
of our system  when a more d ilu te  so lu tion  is  em ployed 
can be exp la ined b y  observing tha t, in  th is  case, even 
a ll the w ater content inside the m em brane is  insu ffic ien t 
to determ ine a concentra tion  g rad ien t above the c r it ic a l 
one and therefore the in s ta b ility  cannot occur.

W e  sh a ll now analyze the behav io r of the d im ension 
of the cells l, w ith  regard to the th ickness and the con
cen tra tion  o f the flu id  layer. T h e  mean area fo r each 
figure has been measured w ith  the fo llow ing  procedure. 
A  ce rta in  num ber of contiguous ce lls (usua lly  100-200) 
was counted on a photograph and the to ta l area occu
p ied  b y  these cells was determ ined w ith  an O t t  in 
tegrator. T h e  actua l va lue  of the mean area per ce ll 
was obv iou s ly  determ ined d iv id in g  the to ta l area b y  the 
num ber of ce lls and ta k in g  in to  account the proper 
m agn ifica tion  o f the system . T h e  va lue  l was deter
m ined as the side of the hexagons o f th a t g iven  area. 
F ig u re  7a shows the l vs. d p lo t obta ined w ith  a 30% 
so lu tion . One can observe a lin ea r dependence be
tween the side of the hexagons and the th ickness of the 
layer.

T h is  procedure cou ld be eas ily  fo llow ed us ing h ig h ly  
concentrated so lu tions (e.g., 30% by  weight), b u t  was 
d iff icu lt  to  perfo rm  w ith  so lu tions o f concen tra tion  
sm aller th an  20%. In  fa c t in  th is  case the pa tte rn  
does no t appear s im u ltaneous ly  in  a ll the zones, and

(18) C. Rossi, E. Bianchi, and G. Conio, Chim. Ind. (Milan), 45, 
1498 (1963).
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Figure 7. The sides of the hexagons, l , as a function of the 
thickness of the fluid layer, d (a) for a 30% solution, (b) for a 
20% solution. The curve (c) has been theoretically calculated 
for a 0.3% solution.

Figure 8. The temporal factor, a , as function of the wave 
number, a, for different thickness d =  1.5, 2, 3, 4, 6, 8 mm, 
respectively, r =  1.28 X 10~4 l./g, v =  10-2 cms/sec, and 
D  =  10-6 cm2/sec.

therefore i t  is  d iff icu lt to  photograph a num ber of cells 
suffic ient to  m ake re liab le  sta tistics.

In  order to com pare the experim enta l resu lts w ith  the 
theo re tica l expectations, we have perform ed a num eri
ca l ana lys is o f eq 2 fo r a fixed va lue  of the upper con
cen tra tion  (0.3% b y  weight) and fo r d iffe ren t values 
of the th ickness of the f lu id  la ye r (and therefore of the 
concentration  d ifference Ac), r  and v have been deduced

b y  the experim enta l da ta  reported in  F ig u re  6, the 
d iffus ion  coefficient D  b y  da ta  from  the lite ra tu re ,18 
w h ile  (3 = Ac/d has been ca lcu la ted  us ing eq 25. F ig 
ure  8 shows cr as a fun c tion  of a fo r the g iven values of 
the parameters. The  correspond ing va lue  of R  is de
duced from  eq 14. One can observe th a t the curve has 
a m ax im um , <rmax, w h ich  defines the w avelength 
p reva ilin g  in  the system, and w hich is sh ifted  towards 
greater values o f a as the va lue  o f R  increases. R e 
la t io n  19, in  con junction  w ith  the resu lts reported 
in  F ig u re  8, gives the va lues o f the hexagon sides l, 
corresponding to  <rmax, a t the d ifferent va lues of d. 
T h e  resu lts are sum m arized in  T ab le  I. T h e  va lue  of 
l is p lo tted  as a function  of d in  F igu re  7c w h ich  shows 
tha t, on increasing the th ickness d of the flu id  layer, 
the pa tte rn  d im ension increases lin ea rly , in  agreement 
w ith  the  experim enta l results.

Table I

d (mm) R KRffmax flmax l (mm)

1.5 1181 1.18 2.77 2.26
2 2138 15.2 3.08 2.7
3 4900 57.7 3.33 3.76
4 8552 114.3 3.5 4.78
6 19243 279.6 3.65 6.87
8 34210 507 3.73 8.96

F igu re  7 shows th a t the experim enta l stra igh t line  
fo r a 30% concentration  has a low er slope than  the 
theo re tica l curve determ ined a t 0.3%  concentration .

T h is  fa c t suggests tha t, w h ile  the character of the 
pa tte rn  does no t undergo substan tia l changes when the 
system  is fa r from  the m arg ina l state, the ce ll d im ension 
a t the same th ickness shou ld  be s lig h t ly  greater. 
T h is  expectation is confirm ed b y  the experim ents per
form ed a t a low er concentra tion  (20% by  weight) 
w h ich  are reported in  F ig u re  7b. One can observe, 
in  th is  case, th a t the slope of the stra igh t lin e  is  in 
creasing. Therefore i t  seems ju s tif ie d  to  argue th a t a 
fu rth e r decrease in  the concentra tion  o f the so lu tion  
w ou ld  m ake the slope tend to  the theo re tica l va lue  
determ ined fo r a m uch low er concentration .

Conclusions
W e have in te rp reted the observed phenomenon as 

an in s ta b ility  due to  the  g ra v ita tio n a l field. The  
ana logy w ith  the Bénard  prob lem  suggests th a t even 
loca l va ria tio n s in  concentration  m ay orig ina te  stresses 
due to  concentration  dependent surface tension forces. 
In  p r in c ip le  th is  fact cou ld be im po rtan t in  deter
m in ing  the behav io r of the system . In  fa c t in  the case 
of the B éna rd  cells i t  has been dem onstrated6-“9 th a t 
in  some cond itions (e . g th ickness of the laye r lower 
than  1 mm) the surface tension  forces can be of 
fundam enta l im portance. In  the present case, at 
least fo r layers of th ickness rang ing between 1.5 and 10
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m m , we observed th a t  the  same k in d  o f pa tte rn  form a
t io n  occurs also when the flu id  la ye r is  interposed 
between tw o  r ig id  surfaces. M o reove r we observed 
depressions on the free surface in  correspondence w ith  
the  descending flows and elevations in  correspondence 
w ith  the  ascending ones. F igu re  3 shows such be
hav io r. A l l  these observations support the  hypothesis 
th a t, a t least in  the p resently  stud ied  cond itions, the 
dom inan t forces are the g rav ita tio na l ones.9 T h e  
agreement between the theore tica l expectations (where 
we consider on ly  g rav ita tio na l forces) and the experi
m enta l va lues in  determ in ing Acr supports th is  h y 
pothesis.

I t  cou ld  be o f some inte rest to  m ention  a t th is  po in t a 
f in a l test th a t we have perform ed in  order to  be sure of 
our in te rp re ta tion . W e  have in ve rted  the  system ,
i.e., we have p laced the wet m em brane over the so lu
t ion . S u rp r is in g ly  also in  th is  case a k in d  of organized

790

pa tte rn  appeared, however in  a t im e  m uch greater th an  
in  the p rev iou s ly  ana lyzed system . M o reo ve r we 
observed th a t th is  pa tte rn  was s trong ly  re la ted  to  the 
evapora tion  process th rough the membrane. In  fa c t 
p reven ting  evaporation  we d id  no t observe any  k in d  of 
patte rn . T h e  m echanism  fo r the in s ta b ility  in  th is  
case is therefore ascribed to  the fo rm ation  o f a denser 
so lu tion  on the  upper la ye r o f f lu id  as a resu lt o f w ater 
leav ing  the  so lu tion  th rough the m em brane (evapora tive  
coo ling  is  q u ic k ly  d iss ipated). H ow ever a more de
ta ile d  descrip tion  o f th is  phenomenon requ ires a 
fu rth e r in ve stig a tion  w h ich  w il l be ob ject o f a fu rth e r 
study.
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The crystal structures of the racemic (+ ,—) and the optically active (+) forms of the l,2-2r<ms-cyclopentane- 
dicarboxylic acid have been solved by three-dimensional X -ra y  analysis using data collected by counter tech
niques (Cu Ka). The crystal data for the two compounds are the following: racemic: monoclinic, space 
group C2/c,a=  9.252, b = 6.659, c = o12.185 A, /? = 100° 38', Z = 4; optically active: monoclinic, space group 
P2i, a = 5.957, b = 6.645, c = 12.041 A, y = 129° 13' (c unique axis), Z = 2. The determination of the struc
ture for the racemic compound has been achieved by means of the close-packing criteria. The crystal structure 
of the optically active form was derived from the structure of the racemic, once the occurrence of certain struc
tural relations was recognized. Both the structures were refined to an R value of 6.3% utiliz ing 625 and 602 
independent measured reflections for the (±) and the (+) forms, respectively. The more relevant results 
are those concerning the conformations of the molecule in the two structures. The two different experimental 
conformations for the cyclopentane ring are in  excellent agreement with those of minimum energy calculated 
by Lifson and Warshel for the cyclopentane molecule. The internal rotation angle <pi in the ring takes the 
highest possible value in order to bring the carboxylic groups as more equatorial as possible; on the other hand 
this value leaves the highest residual flexib ility to the remaining internal rotation angles of the ring. In the 
two structures rows of hydrogen bonded molecules along a crystallographic direction are found and planes of 
isomorphous molecules are recognized. The twinning, always present in the racemic crystals, is associated 
with a “ fau lt”  in the piling up of such planes in the crystal structure.

Introduction
M a n y  system s appear to  be con fo rm a tiona lly  r ig id , 

because of constra in ts w h ich  are im posed b y  the chem
ica l nature o r b y  the phys ica l state o f the system  itse lf; 
however, ve ry  often, th e ir  f le x ib ility  m ay be la rger than  
u sua lly  thought.

A  system  of th is  k in d  is p rov ided  b y  the cyclopentane

ring , whose geom etry is dependent on n ine in te rn a l co
ordinates. Once the five  ca rbon -ca rbon  bond lengths 
are fixed, since the bond angles o f carbon com pounds 
u sua lly  fa ll in to  fa ir ly  sm all angu lar ranges near the 
te trahed ra l va lue, apparen tly  no v a r ia t io n  shou ld  be 
a llow ed fo r the in te rna l ro ta t io n  angles.

I t  has been shown, however, th a t in  m any cases large
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va ria tio n s o f the in te rna l ro ta t io n  angles are possib le if  
we on ly  take in to  account the p o s s ib ility  of the coup ling  
o f sm all bond angle deform ations o r the sim u ltaneous 
va ria tio n  of bond angles and o ther in te rna l ro ta tion  
angles.1 I t  is  w e ll know n, fo r instance, th a t the confor
m ation  of the cyclopentane r in g  can v a ry  con tinuously  
on an equ ipo ten tia l energy surface.2 In  the absence of 
substituents, the molecule possesses a no rm a l mode of 
m otion , ca lled pseudorotation. A s  ca lcu la ted  b y  L ifs o n  
and W a rshe l,3 the energy rem ains constant (to less than  
0.005 k ca l/m o l) w h ile  bond angles and in te rna l ro ta 
t ion  angles v a ry  in  a concerted way.

In  order to  con tr ibu te  accurate experim enta l in fo r
m ation  on the geom etry o f the cyclopentane ring , we 
have undertaken  the s tud y  of the c ry s ta l s tructu re  of 
the (+ )  and the (± )  1,2-cyc lopentaned icarboxy lic  
acid.

Experimental Section

A. X-Ray Data Collection. C ry s ta ls  of (+ ) - l,2 -  
cyc lopen taned ica rboxy lic  ac id  were obta ined b y  slow 
evaporation  of aqueous so lutions, m p 181-183° (un
corrected), [ a ] 26D  + 91.5° (water). F ro m  p re lim in a ry  
W eissenberg and ro ta t in g  photographs taken  w ith  C u  
K a  rad ia tio n  a long the a and b axes, the crysta ls were 
found to be long to  the  m onoc lin ic  system . T h e  sys
tem atic  ex tin ctions of the 001 reflections w ith  l odd 
ind ica te  the acen tric  space group P2X, w ith  tw o m ole
cules per u n it  ce ll (c un ique axis).

C ry s ta ls  of ( ± )-l,2 -lran .s-cyc lopentaned icarboxy lic  
ac id  were obta ined from  aqueous as w e ll as acetone so
lu tions, m p 160-161° (corrected). W eissenberg and 
ro ta t in g  photographs taken  w ith  C u  K a  rad ia tio n  in d i
cate th a t  the c rysta ls  be long to  the m onoc lin ic  system . 
Th e  ex tin ctions of hid reflections fo r h +  k = 2n +  1 
and hOl fo r l = 2n +  1 ind ica te  tw o possib le space 
groups: the cen trosym m etric  C 2 /c  or the acentric  Cc.

W e prepared c rys ta ls  from  d iffe ren t so lvents and we 
a lw ays observed the occurrence o f tw inn ing . W h ile  
the W eissenberg photograph a long the a axis (0kl re
flections) does no t show any  evidence of tw inn ing , the 
photographs taken  in  the other two d irections (hOl and 
hkO reflections) c le a rly  dem onstrate the presence of 
tw o in d iv id u a ls  in  tw in  o rien ta tion . In  rec ip roca l 
space the c* axes fo r the tw o in d iv id u a ls  have the same 
orien ta tion , the b* axes have opposite d irections, and 
the a* axes are a t an angle of d* from  the c* axes in  the 
app rop ria te  d ire c tio n  to  ob ta in  a righ t-handed coord i
nated system . (A  ra the r s im ila r k in d  of tw inn in g  was 
earlier reported b y  us4.)

Hence the 0kl reflections of the tw o in d iv id u a ls  over
lap  pe rfec tly  as ind ica ted  b y  the W eissenberg pho to 
graphs a long the a axis. M o reover, the geom etry of 
the u n it  ce ll is  such th a t the hkl reflections of one in d i
v id u a l of the tw in  are found to  overlap  the h, k, l +  
h/2 reflections of the o ther in d iv id u a l when h was even 
(0, 2, 4, 6 , . . . ) .  F o r  h odd no overlapp ing  occurs.

F ro m  the know ledge of the re la t ive  in tensities of cor
responding reflections fo r the two in d iv id u a ls  of the 
tw in  (obta ined b y  m easuring the in tensitie s of non
overlapp ing  reflections), i t  was possib le to  estab lish  tha t 
the ra tio  of in tensities was 1 0 :1  fo r the p a rt icu la r  crys
ta l under exam ination.

W e were then  able to  correct each re flection  hkl (for h even) se tting  up the fo llow ing  equations fo r pa irs  of 
reflections

I  (hkl) ohsd — I  (hkl), +  I(h,k,l +  h/2)2 

I(h,k,l +  h/2)0bsd = I(h,k,l +  h/2) 1 +  I(hkl)2

where the subscrip ts obsd, 1 , and 2  fo r the in te n s ity  of 
the reflections refer to  the observed va lue  of the  in ten 
s ity  and to  the va lues of the in ten s ity  due to  the  in d i
v id u a ls  1 and 2 , respective ly . S ince

I (hkl), _
I(hkl)2 ~ “

where a is a measurable facto r (for each c ry s ta l the 
ra tio  of the in tensities o f corresponding re flections is 
found to v a ry — though we d id  not succeed in  ob ta in ing  
un tw in n ed crysta ls, we were able to  find  a c ry s ta l w ith  
a large a va lue: la rger the a va lue, less are the  errors 
in  the correction  process; in  our case a = 10), i t  was 
possib le then  to  solve the equations fo r pa irs  of reflec
tions and correct each of them .

A  sing le c ry s ta l of (+ )- l,2 -cy c lo p en taned ica rboxy lic  
ac id  and a tw inned  c ry s ta l of the racem ic isom er were 
used fo r the X - r a y  data  co llection  us ing the N i- f ilte re d  
C u  K a  rad ia tio n  (X = 1.5418 A ). A n  autom ated d if
fractom eter (P icke r F A C S -1 )  equipped w ith  a d ig ita l 
com puter ( P D P -8 ) was used accord ing to  a procedure 
described before .6

T h e  determ ination  of the la tt ice  constants fo r the 
tw o  compounds was ca rr ied  ou t b y  a least-squares 
trea tm en t o f the 2d, x, and <p se tting  angles (au tom ati
ca lly  refined) of tw elve reflections w ith  26 ^ 80° (Cu 
K a ,  X = 1.5418 A ) us ing a p rogram  prepared b y  Bu s in g  
and L e v y .6

T h e  u n it  ce ll param eters obta ined are as fo llows: 
(± )- l,2 -cy c lo p en taned ica rboxy lic  acid: a = 9.252
± 0.006 A , b = 6.659 ± 0.007 A , c = 12.185 ± 0.10 A , 
@ = 100° 38 ' ± 10'. A ssum ing  four molecules ( C 7 -  

H 10O 4) per u n it  ce ll the ca lcu la ted  dens ity  is  dcaicd = 
1.341 g /cm 8 (dexpti = 1.34 g /cm 3 b y  flo ta tion ). (+ ) -

(1) E. Benedet'i, P. Corradini, M . Goodman, and C. Pedone, Proc. 
Nat. Acad. Sci. V. S. A., 62, 650 (1969).
(2) J. E. Kilpatrick, K . S. Pitzer, and R. Spitzer, J. Amer. Chem. Soc., 
69, 2483 (1947); K . S. Pitzer and W . E. Donath, J. Amer. Chem. 
Soc., 81,3213 (1959).
(3) S. Lifson and A. Warshel, J. Chem. Phys., 49, 5116 (1968).
(4) E. Benedetti, P. Corradini, and C. Pedone, J. Amer. Chem. Soc., 
91, 4075 (1969).
(5) E. Benedetti, P. Corradini, C. Pedone, and B. Post, J. Amer. 
Chem. Soc., 91,4072 (1969).
(6) W . R . Busing and H. A. Levy, Acta Crystallogr., 22 457 (1967).
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1 ,2 -tran s-cyc lopen taned ica rboxy lic  acid : a = 5.957 
±  0.005 A  ,b = 6.645 ± 0.006 A , c = 12.041 ±  0.009 
A , 7  = 129° 13' ±  10', space group: P 2 X from  sys
tem atic  ex tin c tion s of the 0 0 1 re flections w ith  l odd 
(c un ique  axis). A ssum ing  tw o m olecules (C 7H 10O 4) 
per u n it  ce ll the ca lcu la ted density  is  Scaled 1.340 
g /cm 3 (Viexpti = 1-34 g /cm 3, b y  flo ta tion).

F o r  the tw inned  c ry s ta l o f the racem ic com pound the 
in te n s ity  da ta  co llection  was ca rried  ou t fo r bo th  the 
in d iv id u a ls  o f the  tw in . In  the range of 26 exam ined 
(2°-130°) a to ta l of 602 and 625 independent reflections 
were measured b y  counter techn iques fo r the o p t ic a lly  
a c tive  and  the racem ic form s, respective ly .

B. Structure Determinations and Refinements. The  
s tru c tu re  of the racem ic com pound was determ ined b y  
a re la t iv e ly  s tra ig h tfo rw a rd  app lica tion  o f c lose-pack ing 
c r ite r ia .7 I f  the space group is  C2/c then  the C2 sym 
m e try  o f the m olecule m ust be reta ined as a c ry s ta l
log raph ic  element o f sym m etry . O n  the other hand  
the  reasonab le hypothes is of hydrogen bonded rows of 
m olecu les (hydrogen bonds between ca rboxy lic  groups 
across sym m etry  centers) d icta tes th a t  the  c axis w il l be 
the id e n t ity  pe riod  of the row. U n d e r these cond itions 
the  choice of the app rop ria te  o rien ta tion  of the row  was 
m ade on the basis of pack ing  considerations: one of
the tw o  possib le o rien ta tions was easily  d ischarged be
cause o f un favo rab le  van  der W aa ls  contacts between 
atom s of ne ighboring molecules. W e  tested the re
m a in ing  m odel b y  check ing the  in tens itie s o f a few 
strong  reflections.

T h e  s ta rt in g  t r ia l m odel a fte r fou r cycles of fu l l  m a
t r ix  least-squares b rought the conventiona l R  fac to r

R = E I W  -  \ F o \  I

from  0.42 to  0.18. A f te r  in tro du c t io n  of an iso trop ic  
the rm a l facto rs the R  va lue  dropped to  0.10. Subse
quen tly  a difference F o u r ie r  c le a rly  revealed the posi
t ions of the five  hydrogens w h ich  were then  in troduced  
in  the fina l th ree cycles of fu ll m a tr ix  least-squares. 
T h e  a tom ic coord inates and the iso trop ic  the rm a l fac
to rs of the hydrogens were le t refine in  the la st tw o 
cycles.

T h e  c ry s ta l s tructu re  of the op t ic a lly  ac tive  fo rm  was 
eas ily  de rived  from  the s tructu re  of the  racem ic fo rm  
from  the  occurrence of ce rta in  s tru c tu ra l re la tion s be
tween racem ic and o p t ic a lly  a c tiv e  structu res.8 In  
fact, upon transfo rm ation  of the  u n it  ce ll constants of 
the op t ic a lly  ac tive  com pound in to  those of a centered 
space group, C2i, c un ique axis, we get a' = 2a +  b = 
9.27 (5) A ,b ' = b = 6.645 (6) A, c ' =  c = 12.041 (9) A , 
and 7 ' = 95° 32 ' (30').

T h is  tran sfo rm ation  evidences a close s im ila r ity  in  
u n it  ce ll d im ensions o f the tw o compounds; an asso
c ia ted  s im ila r ity  in  s tructu re  is  evidenced b y  the fact 
th a t the 0kl reflections are a lm ost id en tica l fo r the tw o 
com pounds in  the C -centered space groups.

Th e  fra c t ion a l coord inates x and y of the  racem ic 
s tructu re  were then considered to  b u ild  a s ta rt in g  m odel 
fo r the o p t ic a lly  active  structure. In  fact, a reasonab le 
s tructu re  of the op t ic a lly  ac tive  fo rm  can be generated 
from  th a t of the racem ic one considering th a t  the  m odel 
of pack ing  in  the ab p lane of the racem ic structu re , 
w h ich  conta ins molecules of iden tica l c h ira lity , is  v e ry  
s im ila r  to  the mode of pack ing  of m olecules in  the a’b’ 
p lane of the op t ic a lly  active  form .

T h e  s ligh t differences in  the geom etry of the tw o  ab 
planes (7 rac. = 90°, 7 0pt. act. = 95° 32 ') can be ascribed 
to  the differences in  the conform ation  of the cyclopentane 
ring s and to  the differences in  the pack ing  of these 
planes w ith  each other.

F o u r  cycles o f fu ll m a tr ix  least-squares b rough t the 
R  fac to r to  0.17. F in a lly , an iso trop ic  th e rm a l fac to rs 
were in troduced  fo llowed b y  the in tro d u c t io n  of the 
hydrogen atom s in  th e ir  stereochem ica lly  expected po
s itions w ith  iso trop ic  the rm a l fa c to r equal to the average 
of the f l y ’ s of the ca rr ie r atom . T h e  atom ic pa ram 
eters of the hydrogens were kep t fixed in  the  refinem ent 
process.

Th e  refinem ents of the tw o structu res were continued<s
u n t i l  the m ax im um  sh ift  in  the  atom ic param eters of 
the heavy  atom s was less th an  5%  of th e ir standard  
dev ia tions (for the hydrogen atom s in  the case of the 
racem ic fo rm  these changes were about 10% ). T h e  
w e igh ting  scheme suggested b y  C ru ick sh an k  and 
P h il l in g  has been adopted th roughou t the refinem ent 
of these structu res.9

T h e  fina l R  va lue  fo r 625 independent m easured re
flections was 0.063 fo r the ( ± ) fo rm  and  0.063 fo r the 
602 independent measured reflections o f the (+ )  
fo rm .10 A  l is t  o f observed and ca lcu la ted  stru c tu re  
facto rs w il l appear fo llow ing  these pages in  the m icro 
f ilm  ed it ion  of th is  vo lum e of the jou rna l. S ing le  copies 
m ay be obta ined from  the Business O pera tions Office, 
B ooks and Jou rn a ls  D iv is io n , A m e rican  C hem ica l So
c ie ty , 1155 S ix teen th  S t., N .W ., W ash ing ton , D . C . 
20036, b y  re fe rring  to  author, t it le  of a rtic le , vo lum e, 
and page num ber. R e m it  check or m oney o rder fo r 
$3.00 fo r photocopy or $2.00 fo r m icrofiche.

T h e  fina l a tom ic param eters fo r bo th  com pounds are 
reported in  Tab le s I  and II, together w ith  th e ir  s tandard  
devia tions.

(7) P. Corradini, P. Ganis, C. Pedone, and G. Diana, Makromol. 
Chem., 61, 242 (1963).
(8) C. Pedone and E. Benedetti, Acta Crystallogr., in press.
(9) D . W . T . Cruickshank and D. E. Philling, “ Computing Methods 
and the Phase Problem in X -R ay Crystal Analysis,”  R. Pepinsky, 
J. M . Robertson, and J. C. Speakman, Ed., Pergamon Press, New 
York, N . Y ., 1967, p 32.
(10) A complete set of crystallographic programs (FORTRAN IV) 
written by A. Immirzi was used throughout the determination and 
refinement of the structure: A. Immirzi, Rie. Sci., 37, 743, 846, 850 
(1967). All the computations were carried out at the Centro di 
Calcolo Elettronico della Facolta di Scienze dell’Università di Napoli 
(Italy) (IBM 360/44).
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Table I : Final Atomic Parameters of the ( + ,— )-l,2-irans-Cyelopentanedicarboxylic Acid“

Final Positional Parameters

y  z

C(l) 0.0560 (3) 0.3486 (3) 0.2109 (2)
C(2) 0.0370 (3) 0.5615 (4) 0.1580 (2)
0(3) 0.0000 0.6975 (5) 0.2500
0(4) 0.0311 (3) 0.1895 (3) 0.1218 (2)
0(1) 0.1475 (2) 0.1260 (4) 0.0892 (2)
0(2) -0 .0 9 3 7  (2) 0.1296 (3) 0.0818 (1)
H(1)C(1) 0.151 (3) 0.337 (4) 0.252 (2)
H(1)C(2) 0.127 (5) 0.593 (6) 0.134 (4)
H(2)C(2) -0 .0 5 1 (4) 0.551 (5) 0.092 (3)
H(1)C(3) 0.076 (4) 0.795 (6) 0.279 (3)
H(1)0(1) 0.137 (6) 0.050 (9) 0.030 (5)

Final Thermal Parameters6

B Bn B z2 B n Bl2 B n  B n

C(l) 4.1 (1) 3.9 (1) 2 .5 (1) -0 .2 ( 1 ) 1 .0 (1 ) - 0 .1 (1)
C(2) 6.1 (1) 4.1 (1) 3 .2 (1) - 0 .4 ( 1 ) 1 .6 (1 ) 0.1 (1)
0(3) 5.3 (2) 3.8 (1) 3.9 (2) 0.0 1 .5 (1 ) 0.0
C(4) 4 .3 (1 ) 3.8 (1) 2 .5 (1 ) o .l  (1) 0 .9 (1 ) 0.3 (1)
0(1) 4 .7 (1 ) 7.8 (1) 4.8 (1) 0 .2 (1 ) 1 .3 (1 ) - 2 . 6 (1)
0(2) 4 .6 (1 ) 5.8 (1) 4 .2 (1 ) - 0 .4 ( 1 ) 1 .0 (1 ) - 1 . 3 (1)
H(1)C(1) 1 .6 (5 )
H(1)C(2) 4 .9  (9)
H(2)C(2) 2 .7 (6)
H(1)C(3) 4.7 (9)
H(1)0(1) 8.2 (14)

“ Esd’s in unit of the last significant figure. 6 Temperature factor in the form: T  =  exp[ — 1/ i ( B u h 2a * 2 +  B mk 2b * 2 +  B 33l 2c * 2 +  
2 B n h k a * b *  +  2 B u h l a * c *  +  2 B n k l b * c * ) ] .

A- racemic B- opt. active
Figure 1. Molecular models for the racemic and the optically active 1,2-irons-cyclopentanedicarboxylic acids. Bond lengths, bond 
angles, and the internal rotation angles in the ring are indicated.

Results and Discussion
The  m o lecu lar param eters (bond lengths, bond  an

gles, and in te rn a l ro ta t io n  angles) of the molecules of 
the 1 ,2-irans-cyc lopentaned icarboxylic  ac id  in  the tw o

stud ied form s (+ )  and (+ , — ) are g iven in  F igu re  1 and 
reported together w ith  th e ir standard  devia tions in  
T ab le  IV . T h e  param eters re la ting  to  the hydrogen 
bond fo rm ation  in  the tw o com pounds are v e ry  s im ila r
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Table II : Final Atomic Parameters of 
( +  )-l,2-£rans-Cyclopentanedicarboxylic Acid“

Final Positional Parameters

X V Z

C(1) -0 .1125  (8) -0 .4 1 2 4  (7) 0.7100
C(2) -0 .0 8 3 7  (10) -0 .6 0 8 5  (8) 0.6576 (4)
C(3) 0.0184 (10) -0 .6 8 4 5  (8) 0.7257 (5)
C(4) 0.1505 (12) -0 .4 7 4 6  (10) 0.8393 (4)
C (5) 0.1475 (9) -0 .2 6 0 2  (7) 0.7889 (3)
C(6) 0.1344 (9) -0 .1 1 1 6  (7) 0.8791 (3)
C(7) -0 .1 1 4 5  (9) -0 .2 5 4 2  (7) 0.6217 (3)
0(1) -0 .3 5 4 2  (8) -0 .3 2 5 9  (8) 0.5883 (3)
0(2) 0.1246 (7) -0 .0609  (6) 0.5821 (3)
0(3) 0.3738 (7) 0.0908 (6) 0.9155 (3)
0(4) -0 .1 0 4 4  (6) -0 .1 9 4 8  (6) 0.9174 (3)
H(1)C(1) -0 .3 1 0 -0 .5 1 9 0.758
H(1)C(2) -0 .2 8 9 -0 .7 7 6 0.626
H(2)C(2) 0.075 -0 .1 5 7 0.592
H(1)C(3) -0 .1 6 5 -0 .8 7 0 0.786
H(2)C(3) 0.178 -0 .6 9 9 0.723
H(1)C(4) 0.013 -0 .5 5 3 0.915
H(2)C(4) 0.363 -0 .4 0 2 0.741
H(l)0(2) 0.133 0.048 0.522
H(l)0(3) 0.378 0.197 0.976

Final Thermal Parameters

B n B22 ¿?33 B l2 B n I?23

C(l) 3.1 (2) 3 .2 (1 ) 1 .9(1) 2 .0 (1 ) 0.2 (1) 0.2 (2)
C(2) 4 .8 (2 ) 3 .5 (1 ) 2 .6  (2) 2.8 (2) - 0 .3 (2) - 0 . 3 0 )
C(3) 4.7 (2) 3.7 (2) 3.6 (2) 2.8 (2) 0 . 0 (2) 0 . 3 (2)
C(4) 6.0 (3) 5 .4 (2) 3.2 (2) 4 .4 (2 ) - 1 . 0 (2) - 0 . 5 (2)
C(5) 3.5 (2) 3.6 (2) 2.0 (1) 2.3 (1) - 0 . 1 (1) - 0 . 2 0 )
C(6) 3.6 (2) 3.1 (1) 2 .0 (1 ) 2 .0 (1 ) 0 . 1 (1) 0 . 2 (1)
C(7) 3.2  (2) 3 .2 (1 ) 1.9 (1) 1.9 (1) 0.2 (1) 0 . 0 (2)
0(1) 3.8 (2) 7.2 (2) 4.4 (2) 3.3 (1) 0.5 (1) 2 . 4 (2)
0(2) 3.9 (2) 4.1 (1) 4 .0 (2 ) 2 .0 (1 ) 0.3 0 ) 1 . 5 0 )
0(3) 3.9 (2) 4.9 (1) 4.1 (2) 1 .8(1) 0 . 1 (1) - 1 . 7 (1)
0(4) 3 .7 (1 ) 5 .2 (1 ) 3 .5 (1 ) 2.7 (1) 0.2 0 ) - 1 . 0 (1)

“ Esd’s in unit of the last significant figure.

and agree w ith  the observations made in  analogous 
com pounds; however, the C — 0  and C = 0  d istances 
are c lea rly  d iffe ren tia ted  on ly  in  the racem ic structure; 
in  the op t ic a lly  ac tive  com pound a s ta tis t ica l d is tr ib u 
t io n  of the C — 0  and C = 0  bonds is p robab ly  a t hand.

T h e  resu lts obta ined fo r the con form ation  of the cy 
c lopentane r in g  in  the de riva tive s stud ied in  th is  paper 
are in  excellent agreement w ith  those of m in im um  en
ergy ca lcu la ted b y  L ifson  and W arshe l fo r the cyc lo 
pentane molecule.

In  bo th  cases the 1,2-frans-cyclopentaned icarboxylic 
ac id  m olecule takes a conform ation , in  w h ich  the tw o 
ca rboxy lic  groups are as nea rly  equa to ria l as possible.

S ince the  in te rna l ro ta t ion  angle <pi (tha t is  C (4 ) -  
C ( l ) - C ( l ) ' - C ( 4 ) '  or C ( 7 ) -C ( l) -C ( 2 ) -C (6 )  fo r the 
racem ic and the op t ic a lly  active  molecules, respective ly , 
w ith  C ( l ) '  and C (4 ) ' be ing re la ted to  C ( I )  and C (4 ) b y  
a tw o fo ld  axis pa ra lle l to  the b  d irection) is  app rox i

•  racem ic 
■  opt. active

Figure 2. Internal rotation angles (<pi) along the 
pseudorotational path of eyclopentane. The experimental 
values determined for the racemic and the optically active forms 
of the 1,2-fnms-cyclopentanedicarboxylic acid are reported.
The two sets of values reported for the optically active form 
correspond to the exchange of with <p4 and <pi with <p:,.

m ate ly  equal to  120° — <ph <pi be ing the in te rna l ro ta t ion  
angle in  the r in g  (c/. F ig u re  2), th is  means th a t the in 
te rna l ro ta t io n  angle <pi tends to  assume the h ighest 
possib le va lue  w ith in  the constra in ts of the  ring . In  
fact, we observe experim en ta lly  ipi = 40° and 41° fo r 
the racem ic and op t ic a lly  a ctive  structures, respective ly . 
T h e  h ighest possib le va lue  of the in te rn a l ro ta t io n  an
gles in  the r in g  fo r the m in im um  energy conform ations 
of a cyclopentane r in g  was ind ica ted  b y  L ifs o n  and 
W arshe l as 42°.

How ever, the  o ther in te rna l ro ta t io n  angles in  the 
r in g  d iffe r m uch more w ide ly  between them selves in  the 
tw o structures. I t  was ev idenced3 th a t  the  to rs iona l 
angles a long the pseudoro tationa l pa th  of the  cyc lo 
pentane r in g  v a ry  in  a concerted w ay : to  a sm a ll v a r i
a tion  o f <pi in  the ne ighborhood of its  m ax im um  value, 
m uch larger va ria tio n s of the  o ther in te rn a l ro ta t io n  
angles are a llowed; th is  is shown in  F ig u re  2, red raw n  
from  F igu re  3 of the paper of the quoted authors, w ith  
the ind ica tion s of the experim enta l va lues of the <pi 
angles found b y  us in  the tw o  structures.

Thus, the in te rna l ro ta t ion  angle <pi, w h ich  deter
m ines the geom etry of the cha racte ris tic  hydrogen 
bonded rows in  these two structures, seems to  take  the 
va lue  w h ich  leaves the h ighest res idua l f le x ib ility  to 
the rem a in ing  in te rna l ro ta t io n  angles of the  ring .

Table III: Bond Angles 0,- of the Cyclopentane Ring“

—̂-Experimental Values— •. Interpolated from Ref 3—-
Angle Racemic Opt. Active Racemic Opt. Active

0i 102.3 103.2 103.2 103.8
02 105.1 106.0 105.3 105.9
03 107.3 107.3 106.3 106.2
04 105.1 104.6 105.3 104.5
05 102.3 101.8 103.2 102.8

“ C f .  Figure 2.
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Table IV : Final Molecular Parameters of the 1,2-irans-Cyclopentanedicarboxylic Acids

-Racemic---------------------------------• ,--------------------------Optically Active-

Bond Lengths®
C(1 )-C ( 1  yl 1.531 (3) C(l)-C(2) 1.552 (8)
C(l)-C(2) 1.554 (3) C(2)-C(3) 1.525 (8)
C(l)-C(4) 1.504 (3) C(3)-C(4) 1.505 (10)
C(2)-C(3) 1.528 (3) C(4)-C(5) 1.560 (9)
C (4)-0(l) 1.286 (3) C(5)-C(l) 1.531 (7)
C(4)-0(2) 1.234 (3) C(5)-C(6) 1.502 (7)
C(1)-H(1)C(1) 0.93 (3) C(l)-C(7) 1.501 (8)
C(2)-H(1)C(2) 0.96 (5) C(7)—0(1 ) 1.252 (7)
C(2)-H(2)C(2) 1.04 (3) C(7)-0(2) 1.262 (7)
C(3)-H(1)C(3) 0.97 (4) C(6)-0(3) 1.269 (8)
0(1)-H(1)0(1) 0.90 (6) C(6)-0(4) 1.244 (7)

Bond Angles®
C(l)-C(2)-C(3) 105.1 (1) C(l)-C(2)-C(3) 104.6 (2)
C(2)-C(3)-C(2)' 107.3 (1) C(2)-C(3)-C(4) 107.3 (2)
C (2)-C (l)-C (l)' 102.7 (1) C(3)-C(4)-C(5) 106.0 (2)
C(2)-C(l)-C(4) 110.6 (1) C(4)-C(5)-C(l) 103.2 (2)
C (4)-C (l)-C (l)' 114.7 (1) C(5)-C(l)-C(2) 101.8 (2)
C(l)—C(4)—0(1) 115.4 (1) C(2)-C(l)-C(7) 110.8 (2)
C(1 )—0(4)—0(2) 121.4 (1) C(4)-C(5)-C(6) 110.8 (2)
0(1 )—0(4)—0(2) 123.2 (1) C(5)-C(l)-C(7) 115.5 (2)

C(l)—C(5)—0(6) 115.6 (2)
C(l)—C(7)—0(1) 118.3 (2)
C (l)-C (7)-0(2) 118.5 (2)
0(5)—0(6)—0(3) 117.1 (3)
C(5)-C(6)-0(4) 119.7 (3)
0(l)-C (7)-0 (2) 123.2 (3)
0(3)-C (6)-0(4) 123.1 (2)

Internal Rotation Angles®
C (2)'-C (l)'-C (l)-C (2) -4 1 C(l)—0(2)—C(3)—0(4) -2 1
C (l)'-C (l)—C(2)-C(3) 34 C(2)-C(3)-C(4)-C(5) - 4
C(l)-C(2)-C(3)-C(2)' -1 3 C (3)-C (4 )-C (5 )-C ( 1 ) 28
C (4)'-C (l)'-C (l)-C (4) 78 C(4)-C(5)-C(l)-C(2) -4 0
C (4)'-C (l)'-C (l)-C (2) -1 6 2 C(5)-C(l)-C(2)-C(3) 38
C (l)'-C (l)-C (4)-0(1) -151 0(3)—0(2)—0(1 )—C(7) 161
C (l)'-C (l)-C (4)-0(2) 31 C(3)-C(4)-C(5)-C(6) 153
C(2)-C(l)-C(4)-0(1) 94 C(2)-C(l)-C(5)-C(6) -1 6 1
C(2)-C(l)-C(4)-0(2) -8 4 C(2)-C(l)-C(7)-0(1) 96
C(3)-C(2)-C(l)-C(4) 157 C(2)-C(l)-C(7)-0(2) -8 2

C (4)-C (5 )-C (1 )-C (7 ) -1 6 0
C(4)-C(5)-C(6)-0(3) 91
C(4)-C(5)-C(6)-0(4) -8 6
C(6)-C(5)-C(l)-C(7) 79
C (1 )-C (5 )-C (6 ) -0  (3 ) -1 5 2
C ( 1 )—C (5 )—C (6 )—0  (4 ) 31
C (5)-CC)-C(7)-0(1) -1 4 9
C(5)—C(l)—0(7)—0(2) 33

unit of the last significant figure. 6 The atoms marked with ' are those generated by twofold axis. “ Trans conformation
180°. The esd on the average is ± 2 ° .

T h e  fa c t th a t the pu ckering  of the cyclopentane rings 
is  associated w ith  f lu c tua tion s of the bond angles around 
6 = 104.5°, in  a foreseeable w ay, is  shown in  T ab le  I I I ,  
where our experim enta l da ta  are com pared w ith  the 
resu lts o f the ca lcu la tions of L ifs o n  and W a rsh e l; i t  is  re
m arkab le  th a t the trends are in  v e ry  good agreement.

T h e  mode of pack ing  of the molecules, F igu re  3 and 
F ig u re  4, in  rows of t ci and t2  sym m etry11 (along the

c and b d irections fo r the racem ic and the op t ic a lly  ac
t iv e  structure, respective ly) is ve ry  s im ila r to  th a t ob
served in  the case of the ( + , - ) -  and -(+ )-1 ,2-frans-cy- 
c lohexaned icarboxy lic  acids.

A  fu rth e r ana logy m ay be found in  the side b y  side

(11) P. Corradini, Atti Accad. Naz. Lincei, Cl. Sci. Fis. Mat. Nat., 
Rend., 28, 1 (1950).
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Figure 3. The mode of packing of the (±)-l,2-irans-cyclopentanedicarboxylic acid along the b direction. The shortest 
intermolecular contacts are reported.

Figure 4. The mode of packing of the (+)-l,2-iraras-cyclopentanedicarboxylic acid along the c direction. The shortest 
intermolecular contacts are reported.

pack ing  of the rows. B o th  in  the structu res of the (+ ) -  
and ( + ,— )-l,2 -fran s-cyc lohexaned ica rboxy lic  acids and 
in  the struc tu re  of the (+ ) -  and (+ , — )-l,2 -fran s-cyc lo -

pen taned icarboxy lic  acids i t  is possib le to  recognize 
planes of isom orphous molecules, w h ich  are packed in  
an a lm ost iden tica l way.
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Figure 5. Model of the twinning of the racemic 1,2-iraras-cyclopentanedicarboxylic acid. The absolute configurations of the 
molecules are indicated. The b axes for the two individuals of the twin have opposite directions.

T h us the ab p lane of the ( ± ) -1,2-frans-cyelopentane- 
d ica rboxy lic  ac id  con ta ins isom orphous molecules 
packed in  the same w ay  as the a'b' p lane of the  (± ) -
1,2-fran.s-cyclopentanedicarboxylic acid.

T h e  observa tion  of tw inn in g  in  the racem ic c rys ta ls  
of the 1,2-cyclopentane is  associated w ith  a “ fa u lt ”  in

the p ilin g  up  of such planes as in d ica ted  in  F ig u re  5. 
T h e  structu re  a t the fa u lt  p lane is  lo c a lly  s im ila r  to  th a t 
of the op t ic a lly  active  compound.
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Thermal decomposition of 3-chloro- and 3-bromo-3-phenyldiazirines was investigated in several solvents over 
the 60-110° temperature range. The prim ary decomposition appears to be unimolecular and shows very little  
solvent effects. The Arrhenius parameters for these decompositions have been determined. The possible 
transition state for diazirine decomposition w ill be discussed.

In troduction
In  the  past decade, the  the rm a l and p h o to ly t ic  de

com positions o f d iaz irines have become im po rtan t too ls 
fo r the generation o f free carbene. M a n y  investiga

tion s on carbene chem istry  w ith  the  use o f d iaz irines 
have been reported, b u t on ly  a few  m echan istic  stud ies 
fo r the decom position have been done and the  deta ils 
are s t i l l  unknow n. I t  is im po rtan t th a t the m echan ism
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be e lucidated, no t on ly  fo r the app lica tion  o f these com
pounds b u t also fo r fundam enta l in terests in  the nature 
o f such stra ined  r ing  systems.

In  the  the rm a l decom position o f 3-ch lo ro-3-a lky l- 
d ia z ir ines F rey , et al . , M  have p rov ided  some evidence 
fo r the in te rm ed ia te  p roduction  o f carbenes and pro
posed tra n s it io n  sta te  I  as the s im p lest representation 
fo r a d ia z ir in e  decom position. T h is  tra n s it io n  com plex 
shows th a t  the tw o  ca rbon -n itrogen  bonds are broken 
sim u ltaneous ly . How ever, it  is  a lso possib le to suggest 
o ther tra n s it io n  complexes w h ich  are consistent w ith  the 
da ta  a va ilab le  to  us in  the lite ra tu re . S ch m itz3 sug
gested an ion ic  tra n s it io n  state, I I , fo r the decom posi
t io n  o f d iaz irines. In  the the rm a l decom position of 
d if lu o rod ia z ir in e4 and the po lym eriza tion  of d ifluoro- 
d ia z ir ine ,5 M its c h  and coworkers prefer a m echanism  
in vo lv in g  the trans ien t existence of d ifluorod iazo- 
m ethane or its  equ iva len t p r io r  to  the loss o f n itrogen. 
I t  seems lik e ly  th a t such a m echanism  w ou ld  requ ire  
tra n s it io n  sta te  I I I . B o t to m ly  and N yb e rg 6 also sug
gest a d iazom ethane in te rm ed ia te  fo r the fo rm ation  of 
free carbene in  the gas phase decom position o f 3,3-di- 
m e thy ld ia z ir in e . In  th is  paper, we w il l g ive an account 
o f the k in e t ic  stud ies o f the the rm a l decom position  of
3-ch loro- and 3 -b rom o-3-pheny ld iazirine and discuss 
the possib le tran s it io n  state in  the lig h t  o f the results.

j +
N  N  N

\  •• \ a -  •' \  -
c C C

/  •• / \ / \
N  N

I I I I I I

Experimental Section
Materials. T h e  3-ch lo ro-3 -pheny ld iaz ir ine  was pre

pared from  am id ine  hyd roch lo r ide  b y  o x ida tion  w ith  
sod ium  hypoch lo rite  in  the presence o f lith iu m  chloride, 
w ith  the experim ent carried  ou t in  a so lu tion  of d i
m e thy l su lfoxide. T h e  m ethod is essen tia lly  th a t de
scribed b y  G raham .7 3 -B rom o-3 -pheny ld iaz ir ine  was 
prepared b y  a s im ila r  m ethod us ing N a O B r . P u r if ic a 
t io n  o f these com pounds was accom plished b y  co lum n 
chrom atography. The  i r  spectra o f these com pounds 
agreed w e ll w ith  G rah am ’s8 and had o n ly  one spot on 
tic .

Cyc lohexene was passed th rough an a lum ina  co lum n 
and was d is t illed . A  m idd le  fra ction  was re ta ined fo r 
the experim ents reported here. E th an o l, d ie thy lene 
g lyco l m onoethy l ether ( D E G M E ) ,  and D M S O  were 
s tirred  in  ca lc ium  hyd r id e  and were d is t ille d  under 
d ried  cond itions. C a rbon  te trach lo r ide  (spectrograde) 
was used d ire c t ly  w ith ou t any treatm ent. P y r id in e  
was kep t over K O H  pe llets fo r several days and d is
t ille d . Te trach lo roe thy lene  was d is t ille d  and co l
lected, bp 120-121°.
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Kinetics Procedure, (a) By Vapor Phase Chromatog
raphy. T h e  rates of reaction  were measured b y  fo l
low ing  the  d isappearance of d iaz irine . Th e  stock so
lu t io n  consisting  o f about 0.2 M  o f the d ia z ir in e  and 
0.08 M  o f bromobenzene (in te rna l standard) was p laced 
in  P y re x  tubes, degassed, sealed under reduced pressure, 
and suspended in  a constant tem perature o il b a th  regu
la ted  to  ±0.1°. A fte r  a specific t im e  the tubes were 
rem oved from  the  o il bath, and the  reaction  was 
quenched in  a D ry  Ice-acetone m ixture . A n a ly s is  was 
conducted w ith  the use o f a P e rk in -E Im e r F l l  f itted  
w ith  a hydrogen flam e detector; the peak areas o f the 
d ia z ir in e  were in tegrated w ith  a b a ll and d isk  in tegra
tor. F o r  w ork  w ith  the 3-ch lo ro -3 -pheny ld iaz ir ine  in  
cyclohexene, carbon te trach loride , and te tra ch lo ro 
ethylene, a V s  in  X  6 f t  copper co lum n packed w ith  
20%  Ca rbow ax 2 0 M  on Chrom osorb  W  was used. 
T h e  co lum n tem perature was 50°. T h e  peaks o f the 
d ia z ir in e  were sym m etrica l, and du ring  the ana lys is no 
obv ious decom position o f the d ia z ir in e  was detected. 
T h e  rates o f reactions were fo llow ed to  at least 80%  
com p letion , and the first-order ra te  coefficients were 
determ ined g raph ica lly  from  the p lo t of log  (area ra tio  
o f the d ia z ir ine /s tandard ) vs. tim e.

(6) By Nitrogen Evolution Method. T h e  reaction  
was carried  ou t b y  m ix ing  a specific am ount of the d i
a z ir in e  w ith  the app rop ria te  therm o equ ilib ra ted  so l
v en t in  the reaction  vessel, w h ich  was im m ersed in  the 
o il ba th  and connected to  a gas buret. A t  app rop ria te  
t im e  in te rva ls , the vo lum es of n itrogen were measured 
a t atm ospheric pressure and corrected fo r changes in  
room  tem perature. T h e  in fin ite  vo lum e, V was 
ta ken  a t about ten ha lf-lives o f the reaction. T h e  first- 
order ra te  coefficients were determ ined g raph ica lly  
from  the p lo t o f log ( F „  — F t)  aga inst tim e, where V t 
is the n itrogen  vo lum e evo lved a t t im e  t.

(c) By Uv Spectrophotometry. T h e  k in e tic s  were 
ob ta ined  b y  fo llow ing  the cha racte ris tic  absorp tion  of 
d ia z ir in e  w ith  the use o f a U n icam  S .P . 800A. u v  spec
trophotom eter. In  the case o f v o la t ile  so lvents, such 
as cyclohexene, ethanol, and aqueous acetic acid, the 
reactions were conducted in  sealed P y re x  tubes con
ta in in g  a so lu t io n  of 0.18 M  of the d iazirine , and the 
reaction  m ixtures were treated in  the same m anner as 
those described in  p a rt a. T h e  m ixtu res were d ilu te d  
to  10 m l w ith  cyclohexane, and the op tica l densities 
were observed.

In  the case of nonvo la tile  solvents, such as D M S O

(1) M . R. Bridge, H. M . Frey, and M . T . H. Liu, J. Chem. Soc. A, 
91 (1969).
(2) H. M . Frey and M . T. H. Liu, ibid., 1916 (1970).
(3) E. Schmitz, Angew. Chem., Int. Ed. Engl., 3, 333 (1964).
(4) E. W . Neuvar and R. A. Mitsch, J. Phys. Chem., 71, 1229 (1967).
(5) P. H. Ogden and R. A. Mitsch, J. Heterocycl. Chem., 5, 41 (1968).
(6) G. A. Bottomly and G. L. Nyberg, Aust. J. Chem., 17, 406 (1964).
(7) W . H. Graham, J. Amer. Chem. Soc., 87, 4396 (1965).
(8) W . H. Graham, private communication.
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and d ie thy lene  g lyco l m onoe thy l ether ( D E G M E ) ,  the 
reactions were carried  ou t b y  m ix ing  a specific am ount 
o f the d iaz ir ine  w ith  the the rm oequ ilib ra ted  so lven t in  a 
reaction  vessel im m ersed in  an o il bath . T h e  so lu tions 
were then w ithd raw n  from  the therm obath  at appro
p r ia te  t im e  in te rva ls . In  th is  case, the  op tica l densities 
o f the reaction  m ixtu res were observed d ire c tly  w ithou t 
d ilu tion . T h e  w ave lengths measured were the fo llow 
ing: 3-ch lo ro-3-phenv ld iaz ir ine  in  cyclohexene a t 394 
nm  and in  D M S O , ethanol, and 90% aqueous acetic 
ac id  a t 390 nm ; 3 -b rom o-3-pheny ld iazirine in  cy c lo 
hexene a t 396 nm  and in  D E G M E  a t 395 nm . Th e  
first-order ra te  coefficients were determ ined g raph ica lly  
from  the p lo t o f (log D t — D„) aga inst tim e, where D% 
is the op tica l dens ity  at the w ave length m entioned and 
Deo is the w ave length correspond ing to  th a t of the com 
plete reaction.

Reaction Products. W hen  3-ch loro-3-pheny ld iaz i- 
r ine  was le ft a t room  tem perature fo r several months,
1,4 -d ipheny l-1,4-d ich loro-3,3-d iaza-1,3-butadiene was 
obta ined, m p 124°. In  cyclohexene, the m a in  product 
was 7-ch loro-7-pheny lnorcarane9 as reported b y  G ra 
ham .7 In  add ition , sm a ll am ounts o f C - H  in se rtion  
isomers wrere detected. These com pounds were char
acterized b y  the n m r spectrum , w h ich  showed tw o sharp 
doublets at r  = 5.4 and  5.25. T h e  n itrogen  evo lu tion  
was quan tita tive , and the azine fo rm ation  was no t de
tected under our present experim enta l cond ition . In  
D E G M E ,  a m ix tu re  o f benza ldehyde ethy lene acetal, 
p roduct of in se rt ion  to  O - H  bond, and benza ldehyde 
was obta ined. In  D M S O , benza ldehyde and benzoic 
a c id  were iso lated, and in  the case of ethanol, m ixtures 
of a-ethoxyto luene, a, a -d ie thoxy toluene, and benzalde
hyde were formed.

Results and Discussion
Th ree  representative so lvents were chosen fo r these 

experim ents: cyclohexene fo r nonpolar, d im e th y l su l
fox ide (D M S O ) fo r po la r apro tic , and d ie thy lene  g lyco l 
m onoethy l ether ( D E G M E )  fo r po la r pro tic . T h e  de
com positions were carried  ou t in  the tem perature range 
between 60 and 110° in  sealed tubes. T h e  k ine tics  
were fo llow ed b y  the d isappearance o f the d ia z ir in e  
w ith  vapo r phase chrom atography, w ith  u v  spectro
pho tom etry  a t the  characte ris tic  absorp tion  of d iaz irine , 
o r w ith  the vo lum e of n itrogen  evo lu tion . Sam ple data  
fo r the the rm a l decom position  o f 3-ch loro-3-pheny ld i- 
a z ir ine  in  cyclohexene a t 90° are g iven in  T a b le  I  fo r 
w hich the data  were obta ined from  the u v  cha racte ris tic  
absorp tion  o f d ia z ir in e  shown in  F ig u re  1. Th e  same 
reaction  was fo llow ed b y  vp c  m ethod and the data  are 
g iven in  T ab le  I I . T h e  agreement o f the  ra te  constants 
obta ined b y  d iffe rent methods is v e ry  good (± 3% ), and 
excellent firs t-o rder p lo ts were obta ined even up  to  
80% com p le tion  of the reaction. In  the tem perature 
range between 60 and 110°, 3 -ch lo ro-3 -pheny ld iaz ir ine  
decomposes un im o lecu la rly  to  y ie ld  n itrogen  and the

Figure 1. Absorbance v s . wavelength at different reaction time 
intervals for 3-chloro-3-phenyldiazirine.

correspond ing carbene. T h e  re su lt ing  carbene can ei
the r react w ith  d ia z ir in e  to  g ive d im e ric  product, or 
w ith  the  so lvent to  y ie ld  the  app rop ria te  compounds. 
In  cyclohexene, the decom position p roducts consist of 
80%  of 7-ch loro-7-phenylnorcarane and 20%  o f the in 
se rtion  products a t the 3 and 4 positions o f cyclohexene 
( ~ 1 :1) .10 T h is  scheme m ay be represented as

C l

N

N 2 +  P h C lC  :

IS

- i = i ^ * P h C l C : N N : C P h C lfC2

cyclohexene (Cy)
----------------- >- add it ion  and in se rtion  p roducts

ki

In  term s of the ra te  constants fo r the in d iv id u a l steps 
o f the reaction, the ove ra ll ra te  m ay  be expressed in  the 
fo llow ing  expression

v = fci[M ] 1 +
fe[ M ]  1

h [ M }  +  fc3[Cy]J
How ever, a t h igh  concentra tion  o f cyclohexene, fc2[M ] 
w il l  be sm a ll com pared to  fe [C y ] and can be neglected; 
the ra te  equation  becomes v = fc i[M ]; hence, fcobsd —  
k i

ln  these experim ents the  in it ia l concen tra tion  o f d i
az irine  is a lways less th an  0.2 M, and the  fo rm a tion  of 
azine was suppressed. O n  the  o ther hand, :f the con
cen tra tion  of the d ia z ir in e  is  too high, the reaction  w il l

(9) In the thermal decomposition of 3-chloro-3-anisyldiazirine in 
cyclohexene and 3-chloro-3-j>-nitrophenyldiazirine in cyelohexene, 
the addition products 7-chloro-7-anisylnorcarane and 7-ehloro-7-p- 
nitrophenylnorcarane, respectively, have been isolated and analyzed.
(10) J. Hine, “ Divalent Carbon,” Ronald Press, New York, N. Y ., 
1964, p 110.
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Table I : Sample Data for the Thermal Decomposition of
3-Chloro-3-phenyldiazirine in Cyclohexene at 90°
Obtained from an Uv Spectrophotometer“

Time, min D, Dt — Dro

0 1.930 1.924
3 1.655 1.649
6 1.383 1.377
9 1.171 1.165

12 0.970 0.964
15 0.819 0.813
18 0.689 0.683
21 0.575 0.559
24 0.478 0.472
CO 0.006

“ k =  9.9 X 10~4 sec

Table II. Kinetics for the Thermal Decomposition of
3-Chloro-3-phenyldiazirine in Cyclohexene at 90° by Vpc“

Area ratio
Reaction ✓--------------------- Peak area----------------------> diazirine/
time, min Diazirine Bromobenzene bromobenzene

0.00 3586, 4997, 1396, 1967, 2.520 ±  0.033
8225, 3296, 2335
5365

3.00 5213, 7442, 2431, 3574, 2.098 ±  0.030
4180 1983

6.00 5436,4263, 2954, 2577, 1.716 ± 0 .0 1 2
4773 2759

9.00 4867, 5190, 3227, 3447, 1.461 ±  0.032
4870 3393

10.00 4326, 5156, 3378, 4194, 1.245 ±  0.009
3137 2506

15.00 3039, 4040, 3104, 4010, 1.014 ±  0.005
3342 3300

25.00 1073, 2097, 1951, 3746, 0.559 ±  0.006
2026 3574

30.00 1592, 1565, 3797, 3773, 0.421 ±  0.013
1333 3308

“ k =  10. 1 X  10_4sec_1.

probably be of mixed order, and a first-order plot would 
not be linear.

The data in Table III give the rate constants for the 
thermal decomposition of 3-chloro-3-phenyldiazirine 
in various solvents; the data of Table IV give the rate 
constants for the thermal decomposition of 3-bromo-3- 
phenyldiazirine in cyclohexene. For each rate con
stant, a number of runs were carried out at different 
times and first-order rate constants computed from the 
usual plot. The activation parameters were obtained 
by a least-squares analysis, and the quoted errors are 
standard deviations. The Arrhenius plots of these re
sults are shown in Figure 2. Finally, the rate constants 
for the decomposition of 3-halo-3-phenyldiazirine at 
75° in various solvents are tabulated in Table V.

The present study indicates that there is a lowering 
in the activation energy of 3-chloro-3-phenyldiazirine

Table III : Rate Constants for the Thermal Decomposition 
of 3-Chloro-3-phenyldiazirine in Various Solvents

(a) In cyclohexene (by vpc)
Temp, °C 70.0 75.0 80.0 90.0 100.0
104fc, sec-1 1.06 1.95 3.60 10.1 28.9

k II h-1 © H- © e x p ( - 28,000 =fc 215/RT) se c -1

(b) In DMSO (by uv)
Temp, °C 60.0 70.0 75.0 80.0 90.0
104fc, sec-1 0.47 1.60 3.04 5.00 15.8

k s  1014.11 ±0.20 exp( —■28,110 :t  320/RT) se c -1

(c) In DEGME (by uv)
Temp, °C 65.0 70.0 75.0 80.0 85.0
104fc, sec“ 1 0.70 1.32 2.30 4.00 6.90

k — 1Q13.57 ± 0.17 e x p (-■27,420 :fc 260/RT) sec“ 1

Table I V : Rate Constants for the Thermal Decomposition 
of 3-Bromo-3-phenyldiazirine in Cyclohexene. Reaction 
Followed by Vpc

Temp, °C 60.0 65.0 70.0 75.0 80.0 85.0 90.0
104fc, sec-1 0.61 1.20 2.34 3.80 5.90 11.5 20.0

k =  1013-76 * °'40 exp( —27,360 ±  410/R71) sec“ 1

Figure 2. Arrhenius plots of first-order rate constants for 
3-halo-3-phenyldiazirine in various solvents: O, 
3-chloro-3-phenyldiazirine in cyclohexene; © , 
3-chloro-3-phenyldiazirine in DEGM E; •, 
3-chloro-3-phenyldiazirine in DMSO; A, 
3-bromo-3-phenyldiazirine in cyclohexene.

of about 3 kcal/mol from that of 3-chloro-3-methyl- 
diazirine;1 this reflects the resonance stabilization 
effects of the phenyl group on the transition state of 
diazirine decomposition. It is interesting to note that 
in the decomposition of azo compounds,11 the stabiliza
tion effect per phenyl group is about 4 kcal/mol. The 
Arrhenius parameters of the present work correspond 
reasonably well with the values for the decomposition

(11) C . G . Overberger, J-P. Anselme, and J. G . Lombardino, “ Or
ganic Compounds with N itrogen-Nitrogen Bonds,”  Ronald Press, 
New Y ork, N. Y ., 1966.
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T ab le  V : Rate Constants for the Decomposition of 
3-Halo-3-phenyldiazirine at 75°

Diazirine Solvent sec-1 Method

3-Chloro-3-phenyl Cyclohexene 1.95 Ypc
3-Chloro-3-phenyl DMSO 3.04 Uv
3-Chloro-3-phenyl DEGME 2.30 Uv
3-Chloro-3-phenyl AcOH 1.87 Uv
3-Chloro-3-phenyl Ethanol 1.89 Uv
3-Chloro-3-phenyl CC14 2.05 Ypc
3-Chloro-3-phenyl Pyridine 2.08 N 2 evolution
3-Chloro-3-phenyl C 2C I 4 2.04 N 2 evolution
3-Bromo-3-phenyl Cyclohexene 3.80 Vpc
3-Bromo-3-phenyl DEGME 4.70 Uv
3-Bromo-3-phenyl AcOH 3.80 N 2 evolution

of S-chloro-S-alkyldiazirine,1'2 diethyldiazirine,12 and 
difluorodiazirine,4 a feature which suggests that the 
mechanisms for all the diazirine decompositions are 
similar. The A factor of ~ 1 0 14 (AS* = + 3  eu) shows 
that the reaction is typically unimolecular with a rel
atively tight transition state. The results also show 
that the rate of decomposition does not change as the 
solvent is varied. This regularity indicates that the

transition state of the rate-determining step is likely to 
be more radical than ionic. The fact that the rate of 
the 3-bromo compound is faster than the rate of the
3-chloro compound suggests that the a-bromo substit
uent is more effective in stabilizing the radical, in agree
ment with the results reported by Haszeldine.13 We 
feel that the substituent effects provide some evidence 
for a radical intermediate such as III, but at this stage 
we can only conclude that the transition state in di
azirine decomposition is of a nonpolar nature. It is 
recognized that more experiments will have to be car
ried out to distinguish transition states I and III. 
Such work is in progress in our laboratory.

Acknowledgment. The authors wish to thank Dr.
W. H. Graham for providing experimental details of 
phenylchlorodiazirine preparation. Grateful acknowl
edgment is made by one of us, M. T. H. L., for a grant- 
in-aid of research from the National Research Council 
of Canada and the Senate Research Committee of 
U.P.E.I.

(12) H . M . Frey and A . W . Scaplehorn, J . Chem. Soc. A , 968 (1966).
(13) R . N. Haszeldine, ibid., 1764 (1953).
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An esr study of the low-temperature 7 radiolysis of the hexadecanoic acid urea adduct is reported. The promi
nent radical species observed after irradiation at —196° are the alkyl radical '~-'CH2CHCH2~  and the radical 
anion ~CH2C(0“ )0H. The latter decomposes above —78° yielding the <r-type radical ~CH2C =0, which 
decays, at room temperature, with a half-time of 10-15 min, yielding finally the radical ~CH2CHCOOH. 
Reaction mechanisms are proposed.

The clathrates may afford convenient systems for the 
esr study of primary radicals and radical ions produced 
by low-temperature irradiation of organic compounds.

In fact, provided the reactivity of the host compound 
is low enough, the stability of these transient species is 
expected to be enhanced because of the inhibition by 
the walls of the cavities of secondary reactions within 
parent guest molecules. Another important advan
tage, from the esr standpoint, arises from the fact that 
within “ the cage”  of the host compound free radicals

usually have rather more freedom of movement than 
within the lattice of the pure compound; as a conse
quence the esr lines are considerably narrower.1

In this note we present an esr study of radicals ob
tained in the urea adduct of palmitic acid y-irradiated 
at -1 9 6 °.

(1) (a) 0 .  H . Griffith, / .  Chem. Phys., 41, 1093 (1964); (b) O. H. 
Griffith, ibid., 42, 2644 (1965); (c) O. H . Griffith, ibid., 42, 2651 
(1965); (d) G. A . Helckfe and R . Fantechi, Mol. Phys., 18, 1 (1970).
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Figure 1. Esr spectra ( — 196°) of y-irradiated urea adducts of 
palmitic acid (a, b) and n-hexadecane (c). (b was 
recorded at higher gain.)

Experimental Section
The palmitic acid urea clathrates were precipitated 

by adding a methanol solution of palmitic acid into a 
saturated methanol solution of urea.1 Poly crystalline 
samples for the esr measurements were sealed under 
high vacuum in Pyrex tubes and irradiated at —196° 
in a “ Co source with total 7 doses of about 10 Mrads. 
The esr spectra have been recorded with the spectrom
eter elsewhere described.2

Results and Discussion
A. Nature of Radicals Trapped at —196°. After 

irradiation at —196°, the dominant component of the 
esr spectrum is a doublet of two equally intense lines 
with a hyperfine splitting of 25-26 G and a line width of
9-10 G. This signal is superimposed on a weak eight
line spectrum with a splitting of about 20 G (Figure 
la  and b). The octet is very similar, both in splitting 
and intensity distribution, to the one obtained under 
the same conditions from the urea adduct of n-hexa- 
decane3 (Figure lc) and may therefore be attributed to 
alkyl radicals of the type

~ C H 2CHCH2~
IA

These radicals are known4 to assume sometimes a 
particular conformation or a hybridization state such 
that one a and two 6 equivalent protons interact with 
the unpaired spin with a coupling constant of about 20 
G whereas for the other two /3 protons the coupling con
stant is nearly twice as much; the result is an octet with 
a line to line splitting of 20 G and an intensity distribu
tion approximately 1 :3 :5 :7 :7 :5 :3 :1 . Doublets of 
24-25 G of splitting have been often observed in the 
low-temperature spectra of mono- and dicarboxylic 
acids and amino acids,5 and these have been attributed 
to the radical anions

0 -

~ c h 2c -

OH
II

formed by electron capture by carboxyl group. With 
13C and deuterium substitution experiments it was 
shown6a_d that the unpaired electron occupies mainly 
a 2p carbon orbital, with a small 2s mixture ; as a con
sequence the doublet obtained is explained with the in
teraction of two nonequivalent protons, one of which 
has a coupling constant less than the line width.

B. Temperature Dependence of the Esr Spectra. At 
—135° the octet changes irreversibly into a sextet with 
a hyperfine splitting of 23-24 G; this change is most 
likely caused by a relaxation of alkyl radicals (IA) into 
a more stable conformation (IB) (Figure 2a), with five 
protons nearly equally interacting with the unpaired 
spin. As the temperature is raised above —135°, the 
doublet converts into a triplet (Figure 2b) and succes
sively (above —78°) into a singlet, which deviates 
significantly toward the high-field region (Figure 2c). 
This conversion is nearly quantitative in fact. The 
singlet accounts for more than 80% of the doublet total 
area. The appearance of the triplet may be tentatively 
explained by assuming that the increase of the temper
ature causes a change of the rotational state of the 
methylene group in the radical anion (II) so that two 
6 protons become nearly equivalent; on the other hand, 
the change into the singlet calls for a chemical transfor
mation of the radical anion into a new radical species. 
A single line has also been observed at room tempera
ture in 7-irradiated succinic and other dicarboxylic 
acids6 and was originally attributed to carboxy radicals 
of the type6b

O

—c h 2c

0-
III

(2) A. Faucitano, P. Locatelli, F . F. M artinotti, and A . Perotti, 
Rend. Acc. Naz. Lincei, Ser. V I I I , 48, 523 (1970).
(3) A . Faucitano, in press.
(4) (a) P. B . Ayscough and H . E. Evans, Trans. Faraday Soc., 60, 
801 (1964) ; (b) P. B. Ayscough and H . E. Evans, J . Phys. Chem., 68, 
3066 (1964).
(5) (a) I. M iyagawa and W . Gordy, J . Amer. Chem. Soc., 83, 1036 
(1961); (b) J. E. Bennet and L. H . Gale, Trans. Faraday Soc., 64, 
1174 (1968) ; (c) H . C. Box, H . G. Freund, and K . T . Lilga, J .  Chem. 
Phys., 42, 1471 (1965); (d) H. C. Box, H . G. Freund, K . T . Lilga, 
and E. E. Budinski, J .  Phys. Chem., 74, 40 (1970); (e) H . M . Vyas, 
J. Janecka, and M . Fujim oto, Can. J .  Chem., 48 , 2804 (1970); (f) 
M . Fujim oto and W . A . Seddon, ibid., 48 , 2809 (1970) ; (g) B . L. 
Bales, R . N . Schwarz, and M . W . Hanna, J .  Chem. Phys., 51, 1974 
(1969); (h) R . N . Schwarz, M . W . Hanna, and B . L. Bales, ibid., 
51, 4336 (1969); (i) J. Sinclair and M . W . Hanna, ibid., 50, 2125 
(1969); (j) M . Iwasaki, B . Eda, and K . Toriyam a, J .  Amer. Chem. 
Soc., 92, 3211 (1970); (k) R,. C. M cC alley and A . L. Kwiram, ibid., 
92, 1441 (1970) ; (1) K . Leibler, J. W ozniak, S. Krauze, and K . 
Checinski, J .  Chim. Phys., 743 (1970).
(6) (a) Y u. N . M olin, I . I . Chkeidze, N . Y . Buben, and V. V . 
Volvodskii, Zh. Strukt. Khim., 2, 293 (1961); (b) N . Tamura, M . A . 
Collins, and D . H. Whiffen, Trans. Faraday Soc., 62 , 1037 (1966); 
(c) N. Tamura, M . A . Collins, and D . H. Whiffen, ibid., 62 , 2434 
(1966); (d) S. M ine, Z. Kecki, and S. Kosek, Nukleonika, 10, 371 
(1965).

The Journal of Physical Chemistry, Vol. 76, No. B, 1972



E sr  Study  of T ran sien t  R adicals 803

Figure 2. Effect of the temperature on the esr spectrum of 
the palmitic acid urea adduct: a, ca. —135°; b, ca.
- 9 0 ° ;  c, ca. -5 0 ° .

successively, on the basis that the g tensors were found 
identical with those in the C 02_ ion, Schwarz, et al.,6h 
suggested that the singlet had to be attributed to C 02~ 
radical anions. Recently Leibler, et al.,-A observed a 
singlet in y-irradiated polycrystalline palmitic and 
oleic acids, which was attributed by them again to car- 
boxy radicals (III). Radicals of the type III, being tt 
radicals with the unpaired spin density mainly localized 
on oxygen atoms, show an average g greater than the 
free spin value.7 As the clathrate signal has a g value 
not greater than the free spin value (g =  2.002), we 
suggest that its attribution to carboxy radicals of the 
type III must be ruled out.

The C 02~ radical anion has an ionization potential 
in the range of 2.3-2.9 eV;8a as a consequence its signal 
is bleached by ultraviolet radiations. ' We have made 
bleaching experiments at —196° by using filtered radia
tions (wavelength >3000 A) from a 200-W high-pres
sure mercury lamp; however, no appreciable decay of 
the singlet was detected after a 2-hr exposure. An
other important feature of C 02_ trapped in a glassy hy
drocarbon matrix is that its signal shows a greater ten
dency to become power saturated than the underlying 
alkyl radical spectrum.8a On the contrary, in our case 
the relative intensity of the singlet was enhanced with 
increasing microwave power. Although the power sat
uration test should be cautiously considered since the 
saturation behavior depends on the extent of the cou
pling of radicals with the environment, which may be 
quite different in the clathrate as compared to hydro
carbon glasses, these results point to the singlet shown 
in Figure 2c not being generated by C 02~~ radical ions. 
As an alternative hypothesis for the decomposition of 
radical anions of the type II in crystalline succinic acid, 
Schwarz, et al.,5h suggested a reaction giving the succinyl 
radical H 00C -C H 2-C H 2- C = 0  which being of <j type 
is expected to have an average g lower than the free spin 
value. This hypothesis however was disregarded on 
the base that hyperfine coupling with the /3 hydrogen 
atoms less than the observed line width of 4-7 G had to 
be considered unlikely. Recent works5,9 indicate that

Figure 3. Room temperature esr spectra of the palmitic acid 
urea adduct, a and b, after 1.5 hr and few days annealing at 
room temperature, respectively.

in formyl-type radicals the isotropic coupling of /3 pro
tons may be limited to 5-6 G; as a consequence these 
radicals would still give a singlet in a polycrystalline 
system such as that we have used. On this basis and 
considering especially the negative results of the bleach
ing experiments, we tentatively suggest that the singlet 
of the palmitic acid adduct is generated by neutral <7- 
type radicals

~ G H 2C = ()
IV

This assumption implies in turn that the radical anions 
II are the precursors of radicals IV in the palmitic acid 
radiolysis. Once the singlet has reached its maximum 
amplitude, it begins to decay at a rate which increases 
with increasing temperature (the half-time being about
10-15 min at room temperature); as a consequence 
after about 1.5 hr at room temperature, the esr spec
trum consists of a composite sextet (Figure 3a). This 
esr transformation is accompanied by about 50% de
crease of the overall radical concentration. The graph
ical analysis of this sextet2 has shown that it cannot be 
attributed exclusively to radicals of the type IB, but 
rather to a nearly equimolecular mixture of radicals 
IB with radicals of the type

~ C H 2CHCOOH
V

Radicals V are probably already present in the system 
before the annealing above —196°; their relative con
centration however is likely to be much lower than that 
of radicals I judging from the relative intensity of the 
outer lines in the spectrum of Figure la. This suggests 
that the decay of radicals II results, at least in part, in 
the formation of radicals of the type V. Further, pro
longed annealing of the sample at room temperature, 
leads to complete decay of the sextet so that, finally,

(7) H . C. Heller a n d T . Cole, J . Amer. Chem. Soc., 8 4 ,4448 (1962).
(8) (a) P. M . Johnson and A . C. Albrecht, J .  Chem. Phys., 44, 1845 
(1966); (b) M . Shiram, R . F . C. Claridge, and J. E. W illard, ibid., 
47 , 286 (1967).
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only the quartet remains in the spectrum (Figure 3b). 
This latter change has been already discussed in a pre
vious paper,2 where it was considered as evidence of 
intramolecular hydrogen atom transfer taking place 
within the urea clathrate, and leading to a migration of 
the free valence toward carbon atoms adjacent to the 
carboxylic groups.

C. Reaction Mechanisms. The results can be sum
marized and rationalized with the following proposed 
mechanisms.

CH3(CH2)*CH2CH2CH2(CH2),,COOH - V

CII3(CH2),CH2CHCH2(CH2)„C 00H  (1) 
IA

0  0 -
/  /

~ C H 2C +  e~ — *• ~ C H 2C- (2)
\  \

OH OH
IIA

CH3(CH2)iCH2CHCH2(CH2)„COOH — >- 
IA

CH3(CH2)*CH2CHCH2(CH2)BCOOH (3) 
IB

o- o-
/  /

~ c h 2c - — > ~ C H 20- — ►
\  \

OH OH
HA IIB

804

~ C H 2C = 0  +  O H - (4) 
IV

~ c h 2c = o  +  r c h 2c o o h  - h>-

~ C H 2CHO +  RCHCOOH (5) 
V

RCH2C = 0  — > RCH2- +  CO (6)
VI

RCH2 • +  RCH2COOH — >■ RCH3 +  RCHCOOH (7)

The intermolecular reactions 5 and 7 implies that the 
mobility of radicals IV and VI in the urea channels is 
large enough to make the approach to methylene groups 
adjacent to nearest-neighbor carboxyls possible. Al
ternatively a mechanism based on hydrogen atom 
transfer through the hydrogen bond system can be con
sidered; the latter hypothesis however is conflicting 
with the fact that very similar esr changes were ob
served with the clathrate of methyl palmitate. The 
mechanism of decay of radicals IV via the reactions 6 
and 7 is expected to be favored by the low energy of the 
RCO bond (10-20 kcal),9 but leads to intermediate 
RCH2CH2- radicals whose esr spectra were not ob
served in the experimental conditions employed. As 
a consequence the mechanism based on the reaction 5 
must be preferred.
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(9) J. C. Bennet, B . Mile, and B . Ward, Chem. Commun., 13 (1969).
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