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The Hydrogen Resonance Spectrum of Cyclobutanone

by L. H. Sutcliffe and S. M. Walker
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The 'H nmr spectra of cyclobutanone have been recorded at 40 and 56.4 Mcps and they 
have been analyzed on the assumption that the molecule comprises an AA 
(and not A2B4) spin system. All the spectral parameters derived from the analysis are 
unexceptional apart from the rather large H -H  cross-ring coupling constants.

The XH nmr spectrum of cyclobutanone recorded 
at 60 Mcps has been reported recently; 1 unfortunately 
it was insufficiently resolved to allow proper analysis of 
the spectrum. In the analysis, Combs and Runnells1 

assumed that the vicinal axial-axial and axial-equa
torial coupling constants are equal and calculated the 
spectrum from the A2B4 spin system for Jab =  7.9 cps 
and <5a b  =  1-05 ppm. The implication is that rapid 
interconversion between the two equivalent conformers 
of cyclobutanone causes the two coupling constants 
to become equal. However, a far-infrared study of 
cyclobutanone2 suggests that the carbon skeleton of the 
molecule is planar since a ring-puckering frequency 
could not be found. Further evidence is that, even in 
asymmetrically substituted cyclobutanones, varying 
the temperature from —80 to +140° does not affect 
the spectrum;3 also a deceptively simple spectrum is 
usually observed when a ring compound interconverts 
rapidly between two equivalent conformers.4

These three facts imply that the molecule is planar, 
and it is unlikely that the axial-axial and axial- 
equatorial coupling constants are equal in this situa
tion. An A2B4 treatment therefore is incorrect, and 
this is confirmed by comparing the spectrum of Combs

and Runnells1 with the experimental spectra in Figures 
1 and 2 which show the low- and high-field parts, re
spectively, of the spectrum obtained in this laboratory 
at 56.4 Mcps under frequency sweep conditions.

We have assumed planarity by analyzing the spec
trum as originating from an A A 'B B ,B " B '"  spin sys
tem.

Experimental Section
Spectra were recorded at 40 and 56.4 Mcps using a 

Varian HA-60 nmr spectrometer with a TMS locking 
signal. Cyclobutanone was purchased from the Al
drich Chemical Co., Inc., and was degassed thoroughly.

An English Electric KDF 9 computer was used for 
the calculations.

Results and Discussion
The calculated spectra shown in all the figures were

(1) L. L. Combs and L. K. Runnells, J. Chem. P h ys ., 44, 2209 
(1966).
(2) J. R. Durig and R. C. Lord, ib id ., 45, 61 (1966).
(3) J. B. Lambert and J. D. Roberts, J . A m . Chem . Soc., 87, 3884 
(1965).
(4) J. Feeney, L. H. Sutcliffe, and S. M. Walker, Trans. Faraday  
Soc., 62, 2969 (1966).
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i)

170 155 140 cps from TMS

Figure 1. The low-field portion of the observed and calculated 
*H spectrum at 56.4 Mcps of neat cyclobutanone.

125 115 105 95 cps from TMS

Figure 2. The high-field portion of the observed and 
calculated >H spectrum at 56.4 Mcps of neat cyclobutanone.

Figure 3. The low-field portion of the observed and calculated 
'H  spectrum at 40 Mcps of neat cyclobutanone.

obtained using a noniterative seven-spin computer 
program; trial values were used until a reasonable fit 
was found as shown in Table I.

Table I

Geminal coupling constants 
J A A ’  =  — 11.1  Cps 
J bb' = J b " b ' "  =  — 17 .5  cps

Vicinal coupling constants
cis Jab = Ja ’b' =  Jab"  =  Ja'b"' =  + 1 0 .0  cps
trans Jab' =  Ja'b — Jab'"  =  Ja'b"  — + 6 .4  cps

Cross-ring coupling constants
cis Jbb"  — Jb'b'" — + 4 .6  cps 
trans Jbb’"  = Jb'b"  — —2.8  cps

L_______ 1 1 1 . I l l l II . . 1 i ill 1 1 i
1 1

90 80 70 cps from TMS

Figure 4. The high-field portion of the observed and 
calculated >H spectrum at 40 Mcps of neat cyclobutanone.

The above values are within ±0.2  cps of a perfect 
fit for a chemical-shift difference, <5ab  =  1-05 ppm 
(ta = 8.06 ppm and tb =  7.01 ppm). When an itera
tive computer program is adopted, then a better 
fit should be obtained.6 The hydrogen spectrum was 
recorded at 40 Mcps (see Figures 3 and 4) and com
puted for this radio frequency in order to check the 
uniqueness of the solution. In all the figures it can 
be seen that ringing has interfered with the experi- 5

(5) While this work was in progress, B. Braillon and J. Barbet, 
Com'pt. R end ., 261, 1967 (1965), published a paper in which similar 
spectral parameters were reported. A spectrum was not reproduced, 
however, and we are unable to compare the accuracy of the fit with 
the present work.
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mental spectrum, and the spurious peaks produced 
should not be confused with the real bands.

A notable feature of the analysis is the rather large 
moduli of the cross-ring coupling constants; non
interconverting tetrasubstituted cyclobutanes6 have a 
modulus of about 1 cps for this type of coupling. The 
remaining coupling constants are normal in signs and 
magnitudes.
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(6) C. H. Krauch, S. Farid, and G. O. Schenck, Chem. B e r 99, 625 
(1966).

The Influence of Substrate Structure on Adsorption. II. Nitrogen and 

Benzene Adsorption on Characterized Silicas

by James W. Whalen

Research D epartm ent, Field  Research Laboratory, M ob il O il Corporation, D allas, Texas  
(Received J anu ary 26, 1966)

Precise gravimetric data extending down to 10 “ 5 P/Po have been obtained for nitrogen 
and benzene on two silica surfaces previously characterized by other techniques. When 
subjected to a BET treatment, such data provide a needed verification of constancy of 
nitrogen occupancy areas on surfaces of variable chemical composition. Relatively minor 
apparent surface area dependence on structure was found for nitrogen. Benzene does 
not form complete monolayers or statistically equivalent multilayers in the region of 
BET applicability. Interaction energy distributions derived for the adsorption processes 
occurring on representative surface structural states reflect interactions with oxide and 
hydroxyl surface domains. Variations in the form of the distribution function and the 
site interaction energies are consistent with surface structures and with the specific ad
sorbate interaction.

The Brunauer-Emmett-Teller (BET) isotherm equa
tion in two-constant form

“ ( P0 — P ) [ l  +  (C -  1 )(P /P 0)]

applied to the determination of surface area from ni
trogen adsorption data has provided an indispensable 
basis for comparison of the surface properties of dif
ferent substances in various states of subdivision and 
bulk structure. In such application the volume of 
adsorbed gas, Fm, equivalent to monolayer coverage,

must be independent of the detailed structure of the 
surface. Variation in C (~exp(P i — EL)/RT) owing 
to variation in average first-layer adsorbate-adsorbent 
interaction energy (Pi) with surface structure must be 
accompanied by appropriate modification in the shape 
of the isotherm, i.e., in the P  — Fa dependence. In 
particular it is required1 that at monolayer coverage 
(F a/ F m = 1)

P
Po rm

1
1 +  V c

(2 )
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First-layer interaction energies for structural varia
tions in the solid surface should be reflected both in C 
value variation, as obtained from the linear BET plot, 
and in the location of regions of linearity including 
the monolayer. In cases where surface structure can 
be modified without concomitant surface area changes, 
F m should be constant if the BET method is to serve 
as a basis for the calculation of surface area and constant 
cross section is to be assigned to the adsorbate molecule.

On the basis of assumed constancy for the coverage 
assigned the nitrogen molecule, it is widely recognized1 2 

that other adsorbates reflect variable coverage on dif
ferent surfaces. Various authors3'4 5 have assigned 
real significance to apparent surface area changes of 
10% or less, based on nitrogen BET treatment, in 
cases where the chemical nature of the adsorbent is 
known to be variable under the experimental condi
tions. The alternative explanation, that at least a 
part of the discrepancy may be due to variability in 
nitrogen coverage or effective cross-sectional area, 
has not been given serious consideration. The P  — 
Va relationship for nitrogen adsorption is known to be 
dependent on the nature of the adsorbent surface as 
demonstrated by adsorption on silicas in various hy
dration states,6 adsorption on presorbed layers on 
benzene or methyl alcohol,6 water,3 and on other sur
faces of widely different structures.7 8 There is, how
ever, a paucity of data from which the constancy of 
Vm can be adequately demonstrated for variable 
C and fixed surface area and there are no experimental 
studies in the literature which demonstrate that surface 
areas derived from the BET treatment of nitrogen ad
sorption are independent of substrate structure for 
variable structure surfaces of constant area.

In view of the importance of surface area determi
nation to essentially all generalization in adsorbate- 
adsorbent interaction studies and the rather widespread 
tendency to treat most adsorption systems within the 
BET framework, it is of interest to consider the com
pliance of the BET for both weakly and strongly in
teracting adsorbates on variable structure surfaces 
of constant area. The silica surface, known to con
tain oxide sites, both interacting and isolated hydroxyl 
groups, and molecular water, is particularly adaptable 
to such adsorbent requirements. Several structurally 
stable silica materials have been studied by methods 
which characterize the surfaces with respect to fine 
structure and energy.8-10 The adsorption of nitrogen 
and benzene on two such materials is reported.

Experimental Section
The silica materials, supplied by Mallinckrodt 

Chemical Works, are precipitated gels of high purity

and were used as received except for outgassing. 
Previous designations9 10 of Silica SL for Silicic Acid 
Special Luminescent and Silica SB for Silicic Acid 
Special Bulky are used in this discussion. The samples 
were outgassed in situ at a selected temperature be
tween 110 and 400° for 24 hr after the residual pressure 
in the adsorption system reached 10-6 torr. Immersion 
heat work under these conditions has established surface 
structure reproducibility.9

The adsorption measurements were carried out in the 
greaseless McBain-Bakr quartz spring system utilized 
in prior work. 11 Oil and mercury manometers were 
isolated from the adsorption system by a null pressure 
capacitance device. The oil manometer covered a pres
sure range equivalent to 25 mm; the mercury manom
eter was used at higher pressures. Quartz springs with 
a 250-mg load limit and sensitivities of 1.125- and 1.065- 
mm elongation/mg were employed. Reading ac
curacy was ± 1 0 - 3  mm in spring length. Pressure 
measurement accuracy was ± 1 0 ~ 3 mm in the low- 
pressure region and ± 2  X 10-2  mm at pressures above 
25 mm.

Nitrogen was purified over a copper wire screen at 
450° followed by condensable trapping at 77 °K. 
Spectroscopic grade benzene was dried over Linde 5A 
Molecular Sieves activated at 300° and distilled under 
vacuum into the adsorption reservoir.

Benzene adsorption data were obtained at 25 ±
0.05°. Nitrogen adsorption was carried out at 77°K, 
the liquid nitrogen temperature being monitored by 
oxygen gas thermometer.

Results
In light of past experience suggesting unusually 

restricted BET ranges for these materials, the nitrogen

(1) L. Meyer, Z. Physik. Chem. (Frankfurt), 16, 331 (1958).
(2) F. Rouquerol, J. Rouquerol, and B. Imelik, Bull. Soc. Chim. 
France, 635 (1964) ; R. T. Davis, T. W. de Witt, and P. H. Emmett, 
J. Phys. Colloid Chem., 51, 1232 (1947); J. A. Singleton and G. D. 
Halsey, J. Phys. Chem., 58, 330 (1954).
(3) W. H. Wade, ibid., 68, 1029 (1964).
(4) A. W. Adamson, I. Ling, and S. K. Datta, Advances in Chemistry 
Series, No. 33, American Chemical Society, Washington, D. C., 1961,
p 62.
(5) M. R. Harris and K. S. W. Sing, Chem. Ind. (London), 487 
(1959).
(6) A. I. Sarakov, M. M. Dubinin, and Y. F. Berezkiva, Izv. Akad. 
Nauk SSSR, Ser. Khim., 1165 (1963).
(7) P. C. Carman and F. A. Raal, Trans. Faraday Soc., 49, 1465 
(1953).
(8) R. S. McDonald, J. Phys. Chem., 62, 1168 (1958).
(9) J. W. Whalen, Advances in Chemistry Series, No. 33, American 
Chemical Society, Washington, D. C., 1961, p 281.
(10) S. Brunauer, D. L. Kantro, and C. H. Weise, Can. J. Chem., 34, 
1483 (1956).
(11) J. W. Whalen, J. Phys. Chem., 65, 1676 (1961).
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Figure 1. Nitrogen adsorption on Silica SB.
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Figure 2. Nitrogen adsorption on Silica SL.

investigation was carried out over the relative pressure 
range P/Po — 1 0 -5  to 0 .2  as a function of surface hy
dration for Silica SB and Silica SL. Adsorption data 
points are shown in Figures 1 and 2. For Silica SB
(Figure 1) a significant decrease in the quantity ad
sorbed was obtained between 1 1 0  and 2 0 0 ° sample out- 
gassing. The adsorption of nitrogen increases slightly 
following 300° thermal treatment and again following 
400° treatment, almost coinciding in the latter case 
with the quantity adsorbed following 1 1 0 ° thermal 
treatment. For silica SL (Figure 2) there is no initial 
decrease in the quantity of adsorbed nitrogen as noted 
with Silica SB, but an increase over the 110-300° out- 
gassing treatment range, corresponding to the behavior 
noted on the Silica SB material after removal of the 
molecular water. The final condensation between 300 
and 400° is accompanied by an almost insignificant 
change in the amount of nitrogen adsorbed. Changes 
in shape of the adsorption isotherm are reflected as 
“ crossing-over tendencies”  for the 100-200 and 300- 
400° surface preparations.

The linear range in relative pressure for BET treat
ment was found to be quite restricted, resulting in 
surface area values slightly lower than' those pre
viously obtained9,10 in the higher, generalized range.

The relative pressure range for which rigorous linearity 
was observed in these studies for the adsorption of 
nitrogen on Silica SB was 0.009-0.06 P/Po. On Silica 
SL the range was somewhat greater, extending from 
0.005 to 0.075 P/Po. The surface areas and average 
interaction energies are given in Table I. Little varia
tion in either parameter was encountered for Silica SB. 
The surface area variation for Silica SL is significant, 
ranging from 593 to 646 m2 */g  with relatively constant 
interaction energies. The relative pressure values 
at which adsorbed amounts correspond to the BET 
indicated monolayer values (Figures 1 and 2) empha
size the variation in isotherm character with surface 
structure. Typical BET plots are shown in Figure 3.

Table I : B E T  Derived Surface Areas

•Nitrogen adsorption—> /—Benzene adsorption-

Therm al Surface
treatm ent, area.

°c m2/g

Silica SB 1 1 0 3 3 4

200 3 4 1

300 3 3 7

400 339

Silica SL 1 1 0 59 3

200 6 1 1

300 6 3 7

400 6 4 6

E l  = E i  =

R T  ln C Surface R T  ln C
F  E v , area, +  Bn,

kcal/m ole m V g kcal/m ole

2 .3 3 1 7 8 1 1 . 9 4

2 . 3 1 16 6 1 0 .9 6

2 .2 9

2 .2 8 9 1 1 0 .9 2

2 . 1 4 346 1 0 . 1 4

2 . 1 9 320 1 0 .2 0

2 . 2 1

2 . 1 7 1 8 1 9 .9 3

The adsorption of benzene on the same silica surfaces 
was carried out from relative pressures of approximately 
10~ 4 to near saturation. The adsorption-desorption 
curves are relatively uninformative in their entirety; 
only the low-pressure data are shown in Figures 4 and
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P /P 0

Figure 4. Adsorption of benzene vapor at 
low pressures on Silica SB.

Figure 5. Adsorption of benzene vapor 
at low pressure on Silica SL.

5. The adsorption was reversible in this region, hyster
esis being confined to relative pressures above 0.45. 
No significant variation in the form of the hysteresis 
loop was noted for the several sample preparations and 
direct comparison of the desorption curves for each 
data set showed only random point scatter well within 
experimental error. Utilizing a coverage of 33 A 2/  
molecule, as suggested by Livingston, 12 three mole
cules per 100 A 2 are required for monolayer coverage. 
On the basis of the nitrogen derived areas this coverage 
is not attained until the relative pressure exceeds 0 .6 . 
For Silica SB a low-pressure “ limiting”  adsorption 
value is attained at less than two adsorbed molecules 
per 100 A 2. The adsorption of benzene by Silica SL 
is a more gradual function of pressure; no “ limiting”  
adsorption at low pressure is indicated. For both 
materials benzene adsorption is a strongly decreasing 
function of the outgassing temperature. The 110° out- 
gassed Silica SB sample containing bound water does 
not exhibit oxide character as was indicated by nitro
gen adsorption (Figure 1).

When the benzene adsorption data are subjected to 
BET treatment, linear plots are obtained within the

relative pressure range 0.04-0.24 with no significant 
variation in the range from sample to sample. The 
statistical monolayer, based on the nitrogen derived 
area and utilizing the 33-A2 coverage value for the 
benzene molecule, is not included in that range. Sur
face areas and average first-layer interaction energy 
values derived from the BET plots are summarized in 
Table I. The data are characterized by apparent de
creases in surface area with increasing oxide surface 
structure and apparent surface area values which are 
quite low in comparison to the nitrogen derived values. 
Interaction energy values decrease with decreasing 
hydroxyl content and are, in general, two to four times 
the comparable values for the nitrogen-silica inter
action. The relative pressure range over which BET 
model applicability should exist, on the basis of eq 2 , 
is thus indicated to be even lower than that encountered 
for the nitrogen-silica interaction and far lower than 
the limits of the linear range actually encountered.

Discussion
The Silica SB surface has 2.2 water molecules and 7 

hydroxyl groups per 100 A 2 following 110° outgassing. 
Bound water is removed under 200° outgassing and, 
at higher temperatures, hydroxyl sites are condensed 
leaving a residual 0.4 isolated hydroxyl site at 400° 
outgassing.9 Silica SL has no bound water; the 5.5 
hydroxyl sites present after 1 1 0 ° outgassing are con
densed over the 200-400° temperature range leaving 
a residual 0.4 isolated site.9 Nitrogen adsorption 
is seen from Figures 1 and 2 to show slight increases 
as the oxide content of the surface is increased. For 
Silica SB both the 110° outgassed surface containing 
bound water (associated in double hydrogen bonding 
with, and therefore shielding, hydroxyl sites) and the 
400° outgassed surface exhibit maximum early stage 
adsorption. For Silica SL nitrogen adsorption in
creases throughout the range of hydroxyl group con
densation.

Regions of linearity in BET plots beginning at very 
low relative pressures have been encountered in prior 
work for both nitrogen12 13 and other adsorbates. 14 

Meyer1 and others16 have demonstrated (eq 2) that 
such behavior is to be anticipated for high C value 
systems. The linear ranges encountered for nitrogen 
in this work (0.005-0.07 P/Po) are in agreement with 
those demanded by considerations requiring applicabil
ity in the region encompassing the monolayer (Figures

(12) H. K. Livingston, J . Colloid S ci., 4, 447 (1949).
(13) D. S. Mclver and P. H. Emmett, J . P h ys. Chem ., 60, 824 
(1956).
(14) M. L. Corrin, ibid., 59, 313 (1955).
(15) G. L. Gains and P. Cannon, ib id ., 64, 997 (1960).
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1 and 2 ). Surface areas obtained in this range are 
slightly higher than those previously reported9' 10 

based on adsorption data in the higher generalized 
range. The BET refinement over the Langmuir 
equation is superfluous at the low pressures over which 
the former is found to be applicable for these systems. 
Not surprisingly, a Langmuir treatment was found to 
yield comparable surface areas and a wider range data 
fit.

Real surface area changes, even of the order indicated 
by the treatment of nitrogen adsorbed on Silica SL, 
do not occur. The approximately 10% increase in 
apparent surface area for that system is, however, 
far outside the experimental error of these measure
ments. The materials are structurally stable; Silica 
SL has been subjected to thermal treatment above 
400° in preparation prior to these studies. Both 
sintering, which does not occur with these materials 
prior to 700°, and possible pore dimension changes on 
dehydration16 lead to decreases, not increases, in sur
face area. The apparent increase in Silica SL surface 
area is almost certainly due to changes in surface struc
ture and, while negligible by routine standards, is of 
significance in studies related to the comparison of in
teraction energies (e.g., heats of wetting) on various 
surfaces.

The adsorption of benzene on these surfaces is 
strongly dependent on the outgassing temperature. 
Although the trend toward decreasing apparent surface 
area appears unquestionably due to surface dehydra
tion, the very large initial discrepancy between nitrogen 
and benzene derived areas could be attributed to the 
presence of a micropore structure of less than 7-A 
pore diameter. Silica structures having a majority 
of the pores in the 4-5 A range are known, 17 but there is 
no evidence that such porosity is significant in these 
samples. Integral energetic measurements would re
flect the fractional surface involvement when expressed 
in energy per unit area based on total (nitrogen) area. 
In particular, if 50% of the surface area were un
available to benzene, heats of wetting in benzene 
should be one-half those for nonporous particles of the 
same surface functionality. The immersion heat for 
quartz in benzene18 is 115 ergs/cm2, for Silica SB in 
the 200-400° surface state 100-115 ergs/cm2, and for 
Silica SL from 75 to 95 ergs/cm2. 19 In the latter case 
the lower immersion heats are again attributable to 
surface structure as evidenced by almost identical im
mersion heats for the two materials in cyclohexane. 
For the benzene-silica systems studied here it must 
be concluded that microporosity is not an important 
factor.

Hovart and Sing20 have noted that benzene oc

cupancy areas ranging from 31 to 50 A2/molecule must 
be assigned on various silica gels and have questioned 
the relationship of the BET derived Vm values to true 
monolayer capacity. In this work benzene cross- 
sectional areas ranging from 62 to 119 A2/molecule on 
Silica SB and from 50 to 119 A 2/molecule on Silica SL 
would be required to obtain data consistent with the 
nitrogen surface areas. It is apparent that only par
ticular energetic fractions of the surface are included 
in the BET monolayer value for benzene. In addition, 
the relative pressure range over which BET applica
bility is indicated by C values from Table I is far out
side the linear range actually encountered. It must 
be concluded that apparent compliance of the benzene 
data to the BET model is fortuitous.

The condensation of hydroxyl sites characteristic 
of these silicas can occur only between sites spaced 
within hydrogen-bonding distances. These spacing 
requirements (2.8-3.8 A) preclude the uniform distri
bution of such sites for all except the 400° outgassed

Figure 6. Site energy distribution function vs. site energy 
for nitrogen adsorbed on Silica SB. The distribution function 
f is defined as f =  dF/dQ where F  is the fraction of the 
surface involved in interactions having energy equal to or 
greater than Q. The Langmuir equation, with selected 
constants <r = occupancy area per molecule and r = 
characteristic adsorption time, is utilized to describe 
local isotherms over dQ.20 For nitrogen 
adsorption a =  16.2 AVmoleeule and t =  10~13 sec.

(16) J. H. deBoer and J. M. Vleeskins, Koninkl. Ned. Akad. Weten- 
schap. Proc. Ser. B, 61, 85 (1958).
(17) D. Dollimore and G. R. Heal, Trans. Faraday Soc., 59, 2386 
(1963).
(18) J. W. Whalen, unpublished data.
(19) J. W. Whalen, J. Phys. Chem., 66, 511 (1963).
(20) D. M. Hovart and K. S. W. Sing, J. Appi. Chem., 11, 313 
(1961).
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samples. The functional nature of the surface is that 
of a grouping of hydroxyl sites within the oxide matrix. 
This conclusion is strongly supported by site energy 
distribution functions derived from the adsorption 
isotherms by the Adamson-Ling treatment21 and 
shown in Figures 6-9.

For nitrogen the site energy distribution is character
ized by two peak functions which vary in accord with 
the established oxide-hydroxide character of the sur-

Figure 7. Site energy distribution function vs. 
site energy for nitrogen adsorbed on silica SL. 
a =  16.2 A2, t =  10~13 sec (see Figure 6).

Figure 8. Site energy distribution function vs. 
site energy for benzene adsorbed on Silica SB. 
<r =  33 A 2, r  =  10~13 sec (see Figure 6).

Figure 9. Site energy distribution function vs. 
site energy for benzene adsorbed on Silica SL. 
a =  33 A 2, t  =  10-13 sec (see Figure 6).

face. The interaction energies are sharply limited 
between 1.9 and 3.2 kcal for all surface states. Aver
age interaction energies obtained from the BET model 
(Table I) of 2.2-2.3 kcal are in reasonable agreement 
with the lower limit of these calculated values in ac
cordance with expectation. The 2.9-kcal peak oc
curring in both Figures 6 and 7 represents nitrogen 
interaction with strongly hydrogen-bonded hydroxyl 
site groupings characteristic of the highly hydrated 
surface. The 3.2-kcal peak reflects nitrogen inter
action with (predominantly) less strongly bonded hy
drogen pair sites. Two oxide states are reflected by 
these data, the first at 1.9 kcal (Figure 6 ) associated 
with the strongly bound water on Silica SB and the 
second at 2.3 kcal characteristic of the substrate oxide 
surface. The entire spectrum of interaction energies 
is confined to a 1.3-kcal region and therefore to a cor
respondingly limited pressure region on the adsorp
tion isotherm. The relative insensitivity of nitrogen 
as an adsorbate to distinction between these dissimilar 
sites, although surprising in view of the dipole-quadru- 
pole interaction between nitrogen and hydroxyl sites, 
effects apparent energetic homogeneity in isotherm 
measurements of routine point spacing. * 33

(21) A. W. Adamson and J. Ling, Advances in Chemistry Series, No.
33, American Chemical Society, Washington, D. C., 1961, p 51.
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In contrast to this behavior the spectrum of inter
action energies for benzene with these surfaces is quite 
wide.22 A resolvable high-energy peak is encountered 
for benzene on the Silica SB samples (Figure 8 ). This 
value of 1 0 .2- 10 .8  kcal, again depending on the density 
of hydroxyl sites, is in close agreement with the Table I 
BET interaction energies of 11-12 kcal/mole for ben- 
zene-Silica SB. Clearly in view of the absence of re
solved high-energy peaks in the distribution function for 
Silica SL (Figure 9), the spectrum of interaction ener
gies can be quite wide depending on hydroxyl group 
density, distribution, and hydrogen bonding between 
such groups. These considerations as well as the iso
therm forms offer no support for the position23 of 
common isotherm character for benzene adsorption 
below regions of capillary condensation on silica sur
faces of equal degrees of hydration.

Conclusions
The interaction of both nitrogen and benzene with 

the silica surface is dependent upon the substrate 
structure. Nitrogen interaction energies ranging from
1.9 to 2.3 kcal/mole predominate on the oxide surface. 
On hydroxyl surfaces, predominating interaction ener
gies are in the 2.9-3.2-kcal/mole range. Although hy
droxyl sites yielding benzene interaction energies of 10-  
11  kcal/mole can predominate on silica surfaces, a 
wider spectrum of interaction energies may result from 
variation in hydroxyl site distribution.

The adsorption of benzene on silica surfaces is

strongly dependent on the detailed chemical nature of 
the surface, although no simple relationship exists 
between hydroxyl site content and benzene adsorption. 
Benzene does not form complete monolayers or sta
tistically equivalent multilayers in the regions of BET 
applicability.

Surface areas derived from nitrogen adsorption data 
using the BET (or Langmuir) equation appear slightly 
dependent on surface structure for some site distribu
tions. From the standpoint of routine surface area 
measurement the variations for the surfaces are not 
important. For the wider variation in surface struc
ture encountered in general application and from the 
standpoint of the increasing importance attached to 
comparison of properties of surfaces of widely different 
nature, the 1 0%  variation encountered in this work is 
disturbing.
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many of the experimental measurements, and to Dr. T.
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(22) The site energy distribution treatment requires data extending
over several orders of ten in pressure and includes regions of the 
benzene adsorption isotherm bounded by the limits 10 ~4 < 
P/Po(2845) <  0.45 and 10 < P/Po(2846) <  0.7.
(23) D. P. Dobychin and T. F. Tsellinskaya, Z h. F iz . K h im ., 3 3 ,  
204 (1959); A. V. Kiselev, P roc. In tern . Congr. Surface A ctivity , 2nd, 
L ondon , 1957, 179 (1957).
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Biphenyl Radiolysis

by Michael A. Sweeney, K. Lynn Hall, and Robert 0 . Bolt

Chevron Research C om pany, R ichm ond, C aliforn ia  (.Received M arch  3, 1966)

Biphenyl was irradiated with Co60 y rays and with 38-Mev helium ions to study its radiol
ysis. The major products were hydrogen, quaterphenyls, hydrogenated polyphenyls, and 
other polymers. For Co60 irradiation at 82°, G(H2) = (7.22 ±  0.09) X  10-3, (7 (C2H2) = 
(0.542 ±  0.030) X 10~1 2 3, and (?(-»-residue) = 0.226 ±  0.009. For He2+ irradiation at 
82°, G(H2) = (18.8 ±  0.1) X  10-3, (?(C2H2) = (2.93 ±  0.03) X  10~3, and G(-*residue) = 
0.356 ±  0.008. Similar data are given for 27, 180, and 260° Co60 irradiations and for 
180° He2+ irradiations. Many products were formed in low yield and the approximate 
G values are given. Product yields were larger at high temperatures and for more highly 
ionizing radiation and were lower from solid-phase irradiations. There was no apparent 
effect of dose or of dose rate. The distribution of products indicates the important 
participation of phenylcyclohexadienyl radicals and biphenylyl radicals in the radiolysis 
scheme.

The radiolysis of unsubstituted aromatic compounds 
has received considerable attention. Benzene has 
been exhaustively studied, 1 but biphenyl has been less 
thoroughly examined.2 Since polyphenyls are used as 
moderators and coolants in nuclear reactors, the extent 
and mechanism of their radiation-induced decomposi
tion are of practical interest.3 The need for knowledge 
about this decomposition prompted the present work 
with biphenyl, the lowest member of the polyphenyl 
series.

Most previous workers measured just the major 
products from biphenyl radiolysis: hydrogen, acetylene, 
and “residue”  or “ polymer.” 4 5 In the present study, 
we measured not only the major products, but also 
many products formed in very small yield. We also 
partially characterized the polymer and studied some 
effects of changes in experimental conditions (tempera
ture, phase, dose rate, and LET6) on biphenyl decom
position. Relatively low radiation doses were used to 
permit detection of products formed early in the reac
tion sequence.

Experimental Section
Purification and Irradiation. Eastman Kodak White 

Label biphenyl was purified for the work by fractional 
distillation under vacuum, followed by recrystalliza
tion from methanol. Analysis was by gas chromar- 
tography (glpe), freezing point, mass spectrometry

(MS), and the temperature-time slope of the freezing 
curve.6 This last method indicated a purity of 99.99+ 
mole % , with a freezing point of 68.95° (literature 
values are 68.847 and 69.2°8).

Samples for irradiation were degassed and sealed

(1) J. Hoigne and T. Gatlmann, Helv. Chim. A cta , 44, 1337 (1961), 
and references cited therein.
(2) (a) W. G. Bums, W. Wild, and T. F. Williams, P roc. U . N .  
In tern . Con}. P eacefu l U ses A t. E nergy, 2nd, Geneva, 1958, 2 9 , 266 
(1959); (b) H. Koyama, G. Tsuchihashi, and A. Danno, B ull. Chem . 
Soc. Japan , 37, 478 (1964); (c) W. H. Baldwin and P. S. Rudolph, 
N ucl. S ci. E ng., 20, 548 (1964); (d) K. L. Hall and F. A. Elder, J . 
Chem. P h ys ., 31, 1420 (1959); (e) J. M. Rayroux and P. Bartschi, 
Helv. Chim. A cta , 43 , 484 (1960); (f) J. G. Burr and J. M. Scar
borough, J. P h ys . Chem., 64, 1367 (1960); (g) J. M. Scarborough 
and J. G. Burr, J. Chem. P h ys., 37, 1890 (1962); (h) W. G. Burns 
and C. R. V. Reed, Trans. Faraday Soc., 59, 101 (1963).
(3) R. F. Makens and Q. L. Baird, Ed., AEC Report TID-4500, 
National Bureau of Standards, U. S. Department of Commerce, 
Springfield, Va., Dec 1964.
(4) “ Residue” is an operational definition, usually meaning what is 
left in the irradiation container after the starting material and some 
products have been evaporated under specified conditions. “ Poly
mer” generally refers to substances similar in structure but of higher 
molecular weight than the original polyphenyl. For biphenyl, 
“ polymer” refers to a chain made up of three or more benzene rings 
which may or may not be hydrogenated, alkylated, fused, etc.
(5) LET is the rate of linear energy transfer, i.e ., — A E /dx for the 
radiation.
(6) A. R. Glasgow, B. J. Streiff, and F. D. Rossini, J. R es . N a tl. B u r . 
Std., 35, 355 (1945).
(7) J. Marechal, B ull. Soc. Chim. Beiges, 61, 149 (1952).
(8) American Petroleum Institute Research Project 44, College 
Station, Texas, Vol. I, 23-2-(33.3310), Oct 31, 1963.
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under vacuum in glass ampoules fitted with break- 
seals and thermocouple wells. Ampoules for cyclotron 
irradiations had thin, concave bubbles blown in the wall 
through which the cyclotron beam passed. Wall 
thickness was measured by focusing a microscope 
successively on the inside and outside surfaces of the 
bubble.

A heated vacuum system was used to sublime bi
phenyl into the ampoules. The ampoules, only about 
half full, contained 15 or 80 ml of biphenyl for y ir
radiations and 60 ml for cyclotron exposures.

A 10-kcurie Co60 source was used for y exposures9 
and the University of California (Berkeley) Crocker 
Laboratory 60-in. cyclotron for helium ion irradiations. 
The biphenyl temperature was controlled to ± 3 °  in 
both cases. The cyclotron samples were shaken back 
and forth along the beam axis during the irradiations 
to assure uniform temperature and prevent local 
accumulation of radiolysis products.

The dose rate in the Co60 source was measured with 
ferrous sulfate dosimetry10 on eight different occasions, 
using the same geometry as for biphenyl irradiations. 
We used 5.25 years for the half-life and did a least- 
squares fit of 37 data points covering a 6-year period. 
The source strength normalized to Jan 1958 was (2.15 ±  
0 .0 1 ) X 1017 ev g_1 min- 1  in 0.8 A  H2SO4.

The cyclotron irradiations were monitored by col
lecting the charge deposited by the beam.11 Average 
beam currents were between 0.1 and 2.0 ixa,. The cy
clotron beam is pulsed (~ 107 Hz) and it is not clear 
whether reduction in average beam current is achieved 
by reducing the number of ions per pulse or the number 
of pulses per second.12 Cross-sectional area of the beam 
was ~0 .3  cm2 and the original beam energy was 47.9 ±  
0.1 Mev. We calculated an energy loss between the 
cyclotron and the biphenyl of ~ 1 0  Mev.13 Beam 
penetration in the biphenyl was ~0.15 cm. Irradia
tion of cyclohexane confirmed that there were no gross 
systematic errors in cyclotron dosimetry.

Analyses. Irradiated ampoules were sealed onto 
a heated vacuum line where separations into three 
general fractions were made by condensation and distil
lation techniques.14 15 16 Gaseous products were fraction
ated, measured in a gasometer, and collected. Prod
ucts of intermediate volatility (the midfraction, e.g., 
benzene and hydrogenated biphenyls) were similarly 
collected. The undecomposed biphenyl was then 
distilled under vacuum from the high-boiling products 
at 80°. The details of this general procedure have 
been reported.15,16

Gases. The separated gases were analyzed by MS. 
To ensure proper identification of the MS peaks, the 
fractions were first analyzed qualitatively by glpc.

Details of the glpc procedures have been reported.17
Midfractions. These were collected under vacuum 

in small ampoules with break-seals. Three techniques 
were used to study them.

1. Some samples were analyzed by low-voltage 
mass spectrometry (LVMS) where 9.5-v electrons ion
ized the aromatic molecules without fragmentation. 
The resulting spectrum showed the molecular weight 
of parent molecule ions. The total ion current was 
related to sample size by calibration with biphenyl.

2. Some ampoules were crushed in a helium stream, 
which carried the contents for analysis onto a glpc 
column packed with poly (phenyl ethers).17

3. Combined glpc and MS techniques (glpc-MS) 
were used in some cases.18 Samples of glpc effluent 
were bled into the inlet system of a high mass spectrom
eter. Fragmentation patterns were thus obtained for 
the main constituent of each glpc peak.

Residues. These were measured by weighing the 
material left in the irradiation ampoule. In some ex
periments the last traces of biphenyl were removed by 
sublimation at temperatures up to 200°. In others, 
the residue was dissolved in chloroform and the solu
tion was analyzed for biphenyl by glpc.17 The residue 
yields (biphenyl-free) determined by the two methods 
are in good agreement.

Results and Discussion
Control Experiments. Our analytical techniques 

were applied to empty irradiated ampoules and to bi
phenyl-containing ampoules which had been heated 
for long periods of time but not irradiated. Negli
gible amounts of product were detected, always less 
than 1% of the amounts produced in low-dose irradia
tions.

Product Yields. Gases. Hydrogen and acetylene 
constituted over 90% of the product gases; the re-

(9) B. Manowitz, Nucleonics, 9 (2), 10 (1951).
(10) J. Weiss, ibid., 10 (7), 28 (1952).
(11) W. M. Garrison, H. R. Haymond, and B. M. Weeks, Radiation 
Res., 1, 97 (1954).
(12) A. S. Newton and W. R. McDonell, J. Am. Chem. Soc., 78, 4554 
(1956).
(13) W. A. Aron, B. G. Hoffman, and F. C. Williams, AEC Report 
AECU-663, Department of Commerce, Washington 25, D. C., May 
1951.
(14) R. T. Sanderson, “ Vacuum Manipulation of Volatile Com
pounds,” John Wiley and Sons, Inc., New York, N. Y., 1948, pp 
86-93.
(15) K. L. Hall and W. R. Doty, Rev. Sci. Instr., in press.
(16) M. A. Sweeney, AEC Report TID-19663, Department of Com
merce, Washington 25, D. C., 1963, p 36.
(17) W. W. West, AEC Report TID-17508, Department of Com
merce, Washington, D. C., 1962, p 35.
(18) L. P. Lindemann and J. L. Annis, Anal. Chem., 32, 1742 (1960).
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Figure 1. Hydrogen yield variations with dose 
and temperature in Co60 exposures of biphenyl.

Figure 2. Hydrogen yield variations with dose, dose 
rate, and temperature in He2+ exposures of biphenyl.

mainder was a mixture of low molecular weight hydro
carbons, mostly unsaturated. Yields of hydrogen and 
acetylene are plotted as a function of y dose in Figure 1 
and Figure 3 and of helium ion dose in Figure 2 and 
Figure 4. These and the other yields seem to be linear 
with dose. This linearity also exists with hydrogen 
and acetylene from benzene, both for heavy ions19'20 
and for y rays.2h Some of the products, e.g., butane, 
may be secondary products formed by hydrogenation 
of unsaturated primary species. The G values listed 
in Table I are based on the slope of the linear yield 
vs. dose curves passing through the origin. In cases 
where enough data were available (hydrogen, acetyl
ene, and residue), a least-squares fit was obtained. G 
values for the minor gases are estimates based on MS 
analysis and the errors can be quite large. For in-

Figure 3. Acetylene yield variations with dose and 
temperature in Co60 exposures of biphenyl.

Figure 4. Acetylene yield variations with dose, dose 
rate, and temperature in He2+ exposures of biphenyl.

stance, butane can be off by as much as 100% owing 
to small yield and indistinctive fragmentation pattern.

Midfractions. These were analyzed in three ways, 
as already described. All three methods showed ap
preciable yields of hydrogenated biphenyls. LVMS 
results from two 82° irradiations are fisted in Table II 
according to their order-of-magnitude yield. The 
yields were calculated assuming all the fisted products 
had an LVMS sensitivity equal to that of biphenyl. 
Since LVMS shows only the molecular weight of a 
parent ion, some of the compounds listed are only sug
gested assignments. Other compounds were, however, 
confirmed by glpc-MS as noted in Table II. Some of

(19) T. Gàumann and R. H. Schuler, J. P h ys. Chem ., 65, 703 (1961).
(20) W. G. Burns, Trans. Faraday Soc., 58, 961 (1962).
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Table I :  Biphenyl Radiolysis Yields (M illi G  Values, Molecules of Product/106 E v Absorbed)“

Gases 27° 82° 180° 260° 82° 180°

h 2 1.17 ± 7 . 2 2  ± 1 1 . 1  ± 38.0 ± 18.8 ± 23.3 ±
0.47 (3) 0.09(11) 1 .2 (5 ) 4.2(6 ) 0 .1(6 ) 0.6(4)

C H 4 <0.02 0.01 0.01
c 2h 2 0.0050 ± 0.542 ± 1.13 ± 2.25 ± 2.93 ± 3.08 ±

0.0009 (3) 0.030(7) 0.09(3) 0.17 (6) 0.03(6) 0.24(3)
c 2h 4 <0.005 0.005 0.2
c 2h 6 0.1 0.002
C 3 H 4 0.005 0.06 0.07
c 3h 6 0.001 0.003 0.007
c 3h 8 0.001
c 4h 2 0.015 0.14 0.20
c 4h 4 0.015 0.13 0.13
c 4h 6 0.003 0.013 0.013
c 4h 8 0.004 0.001
C 4H 10 0.005
Total gases 1 8 12 40 22 25

(approx)
Midfraction 1-2
Residue 128 ± 226 ± 454 ± 356 ±

14 (3) 9 (7) 28(3) 8(4)

“ Errors given are standard deviations based on the number of data points shown in parentheses. When no error is given, the G 
values are only approximate as discussed in the text.

Table I I :  Low-Voltage Mass Spectrometric Analyses 
of Midfractions from Biphenyl Radiolysis

Group Compound
Milli

I Dihydrobiphenyl“ >0 .8
I I Tetrahydrobiphenyl“ > 0 .2
I I I Methylcyclohexane, phenylacetylene, 0.04-0.2

IV

methyloctahydronaphthalene, biphen- 
ylene, phenylnaphthalene 

Styrene,“ naphthalene, dihydronaph- 0.006-0.03

V

thalene, phenylpentane, hexa-“ and 
octahydrobiphenyl, diphenylmethane, 
stilbene

Toluene, ethylbenzene, methylphenyl- 0.001-0.005
acetylene, methylphenylethylene, “ 
propylbenzene, tetrahydronaphthalene, 
phenylpentene, decahydrobiphenyl, 
di- and tetrahydrodiphenylmethane, 
diphenylethane, diphenylacetylene

° Identity confirmed by glpc-MS. 6 From two Co60 irradia
tions at 82°.

the individual isomers of the hydrogenated biphenyls 
were detected with high-resolution glpc on a poly- 
(phenyl ether) column and are listed in Table III. 
The yields are only approximate, owing to decomposi
tion of some products on the glpc column and lack 
of individual sensitivities. LVMS shows the produc-

Table I I I  : Glpc Analysis of Midfraction 
from Biphenyl Radiolysis

Compound

3-Phenyl-l,4-cyclohexadiene C^)

Milli
Ga

'~1

5-Phenyl-l,3-cyclohexadiene OO ~ 1

1-Phenylcyclohexene OO 0.006

3-Phenylcyclohexene OO 0.05

4-Phenylcyclohexene (X) 0.0004

Phenylcyclohexane <XD 0.004

1-Cyclohexylcyclohexene ©O Present

4-Cyclohexylcyclohexene ©O Present

Bicyclohexyl 0© Present

“ From one Co60 irradiation at 82°.

tion of a nonaromatic tetrahydrobiphenyl not reported 
in Table III, causing the disparity in yields between 
Tables II and III.
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Note that unsaturated and aromatic compounds are 
often accompanied by their hydrogenated derivatives, 
decreasing in concentration with increasing hydrogen 
content. This demonstrates the presence of reducing 
species in the irradiated liquid. Such species are also 
present in the radiolysis of benzene.21-23 The small 
amounts observed do not require that the products 
be formed in low initial yield; they may participate 
in secondary radiation-induced reactions.

In this midfraction we also find several substituted 
benzenes. These most likely come from the decom
position of a biphenyl molecule or ion intensely excited 
by the radiation. Here a substituted benzene would 
be formed, together with a lower molecular weight 
gaseous fragment such as one of those carbon com
pounds in our gas fraction. Thus we find styrene and 
diacetylene (conjugate fragments of biphenyl) to be 
formed in similar yield. Other minor products, e.g., 
the fused-ring compounds, also can come from reactive 
fragments of biphenyl.

Residues. The yield of this fraction is shown as a 
function of absorbed dose in Figure 5 for y rays and in 
Figure 6 for helium ions. As with the hydrogen and 
acetylene, we used a least-squares analysis to calculate 
values for (?(—»-residue).

Table IV shows the approximate composition of 
several residue fractions from Co60 irradiations at 82°. 
Note that products with an even number of benzene 
rings predominate. This is evidence that few phenyl 
radicals are formed by the radiation and inter-ring C-C 
bond rupture is relatively unimportant.

Table IV  : Yields of Polyphenyl Products from 
Biphenyl Radiolysis

Milli
Compound Ga

Terphenyl and hydrogenated terphenyls 4
Quaterphenyl 124
Hydrogenated quaterphenyls 82
Quinquephenyl and hydrogenated quinquephenyls 0.5
Hexaphenyl and hydrogenated hexaphenyls 4
Unidentified 8

“ LVM S and glpc analyses from Co60 irradiations at 82°. 
Values are approximate.

The presence of reducing species in the irradiated 
liquid is again demonstrated by the fact that each poly
phenyl product is accompanied by its hydrogenated 
derivatives. The occurrence of hydrogenated aromatic 
compounds in the residue from biphenyl radiolysis 
has also been reported by Baldwin and Rudolph, based

Figure 5. Residue yield variations with dose and 
temperature in Co60 exposures of biphenyl.

Figure 6. Residue yield variations with dose, dose rate, 
and temperature in He2+ exposures of biphenyl.

on infrared spectra.20 Gordon, et al., have found that 
the analogous irradiation of benzene produces not only 
biphenyl but also hydrogenated biphenyls in yields 
~ 4 5 %  that of biphenyl.21

Effect of Experimental Conditions. Dose Rate. The 
Co60 irradiations were performed at only one dose rate, 
but helium ions were used at four average beam cur
rents. Product yields for these different beam cur
rents are shown in Figures 2, 4, and 6. Changing the 
beam current did not affect the yields within the pre
cision of our measurements. It is not certain that the 
instantaneous dose rate (during the delivery of a pulse

(21) S. Gordon, A. R. Van Dyken, and T. F. Doumani, ,/. P h y s . 
Chem., 62, 20 (1958).
(22) M. K. Eberhardt, ibid., 67 , 2856 (1963).
(23) T. Gäumann, H elv. Chim. A cta , 46, 2873 (1963).
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of ions) changed as the beam current was changed. 
The instantaneous dose rate was over 1022 ev g-1 sec-1 
in the irradiation zone containing 0.05 g of biphenyl.

Temperature and Physical State. Arrhenius plots of 
G values for H2, C2H2, and residue are given in Figures 
7, 8, and 9. Points are also shown for the results of 
Co60 irradiations by other workers. The slopes of 
the plots correspond to apparent activation energies 
of 1-2.5 keal/mole for the Co60 irradiations and 0.5 
kcal/mole for the helium ion irradiations. Thus the 
yields increase only slightly as the temperature in
creases moderately above the melting point. The yield 
of hydrogen increases inordinately at high tempera
tures. This is consistent with other data from poly-

TEMPERATURE,‘C

Figure 7. Hydrogen yield variations with 
temperature in biphenyl irradiations.

TEMPERATURE,*C
250 200 150 100 50 20

Figure 8. Acetylene yield variations with 
temperature in biphenyl irradiations.

TEMPERATURE,'C

Figure 9. Residue yield variations with 
temperature in biphenyl irradiations.

phenyl radiolysis, which generally show two activa
tion energies, one for low temperatures and one for high 
temperatures.3

The points corresponding to solid-phase irradiations 
are much lower than an extrapolation of the liquid- 
phase points. If reaction rates leading to product 
are diffusion controlled, both the low activation energies 
and the lower yields in the solid phase would be ex
plained.28'8’24 Another explanation for the lower 
yields in the solid phase is energy transfer in the crystals, 
away from the site at which the energy is deposited.25'26 
Differences in crystallinity would then account for 
the extremely variable yields reported by different 
laboratories for solid-phase irradiations (see Figures 
7 and 9).

Particle Type. The data in Table I and Figures 7, 
8, and 9 show the G values to be generally higher for 
helium ion (2.2 ev/A  initial LET in H20 ) irradiations 
than for y (0.02 ev/A  in H20 ) irradiations. Although 
the dose rates were vastly different in the two cases, 
there is widespread agreement that the differences in 
product yields from aromatics are an effect of LET.19'27

(24) J. Y. Chang and M. Burton, 138th National Meeting of the 
American Chemical Society, New York, N. Y., Sept 1960, p 17S.
(25) H. W. Fenrick, S. V. Filseth, A. L. Hanson, and J. E. Willard, 
J. A m . Chem. Soc., 85, 3731 (1963).
(26) E. Collison, J. J. Conlay, and F. S. Dainton, N ature, 194, 1074 
(1962).
(27) (a) J. Hoigné, W. G. Burns, W. R. Marsh, and T. Gâumann,
Helv. Chim. A cta , 47, 247 (1964) ; (b) W. G. Burns and J. D. Jones, 
Trans. Faraday Soc., 60, 2022 (1964); (c) R. H. Schuler, ibid., 61, 
100 (1965); (d) A. W, Boyd and H. W. J. Connor, Can. J . Chem ., 42, 
1418 (1964); (e) J. Y. Yang, J. D. Strong, and J. G. Burr, J. P h ys. 
Chem., 69, 1157 (1965); (f) P. Huyskens, P. Claes, and F. Cracco, 
B ull. Soc. Chim. Beiges, 68, 89 (1959); (g) I. V. Vereshehinskii
and N. A. Bakh, P roc. A ll-U n ion  Conf. Radiation Chem., 1st, M oscow , 
1957, Part 5, 223 (1959).
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Table V shows 100° G values from biphenyl (read 
from Figures 7 and 9) to agree well with the data of Burns 
and Reed.2h They have attributed similar increases, 
in the case of benzene, to the formation of products

Table V : Yields from Biphenyl Irradiations at 100°

Radiation
(increasing LET) G H2 G_m“ Ref

F ast electrons 0.009 0.26 2h
Co60 0.008 0.27 This work
38-Mev He2+ 0.019 0.40 This work
BEPO reactor radiation 0.059 0.69 2h
B(n, a) 0.17 1.52 2h

° Disappearance of starting material: molecules of biphenyl 
altered/100 ev absorbed.

or their precursors in the interreactions of excited 
molecules which are subject to deactivation.

M* +  iff* — > H2 +  radical or stable product (1) 

M +  M* — >  2M (2)

In the case of benzene irradiations, the invariance 
with LET of Gïu/Gcïïu was taken as evidence for a 
common precursor for H2 and C2H2.19,20 In mu- bi
phenyl work, the ratios are not constant with either 
LET or temperature. In particular, the ratio from Co60 
irradiations increases from ~ 1 2  at 100° to '~230 in 
the solid phase. Thus it is more likely that hydrogen 
and acetylene are produced, at least in part, by sepa
rate mechanisms. This conclusion was also reached 
in the fission-fragment irradiation of benzene.27d

Mechanism Postulations
We can deduce two significant things from the 

measured products. First, the high yield of quater- 
phenyls and the presence of hydrogenated biphenyls 
and hydrogenated quaterphenyls indicate the partici
pation of biphenylyl and phenylcyclohexadienyl radicals 
in the radiolysis. The evidence for this is summarized 
in the following section. Our data do not show whether 
these radicals are produced initially by the radiation or 
only indirectly. Electron-impact studies2d and the 
low yield of products with an odd number of benzene 
rings indicate that few phenyl radicals are formed.

Second, some of the products— hydrogenated bi
phenyls and reactive fragments from the biphenyl 
molecule, e.g., styrene, etc.-—are capable of forming 
nonvolatile polymer during radiolysis. This explains 
the low yield of these products and the high yield of 
polymer characteristic of prolonged polyphenyl ir
radiations.3

Biphenylyl and Phenylcyclohexadienyl Radicals as 
Precursors. There are two reasons for believing 
that these radicals play an important part in biphenyl 
radiolysis. First, the presence of analogous radicals 
has been established in irradiated aromatics. Thus 
cyclohexadienyl radical has been confirmed in irradiated 
benzene by epr spectra.28,29 Phenyl radicals have also 
been tentatively identified in these epr spectra.28 29 30

The second reason is that reactions of the biphenylyl 
and phenylcyclohexadienyl radicals are known and 
give the products that we found.

1. It is known that biphenylyl radicals add to 
biphenyl to give quaterphenyls,2b,3° the principal com
ponents of our residues. Since the analogous phenyl 
radical adds to benzene to give the phenylcyclohexa
dienyl radical,31 32 33 we may conclude that the biphenylyl 
radical adds to biphenyl to give a four-ring radical, 
which will eventually form quaterphenyl and hydrog
enated quaterphenyl.

2C24H

C12It9 ■ +  Ci2Hio

disproportionation
24-n-19 *

C24H19 •

>- C24H1S -f- C24H20

high molecular 
weight products

(3 )

(4 )

2. The reactions of phenylcyclohexadienyl radicals 
are better known than those of biphenylyl, owing to 
experiments on benzoyl peroxide decomposition in 
benzene. Phenylcyclohexadienyl radical results from 
the addition of chemically generated phenyl radical 
to benzene. This radical undergoes combination reac-

CeHs- +  C6H 6 C12H n - (5)

tions to give hydrogenated quaterphenyls and dispro- 
portionates to give biphenyl and hydrogenated bi
phenyl.31-33 Furthermore, this addition of phenyj

2Ci2Hh •
combination

>■ C24Ü22

disproportionation
—>  Cl2Hl0 +  Cl2Hl2

(6)

radicals to benzene forms a high-boiling polymer,34

(28) R. W. Fessenden and R. H. Schuler, ./. Chem. P h y s ., 38, 773 
(1963).
(29) V. A. Tolkachev, I. N. Molin, I. I. Chkheidze, N. T. Buben, 
and V. V. Voevodskii, D okl. A kad . N a uk S SS R , 141, 911 (1961).
(30) W. M. Hutchison, P. S. Hudson, and R. C. Doss, J. A m . Chem. 
Soc., 85, 3358 (1963).
(31) D. F. DeTar and R. A. J. Long, ibid., 80, 4742 (1958).
(32) D. H. Hey, M. J. Perkins, and G. H. Williams, J . Chem . S oc., 
3412 (1964).
(33) G. B. Gill and G. H. Williams, ibid., 995 (1965).
(34) J. M. Blair, D. Bryce-Smith, and B. W. Pengilly, ibid., 3174 
(1959).
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presumably through the agency of the phenylcyclo- 
hexadienyl radical. We found all these products in 
our work.

Source o f  B ip h e n y ly l  and P h en ylcycloh exa d ien yl  
Radicals. A likely source of these precursors is C-H 
bond cleavage in biphenyl to give hydrogen and bi
phenylyl radicals. Phenylcyclohexadienyl radicals 
would be formed by addition of the hydrogen atoms to 
biphenyl.

C 12H1 0 - ^ H -  +  C12H9- (7)

H- + C12H10 — > Ci2Hh• (8)

Other mechanisms are possible, e.g.

Ci2Hio+ +  C12H10 >  C12H„- +  Cl2H9 +
I (9)
1---- > Ci2H9

Two factors reinforce the plausibility of these reactions.
1. Other workers have found evidence, through 

isotope effects, for participation of the C-H  bond in 
the irradiation of deuterated biphenyl. 2e'f

2. Our detection of a series of hydrogenated bi
phenyls and hydrogenated quaterphenyls, diminishing 
in yield as they increase in molecular weight, demon
strates the existence of reducing species in the irradiated 
biphenyl. If these species are hydrogen atoms,
they will form phenylcyclohexadienyl radical by addi
tion to biphenyl. 36 This is shown by the fact that the

same epr spectra found in irradiated benzene can be 
produced by reaction of hydrogen atoms with benzene. 35

F orm a tion  o f  P o lym er . The source of radiolytic 
polymer is of practical importance, for it is this poly
mer that changes the properties of reactor coolant. 
There are several possible sources of polymer. For 
example, it can come from radical reactions. Quater
phenyls (dimer) are produced by addition reactions of 
biphenylyl radicals, as already outlined. However, 
we have some evidence that at least part of the polymer 
may come from secondary decomposition of unstable 
radiolysis products. Several of the hydrogenated 
biphenyls which were detected as radiolysis products 
were synthesized and irradiated with Co60 7  rays. 
They polymerize readily. For example, 2-phenyl-
1,3-cyclohexadiene was exposed to a total dose of ~2.5 
Xf lO21 ev/g. (7(—»-polymer) was ~ 12  at room tem
perature.
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Prediction of Ion-Exchange Selectivity

by J. A. Marinsky

Department of Chemistry, State University of New York at Buffalo, Buffalo, New York (Received March 7, 1966)

An equation introduced for the anticipation of ion-exchange selectivity by Gregor, who 
employed the model of an elastic matrix to describe ion-exchange equilibria, has been 
reexamined. The polyelectrolyte theory of Fuoss, Katchalsky, and Lifson, as adapted by 
Gregor and Kagawa to counterions of different sizes, has been used according to the method 
suggested by Feitelson to estimate their activity coefficient ratio in the exchanger. Hydra
tion parameters obtained via  the polyelectrolyte model appear to enhance the quantitative 
estimate of this ratio and of swelling pressure effects as well.

Introduction

The prediction of ion-exchange equilibria, a problem 
of considerable importance, has been extensively in
vestigated for many years. The numerous attempts 
that have been employed to resolve this problem may 
be classified into two categories. In the first category, 
rigorous thermodynamic treatment that requires no 
model and no assumptions with respect to the mech
anism of the phenomenon is employed. The second 
approach consists of the introduction of models with 
particular properties resembling those of the ion ex
changer to permit the derivation of equations which 
reflect the action of various physical forces in the ex
change process. A  rather complete discussion of the 
spectrum of theoretical approaches and models has 
been presented by Helfferich. 1

One of the simplest and most useful quantitative 
treatments of ion-exchange equilibria employs the model 
of an elastic matrix that was introduced by Gregor. 2 

This model leads to the relation for the molai selectivity 
coefficient, K

In K S  = In -  +  In -  +  
72 7 i

(jr ~  7t)(F i -  f 2) 
R T

( 1 )

where subscripts 1 and 2  refer to the counterions of 
uni-univalent electrolytes 1 and 2  with a common by
ion, the V  terms are the partial molal volumes of the 
respective ions, and ¥  — % is the resin-swelling pres
sure. Bars are placed above the appropriate symbols 
to designate the resin phase.

Gregor in his earliest application of the model as
sumed that the system behaved ideally except for

solvation and attempted to correlate selectivity on the 
basis of swelling pressure and ionic size3 '4 5 alone. In 
anion exchange, where the selectivity could not be ex
plained by a swelling-pressure effect, Gregor and co
workers postulated ion-pair formation.6 Their dis
tinction between free solvent and solvation shells and 
associated and free counterions was arbitrary and em
ployment of one or both approaches is drastically de
prived of thermodynamic rigor as a consequence. 
Qualitative rather than quantitative analysis of the 
ion-exchange phenomenon was the result.

The swelling-pressure term of eq 1 becomes rela
tively unimportant when, in an attempt for greater 
thermodynamic rigor, the poorly defined solvation 
effects are not specifically considered. The effects 
are instead reflected in the activity coefficients of the 
ions in the resin phase. Myers and Boyd6 and Boyd, 
Lindenbaum, and Myers7 avoided completely the use 
of empirical relations in their computation of selec
tivity coefficients by using exact thermodynamic 
equations to evaluate the three right-hand members 
of eq 1. The evaluation of the equations, however,

(1) F. Helfferich, “ Ion-Exchange,”  McGraw-Hill Book Co., Inc., 
New York, N. Y ., 1962.
(2) H. P. Gregor, J. Am. Chem. Soc., 70, 1293 (1948); 73, 642
(1951).
(3) H. P. Gregor and J. I. Bregman, J. Colloid Sci., 6, 323 (1951).
(4) H. P. Gregor and M. Frederick, Ann. N. Y. Acad. Sci., 57, 87 
(1953).
(5) H. P. Gregor, J. Belle, and R. A. Marcus, J. Am. Chem. Soc., 
77, 2713 (1955).
(6) G. E. Myers and G. E. Boyd, J. Phys. Chem., 60, 521 (1956).
(7) G. E. Boyd, S. Lindenbaum, and G. E. Meyers, ibid., 65, 577 
(1961).
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requires a large number of measurements, and the 
method, although theoretically important, is not 
practical for predicting ion-exchange equilibria.

Glueckauf, 8 on the other hand, has been able to use 
the osmotic coefficient measurements of weakly cross- 
linked (0.5% DVB) exchangers in the pure salt forms 
to determine the activity coefficient ratios of the ions 
in the resin phase and thereby predict ion-exchange 
equilibria. Harned’s rule9 was employed to estimate 
the activity coefficients of the resinates in the mixed 
form.

Glueckauf’s approach has been modified by Soldano, 
et a l .,19-12 who employed the Gibbs-Duhem equation to 
determine ion-activity coefficients. The activity co
efficients of the heteroionic forms of the resin were also 
computed by Harned’s rule. 9 The amalgamation of 
polyion and simple counterion interactions, implicit 
in their approach, leads to coefficients that are different 
from those that are generally observed in aqueous solu
tions. The Harned coefficients are much too large, 
and the thermodynamic requirement that their sum 
be a constant13 is not obeyed. 11 12 The complete ion- 
exchange isotherm is predicted by them, however, 
from water vapor sorption isotherms of the pure salt 
forms of the resin and two equilibrium measurements 
with one component present in trace quantity.

The treatment by Gregor of the problem of ion-ex
change selectivity appears to be most practical and it is 
the objective of this article to provide an appropriate 
modification of his approach. For this purpose we 
have adapted Feitelson’s14 application of the Fuoss, 
Katchalsky, and Lifson15 polyelectrolyte theory as 
modified by Gregor and Kagawa16 to evaluate the first 
term of eq 1, In (7 1 /7 2), which was neglected by Gregor 
and co-workers. Our employment of the third term of 
eq 1, (if — 7r)(Fi — V 2) / R T ,  is less arbitrary than 
Gregor’s, hydration parameters for the estimate of ion 
volumes being derived from our interpretation17 of 
the observed variation of the osmotic properties of the 
essentially unrestrained (<0.5% cross-linked) ion 
exchanger.

The ion-exchange selectivity data that are employed 
herein to test the unified model that is developed are 
from the literature and are limited to Dowex 50, the 
divinylbenzene copolymer of polystyrenesulfonate. 
The concentration of the equilibrating solutions of 
these various investigations was limited to 0 . 1  N ,  and 
the second term of eq 1 can be neglected since the ion- 
activity coefficients of the external electrolyte species 
are very nearly equal.

Evaluation of Terms in Selectivity Equation

Feitelson, 14 considering that the understanding of

electrostatic interactions in ion-exchange gels should 
be sought to explain ion-exchange selectivity, em
ployed the polyelectrolyte theory of Fuoss, Katchalsky, 
and Lifson16 for this purpose with some success. He 
limited his examination to highly swollen ionized gels, 
however, justifying his use of polyelectrolyte theory 
by pointing out the similarity between the linear 
analog and the highly swollen cross-linked gel. We 
have since shown that the profitable use of polyelec
trolyte theory for the interpretation of ion-exchange 
phenomena18 can be extended to the more concentrated 
highly cross-linked ion-exchange gels. In addition 
we have demonstrated that the unique patterns of 
physical-chemical behavior that are observed with 
linear polyelectrolyte systems are to be expected in 
the highly cross-linked systems as well. 17 For ex
ample, the observation in numerous investigations of 
ionized polyelectrolyte-simple salt mixtures that the 
colligative properties of the pure components are 
additive19 20 21 22 23 24 25“ 26 also applies to cross-linked ionized poly
electrolytes (ion-exchange resins)-simple salt mix
tures. 17

M o d e l. The gel, in the theory of Fuoss, Katchalsky, 
and Lifson15 as modified by Kagawa and Gregor, 16 

is pictured to consist of a parallel arrangement of 
cylindrical polyion rods carrying evenly distributed 
fixed charges with mobile counterions of finite radius 
distributed in accordance with the electrostatic field 
in the vicinity of the polyion strands. At the midpoint,

(8) E. Glueckauf, Proc. Roy. Soc. (London), A214, 207 (1952).
(9) H. S. Harned and B. B. Owen, “ The Physical Chemistry of 
Electrolyte Solutions,”  3rd ed, Reinhold Publishing Corp., New 
York, N. Y ., 1958, p 600 and Appendix A.
(10) B. A. Soldano and Q. V. Larson, J. Am. Chem. Soc., 77, 1331 
(1955).
(11) B. A. Soldano and D. Chesnut, ibid., 77, 1334 (1955).
(12) B. A. Soldano, Q. V. Larson, and G. E. Myers, ibid., 77, 1339 
(1955).
(13) E. Glueckauf, H. A. C. McKay, and A. R. Mathieson, J. Chem. 
Soc., S299 (1948).
(14) J. Feitelson, J. Phys. Chem., 66, 1295 (1962).
(15) R. M. Fuoss, A. Katchalsky, and S. Lifson, Proc. Natl. Acad. 
Sci. U. S., 37, 579 (1951); S. Lifson and A. Katchalsky, J. Polymer 
Sci., 13, 43 (1954).
(16) I. Kagawa and H. P. Gregor, ibid., 23, 477 (1957).
(17) J. A. Marinsky, “ Ion Exchange,”  Vol. 1, J. A. Marinsky, Ed., 
Marcel Dekker, Inc., New York, N. Y ., 1966, Chapter 9.
(18) A. Chatterjee and J. A. Marinsky, J. Phys. Chem., 67, 41 
(1963).
(19) Z. Alexandrowicz, J. Polymer Sci., 56, 115 (1962).
(20) Z. Alexandrowicz, ibid., 43, 337 (1960).
(21) M. Nagasawa, M. Izumi, and I. Kagawa, ibid., 37, 375 (1959).
(22) M. Nagasawa, M. Izumi, and I. Kagawa, ibid., 38, 213 (1959).
(23) R. A. Mock and E. A. Marshall, ibid., 13, 263 (1954).
(24) A. Katchalsky, R. Cooper, J. Upadhyay, and A. Wassermann, 
J. Chem. Soc., 5198 (1961).
(25) F. T . Wall and M . I. Eitel, J. Am. Chem. Soc., 79, 1556 (1957).
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R , between the polyelectrolyte strands (df/dr )R =  
0 ; i .e . , the electrical force acting on an ion at the po
tential minimum is taken to be zero. The interaction 
between mobile counterions is presumed to be negligible, 
and at r =  R  the counterions are considered to behave 
ideally, their concentration being equated with their 
activity. This idealized concentration, C R, is cal
culable by

where Co is the average counterion concentration in 
the gel, a  is the radial dimension of the polyion cylinder, 
b is the distance of nearest approach of a counterion 
center to the polyion cylinder surface, X is determined 
by the linear charge density, and /3 and A  are integra
tion constants depending on X and R / ( a  +  b).

The theroretical value of C R/ C 0, identifiable as a 
single-ion activity coefficient, and the experimental 
osmotic coefficient, <pv, of linear polyelectrolytes have 
been equated to each other on a theoretical basis. 26

We have employed eq 2 to estimate the magnitude of 
the charge density parameter, X (defined by the distance 
between repeating charged groups along a polyion 
strand), at various experimental conditions. 17 In 
this approach C R/ C 0 is assigned a value of 0.4 (0.46 
in the case of NH4+ ion form) to agree with the 
value deduced for the more concentrated (monomer 
basis) polyelectrolyte systems17 encountered in this 
investigation. To facilitate this computation, the 
value of a has been taken to be 6  A  rather than 3 A 
as was assumed by Feitelson. 14 Our radial dimension 
is more reasonable for the bulky polystyrenesulfonate 
strand on the basis of molecular model examination. 
The value of b has been deduced from additive combi
nation of the bare counterion radius, and the radius 
of its hydration sphere was computed by assigning a 
volume of 30 A 3 to each attached water molecule. 
The method for estimating average hydration numbers 
for a particular counterion at various polyelectrolyte 
concentrations (expressed on a monomer basis) has 
been described in an earlier article. 17

A c tiv ity  Coefficient R a tio  o f  C ou nterion s in  Gel. 
B y having normalized the binding properties of the 
various counterion forms of the polyelectrolyte in the 
above manner, we are able to evaluate the interaction 
of a particular ion, denoted as ion 1 , in the polyelec- 
trolyte gel whose thermodynamic properties are 
wholly determined by ion 2. The first term of eq 1 
becomes calculable by using eq 3, derived earlier by 
Feitelson. 14

71 =

72

cot |/3|(ln A  +  In R )  — cot |/3)[In A  +  In (a +  &2)] 
cot |/3|(ln A  +  In R ) —  cot |/3| [In A  +  In (a +  &i)]

(3)

where parameters /3, A ,  and R  are determined by ion 2 .
In this approach the relative distribution of both ions 

between gel and solution in the region between b2 and 
R  will be the same since the same electrical potential 
difference acts on both. The average concentration 
ratios of the two ions will differ, however, since only 
the smaller ion is able to penetrate the region between 
6 i and b2 where a particularly high electrical potential 
exists. Thus on a purely electrostatic basis a given 
gel will absorb preferentially the smaller counterions.

P re ss u r e -V o lu m e  E ffects in  G el. The method for 
evaluation of the third term in eq 1 has been described 
by Gregor. 3 ’4 The internal pressure it at each situation 
is deduced from the osmotic behavior of each counter
ion form of the essentially unrestrained exchanger. 
The water activity at a given monomer molality is 
defined by

(ppWlm
—In dw (4)

where

In a y? In aw +
( x  —  t ) V w

R T
(5)

for the cross-linked exchanger at its experimental 
molality. The (if — x)(Fi — V 2) / R T  term of eq 1 
is thus made available by using the bare ion volume 
and a 30-A3 volume for each molecule of bound water 
as described earlier.

Test of Selectivity Equation

When the terms in eq 1 are computed as described 
above, it is discovered that the selectivity predictions 
are in agreement with experimental observations in 
only one system (Cs+-Na+). The logarithm of the 
ratio of selectivities at different cross-linking values 
of the exchanger

X i 2( X D V B )

° S  X i 2( Y D V B )

is quite accurately predicted in most instances, however, 
to indicate that the discrepancy in each calculated 
value is by a constant logarithmic factor. The in-

(26) A. Katchalsky, Z. Alexandrowicz, and O. Kedem in “ Chemical 
Physics of Ionic Solutions,”  B. E. Conway and R. G. Barradas, Ed., 
John Wiley and Sons, Inc., New York, N. Y ., 1966.
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Table I : Computation of Ion-Exchange Selectivity in Cross-Linked Polystyrenesulfonate Systems

Trace % -----------K ,*■
System ion DVB A v hydration no. (h) Log ( V ? 0 V-AV/2.ZRT A Calcd Exptl

Na-K9 K 2 — 6 . 0 hK = 2 . 0 0 . 2 2 2 0 . 0 2 0 -0 .128 1.30 1.30
4 5.8 2 . 0 0.248 0.050 1.48 1.49
8 4.7 1.8 0.292 0.075 1.74 1.71

1 2 3.9 1.8 0.289 0.103 1 . 8 8 1.95
Na-K9 Na 2 f e a  = 6 . 0 Hr  — 2 . 0 0.157 0.024 -0 .12 8 1.13 1.17

4 5.8 2 . 0 0.182 0.036 1.23 1.29
8 4.7 1 . 8 0.252 0.060 1.53 1.37

1 2 3.8 1.8 0.243 0.064 1.51 1.47
16 3.5 1.8 0.204 0.077 1.56 1.51

Na-Cs8 Cs 2 ^ N a = 6 . 0 hcs = 1 . 8 0.214 0.014 0 . 0 1.69 1.70
4 5.8 1 . 8 0.244 0.041 1.92 1.95
8 4.7 1.5 0.292 0 . 1 0 2 2.47 2.45

1 2 3.9 1.5 0.315 0.154 2.94 2.95
Na-NH,18 Na 2 l?Na =  6 . 0 a  NH4 = 4.0 0.060 0.009 -0 .0 5 1.04 1.12

4 5.8 3.5 0.084 0.026 1.15 1.17
8 4.75 3.0 0.142 0.048 1.38 1.25

12 3.9 2.6 0.124 0.050 1.33 1.39
16 3.7 2.6 0.136 0.049 1.36 1.46

H-Na9 Na 2 Ti e  — 14 a — 6 . 0 0.183 0.026 -0 .197 1.03 1 . 0 2

4 1 2 6 . 0 0.213 0.0846 1.26 1 . 1 0

8 8.3 5.25 0.190 0.142 1.37 1.38
H-Na8 H 2 He . —  13 =  6 . 0 0.179 0.033 -0 .197 1.03 1 . 1 0

4 10.7 5.8 0.180 0.066 1 . 1 2 1.16
8 6 . 8 4.7 0.181 0.084 1.17 1 . 2 0

1 2 5.2 3.9 0.178 0.081 1.15 1.13
H-CsJ0 Cs 2 Ti e  =  14 he* =  1 . 8 0.438 0.038 -0 .197 1.90 1.92

4 12 1.8 0.584 0.136 3.32 3.26
Na-TMA“ TMA 2 &Na =  6 . 0 h-TMA =  7.7 -0 .108 -0 .017 +0.255 1.34 1.34

4 5.8 7.7 -0 .140 -0.051 1.16 1.23
8 4.7 5.9 - 0 . 2 2 2 - 0 . 1 0 1 0.86 0.92

H-K° H 4 £h =  10.8 hK =  2.0 0.342 0.084 -0 .325 1.26 1.23
Na-Cs10 Na 2 Âcs = 1.8 fera — 5.7 0.125 0.024 0 1.41 1.36

“ A. Schwarz and G. E. Boyd, J. Phys. Chem., 69, 4268 (1965). b O. D. Bonner, ibid., 58, 318 (1954).

sertion of a constant term (A) to characterize each pair 
of counterions does indeed provide the desired correla
tion between computation and experiment in these 
cases. This parameter is independent of the monomer- 
based concentration of the cross-linked polyelectrolyte 
and remains unaffected for a given pair of ions by the 
identity of the potential determining counterion. 
There is an additive relationship between the param
eter for the different systems so that, once the charac
teristic term for each pair of cations in the sequence 
of monovalent counterion species considered is known, 
the terms for various different combinations of pairs 
of counterions can be calculated.

For those systems in which the two exchanging 
counterions are characterized by sizable differences 
in hydration behavior, the concept of hydration dis
turbance of the trace ion needs to be introduced as 
well (usually only for the more highly cross-linked 
systems) to preserve effective correlation between com

putation and experimental observation. In addition, 
the ion-exchange behavior of Li+ is anomalous and a 
second parameter, B ,  which is multiplied by the 
monomer-based concentration of the cross-linked ion- 
exchange resin, m m, is needed in the selectivity compu
tation for all L i+-M+ion-exchange reactions.

The several observations with regard to the appli
cability of our approach for the prediction of ion- 
exchange selectivity that are summarized above are 
examined separately in the Tables I-IY . The cal
culated and observed ion-exchange selectivities (taken 
from the literature) are given in each table together 
with the important terms employed in the computa
tions. Those systems in which the constant parameter 
provides good correlation between predicted and ex
perimental selectivity values are cataloged in Table I. 
Table II lists those systems in which minor adjustment 
for hydration disturbance is required as well. In 
Table III we have presented those systems in which a
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Table II : Computation of Ion-Exchange Selectivity in Cross-Linked Polystyrenesulfonate Systems
(Minor Hydration Disturbance)

H y d r a t i o n  d i s t u r b a n c e  

✓ --------- o f  t r a c e  i o n ---------- •

Trace % Ah, A (a +  6), Log t AV/ ------- Kv
System ion D V B Av hydration no. (h ) mole A (V?2) 2.3 R T A Calcd Exptl

Na-K6 K 16 /¿Na — 3 .55 flR = 1.5 - 0 . 3 - 0 . 1 2 5 0.301 0.153 - 0 . 1 2 8 2.12 2 .12

24 2.9 1.5 - 0 . 3 - 0 . 1 2 5 0.342 0.196 2 .56 2 .76

Na-K6 Na 24 /¿Na =  2 .7 hK = 1.8 - 0 . 2 - 0 . 0 6 0.196 0.062 - 0 . 1 2 8 1.35 1.30

Na-Cs6 Cs 16 /¿N a ”  3.55 hcs = 1.3 - 0 . 2 - 0 . 0 3 5 0.327 0.156 0 .0 3.11 3.17

24 2.9 1.2 - 0 . 3 - 0 . 0 6 0.356 0.184 3 .46

Na-NHP0 Na 24 hNa ^  3.5 ^NH4 = 2 .6 + 0 . 3 + 0 . 0 8 0.130 0.052 - 0 . 0 5 1.35 1.33

NH4-C s10 Cs 2 ham  =  4 .0 he» = 2 .0 + 0 . 2 + 0 . 0 8 0.074 0.010 + 0 . 0 5 1.36 1.36

4 3.5 2 .0 +  0 .2 +  0.08 0.096 0.026 1.48 1.50

8 3 .0 1.8 + 0 . 3 +  0.10 0.134 0.040 1.67 1.57

12 2.6 1.8 + 0 . 3 +  0.10 0.142 0.049 1.74 1.74

16 2 .6 1.8 + 0 . 3 +  0.10 0.142 0.050 1.74 1.78

K-Cs10 Cs 2 hK =  2 .0 hci = 2 .0 +  0.2 + 0 . 0 8 - 0 . 0 2 0 - 0 . 0 0 3 + 0 .1 2 8 1.27 1.14

4 2 .0 2 .0 + 0 . 2 +  0.08 - 0 . 0 2 4 - 0 . 0 0 4 1.25 1.18

8 1.8 1.8 +  0.3 +  0.10 - 0 . 0 3 0 - 0 . 0 0 6 1.23 1.21

12 1.8 1.8 +  0.3 + 0 . 1 0 -0 . 0 5 1 -0 . 0 1 1 1.16 1.22

16 1.8 1.8 +  0 .3 + 0 . 1 0 - 0 . 0 4 4 - 0 . 0 1 4 1.17 1.31

H-Na6 H 16 hs  =  4.25 fzNa = 3.55 - 0 . 3 - 0 . 0 7 0.080 0.051 - 0 . 1 9 7 0.85 0.81

24 3.1 2 .9 - 0 . 3 - 0 . 0 7 0.036 0.018 0.72 0 .69

Table III : Computation of Ion-Exchange Selectivity in Cross-Linked Polystyrenesulfonate Systems
(Major Hydration Disturbance)

H y d r a t i o n  d i s t u r b a n c e  

--------------o f  t r a c e  i o n ---------------

T r a c e % Ah, A  ( a  + b ), L o g ttAV/ ,----------------

S y s t e m i o n  D V B A v  h y d r a t i o n  n o .  (h) m o l e A (VL) 2 . 3  R T A C a l c d E x p t l

H-Na6 Na 12 h n  = 6.2 /¿Na — 3.75 - 0 .6 -0 .1 6 0.254 0.222 -0 .197 1.90 1.95
16 5.75 3.3 -0 .8 -0 .2 1 0.281 0.265 2.20 2.23
24 4.5 1.8 -1 .7 -0 .5 6 0.498 0.467 5.85 6.38

H-Cs10 Cs 8 /¿a ~  8.3 /¿Cs = 1 0 -0 .5 -0 .2 2 0.752 0.294 -0 .197 7.05 6.92
12 6.2 0.5 - 1 . 0 -0 .4 4 0.912 0.274 15.3 15.15
16 5.75 0.4 -1 .1 -0 .5 5 1.053 0.470 20.2 22.6
24 4.5 0.1 -1 .4 -0 .7 5 1.522 0.726 89.1 92.2

H-K“ K 4 h n  = 12 h K  = 3.0 +  1.0 +0.34 0.421 0.123 -0 .325 1.66 1.78
8 8.3 2.5 + 0 .7 +  0.25 0.454 0.243 2.36 2.5

16 5.75 1.0 -0 .5 -0 .3 3 0.754 0 . 4 3 5 7.3 7.6
Na-TMA6 Na 2 / ¿ N a  —  4 . 0 /¿TMA ”  7.66 -2 .0 -0 .4 3 -0 .2 0 -0 .053 +0.255 1.0 0.94

4 4.0 6.35 -0 .9 -0 .1 7 -0 .272 -0 .189 0.62 0.60
8 4.0 6.0 -0 .7 -0 .1 5 -0 .294 -0 .216 0.54 0.48

Na-Cs10 Na 4 /¿ C s  —  1 . 8 /¿ N a  =  4.0 -1 .3 -0 .3 1 0.108 0.023 0.0 1.35 1.33
8 1.5 3.3 - 1 . 0 -0 .2 6 0.111 0.026 1.37

12 1.5 3.0 -0 .7 -0 .2 0 0.100 0.027 1.34 1.26
16 1.5 2.7 -0 .5 -0 .1 7 0.131 0.022 1.42 1.37

a See footnote 6, Table I. 6See footnote o, Table I.

significant addition or removal of water about the 
trace counterion needs to be assumed in the compu
tation of selectivity. Finally the LÌ+-M+ systems, 
whose selectivity behavior is predicted only after 
further modification of the selectivity equation by the 
addition of the Bm.ln term, are listed in Table IV.

A detailed itemization of all approximations that need 
to be introduced to correlate selectivity behavior with 
experimental observation is also included in this table.

Discussion

The fact that the effect of cross-linking on the ion-

The Journal of Physical Chemistry



Prediction of Ion-Exchange Selectivity 1577

Table IV : Computation of Ion-Exchange Selectivity in Cross-Linked Polystyrenesulfonate Systems 
(Li+-M + Exchange Reactions)

Hydration disturbance 
/■------ of trace ion--------

Trace % Ah, A(o +  b), Log tAV/ B m m ,--------------K.«------------ -
System ion D VB Av hydration no. (h) mole A (V ? » ) 2 .3 R T A (B  = 0.05) Calcd Exptl

Li-Na6 Na 2

COII’*3 ÄNa =  6 0 0 0 .1 9 2 0 .0 61 - 0 . 2 8 4 0 .0 9 1 .1 2 1 .1 2
4 10 5 .5 5 0 0 0 .1 9 8 0 .0 81 0 .1 4 1 .3 6 1 .4 0
8 7 .0 4 .9 0 0 0 .1 5 6 0 .0 9 3 0 .2 5 5 1 .6 6 1 .7 2

12 5 .2 4 .1 0 0 0 .1 3 0 0 .091 0 .3 8 6 2 .1 0 2 .1 5
16 4 .8 5 3 .9 0 0 0.111 0 .0 9 0 0 .4 2 2 2 .1 9 2 .4 0
24 3 .5 5 3 .1 0 0 0 .0 8 6 0 .0 6 3 0 .6 2 2 3 .0 6 3 .2 5

Li-Na6 Li 2 hu =  11 .2 ÄNa =  6 .0 0 0 0 .1 4 4 0 .0 4 0 - 0 . 2 8 4 0 .1 0 0 1 .0 0 1 .0 8
4 1 1 .6 5 .8 0 0 0 .2 0 3 0 .0 7 7 0 .1 5 1 1 .4 0 1 .4 8
8 7 .0 4 .7 + 0 . 7 +  0 .2 1 0 .1 8 7 0 .0 8 2 0 .2 9 9 1 .9 2 1 .89

12 4 .8 3 .8 5 0 0 0 .1 1 2 0 .0 52 0 .4 3 3 2 .0 5 2 .0 0
16 3 .9 5 3 .5 5 - 0 . 2 5 - 0 . 0 7 0 .0 3 8 0 .0 2 2 0 .5 0 5 1 .9 1 1 .9 0
24 2 .7 2 .9 - 0 . 5 - 0 . 1 8 - 0 . 0 9 6 - 0 . 0 5 7 0 .7 0 0 1 .83 1 .9 0

Li-Cs10 Cs 2 h i  =  13 Äcs =  1 .8 0 0 0 .4 9 4 0 .0 8 7 - 0 . 2 8 4 0 .0 9 0 2 .4 4 2 .6 3
4 10 1 .1 - 0 . 7 - 0 . 2 8 0 .6 3 4 0 .1 5 0 0 .1 4 0 4 .3 6 4 .4 8
8 7 .0 0 .6 - 0 . 9 - 0 . 4 2 0 .7 9 2 0 .2 6 3 0 .2 5 5 1 0 .6 1 0 .4 6

12 5 .2 0 .5 - : . o - 0 . 4 8 0 .8 0 4 0 .3 5 2 0 .3 8 6 18 .1 2 0 .4
16 4 .8 5 0 .2 5 - 1 . 2 5 - 0 . 6 4 1 .016 0 .4 0 6 0 .4 2 2 3 6 .2 4 1 .7
24 3 .5 6 0 - 1 . 5 - 0 . 8 3 1 .343 0 .4 8 8 0 .6 2 2 147 132

H-Li“ Li 4 h  =  12 h i -  12 + 0 . 9 0 .1 2 0 .0 0 0 0 .0 0 0 +  0 .0 8 7 - 0 . 1 2 0 0 .9 2 5
8 8 .3 7 .5 0.0 0.0 +  0 .0 4 4 + 0 .0 3 4 - 0 . 2 2 9 0 .8 6 0 .7 6

16 5 .7 5 5 .2 5 0.0 0.0 + 0 .1 0 4 + 0 .0 7 0 - 0 . 3 8 0 0 .7 7 0 .7 6

° See footnote b, Table I.

exchange selectivity behavior of most of the ion-ex- 
change systems considered can be predicted quanti
tatively up to about 1 2 %  cross-linking when the selec
tivity behavior at one cross-linking value is known is 
believed to be highly significant. This result is strongly 
suggestive that the model that is employed to facilitate 
these computations is meaningful. The need to resort 
to the hypothesis of hydration disturbance of the trace 
ion at high cross-linking values of the ion-exchange 
resin to facilitate correlation of computed selectivity 
coefficients with experimental observation is therefore 
believed not to be a failure of the model. We feel, 
instead, that it may be a reasonable estimate of the 
situation that exists in these highly condensed systems. 
Valid additional insight with regard to the factors in
fluencing selectivity may thus be derived from this 
manner of approach.

There is support in the literature for this type of be
havior. In the qualitative analysis of ion-exchange 
selectivity by Diamond and Whitney, 27' 28 for example, 
a complicated competition for macroion and solvent is 
considered to dominate the ion-exchange process. 
Our judgment with regard to hydration disturbance 
and hydration is thus in agreement with their quali
tative diagnosis of the ion-exchange phenomenon.

The need for a constant A  parameter to provide

quantitative estimate of selectivity can also be ration
alized. In the development of the polyelectrolyte 
approach for the estimate of the log (7 1 / 7 2 ) term it was 
presumed that the relative distribution of a pair of 
competing counterions between b2 and R  is the same 
since the identical electrical potential difference acts 
on both in this region. The difference in the average 
concentration ratios of the two counterions was con
sidered to be attributable to the fact that only the 
smaller hydrated counterion is able to penetrate the 
region between bi and b2 where a particularly high 
potential exists.

There has been in this estimate of the situation no 
consideration given, to the effect of counterion on water 
structure in the highly ordered region29,30 of immobilized 
counterions where t\p >  k T . It is quite conceivable, 
for example, that the ability of an ion to fit in this highly 
ordered solvent region will have a noticeable effect on

(27) D. Whitney and R. Diamond, Inorg. Chem., 2, 1284 (1963); 
J. Inorg. Nucl. Chem., 27, 219 (1965).
(28) R. Diamond and D. Whitney, “ Ion-Exchange,”  Vol. I, J. A. 
Marinsky, Ed., Marcel Dekker, Inc., New York, N. Y ., 1966, Chapter 
7.
(29) H. S. Frank and W. Y. Wen, Discussions Faraday Soc., 24, 
133 (1957).
(30) R. L. Kay and D. F. Evans, J. Phys. Chem., 70, 2325 (1966).
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its distribution in the high-potential region in the 
neighborhood of the polyion strand. One can also 
expect that hydrogen-bonding effects will be operative 
as well in the case of the NH4+ and H + ions to favor 
selective behavior.

Two opposing factors apparently operate in de
termining the arrangement of ion species in the ordered 
solvent. A large disruptive ion which effectively 
disturbs the solvent structure operates to oppose the 
preferred arrangement of a second ion which for the 
benefit of this argument will be considered to be 
weakly ordering in its interaction with solvent (e.g ., 
Cs+ and K+). On this basis there will be a predilection 
toward disorder, and the order-disturbing ion will 
assume a preferred distribution in the region bounded 
by 62 and the radial dimension at which tp  = If, 
however, the second ion is strongly ordering (e .g ., 
H+), it must overcome the opposing disordering effect 
thereby leading to its preferred distribution. The 
relative magnitude of A  characterizing each ion is thus 
qualitatively explained. This type of behavior should 
be concentration independent as well since the highly 
ordered region near each polyion strand is essentially 
invariant.

If we examine the relative magnitude of A  parame
ters for the various systems, we can assign a character
istic A  value to each counterion species. Such an 
analysis results in the values listed for each ion in 
Table V.

Table V : Value of A  Parameter Characterizing Univalent Ion

Ion

Bare ionic 
radius X  108, 

cm A

K + 1 . 3 3 0 . 0

n h 4+ 1.48 -0 .078
Cs+ 1.69 -0 .128
Na+ 0.97 -0 .128
H + 0.33 -0 .325
TMA+ 2.44 -0 .383
Li+ 0.60 -0 .412

It seems a reasonable postulate that the A  term origi
nates as a result of the neglect in the model of counter
ion selectivity arising from the different character
istic assembly behavior of each ion in the highly or
dered water structure that exists in the high-potential 
region of each polyion strand.

The anomalous behavior of Li is not easily resolved. 
There is no immediately obvious explanation for the 
observed reduction (B m m = +0.05mm) of the preferred 
arrangement of Li+ ion (A  = —0.412) in the highly 
ordered zone of the polyelectrolyte as its concentra
tion, on a monomer basis, increases.
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Vapor-Phase Absorption Characteristics of Iron (III) Bromide and 

Iron (III) Chloride in the Ultraviolet-Visible Region

by J. D. Christian and N. W. Gregory

Department of Chemistry, University of Washington, Seattle, Washington 98105 (Received March 28, 1988)

The vapor-phase absorptions of iron(III) bromide and iron (III) chloride in the interval 
200-750 m/i and at temperatures between 200 and 450° have been observed. The dimers 
appear to be the principal absorbing species and exhibit double maxima in this interval. 
Absorptivities have been assigned for Fe2Br6 between 350 and 750 m¡i.

We have been interested in using the vapor-phase 
absorption of light to measure the concentrations of 
certain species involved in vaporization equilibria and 
hence to determine equilibrium constants and thermo
dynamic properties for the associated reactions. In 
this paper absorption characteristics of gaseous iron-
(III) bromide and iron(III) chloride are reported. No 
previous account of the ultraviolet-visible absorption 
spectra for these substances has been found in the litera
ture.

Experimental Section

Absorption measurements were made with a Beck
man DU spectrophotometer. The furnace compart
ment and quartz cells (5-cm path length) have been 
described elsewhere. 1 Iron (III) bromide vapor was 
generated in two ways: by reaction of bromine with 
FeBr2 and by reaction of HBr with Fe20 3. FeBr2 is 
not significantly volatile in the temperature range of 
interest. 2 Two independent FeBr2-B r2 samples were 
prepared. For sample 1, Merck reagent grade iron 
wire (minimum 99.8% Fe) and bromine were intro
duced into the absorption cell. To avoid contact of 
bromine with stopcock grease, a sample was released 
by heating CuBr2 in a closed Pyrex system and col
lected and sealed in a thin-walled Pyrex capillary tube. 
The capillary tube was subsequently broken (by drop
ping a glass encased iron weight) in an arm attached to 
the evacuated cell assembly. The cell, with the bro
mine frozen in, was sealed off; after warming to room 
temperature, reaction of bromine and iron was initiated 
by gentle flaming. For sample 2 , FeBr2 was formed in 
a reaction vessel adjacent to the cell and then a suf

ficient quantity vacuum sublimed into the cell. The 
necessary bromine was frozen in with liquid nitrogen 
before the cell was sealed off.

Two independent Fe20 3-H Br mixtures were also 
prepared. To obtain iron(III) oxide, Fe(OH) 3 was 
prepared by reaction of a solution of Baker’s Analyzed 
reagent grade FeCl3 -6H20 with NH4OH; the pre
cipitate was washed, dried at 120° for 24 hr, and heated 
in a muffle furnace around 1050° for 4 hr to form a -  
Fe20 3. Analysis gave 70.2% Fe (expected 69.64%); 
X-ray powder patterns confirmed the structure as 
that of a-Fe203. HBr (Matheson) was introduced into 
a dry, evacuated storage bulb. The sample was puri
fied in several cycles in which the HBr was vacuum 
distilled from Dry Ice to liquid nitrogen traps. A 
sample of the vapor in equilibrium with the liquid at 
— 78° vapor pressure 411 torr) was isolated in a cali
brated volume at a measured pressure and transferred 
to an absorption cell containing Fe20 3.

FeCl3 was prepared by treating Merck reagent grade 
iron wire (minimum 99.8% Fe) with chlorine (Mathe
son) at 300°. The chlorine was previously isolated by 
freezing out a sample in a liquid nitrogen cooled trap 
and alternately pumping (1 0 - 6  torr) and vacuum dis
tilling (from Dry Ice) several times. Crystals of FeCl3 

were transferred in a nitrogen-filled drybox to a finger 
which was part of the absorption cell assembly. After 
evacuation, sufficient chlorine was added to prevent 
significant decomposition of the vapor. The desired

(1) See the Ph.D. Thesis of J. D. Christian, University of Washing
ton, 1965. University Microfilm Pub. 66-5850; Ann Arbor, Mich.
(2) See, for example, the “ JANAF Thermochemical Tables,”  The 
Dow Chemical Co., Midland, Mich.
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amount of ferric chloride was vaporized into the cell 
by heating the isolated assembly in a drying oven to a 
temperature which gave the appropriate vapor pres
sure. The cell itself was held ca. 15° above the finger 
containing the excess solid to prevent condensation 
of solid in the cell. The vapor-filled cell was sealed 
off with an electrical heating element while the as
sembly was in the oven. One sample was prepared 
by direct reaction of a measured amount of iron with 
an excess of chlorine inside a sealed cell. In this case 
the chlorine was obtained by thermal decomposition 
of anhydrous cupric chloride.

The quantity of chlorine in the cells was determined 
from absorbance measurements at room temperature. 
The molar absorptivities reported by Gibson and 
Bayliss3 were used to calculate the concentration of 
chlorine and to evaluate its contribution to the total 
absorbance at higher temperatures.

Results and Discussion

Earlier equilibrium studies4 indicate that the vapor 
of iron(III) bromide is a mixture of FeBr3(g) and Fe2- 
Br6(g), with the dimer the major component in the 
temperature and pressure range of the present work. 
Ktorr — P i a / P d is ca. 1 0 ~ 5 6 at 2 0 0 ° and increases to ca. 
0.6 at 446°. These species are stable only in the pres
ence of significant partial pressures of bromine. The 
bromine decomposition pressure above FeBr3(s) reaches 
1 atm around 140°.5 In the present study bromine 
pressures were small enough so that FeBr3(s) was not 
present above 80°; the relative pressures of Br2 and 
Fe2Br6 were determined by the equilibrium

2FeBr2(s) +  Br2(g) = Fe2Br6(g) (1)

Equilibrium constants reported in the earlier study4 

led to the equation

log CPFeWPBr,) = -472771- 1 -

5 log T  +  19.770 (2)

where a value of ACP° for eq 1 of — 10 cal deg- 1  has 
been assumed. Although the effect of ACV° is small 
and was neglected in the earlier study, its inclusion 
in the present work was found to improve the cor
relation of the absorption data. Equation 2 indicates 
that the concentration of Fe2Br6 is only 5 X 10“ 4 that 
of Br2 at 200°, rising to ca. 5 X 10“ 3 that of Br2 at 300°.

Our spectrophotometric observations are consistent 
with the conclusions of the earlier study if we assume 
that the absorption in the range from 350 to 750 m u  
is due to Br2 and Fe2Br6, with the two spectra over
lapping strongly. Although the concentrations of 
Fe2Br6 were not actually determined in the present 
study, an independent check of the enthalpy change for

reaction 1 can be made since the bromine concentra
tion at lower temperatures remains nearly constant and 
the variation of the molar absorptivity of Fe2Br6 with 
temperature is relatively small. The concentration of 
bromine may be closely approximated from absorb
ance measurements ca. 1 0 0 °; the effect of temperature 
on the bromine spectrum is known from bromine ab
sorptivity calibration data. 1,6 Hence, the bromine 
contribution at the various temperatures may be 
subtracted from the total absorbance to give the con
tribution to be assigned to Fe2Brfi. The enthalpy 
change for reaction 1 may then be approximated from 
the slope of plots of log where A stands for the
absorbance, vs. l / T ,  since for a constant bromine 
concentration the change in A fc.bi-s reflects the change 
in the concentration of Fe2Br6 if the temperature co
efficient of the molar absorptivity of Fe2Br6 is neglected. 
For a mean temperature of 550° K, the average value 
of AH °  from absorbance data at eight different wave
lengths between 300 and 600 mju for each of the samples 
was 15.7 ± 0.5 kcal; eq 2 gives 16.1 kcal; this agree
ment seems quite satisfactory.

A more detailed evaluation of the spectral data was 
based on the equilibrium constants predicted from eq 2  

which, together with the bromine concentrations ap
proximated by low-temperature absorbance, was used 
to calculate the apparent concentrations of Fe2Br6 and 
bromine at the various higher temperatures. The 
bromine absorbance to be expected at each of the higher 
temperatures, where the contribution of Fe2Br6 be
comes significant, was then calculated and substracted 
from the total absorbance. Approximate molar ab
sorptivities were subsequently assigned to Fe2Br6 at 
these higher temperatures and then used to predict 
the very small contribution of Fe2Br6 at the lowest 
temperatures. Subtracting this from the total ab
sorbance led to a refined value for the initial bromine 
concentrations and the procedure was repeated. 
Two iterations were sufficient. The use of the re
fined values for ApejBr, did not change the apparent 
value of AH °  for eq 1 significantly.

A further correlation was obtained between the 
results of the earlier equilibrium study4 and this work. 
The molar absorptivities calculated as described above 
were averaged over the temperature intervals and used 
to evaluate A*S° for reaction 1 from the absorbance

(3) G. E. Gibson and N. S. Bayliss, Phys. Rev., 44, 188 (1933).
(4) N. W. Gregory and R. O. MacLaren, J. Phys. Chem., 59, 110 
(1955).
(5) N. W. Gregory and B. A. Thackrey, J. Am. Chem. Soc., 72, 3176 
(1950).
(6) A. A. Passchier, J. D. Christian, and N. W. Gregory, J. Phys- 
Chem., 71, 937 (1967).
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data and the AH °  values obtained from the log A  vs. 
T ~ 1 plots

A S 0 = 2.303R  log A Fe!Br, +  (AH ° / T )  -

2.303R  log 6cbt2 — 2.30372 log iFe2Br5

where eFe!Bre is the average value of the molar absorp
tivity for Fe2Br6 over the temperature range of interest; 
b is the cell length. Thus, for each of eight wave
lengths for each sample, A S °  was calculated; an aver
age value of 16.9 ± 0.6 eu was found which compares 
favorably with 17.3 ± 0.3 eu calculated from eq 2. 
While this is not a completely independent determi
nation of AS °  for the reaction, the result indicates that 
the interpretations made in the two studies are consis
tent.

Below 100°, where the Fe2Br6 contribution was 
negligible, an extra absorbance remained which was 
quite marked at 2 0 0  m/x and which fell off at an ex
ponential rate to nothing at 380 m/x. This extra ab
sorbance was also observed at room temperature. 
Its magnitude at a given wavelength appeared to in
crease with temperature but remained constant at 
temperatures above 100°. The extra absorbance did 
not follow the HBr spectrum, 1’7 nor did it vary syste
matically with the concentration of bromine. Its 
contribution was relatively small and was subtracted 
from the total absorbance. Since this extra absorb
ance was observed at temperatures lower than 'hose 
at which the existence of appreciable amounts of any 
volatile compound of iron could reasonably be ex
pected, it was assumed to be due to a minor impurity, 
possibly a bromide of an impurity in the iron wire. 
No similar contribution was observed in studies 
of Fe203-HBr samples.

The molar absorptivities of Fe2Br6 derived are shown 
for some representative temperatures in Figure 1. 
Two maxima of nearly equal intensity, centered 
around 285 and 450 m/x, respectively, are observed. 
Both maxima decrease as the temperature is increased 
and hence they appear to be associated with the same 
species. If one peak were associated with the mono
mer and the other the dimer, the monomer peak, if 
incorrectly attributed to the dimer, should increase as 
the temperature is increased because of the associated 
increase in the degree of dissociation of the dimer. 
The molar absorptivities evaluated for Fe2Br6 show 
good consistency for the various samples at wavelengths 
between 350 and 750 m/x, see Table I. Values (Figure 
1 ) near the maxima are rather large, suggestive of a 
charge-transfer process. The apparent variation with 
temperature in the region of the maximum around 
285 m/x is appreciably larger than that near 450 m/x.

Xm/i

Figure 1. Apparent molar absorptivities at 
various wavelengths for Fe2Br6 at three temperatures.
Sample 1, FeBr2~Br2 system.

In addition, for a given temperature the calculated 
absorptivities in the short-wavelength region depend 
somewhat on the Fe2Br6 concentration; i .e . , an ap
parent deviation (10-20%) from Beer’s law is observed. 
This suggests that some other species may contribute to 
the absorption in this region, although from the marked 
variation with temperature Fe2Br6 still appears to be 
the major contributor. We have not included nu
merical values of the apparent absorptivities of Fe2- 
Br6 at the shorter wavelengths in Table I because of 
doubt as to the correct assignment. They may be 
found, along with the original absorbance data, in 
ref 1. Attempts to resolve the total absorbance into 
contributions from species such as FeBr3, Fe3Br8, 
Fe3Br9, FeOBr, etc., paired singly with Fe2Br6 in an 
equilibrium relationship, were unsuccessful.

Between 200 and 446° the reaction of Fe2Oj and HBr 
is essentially

Fe20 3(s) +  6 HBr(g) =

2FeBr2(s) +  3H20(g) +  Er2(g) (3)

Equilibrium constants for eq 3 were determined from 
absorbance data in the range 200-3250.8 In this tem
perature interval, for the small amounts of HBr in
troduced, the bromine pressure is small and the con
centration of Fe2Br6, formed concomitantly, is so 
small that error in corrections for its absorbance does 
not introduce significant error in the determination of 
Br2 and HBr concentrations. This is not true at higher

(7) J. R. Bâtes, J. O. Halford, and L. C. Anderson, J. Chem. Phys., 
3, 531 (1935); C. F. Goodeve and A. W . C. Taylor, Proc. Roy. Soc. 
(London), A152, 221 (1935); J. Romand, Ann. Phys., 4 527 (1948).
(8) J. D . Christian and N. W. Gregory, J. Phys. Chem., 71, 1583 
(1967).
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T ab le  I :  M ola r A bsorptiv ities  fo r  F e2B r6(g )  (e X  10 2 1. m ole  1 cm  I)°

F eB r2(s) +  B r2 System

■Sample 1— — ■■■ .................................................. > /■----------------------- --------------------Sample 2-
P b  =  30.0 ,------ P d =  0.289-------. '----------Pm ^ 0.043---------- . P b -  48.9 .-------- P d =  0 .47-------- . P m =  0.054

X, mu 276° 303° 332° 378° 254° 289° 324° 361°

7 0 0 .0 7 6 5 5 0 .1 3 4 4
6 5 0 .0 11 9 8 9 8 8 8 9
6 0 0 .0 17 16 16 16 13 14 15 16
5 5 0 .0 37 37 36 37 29 31 34 35
5 3 0 .0 51 49 50 51 38 45 47 48
5 1 4 .0 66 64 63 64 65 62 61 61
5 0 0 .0 81 76 77 72 79 75 74 71
4 5 0 .0 126 124 118 117 113 108 99
4 2 0 .0 101 99 96 95 88 86
4 1 6 .0 95 95 90 83 85
4 0 0 .0 78 80 73 75 72 69 69 69
3 8 0 .0 66 68 65 68 59 64 61 61
3 6 5 .0 64 68 68 69 52 61 63 78
3 5 0 .0 77 78 75 77 69 72 72 71

P b =  29.8 «-------P d =  0.286------ - Pm =  0 .042 ----------P b =■ 15.6— P d =  0.15 •---------- Pm =  0 .03---------- .
X, m/i 323° 359° 398° 324° 357° 397° 411° 446°

7 5 0 .0 2 .2 2 .3 2 .4 2 .2 2 .3 2 .7 2 .7 2 .9
7 0 0 .0 4 .0 4 .0 4 .1 3 .5 5 .0 4 .1 4 .1 4 .8
6 5 0 .0 6 .8 7 .0 7 .2 6 .3 7 .2 7 .6 7 .2 8 .1
6 0 0 .0 13 14 15 13 13 14 15 17
5 7 0 .0 23 24 24 22 22 23 24 26
5 5 0 .0 32 34 33 32 32 33 34 36
5 3 0 .0 45 46 46 45 44 45 46 50
5 1 3 .7 57 59 58 55 56 57 58 63
5 0 0 .0 71 73 70 70 68 70 71 77
4 1 6 .0 98 94 85 89 85 85 87 90
3 8 0 .5 69 68 63 63 60 61 63 68
3 7 0 .0 65 61 62 64 68

“ T h e  partial pressures (torr) o f  B r2 ( P b ), F e2B r6 ( P d ), a n d  FeBra ( P K,) are indicated fo r  each  sam ple at 325'O

temperatures, however, and for evaluation of molar 
absorptivities of Fe2Br6 between 325 and 446°, Br2 

and HBr pressures were calculated from equilibrium 
constants for eq 3 extrapolated into this range. Their 
predicted contributions to the total absorbance were 
subtracted and the remainder attributed to Fe2Br6. 
From this, the Br2 pressure and the known equilibrium 
constants for the Fe2Br6-Br2-FeBr2 system, molar ab
sorptivities were assigned to Fe2Br6. These values 
are compared with those from the FeBr2-Br2 study in 
Table I.

Iron(III) chloride also shows two absorption bands, 
centered around 243 and 361 mji, respectively. A 
representative total absorbance spectrum (at 245°) 
is presented in Figure 2. In view of the similarities 
to Fe2Br6 and because of the similar temperature 
dependences of the two maxima, both bands are believed 
to arise from the species Fe2Cl6. The concentration 
of the monomer in the chloride system is expected to

Figure 2. A bsorption  spectrum  o f  gaseous ir o n (I I I )  
chloride. Sam ple 1 at 2 4 5 °; estim ated pressure o f 
F e2C l6, 0.35 torr. T h e  absorption  o f added chlorine, 
present at ca. 2.5 torr, has been subtracted.

be only of the order of 1 %  or less than that of the 
dimer. 9’ 10 Unreasonably high molar absorptivities
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would be required of the monomer for it to give ab
sorbances of the magnitude observed. Furthermore, 
after exhaustion of the solid phase the absorbance did 
not increase rapidly with temperature, contrary to what 
would be expected if the monomer were the principal 
absorbing species.

The two peaks are very nearly equal in intensity. 
The structure of the dimer is reported to be bridgelike.11

C l C l C l

C l C l C l

Possibly the two peaks may result from electron-trans
fer processes involving halogen atoms in the two dif
ferent environments.

Only these general characteristics of the iron(III) 
chloride spectrum can be reported at this time. Three 
independent samples were studied with results in quali
tative agreement; however, the quantities of material 
in the cells were not established with the certainty 
needed to permit a meaningful evaluation of absorp- 
tivities.

A ck n ow ledgm en t. This work was supported by a 
grant from the National Science Foundation (GP 
3775) which we are pleased to acknowledge.

(9) H. Schäfer, X. Anorg. Chem., 259, 53 (1949).
(10) W. Kangro and H. Bernstorff, Z. Anorg. Allgen,. Chem., 263, 
316 (1950).
(11) E. Z. Azsorin, N. G. Rambidi, P. A. Akishin, Zh. Strukt. Khim., 
4, 910 (1963).

Equilibrium between Iron (III) Oxide and Hydrogen Bromide

by J. D. Christian and N. W. Gregory

Department of Chemistry, University of Washington, Seattle, Washington 98105 (Received March 28, 1966)

A spectrophotometric study of the equilibrium between hydrogen bromide and ferric 
oxide has been made. The standard enthalpy of formation, —59.6 kcal mole-1, and en
tropy, 33.3 cal mole-1 deg-1, of FeBr2 at 25° have been evaluated from the results.

Some time ago, a study was made in these laboratories 
of the interaction of hydrogen bromide and iron(III) 
oxide. The reaction

Fe20 3(s) +  6HBr(g) =

2FeBr2(s) +  3H20(g) +  Br2(g) (1)

appeared suitable for study as a means of determining 
the thermodynamic properties of iron(II) bromide.1 
Measured quantities of hydrogen bromide were in
troduced into a Pyrex diaphragm gauge which con
tained an excess of iron(III) oxide. The gauge was 
sealed and total pressures were measured at various 
temperatures. Equilibrium constants for eq 1 were

evaluated from P ° ,  the pressure equivalent at a 
particular temperature to the initial quantity of hy
drogen bromide added, and P t, the measured total 
pressure at that temperature.

K y  =  P * m o P Bn/ P RHBr = 2 7 P i BJ ( P °  -  6P B„ ) 6 =

(27 /16)( P °  -  P t) 4/(3 P t -  2P ° y  (2)

However, data from four independent series of measure
ments, with different values of P ° ,  did not give mutually 
consistent values of the equilibrium constant; i .e ., 
the value of K  calculated from any one series was not

(1) R. 0 . MacLaren, Ph.D. Thesis, University of Washington, 1954.
University Microfilms No. A-54-1690, Ann Arbor, Mich.
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the same (at a given temperature) as that from any 
one of the other series. However, in each series inde
pendently, the total pressures were reproducible on 
increasing and decreasing temperature sides of re
peated heating cycles. This suggested that products 
other than those expected from reaction 1 might be 
formed, but no postulated set of reactions could be 
found which would correlate the data satisfactorily.

We now report results of a spectrophotometric study 
of this system. The absorption of light by the equi
librium vapor phase at various frequencies in the ul
traviolet-visible range has been used to evaluate 
bromine and hydrogen bromide pressures. The evi
dence supports the assumption that reaction 1 is the 
one of principal importance in the temperature range 
200-325° and mutually consistent values of the equi
librium constant have been obtained in two series of 
experiments with different P °  values. Thermody
namic properties of iron(II) bromide have been eval
uated from the results and an explanation for the be
havior observed in the earlier diaphragm study is sug
gested.

Experimental Section
Ferric hydroxide was prepared by reaction of a solu

tion of Baker’s Analyzed reagent grade FeCl3-6H20 
with NH4OH; the precipitate was washed, dried at 
120° for 24 hr, and heated in a muffle furnace around 
1050° for 4 hr to form a-Fe203. Analysis gave 70.2% 
Fe (theoretical 69.64%); X-ray powder patterns con
firmed the structure as that of a-Fe203. Hydrogen 
bromide (Matheson) was purified by fractional distil
lation and introduced into an evacuated absorption 
cell containing ca. 0.5 g of finely divided ferric oxide. 
The quartz cells (path lengths 4.986 and 4.699 ± 0.01 
cm, respectively) were sealed off with a flame while the 
HBr was frozen in with liquid nitrogen. Two inde
pendent samples were studied over the temperature 
interval 147-446° with a Beckman DU spectrophotom
eter with high-temperature furnace attachment.2 3 4

A prior spectrophotometric study of bromine and 
hydrogen bromide has been made in this laboratory, 
as well as by others, and molar absorptivities established 
at temperatures between 20 and 450°.2-4 Total ab
sorbances of the vapor phase in the Fe20 3-HBr- 
filled cell were measured at ca. 5-mg intervals between 
200 and 750 mg at various temperatures. Below ISO- 
1950, the particular temperature depending on the 
amount of HBr introduced, an unidentified condensed 
phase is formed. This phase is believed to be a hy
drate of iron(III) bromide; no attempt was made to 
determine equilibrium constants when it was present. 
The temperature at which it disappeared could easily

be found from the associated marked change in the 
pressure-temperature coefficient of bromine. At higher 
temperatures, absorbance by Fe2Br6, expected in the 
reaction

2FeBr2(s) +  Br2(g) = Fe2Br6(g) (3)

was detected.5 Molar absorptivities have been as
signed to Fe2Br6 at wavelengths between 500 and 750 
mg.8 It also absorbs strongly at shorter wavelengths, 
but some deviation from Beer’s law results below 500 
mg if Fe2Br6 is assumed to be the only iron bromide 
absorbing species.

For the study of reaction 1, absorbance data between 
195 and 325° were used. In this temperature interval 
the contribution of Fe2Br6 to the total absorbance at 
wavelengths suitable for determination of the concen
trations of Br2 and HBr, respectively, was sufficiently 
small (generally <10%) that the effect of error in 
estimating its contribution at wavelengths below 500 
mg was insignificant. Data at temperatures above 
325° and in the longer wavelength interval (500-750 
mg) were discussed in another paper and used to con
firm assigned molar absorptivities to Fe2Br6.5

The partial pressures of Br2 and of HBr were eval
uated as follows. HBr does not absorb light at wave
lengths between 300 and 750 mg. Hence in this range 
the principal absorbance below 325° is due to bromine, 
although the small contribution of Fe2Br6 must be con
sidered. By the Beer-Lambert law, A  = A  b +  A  F =  

«b&Cb +  £f6Cf = b C s(fB  +  £fX 3) where the sub
scripts B and F, respectively, denote Br2 and Fe2- 
Bre, b is the path length, the C ’s are molar concentra
tions, K 3 = C f / C b , and the absorbances A  and molar 
absorptivities e are functions of wavelength. From 
values of X 3,6 « b , 2,3 and of eF , 2-5 values of C b  and C f , 

based on an average of results at various wavelengths 
between 380 and 530 mg, were found for each sample 
at each temperature. In all cases cfX 3 was small 
compared with tB.

Once the concentrations of both bromine and Fe2Br6 
were established, their contributions to the total 
absorbance in the interval 200-250 mg were evaluated

(2) For details see the Ph.D. thesis of J. D. Christian, University of 
Washington, 1965. University Microfilms Publication No. 66-5850, 
Ann Arbor, Mich.
(3) See, for example, R. G. Acton and N. S. Bayliss, Trans. Faraday 
Soc., 34, 1371 (1938); D. J. Seery and D. Britton, J. Phys. Chem., 
68 , 2263 (1964).
(4) J. R. Bates, J. O. Halford, and L. C. Anderson, J. Chem. Phys., 
3, 531 (1931); C. F. Goodeve and A. W. C. Taylor, Proc. Roy. Soc. 
(London), A152, 221 (1935); J. Romand, Ann. Phys. (Paris), 4, 566 
(1949).
(5) J. D. Christian and N. W. Gregory, J. Phys. Chem., 71, 1579 
(1967).
(6) N. W. Gregory and R. O. MacLaren, ibid., 59, 110 (1955).
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from calibration data reported earlier2’6 and subtracted 
from the total absorbance. In this wavelength in
terval their combined contribution was small compared 
with the total absorbance. The difference was at
tributed to HBr and its concentration evaluated from 
its molar absorptivity.4’6 Partial pressures were then 
calculated from the concentrations, cell volumes, and 
temperatures.

At temperatures below 195°, where the HBr pres
sure is small, evidence was observed in the 200-250- 
mp wavelength region to suggest absorption by an 
additional species. The extra absorption disappeared 
as the temperature increased, which suggested that it 
was due to some relatively unstable intermediate. 
The possibility of hydrate formation between Br2 and 
H20 may be ruled out on the basis of an independent 
study of that system.2 Results were quite satis
factory when the absorbance in this wavelength range 
was attributed solely to HBr, Br2, and Fe2Br6 in the 
temperature interval 195-325°. At these tempera
tures water pressures were assumed to be three times 
those of bromine, according to the stoichiometry of 
reaction 1. This can be justified only by the con
sistency of the results.

Results and Discussion
Partial pressures of HBr and Br2, evaluated from 

absorbance measurements, and corresponding equi
librium constants for reaction 1 are shown in Table I. 
Data from the two samples, considered independently, 
gave the same van’t Hoff slope, although the lines were 
slightly displaced from each other. The displacement 
corresponded to a difference in the entropy to be as
signed to the reaction of about 0.6 eu. The average of 
the two for the temperature interval 468-598°K gave 
the equation

— R T  In K i  = AG °  = -35,800 +  43.87' (4)

with the standard states for the gases taken as the ideal 
gas at 1 atm pressure. Use of published heat capacity 
data7'8 leads to values of —36.4 kcal mole-1 and —45.0 
cal deg-1 mole-1 for A77°298 and A$°298, respectively, 
for reaction 1. With thermodynamic constants for 
the oilier substances involved,9'10 we obtain —59.6 ±
1 kcal mole-1 and 33.3 ± 1 cal mole-1 deg-1 for the 
standard enthalpy of formation (relative to liquid 
bromine) and standard entropy of FeBr2(s) at 298.2°K. 
These values are in good agreement with enthalpy of 
formation data based on heat of solution measure
ments,11 — 58.7, and that reported by National Bureau 
of Standards Circular 500,12 —60.0 kcal mole-1, and 
the value of S ° 2 9 s = 33.6 eu found by Westrum13 from 
heat capacity measurements from 5 to 303 °K. The

Table I: Equilibrium Pressures (torr) for Reaction 1 
from Spectrophotometric Data

p o

(apparent)
°K -PBra / ’HBr at 298°K K i, torr*»

Sample 1
448.5 24.50 7.77 102.9
468.0 26.02 8.17 104.7 41.5
490.6 27.54 13.53 106.2 6.28
513.0 28.15 15.39 107.1 1.28
537.8 28.87 21.42 107.9 1.94 X 10-1
565.8 30.17 27.65 109.9 5.01 X 10-2
595.8 30.22 36.28 108.9 9.87 X 10-3

420.7 12.89
Sample 2 

3.44 57.26
443.5 13.90 4.53 59.12
477.6 14.79 7.33 59.98 8.30
509.0 15.15 11.34 59.88 6.70 X 10-1
545.0 15.26 17.60 59.71 4.93 X 10-2
569.4 15.54 20.91 59.76 1.88 X 10-2
597.4 15.35 25.94 58.90 4 91 X 10“3

close correspondence of the entropies indicates the ab
sence of significant entropy contributions below the 
range of the heat capacity measurements.

If reaction 1 is the only significant process occurring 
in the equilibrium system, the sum P u b ? +  6Pbi-, 
should equal P °  and should correspond to the fixed 
quantity of HBr initially introduced. The experi
mentally determined sum does correspond (within ex
perimental error) to a fixed quantity in the higher tem
perature range of the measurements, as can be seen 
in Table I. Average values of P ° ,  reduced to 25°, 
for samples 1 and 2 are 109.4 and 59.8 torr, respectively. 
However, the apparent values of P °  fall off noticeably, 
particularly for sample 1, as the temperature is de
creased. We suggest this apparent loss of HBr may be 
due to the adsorption of significant amounts of gas 
on the oxide surface at the lower temperatures. The

(7) N. W. Gregory and H. E. O ’Neal, J. Am. Chem. Soc., 81, 2649 
(1959).
(8) K. K. Kelley, U. S. Bureau of Mines Bulletin No. 584, U. S. 
Government Printing Office, Washington, D. C., 1960.
(9) K. K. Kelley and E. G. King, U. S. Bureau of Mines Bulletin 
No. 592, U. S. Government Printing Office, Washington, D. C., 1961.
(10) G. N. Lewis, M. Randall, K. S. Pitzer, and L. Brewer, “ Thermo
dynamics,”  2nd ed, McGraw-Hill Book Co., Inc., New York, N. Y., 
1961.
(11) J. C. M. Li and N. W. Gregory, J. Am. Chem. Soc., 74, 4670 
(1952).
(12) F. D. Rossini, et al., “ Selected Values of Chemical Thermo
dynamic Properties,”  National Bureau of Standards Circular 500, 
U. S. Government Printing Office, Washington, D. C. 1952.
(13) E. F. Westrum, Jr., University of Michigan, private communica
tion.
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Figure 1. Equilibrium pressures (diaphragm gauge) 
for the Fe203-HBr system. P °  values at 25°, based on 
quantity measured in calibrated volume and the adjusted 
values (in parentheses), are indicated for each curve.

magnitude of the quantity adsorbed depends on the 
pressure. This effect appears to be an important key 
to interpretation of the diaphragm gauge data ob
tained earlier. 1

If it is assumed that an amount of gas, proportional 
to the pressure of HBr in the diaphragm gauge, is ef
fectively removed by adsorption on the oxide surface 
at lower temperatures, values of the equilibrium con
stant consistent with the spectrophotometric study 
can be obtained. The apparent amount adsorbed 
gradually diminishes as the temperature is increased. 
Such an effect offers a plausible explanation for the 
difficulty encountered in earlier attempts to correlate 
the diaphragm gauge data; as the temperature in
creased, the total gas pressure increased, not only be
cause of a shift in the equilibrium constant according 
to reaction 1 but also by desorption of gas from the 
solid surface. The data of MacLaren will be dis
cussed briefly as the effect observed may have general 
importance in diaphragm gauge work on other similar 
systems.

The original diaphragm gauge results are shown 
graphically in Figure 1. The exponentially rising por
tion, where the total pressure is independent of the 
amount of HBr initially added to the gauge, is believed

to correspond to the decomposition of a solid hydrate 
of FeBr3. The principal species in the gas phase in 
this region are bromine and water, with only minor 
amounts of HBr. When the hydrate is exhausted, 
equilibrium gas pressures are largely determined by 
reaction 1. The four curves correspond to the four 
different initial amounts of HBr placed in the gauge; 
an excess of Fe203, ca. 1 g, was present in each case.

If equilibrium constants are calculated from eq 2 
(measured P t values were corrected for the small con
tribution of vapors of iron(III) bromide), the values 
from the four independent experiments do not agree 
with each other. Part of the difficulty may be attrib
uted to small errors in values of P ° .  The pressure 
of the HBr sample was measured in a calibrated vol
ume; it was frozen into the gauge by cooling with 
liquid oxygen. The gauge assembly was subjected to 
high vacuum (1 0 - 6  torr) for some time and then 
sealed off. A small amount of HBr may have been 
lost during this period. However, even if the value of 
P °  is “ adjusted” to give equilibrium constants in 
agreement with eq 4 at the highest temperature in each 
case (the adjusted value of P °  needed, shown in paren
theses on Figure 1, was only at most a few per cent 
less than the “ measured” value), the apparent con
stants at lower temperatures still diverge from each 
other and from those predicted by eq 4. Furthermore, 
the interpretation is seen to be invalid because at tem
peratures below the points indicated by the arrows on 
Figure 1, the total pressure measured in the gauge is 
less than two-thirds the amount of HBr initially in
troduced, which is impossible according to reaction 1 .

If eq 4 is assumed to give correct values of the equi
librium constant, the procedure can be reversed and 
the predicted value of P° at lower temperatures cal
culated from K i  and P t. This treatment was applied 
to all four sets of data. P°(calcd) was always less than

* (122) 
fi (224) 
O (303) 
D (432)

d iaphragm

•  (109) Spectrophotometric

(b o

2 .2  2.1 2.0 1.9 1.8 I.T 1.6 1.5 1.4
1000 T -1

Figure 2. Comparison of the ratio apparent quantity of HBr 
adsorbed (expressed as a pressure equivalent at each 
temperature) over the HBr pressure for the different 
samples at various temperatures. The various series 
of points are identified by their associated P °  
values shown in Figure 1 or in Table I.
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P°(adjusted), and the difference increased as the tem
perature decreased. The ratio [P°(adj) — P°(calcd)]/ 
PiiBr was found to be roughly the same (at corre
sponding temperatures) for the four experiments and 
also close to the similar ratio indicated by the present 
spectrophotometric study. Results are compared in 
Figure 2. If the surface area of the oxide is taken as 
1 m2/g, the maximum quantity of HBr assumed ad
sorbed in these calculations is found to be of the order 
of a monolayer. Although the experimental data are 
not suitable for a good quantitative measure of the 
amount adsorbed (the surface areas were not measured), 
the approximate results as well as the interaction energy

indicated by a van’t Hoff interpretation of the mean 
slope of Figure 2, 9 kcal mole-1, seem to be of reason
able magnitude for such a phenomenon.

We conclude that diaphragm gauge measurements on 
systems similar to the one currently under study may 
be significantly affected by adsorption; to ensure that 
adsorption does not introduce serious errors, equilibrium 
constants must be evaluated from data at widely vary
ing total pressures.

A ckn ow ledgm en t. This work was supported by grants 
from the National Science Foundation and the U. S. 
Army Research Office (Durham), which we acknowl
edge with thanks.
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Rate Constants for Deuterium Exchange of Trimethylamin onium

Ion in Heavy Water

by Robert J. Day and Charles N. Reilley

Department of Chemistry, University of North Carolina, Chapel Hill, North Carolina 27514 
(.Received June 27, 1966)

Rate constants for deuterium transfer in D20 solutions of trimethylammonium ion at 33° 
have been measured by proton magnetic resonance from the collapse of proton-deuterium 
coupling. The mechanisms advanced by earlier workers to describe the corresponding 
proton-transfer rates are also adequate for deuterium exchange. The rate of the direct

ki
reaction with solvent, BD+ +  D20 -*■ B +  D 30+, extrapolated to infinite dilution is 
hi = 1.08 sec- 1  while, for the symmetric reaction BD+ +  OD2 +  B B +  DOD +  DB+, 
h  = 1.12 X 108 M - 1  sec-1. The decrease of kt at high D+ concentrations interpreted by 
the mechanism B- • • (DOD)m B +  mDOD gives /cDb  = 8 . 5  X 109 sec-1. The direction 
and magnitudes of the isotope effects on the rate parameters are consistent with the postu
lated mechanisms.

Introduction
The kinetics of NH proton exchange of the methyl- 

amines have been extensively studied in aqueous solu
tion using proton magnetic resonance by following the 
collapse of the CH3-N H  proton coupling and from the 
line broadening of the H20 proton resonance. 1 - 7

The significant mechanisms of proton exchange for 
aqueous methylamine-hydrochloride salts at HC1 con
centrations in the range 1-10 - 5  M  are

R 3N+H +  H20 R3N +  H30+ (1)

R 3N+H +  NR3 - iV  R3N +  HN+R3 (2 ) 

H

RaN+H +  O-H +  NRa
H

R3N +  H -0 +  HNR3 (3) 

Reaction 1 is further delineated by the reactions7

R 3N + H - - ( H 20 )m +  H20
k-

R 3N- • -(H20 )m +  HaO+
kn

RaN- • -(HaO)«, — > R3N +  (H20 )m

where ku  is represented as the rate of “ breaking of the 
R 3N- • • (H20)m hydrogen bond,” k+ / k -  =  K \ ,  the acid 
dissociation constant, and

h  =  k + / { l  +  M H + l/fe} (5)

Because the isotope effects upon the processes involved 
in the proton exchange not only should be of interest in 
themselves but also provide an additional qualitative 
check on the mechanisms used to describe the proton 
exchange, this study of the corresponding deuterium- 
exchange kinetics was undertaken using the exchange 
collapse of deuterium-proton coupling by proton nmr 
in a manner similar to the way that proton-proton 
coupling is used for the study of proton exchange. While 
as a result of the interaction of the quadrupole moment 
of deuterium with rapidly fluctuating electric field

(1) E. Grunwald, A. Loewenstein, and S. Meiboom, J. Chem. Phys., 
27, 630 (1957).
(2) A. Loewenstein and S. Meiboom, ibid., 27, 1067 (1957).
(3) E. Grunwald, P. J. Karabatsos, R. A. Kromhout, and E. L. 
Purlee, ibid., 33, 556 (1960).
(4) M. T. Emerson, E. Grunwald, M . L. Kaplan, and R. A. Krom
hout, J. Am. Chem. Soc., 82, 6307 (1960).

(4) (5) T . M. Connor and A. Loewenstein, ibid., 83, 560 (1961).
(6) Z. Luz and S. Meiboom, J. Chem. Phys., 39, 366 (1963).
(7) E. Grunwald, J. Phys. Chem., 67, 2208, 2211 (1963).
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gradients, the deuterium T i in many chemical species 
is frequently so short that any coupling of the deuterium 
with other nuclei is relaxed, the quadrupole relaxation 
of deuterium in (CH3)3N+D is slow enough so that 
there is an observable coupling between deuterium and 
the CH3 protons4' 8 which allows deuterium-exchange 
rates to be measured by proton nmr for (CH3)3N +D in 
D20.

In the proton-exchange studies, fa and fa +  fa were 
measured using the CH3 proton resonance and fa sepa
rately from the H20 proton resonance. Studies of the 
analogous deuterium-exchange reactions for (CH3)3N • 
DC1 in D20 by proton nmr are more limited because only 
the CH3 proton spectrum may be used. While kinetic 
information may be obtained from the residual HOD 
proton resonance, the measured rate corresponds to the 
reaction

D

(CH3)3N+D +  O-H +  N(CH3) 3

D

(CH3)3N +  D -0  +  HN+(CH3) 3 (6 )

which will proceed at a somewhat greater rate than the 
reaction involving D 20. In the case of (CH3)3NHC1, it 
was found that as a result of steric effects, fa was too 
small with respect to fa  to be measurable, and it would 
be expected that this would also be the case in D 20.

Experimental Section
R eagents and S olu tions. D20 was obtained from 

Columbia Organic Chemicals Co., Inc., and was of 
99.7% isotopic purity. Other reagents were of the 
highest purity commercially available and were used 
without further purification. Solutions of DC1 in D20 
were prepared by a method similar to that described 
by Herber9 in which S03 polymer is distilled into D20 to 
produce D 2S04 after which NaCl is added, and the re
sulting DC1 is passed into D20. NaOD in D20 was 
prepared by adding reagent grade NaOH to D20. 
(CH3)3NDC1 was prepared by distilling anhydrous 
(CH3)3N into a solution of DC1 in D20 until most of 
the HC1 was neutralized, with the concentration of 
(CH3)3NDC1 being determined potentiometrically by 
AgN03 titration, correcting for the excess DC1 which 
was determined by pH titration. The solutions for the 
kinetic measurements were prepared by a method simi
lar to that used by Loewenstein and Meiboom2 in which 
two solutions of the same (CH3)3NDC1 content, one 
acidic (~0.01 F  DC1) and the other basic (~0.01 F  
NaOD), were mixed to give the desired [D + ] with the 
pD being monitored by a glass electrode standardized

with the acidic solution, using a Leeds and Northrup 
expanded-scale pH meter, while solutions with [DC1] 
greater than 0.01 M  were prepared volumetrically. Dis
solved air was not removed from the solutions because 
of the probable loss of (CH3)3N from samples of low 
[DC1] during the deaeration. The concentration of 
residual H in the solutions was measured from the ratios 
of the integrals of the HOD and (CH3)3N +D proton 
resonances by comparison with standard samples. The 
concentration of HOD varied somewhat for different 
solutions, but the variation did not appear to have any 
adverse influence. The HOD concentration was ap
proximately 0.5 M  in most cases although a few solutions 
which required somewhat longer periods of time than 
usual for preparation and were more exposed to H20 
contamination from the laboratory atmosphere con
tained up to 1 M  HOD.

Effective K A values ( K A = [(CH3)3N][D-]/[(CH 3)3- 
N+D]) were determined by the differential potentio- 
metric method. 10 Activity coefficient corrections were 
not made because, except for solutions used to deter
mine fa at high acidities, the solution conditions other 
than D+ concentration were the same for the pK  meas
urements as those for the rate measurements. To pre
vent H20 contamination from the reference electrode, 
the electrode was filled with a 1 M  KC1 solution in D 20. 
For best results, it was necessary to correct for loss of 
(CH3)3N after addition of the NaOD titrant by extrap
olating the pD readings back to the time of addi
tion. This correction was minor, normally being about 
0.01 pD unit. The precision of the pK  measurements 
is about 0.005 pK  unit, but because of possible junc
tion potential errors and other instrumental errors, the 
accuracy of the effective pK & values is thought to be 
approximately 0 . 0 2  pK  unit.

In stru m en ta l W o rk . The proton nmr spectra were re
corded with a Varian A-60 high-resolution instrument at 
the ambient temperature of the probe which was found 
to be 33.2°. To increase the stability of the instru
ment, the magnetic cooling system was made a part of a 
constant-temperature circulating system; the Fen- 
wall regulator and three-way valve originally used in 
the coolant regulating system were found to be the 
major sources of short-term stability problems. This 
instrumental modification increased the precision of 
line-width measurements from 0.1 to 0.02 cps. Peak 
heights and widths were measured directly from pre
calibrated chart paper, for which the sweep-width

(8) D. E. Leyden and C. N. Reilley, Anal. Chem., 37, 1333 (1965).
(9) R. H. Herber, Inoro■ Syn., 7, 155 (1963).
(10) A. L. Bacarella, E. Grunwald, H. P. Marshall, and E. L. Purlee, 
J. Org. Chem., 20, 747 (1955).
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calibration was checked with a side-band oscillator 
and a frequency counter. Peak integrals were meas
ured with the A-60 electronic integrator. Because the 
slowest sweep rate available was 0 . 1  cps/sec and the 
minimum useful radiofrequency field was 0.04 mgauss, 
slow passage and unsaturated conditions could not be 
strictly achieved. Therefore, the spectra were re
corded at radiofrequency fields of 0.04-0.16 mgauss 
and sweep rates of 0.1-0.5 cps/sec, and the measured 
parameters (peak to valley ratios, peak to peak ratios, 
and peak widths at half-height) were then extrapolated 
to zero radiofrequency field and zero sweep rate. In 
the case of a singlet, the excess line width caused by 
saturation for slow passage should be linearly depend
ent upon the radiofrequency field (77i) at the values 
used even in the presence of an inhomogeneous main 
magnetic field (H 0) . u  The theoretical treatment of 
Jacobsohn and Wangsness11 12 indicates that the broad
ening resulting from rapid passage is linearly dependent 
upon the sweep rate for nonsaturation conditions and a 
homogeneous H 0. However, because of the presence 
of inhomogeneities in H 0 and both sweep rate and satu
ration broadening, the correct form of the extrapola
tions to zero H i  and sweep rate are uncertain. It was 
found that plots of the line width, W \ /„  against H i  for 
a given sweep rate were linear within measurement 
error (0 .0 2  cps) and that a plot of these W i/s values 
(extrapolated to zero H i)  against sweep rate was also 
linear. In the case of a triplet, the dependencies of 
peak to peak and peak to valley ratios and peak 
to peak separations (apparent coupling constants) 
upon H i  and sweep rate are also uncertain, but it was 
found that, within the precision of the measurements, 
the same type of extrapolations to zero H i  and then 
zero sweep rate could be used. The exact values of 
H i  are uncertain because a radiofrequency voltmeter 
with a sufficient band pass (60 Me) to measure II i  was 
not available so that the H i  values had to be taken from 
the dial calibration of the A-60 radiofrequency field 
attenuator. While the values of dial calibration are 
only approximate, the relative values should be suf
ficiently accurate so that the extrapolation will, in 
fact, be to zero H j. The only available method for 
checking this was the use of a spectrum which had 
several measurable parameters, each exhibiting differ
ent dependencies upon H i  to see if the corrections 
agreed. For the CH3 proton triplet, the two pairs of 
center-peak to outer-peak ratios and outer-peak to 
valley ratios are affected differently by H i  because, 
during the course of sweeping through the triplet, the 
portion occurring earlier in the sweep is saturated less 
than that later in the sweep. Hence, if the extrapola
tion to zero radiofrequency field is not correct, the two

values will not agree. It was found in most cases, 
however, that within the precision of the extrapola
tion, the two values agreed for both pairs.

Kinetic Measurements
Of the several available theoretical treatments upon 

which the calculation of the shape of the CH3 proton 
resonance as a function of the deuterium exchange 
rate may be based, the most convenient is the equa
tion derived by Sack13 for a symmetric triplet

7(o>) ~

p(52 +  9 p2 +  18 p p "  +  co2) +  2 p " u 2 

co2(52 -  a>2) 2 +  4p254 +  co252p(4p" -  lOp) +
a>2p2(3 p +  6 p " ) 2 +  co4(10p2 +  4pp" +  4 p "2) (7)

where 7(co) is the intensity, co is the frequency (sec-1) 
measured from the center of the triplet, 8 is the deu
terium-proton coupling constant (sec-1), p is the spin 
transition probability of deuterium for 7 = 0 I  — 
± 1 , and p "  is the deuterium spin transition prob
ability, 7 = 1 ^ 7  = — 1. For chemical exchange, 
the probabilities of the incoming deuterium being in 
any given spin state are equal so that p = p ”  and the 
contribution of chemical exchange to p and p "  is equal 
to 2/3R, where R  is the rate constant for deuterium 
exchange, {l/[(CH*)»N+D]}{d[(CH,),N+D]/di}. The 
factor of 2/ 3 arises because, in one-third of the exchanges, 
the incoming deuterium will be in the same spin state 
as the previous deuterium so that there will be no effect 
on the spectrum. For quadrupole relaxation, p "  =  
2 p , 14 so that the complete transition probabilities are

v  =  h  +  v "  = \ r  +  -  (8)
O  T Q  6  T  Q

where 1 / tq represents the quadrupole transition prob
ability. The relationship p and p "  to the deuterium 
T i is given b y : 14 [ l / T i ]  =  p  +  2p".

Sack’s equation is not completely adequate to de
scribe real spectra because it involves only the spin 
interchange of the deuterium nuclei and does not take 
into account magnetic field inhomogeneities or relaxa
tion effects of the CH3 protons. In addition, the treat
ment is valid only when the deuterium-proton coupling 
constant and the transition probabilities are small 
compared to the difference in the resonance frequencies 
of deuterium and the CH3 protons. Obviously, these

(11) A. L. Van Geet and D. N. Hume, Anal. Chem., 37, 979 (1965).
(12) B. A. Jacobsohn and R. K. Wangsness, Phys. Rev., 73, 942 
(1948).
(13) R. A. Sack, Mol. Phys., 1, 163 (1958).
(14) J. A. Pople, W. G. Schneider, and H. J. Bernstein, “ High 
Resolution Nuclear Magnetic Resonance,”  McGraw-Hill Book Co., 
Inc., New York, N. Y ., 1959.
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criteria are satisfied in the present case even for rates 
much larger than those required to collapse completely 
the coupling within the resolution of the nmr spectrom
eter.

The usual method of including the additional broad
ening by relaxation and inhomogeneity effects in the 
GMS15 and similar theories is to insert a phenomeno
logical factor, 1/7Y, into the theoretical equations, TV 
representing an effective transverse relaxation time in 
the absence of exchange so that field inhomogeneity 
is treated as if it were a relaxation process. The 
treatment of Sack could be modified in a similar manner 
by inserting a 1/7V factor into the original matrix 
equation and rederiving the above equation or using the 
matrix equation directly. However, in the present 
case, the transverse relaxation time for the CH3 proton 
resonance is long ( > 1 0  sec) compared to the resolution 
of the nmr instrument (0.24 cps or 1.3 sec). The reso
lution is determined by inhomogeneity broadening 
which arises because there is a distribution of magnetic 
fields in the volume of the sample and, hence, a dis
tribution of resonant frequencies. Therefore, because 
the major portion of the nonkinetic broadening of the 
CH3 proton spectrum is caused by this distribution, 
it should be possible to account phenomenologically 
for these effects by taking a theoretical spectrum 
calculated from Sack’s equation and then applying a 
shaping procedure that will reproduce the distribution 
of frequencies in the actual spectrum. The major 
defect of this method is that the shape of the field 
inhomogeneity distribution must be known accurately, 
and it is difficult to measure this distribution because 
with any spectrum in which the line shape is deter
mined chiefly by the field inhomogeneity, the spectrum is 
so distorted by sweep rate effects that the line shape 
cannot be determined. While the lorentzian-shape 
function is normally used for field inhomogeneity, the 
shape of the magnetic field distribution will not neces
sarily follow any specific function and may vary from 
magnet to magnet. In addition, the field shape for a 
given magnet will depend upon the adjustments of the 
homogeneity controls of the magnet. This is demon
strated for the instrument used in this study by the 
fact that when one or more of the homogeneity con
trols are deliberately changed from the most homoge
neous settings, the shape of a sharp line becomes very 
distorted and does not fit any simple distribution func
tion.

Tiers16 used the ratios of observed peak widths to the 
theoretical lorentzian peak widths at various fractions 
of the peak height as a function of sweep rate as the 
basis of an argument that the lorentzian shape was 
adequate for A-60 spectra, but a lorentzian peak with

additional gaussian broadening or a similar shape will 
also exhibit a similar effect, and the differences in 
the actual ratio values are not enough greater than the 
precision of the measurements to provide a sensitive 
test between different shapes.

For the present case, the most sensitive test of the 
shaping distribution is provided by the peak to valley 
and peak to peak ratios (corrected to zero radiofre
quency field and sweep rate) of the CH3 proton spectrum 
of (CH3)3N+D at slow deuterium exchange rates. 
After proper adjustment of the various parameters, 
a gaussian shaping distribution gives calculated 
ratios which agree with the measured ratios within the 
precision of the ratio measurements at all DC1 concen
trations for which accurate measurements can be made, 
while with a lorentzian shaping function, a satisfactory 
fit cannot be obtained for solutions with a DC1 concen
tration greater than 0.4 M .

It is difficult to estimate the error introduced in the 
rate measurements by an incorrect shaping function. 
The error will be small at relatively large deuterium- 
exchange rates and will increase with increasing 
DC1 concentration. A relatively poor choice of shaping 
function will not give a satisfactory fit at high concen
trations, but a somewhat better choice will give a fit 
although the calculated rate constants will be in error. 
This error if significant would be apparent in the values 
of k - / k DB because of the fact that the increase of the 
error with increasing DC1 concentration will lead to a 
dependence of the rate ratio upon the D C 1 concentra
tion, while there will be no dependence if the rate con
stants are not in error. Since the /c~ / / c d b  values ob
tained in this study are not dependent upon the DC1 
concentration within the accuracy of the rate measure
ments, a gaussian shaping distribution is apparently 
adequate to describe the field inhomogeneity of the 
instrument used in this study.

The <j of the gaussian distribution is chosen so that 
the half-width of the calculated spectrum at very rapid 
rates of exchange will equal the corrected experimental 
half-width of an actual spectrum. This has the effect 
of including the proton relaxation broadening in the in
homogeneity broadening, but this does not cause sig
nificant error because the relaxation broadening is 
estimated to be only about 0.03 cps, and the error in 
treating it in this manner is less than this value and, 
therefore, less than the precision of the measurement 
which is 0.02 cps. Another possible source of broad
ening would be coupling of the CH3 protons with the

(15) H. S. Gutowsky, D. W. McColl, and C. P. Slichter, J. Chem. 
Phys., 21, 279 (1953).
(16) G. V. D. Tiers, J. Phys. Chem., 65, 1916 (1961).
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nitrogen nucleus, but the N-H coupling constant is 
small for methylamine CH3 protons, and the quadru- 
pole relaxation of the nitrogen is rapid compared to 
the N-CH 3 proton coupling constant for trimethyl- 
ammonium ion in II20  so that the coupling is almost 
entirely collapsed.

Therefore, the parameters required for the calcula
tion of the theoretical spectra are the rate, the deute
rium quadrupole relaxation time, the deuterium- 
proton coupling constant, and the a of the gaussian 
shaping distribution.

Each series of solutions has a fixed formal concen
tration of (CH3)3N +D, D+ concentrations which vary 
from approximately 0.08 to 5 X 10- 6  M ,  and one solu
tion with approximately 10 ~ 9 M  D+. The a of the 
shaping distribution is determined from the line 
width of the CH3 resonance of the 10“ 9 iff D + solution, 
the kinetic measurements using the CH3 resonance are 
made from the solutions with D + concentrations greater 
than 5 X 10~ 4 M ,  and the HOD proton resonance 
measurements were made from solutions with D+ con
centrations from 10- 3  to 5 X 10~ 5 M .  The H-D 
coupling constant is determined from solutions with 
the higher concentrations of D+ where the CH3 proton 
resonance has a triplet shape. It was necessary to 
fit the coupling constant in the calculations because 
the triplet is partially collapsed even at slow exchange 
rates because of the deuterium quadrupole relaxation. 
Once the coupling constant was determined from several 
spectra, it was not redetermined for the rest of the meas
urements. After the coupling constant and the 
shaping <j have been determined, outer-peak to valley 
and peak to peak ratios for the triplets are calculated 
as a function of exchange rate for various rq values. 
The two ratios are affected somewhat differently by 
t q  and R  because exchange tends to broaden all three 
peaks by the same amount while quadrupole relaxa
tion broadens the outer peaks more than the inner 
peak. Therefore, there is only a small range of t q  

and R  values that will correctly give both ratios. The 
D + concentrations were chosen such that two solutions 
in each series gave rise to a triplet line shape, and the 
average of the two t q  values was used in the calcula
tion of the line widths of the broadened singlets as a 
function of exchange rate. There is a possibility that 
t q  might change as the D + concentration is lowered, 
but this would only be a small source of error for the 
singlets because R  is significantly greater than 1 / t q  

at these concentrations.
In the case of solutions with DC1 concentrations 

greater than 0 .1  M ,  the determination of the shaping 
a is not as straightforward as for the other solutions 
because of the large change in solution conditions in

5 cps

Figure 1. Left: calculated spectrum of (CH3)3N +D 
for J  -  0.79 cps, rQ = 4.7 sec, R — 0.45 sec-1, and shaping 
width = 0.25 cps. Right: proton nmr spectrum of 1.76 F  
(CH,i)3NDCI and 0.22 F  DC1, recorded at a sweep rate of 0.1 
cps/sec and a radiofrequency field of 0.04 mgauss.

going to a similar solution with a 10-# M D+ concen
tration. However, the line width of the residual 
HOD proton resonance is unaffected by the increasing 
DC1 concentration over the range 0.02-1.5 M  and, 
therefore, may be used as a check on the instrumental 
broadening.

Examples of a calculated and an actual spectrum are 
shown in Figure 1. The parameters for the calculated 
spectrum correspond to the actual spectrum after cor
recting to zero radiofrequency field and sweep rate, 
with the calculated spectrum being normalized for 
equal areas. The differences in the two spectra il
lustrate the influence of sweep rate effects and partial 
saturation. The actual spectrum was taken at the 
slowest available sweep rate and the smallest useful 
radiofrequency field.

The rate, R , measured from the CH3 proton reso
nance in terms of reactions 1-3 is given by

R =  k4 +  (h +  /c7)A a [(CH3)3N+D]/[D+] (9)

so that ki is a pseudo-first-order rate constant, and k7 
is a pseudo-second-order rate constant. By plotting 
R  against 1 / [ D + ] ,  the intercept gives fc4, and the slope 
gives k6 +  k7;  k DB, the rate of “ breaking the R 3N- • ■ 
( D 20 ) m deuterium bond,” which is equivalent to Grun- 
wald’s7 k n  is determined by the decrease of ki at higher 
concentrations of D C 1 .
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The accuracy of R  is limited at slow rates because 
quadrupole relaxation and inhomogeneity broadening 
are more important than exchange in determining 
the shape of the triplet while at rapid rates the line 
width is controlled largely by the inhomogeneity 
broadening. As a result of the small value of the deu
terium-proton coupling constant, the collapse of the 
triplet into a singlet occurs over a relatively small 
range of exchange rates compared to the proton-ex- 
change case because the NH-CH 3 proton coupling 
constant is 5.15 cps7 or about 6.5 times the deuterium- 
proton coupling constant. As a result, the accuracy 
of the rates reported in this communication is not as 
good as the accuracy of the proton-exchange rates al
though somewhat lower rates may be measured.

The rate of reaction 6  can be measured from the line 
broadening of the HOD resonance. Using the slow- 
exchange approximation (where the exchange broaden
ing is small compared to the frequency difference be
tween the HOD and N-H proton resonances) ir W ¡/, = 
l / r ,e +  1 / thod where W i / t is the line width in cps, 
T 2e the effective line width of the HOD resonance in 
the absence of exchange but including field inhomogenei
ties, and thod the average lifetime of a proton in HOD 
before being transferred to a nitrogen. The third- 
order rate constant W  is given by

W  =  p [D + ]/[(CH3)3N +DPAathod (1 0 )

The statistical factor p arises because a portion of the 
exchanges involving HOD transfers a deuterium to 
(CH3)3N rather than a proton so that the factor p 
must be applied to obtain a rate constant which will 
be comparable to fc7 for D20 or H20. An effective 
pseudo-second-order rate constant, &7hod, for com
parison with the fc7 measured from the CH3 proton 
resonance, is obtained by multiplying k/  by the con
centration of D 20, 55 M .  The accuracy of the HOD 
line-width measurements is limited because the signal 
to noise ratio is poor for the broadened resonance, so 
that the precision is approximately 10-15%. The 
[D+] values are also not as accurate as Those of the 
solutions in which the CH3 proton resonance is studied 
because the [D + ] must be lower to get a measurable 
broadening, and in this concentration range, the solu
tion is poorly buffered; hence, the [D+] is sensitive to 
acidic or basic impurities adsorbed on the nmr sample 
tubes and to the possible loss of (CH3)3N from the 
solution.

Results and Discussion
Values of the experimental rate constant, R , deter

mined from the CH3 proton resonance were plotted 
against the reciprocal of the deuterium ion concentra-

l/CDCI ]

Figure 2. Pfots of the experimental exchange rate constant 
If as a function of the reciprocal of the D + concentration 
for different concentrations of (CH3)3N +D: A, 0.439 F ;
B, 0.878 F ; C, 1.32 F ; D, 1.76 F. The inset is a 
magnification of the portion of the plots at small R.

tion for various (CH3)3N+D concentrations, and the 
results are shown in Figure 2. The experimental 
points at higher D+ concentrations have been cor
rected for the decrease of fc4 via  reaction 4 using eq 5, 
after k +  and k - / k db have been determined by succes
sive approximations. A portion of the plots at low 
R  values has been expanded in the inset for increased 
clarity. These plots are linear within experimental 
error, and the rate constants evaluated therefrom are 
given in Table I. The agreement of the k7 values, which

Table I : N-D Deuterium-Exchange Rates for 
Trimethylammonium Ion ir. D20  at 33.2°

(ko +  k i )K A , ki,a
|(CH,)SN +DJ, h , sec 1 X K a , M  1 sec 1 TlQ,6

M sec-1 103 M  X  KW X 10-8 sec

0.439 l.Oo 3.85 3.46 l.u 4-0
0.878 0.85 3.56 3.04 1.17 2.2
1.32 0.8o 3.17 2.8o 1.13 1 -8
1.76 0.74 2.6g 2.55 1.05 1.6

1 Assuming fee «  h ■ 6 T’iq is the contribution of deuterium
quadrupole relaxation to the N-D deuterium Ti (TiQ = tq/5).

are not expected to have a significant salt effect, is 
well within experimental error, the average deviation 
being only 3%, while the estimated error is 10% for 
kA and fc7. A  plot of log fc4 against total concentration 
is linear with a slope cf — 0.09o and intercept which 
gives a ki° value of 1.0s sec-1. Log A  a is linearly
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dependent upon [(CH3)3N+D ] ' /2 with the intercept 
giving K a ° to be 4.76 X 1 0 -11; therefore, taking fc+° = 

fc-° = 2.3 X 1010 M - 1 sec“ 1.
Table II gives the effect of higher D+ concentrations 

on fc4. The ratio k-/kr>B  was calculated from eq 5 
assuming, as did Grunwald,7 that there is no salt effect 
upon the ratio and that the salt effect of D+ upon k+  
is the same as that of (CH3)3NDC1. The agreement 
of the ratios is satisfactory in view of the accuracy 
of hi in this range which is only 15-25%. The average

Table II: Rate Constants for Deuterium Exchange 
at Higher Acidities

[(CHaRN+D), [DCl], kt, 4 -/* db. Tl Q.
M M sec-1 M~l sec

0.44 1.10 0 . 2 2 2 .5 0 . 8
0.44 0.88 0.26 2 .4 0 . 8
0.44 0.66 0.29 3 .0 0 . 8
0.44 0.44 0.44 2 .4 1-0
0 .50 0 .22 0.57 2 .9 1-3
0.50° 0.22 0.45 3 .1 1.1
1.76 0.22 0.45 2 .7 0 .9

° Also contains 1.0 F  LiCl.

ratio is 2.7 so that /cD b  is 8 . 5  X 109 sec“ 1. The con
tribution of quadrupole relaxation to the deuterium T i 
of (CH3)3N+D is not a simple function of concentra
tion. This arises because changes in concentration 
of the various species in solution can affect T iq ( T iq = 
tq/5) by two different mechanisms, one involving the 
correlation time for molecular rotation, re, and the 
other involving the electrical field gradient about the 
deuterium nucleus. The effect of concentration 
changes of tc can be considered as a viscosity effect, 
and a plot of log T iQ against concentration should be 
approximately linear with the effect of changes in 
(CH3)3N+D concentration being much greater than 
changes in D + concentration. However, plots of log 
T i  Q  against concentration are not linear; furthermore, 
the effect of DC1 is greater than that of (CH3)3NDC1 
or LiCl. The greater influence of DC1 vs. LiCl indi
cates that this is not a simple anion effect leading to 
increased ion pairing. Therefore, at the relatively 
large concentrations required for this study, there is 
apparently a change in ion pairing or some other factor, 
leading to a significant alteration of the microscopic 
structure of the solution about a (CH3)3N+D molecule 
as the concentrations of the various species are changed, 
leading to changes in the electric field gradient about 
the deuterium nucleus.

The kinetic parameters determined from the CH3

proton resonance, extrapolated to infinite dilution, 
are summarized in Table III along with the correspond
ing proton-exchange rates and isotope effects calculated 
at 33.2° from the empirical rate equations for proton 
exchange given in ref 7. These isotope effects are in 
agreement with mechanisms used to describe the ex-

Table III : Isotope Effects for Exchange of 
Trimethylammonium Ion at 33.2° at 
Infinite Dilution

Rate
parameter teiO" &D20

fcmo/
kujj

W, sec-1 7.2 1.08 6.7
k7°, M _1 sec-1 3.8 X 10s 1.12 X 10s 3.4
K a°, M 2.4o X 10-10 4.76 X 10-'1 5.0
k -°, M _1 sec-1 3.0 X 10“ 2.3 X 10“ 1.3
fcn0, sec-1 1.2 X 1010 8 . 5  X 10a 1.4

a Calculated from ref 7.

change processes. The large isotope effect on fc4 is 
consistent with the hypothesis7 that the position of the 
transition state of reaction 1 along the reaction co
ordinate is not very far from the products so that there 
would be a significant difference in the zero-point ener
gies between transition state and the reactants. In 
the case of k7, the rapidity of the symmetrical reaction 
indicates that the transition state is not very different 
from the reactants (or the products); thus, the dif
ference in zero-point energies would be smaller; hence, 
the isotope effect on fc7 should be smaller than that on 
fc4. Because k -  is considered to be diffusion controlled, 
the isotope effect should be determined by the dif
ferences in diffusion between H20 and D20 so that the 
ratio of rates should be given approximately by the 
mobility ratio of H+/D+ which is 1.4, 17 within experi
mental error of the measured value of 1.3. The cal
culation of the theoretical isotope effect on k n , the rate 
of “hydrogen bond breakage,” may be based on the 
treatment of Conway, Bockris, and Linton, 17 who 
considered the rate-determining step in proton con
ductance in H20 to be the reorientation of the hy
drogen-bonded H20 molecules. In the mechanism 
suggested by Grunwald, the rate step should also be 
the reorientation of H20 molecules so that the theo
retical ratio of &h/&db would also be 1.4, in agreement 
with the experimental value of 1.4.

The results from the line broadening of the HOD 
proton resonance using eq 10 are given in Table IV, * 24

(17) B. E. Conway, J. O’M. Bockris, and H. Linton, J. Chem. Phys
2 4 ,  834 (1956).
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taking I . 4 5  as the ^alue for the statistical factor p. 
This value was determined by assuming that fc7 for 
deuterium transfer from HOD has the same value as 
A~7 for deuterium transfer from D20 so that p is given

Table I V : Proton-Exchange Rates Measured 
from the HOD Proton Resonance

[(CHi)sN +D], 
ili

h ' K x ,  

M~* sec'1 
X 10*

fa',
M~2 sec-1 

X 10-6
&7HO D, 

M~l sec-1 
X 10-8

0 .4 39 1 .7 5 .2 2 .9
0 .8 78 1 .0 3 .4 1 .9
1 .3 2 1 .2 4 . 2 2 .3
1 .76 1 .2 4 .6 2 .6

by [¿7hod +  A;7d20]/A;7hod (^hod refers to proton trans
fer from HOD). This assumption should be valid 
within the experimental error. The average deviation 
of the k7ucm values is 1 2 % , which is within the esti

mated experimental error of 20%. The isotope ratio 
Athio/Athod is 1 .6 , approximately half that of k7ni0/  
fc7D2o in D20; this is in agreement with a concerted 
reaction.

The rate parameters were not measured at other 
temperatures because the reproducibility of the in
strumental broadening was not sufficient to permit 
accurate rate measurements; this is caused primarily 
by poor temperature control of the variable-tempera
ture probe. In addition, the triplet shape is collapsed 
at higher temperatures for D+ concentrations below 
0 .1  M  so that the determination of T iQ values becomes 
difficult.
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Dicarboxylic Acid-Urea Complexes

by Jack Radell,1 B. W. Brodman, and J. J. Domanski, Jr.

Pitman-Dunn Research Laboratories, Chemistry Research Laboratory, Frankford Arsenal, Philadelphia, 
Pennsylvania 19137, and Philadelphia College of Textiles and Science, Philadelphia, Pennsylvania 19144 
(Received June 30, 1966)

A study of the reaction of several acids with urea resulted in a series of compounds of vary
ing stoichiometry and structure. The acids having the structure H02C(CH 2)nC02H 
produced saltlike compounds with urea when n  = 0  and 1 and H-bonded complexes for 
n  = 2-5. The stoichiometry of all the complexes was 2 H2NCONH2 -HOOC(CH2)71COOH, 
except for n  =  1 which had a 1:1  ratio of urea to acid. None of the products was an in
clusion compound. From our general observations, we concluded that urea and the 
dicarboxylic acids are unlikely to form inclusion compounds, and reports of such molecular 
compounds should be verified by X-ray powder diffraction measurement as well as analysis.

Introduction

In order to obtain urea inclusion compounds of ex
ceptionally high stability, an investigation of molecules 
with two terminal polar groups on a straight chain was 
undertaken. It was known from earlier work2 that 
the presence of one polar end group enhanced the sta
bility of a urea inclusion compound. The introduction 
of a second polar group at the opposite end was ex
pected to give the added stability without increasing 
either the cross-sectional diameter or the chain length 
significantly. This effect of polar groups has recently 
been verified for alkyl halides. 3

The carboxyl group was chosen because of its polarity 
and because the n-aliphatic monobasic acids were known 
to form highly stable urea inclusion compounds. We 
were specifically interested in obtaining urea inclusion 
compounds with dissociation temperatures above 133° 
(mp of urea) about which little is known.4 5

Discussion
No urea inclusion compounds6 of the a,«-dicarboxylic 

acids studied were obtained. This was demonstrated613 

by the X-ray data in Table I. None of the values cor
responded to that of a typical urea inclusion com
pound, as, e .g ., dodecane with major spacing in order 
of decreasing intensity at 4.12, 3.56, 7.10, and 3.39 A. 
Instead, molecular compounds were obtained in which 
the acid and urea were present in whole number molar 
ratios. The name stoichiom etric com pou n d  is used to 
describe these compounds irrespective of whether they

are simple salts or hydrogen-bonded complexes of the 
acid and urea.

Oxalic Acid
The earliest reference to compounds of 2-urea- 

oxalic acid appear in Beilstein6 and Gmelin.7 Although 
the structure of the oxalic acid-2 -urea was not shown 
by these earlier workers, Gottlieb6 reported that one 
part of oxalic acid-2-urea dissolved at 16° in 23 parts 
of water, 62.5 parts of alcohol, and 50,000 parts of 
ether, respectively, at room temperature. This would 
support the formation of a urea oxalate salt structure. 
In addition, Marchand6 described a compound of
2-urea-oxalic acid-2-water. Ljubawin6 in 1872 de-

(1) Reprint requests should be addressed to this author at the 
Pitman-Dunn Research Laboratories.
(2) (a) W. Schlenk, Jr., Ann., 565, 204 (1949); (b) L. C. Fetterly, 
“ Non-Stoichiometric Compounds,”  John Wiley and Sons, Inc., 
New York, N. Y .t 1961, Chapter 8; (c) C. Asseline and J. Asseline, 
Ann. Chim. (Paris), 9, 460 (1964).
(3) H. G. McAdie, Can. J. Chem., 41, 2144 (1963); J. RadeD 
B. W. Brodman, and E. D. Bergmann, ibid., 42, 1069 (1964).
(4) I. R. Krichevskiy, G. D. Efremova, and G. G. Leontyeva, Repi. 
USSR Acad. Sci., 113, 817 (1957).
(5) (a) Urea inclusion compounds refer to the channel compounds 
discovered by Bengen. These compounds have been variously 
referred to as occlusion compounds, complexes, adducts, clathrates, 
canal, and channel compounds, (b) The urea channel compounds 
may be characterized by their X-ray powder diffraction patterns: 
J. Radell and J. W. Connolly, Advan. X-Ray Anal., 4, 140 (1961).
(6) F. K. Beilstein, ‘ ‘Handbuch der organischen Chemie,”  Vol. I l l ,  
Julius Springer, Publisher, Berlin, 1921, p 55.
(7) L. Gmelin, ‘ ‘Handbuch der Organischen Chemie,”  Vol. IV, C. 
Friedheim and F. Peters, Publishers, Heidelberg, Germany, 1870, p 
869.

The Journal of Physical Chemistry



Ta
bl

e 
I :

 
In

te
rp

la
na

r 
X

-R
ay

 D
at

a

D icarboxylic Acid-U rea Complexes 1597

*. co
05 (N

05
^  CO
CM §  co £s 05 2  ^  

05 *ï w

00
05 ^ IQ

CO
Ttî

05
«O CO

• <N »(N

05
iQ

(N
^  CO

1̂  O CO ^  CO ^ COr>. “ J — . (N 
(N CO

ts CO ^ CO
M l° N S50 2
CO

05 05 IQ IQ IQ IQ IQ rH 05 05
05 05 CO 00 CO 05 CO

CO
rH

IQ05
CO
CO O

CO
1>
o 3S CO 3 8 CO 0 IQ

t-
rH COi—H

05
GO

00
iQ oo s 05

CO 05 05 T#<‘ CO p 05 CO 05
CO

05

|Q
05 IQ05

CO
iO o

CO
o

»o
O
UO CO

IO
CO

00
05 iQ

05
00 co 8

CO
CO CO

rH
05
CD O rH 05 00

rH l>
05 05 CO CO 05 1—1 05 05 P

CO
05

CO »Q
05 s

3
0 05

05
05

CO
05 10 2 00

tH
CO 05 LQ 8 00

CO
O 00

O
05 IQ

rH
O

05 CO 8 05 O
CD

00
|Q t»

05 CO CO 05 CO 05 05 P CO CO CO 05 05 CO
tH

05

CD
to 05

CO
<35 »D

05
CO
rH o

CO
co
05 05

o
CO rt<

o
05 05 3j 10

CO
10 05

CO
CO S 05 S5 00

CO
«Q 05

t-rH 00
co
»Q co CO |Q

rH 8 05
05 CO

rH
T*
05 rH

b-
00 ÎhCO 05 CO CO CO 05 05 CO 05 CO CO 05 CO CO co CO rH CO P

r—i
8

05 05 iQ
»O

t> 05 CO CO CO CO 05 b- 05 CO co CO
0500 CO O

CO 05 i-H ï> o
IO

05 o |Q o CO CO 0 05 00 00 |Q CO CO 00
rH

05 05 CO 0 0 co
rH 00 rH

05
rH 05 CO

rH S CDrH 05 CO
805 CO 05 P CO p CO p 10 co CO P CO 05 p co CO CO CO

CO
CO
05 O

iO
iQ |Q05 o

co
05
00 00 rH CO

05
00 CO 8 0 00 rH

05
05
CO 00 1> 

T—H
O
05

05
05

05
05

CO
rH

CO
l> »Q

05
rH 05

05
CO

05 CO 05
IQ CD 05

t-

6
3

Ti<
CO

3
2

iq CO p 05 10 CO CO P CO p CO rji 05

CO CO o 05 o CO © 0 05 CO IQ rH CO CO IQ
05

COt'-

5
0 HO rH CO o

»>
CO o 00 00rH 00 10 1—1 

1—(
CO CO 00

rH CO 05
rH

CO rH CO 05 1>
05

05 00 co
8

05 05 05 t-T 05 CD |Q 05

3
4

to 05 CO 05 CO CO CO 05 t> 05 »Q CO CO 05 P CO CO

CO
»Q
iQ

05 CO 05 CO ?5
05 IQ CO IQ 00 05 05 05 CO O

5
05o Tt< TH 05 IO o

l>
© CO

co
CO
05

CO CO 05

5
2 05

IQ
8 O IQ CO IQ

8
3 CO O

05
CO CO

IQ rH cO 0
10 33 05

CD 00
0005 05 CO CO CO io CO CO CO iQ CO CO CO tH CO CO CO CO

3 O
o o 8

CO
05 O

o
r}H o

o
00
05 o

v-5
CO O

O
00 0

0
rH

8
00
05 O

O
CO

8
05
CO O

O
IQ
00 O

O 8 0
0

T* O
O

00 O
O

CO
05 O

O
CO
05 O

O
IQ 0

0
O
05 O

O CO O
O

O
05 O

O
CO rH CO CO rH CO T-H »0 H CO CO rH CO tH CO rH CO rH CO rH CO CO rH CO CO

rH 05 P

< <1 < < < < < <1 < < <1 < < <1 < < < <
73 73~ *h , 73~ 73 73" 73" >"S 73" 73" 73" ►-H 73" 73" ►h 73" 73 ^H 73" 73" 73" 73" l*H 73" 73" 73" 73" >«H

O

73

a3
X
O

rs
‘oo3

c3
X
O

I
73 33

’oo3
.2
’S
O
"c3

O

TJ
’3
05
O

;§

CQ

tj
*3
c3

O
ai

o
ĈJ
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scribed a compound of oxalic acid-urea-water which 
he proposed as an intermediate structure between oxa
lic acid-2-urea and the oxalic acid dihydrate. Schlenk,2a 
reporting on urea inclusion compounds, described 
oxalic as being one of several acids capable of forming 
a compound with 2  moles of urea and as being different 
from the urea inclusion compounds discovered by 
Bengen.8

Merritt and Sturdivant9 reported in a preliminary 
account with no details that oxalic acid and urea, the 
components in crystalline oxalic acid-2 -urea, are held 
together by strong H bonds to form layers with an 
0 -0  distance of 2.50 A and are also held together by 
van der Waals forces.

Kutzelnigg and Mecke, 10 using infrared spectroscopy, 
concluded that the structure of oxalic acid-2 -urea was

OH

(02C C02)2-  2(H2NCNH2) + 
I

I, with the proton attached to the oxygen of urea. This 
protonation site would be consistent with the fact that 
the hydrogen is attached to the more electronegative 
oxygen rather than nitrogen and the resonance stabili
zation of structure II would be considerably greater 
than III because of both the greater number and 
greater equivalence of the contributing forms to II. 
Our oxalic acid-2 -urea had the same infrared pattern as 
reported by Kutzelnigg and Mecke. 10 We confirmed

H -,

/
0
1!

0
li

1!
C

l!
c

%/ / /
h 2n  n h 2j h 3n +

II III

the saltlike structure of I in solution by molar con
ductance measurements. A 0.00524 M  aqueous solu
tion of urea cation oxalate had a molar conductance 
of 281.98 cm2 ohm- 1  mole- 1  (see Table II). Using 
an average of 6011 for the equivalent conductance of 
all ions, then an ordinary univalent cation, (urea H)+, 
and a divalent anion, (OOC-COO)2-, would be 240 
cm2 ohm- 1  mole“ 1 at a corresponding concentration. 
Our measured value of 280 cm2 ohm- 1  mole- 1  would be 
in agreement with the 2(urea H)+ (oxalate)2- ionized 
structure. Although these measurements do not in
dicate the site at which the proton was attached to 
urea, they do eliminate the possibility that only one

Table II : Specific Conductivity and 
Molar Conductance at 25°

Compound R*" 10 ~>Lb 10-»Ce Am*1

Oxalic acid-2-urea 680 1.473 5.224 281.98
Malonic acid-l-urea 943 1.062 9.980 106.41
Succinic acid-2-urea 4070 0.2461 8.950 27.50
Glutaric acid-2-urea 4360 0.2297 9.554 24.04
Adipic acid-2-urea 8230 0.1217 4.875 24.96
Pimelic acid-2-urea 7030 0.1425 6.207 22.96

° Measured resistance in ohms. b Specific conductivity (L) 
in ohm-1 cm-1 = conductivity X cell constant (1.0018 cm-1). 
c Concentration in moles per liter. d Molar conductance (Am) 
in cm2 mole-1 ohm-1 = 1000L/(7.

carboxyl group formed a salt while the second was 
involved in some type of H-bond formation with urea. 
When I was acidified and extracted with ether, the oxa
lic acid was recovered.

The main peaks are reported for the differential 
thermal analysis data in Table III. The incipient 
temperatures preceding the peaks were omitted be
cause the selection of a point of deviation from base 
line was arbitrary. The observed melting point was 
usually lower than the main peak value and closer to 
the incipient temperature.

Malonic Acid
A malonic acid-urea complex having a 1:1 molar 

ratio was prepared with difficulty. Attempts to re
peat the preparation met with sporadic success. A  
search of the literature revealed a reference to a malonic 
acid-2 -urea stoichiometric complex in a review article 
by Schlenk.2a He reported without reference or ex
perimental detail that malonic acid, as well as other 
dibasic acids, combines with two molecules of urea. 
We have been unable to obtain a malonic acid-urea 
complex with any ratio other than 1:1.  In an earlier 
reference to Matignon,6 malonic acid-urea was re- 

. ported briefly and described as being slightly soluble in 
water.

Structure IV is proposed for malonic acid-urea. The 
saltlike character of IV is dictated by the molar con
ductance of the urea-malonic acid compound which 
was 106.41 cm2 ohm- 1  mole- 1  (Table II) in agreement 
with the predicted11 value of 1 2 0  cm2 ohm- 1  mole- 1  

for a salt of a univalent cation and a univalent anion.

(8) M. F. Bengen, Experientia, 5, 200 (1949).
(9) L. L. Merritt and J. H. Sturdivant, Struct. IKept., 13, 477 (1950).
(10) W. Kutzelnig and R. Mecke, Chem. Ber.f 94, 1706 (1961).
(11) S. Glasstone, “ An Introduction to Electrochemistry,”  D. Van 
Nostrand Co., Inc., Princeton, N. J., 1942, p 71.
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Table III : Thermal Data

•Mp, °C-
Compound — Tem p (°C ) of peaks in differential thermal analysis— Obsdc Lit.

Oxalic acid-2-urea 122“ 154« 166* 207 140-151* 170-17D
Oxalic acid 99« 156 187 190* iso*
Malonic acid-l-urea 93« 178 60-93
Malonic acid 90 130« 184 259i 131 135.64
Succinic acid-2-urea 116 141« 164 290 134-140
Succinic acid 177« 220 240 258 190 185, 189-1904
Glutaric acid-2-urea 113 127« 290 120-130
Glutaric acid 80 96« 94 95-964
Adipic acid-2-urea 72 106« 190 202 326 102-110
Adipic acid 146« 324 150 151-1534
Pimelic acid-2-urea 116 127« 234 331 124-130
Pimelic acid 86 93 101« 343 349 362 103 1034
Urea 113 132« 183 245 396 132 132.74

“ All values are endotherms unless indicated. 6 Exotherm. c Uncorrected melting points were determined on a Fisher-Johns melt
ing point block. 4 Reported in the “Handbook of Chemistry and Physics,” 43rd ed. * Decomposition. !  Reported in “Langes 
Handbook of Chemistry,” 6th ed. A value of 173° dec was reported in the “Handbook of Chemistry and Physics,” 45th ed. « Strong
est peak below 200°.

The protonation of urea on oxygen is supported by 
our agreement with the infrared evidence as reported 
by Mecke and Kutzelnigg10 for I. The structure of 
the anion shown is based upon the reaction of the 
most acidic hydrogen atoms of malonic acid with urea 
before solution.

/
H -,

O

l H2N n h 2j

o

c h 2

I
c

/V  v  ✓
0  0

0
III

H

IV

r  H - +
/

O "H— O O
[1 
1 1 \  /

C C— C— c
' /  % s  1 \

l H2N n h 2j 0 H O— H_

V

Succinic Acid
The first report of a succinic acid-2-urea compound 

was made by Loschmidt.6 A Spanish article, 12 in 
1961, gave the X-ray powder diffraction data and cell 
constants of a compound of urea and succinic acid but 
no information on the structure or analysis of the com

pound. Our measurements of the X-ray powder dif
fraction pattern were not in good agreement with the 
above data. The synthesis of the succinic acid-2-urea 
compound was reported by Holzl. 13 Schlenk2“ men
tioned, without reference, the formation of a succinic 
acid-2-urea molecular compound. A study of the 
Raman spectrum of 2 -urea-succinic acid was reported 
by Schrader, Nerdel, and Kresze. 14 Griffith and 
Kwiram15 reported the synthesis of 2 -urea-fumaric 
acid and compared it with the crystals of succinic acid- 
2-urea. They concluded from the esr and Laue X-ray 
data that succinic acid and fumaric acid, in their re
spective molecular compounds with urea, had the 
same orientation. We believe these conclusions are 
supported by the similarity in both the geometry and 
the pKa values of fumaric and succinic acids as described 
in a recent publication. 16

The molar conductance of 27.50 cm2 ohm- 1  mole- 1  

(Table II) measured at 0.00895 M  precludes the pos
sibility11 that this compound is a salt in aqueous 
solution. Instead it appears to form a complex in 
which each carboxyl is independently H bonded to a 
molecule of urea in solution.

(12) J. J. Amoros and M. L. Palomar, Bol. Real Soc. Esp. Hist. Nat., 
Secc. Geol., 59, 25 (1961).
(13) See ref 6, 2nd supplément to Vol. III, p 48.
(14) B. Schrader, F. Nerdel, and G. Kresze, Z. Anal. Chem., 170, 43 
(1959).
(15) O. H. Griffith and A. L. Kwiram, J. Am. Chem. Soc., 86, 3937 
(1964).
(16) J. Radell, B. W. Brodman, A. Hirshfeld, and E. D. Bergmann, 
J. Phys. Chem., 69, 928 (1965).
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Table IV : Analysis and Yield of Complexes

Compound Obsd

Oxalic acid-2-urea 22.7
Malonic acid-urea 29.4
Succinic acid-2-urea 30.3
Glutaric acid-2-urea 33.3
Adipic acid-2-urea 35.6
Pimelic acid- 2-urea 38.7

C--------------- -------------- %  H-
Calcd Obsd Calcd

22.86 5.0 4.80
29.27 4.8 4.91
30.25 6.2 5.92
33.33 6.4 6.39
36.09 6.8 6.81
38.56 7.1 7.19

- %  N — -------. %
Obsd Calcd yield

26.9 26.66 42.92
17.0 17.07 6.86
23.5 23.52 57.50
22.2 22.21 36.98
24.4 21.04 29.28
20.1 19.99 17.82

Glutaric Acid
A reference to “urea glutarate” 17 appeared in the 

patent literature. Although the stoichiometry and 
analysis were not reported, one could deduce that the 
compound may have had the composition of 2 -urea- 
glutaric acid since the compound was described as 
containing approximately 50% by weight of glutaric 
acid. Our preparation, in analytically pure form, had 
a composition of 2-urea-glutaric acid (Table IV). 
The saltlike structure implied by the name “ urea 
glutarate” was refuted by the molar conductance 
value of 24.04 cm2 ohm- 1  mole-1. For the same 
reasons given for succinic acid, we propose that 2 -urea- 
glutaric acid is an H-bonded complex in solution.

Adipic Acid
Molecular compounds obtained from adipic acid and 

urea have been reported in the literature23 with the 
composition 2 -urea-adipic acid which we confirmed 
(Table IV). Redlich, et a l .,n  reported a molar ratio 
of 5.3:1. Since no X-ray data for this compound were 
reported, it is not certain that this compound is a urea 
inclusion compound. From the reported18 heat of 
formation and our experimental results, we do not be
lieve this is a urea inclusion compound. Alsberg and 
Jeffers17 refer to a compound of urea and adipic acid 
with insufficient detail to characterize the product. 
Barlow and Corish19, prepared the adipic acid-2- 
urea complex and correctly noted that it had a dif
ferent infrared spectrum from the urea inclusion com
pounds but incorrectly concluded that this change was 
due to a change in the conformation of the adipic acid 
rather than in the type of complex. Amoros and 
Palomar12 reported on the cell constants and X-ray 
powder patterns of a complex of adipic acid and urea 
of unreported purity. Our X-ray data were in only 
fair agreement. Griffith and Kwiram16 found in their 
esr studies that adipic acid-2 -urea has a structure which 
is similar to succinic acid-2 -urea and fumaric acid-2 - 
urea. Our molar conductance measurements (Table
II) confirm the similarity of adipic acid-2-urea and 
succinic acid-2-urea with a molar conductance of 24.96

and 27.50 cm2 ohm- 1  mole-1, respectively. A nonionic 
H-bonded structure is also proposed for adipic-2-urea 
in solution.

Pimelic Acid
A complex of pimelic acid and urea was reported15 

as something other than a urea inclusion compound, 
although the stoichiometry was not given. Amoros 
and Palomar12 report that a urea-pimelic acid complex 
was easy to obtain but was of “ anomalous form.” 
It was our experience that pimelic acid was the most 
difficult molecular compound to prepare after malonic 
acid-urea. The complex was nonionic and had a 
molar conductance of 22.96 cm2 ohm- 1  mole- 1  at 
0.006207 M .  An H-bonded structure is also proposed 
for pimelic acid- 2  urea in solution.

Higher Acids
Higher dicarboxylic acid homologs were investigated 

to determine the possibility of obtaining a urea channel 
compound of any cc,w-dicarboxylic acid. Since the 
stability and ease of formation of a urea channel in
clusion compound is proportional to the chain length, 
it was anticipated that an inclusion compound would be 
more likely to form for the longer dibasic acids. This 
would be especially true sipce the stability and ease 
of formation of the stoichiometric complexes is in
versely proportional to the chain length. These 
facts, coupled with the literature citations23' 18 of urea 
inclusion compound formation of some dicarboxylic 
acids, lead to the investigation of the reaction of urea 
and the acids HOOC(CH2)„COOH for n  =  6-11, in
clusive. Although products were obtained containing 
urea and acid, the composition was both nonstoichio- 
metric and nonreproducible. The crossover from 
stable stoichiometric complexes to stable inclusion 
compounds, which we hoped to observe with increasing 
chain length of the acid, never occurred. The X-ray

(17) F. R. Alsberg and F. G. Jeffers, British Patent 805,507 (1958).
(18) O. Redlich, C. M. Gable, A. K. Dunlop, and R. W . Miller, 
J. Am. Chem. Soc., 72, 4153 (1950).
(19) G. B. Barlow and P. J. Corish, J. Chem. Soc., 1706 (1959).
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powder patterns of the products obtained confirmed 
the absence of urea inclusion compound formation 
for any of the acids studied.

Conclusions
The ability of the dibasic acids to form a complex 

with one or two molecules of urea appears to be a 
function of the acidity of the carboxyl group and its 
related stereochemistry. The oxalic acid with a re
ported pXai of 1 . 1 0  readily forms an ionic complex 
with two molecules of urea. The reported pK 82 of 
4.21 for oxalic acid might not be applicable for complex 
formation if the urea is partially associated with the 
carboxylate ion, thus reducing the field effect on the 
second carboxyl group. This would result in a lower 
pK a, than 4.21 with the resultant observed salt forma
tion between urea and the second carboxyl group as 
well. In malonic acid, the p o f  2.85 is sufficiently 
low for salt formation. However, owing to the much 
higher pAa, (6 .1 0 ) and the geometric factor of ring 
formation (IV), the second carboxyl does not react 
or coordinate with urea at all. Succinic acid is the 
longest homolog with distinguishable acidity of the 
two carboxyls: pK &1 = 4.17 and pK „ 2 =  5.57. The 
pXai is too high for salt formation and both carboxyl 
groups are sufficiently acidic and available for H-bond 
formation with urea. All of the higher acids have p 
and pKa2 values of about 4.35 and are capable for form
ing H-bonded complexes only with both carboxyl 
groups. However, as the molecule gets longer, the 
constant stabilizing effect of the complexed carboxyl 
groups represents a smaller and smaller percentage of 
the molecule. Consequently, pimelic acid is the longest 
dibasic acid to form a stoichiometric complex sufficiently 
stable for us to isolate and analyze.

Experimental Section
P rep aration  o f  C om p lexes. All of the complexes, 

except malonic acid-l-urea, were prepared by the

following method. To 1 g of acid dissolved in 7 ml of 
methanol was added 16 ml of a urea-methanol solution 
(0.15 g of urea/ml of methanol). After cooling for a 
specified period of time, a white mass of crystalline 
solid precipitated. Oxalic and succinic acids formed 
complexes immediately at room temperature, while 
the following acids formed complexes at 25° but not 
instantaneously: glutaric acid (3 hr), adipic acid 
(48 hr), and pimelic acid (48 hr). The remaining com
pounds formed on cooling at 5°: adipic acid (10 hr) 
and pimelic acid (144 hr). The crystals were filtered 
with suction on a Hirsh funnel and dried in an Abder- 
halden at 56° (1 mm) for 8  hr over P206.

P reparation  o f  M a lo n ic  A c id -U r e a  C om p lex . To 
5 ml of a urea-methanol solution (0.15 g of urea/ml 
of methanol) was added 5 ml of a malonic acid solution 
(0.42 g of malonic acid/ml of methanol). The resulting 
solution was cooled to — 25° for 30 days. The resulting 
precipitate was filtered cold and dried in the Abder- 
halden, as above.

M ea su rem en ts. The uncorrected melting points 
reported in Table III were obtained using a Fisher- 
Johns melting point apparatus.

The differential thermal analysis data were corrected 
by running standards in the temperature range covered 
by this work. The measurements were all made at 
20°/min and under an N2 atmosphere. A Du Pont 
Model DTA was used.

The X-ray powder diffraction apparatus and pro
cedures have been previously described.3

A description of the conductivity apparatus has 
previously been reported. 20

A ckn ow ledgm en t. The authors gratefully acknowl
edge the assistance of Dr. J. Varimbi in making the 
conductance measurements.

(20) D. Edelson and R. M. Fuoss, J. Chem. Educ., 27, 610 (1950)
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The Chemiluminescent Reactions of Atomic Oxygen with 

Carbonyl Sulfide and Hydrogen Sulfide1 2 3 4 5 6 7

by A. Sharma, J. P. Padur, and P. Warneck

GCA Corporation, Bedford, Massachusetts 01730 (Received July 15, 1966)

The chemiluminescence intensity in the reactions 0 +  COS and 0 +  H2S was studied in 
a flow system as a function of reaction time and reactant concentrations. In the initial 
stage of the reactions, the intensity increases linearly with time, the slope being propor
tional to the concentration of COS or H2S and to the square of atomic oxygen concentra
tion. A kinetic analysis shows that these results are consistent with the notion that 
the reaction responsible for the emission in both cases is reaction 7, 0 +  SO —►  S02 +  hv. 
From the relative intensities, the rate of SO formation in the H2S reaction was found to be
1.85 times greater than that in the COS reaction. In the 400-800-/* pressure region studied 
here, reaction 7 was found to be pressure dependent. The associated emission rate was 
determined at 800 /* by comparison with the air-afterglow reactions as k , = 5.7 X 10-1 6  

cc/molecule sec. The consumption of SO radicals by reactions other than reaction 7 
is discussed together with intensity-time profiles for the later stages of the O +  COS 
reaction.

Introduction
Mass spectrometric investigations by Liuti, Dondes, 

and Harteck2a and in this laboratory215 have shown that 
the first step in the reaction of oxygen atoms with 
carbonyl sulfide is the formation of SO radicals

O +  COS — > CO +  SO (1)

The rate constant for this process has been determined.215 

The reaction of oxygen atoms with hydrogen sulfide 
has also been found to produce SO radicals, 8 but the 
mechanism for this reaction is more complex than the 
first one. From mass spectrometer observations, 
Liuti, Dondes, and Harteck8 suggest

0  +  h 2s  — ► OH +  SH (2 )

O +  OH — s► 0, +  H (3)

H +  H2S — >• H2 +  SH (4)

0 +  S H — >• SO +  H (5)

where the last two reactions constitute a chain. The 
chain cannot be long since the ratio of SO production 
to H2S consumption is only about 0.5. The reactant 
consumption ratio, O : H2S, is only slightly greater than

unity and a bimolecular rate law is obeyed. Liuti, 
et al., have also considered the step

O +  H2S — ►  H2 +  SO (6 )

but ruled it out as a major contributing reaction on the 
basis of the isotope scrambling observed in the prod
ucts when atomic oxygen was treated with a mixture 
of H2S and D2S.

The chemiluminescence associated with these reac
tions has also been investigated.4 -8  A comparative

(1) Supported by the National Aeronautics and Space Administra
tion.
(2) (a) G. Liuti, S. Dondes, and P. Harteck, presented at the 
152nd National Meeting of the American Chemical Society, New York, 
N. Y., 1963; (b) J. O. Sullivan and P. Warneck, Ber. Bunsenges. 
Physik. Chem., 69, 7 (1965).
(3) G. Luiti, S. Dondes, and P. Harteck, J. Am. Chem. Soc., 88, 3212 
(1966).
(4) A. Sharma, J. P. Padur, and P. Warneck, J. Chem. Phys., 43, 
2155 (1965).
(5) A. G. Gaydon, “ The Spectroscopy of Flames,”  Chapman and 
Hall, Ltd., London, 1957.
(6) L. Hermann, J. Skrieh, and M . Grenat, J. Quant. Spectry. 
Radiative Transfer, 2, 215 (1962).
(7) C. J. Halstead and B. A. Thrush, Nature, 204, 992 (1964).
(8) T. R. Rolfes, R. R. Reeves, and P. Harteck, J. Phys. Chem., 69, 
849 (1965).
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study4 has shown that the emission spectra from the 
reactions of oxygen atoms with carbonyl sulfide, hy
drogen sulfide, and carbon disulfide and the SO2 

afterglow spectrum are nearly identical, featuring simi
lar intensity distributions. These observations sug
gest that the emitter and the process leading to the 
formation of the emitter are the same in all four cases 
of chemiluminescence. Evidence is mounting that 
the reaction responsible for the emission is

0  +  SO — >  S02 +  hv (7)

as was originally suggested by Gaydon.5 Hermann, 
et al.f observed that the short-wavelength cutoff of 
the S02 afterglow near 2400 A coincides with the onset 
of the dissociation continuum in the S02 absorption 
spectrum. Halstead and Thrush7 found that the 
S02 afterglow intensity is directly proportional to the 
product of oxygen atom and SO radical concentrations. 
Most recently, Rolfes, Reeves, and Harteck8 studied 
the light emission from the reaction of 0  atoms with 
COS at low total pressures and compared it with the 
0  +  N 0 2 reaction resulting in the air-afterglow emis
sion involving radiative combination of atomic oxygen 
with nitric oxide. Their results indicate that at low 
pressures, the two reactions are analogous and that re
action 7 proceeds via a simple two-body combination 
mechanism.

The present work set out to derive additional evi
dence for the occurrence of reaction 7 by studying the 
time dependence of the chemiluminescent intensity 
in the reactions of atomic oxygen with COS and H2S 
for various initial reactant concentrations. From such 
experiments, the rate of SO production associated 
with reactions 1 and 2 could be determined. The rate 
for reaction 7 was also determined. In addition, in
tensity profiles were obtained for the later stage of 
the reaction of oxygen atoms with COS to explore the 
possibilities of SO loss reactions.

Experimental Section
The conventional fast-flow system employed a cylin

drical reactor of 1.9-cm i.d. Atomic oxygen was pro
duced by microwave discharge. Either a 99:1 argon- 
oxygen mixture or pure oxygen was discharged. The 
second reactant entered the reactor via an inlet pro
vided with several radially oriented holes. The inlet 
could be moved along the reactor axis by means of 
a friction drive. Observations were made downstream 
of the mixing point using a 1P28 photomultiplier tube 
connected to a Victoreen microammeter. The chemi
luminescent emission was viewed through a quartz 
window mounted on the side of the reactor. A col
limating slit system was interposed so that a spatial

resolution of about 7 mm was obtained. The cor
responding time resolution was 0.7 msec for linear flow 
rates around 10 m/sec.

Capillary flowmeters were used to measure volume 
flow rates of the individual gaseous components: argon, 
oxygen, carbonyl sulfide, and hydrogen sulfide. The 
concentrations of these constituents at the mixing 
point were determined from the fraction of the total 
flow rate and the prevailing total pressure measured 
with a McLeod gauge. The total pressure was held 
at 800 n unless stated otherwise. Atomic oxygen 
concentrations were determined by gas titration, using 
the procedure described by Harteck, et al.9 This is 
a two-step method. Oxygen atoms are first titrated 
with N 0 2 to determine the maximum intensity cor
responding to the titration half-point. The N 0 2 

is then replaced by NO to determine the NO flow cor
responding to the same intensity value. The accuracy 
of this method is not as good as the direct titration 
with N 02, but the complications due to the 2N02 ^  
N2O4 equilibrium in measuring N 0 2 flow rates are 
avoided.

Results and Discussion
Dependence of Intensity on Time and Concentration. 

To investigate the time dependence of the chemi
luminescence intensity, the photomultiplier currents 
were recorded as a function of the reactant inlet posi
tion and the reaction time was calculated from the 
distance between inlet position and observation point 
and the prevailing linear flow rate of the gas mixture in 
the reactor. The introduction of both COS and H2S 
gave emission intensities whose increase with time was 
linear so long as the reaction times were reasonably 
short and the employed concentrations were moderate. 
Figure 1 demonstrates this observation for the reaction 
of oxygen atoms with COS in a plot of intensities vs. 
time for three initial COS concentrations. Only the 
highest COS concentration produces a nonlinear in
tensity-time dependence at reaction times greater than 
8 msec. Figure 1 also shows that the intensities ex
trapolate to zero at a common origin beyond the point 
of reactant introduction. This is primarily due to 
the limited spatial resolution of the collimating slit 
system, although back diffusion can also contribute to 
the effect.

The linearity of intensity with time for short reaction 
times permits the use of the initial slope of the intensity
time profile as a measure of the reaction rate. The 
variation of the initial slope with oxygen atom concen- * 32

(9) P. Harteck, R. R. Reeves, and G. G. Manella, J. Chem. Phys.,
32, 632 (1960).
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Figure 1. Chemiluminescence intensity vs. reaction 
time in the system O +  COS for three initial COS 
pressures: •, 7.6 p; A, 20.6 p; ■, 35 p; the 
average O atomic pressure was 9.5 p.

0  -  ATOM CONCENTRATION 
( I 0 14 o to m s /c c )

Figure 2. Initial slope of intensity-time profile 
as a function of O atom concentration for the 
systems: •, O +  COS; O, 0  +  H2S.

tration for the reactions with either COS or H2S is 
shown in Figure 2 using a logarithmic plot presentation. 
The concentrations of COS and H2S, respectively, 
were held constant in these experiments. The inten
sities for the H2S reaction actually were brighter than 
those shown in Figure 2 by about a factor of 2, but these 
data points were adjusted to fall onto the same line as 
the COS data, so that the equivalence of the dependence 
on oxygen atom concentration in both cases is more 
clearly demonstrated. The slope of the straight line 
in Figure 2 is S =  2.08, indicating that the chemilumi
nescence intensity is proportional to the square of the 
oxygen atom concentration.

Figure 3 shows, in a similar fashion, the variation of 
the initial slope of the intensity-time profile with COS 
concentration and H2S concentration, respectively. 
Data from several runs performed on different days 
were used in this plot and corrected for the observed 
oxygen atom concentration, making use of the (O) 2 

law. Here again, the data indicate a brighter chemi

REACTANT CONCENTRATION 
(I0 14 molec/cc)

Figure 3. Initial slope of intensity-time profile as a 
function of COS (A) and H2S (A) concentrations.

luminescence for the H2S reaction when compared with 
the emission from the reaction with COS. However, 
both plots yield straight lines with nearly identical 
slopes. The averaged value for the two slopes, S =
1 .1 , indicates a first-order concentration dependence 
for carbonyl sulfide and hydrogen sulfide.

In addition to these experiments in which the total 
pressure was 800 ¡x, a set of experiments was carried 
out for the O +  COS reaction at a total pressure of 
only 330 ¡x. It was established that, at the lower 
pressure, the intensity dependence on reaction time 
and initial reactant concentrations was the same as 
that at 800 p, but the over-all intensity was found to 
be about three times smaller. While this result indi
cates a pressure dependence of reaction 7 (in contrast 
to the observation by Rolfes, et al.s), it has not been 
possible to study this effect in detail because the flow 
rate could not be adequately controlled in the present 
apparatus. However, the measured rate of reaction 7 
reported below also indicates a pressure effect and the 
discussion of this point will be deferred.

The results summarized in Figures 1-3 can be in
terpreted in terms of reaction 7 if it is taken into ac
count that, for sufficiently short reaction times, the con
sumption of the initial reactants is still negligible. 
With this condition, the SO concentration is a linear 
function of reaction time, at least in the initial stage 
of the reaction where the destruction of SO radicals by 
reaction 7 or other follow-up reactions is not yet sig
nificant. For the reaction of atomic oxygen with 
carbonyl sulfide, the initial rate of SO radical produc
tion is

=  M O ] [COS]
A t
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and the increase of intensity, A/, produced by reaction 
7 in the time interval, At, is correspondingly

\T; = M O ] ^ - ] = ¿A [0 NCOS] (A)At At

The right-hand side of this equation represents the ini
tial slope of the intensity-time profile. A similar ex
pression is derived also for the reaction of oxygen atoms 
with hydrogen sulfide

~  =  M O ] ^  = hkx[ om s] (B)At At

where kx denotes the rate constant for SO production 
in the over-all mechanism of the O +  H2S reaction. 
kx is not to be identified with the rate constant for 
reaction 5, even though this reaction may be the prin
cipal generator of SO radicals. Instead, kx is propor
tional to k-i by a factor which depends on the number 
of chains involving reactions 4 and 5.

Equations A and B predict a linear relationship 
with initial COS or H2S concentration and a quadratic 
one for the atomic oxygen concentration. This is in 
agreement with the relationship found in the present 
experiments. Alternatively, the present results can 
be used to demonstrate that the chemiluminescence 
intensity is proportional to the product of the concen
trations of atomic oxygen and SO radicals, as required 
if reaction 7 is the predominant light-emitting process. 
These results, therefore, are in good agreement with the 
data reported by Halstead and Thrush7 and by Rolfes, 
et al,8 It is also significant that the analysis of the 
present data refers to the very early stage in the re
actions because mechanisms can be suggested which 
lead to the observed concentration dependence but 
feature different chemiluminescent reactions. How
ever, such mechanisms would require the buildup of an 
intermediate concentration (such as SO), so that ini
tially the chemiluminescence intensity could not be 
a linear function of time. The observed concentra
tion dependences and linearity with time taken to
gether constitute strong evidence in favor of assigning 
reaction 7 as the principal chemiluminescent reaction.

Determination of the Rate Constant kx. It has been 
noted above that the reaction of atomic oxygen with 
H2S produces a brighter chemiluminescence than the, 
reaction with COS under similar conditions. This fact 
can now be explained by the difference of the associated 
rates for SO formation. As eq A and B show, the ratio 
of the initial slopes obtained for the intensity-time pro
files in the two reactions is given by

Ah/At =  kx_ jIRS} JOV
Ah/At h  [COS] [0]i2 ( ^

FLOW RATE ( c c /m ln )

Figure 4. Intensity vs flow rate of COS (•) and 
H2S (O) at constant O atom concentration.

where [0 ]i and [0 ] 2 refer to the initial oxygen atom con
centrations prevailing in the COS and H2S experiments, 
respectively. According to eq C, the ratio of the rate 
constants, kx/k\, can be obtained directly from Figure 2, 
where the data are corrected for the varying initial 
oxygen atom concentrations. Since the logarithmic 
plot in Figure 2 yields parallel lines, kz/ki is represented 
simply by the ratio of the Al/At values for identical 
COS and H2S concentrations. The averaged ratio of 
rate constants obtained from these data is kx/ki = 
1.85.

In the region where the dependence of intensity on 
reaction time is still linear, the right-hand side of eq 
C also represents the ratios of intensities at any time, 
t. An experiment was performed in which :he chemi
luminescence intensity close to the mixing point (at 
t ~  1 msec) was recorded as a function of the COS 
and H2S flow rates. The results, shown in Figure 4, 
are appropriately corrected for the difference of oxy
gen atom concentration in the two cases. Since for 
small reactant flows the reactant concentrations 
are proportional to the measured flow rates, the ob
served linear increase of intensities for moderate flow 
rates again verifies the first-order concentration de
pendence discussed above. The ratio of the slopes in 
Figure 4 is

A/2/A[H2S] = k.
AH/A [COS] h

in excellent agreement with the average value found 
above. Applying the previously determined value 
for the rate constant of the 0  +  COS reaction, kx =  
0.91 X 10-14 cc/molecule sec,2b one obtains the absolute 
value kx = 1.70 X 10~ 14 cc/molecule sec. It should be 
emphasized again that this rate constant refers only to 
that portion of the 0  +  H2S reaction which leads to 
the formation of the SO radicals.
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The present value for fa is smaller by a factor of 6 

than that inferred from the mass spectrometric data 
reported by Liuti, et al. :3 kx =  1 X 10-13 cc/molecule 
sec. The resulting discrepancy is not easily explained, 
since the experimental conditions concerning flow rates, 
reactant concentrations, etc., in both investigations 
are rather similar. Thus, one would expect the same 
reaction mechanism to hold in both cases. One pos
sibility for the disagreement may be due to a dif
ference in the wall conditions. In the mechanism 
indicated in the Introduction, the production of SO 
proceeds rapidly only if the HS radicals are not easily 
removed at the wall. The enhancement of HS con
sumption at the wall by adverse conditions in the pres
ent experiments therefore may have reduced the SO 
production to the observed level.

Determination of the Rate Constant fa. The rate con
stant associated with the reaction 7 was determined by 
comparing the light emission from the 0  +  COS reac
tion with that produced in the air-afterglow reaction

0  +  NO — > N 0 2 +  hv (8 )

The relative spectral intensity distribution for reaction 
7 was previously determined in this laboratory.4 

The emission lies mainly in the violet and ultraviolet 
portion of the spectrum. Fontijn, Meyer, and Schiff10 

have determined the spectral intensity distribution 
for reaction 8 and have shown that it is centered in the 
red and near infrared. Both emissions overlap in the 
3800-5200-A wavelength region. An interference filter 
was therefore employed in the comparison experiment 
to limit the radiation seen by the photomultiplier to 
the region of overlap. The filter featured a transmission 
maximum near 4100 A and a band width of 75 A. The 
fraction of radiation registered by the photomulti
plier-filter combination compared to the total inte
grated emission from each reaction was determined 
from the known spectral response of the phototube, 
the transmission characteristics of the filter, and the 
relative spectral intensity distributions for both reac
tions. The evaluation of the comparison experiment 
requires only the ratio of the two fractions, which was 
found to be / 8/ / 7 =  0.029, where the subscripts refer to 
reactions 8 and 7, respectively.

The introduction of nitric oxide to the gas flow con
taining oxygen atoms results in an emission intensity 
which is time independent, whereas it has been shown 
above that the introduction of carbonyl sulfide pro
duces an intensity which increases linearly with time. 
In the first case, the intensity is given by

Is = MO] [NO]
and in the second case by eq A. With the provision

that the oxygen atom concentration remains constant 
the combination of both equations yields

_  f c g [ N O ] A J i /A <

7 MO][COS]/8
or when the total intensities, fa and fa, are replaced by 
the equivalent photomultiplier currents, fa and fa

_  fsfa [N O ] A h /A f

7 ~ Mi[0][COS]t8
The following individual rate constants were employed 
in the evaluation of eq D: fa =  0.91 X 10-14 c c / 
molecule sec, given by Sullivan and Warneck,2b and 
kt = 6.4 X 10' 17 cc/molecule sec, determined by Fon
tijn, Meyer, and Schiff.10

Figure 5 shows the results of the comparison experi
ments. The photomultiplier currents registered upon 
admixture of either NO or COS to a discharged argon- 
oxygen mixture are plotted as a function of reaction 
time. From the slope of the current-time profile 
for the O-COS reaction, one obtains Ah/At =  330 X 
10~ 7 A/sec, whereas 4 =  0.085 X 10-7  A. The prev
alent concentrations of nitric oxide, carbonyl sulfide, 
and atomic oxygen are given in the legend. With 
these data, eq D yields the rate constant associated 
with reaction 7: fa — 5.7 X 1 0 '15 cc/molecule sec. 
This value is about 8 times greater than the rate 
constant estimate of Rolfes, Reeves, and Harteck8 

for pressures around 10 p. The discrepancy is greater 
than the combined experimental error in both determi
nations. The fact that the present result, obtained at 
a higher pressure, is much larger indicates again a pres- * 64

TIME (m illiseco nds)

Figure 5. Intensity-time profile for O +  COS (•) and 
O +  NO (A). Concentrations in molecules per cubic 
centimeter are [COS]o = 4.2 X 1014, [NO]0 = 5 X 1014, 
and [O] o = 1.65 X 1014.

(10) A. Fontijn, C. B. Meyer, and H. I. Schiff, J. Chem. Phys., 40,
64 (1964).
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sure effect, thereby substantiating the data presented 
earlier in this paper. However, the increase in the 
emission rate is insufficient for a reaction that occurs 
solely by third-body association. Apparently, reac
tion 7 can proceed both as a two-body and as a three- 
body association reaction, with the former being pre
dominant at lower pressures and the latter becoming 
important as the pressure is increased. This interpre
tation is consistent with the results by Rolfes, et al.,* 
Halstead and Thrush, 9' 11 and the present data. Thus, 
reaction 7 should proceed mainly as a two-body reac
tion at pressures below 10 0  /u, whereas at 800 y, pressure, 
the predominant reaction would be

O +  SO +  M — > M +  S02 +  hv (7M)

From the above data, one obtains the corresponding 
third-body rate constant: km =  k7/ [M] = 2.2 X 10-31 

cc2/molecule2 sec. This value is only one-fourth as 
large as the over-all third-body association rate con
stant found by Halstead and Thrush11 for the reaction

O +  SO +  M — > S02 +  M (9)

which presumably includes reaction 7M and was studied 
in S02 afterglow experiments. Most significant for 
the O +  COS reaction is the result that, under the 
present experimental conditions, reactions 7 and 9 
combined are as rapid as the precursor reaction 1 , so 
that these reactions are effective SO loss processes. 
This aspect of the reaction will now be discussed.

SO Radical Consumption. The importance of the 
SO losses in the O +  COS reaction has been recognized 
previously. Rolfes, et al.,* considered the reactions

SO +  SO — >  S02 +  S (10)

SO +  0 2 — ■> S02 +  O (11)

and the occurrence of reaction 10 was suggested also 
by the mass spectrometer observations of Sullivan and 
Warneck.2*3 On the other hand, Halstead and Thrush11 

argued for an alternative explanation of these results 
in terms of reaction 9 in combination with a reaction 
of SO with COS. While the present experiments could 
provide no detailed information on the individual SO 
loss reactions, it was of interest to investigate the in
tensity-time profiles in the later stage of the O +  COS 
reaction for comparison with profiles calculated on the 
basis that reaction 9 is the major SO loss reaction. 
The rate coefficient fc9 =  8.3 X 10-31 cc/molecule sec 
given by Halstead and Thrush was used in the calcu
lations.

Figure 6. Intensity-time profile for the system 
O +  COS for different initial concentration ratios 
y =  [COS]o/[0]o. Experimental data: •, 0.57; A, 0.93;
■, 1.9. Calculated results are shown by solid lines.

The results of this experiment are shown in Figure 6 . 
Intensities were calculated by numerical integration 
of the pertinent differential equations and are plotted 
in the form [SO ] [O ] /  [O ]02 vs. the reaction parameter 
t  —  k i [ 0 ] ( , t  for several initial reactant concentration 
ratios y =  [COS]o/[0]0. The experimental data
points were obtained with 650 p of pure oxygen in
stead of the argon-oxygen mixtures, so that a higher 
initial oxygen-atom concentration could be realized. 
A common scaling factor was applied to the experi
mental intensity data to facilitate the comparison.

Figure 6 demonstrates a fairly good agreement 
between the calculated and observed intensity profile 
for y =  0.5. Marked deviations occur in the later 
stage of the reaction for the higher initial [COS]/[0 ] 
concentration ratios, thus indicating the consumption 
of SO by reactions occurring in addition to reaction
9. The observed increase in the deviations with 
increasing COS concentration points to the importance 
of either reaction 10 or the reaction of SO with COS as 
suggested by Halstead and Thrush. 11 Reaction 11 
would not explain the observed behavior. These 
results, therefore, lead to the conclusion that, despite 
its comparatively fast rate, reaction 9 alone is in
sufficient to explain the observed intensity profiles. 
It should be noted, however, that the fast rate deduced 
previously2*3 for reaction 10 cannot be upheld. * 1009

(11) C. J. Halstead and B. A. Thrush, Photochem. Pholobiol., 4,
1009 (1965).
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The Position of Protonation of l,l,3,3-Tetramethyl-2-nitroguanidine 

in Strong Acids

by E. Price, R. D. Barefoot, A. S. Tompa, and J. U. Lowe, Jr.

Research and Developm ent D epartm ent, Naval Ordnance Station, Ind ian  Head, M aryland  
(Received J u ly  18, 1966 )

Evidence is presented to establish that protonation of l,l,3,3-tetramethyl-2-nitroguanidine 
in strong acids occurs primarily at the dimethylamino site. This conclusion is based 
on the following nmr data: (1) in 37.5% HC1 and at temperatures above —15°, one singlet 
is observed for the methyl groups; (2 ) for the same solutions and at temperatures below 
— 15°, a doublet is observed for the methyl protons; (3) in 38% DC1 in D20  and at —20 
and —35°, no doublet is observed for the methyl protons; (4) the addition of H20  to tetra- 
methylnitroguanidine in 38% DC1 in D20  at these temperatures causes the methyl protons 
to split into a doublet. The splitting of the N -CH 3 resonance into a doublet is attributed 
to spin-spin coupling of the adjacent N -H  proton with the methyl protons due to protona
tion at the dimethylamino site.

The structure of certain nitroguanidines (I) and their 
conjugate acids has been discussed and ultraviolet 
absorption spectra data have been presented to support 
protonation at the nitrimino site, a1 (R = methyl or

N 0 2

R— N .N— R

R R
I

hydrogen). This conclusion was drawn from the fol
lowing facts: (1) in all the nitroguanidines studied 
the presence of a strong absorption band at 2600- 
2700 A has been observed, the exact position and in
tensity of which depends on the substituent groups; 
(2 ) the absorption spectrum of nitram'ide (H2N N 02) is 
quite different with a broad band at 2250 A (e 5900 
in water) ; 2 (3) the absorption band characteristic 
of nitramide appears in the spectra of nitroguanidines 
in strong acidic solutions and reaches maximum 
intensity in 40-50% sulfuric acid corresponding to

complete conversion of the nitroguanidine into its 
conjugate acid. It has been reported that the change 
is accompanied by the disappearance of the absorption 
band characteristic of the free base, nitroguanidine.1 

In our laboratories, preliminary studies of the absorp
tion spectra of l,l,3,3-tetramethyl-2-nitroguanidine 
(TMNG) in various nitric acid solutions are in agree
ment with the latter fact. However, we offer evidence 
to show that protonation of nitroguanidines does not 
occur primarily at the nitrimino site, a, but rather at 
the amino site, b.

From nuclear magnetic resonance (nmr) measure
ments, the following observations have been obtained:
(1) for l,l,3,3-tetramethyl-2-nitroguanidine in 30.5% 
H N 03 or 37.5% HC1 and at temperatures above —15°, 
a singlet is observed for the methyl groups; (2) for 
the same solutions and at temperatures below —15°, 
a doublet is observed for the methyl protons. It is 
recognized that these facts may be interpreted in 
terms of one of the following explanations. The exist
ence of the doublet below —15° may indicate (1) that 
hindered rotation produces nonequivalent methyl

(1) T . G. Bonner and J. C. Lockhart, J. Chem. Soc., 3858 (1958).
(2) R . N. Jones and G. D. Thorn, Can. J . R es., B27, 828 (1949).
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groups, (2) that the methyl groups are spin-spin 
coupled with the proton that adds to the amino site, 
b, and that proton exchange is rapid at temperatures 
above —15°, or (3) that protonation is occurring at 
both the nitrimino and amino sites. We believe that 
the second explanation is more in agreement with all 
the facts.

From our knowledge of the base-strengthening effects 
of methyl groups in guanidines3 and the base-weakening 
effect of a nitro group, one would expect protonation 
of l,l,3,3-tetramethyl-2-nitroguanidine to occur at 
the dimethylamino site, b, rather than the nitrimino 
site, a.

Once protonation occurs at the dimethylamino site, 
+

this group [(CH3)2N H —] acts inductively as an elec
tron-withdrawing group and would also make the 
nitrimino site, a, even less basic.4

It has been observed that the character of the N~CH3 

resonances of aqueous solutions of methyl derivatives 
of nitroguanidine is dependent on the acidity cf the 
medium (Table I). For l,l,3,3-tetramethyl-2-nitro- 
guanidine the methyl resonance shifts approximately 
16 cps downfield in going from 0 to 70 wt %  nitric 
acid. The chemical shifts observed for the methyl

Table I: N m r C hem ical Shifts at 60 M c /s e c  for 
M ethyln itroguan idines in  A queous A cids 
at R oom  T em perature

Wt %  .----------------- --------CH 3 resonance"-
of HNOs T M N G 1 D M N G “ M N G 1

7 0 .0 199 .8 2 0 4 .1 194 .8
5 6 .9 1 9 7 .0 2 0 1 . 1 192 .4
4 6 .7 189 .2
4 5 .2 196 .5 198 .8
3 9 .4 195 .9
3 7 .9 195 .4 188 .0
3 6 .6 195 .8
3 0 .5 194 .5 183.4
2 3 .1 193 .0 191 .3 182.1
1 2 . 6 188 .3 179 .0
1 0 .5 188 .5
6 .4 186 .1
5 .2 177 .7
4 .9 177 .7
3 .2 184 .8
1 .4 183 .9

3 7 .5 %  HC1 196 .6 2 0 0 188 .2
C H 3C O O H 183.9 177 .0
H 20 183 .9

“ C yclies per second dow nfield from  sodium  2 ,2 -d im ethyl-2 - 
silapentane-5-sulfonate used as internal standard. T h e  con 
centration  o f  the nitroguanidines w as ~ 0 .0 4  m . 6 1.1,3,3- 
Tetram ethyl-2 -n itroguanid ine. c 1, l-D im ethyl-2 -n itrogu an id in e. 
d l-M eth yl-2 -n itroguan id in e.

protons in these media are largely attributed to de
shielding caused by the positive charge developed at 
the amino nitrogen.

A more substantial demonstration of protonation at 
the amino site is indicated as follows. For TMNG 
one singlet resonance at 183.9 cps is observed for the 
methyl protons in water, while in 37.5% by weight 
hydrochloric acid one singlet is observed at 196.6 cps 
(reference, internal sodium 2 ,2-dimethyl-2-silapentane-
5-sulfonate) . 5 In the latter solution, it has been ob
served that the N -CH 3 resonance splits into a doublet 
in the temperature range 8 to —30°. This doublet is 
partially resolved with a separation ranging from 1.7 
to 3.0 cps at 8 to —30°, respectively. A partially re
solved doublet is also observed in 23% hydrochloric 
acid and in 30-70% nitric acid solutions at tempera
tures below —15°. The splitting of the N -CH 3 

resonance into a doublet is attributed to spin-spin 
coupling of the adjacent N -H  proton with methyl 
protons owing to protonation at the dimethylamino 
site. This is confirmed (Figure 1) by the absence of 
the doublet in 38% DC1 in D20  solutions of TMNG 
at —20 and —35° .6 The addition of H20  to TMNG 
in 38% DC1 in D 20  at these temperatures causes the 
methyl protons to split into a doublet. The forma
tion of a singlet for the N -CH 3 resonance at tempera
tures above —15° is attributed to rapid proton exchange 
between the amino sites and the solvent.

We believe that protonation of l,l-dimethyl-2- 
nitroguanidine (DMNG) occurs mainly at the pri
mary amino site rather than the tertiary amino site 
because the former is a more basic site.7 No doublet 
for the methyl resonance for the dimethylamino group 
in DMNG in 70% H N 03 was observed at tempera
tures as low as — 35°. Under no conditions in aqueous 
media could the N -H  protons of methylnitroguanidines

(3) S. J.  Angyal and W . K . Warburton, J. Chem. Soc., 2492 (1951).
(4) The presence of any diprotonated form of T M N G  in strong acids
is unlikely in our experiments. It  follows from the order of magnitude 
of the pî a for the guanidinium cation (pK & 11) that guanidine
does not form a doubly charged cation to any considerable extent in 
acids weaker than 99% H 2SO4. B y  analogy the weakly basic T M N G  
is not expected to become doubly charged; cf., G. W illiam s and 
M . L . Hardy, ibid., 2560 (1953).
(5) Two doublets («7 = 5.00 cps) at 179 and 188.5 cps have been ob
served for N,N'-dimethylacetamidinium chloride solutions in 14% 
H2SO4 and in 60% D2SO4 at 184.0 and 194.0 cps, respectively: R . C.
Neuman, Jr., and A. S. Hammond, J. P h ys. Chem., 67, 1659 (1963).
(6) The effect of the deuterium atom on the methyl proton spectra 
is to cause the methyl proton line to split into three lines by spin- 
spin coupling to the deuterium nuclei. Since the coupling is small, 
the observed effect is to broaden the methyl proton resonance line 
into an unresolved multiplet.
(7) H. C. Brown, J . A m . Chem. Soc., 67, 378 (1945). For the be
havior of D M N G  in 70—90% H2SO4, see J. C. Lockhart, J . Chem. 
Soc., 1174 C1966).
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Figure 1. N uclear m agnetic resonance spectra 
o f N -m eth y l protons in T M N Q ; A , 3 8 %
DC1 in D20 ; B, 26.7% DC1-HC1 in D20-H 20.

be observed because the solvent resonance obscures 
the N -H  signal.

Experimental Section
DC1 (38%) (99% isotopic purity) in D20  (99.5% 

purity) was obtained from Volk Radiochemical Co.
1,1,8,3-Tetramethyl-2-nitroguanidine (TM N Q). 

TMNQ was prepared by the mixed acid nitration of
1,1,3,3-tetramethylguanidine (Eastman White Label) 
by the procedure of Kirkwood and Wright.8 Several 
recrystallizations from absolute ethanol-ethyl acetate 
gave a sample whose melting point was 84.5°.9 Anal. 
Calcd for C6H12N40 2: C, 37.49; H, 7.55; N, 34.99.

Found: C, 38.02; H, 7.73; N, 34.05. TMNQ was 
dried for 20 hr at 56° in an Abderhalden just before 
the solutions were prepared for deuterium experi
ments.

Methylnitroguanidine (mp 161.8-162°; lit.10 160- 
161°) and l,l-dimethyl-2-nitroguanidine (mp 197- 
198°; lit.10 193.5-195°) were conveniently prepared 
from ethanolic solutions of 2-methyl-l-nitro-2-thio- 
pseudourea with methyl- and dimethylamines, respec
tively. Analytically pure samples were obtained 
by repeated crystallization of newly synthesized methyl- 
nitroguanidines from absolute ethanol-ethyl acetate.

l,l,3,3-Tetramethyl-2-nitroguanidine was dissolved 
in 38% DC1 in D 20  to give a 1.92 M  solution. The 
nmr spectrum of this solution was then taken imme
diately at —35 and —20°. Afterward, the 1.92 M  
solution was diluted with water to give a 1.28 M  solu
tion of l,l,3,3-tetramethyl-2-nitroguanidine in 26.7% 
DC1 HC1 in D 20 -H 20  mixture. The nmr spectrum of 
this solution was also recorded immediately.

The nmr measurements were performed with a Varian . 
DA-60-E1 spectrometer equipped with a superstabilizer. 
The chemical shifts were measured with a precision of 
0.05 cps by placing side bands on both sides of the 
signal. The side-band frequency was measured with a 
Hewlett-Packard Model 522-B electronic frequency 
counter. The temperature wás kept constant to within 
±0.2° by the use of a Leeds and Northrup Azar H 
recorder-controller. The temperature was varied with 
dry nitrogen gas and the use of a Varian 4340 variable- 
temperature probe assembly and a Model V-4331- 
THR spinning sample dewar probe insert.

Acknowledgment. We gratefully acknowledge sup
port of this work by the Foundational Research Pro
gram of the Naval Ordnance Systems Command.

(8) M . W . Kirkwood and G. F . Wright, C an . J . Chem ., 35, 527 
(1957).
(9) A ll melting points were taken on a micro Kofler hot stage.
(10) T . G. Bonner and J. C. Lockhart, J . Chem. S oc.f 3852 (1958).
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Analysis of the High-Pressure Region of Certain Sorption Isotherms

by Akira Takizawa

Faculty of Textile Technology, Tokyo Institute of Technology, Tokyo, Japan {Received May 9, 1966)

In order to describe the high vapor pressure region of the sorption isotherm of polar poly
mer-polar small molecule systems, theoretical investigations of the statistical thermody
namics of solution accompanied by adsorption were made. The result was applied to 
the experimental isotherms of protein-water and cellulose nitrate-acetone systems. The 
theory of solution accompanied by adsorption seems to be adequate for the polymer- 
solvent systems, because it not only gives a constant interaction parameter, xi> for the 
polymer-solvent systems over the whole relative pressure range, but it also yields an in
teraction parameter which agrees with that obtained by another method.

I. Introduction

In order to develop a new concept that will be able 
to describe the high-pressure region of the sorption 
isotherm of a polar polymer-polar small molecule 
system, several possibilities were first examined for 
protein-water systems.

Brunauer, Emmett, and Teller’s theory1 can de
scribe the experimental isotherm of an insulin-water 
system at 25°2 with the aid of a restricted number (five 
to eight) of adsorbed layers. It is, however, only one 
among several possible descriptions and lacks concrete 
physical meaning.

The generalized adsorption equation that is obtained 
from a fundamental statistical treatment is expressed 
as3' 4 5

A /A m — x<f> /<fi

where 0  =  1 +  C\x +  CiCix2 +  C1C2C3X3 +  . . .  and 
Ct is the ratio of partition function for the zth layer to 
that for the liquid state. By setting up the experi
mental equation that might describe the equilibrium 
sorption isotherm of an insulin-water system over the 
whole pressure range and comparing it with the above 
theoretical equation Ct values are determined. The 
result shows that some of the Ct values are negative. 
Because partition functions cannot be negative, the 
result means that the “ adsorption”  theory cannot 
explain the isotherm over the whole range of relative 
vapor pressure.

Rowen and Simha’s treatment6 based on the FLory- 
Huggins’ “ solution”  theory was examined for insulin-

water (25°) and egg albumin-water (26.5°) systems.6 

The interaction parameter, xi, increased with the rela
tive pressure or volume fraction of water and the initial 
stage of the sorption showed a large affinity (low xi) 
between protein and water. This tendency means 
that a high interaction energy by adsorption is evolved 
at the initial stage of mixing and this exothermic ten
dency gradually diminishes as the adsorption mech
anism decreases. Because of the strong interactions 
between polar sites of the polymer and small polar 
molecules, small molecules adsorbed at the initial 
stage of sorption must be far from a randomly mixed 
state even at high vapor pressures.

Therefore, it is most desirable to develop the sta
tistical thermodynamics of solution accompanied by 
adsorption for the description of these systems.

The results of the theoretical investigation will be 
examined by the experimental isotherms of protein- 
water and cellulose nitrate-acetone systems.

II. Theory
In the following, we shall assume that small molecules 

are sorbed to polymer molecules in two different ways: 
one is the Langmuir-type adsorption with strong inter-

(1) S. Brunauer, “ Adsorption of Gases and Vapors,”  Princeton 
University Press, Princeton, N. J., 1943, p 154.
(2) W . Heller and A. Takizawa, unpublished work.
(3) T . L . H ill, J. Chem. Phys., 14, 263, 272 (1946).
(4) M . Dole, ibid., 16, 25 (1948).
(5) J.  W . Rowen and R . Simha, J. Phys. Colloid Chem., 53, 921 
(1949).
(6) W . Heller and A. Fogiel, J. Phys. Chem., 70, 2039 (1966).

a/ <f
v i t t f t o  nnroviînrfm iw

Volume 71, Number 6 May 1967



1612 Akira Takizawa

action and the other is the Flory- -Huggins type of 
random mixing of small molecules with polymer seg
ments.

As has been customarily done with the statistical 
mechanical treatment of adsorption,3'7,8 the sorption 
isotherm in the present paper is derived by setting up 
the partition function of the two-component system, 
assuming that adsorption is accompanied by solution. 
Furthermore, since the present case is essentially the 
two-component theory, the result was examined by 
applying the Gibbs-Duhem equation to the derived 
chemical potentials of vapor and polymer.

We suppose that there are PB polar sites per P 
polymer molecule, that X  of these sites are occupied 
by adsorbed molecules, and that (A — X ) small mole
cules are mixed randomly with polymer segments 
PM. P  is the number of polymer molecules and M 
is the number of segments per molecule.

(,1) Theory I. The Case Where B <K M or X  <3C 
PM +  (A -  X). There are (PB)\/(PB -  X )!X l 
distinguishable ways that X  identical molecules may 
be distributed among PB sites. When adsorbed 
molecules are characterized by a potential energy, 
—Es, the partition function for an adsorbed molecule 
is expressed as qs exp (Es/kT), where qs is related to the 
internal degrees of freedom. Furthermore, we desig
nate qm and g„ as the partition functions for the per
turbed and unperturbed adsorption sites, respectively. 
The partition function of the surface phase including 
X  molecules adsorbed on the PB sites is then

Qs = ! x ,[g. exp(Fs/ikT)]xqm(PB~X)qnx  (1)

The partition function of polymer solution including 
(.A — X) small molecules and PM  polymer segments is9

Ql =  (Sle - 0m' ™ ) A- x <3 lf i - « ~ /a*T)p*  X
p - i
n (A — X  +  PM  -  M i f  X

t = 0

[(C -  1 )/(A — A  +  PM )]m~1 
P\

C (A  — X + P M ) v m w / 2 k TC/

(2)
where qi is the internal partition function of mixed 
small molecule, qp is the internal partition function of 
mixed polymer segment, w =  wu +  w22 — 2wu, wu is 
the interaction potential energy of 1 (small molecule) - 2  

(polymer segment) interaction; %  is the interaction 
potential energy of 1 - 1  interaction, w22 is the interaction 
potential energy of 2-2 interaction, C is the coordination 
number, v\ is the volume fraction of small molecule = 
{A — X)/{A — X  +  PM), and v2 is the volume fraction 
of polymer = PM/{A — X  +  PM).

The complete partition function of the system is 
then

P B

Q = Z Q sQl (3)X = 1
where Qs and Ql are given by eq 1 and 2 , respectively. 
Using the maximum-term method,10 the X  value that 
gives the maximum term in the sum of eq 3 is given by

In [(PB -  X)/] +  In K  +  In vt +
(1 -  (1/M))v2 -  (Cw/2kTW =  0 (4)

where

K  =  qs exp(EJkT) q_n 
qi exp( — Cwi/2kT) qm

The chemical potential of the small molecule in the 
system is

MA/fcT =  - d  In QsQl / M  =  - I n  qie~Cmi/2kT +
In V\ +  v2(l -  (l/M)) -  (Cw/2kT)v22 (5)

where X  in Vi and v2 is to be determined by eq 4.
For the gas phase, the chemical potential is given as

Ho/kT =  (a/kT) +  In V (6)

where a is a constant and p is the vapor pressure.
Equating pa and pa and putting p = po, i'i =  1, and 

v2 =  0 for the pure liquid, we have

In x = In vi +  i-2(1 -  (l/M)) -  (Cw/2kTW (7)

where x is the relative vapor pressure p/p<>- When we 
put —Cw/2kT = xi, the next Flory-Huggins equation 
is obtained.

In x =  In Vi +  v2(l — (l/M)) +  xi% 2 (T) 

Substituting eq 7 or V  into eq 4

In [(PB -  X)/X] +  In K  +  In x =  0

or

X  =  PBKx/(l +  Kx) (8 )

Equation 8 is the usual Langmuir isotherm. 
Substituting eq 8 into eq T  and eliminating X

=  A -  {PBKx/( 1 +  Kx)}
X n A +  PM -  {PBKx/( 1 +  Kx)}

PM
A +  PM -  [PBKx/( 1 +  Kx)} +

T PM
XlLA +  PM -  {PBKx/(l +  K x)}. (9)

(7) A. B . D . Cassie, Trans. Faraday Soc., 41, 450 (1945).
(8) W . L . Peticolas, J . Chem. P h ys ., 27, 436 (1957).
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Equation 9 gives the relationship between A (sorbed 
small molecules per P polymer molecules) and relative 
vapor pressure, x.

The chemical potential of the polymer is calculated 
as

(Up/kT =  — ò In QsQl/òP
p ß  _

= B In — — ------1- In % — (M  — l)v\ +PB
XiMvS -  ln K' (10)

where

K' =  qmB(qpe~Cwii/2kT)MPP

where

K = [qs exp(Es/kT)]‘l(C -  l)gn/(gigm)

The chemical potential, pa, of the small molecules in 
the system can be calculated by the same procedure as 
eq 5. Equating (UA and pg of eq 6

- I n  (qie - Cm'/2kT) +  In t*' +  vf -
W  -  (X/(A +  PM))]/M -  

(Cw/2kT)[vf -  (X /(A  +  P M ) ) ] 2 =  (a/kT) +  In p
(14)

For the pure liquid, vf, vf’, and A become 1, 0, and &, 
respectively.

Hence
and X  in v, and % is to be obtained by eq 4.

It can be seen that eq 5 and 10 satisfy the Gibbs-=- 
Duhem equation

AdpA +  Pdp-p =  0 (11)

by using eq 8 for the first term of eq 10 and by ex
pressing pa and p? as functions of Vi.

(2) Theory II. The Case Where B or X  Is of Com
parable Order with M or PM  +  (A — X), Respectively. 
In this case we cannot neglect the effect of combined 
X  molecules on the dimension of the polymer molecule. 
In the following, we assume that X  molecules adsorbed 
to strong polar sites of polymer molecules participate 
as parts of polymer segments. Thus the volume frac
tions are defined as vi, volume fraction of small mole
cule =  (A — X)/(A +  PM), and vf, volume fraction 
of polymer segment (including adsorbed small mole
cules) = (X +  PM)/{A +  PM).

The partition function for the X  molecules is the 
same as eq 1. The partition function of the polymer 
solution in this case is

Qh = x

tope- 0**92kT)PM X

II [A +  PM — (fX/P) +  M )i]{X/P)+M X
i =  0

e { C w / 2 k T ) [ A P M / ( . A  +  P M ) ]  ( 1 2 ) U

The X  value which corresponds to the maximum 
term in the complete partition function of the system 
eq 3, where Qs and Ql are given by eq I and 12, respec
tively, is

In [(PB -  X)/X] +  In vf +  In K  =  0 (13)

In x =  In Vi +  vf —

- A _ U
A +  PMJM

cwf , _ x  y  =
2kT\ A +  P M j ~

hi v f  +  Vi -  (vìo'/M) +  x W 2 (15)

where «V  =  vf — (X/(A +  Pili)) is the true volume 
fraction of polymer (excluding the adsorbed small 
molecules) of the entire system.

From eq 13 and 15

PB -  X
X

Kx = V 2 '— (V2q'/M )-\-X  U>2(/2C/ (16)

In the region of relatively low x, vf and %</ of the 
right-hand side of eq 16 approach unity. Then, ne
glecting the effect of the % r/M  term and putting 
K/el+x> = K'

lim X
p —► 0

PBK'x 
1 +  K'x

(17)

Equation 17 has the same form as the Langmuir 
equation.

For the whole pressure range, we have to calculate 
an x vs. A relationship by eliminating X  using eq 15 
and 16.

(9) T. L. Hill, “ An Introduction to Statistical Thermodynamics,” 
Addison-Wesley Publishing Co., Inc., Reading, Mass., 1960, pp 
372, 405.
(10) T. L. Hill, see ref 9, p 478
(11) In the derivation of eq 12, average interaction potential energies 
are assumed as

W12PM +  wuX
wW  =  P M  +  X

_  W yjP M Y  +  wx{lP M  +  m u ff
w*v  ~ (pm  +  x y

where subscript 2 ' means polymer segment including adsorbed small 
molecules.
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The chemical potential of the polymer in this case is 
calculated as

tx-e/kT =  — d In QsQL/bP

= B In — —  — +  In — (M — 1) +rt>

Mvi -  t>M' — In (Vi'/Vio’) +
X1M (1 -  vm'y  -  In K ’ (18)

where K ’ is equal to that of eq 10 and X  in Vi, Vi, 
and vi0' is to be obtained by eq 13.

In this case, too, it may be seen that the /u  (left- 
hand side of eq 14) and the pp of eq 18 satisfy the Gibbs- 
Duhem equation (eq 11) by using eq 16 for the first 
term of eq 18 and by expressing both pa and pp as func
tions of V2 ' . 12

III. Application of the Present Theory to 
Experimental Isotherms

(.1) Insulin-Water System. The experimental iso
therm at 25°2 (A moles sorbed/100 g of insulin 
vs. relative vapor pressure x relation) is shown in Figure 
1 by open circles. (Experimental details were given 
in a former paper.6)

For the determination of the Langmuir-type isotherm 
of eq 8 , we assume X  (adsorbed) is nearly equal to A 
in the low-pressure region because of the large adsorp
tion energy. Applying the least-square method to the 
six points up to a: =  0.05136 of the x/X vs. x relation

x/X =  0.1579 +  0.4835a;

X  values calculated by this equation correspond to 
the Langmuir-type adsorption. Subtraction of the X  
value from A to each x gives the water molecules that 
are randomly mixed with polymer segments according 
to eq 7. Transforming the unit of (A — X) from moles 
per 100  g of insulin to centimeters per g of 
insulin and using the specific volume of insulin, 0.73513 
cc/g , 13 one can calculate the volume fraction of freely 
mixed water molecules, vi.

Then, by using eq 7' and neglecting the term l/M, 
values of Xi at various x value are obtained.

The result of calculation is shown in Figure 1 by 
closed circles. Xi values obtained by this theory show 
constancy over the wide range of x. The average 
value of Xl is 1.063. Using this value, the calculated 
adsorption isotherm is also included in Figure 1. The 
theoretical curve explains the experimental data quite 
satisfactorily.

(2) Egg Albumin-Water System. The experimental 
isotherm at 26.5° 6 is shown in Figure 2 by open circles. 
By the same procedure as in the case of insulin, Xi 
values at various x values are calculated and are shown

2  >7

Figure 1. Interaction parameter (•), %i, and, 
theoretical isotherm (—), calculated by theory I for 
insulin-water system (25°); O, experimental isotherm.

in Figure 2 by closed circles. In this case, too, the 
result shows almost constant Xi values (average 1.087) 
over the wide range of x.

(3) Cellulose Nitrate-Acetone System. Using Camp
bell and Johnson’s isotherm14 of nitrocellulose of nitro
gen content 1 1 .2%  plus acetone system (reproduced 
in Figure 3), Rowen and Simha’s treatment5 and the 
analysis by the present theory I were made. Though 
the present theory I gives more uniform Xi values 
( —0.093 at x =  0.2 to —0.016 at x =  0.9) than those 
( — 1.41 at x =  0.2 to —0.18 at x =  0.9) of Rowen and 
Simha’s treatment, the difference between Xi values of 
the osmotic pressure determination and the present

(12) The terms relating to »20’ are expressed by using the relation 
d » 2 o ' =  (dtJ2o ’ / d !> 2 ') d V 2 '.

(13) J. D. Edsall, “ The Proteins,”  Academic Press Inc., New York, 
N. Y „  1953, p 562.
(14) H. Campbell and P. Johnson, J. Polymer Sci., 4, 247 (1947).
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Figure 2. Interaction parameter (•), xt, and theoretical 
isotherm (— ) calculated by theory I for egg 
albumin-water system (26.5°); O, experimental isotherm.

theory I still cannot be neglected. (For nitrocellu
lose of nitrogen content 11.45% and acetone system at 
22°, xi was given as 0.265 by osmotic pressure determi
nation. ) 16

In the case of the protein-water system, X  was small 
compared with PM. In other words, the volume frac
tion of water molecule, vi, was given by (A — X ) /  
(A — X  +  PM) with an error of less than 5%. In the 
nitrocellulose-acetone system, the corresponding vol
ume fraction of acetone is smaller than {A — X)/ 
{A — X  +  PM) with an error of more than 10%. 
We have to use as the volume fraction {A — X ) /  
(A +  PM) instead of (A -  X) / ( A -  X  +  PM) in 
this case. This means that theory II of the 
preceding section is a better description of this system.

The practical procedure of applying theory II is 
somewhat intricate. At first, applying eq 17 to the 
experimental A vs. x relation in the low-pressure region 
and neglecting the minor decrease of %'and v-m', we 
can obtain the values of B and K' =  K /exp(l +  xi)- 
Then eq 13 is rewritten as

~  x  X K' exp(l +  XiW  = 1 (13')

Using eq 13' and 15, we can determine values of both 
X i  and X  at each i  by a trial-and-error method as 
follows. Putting an arbitrary value of xi into eq 13', 
the X  value at that x is determined noting that v\ = 
(A — X)/(A +  PM). (A and PM  are known from 
the experiment.) Then, substituting this X  value into 
eq 15 and neglecting the term vm/M, xi corresponding 
to the former arbitrary xi is obtained. If both xi 
values agree with each other, this consistent value is 
the correct xi value at that x. From this xi, K — 
K' exp(l +  xi) can also be calculated. We can ex
amine the applicability of theory II to a system by 
checking the constancy of xi and K  over the whole range 
of relative vapor pressure.

For the present nitrocellulose-acetone system, ac
cording to the Langmuir adsorption isotherm x/X = 
0.382 +  3.58X obtained by applying the least-square 
method to the x/X values at x =  0.02, 0.03, and 0.05, 
B = 0.279 (3), and K' = 0.937 (0). The results of cal-

Figure 3. Interaction parameter, Xi> and constant 
K  calculated by theory II vs. relative pressure relations 
and separation of experimental isotherm into 
“adsorption” and “polymer solution” by the theory 
(cellulose nitrate-acetone system, 20°12).

(15) H. A. Stuart, “ Die Physik der Hochpolymeren, Zweiter Band: 
Das Makromolekül in Lösungen,”  Springer-Verlag, Berlin, 1953, 
p 152.
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culations of xi and K  at various x values are shown in 
Figure 3. From Figure 3, it is seen that xi and K  
show almost constant values over the whole range of 
pressure and the average value of xi (0.290) is almost 
equal to that (0.265) obtained from osmotic pressure 
measurement, in spite of the several assumptions in
volved in the theory. Thus, as it is clear that 
theory II is adequate to describe the experimental 
sorption isotherm of the nitrocellulose-acetone system,

we can divide the isotherm into an “ adsorption”  part 
and a “ polymer solution”  part as is shown in Figure 3.
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The Oxidation of Molybdenum (V) by Iodine and Oxygen1

by E. P. Guymon2 and J. T. Spence

Chemistry Department, Utah State University, Logan, Utah (.Received August 4» 1966)

The oxidation of M ov 2 by I3_ and 0 2 has been studied over the pH range 1.65-7.20 in 
phosphate buffer. In all cases the reaction is first order in M ov 2 and zero order in oxidant. 
From pH 1.65 to 3.92 the rate of the reaction is dependent on H+, while above pH 5.50, 
the rate is pH independent. The activation energy and the entropy of activation for the 
reaction have been measured, and three possible mechanisms have been considered. The 
epr studies have eliminated M ov monomer as an intermediate in the reaction.

As part of a study of reactions of molybdenum(Y) as 
possible models for molybdenum enzymes, the oxida
tion of M o v 2 by N 02_ and N 03~ has recently been 
reported.3’4 5 To obtain more information about the 
mechanisms of molybdenum(V) reactions, this study 
has been extended to other oxidants and the reaction 
of M o v 2 with I3-  and 0 2 is reported here.

Aqueous solutions of M ov2, unless stabilized by strong 
acid or certain chelating agents,6 are easily oxidized by 
atmospheric 0 2 and must be handled under anaerobic 
conditions. No quantitative studies of the oxidation 
have been reported, however.

Experimental Section
Stock solutions of M ov 2 were prepared by quanti

tative reduction of Na2M o0 4 by shaking over Hg in 3 M 
HC1; they were allowed to stand over Hg in 3 M  HC11 
week before use. The Na^MoCh was standardized 
as previously described.6 Standard solutions of I3~

were prepared by the method of Kolthoff and Sandell.7 

K 3Mo(CN)s was prepared by oxidation of K 4M o(CN ) 8 

with Ce(IV) in 1 M  H2S04. K4M o(CN ) 8 was pre
pared and standardized as described by Audrieth.8 

All buffers were made from reagent grade chemicals, 
using H20  that had been passed through a mixed-bed 
ion exchanger to remove any metal ions. Helium,

(1) Journal Paper No. 603, Utah State Agricultural Experiment 
Station.
(2) Abstracted from the Ph.D. thesis of E. P. Guymon, Utah State 
University, 1966.
(3) J. A. Frank and J. T. Spence, J. Phys. Chem., 68, 2131 (1964).
(4) E. P. Guymon and J. T. Spence, ibid., 70, 1964 (1966).
(5) J. T. Spence and E. R. Peterson, Inorg. Chem., 1, 277 (1962).
(6) J. T. Spence and G. Kallos, ibid., 2, 710 (1963).
(7) I. M. Kolthoff and E. B. Sandell, “ Textbook of Quantitative 
Inorganic Analysis,”  The Macmillan Co., New York, N. Y ., 1952, 
p 592.
(8) L. F. Audrieth, Inorg. Syn., 3, 160 (1950).
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99.99% pure, used for deaeration, was purchased from 
Matheson Co.

Molybdenum(V) was determined by measuring its 
absorbance at 298 m/z in the reaction with 0 2. In 
the reaction with I3~, both M ov. and I3~ absorb at this 
wavelength. This difficulty was overcome by meas
uring the absorbance at 298 and 350 m/z, since I3~ 
has an absorption maximum at both wavelengths, but 
Mov 2 does not absorb at 350 m/j. Thus, both I3~ and 
M ov 2 were determined simultaneously by measuring 
the absorbance at 350 and 298 m/z and subtracting the 
contribution of I3~ at 298 m/n to obtain M ov 2 concen
tration. The molar absorptivities for both M ov 2 and 
I3_ were determined from standard solutions of the 
reagents. Both M ov 2 and I3~ obey Beer’s law in the 
concentration range used.

For the I3~ reaction a vessel was constructed, to 
which a quartz spectrophotometric cell which could 
be evacauated was joined. The proper amount of 
deaerated M ov 2 or I3_ stock solution was added to the 
deaerated buffer in the reaction vessel under He. The 
other deaerated solution (I3~ or M ov2) was then added 
to the vessel through a rubber diaphragm with a gas- 
tight syringe, and the solution was mixed vigorously 
with the He stream. The moment of mixing was 
taken as zero time. A stopcock was then opened 
and the solution was allowed to flow into the evacuated 
spectrophotometer cell. This cell was closed, either 
by a stopcock for short time periods or by sealing with 
an oxygen torch for long reaction times. Then the 
cell was removed from the vessel and placed in a con
stant-temperature bath. For spectrophotometric meas
urements the cell was placed in a specially constructed 
cell compartment in the Beckman DU spectrophotom
eter which maintained a temperature of ±0.2°. For 
short-time reactions, the cell was left in this compart
ment.

For the 0 2 reactions, the same technique was used. 
The closed cell was placed in the spectrophotometer 
compartment and the initial M ov 2 absorbance recorded. 
The cell was then opened and 0 2 bubbled through 
the cell using a capillary tube. The absorbance 
was followed with time. For stoichiometric meas
urements of the Mo v2- 0 2 reaction a Gilson Respirometer 
was used to measure the uptake of 0 2.

In order to keep /z and total phosphate concentration 
constant with changes in pH, the following con
centrations of total phosphate were used, and y was 
adjusted with Na^SCh: m 0.51, 0.50 M  buffer; n 0.75, 
0.30 M buffer; M 0.09, 0.10 M buffer.

For measuring the rate of formation and dimeriza
tion of Mo(V) monomer, the buffer solution was placed 
in a water-jacketed vessel and deaerated with He.

The proper amount of M ov 2 in 3 M HC1 (for monomer 
formation) or M ov in 10 M HC1 (for dimerization) was 
then added with a syringe through a rubber diaphragm 
and the solution was mixed with a magnetic stirrer. 
Samples were withdrawn with a gastight syringe and 
transferred anaerobically to quartz epr tubes, which 
were frozen immediately in liquid nitrogen, and the 
signal heights (g =  1.92) were measured on a Varian 
V-4500 epr spectrometer using 100-kc modulation. 
The epr signals were calibrated by comparison of the 
double-integrated curves with the double-integrated 
curves obtained from a standard solution of K3Mo- 
(CN)8. The concentration of M ov 2 was obtained by 
withdrawing a sample and measuring its absorbance 
at 298 m/z.

Rate constants and activation parameters were ob
tained from the proper plots by the method of least 
squares.

Results
Oxidation by / 3~. Because of the effect of pH and 

ionic strength on the reaction rate, several different 
temperatures and ionic strengths had to be used in 
order to cover a wide pH range. A 100-fold excess of 
KI was used in all reactions so that essentially all the 
I2 would be present as I3~.

Stoichiometry. The concentrations of I3~ and Mov 2 

with time were determined simultaneously at pH 2.0 
and 6.1 and it was found that the rates of disappearance 
are essentially identical (Figure 1). Thus the stoichio
metric reaction may be written

M ov 2 +  I , -  — ► 31- +  2M oVI

Molybdenum(Y) is most likely a dimer at the pH 
used,9 and both M ov 2 and M oVI are undoubtedly com- 
plexed with the buffer, but the structures of the com
plexes are not known. Furthermore, H + is involved 
in the reaction at pH below 5.5.

Kinetics. Because of the pH dependence of the 
rate, data were obtained at three temperatures: 
pH 1.65-2.00, 30°; pH 2.00-3.92, 20°; pH 5.50-
7.20, 2.5°. In addition, the rates at four temperatures 
at pH 2.00 were measured in order to obtain the acti
vation parameters.

The over-all order of the reaction was determined 
by trial and error plots for different orders and by 
measuring the half-life as a function of total concen
tration for runs equimolar in M ov 2 and I3_ . The half- 
life was found to be independent of initial concentra
tion and the data gave good first-order plots when either

(9) C. R. Hare, I. Bernal, and H. B. Gray, Inorg. Chew... 1, 831 
(1962).
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1.20

1.00

0.80 x

0.60 33

0.40 g 
O

0.20

-, p H  2.00,Figure 1. Reaction of I3_ with Mov2: -
ju 0.51, 20°, right ordinate;--------- , pH 6.10, m 0.75,
2.5°, left ordinate; •, [R- ]. A, [Movj],

Figure 2. First-order plots of reaction of Mov2 with 
I3~ and 0 2: A, [I3~]o = [Mov2]0 = 2.50 X 10-5 M ,
pH 1.65, 30°, M 0.51; O, [I3-]0 = [Mov2]0 = 1.58 X HT6 M ,
pH 2.61, 20°, M 0.51; ■, [I3-]0 = [Mov2]0 = 1.17 X HR4 M ,
pH 6.10, 2.5°, n 0.75; O, [Moy2] = 1.19 X lO“4 M , excess
0 2, pH 6.10, 2.5°, n 0.75. Co =  initial concentration of I3-  or 
Mov2; C =  concentration of I3_ or Mov. with time.

the disappearance of M ov 2 or I3~ was used. There
fore, the over-all order of the reaction was concluded 
to be one. When an eightfold excess of M ov 2 was used, 
the rate of disappearance of I3~ was zero order. Fur
thermore, when M ov2 concentration was kept con
stant and I3-  concentration changed, no effect on the 
rate was found. These results indicate the rate-con
trolling step involves only M ov2. The rate expres
sion may therefore be written

rate = — d[M ov2] —d [I3

df df
= h  [Mo 2]

This gives the standard first-order equation upon 
integration. Representative plots of the data are 
found in Figure 2.

The effect of pH on the reaction was studied by meas
uring the rate between pH 1.65 and 7.20. The changes 
in temperature were necessary because of the large 
increase in rate with increasing pH. No measure
ments were made between pH 3.92 and 5.50 because of 
the lack of buffering capacity of phosphate in this re
gion.

The order of the reaction with respect to H+ was 
determined from the slope of the line obtained from 
the equation: log fci =  —n(pH), assuming —log 
[H+] =  pH. These results are found in Figure 3. 
In the regions pH 2.00-3.92 and 1.65-2.00 the slope 
of the lines is 0.85, indicating n is very likely —1. 
From pH 5.50 to 7.20 the slope is almost zero, and the 
rate is essentially independent of pH. Unfortunately 
the three sets of points cannot be drawn on the same 
curve because of the difference in temperature. The 
rate constants obtained in the pH regions 1.65-2.00

- 1 .0 0

-1 .5 0 f

-2 .0 0

f  1
-2 .5 0 //

f

-3 .0 0 A
A

0 1 3 4 5
pH.

8 9

Figure 3. Effect of pH on fa: O, 20°; A, 30°; A, same 
values calculated for 20°; 0 ,2 .5° ; ■, same values calculated 
for 20°; --------- , experimental;--------- , calculated.

(30°) and 5.50-7.20 (2.5°) were converted tc 20° by 
using AF *  for the reaction (see below) and the rela
tionship

log fc»o° —
1A F *  ( ______________

2.30ß\275.5 (or 303)
- ± )

293/ +  log ¿2.5° or 30°

Considering the fact that the different phosphate 
species are present at different pH and that AF *  
was obtained at pH 2.00, the agreement is very good.

The rate at pH 2.00 was measured at four tempera
tures—15, 25, 35, and 40°— and the activation energy
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and entropy were obtained from the Arrhenius plot, 
giving Ea =  24.3 kcal and AS* =  13.6 eu at 35c. 
AT* was calculated to be 20.1 kcal at 35°. The effect 
of ionic strength on the rate was determined by adding 
1 M  Na2SO.i. As can be seen by comparing runs 22 
and 23 (Table I) this decreased the rate by a large 
factor.

Table I : Rate Constants for Oxidation by I2

10*[I.-]o, lOUMoVOo, Temp, 10%, u,
Run pH M M °C min-1 M

1 1 .65 0 .2 4 0 0 .2 4 0 30 2 .7 2 0 .5 1
2 1 .7 2 1 .2 0 1 .2 0 30 3 .2 6 0 .5 1
3 2 .0 0 0 .2 8 2 0 .2 8 2 30 6 .7 1 0 .5 1
4 2 .0 0 1 .2 0 1 .2 0 30 6 .6 8 0 .5 1
5 2 .0 2 0 .2 4 0 0 .2 4 0 20 2 .6 9 0 .5 1
6 2 .0 2 1 .2 0 1 .2 0 20 2 .6 9 0 .5 1
7 2 .61 0 .3 1 9 0 .1 5 9 20 4 .7 1 0 .5 1
8 2 .6 1 0 .1 5 8 0 .1 5 8 20 4 .6 2 0 .5 1
9 2 .6 1 0 .1 9 3 0 .1 9 3 20 4 .8 2 0 .5 1

10 2 .6 1 1 .5 9 0 .7 8 8 20 4 .6 2 0 .5 1
11 2 .61 1 .1 5 1 .1 5 20 4 .5 8 0 .5 1
12 3 .0 8 0 .2 4 0 0 .2 4 0 20 1 2 .8 0 .5 1
13 3 .0 8 1 .2 0 1 .2 0 20 1 1 .4 0 .5 1
14 3 .3 8 1 .2 0 1 .2 0 20 2 4 .7 0 .5 1
15 3 .9 2 1 .2 0 1 .2 0 20 4 9 .5 0 .5 1
16 5 .5 0 1 .1 6 1 .1 6 2 .5 9 .7 9 0 .7 5
17 6 .1 0 1 .2 2 1 .2 2 2 .5 1 1 .2 0 .7 5
18 6 .5 0 0 .2 4 2 0 .2 4 2 2 .5 1 0 .9 0 .7 5
19 6 .5 0 1 .21 1 .21 2 .5 1 1 .7 0 .7 5
20 6 .7 5 1 .2 1 1 .21 2 .5 1 2 .0 0 .7 5
21 7 .2 0 0 .2 4 2 0 .2 4 2 2 .5 1 2 .8 0 .7 5
22 2 .1 8 1 .2 4 1 .2 4 30 7 .8 8 0 .1 9
23“ 2 .1 8 1 .1 9 1 .1 9 30 0 .5 09 3 .1 9
24 2 .0 0 1 .2 5 1 .2 5 15 2 .8 5 0 .0 9
25 2 .0 0 1 .25 1 .2 5 25 9 .6 9 0 .0 9
26 2 .0 0 1 .25 1 .2 5 35 3 8 .9 0 .0 9
27 2 .0 0 1 .2 5 1 .2 5 40 7 8 .7 0 .0 9
28 6 .1 0 1 .2 0 2 .5 1 1 .6 0 .7 5
29 6 .1 0 1 0 .0 2 .5 10 .9 0 .7 5
30 6 .1 0 1 .0 7 2 .5 1 8 .5 0 .0 7
31 2 .0 0 3 .1 8 20 2 .2 4 0 .5 1

“ Run 23 contained 1 M  Na2SC>4.

Oxidation by 0 2. Stoichiometry. The stoichiometry 
for the reaction of M ov 2 with 0 2 was determined by 
measuring the 0 2 uptake in a Gilson Respirometer. 
Table II gives the results. It is clear that 0.5 mole of
0 2 is used for every mole of M ov 2 and the over-all 
reaction may be written

4H+ +  0 2 +  2Mov 2 — > 4MoVI +  2H20

Kinetics. Because of the difficulty of accurately 
measuring 0 2 concentration in solution, initial experi-

Table II: Oxygen Uptake by Mov¡
at pH 6.2, M 0.75, and 2.5°

[M0V2], [Od,
Run m M m l

i 0.00463 0.00220
2 0.00463 0.00234
3 0.00463 0.00246
4 0.00463 0.00238 

Av 0.00238

ments were run with excess 0 2 (saturated solutions). 
When the rate of oxidation of M ov 2 was compared with 
the rate of oxidation by I3~ at the same pH and tem
perature, it was found to be identical within experi
mental error (Table I). Furthermore, when a trace 
of 0 2 was added to a deaerated solution of M ov2, 
the oxidation was found to proceed at the same rate as 
the comparable I3~ oxidation until the 0 2 was used. 
Clearly then, the reaction is first order in M ov 2 and 
zero order in 0 2, identical with the I»~ oxidation.

Discussion and Mechanism

The results indicate the oxidations of M ov 2 by I3~ 
and 0 2 proceed by the same mechanism, with the rate- 
controlling step involving only M ov2.

In the reduction of N 03~ by M ov2, the rate-control
ling step is apparently the reaction of M ov monomer, 
formed from the dimer, with N 0 3- .4 This suggests 
that a possible mechanism for the reaction of M ov 2 

with I8~ and 0 2 might involve the dissociation of the 
dimer into monomer as the rate-controlling step. 
This would then be followed by a fast reaction of the 
monomer with I3~ or 0 2.

M ov 2 -
hi’

■ 2Mov slow (1)

2Mov
kz

T g o slow (2 )

¡>0

4
t1 +  I2 +  I fast (3 )

hi
2I2"  -̂Is -  + 1 - fast (4 )

By applying the steady-state condition to M ov and 
I2_ and making the assumption that fc3 [I3- ] > >  2k2- 
[Mov], this leads directly to the experimental rate 
law and is therefore consistent with the kinetics. In 
order to obtain evidence for this mechanism, the rate 
of formation of monomer from dimer (step 1 ) was in
vestigated. This was possible because M ov monomer 
is paramagnetic (di ion) and small concentrations can 
be detected by epr. It was found that there is a 
small equilibrium concentration of M ov monomer in
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phosphate buffer at pH 2.00, but not at pH 6.00. 
Fortunately, this equilibrium concentration is con
siderably larger than in 3 M  HC1 so that, when a small 
amount of M ov 2 in 3 M HC1 is added to deaerated 
buffer, the epr signal due to M ov increases with time, 
allowing the kinetics of its formation to be followed, 
as seen in Figure 4. The reaction is pseudo first order 
since the M ov2 concentration is effectively constant and 
the plot of M ov monomer concentration vs. time is linear 
until equilibrium is approached. By adding a solu
tion of M ov in 10 M HC1, in which the molybdenum-
(V) is 1 0 0 %  monomer, the equilibrium can be ap
proached from the other direction (dimerization). 
This reaction is second order until equilibrium is ap
proached. In both cases, the complete rate expres
sion taking into account the reverse reaction may be 
integrated directly, allowing the evaluation of ki by 
two methods. For monomer formation

fa'
M ov 2 2Mov

fa

d|^ -  ] =  2fcI/ [Mov2] -  2 fe[Mov ] 2

Since [Mov2 j is effectively constant and [Mov] 
equilibrium can be measured

fe'[M ov2]

d|M(F 
d t

ki —

=  2/q'IM o'

[Mov ]e

,[M ov2][M ov ] 2

Zkl [ M 0 V ]e2

at

This is of the form, dx/(a +  bx2) — 2/c/cd/., which gives 
on integration

1

2 \/—ab
In

a +  x V -a b  
a — x\^—ab

= 2ki'ct

Making the appropriate substitutions for a, b, and c

log
1 +

;m o v]
[ M 0 V ]e

[Moy ]
[ M 0 V ] e

4 l!'[M ov2] 
2.30[Mov]e 1

This is plotted in Figure 4 for a representative run, 
and ki was obtained from the slope of this plot.

For dimerization the same treatment can be applied. 
In this case, owing to the time necessary for sample 
withdrawal (~ 30  sec) and the difficulty of obtaining 
instantaneous mixing, the M ov monomer concentra
tion has fallen to approximately 10% of total M ov 
in the first sample. Therefore the M ov 2 concentration 
is almost constant and the compete rate equation can 
be integrated readily, giving an expression of the same

1.0

C.8 .

o.6 r

0.4

Figure 4. Formation and dimerization of Mov monomer. 
Mov monomer concentration determined from epr signals 
(g = 1.92) at —195°. A, left ordinate: formation 
of monomer, [Mov2] = 2.47 X 10-4 M , pH 2.00,
M 0.51, 20°; •, right ordinate: dimerization,
[Moh] = 1.68 X 10~i M , pH 2.00, M 0.51, 20°.

form as for monomer formation. This is also plotted 
in Figure 4, and ki is obtained from the slope as before. 
Both methods gave results in agreement within the 
experimental error and the combined result with stand
ard deviation is: W  =  (4.0 ±  1.2) X 10-4  min-1, at 
pH 2.00, m 0.51, and 20°.

If the mechanism is correct, the value of ki for mono
mer formation should be identical with the value of h  
found in the oxidation because this is the rate-control
ling step. Since the value of k\ for the oxidation under 
these conditions (Table I) is approximately 7 times 
larger, it is clear this mechanism must be rejected.

A second possible mechanism involves the con
version of the M ov2, which is most likely M o2OClio2- 
in 3 M  HC1, to a phosphate complex by a ligand-ex
change reaction as the slow step. The phosphate 
complex would then have to react with I3~ or 0 2 in a 
fast step. This mechanism also must be excluded, 
however, since solutions of M ov 2 aged in phosphate 
buffer for 2 days were oxidized by I3-  at exactly the 
same rate as freshly prepared solutions. Also, the rate 
of oxidation was found to be the same, regardless 
of the order in which the reactants were added, thus 
eliminating the possibility of a slow oxidation of a 
molybdenum(V)-chloride complex and a faster oxi
dation of a M ov-buffer species which might have 
formed in the interval between addition of reactants. 
If an exchange reaction occurs, it must be fast relative 
to both oxidation and monomer formation or else the 
rates of these reactions are unaffected by the ligands 
in the coordination sphere.

A third mechanism involves the disproportionation 
of M ov 2 into M oVI and M oVI as the slow step, followed 
by a fast reaction of M oIV with I3-  or 0 2

The Journal of Physical Chemistry



Oxidation of M olybdenum (V) by Iodine and Oxygen 1621

k i"
M oV 2  — >  M oIV +  M oVI slow

h
M oVI +  M oIV — >- M ov2 slow

M oIV +  I3-  — ► 31- +  M oVI fast

Applying the steady-state condition to M oIV and 
assuming &3[I3_ ] > >  fc2[MoVI], the experimental rate 
law is readily obtained. Unfortunately, no positive 
evidence for the existence of M oIV in phosphate
buffer has been found. If the M oIV existed in a high- 
spin complex it should give a triplet epr signal, but none 
was observed (such a signal can be detected for a mo- 
lybdenum(IV)-gluconic acid complex). If the com
plex is low spin, however, no signal would be seen. 
Polarographic reduction of M oVI in phosphate like
wise gave no evidence for the existence of a M oIV

species, as contrasted with reduction in gluconate.6 

This does not eliminate this mechanism, since only 
a low concentration of M oIV would be necessary if its 
rate of reaction with I:!~ and 0 2 is very fast. It should 
be pointed out that there is evidence M oIV is an in
termediate in other reactions involving molybdenum 
ions.10'11 At present, however, this mechanism, al
though reasonable, can only be regarded as possible.
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Equilibrium and Water Uptake in Barium-Hydrogen and

Related Ion-Exchange Systems
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Howard S. Sherry, and Harold F. Walton
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Equilibrium selectivity measurements have been made for the barium-hydrogen and 
barium-sodium exchanges in a sulfonated polystyrene resin and values have been calcu
lated for the free energy, enthalpy, and entropy of the reactions. The entropy changes 
can be explained qualitatively by ion hydration in the aqueous phase, but the difference 
in the entropies of the two reactions is larger than expected. The swelling and water 
uptake were measured for different cation ratios in the systems Ba2+-H +, Ca2+-H +, La3+-  
H +, Cs+-H+, Ba2+-Na+, and Na+-H+. Both the water uptakes and the ion-exchange 
equilibria point to significant ion pairing between divalent ions and the fixed ions of the 
exchanger.

In 1961, we published selectivity data for the Ba-H 
exchange in a sulfonated polystyrene resin and re
ported that the selectivity for barium increased with 
with the proportion of barium ions in the exchanger.1 

We also noted that the absorption of water by the 
barium-loaded resin was substantially less than that 
by the hydrogen-loaded resin. Qualitatively the results 
indicated that the activity of the ions in the exchanger 
depended on the proportion of ions to water in the ex
changer, that is, on the molality of the internal solu
tion rather than on the proportion of the cations to the 
fixed ionic groups. The selectivity quotients were cal
culated with resin concentrations expressed as equiva
lent fractions. For exchanges of ions of unequal 
charge, the concentration units must be clearly speci
fied.

The selectivity of the exchanger for barium ions is 
large, and to find distribution quotients one must meas
ure very small concentrations of dissolved barium ions. 
The method we had used was to add dilute sulfuric acid, 
evaporate the solution and precipitate together in a 
weighed platinum dish without filtering, and weigh 
the product. This method assumes that no non
volatile substance is present other than barium sulfate. 
Even a small amount of nonvolatile impurity leached 
from the resin would invalidate the result, and ap
parently this happened.

The investigation here reported had two parts. One 
was to measure distribution quotients for the barium- 
hydrogen and barium-sodium exchanges, using radio
active tracer Ba-133 (half-life 7.2 years). The second 
was to measure water uptake as a function of resin com
position for resins containing barium and hydrogen ions, 
barium and sodium ions, and for certain other pairs of 
ions.

Experimental Section

(a) Materials. The cation-exchange resin was the 
sulfonated styrene-divinylbenzene copolymer, Dowex 
50-W, with 8%  cross-linking, obtainined in purified 
form from the Bio-Rad Corp. Two batches were used, 
one a 20-50 mesh material out of which was wet- 
screened a 20-24 mesh fraction for the water uptake 
experiments, and the other a 50-100 mesh material 
which was used for the selectivity measurements. 
Both were used in the hydrogen form, except for one 
series of measurements where the sodium form was 
used. One set of water uptake measurements was 
made with a third batch of resin, as will appear below. 
The barium tracer was obtained as a barium chloride 
solution of specific activity 2 curies/g of Ba from the

(1) H. F. Walton, D . E. Jordan, S. R . Samedy, and W. N. McKay, 
J. Phys. Chem., 65, 1477 (1961).
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Nuclear Science and Engineering Corp. Its radio
chemical purity was confirmed using a 512-channel
7 -ray spectrometer.

(b) Equilibrium Measurements. In each series of 
experiments, quantities of air-dried resin as nearly 
equal as possible were weighed into dry 50-ml poly
ethylene bottles; then measured amounts of aqueous 
perchloric acid and barium perchlorate (or aqueous 
sodium chloride and barium chloride) were added, and 
water was added to give a predetermined volume. 
About 5 mequiv of resin and 12 ml of 0.5 N solution were 
used in most experiments. Finally, the tracer was 
added as a 50, 100, or 500-jul volume of a stock solution. 
The bottles were stoppered and shaken for at least 
16 hr in a water bath at constant temperature. (The 
experiments at 6 ° were done in a cold room.) The 
attainment of equilibrium was virtually complete in 1 

hr except at the lowest barium concentrations. Equi
librium was verified by shaking for extended periods 
with repeated analysis and also by raising the tempera
ture, thus shifting the equilibrium, then bringing the 
temperature back to its original value and checking 
that the solution had the same composition as before.

Counting was done with a crystal scintillation counter 
and pulse-height analyzer, using the 0.355-Mev y 
rays. Care was taken to avoid getting specks of resin 
into the test tubes used for counting. With the runs 
at 60°, portions of about 2.5 ml were withdrawn from 
the bottles while they were in the bath; then the 2 .00-ml 
samples for counting were taken from these portions 
after they had cooled.

In a number of the Ba2+-H +  experiments the acid 
in the solution was determined by titration, and so 
was the hydrogen-ion content of the resin. This 
checking was important at the higher barium loadings, 
but it confirmed the radiochemical analyses very well. 
Also at the higher loadings the barium concentration 
of the solution was checked by conventional gravi
metric analysis.

The radiochemical analysis was further checked by 
scanning the y-ray spectrum of the solution after 
equilibration. At low loadings, less than 1% of the 
added tracer remained in the solution, so that a small 
amount of a weakly absorbed radioactive impurity 
could have caused a large error in the distribution 
measurement. Fortunately, the y-ray spectrum of the 
solution was identical with that of a barium-133 
standard.

(c) Microscopic Measurements. The method was 
that of Freeman and Scatchard.2 Sets of six beads, 
about 0.5 mm in diameter, were selected from batches 
of Dowex 50-X8 resin prepared beforehand with dif
ferent proportions of barium ions and hydrogen ions

and stored in the wet condition. The beads were trans
ferred to a small cell on a microscope slide, immersed 
in pure water, and observed with a monocular Leitz 
microscope with 1 0 X apochromatic objective and ocu
lar micrometer. Illumination was with light of 550 
m/a, obtained with an interference filter and ortho
illuminator. Each bead was measured in four direc
tions at 45° to one another. Then the beads were 
dried under vacuum over magnesium perchlorate for 
5 days. Their diameters in the dry condition were 
measured after immersion in w-hexane, freshly distilled 
from sodium wire. The percentage volume shrinkage 
on drying was determined.

To find the ionic composition of the resins, samples 
of the batches from which the beads had been taken 
were air dried and portions titrated with sodium hy
droxide to determine the hydrogen-ion content. Other 
portions were wet-ashed by digestion with perchloric 
and periodic acids,3 after which the barium was titrated 
with EDTA. The digestion was very tedious, however, 
and later the barium contents were found by titrating 
the barium remaining in the solution after stirring the 
pure hydrogen-form resin with aqueous barium chlo
ride and subtracting from the barium added to find 
the amount of barium that had entered the resin.

(d) Centrifuge Measurements of Water Uptake. 
These were based on the work of Pepper, Reichenberg, 
and Hale4 as modified by Scatchard and Anderson.5 

Quantities of 20-24 mesh resin were placed in stainless 
steel cylinders 13 mm i.d. and 75 mm long, closed at one 
end with fine-mesh stainless steel gauze. This was 
cut into circles and fixed in position in the tube by 
crimping the end of the latter around it; no solder 
was used. For weighing, each steel cylinder was 
placed in a stoppered glass vial. It was weighed 
empty, then with air-dried resin of known moisture 
content, then with the swollen resin after centrifuging.

Before centrifuging, the resin was backwashed 
several times with distilled water using the arrange
ment shown in Figure la. Water was passed up
ward to drive the resin into the long vertical glass 
tube; then the flow was stoppered to let the resin 
settle. The water was drained down through the tube, 
then passed upward again. This was done with the aid 
of a funnel and rubber tube connection (not shown). 
The object of this treatment was to classify the resin 
beads according to size so that the packing would be

(2) D. H. Freeman and G. Scatchard, J. Phys. Chem,., 69, 70 (1965).
(3) G. F. Smith and H. Diehl, Talanta, 4, 185 (1960).
(4) K. Vf. Pepper, D. Reichenberg, and D. K. Haie, J. Chem. Soc., 
3129 (1952).
(5) G. Scatchard and N. J. Anderson, J. Phys. Chem., 65, 1536 
(1961).
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Figure 1. Steel cylinders used for centrifuge studies:
(a) cylinder in place for filling and backwashing;
(b) cylinder in centrifuge tube.

as near as possible to the close packing of uniform 
spheres and the number of contacts between spheres 
reproducible. Finally, the water was drained out of 
the resin and any particles of resin sticking to the inside 
of the upper glass tube were washed down with a water 
jet from a wash bottle. The steel cylinder was re
moved from the holder and allowed to stand and drain 
on absorbent tissue paper for a few minutes. It was 
then placed in the nylon centrifuge tube shown in 
Figure lb. This carried a small rubber or plastic 
pad in the bottom, then a stainless steel ring about 15 
mm high. Thus space was provided to hold the water 
which was spun out of the resin. The centrifuge tube 
was closed with a plastic cap, as shown.

Centrifuging was done in a Servall refrigerated angle 
centrifuge. An estimate of the water retained between 
the resin spheres was made by spinning beads of sty- 
rene-divinylbenzene copolymer, lightly sulfonated on 
the surface by stirring in fuming sulfuric acid for 1 - 2  

min at 80°. The beads were 28 mesh, smaller than 
those of the ion-exchange resins, but we only needed 
a rough estimate as we were interested in the change 
in water uptake with ionic composition rather than in 
absolute values for the water uptake. At 5000#, 
the interstitial water retained by a tubeful of poly
styrene beads was about 40 mg, corresponding to 4-5 
mg/mequiv of ion-exchange resin. In constructing the 
curves shown in Figures 2 , 3, and 4, this correction was 
not applied except for the Ba-H curve (b) of Figure 2 , 
where a centrifugal force of llOOgr was used and the 
water retained between the beads was about 20 mg/ 
mequiv.

The effects of centrifugal force and temperature of

Figure 2. Water uptake by 8% cross-linked resins loaded 
with H + and Ba2+, Las+, or Ca2+. Curve a was obtained 
by microscope measurements; read ordinate at right; see text. 
Curve b was obtained by centrifuge experiments. For 
this and the other two curves, read ordinate at left.
Abscissas are fractions of ions other than H +.
The barium curves in this figure refer to a different 
batch of resin than that used in other tests.

Figure 3. Water uptake by resins loaded with H+ and 
Cs+ or Ba2+. Lower curve, 12% cross-linking; 
two upper curves, 8% cross-linking. Centrifuge 
data. Abscissas are fractions of Cs+ or Ba2+.

centrifugation were studied with hydrogen-form, 8 %  
cross-linked resin. With 30 min spinning time, the 
results with the two tubes of resin, corrected for re
tention between beads, were the following (given as 
grams of water in swollen resin)

(a) 8.27 mequiv of resin: 0°, 3020</, 1.761; 4900g, 
1.737; 97500, 1.722. 20°, 4900?, 1.732
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Aa = k I-jP  (2)
J HX

where X  is the external anion, here the perchlorate 
ion. No activity coefficients are available for mixed 
barium perchlorate-perchloric acid solutions, but we 
can use as a guide the coefficients determined in mixed 
barium chloride-hydrochloric acid solutions by Harned 
and Gary8 and by Lietzke and Stoughton.9 From the 
latter, at ionic strength 0.5 and at 25°, log yhci =  
— 0.12 and log 7 Baci2 =  —0.30; at ionic strength 1.0, 
the numbers are —0.10 and —0.32. Therefore one 
would expect an increase of 36% in K B in going from 
ionic strength 1.0 to 0.5. (The difference between 
the molal activity coefficients cited in ref 9 and the 
molar coefficients in eq 2 is too small to be significant.) 
We found an increase of 16% in going from ionic 
strength 1.0 to 0.4. Krylova, ei al.,6 found a consider
able effect of ionic strength below yu = 0.5, and this is 
to be expected.

Our barium-hydrogen equilibria were measured at 
a constant total normality of 0.38; the ionic strength 
was not constant, yet the equilibrium is so one-sided 
that the barium ions in the solution have little effect 
on the ionic strength except at high resin loadings; 
see Figure 6 . No attempt was made, therefore, to 
adjust the equilibrium quotients to constant ionic 
strength.

Our temperature effect was in the same direction 
as that of Krylova, et al., that is, the affinity of barium 
ions for the hydrogen-form resin decreased with rising 
temperature, but our value of AH was 2.5 times their 
value. They used resins with 6.5, 10.5, and 25% 
divinylbenzene and temperatures of 0 , 2 0 , and 60°. 
The three K  values for 6.5% cross-linking give a uni
form /\H of —1600 cal/mole of Ba, as do the values 
for 10.5% cross-linking at 20 and 60°; the 0 and 20° 
curves give AH = —2600 cal. Our value is —4200 
cal/mole of Ba; see below. We have no explanation 
for this difference except to note that their equilibra
tions were done by flowing solutions of known compo
sitions through resin columns, a doubtful technique in 
view of the one-sided distribution. For the barium- 
sodium exchange, we found the opposite temperature 
effect; the selectivity for barium increased slightly 
with rising temperature.

To treat the data thermodynamically, we used the 
simplified equation of Gaines and Thomas10

AF° = RT(Z, -  Zx) -  RT f 1 In K*'dN (3)
J o

where Z2 and Zi are the charges of the entering and 
leaving ions (2 and 1 in this case), N is the equivalent

Figure 5. Equilibrium quotients for 8% cross-linked resin, 
Ba2+-H  + exchange. The ordinates are values of fc0 (eq 1) 
uncorrected for solution activities. Solutions were 0.38 N .

Figure 6. Equilibrium quotients for 8% cross-linked resin, 
Ba2+-N a+ exchange. The ordinates are values of Kc (eq 1) 
uncorrected for solution activities. The lower curve 
shows the ionic strength of the equilibrium solutions; 
see ordinate scale on right. Solutions were 0.20 N .

fraction of one of the exchanging ions in the resin, and 
KJ  is twice the K k defined in eq 2. In KJ  the solution 
concentrations are expressed in molalities, whereas 
in X a of eq 2 they are given in normalities. Resin 
compositions are expressed as equivalent fractions in 
both quotients. The free energy calculated by eq 3 
is that necessary to transfer 1 mole of barium ions from

(8) H. S. Harned and R. Gary, J. Am. Chem. Soc., 76, 5924 (1954).
(9) M . H. Lietzke and R. W. Stoughton, J. Phys. Chem., 70, 756 
(1966).
(10) G. L. Gaines and H. C. Thomas, J. Chem. Phys., 21, 714 
(1953).
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a pure ideal 1 m barium salt solution into the resin, 
converting the resin entirely from the hydrogen form 
into the barium form, and receiving the liberated hy
drogen ions in an ideal 1 m solution of the pure acid. 
The complete equation of Gaines and Thomas includes 
terms for the change in water activity and the energy 
and transfer of water between the exchanger and solu
tion. Using our data for the water uptake (see the 
next section) and published values of osmotic coef
ficients we can make an estimate of the errors intro
duced by neglecting these solvent terms. They amount 
to about 50 cal/mole of barium perchlorate.

Rewritten for the Ba2+-H + or Ba2+-Na+ exchange 
in terms of our X a, eq 3 reads

AF° = RT{ 1 -  In 2) -  RTJ *  In KAN  (3a)

For the activity coefficient quotient in eq 2 we have 
arbitrarily selected a value of 0.40 for ionic strength 
0.4 and 0.50 for ionic strength 0.2. The former 
value is extrapolated from the data of Lietzke and 
Stoughton9 for chloride solutions; see above. It 
also agrees very well with that estimated a 'priori from 
the approximate Debye-Hiickel equation

log fi = -
0.5 Z < V m

1 +  V p
(4 )

and this equation was used to estimate the activity 
coefficients at ionic strength 0 .2 .

From the data in Figures 5 and 6 we calculate the 
following energy quantities, expressed per mole of 
barium ions at 25°; Ba2+-H + exchange: K c = 52, 
K .  =  21; AF° =  -1620  cal, AH° =  -4200  cal, 
AS° =  —8.6 cal deg-1; Ba2+-N a + exchange: K c =
32.5, K a = 16.5; AF° =  -1480  cal, AH° =  920 cal, 
AS° =  8.1 cal deg-1.

The most striking feature of these data is the great 
difference in the entropy of these two exchanges. 
Qualitatively, this difference is as expected; the hy
drogen ion is more hydrated in aqueous solution than 
the sodium ion and the more negative value obtained 
for AS° in the exchange with hydrogen reflects the 
greater organization of the water structure produced 
by the strongly hydrated H+. Quantitatively, the 
difference of nearly 17 entropy units is much larger 
than expected from the entropies of hydration of ions 
given by Powell and Latimer.11 They quote these 
entropies of hydration in calories per degree per mole 
at 25°: H+ -2 6 , Na+ - 2 1 , and Ba2+ -3 8 . From 
these figures we expect the entropy difference to be no 
more than ten units and two factors would make the 
difference smaller; first, the presumption that the ions

are hydrated to some extent in the resin, with hy
drogen more so than sodium, and second, the configura
tional entropy of the resin, which increases when the 
polymer network contracts; this contraction is greater 
in the H+-Ba2+ exchange (see next section) and might 
account for two to three entropy units in this case.12 

Of course, if our value of AH for the Ba2+-H  + exchange 
were too great6 the anomaly would disappear.

One can avoid uncertainties in configurational en
tropy by studying ion exchange in rigid alumino
silicate frameworks and data obtained in our labora
tory by Sherry and Walton on the Molecular Sieve 
Linde A give for Ba2+-Na+, AS° = + 8 , for Ca2+-  
Na+, AS° — +23 cal deg-1/mole of divalent ions. 
The first value is surprisingly and fortuitously close to 
that found in Dowex 50-X8 resin. The difference of 
15 units is somewhat larger than the 12 units expected 
from the compilation of Powell and Latimer.11

(6) Water Uptake. The data are shown in Figures 
2, 3, and 4. Figure 2 shows the microscopic data 
(curve a) and centrifuge data obtained with the same 
batch of resin (curve b). The other data were ob
tained with another batch of resin which was the same 
in all cases except for the 1 2 %  cross-linked resin 
shown in Figure 3. The standard deviation of the 
several microscope measurements taken on each sample 
was about ± 1%  in the volume; that of any one series 
of centrifuge measurements, made on the same resin 
in the same centrifuge tube, was about ±  1 mg/mequiv. 
Points from different fillings of resin are not distin
guished by different symbols, but are plotted to indi
cate the degree of reproducibility.

The microscope measurements give a different quan
tity to that given by the centrifuge data. Their in
terpretation requires a knowledge of the partial molal 
volumes of the ions and the water. Qualitatively, they 
confirm the results of the centrifuge measurements 
and since the centrifuge data are more complete, we 
shall address our discussion to these.

There is evidence of “ bowing” or convexity in the 
curves for barium-hydrogen and calcium-hydrogen 
mixed resins and possibly even of a slight maximum at 
low divalent-ion loadings. This was especially evi
dent in the calcium-hydrogen exchange,' where the 
shape of the curve was confirmed by repeated tests. 
The water contents of resins with 10-20% of divalent 
ions are greater than would be the case if each resin 
species bound water independently of the other.

(11) R. E. Powell and W. M. Latimer, J. Chem. Phys., 19, 1139 
(1951).
(12) B. R. Sundheim, M. H. Waxman, and H. P. Gregor, J. Phys. 
Chem., 57, 974 (1953).
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This did not happen with the mixed sodium-barium 
resins, and it seems that the bowing is associated with 
the combination of hydrogen ions and divalent ions. 
We hope to obtain more experimental data before 
offering explanations of this effect.

One conclusion can be drawn from our data; intro
duction of divalent ions causes the resin to shrink much 
more than it would if these ions remained fully hydrated 
in the resin. Estimates of hydration from partial 
molal volumes, ionic conductances, and Debye- 
Hiickel interaction parameters show the barium ion 
to be at least twice as strongly hydrated in solution as 
the sodium ion, yet Figure 4 shows that the water con
tent of barium resin is considerably less than that of 
sodium resin. Ion pairing and perhaps bridging of 
polyelectrolyte chains must surely be important with

divalent ions. As we have already noted, the fact 
that the activities of the ion-resin combinations are 
proportional to the equivalent fraction of the resin, 
rather than to the ratio of ions to water in the resin, 
strongly supports the view that ion pairing predomi
nates, or at any rate an association of unhydrated 
ions as visualized by Eisenman. 13
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Pulse Radiolysis of Aqueous Eosinla

by J. Chrysochoos, J. Ovadia, and L. I. GrossweinerIb

Department of Radiation Therapy, Michael Reese Hospital and Medical Center, Chicago, Illinois 
(Received August 10, 1966)

A pulse radiolysis investigation of aqueous eosin (S) has shown that the initial products 
are semireduced eosin (R) [eaq-  +  S — R (k ^ 5 X  109 M ~x sec-1) ], semioxidized eosin (X) 
[OH +  S -*■ OH-  +  X  (fc =  (1.4 ±  0.4) X 1010 M~l sec-1)], and a long-lived “ red prod
uct” attributed to the H and OH ring-addition products. In deaerated solutions the dye 
radicals decay predominantly by the back reaction R  +  X  2S (k =  8 X 10s M~1 3 4 sec-1), 
with permanent bleaching due to R  +  R S +  leuco base (k =  (4.2 ±  0.9) X  106 AT-1  

sec-1) and X  +  X  -*■ products (k =  (2.0 ±  0.5) X 10s M -1  sec-1). Measurements made 
in the presence of H2O2, to convert eaq-  to OH, and OH scavengers led to the results S +  
CH3CHOH -> R +  CH3CHO (k =  (1 .1  ±  0.2) X 109 M~l sec-1) and S +  C 02-  R +  
C 0 2 (k =  (2.5 ±  0.5) X 108 9 10 M~l sec-1). The results are compared with previous flash 
photolysis measurements and predictions of the Debye equation for encounter-limited 
reactions.

Introduction
Eosin Y (the dianion of 2,,4,,5',7'-tetrabromofluo- 

rescein) is a dye whose properties as a photochemical 
sensitizer have been studied in some detail. Investi
gations with conventional light sources have shown 
that light absorption in the longest wavelength band 
(Amax 516 mp) excites a triplet that can oxidize many- 
organic molecules, thereby reducing the dye to a semi- 
quinone intermediate.2-4 Flash photolysis measure
ments led to spectral data on the triplet and semi
reduced eosin (R ) 5’6 and also on a semioxidized form of 
the dye (X) produced by triplet-triplet and triplet- 
dye reactions and by the reaction of the triplet with 
certain oxidants.7-8

It was reported in a preliminary note9 that electron 
pulse radiolysis of deaerated, aqueous eosin gave the 
spectra associated with R  and X  plus a broad absorp
tion in the red region that was attributed to triplet 
eosin, based on its spectrum, rapid formation ( < 1  

psec), decay, and ability to sensitize the oxidation of 
p-cresol in the presence of hydroxyl scavenger. More 
recent work, however, has shown that the absorption 
formerly identified as the triplet is due to a longer 
lived “ red product”  of unknown structure, produced 
by the attack of H or OH on eosin. This paper extends 
the previous report with new results on the formation 
and disappearance of the eosin radiolysis products in

deaerated and aerated solutions, and in the presence of 
eaq-  and OH scavengers.

Experimental Details
The irradiation source was a linear accelerator pro

viding 1 -¿¿sec pulses of 30-Mev electrons, at 1175 rads/ 
pulse as determined with the modified Fricke dosim
eter.10 The flash spectra were taken at a minimum 
time delay of 5 psec by synchronizing an E.G.&G.

(1) (a) This work was supported by U. S. Public Health Service 
Grant No. GM-12716 from the National Institute of General Medical 
Sciences; (b) Department of Physics, Illinois Institute of Tech
nology, Chicago, 111. 60616.
(2) (a) G. Oster and A. H. Adelman, J. Am. Chem. Soc., 78, 913 
(1956); (b) M. Imamura, J. Inst. Polytech. Osaka City Univ., Ser. C, 
5, 85 (1956).
(3) M. Imamura and M. Koizumi, Bull. Chem. Soc. Japan, 29, 899, 
914 (1956).
(4) M. Imamura, ibid., 30, 249 (1957).
(51 L. I. Grossweiner and E. F. Zwicker, J. Chem. Phys., 34, 1411 
(1961).
(61 E. F. Zwicker and L. I. Grossweiner, J. Phys. Chem., 67, 549
(1963).
(7) V. Kasche and L. Lindqvist, Photochem. Photobiol., 4, 923 
(1965).
(8) T. Ohno, S. Kato, and M. Koizumi, Bull. Chem. Soc. Japan, 39, 
232 (1966).
(9) L. I. Grossweiner, A. F. Rodde, Jr., G. Sandberg, and J. Chryso
choos, Nature, 210, 1154 (1966).
(10) L. M. Dorfman and M. S. Matheson, Progr. Reaction Kinetics, 
3, 237 (1965).
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FX-33 flashtube (50 w-sec input) with the electron 
pulse. A Hilger E498 quartz prism spectrograph was 
used with Kodak I-N plates. The kinetic studies were 
made with an Osram XBO-450 xenon arc as the moni
toring light and a Hilger E720 scanning unit on the 
spectrograph. The photomultipliers used were an 
RCA 1P28 below 650 m/r and a Hamamatasu R136 
from 500 to 800 m/x. The photomultiplier anode was 
directly coupled to a Tektronix Type 535 oscilloscope 
with Type M preamplifier by means of 60 ft of Columbia 
HH 2000 delay cable terminated at both ends by 2200 
ohms. This introduced a 7.5-/xsec delay in the trans
mission of the actual photomultiplier signal to the 
oscilloscope, which permitted the transient interfer
ence from the accelerator to decay and made it possible 
to follow the growth of the species during the pulse with 
a rise time of 0.2 /¿see. Slow transient changes were 
monitored simultaneously with an Esterline-Angus 
Type E1101S recorder. Photolysis of the dye samples 
by the strong monitoring light was minimized by in
troducing a Corning C.S. No. 0-52 filter between the 
lamp and cell.

The irradiations were performed in 5 cm long cylin
drical cells of Amersil “ Supersil”  fused quartz, which 
were evacuated to below 2 X 10-5  mm by vigorous 
shaking under pumping. A two-pass optical system 
was used, with the monitoring light confined to a 1- 
cm diameter, within the spread of the electron beam 
whose profile had been determined in separate experi
ments. Eosin was purified chromatographically to 
give t(516 mix) 9.4 X 104 M~l cm-1. The other chemi
cals were CP grade. The solutions were made with 
triply distilled water and were buffered with dilute 
KH2PO4 or Na2B40 7.

Results
Figure 1 shows transient spectra of deaerated (solid 

line) and air-saturated (dashed line) eosin solutions 
taken 5 ¡xsec after pulse irradiation. (The absorption 
of unexcited eosin (dotted line) shown for comparison 
is not to scale.) The broad band at 405 m^ has been 
assigned to the dianion of R previously identified in 
flash photolysis.6 The suppression of this band by 
oxygen indicates that eosin is reduced by eaq~ (and 
possibly H), because the reaction of R  with oxygen is 
too slow to account for the result (see below). The 
identification was confirmed by irradiating at pH 5.5, 
in which case the 405-m/i band decreased and the ab
sorption of the R monoanion at 369 mu appeared.6 

The band near 450 mix has been identified with X .7 ’8 

It was not formed when OH scavengers were present 
(such as HCOO~, 2-propanol, p-crcsol, aniline) which 
indicates that X  is formed by the attack of OH on

Figure 1. Flash spectra from the pulse radiolysis of aqueous 
eosin: solid line, deaerated 10 \xM (pH 8.5); dashed line, 
air saturated 20 ¡xM (pH 11) (Kodak I-N spectroscopic plates, 
uncorrected); dotted line, unexcited eosin (not to scale).

eosin. The diffuse absorption in the red region is at
tributed to eaq_ in deaerated solutions and to at least 
two products from the dye with different decays, of 
which only the shorter lived one is suppressed by oxy
gen (see below). With the exception of the triplet, 
species absorbing in this region have not been observed 
in the flash photolysis of aqueous eosin. The major 
part of this paper is concerned with kinetic studies 
that relate to the production, fate, and identification 
of the species evident in Figure 1.

Table I: Initial G  Values from the Pulse Radiolysis 
of Aqueous Eosin at pH 8.5

[Eosin],
P.M G(R)° Ga(R)6 (JIX)4 GatX)6

10 1.60 0.30 0.39 0.30
20 1.96 0.50 0.93 0.80
30 2.18 0.60 1.25 1.47
40 2.20 0.86 1.72
50 2.12
60 2.45 1.00

a Based on e(R) 3.8 X 104 M -1 cm-1 at 405 mu from ref 6. 
The estimated error in (r(R) is ±10% . b Obtained with air- 
saturated solutions. 0 Based on e(X) 5 X 104 M ~ l cm-1 at 450 
mu from ref 7. The estimated error in G(X) is ±20% .

(1) Semireduced Eosin. The maximum growth 
of R  was attained within 3 ¡xsec after the electron pulse. 
Initial G values for deaerated and air-saturated solu
tions at different eosin concentrations are given in 
Table I. The approach of the maximum yield toward 
the G value for the hydrated electron supports the re
action

S -f- eaq_ — ^ R  (1)
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In alkaline conditions the reaction of eaq“  with HsO+ 
is insignificant. A lower limit for fa was determined 
from the competition between reaction 1 and the 
bimolecular eaq ~ decay

eaq“  +  eaq“  20H _ +  H2 (2)

because OH is effectively scavenged by eosin at the 
concentrations employed (see section 2 ).

The solution to the pertinent rate equation during the 
buildup period is

[R]ma* = (h[S]/2h) In (l +  2fae0-/fa[S]) (I)

where e0“  is the hydrated electron yield from pure water 
under equivalent conditions. The above result can be 
expanded at suitably high eosin concentrations (2fae0~/ 
M S] <  1) to give

[R]ma* =* «o-[l -  W fa er/ fa )  [S ]-1] (II)

A graph of [R]max vs. [S] —1 for data taken at pH 8.5 
and 10.5 is shown in Figure 2. The intercept gives 
e0~ =  3.0 X 10~ 6 M, in good agreement with the value 
calculated from the dose and with Ge =  2 .6 .10 The 
slope gives fa =  5 X 10° M~l sec“ 1, based on 2fa = 
(1.0 ±  0.2) X 1010 M “ 1 sec“ 1, 10 which is taken as a 
lower limit because the scavenging of eaq“  by impuri
ties has not been considered.

The initial yield of R  in air-saturated solutions is 
limited by a competition between reaction 1 and

eaq“  +  0 2 > 0 2~ (3)

The buildup kinetics lead to

[<VG.(R)] = 1 +  (M 02]/MSD (HI)

Figure 2. Maximum yield of semireduced eosin 
(measured at 405 m,u) fs. initial eosin concentration, 
plotted according to eq II: O, pH 8.5; A, pH 10.5.

Figure 3. G value of semireduced eosin in air-saturated 
solutions vs. eosin concentration, plotted according to eq III.

The data taken at different dye concentrations (Figure
3) show that the functional dependence of eq III is 
obeyed and give fa =  6 X 1010 M “ 1 sec“ 1, based on fa =
1.9 X 1010 M~x sec- 1 . 10 (The reduction of eosin by H 
atoms would lower fa to 5 X 1010 M~l sec“ 1.) This 
result is higher than both the encounter-limited value 
(see below) and the rate constant for the reaction of 
eaq~ with cationic methylene blue11 of 2.5 X 1010 M “ 1 

sec“ 1 and is taken as an upper limit; 5 X 109 <  fa <  
6 X 1010 Af“ 1 sec“ 1.

(2) Semioxidized Eosin. Initial G values for X  
formation are given in Table I. In contrast to the 
case of R, where e(405) values reported in ref 6 and 7 
agree to within 5%, the values of e(450) for X  reported 
in ref 7 and 8 differ by severalfold. The value used 
in this work is based on ref 7 with a possible 20% 
error that has been included in the rate constants de
rived from this quantify. The formation of X  is at
tributed to

S +  OH- — > X  +  O H - (4)

The rate of reaction 4 was measured by the com
petition method12 using carbonate ion as the reference 
system

C (V “  +  OH- — > C 03“  +  O H - (5)

Air-saturated solutions were used to suppress the 
eaq“  absorption, and the dye concentration was kept 
below 10 ¡xM to minimize the overlapping “ red product” 
absorption. The measurements were made at pH 10.5

(11) J. P. Keene, E. J. Land and A. J. Swallow, “ Pulse Radiolysis,” 
M. Ebert, J. P. Keene, A. J. Swallow, and J. H. Baxendale, Ed., 
Academic Press Inc., New York, N. Y ., 1965, pp 227-245.
(12) G. E. Adams, J. W. Bcag, and B. D. Michael, Trans. Faraday 
Soc., 61, 1417 (1965).
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Figure 4. Optical density of C03-  (measured 
at 600 mix) vs. eosin: total carbonate concentration 
ratio; 0.002 M  Na2COa at pH 10.5.

to suppress the dissociation of OH (pK & =  11.8 13) 
although this led to the presence of H C03~ (pX a = 
1 0 .2 0) and necessitated a correction for the actual 
CO32- concentration. (The rate constant for the 
reaction of H C03-  with OH is 107 M~l sec- 1 . 14 The 
data are plotted in Figure 4 according to

(AOD)„/(AOD) =  1 +  (fc4A )( [S ] / [C 0 32-] )  (IY)

and give fc4 =  (1.4 ±  0.4) X 1010 iH- 1  sec-1, based on 
fc6 =  4.1 X 108 M~l sec- 1 .16

(3) Eosin Radical Decay. In deaerated solutions 
the eosin radicals can disappear by the simultaneous 
processes

R +  X - —>  2S (6)
X  T  x  —>- products (7)

R  R > S  +  L (8)
where L is leuco eosin. The rate constant of reaction 
8 was obtained by irradiating in the presence of 1 mM 
formate to suppress X  formation. The decay of R  at 
405 m/x was measured after a 50-psec delay to permit the 
completion of eosin reduction by oxidized formate (see 
reaction 12 below) to give 2ks =  (4.2 ±  0.9) X 106 

M~l sec- 1  (Figure 5). The rate constant of reaction 
7 was measured by irradiating 20 /uM eosin (pH 7.9) 
with 1 m l  H2O2 present, which led to an initial yield 
of X  (G(X) ~  1.1) approximately 2 times larger than 
the initial yield of R (G(R) 0.5). The decay of X ,
as measured at 450 rn/x, followed a two-stage process as 
shown in Figure 6 . The initial rapid phase is attributed 
to reaction 6 , while the slower stage is attributed to 
reaction 7 with a second-order rate constant 2fc7 =  
(2.0 ± 0 .5 ) X 108M - 1sec-1.

Figure 5. Decay of semireduced eosin (measured 
at 405 m/x) after pulse radiolysis of 10 p M  deaerated 
eosin in the presence of 1 mM  formate (pH 8.7).

Figure 6. Decay of semioxidized eosin (measured 
at 450 m/x) after pulse radiolysis of 20 p M  deaerated 
eosin in the presence of 1 mM  H20 2 (pH 7.9).

The data for the decay of R and X  in the absence of 
scavengers cannot be solved in closed form by the usual 
procedures. An approximate value for fcg was obtained 
on the assumption that reaction 6 predominates, in 
which case the observed decays correspond to the reac
tion of two species present in different initial concen
trations and should follow

In [ A 0(i?o  — A o  +  A ) / B o A ]  = (B o  — Ao)kst  (V)

where A  =  [X] and B  =  [R] for the case of X  decay 
and vice versa for R decay. The reasonably good fit 
of the data to eq V is shown in Figures 7 and 8 , and the 
rate constant calculation is summarized in Table II.

(13) J. Rabani and M. S. Matheson, J. Am. Chem. Soc., 8 6 , 3175
(1964).
(14) J. P. Keene, Y . Raef, and A. J. Swallow, ref 11, pp 99-106.
(15) (a) J. L. Weeks and J. Rabani, J. Phys. Chem., 70,2100 (1966).
(b) Recent work has shown that approximately 50% of the OH reacts 
to give the “ red product,”  so that R4 should be considered as the 
total rate constant for APP OH attack processes.
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Figure 7. Decay of semireduced eosin (measured 
at 405 m y) plotted according to eq V: O, 10 y M  eosin;
A, 20 y M  eosin; •, 30 y M  eosin (pH 3.5).

Figure 8. Decay of semioxidized eosin (measured 
at 450 mp) plotted according to eq V: O, 10 y M  
eosin; A, 20 yM  eosin; •, 30 y M  eosin (pH 8.5).

The approximately constant value of fa obtained from 
independent measurements of R  and X  decay support 
the validity of this approximation, which is favored 
also by the higher initial yields of R  compared to X.

The actual decay rates of R and X  in air-saturated 
solutions were more rapid and fit pseudo-first-order 
kinetics. Figure 9 shows data for X  disappearance 
which give a half-time of 110 gsec. A similar analysis 
gives a 700-gsec half-time for the R decay. The re
actions in each case are believed to be

X  +  0 2 — >  product (9)

R +  0 2 — > S +  H 0 2 (10)

Table II: The Disappearance of Semireduced and 
Semioxidized Eosin via Bimclecular Back Reaction

■10»*:«-
[Eosin],

y M
[X]o,
y M

[Rk,
y M

From R 
decay0

From X  
decay6

10 0 .4 1 1 .9 5 1 2 .8 7 .8
20 1 .1 8 2 .4 0 1 0 .4 5 .9
30 1 .3 3 2 .5 6 7 .5 6 .1

f i ^ 8 X  10s M ~ l sec-1 

“ Taken from Figure 7. 6 Taken from Figure 8.

Other evidence to support the occurrence of reactions 
9 and 10 is discussed below.

(4) “ Red Product.”  The “ red product”  was best 
studied in the presence of H20 2 to suppress the over
lapping eaq~ absorption. Figure 10 shows the spec
trum obtained by photoelectric monitoring from 525 
to 800 mg. Although the broad absorption with a 
maximum at 600 mg is quite similar to that of a triplet 
spectrum,6-8 the decay characteristics differ. As shown 
in Figure 11, there is a rapid exponential decay of 
(3.6 ±  0.2) X 103 sec- 1  which is quenched by oxygen 
and a slower exponential decay of (3.5 ±  0.4) X 102 

sec-1  which is not. Careful measurements of the 
buildup with 50 gM deaerated eosin in the presence of 
5 mM H20 2 showed that there is a rapid initial rise, 
completed within 1 gsec, followed by a slower stage 
requiring less than 10 gsec. In air-saturated solutions 
the slower stage extended for approximately 200  gsec. 
The initial rapid rise requires a rate constant >2  X 
1 0 10 M~l sec-1, which almost certainly limits the re
action to one between eosin and either H or OH. 
The addition of 10 mM  formate entirely suppressed 
the “ red product,”  which supports a reaction with H 
or OH but does not distinguish between the two pos-

Figure 9. Decay of semioxidized eosin (measured at 450 him) 
in air-saturated 30 y M  eosin solutions: O, pH 8.8; A, pH 6.8.
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Figure 10. Spectrum of the “red product” in the pulse 
radiolysis of 50 /ixM deaerated eosin in the presence of 1 mM  
H2O2 (pH 8.0); obtained by photoelectric detection.

Figure 11. Decay of the “red product” : (a) 300 pM 
deaerated eosin (pH 8.5), measured at 600 mp; (b) 100 nM  
deaerated eosin (pH 8.5), measured at (j00 mp; (c) 1 m l  
air-saturated eosin (pH 8.5), measured at 700 mp;
(d) 60 \ M  deaerated eosin (pH 8.5) measured at 
700 mp; (e) 40 pM air-saturated eosin (pH 9.1), measured 
at 800mp; (f) fast component of curve a; (g) fast 
component of curve b; (h) fast component of curve d.

sibilities. On the other hand, a debromination reac
tion can be ruled out, because the irradiation of fluo
rescein under similar conditions gave an analogous 
“ red product”  with the absorption maximum shifted 
to 525 mp.

(6) Eosin Radiolysis in the Presence of Radical 
Scavengers. In these experiments the initial products 
of water radiolysis were scavenged by additives, so 
that the observed dye products were due mostly to the 
reaction of the reacted scavenger with eosin.

(a) Eosin-HiOirCiHfPH Reaction. The measure
ments were made on deaerated eosin in the presence of 
1 mM H20 2 and 10 mM C2H5OH, so that eaq-  was con
verted to OH while OH was effectively converted to 
CHgCHOH.16 The only transient product of signifi
cance was found to be R, which attained its maximum 
yield after approximately 10 /xsec. A rapid initial rise, 
completed within 2 psec, was observed in each run which 
accounted for approximately 2 0%  of the total yield. 
It is probably due to the reduction of eosin by H which 
would not have been scavenged as effectively as OH 
and eaq- . The slower growth of R  is attributed to the 
attack of a-ethanol radical

CH3CHOH +  S — ■> R +  CHaCHO (11)

which competes with the decay of CH3CHOH by as
sociation and disproportionation. 10' 16 The rate con
stant was determined from the buildup of R  in the 
period from 5 to 30 psec after the pulse, when the 
very fast initial phase was complete and before the 
competing reactions of a-ethanol radical cause any 
significant depletion

(d[R]/di)o = hi [S ] [CH3CHOH ]0 (VI)

The data in Figure 12 lead to hi = (1-1 =  0.2) X 
109 M - 1  sec-1, where [CH3CHOH ]0 was calculated 
from the pulse dose and the assumption chat (7(CH3- 
CHOH) =  Ge +  G o h .

(b) Eosin-H20-1-11 COO-  Reaction. The pulse ra
diolysis of deaerated eosin in the presence of 1 mM 
H20 2 to scavenge eaq~ and 10 mM formate to scavenge 
both OH and H showed a slow rise of R  as the only 
transient intermediary. In this case, the reaction is 
attributed to competition between the reduction of 
eosin by C 02~

C02-  +  S C 0 2 +  R  (1 2 )

and its dimerization to give oxalic acid.14 The data 
for the initial rise of R at 405 mp (Figure 12 ) give hi — 
(2.5 ±  0.5) X 108 M -1  sec-1, where (r(C02- ) was taken 
as equal to Ge +  G-r +  GW in this case.

Discussion
The principal initial reactions in the radiolysis of 

deaerated, aqueous eosin are the oxidative and reduc-

(16) I. A. Taub and L. M. Dorfman, J. Am. Chem. Soc.f 84, 4053 
(1962).
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Figure 12. Initial growth of semireduced eosin 
(measured at 405 zny) vs. eosin concentration:
(a) 1 m M  H2O2 and 10 mJf C 2H 5OH; (b) 1 m l  H 2O2 and 
10 mM  HCOONa (deaerated solutions pH 8.5-9.0).

t iv e  a t ta c k  o f  O H  a n d  e aq- , r e s p e c t iv e ly . A  sem i- 
q u in o n e  s tru c tu re  h a s  b e e n  p o s tu la te d  fo r  R  w ith  th e  
u n p a ire d  e le c tro n  o n  c a r b o n -9 . 17 I t  ex is ts  as th e  
m o n o a n io n  in  a c id ic  s o lu t io n  a n d  th e  d ia n io n  in  b a s ic  
s o lu t io n . 6 T h e  o x id a t io n  p r o d u c t  X  h a s  b e e n  a t 
tr ib u te d  to  th e  m o n o a n io n  fo r m e d  b y  s p lit t in g  a t th e  
3 '-p o s it io n  O H  b o n d . 7 T h e  “ red  p r o d u c t ”  is a  n ew  
in te rm e d ia te  th a t  h a s  n o t  b e e n  r e p o r te d  in fla sh  p h o 
to ly s is  resu lts . T h e r e  a p p e a r  to  b e  tw o  co m p o n e n ts  
w ith  d iffe re n t g r o w t h  a n d  d e c a y  ra tes . T h e  lo n g e r  
liv e d  sp e c ie s  w a s  n o t  s ig n ifica n t b e lo w  3 0  p.M eos in  
a n d  is a t t r ib u te d  t o  th e  a d d it io n  o f  O H  in  a  re a c t io n  
a t le a s t  a  fa c t o r  o f  10 s lo w e r  th a n  r e a c t io n  4. T h e  
fa s ter  g r o w in g  a n d  s h o r te r  l iv e d  sp ec ies  n o t  o b s e r v e d  
w ith  o x y g e n  is a t t r ib u te d  t o  H  a to m  a d d it io n . S in ce  
th e  a d d it io n  o f  1  m l  H 2 0 2 a s  e aq-  s ca v e n g e r  d id  n o t  
e n tire ly  su p p ress  th e  r a p id  g r o w th  o f  R  (see  p a ra g ra p h s  
3 a n d  5 a ), it  is b e lie v e d  th a t  H  a ls o  re d u ce s  eos in  b y  a 
re a c t io n  s im ila r  t o  r e a c t io n  1. T h e  v e r y  s lo w  g r o w th  
o f  “ re d  p r o d u c t ”  o b s e r v e d  o n ly  in  a ir -sa tu ra te d  so lu 
tio n s  m a y  b e  d u e  to  th e  a d d it io n  o f  H 0 2. T h e  a d d it io n  
o f  O H  a n d  H 0 2  w o u ld  b e  e x p e c te d  t o  b e  s lo w e r  th a n  
th a t  o f  H  b e ca u se  o f  s te r ic  h in d ra n ce  b y  th e  h a log en s .

T h e  ra te  co n s ta n ts  fo r  th e  d y e -d y e  re a c t io n s  o b 
ta in e d  in  th is  w o r k  c a n  b e  c o m p a r e d  t o  fla sh  p h o to ly s is  
in fo rm a tio n . T h e  o n ly  r e p o r te d  m e a su re m e n t  o f  th e  
eos in  ( R  +  X )  ra te  c o n s ta n t  a p p e a rs  t o  b e  th e  e s t im a te  
m a d e  b y  O h n o , et al.,s o f  9  X  10 8 M - 1  s e c - 1 , w h ic h  is 
in  g o o d  a g re e m e n t  w ith  th is  w o rk . In  a d d it io n , 
L in d q v is t 18 o b ta in e d  e v id e n c e  fo r  th e  o c c u r r e n c e  o f  
th is  r e a c t io n  in  th e  ca se  o f  flu o re sce in , w ith  an  e s t im a te d

ra te  co n s ta n t  o f  1 0 9 J L - 1  s e c - 1 . F u rth e rm o re , h e 
p r o p o s e d  th a t  r e a c t io n  7 ( fo r  flu o re sce in ) is a c tu a lly  th e  
d im e r iz a t io n : X  +  X  — X 2. S o m e w h a t  m o re  in 
fo r m a t io n  is a v a ila b le  o n  th e  R  +  R  r e a c t io n . F o r  
th e  ca se  o f  flu o re sce in , L in d q v is t 18 n o te d  th a t  th e  
d e c a y  o f  R  b e ca m e  v e r y  s lo w  a fte r  X  h a d  d isa p p e a re d  
a n d  a lso  th a t  S re a p p e a re d  a t  th e  sa m e  s lo w  ra te . T h e  
c o m p le x  r e a c t io n : 2 R  +  X 2 —► 4S  w a s  p r o p o s e d  to  
e x p la in  th e  la tte r . O n  th e  o th e r  h a n d , Z w ic k e r  a n d  
G ro s sw e in e r 6 p r o p o s e d  F ia t  R  d e c a y s  b y  d is m u ta t io n  
a n d  o b ta in e d  1 .4  X  1 0 16 as th e  p r o d u c t  o f  th e  ra te  c o n 
s ta n t  fo r  th e  m o n o a n io n  ( R  +  R )  d e c a y  a n d  th e  ra te  
c o n s ta n t  fo r  th e  b im o le c u la r  d is a p p e a ra n ce  o f  p h e n - 
o x y l. T a k in g  5 .6  X  10 9  M ~' s e c - 1  fo r  th e  la t t e r 19  

g iv e s  2/cg =  3 X  10 6 M ~ x s e c - 1 , w h ic h  is in  s a t is fa c to r y  
a g re e m e n t w ith  th is  w o r k  if  th e  io n ic  ch a rg e  is n o t  a 
m a jo r  fa c to r .

T h e  o c cu rre n ce  o f  r e a c t io n  10 fo r  th e  ca se  o f  f lu o 
resce in  h a s  b e e n  p r o p o s e d  b y  K a s c h e  a n d  L in d q v is t , 20 

w ith  a n  e s t im a te d  ra te  c o n s ta n t  o f  1 0 8- 1 0 9 M ~ 1 s e c - 1 .

Table III: Summary of Rate Constants and Comparison 
with Encounter-Limited Values from the Debye Equation

Reaction Z1Z2

1 0 -*k 
(calcd)a

1 0  -*k
(exptl)

(1)
H +

S - ( -  eaq — ►  R 2 U b‘c 5
(4) S +  OH • X  +  O H - 0 13d 14 ±  Ah
(6) R +  X  —  2S 2 4.6 = 0 .8
(7) X  +  X  - * •  product 1 5.2 0.10 ±  0.03*
(8) R - f  R - > L  +  S 4 1.4 0.0021 ±  0.0004*

(11) S +  CH 3CHOH — 0 8 .2f 1 . 1  ±  0 . 2

(1 2 )
R +  CH 3CHO

S +  CO2 “ —  R  +  CO2 2 2.9" 0.25 ±  0.05

0 Based on a dielectric constant of 80 for water and diffusion 
constants derived from Stokes’ law. 6 The diffusion constant 
of eaq-  was taken from K. H. Schmidt and W. L. Buck, Science, 
151, 70 (1966), and the radius was taken as 2.7 A. ‘ The molec
ular radii of S, R, and X  were all taken as 5.0 A, based on a sphere 
of density 1.3 and the fluorescein molecular weight corrected by 
substituting four bromine volumes for hydrogen atoms. d The 
OH- radius was taken as 1.1 A. * The value listed is the en
counter rate, not 2k. 1 The a-ethanol radical radius was taken
as 2.6 A from a sphere of appropriate density and molecular 
weight reduced by an H atomic volume. ° The CO2 -  radius 
was taken as 1.8 A from a sphere of appropriate density and 
molecular weight reduced by two I I  atomic volumes. h See ref 12.

(17) N. N. Bubnov, L. A. Kibalko, V. F. Tsepalov, and V. Ya. 
Shliapintokhh, Opt. i Spektroskopiya, 7, 117 (1959).
(18) L. Lindqvist, Arkiv Kemi, 16, 79 (1960).
(19) G. Dobson and L. I. Grossweiner, Trans. Faraday Soc., 61, 708
(1965).
(20) V. Kasche and L. Lindqvist, J. Phys. Chem., 68, 817 (1964).
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A lth o u g h  th is  q u a n t ity  h as  n o t  b e e n  m e a su re d  p r e v i
o u s ly  fo r  eos in , th e re  is l it t le  d o u b t  th a t  it  ta k e s  p la ce  
in  e o s in -se n s it iz e d  p h o to o x id a t io n s  u n d e r  a e r o b ic  c o n 
d it io n s , w h e re  th e  re d u c e d  d y e  is re s to re d  fo r  fu r th e r  
se n s it iz a tio n . A d d it io n a l  s u p p o r t  fo r  th is  r e a c t io n  
c o m e s  f r o m  th e  r e ce n t  w o r k  o f  U su i, et aZ. , 2 1  in  w h ich  
it  w a s  r e p o r te d  th a t  th e  p h o to ly s is  o f  a e ro b ic , a q u e o u s  
eos in  le a d s  t o  an  u p ta k e  o f  o x y g e n  a n d  th e  p r o d u c t io n  o f  
H 2 0 2. T h e r e  d o e s  n o t  a p p e a r  t o  b e  a n y  p r e v io u s  in 
fo r m a t io n  a b o u t  re a c t io n  9, a lth o u g h  th e  ch a n g e  o f  th e  
X  d e c a y  fr o m  s e co n d  o rd e r  in  d e a e ra te d  so lu t io n s  to  
firs t  o rd e r  w ith  a ir p re se n t is c o n s id e re d  t o  b e  g o o d  
e v id e n c e  fo r  th e  p rocess . T h e  m e a su re d  ra te  c o n 
s ta n ts  a re  su m m a riz e d  in  T a b le  I I I  a n d  a re  c o m p a r e d  
t o  th e  e n c o u n te r -lim ite d  v a lu e s  o b ta in e d  w ith  th e  D e b y e  
e q u a t io n . 2 2  T h e  resu lts  in d ica te  th a t  th e  re a c t io n s  o f  
eo s in  w ith  e aq_  a n d  O H  a re  e n c o u n te r  lim ite d . T h e  
d y e - d y e  re a c t io n s  are  5 -7 0 0  t im e s  s low er , p r o b a b ly  
d u e  t o  s te r ic  fa c to rs . T h e  r e a c t io n  ra te  o f  eos in  d i
a n io n  w ith  C 0 2~  is s o m e  2 0  t im e s  s lo w e r  th a n  th e  c o m 
p a r a b le  r e a c t io n  w ith  m e th y le n e  b lu e  c a t io n  (5 .6  X

1 0 9 M ~ l s e c - 1  u ) ,  w h ile  th e  c o u lo m b ic  e f fe c t  p re d ic t ! 
o n ly  a  fa c t o r  o f  5. H o w e v e r , th e  e x p e r im e n ta l rat« 
c o n s ta n t  fo r  r e a c t io n  o f  th e  n e u tra l a -e t h a n o l ra d ica  
w ith  eos in  is a lso  lo w e r  th a n  th e  c a lc u la te d  v a lu e  In 
~  1 0 , so  th a t  th e  d iffe re n ce  b e tw e e n  fc12 m e a su re d  ii 
th is  w o r k  a n d  th e  c o r re s p o n d in g  m e th y le n e  b lu e  resu lt 
is p r o b a b ly  re a l a n d  n o t  d u e  t o  a la rg e  e rro r  in  e ith e r  
d e te rm in a t io n .
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Constant-Potential Reactions Simultaneously Controlled by Charge-Transfer 

and Mass-Transfer Polarization at Planar, Spherical, and Cylindrical Electrodes
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T h e  t h e o r y  o f  c o n s ta n t -p o te n t ia l e le c t r o d e  re a c t io n s  fo r  f ir s t -o r d e r  ch a rg e -tra n s fe r  
m e ch a n ism s  is e x te n d e d . F o r  p la n a r  e le c tro d e s , n e w  a n a ly t ic a l p ro ce d u re s  are  d e s cr ib e d  fo r  
e x tr a c t in g  th e  m e ch a n is t ic  p a ra m e te rs  o f  th e  ch a rg e -tra n s fe r  p r o c e s s  fr o m  p o te n t io s ta t ic  
c u r r e n t -t im e  cu rv e s . T h e  s o lu t io n  t o  th e  b o u n d a r y  v a lu e  p r o b le m  fo r  sp h e r ica l e le c 
tr o d e s  is g iv e n  in  c lo se d  fo rm . F o r  th e  c o r r e s p o n d in g  c y lin d r ic a l e le c t r o d e  p r o b le m , an  
a p p r o x im a te  so lu t io n , v a lid  a t s h o r t  t im es , is d e r iv e d , a n d  a  n u m e r ica l m e t h o d  is  o u t 
lin e d  fo r  o b ta in in g  th e  en tire  c u r r e n t -t im e  c u rv e  fo r  a n y  g iv e n  case . I t  is  sh o w n  th a t  
th e  sm a ll sp h e r ica l e le c t r o d e  re m a in s  u n d e r  p a r tia l c h a rg e -tra n s fe r  c o n tr o l  a t a ll t im e s  a n d  
th a t  lo n g -t im e  cu rre n t m e a su re m e n ts  are u se fu l fo r  d e te rm in in g  th e  ch a rg e -tra n s fe r  p a ra m 
eters .

In  gen era l, th e  ra te  o f  an  e le c t r o d e  r e a c t io n  w ill b e  
d e te rm in e d  b y  b o t h  ch a rg e -tra n s fe r  a n d  m a ss -tra n s fe r  
p o la r iz a t io n , e v e n  in  th e  ca se  o f  s lo w  r e a c t io n s  i f  th e  
c o n c e n tr a t io n  o f  o n e  r e a c ta n t  is  sm a ll. T h e  p u rp o se  
o f  th is  p a p e r  is t o  e x a m in e  th e  th e o r e t ic a l t im e  b e 
h a v io r  o f  th e  r e a c t io n  ra te  a t  c o n s ta n t  p o te n t ia l fo r  
e le c tro d e s  h a v in g  p la n a r , sp h er ica l, o r  cy lin d r ic a l s y m 
m e tr y . T h e  e le c t r o c h e m ic a l s y s te m s  c o n s id e re d  w ill 
b e  l im ite d  t o  f ir s t -o rd e r  c h a rg e -tra n s fe r  m e ch a n ism s . 
T h e  c u r r e n t -t im e  re la t io n  fo r  p la n a r  e le c tro d e s  a t 
c o n s ta n t  p o te n t ia l is k n o w n . T h is  w ill b e  e x a m in e d  
in  g re a te r  d e ta il, p a r t ic u la r ly  fr o m  th e  s ta n d p o in t  o f  
ra p id  re a c tio n s . T h e n  a  g e n era l s o lu t io n  w ill b e  g iv e n  
in  c lo s e d  fo r m  fo r  sp h e r ica l e le c tr o d e s . F in a lly , an  
a p p r o x im a te  s o lu t io n  w ill b e  d e v e lo p e d  fo r  cy lin d r ic a l 
e le c tro d e s , a n d  a  n u m e r ica l m e th o d  fo r  th e  gen era l 
s o lu t io n  w ill b e  o u t lin e d . N

co e ffic ie n t , a n d  t =  F/RT. T h e  a c t iv it ie s  o f  R  a n d  0  
are  d e s ig n a te d  dR a n d  d o  a t  th e  e le c t r o d e -s o lu t io n  in 
te r fa c e  a t  t im e  t; th e se  d iffe r  fr o m  th e  b u lk  v a lu e s  dR° 
a n d  a 0° as a  re su lt  o f  m a ss  tra n s fe r  e ffe c ts . E q u a t io n  
1  is l im ite d  to  th o s e  c h a rg e -tra n s fe r  m e ch a n ism s  
in  w h ic h  a ll o f  th e  e le c tr ica l w o r k  in v o lv e d  o c c u r s  d u r in g  
th e  r a te -d e te r m in in g  s tep , a n d  w h ic h  a re  first o rd e r  
(d e fin e d  a t  c o n s ta n t  p o te n t ia l)  w ith  re s p e c t  t o  th e  a c 
t iv it ie s  d R a n d  d o - 2 , 3

F o r  r a p id  re a c tio n s , th e  fo l lo w in g  a p p r o x im a t io n  
t o  e q  1, a lso  d u e  t o  G e r is c h e r , 4  is g e n e ra lly  u s e d . 8 - 7

i/io =  neri +
d R d o

d 0°

A d R A do
n*V H--------7 -  7 T  I2 )dR" d 0u

w h ere  AdR =  dR — dR° a n d  A do =  d o  — d o 0. E q u a t io n  
2 w a s  d e r iv e d  o n  th e  a ssu m p tio n  th a t  77, A aR) a n d  A d 0  

are  a ll sm a ll, a  se t o f  lim ita t io n s  t o o  c o n fin in g  fo r  r a p id

Current-Potential Relations
T h e  c u r r e n t -p o te n t ia l  r e la t io n  fo r  a  r e a c t io n  o f  th e  

t y p e R (2_K )+ =  0 2+ +  ne~ w a s d e r iv e d  b y  G e r is ch e r . 1

i/io =  — n e x p [ ( l  -  P)neri] -  —  e x p [- /3 n « r ? ]  ( 1 )
d R °  d 0 °

H e re  i is  th e  n e t  a n o d ic  cu rre n t d e n s ity  a t  o v e r p o te n t ia l  
■O, i0  is th e  e x ch a n g e  cu rren t d e n s ity , f3 is  th e  tra n sfe r

(1) H. Gerischer, Z. Elektrochem.t 54, 362 (1950).
(2) R . Parsons, Trans. Faraday Soc., 47, 1332 (1951).
(3) S. Barnartt, Electrochim. Acta, 11, 1531 (1966).
(4) H . Gerischer, Z. Elektrochem., 55, 98 (1951).
(5) W . Vielstich and P . Delahay, J. Am. Chem. Soc., 79, 1874 
(1957).
(6) P. Delahay, Advan. Electrochem. Electrochem. Eng., 1, 233 (1961).
(7) P. Delahay, “ Double Layer and Electrode Kinetics,”  Inter
science Publishers, Inc., New York, N. Y ., 1965.
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re a c t io n s  w h e re  a c t iv it y  ch a n g e s  d e v e lo p  r a p id ly . 
W e  p ro p o s e , in s tea d , a  m o re  b a s ic  r e la t io n  fo r  r a p id  
re a ctio n s , v a lid  a t a ll v a lu e s  o f  A aR a n d  A a o . T h is  is 
o b ta in e d  fr o m  e q  1  b y  u se  o f  ex p  ( I f )  ~  1  +  fc??

O 'A o), aR iner, —  +  (1 
aR°

ß neV)
an ao 
aR° a0° J

(3 )

A  =  i(t=o)[nFD0 1 / 2 ] - 1 (9 a )

S u b s t itu t in g  fo r  A  in  e q  4  a n d  5, o n e  o b ta in s  th e  c o n 
c e n tra t io n s  in  te rm s  o f  th e  c h a rg e -tra n s fe r  cu rre n t

cr =  cR° — i(t = 0 )[nFDn/ 2 \ ] - 1 X

[1 — e x p (X 2£) e r fc (X i ‘/2) ]  (4 a )

w h ere  [(A a K/ o R°) — (A a o / a o0) ] m a y  b e  s u b s t itu te d  fo r  
th e  la s t  fa c t o r . E q u a t io n  3 re d u ce s  to  e q  2  o n ly  i f  th e  
a ssu m p tio n  is m a d e  th a t  A aR a n d  A a o  are  sm all. T h is  
a ssu m p tio n  is v a lid  o n ly  d u r in g  a  v e r y  sh o rt  in te rv a l 
a fte r  a  r a p id  r e a c t io n  is in it ia te d ; a t lo n g e r  tim es , 
e q  2  w ill e x h ib it  g rea ter  d e v ia t io n s  fr o m  th e  tru e  re la 
t io n  (e q  1 ) th a n  w ill e q  3 . A n  illu s tra t io n  o f  th e se  
d e v ia t io n s  w ill b e  g iv e n  b e lo w  fo r  th e  ca se  o f  lin ear 
d iffu s io n .

Planar Electrodes
Potentiostatic Current-Time Relations. G e r is ch e r  a n d  

V ie ls t ic h 8 h a v e  d e r iv e d  th e  so lu t io n , in  c lo se d  fo rm , 
fo r  a  f irs t-o rd e r  r e a c t io n  d e s cr ib e d  b y  e q  1 , w ith  
se m i-in fin ite  lin ea r d iffu s io n  as th e  so le  m a ss-tra n sfe r  
p rocess . T h e  e le c t r o ly te  is  a ssu m ed  to  c o n ta in  ex cess  
n e u tra l sa lt, so th a t  co n c e n tr a t io n  ra tio s  m a y  re p la ce  
th e  a c t iv it y  ra tio s  in  e q  1 w ith  lit t le  e rror . T h e  so lu 
t io n  w ill b e  r e p r o d u c e d  h ere  a n d  a p p lie d  n u m e r ica lly  
t o  a  t y p ic a l  fa s t  r e a c t io n  to  il lu s tra te  th e  ra n g e  o f  
v a l id it y  fo r  e q  2  a n d  3. T h e  s o lu t io n s  fo r  th e  c o n 
ce n tra t io n s  a n d  cu rre n t d e n s ity  a t  th e  e le c t r o d e  su r fa ce  
are

cr =  cK° — (A /\ k /2)[ 1 — e x p (A 20  erfc(A £1/2) ]  (4 )

Co =  c 0° +  ( A / X ) [ l  — e x p (A 2£) erfc(A £I/2) ]  (5 )

i =  i(l=o) e x p (A 2£) e r fc (X i‘ /2) ( 6 )

w h e re  th e  d es ired  ch a rg e -tra n s fe r  cu rre n t  c o r r e s p o n d 
in g  t o  o v e r p o te n t ia l  77 is

i(t=o) =  fo [e x p ( l  — p)neq — e x p  {—finer))] (7 ) 

H e re  th e  q u a n tit ie s  X a n d  A  a re  d e fin e d  b y

?o ex p  [(1 -  i3)nep] i0 e x p  ( - f in e r ? )

nFcn°Dn/2 +  n F c o °D 0 'A 1

_  k \ e x p [ ( l  -  /3)ney] _  i0  e x p ( - fine-p)
nr Du "' nFD0'h ( '

w h e re  k =  Dn/D0, th e  r a t io  o f  th e  d if fu s io n  co e ff ic ie n ts . 
I t  s h o u ld  b e  n o te d  th a t  th e  e q u a tio n s  as g iv e n  in  th e  
G e r is c h e r -V ie ls t ic h  p a p e r 8 c o n ta in e d  t w o  e rro rs  (n o  
p o s t -p u b lic a t io n  c o r r e c t io n  fo u n d ) :  ( 1 ) o m is s io n  o f
Kh f r o m  th e  first te r m  o f  A ;  (2 ) th e  q u a n t ity  ( k~ 1/ 2A /X )  
in  e q  4  w a s  g iv e n  as ( kV 2A /X ) .  T h e  q u a n t ity  A  m a y  
b e  w r it te n  in  te rm s  o f  th e  ch a rg e -tra n s fe r  cu rre n t as

c0 =  c0° +  i(t = 0 )[nFDo 1 / 2 \ } - 1 X

[1 — e x p (X 2£) e r fc (A fI/2) ]  (5 a )

I f  th e  e le c t r o d e  r e a c t io n  is  r a p id  (?? s m a ll) , th e  
c u r r e n t -t im e  re la t io n  is  s till g iv e n  b y  e q  6 , b u t  th e  
p a ra m e te rs  0)> X, a n d  A  m a y  b e  s im p lif ie d  t o

i(t = 0) =  m e 1) (1 0 )

X
io ty 
F L c r ° D r 1/2 C r 0 Z > r ,/!

A =  ioV/R T D o A

1

c0 °Dol/*)

(1 1 )

(1 2 )

T h e  c u r r e n t -t im e  re la t io n  (e q  6 ) is o b ta in a b le  fr o m  
e q  1 b y  s u b s t itu t io n  fo r  cR a n d  Co fr o m  e q  4  a n d  5. 
S im ila r ly , s u b s t itu t io n  fo r  th e se  c o n c e n tr a t io n s  in  e q  2 
a n d  3 y ie ld s  th e  c o r re s p o n d in g  a p p r o x im a te  cu rre n t
t im e  cu rv e s . T h e  fo l lo w in g  n u m e r ica l ca se  w a s  se le c te d  
to  il lu s tra te  th e  d e v ia t io n s  o f  th e  a p p r o x im a te  c u r v e s  
fr o m  th e  r ig o ro u s  o n e : i0  =  5 X  1 0 “ 3 A / c m 2 a t  2 5 ° , 
d  =  0 .5 , n =  1, Co0 =  0  X  1 0 -2 , a n d  cR° =  1 0 - 2  

m o le /1 . ;  Do =  2 X  1 0 ~ 5 a n d  Z)R =  1 0 - 8  c m 2 / s e c .  
W it h  th e se  v a lu e s , th e  r e a c t io n  ra te s  s h o u ld  b e  r o u g h ly  
e q u iv a le n t  t o  th o s e  r e p o r te d 9 fo r  th e  fe r r o u s - fe r r ic  
r e a c t io n  o n  b r ig h t  p la t in u m . F ig u re  1 sh o w s  th e  ca l
cu la te d  c u r r e n t -t im e  cu rv e s  fo r  an  a p p lie d  o v e r p o te n 
t ia l o f  10 m v . A t  th e  lo n g e s t  t im e  s h o w n  (£ =  0 .21  
s e c ) , co  h as ch a n g e d  b y  2 .4 %  a n d  cR b y  1 7 % . T h e s e  
ch a n g e s  are  su ffic ien t t o  ca u se  co n s id e r a b le  d e v ia t io n  
o f  e q  2  fr o m  th e  tru e  c u rv e , b u t  e q  3 re m a in s  e x tr e m e ly  
c lo se . T h u s  e q  3 sh o u ld  b e  u se d  as th e  b a s ic  r a p id -  
r e a c t io n  e q u a tio n , w h ile  th e  fo rm e r  is  an  a p p r o x im a 
t io n  u se fu l o n ly  fo r  v e r y  sh o rt  r e a c t io n  tim e s .

I t  m a y  b e  n o te d  fr o m  e q  4 a  a n d  5 a  th a t  th e  m a x i
m u m  ch a n g e  in  c o n c e n tr a t io n , w h ic h  o c c u r s  a t  t —*■ co 
(a n d  i -*■ 0 ) ,  is g iv e n  fo r  e a ch  o f  th e  d if fu s in g  s u b s ta n ce s  
b y  f ( i= o )[nFD'h\]~l. A t  a n y  g iv e n  t im e  t, th e  sa m e  
fr a c t io n  [1 — e x p (A 2 i) erfc(X£1/2) ]  o f  th e  m a x im u m  
ch a n g e  h a s  ta k e n  p la c e  fo r  e a ch  s u b s ta n ce . I n  th e  
p re se n t e x a m p le , th is  fr a c t io n  is 0 .5 7 2  a t  th e  lo n g e s t  
t im e  co n s id e re d  (0 . 2 1  s e c ) .

(8) H. Gerischer and W. Vielstich, Z. Physik. Chem. (Frankfurt), 3, 
16 (1955).
(9) H. Gerischer, Z. Elektrochem., 54, 366 (1950).
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Figure 1. Calculated constant-potential current-time 
relations, planar electrodes: -------- , eq 1; O, eq 2; •, eq 3.

Evaluation of i(t = 0) and A  I f  th e  a rg u m e n t  Xf‘A 
is sm all, e q  6  m a y  b e  a p p r o x im a te d  b y

* =  * « - o ) [ l  -  ( 2 / V A) x C  +  \H] (1 3 )

F o r  a  v e r y  sh o rt  p e r io d , u p  t o  th e  t im e  th e  la s t te rm  
in  b r a c k e ts  cea ses  to  b e  n e g lig ib le , th e  in itia l reg ion  
o f  th e  i—f  2 c u r v e  is lin ea r (e.g., t <  10 m se c  in  F ig u r e  1 ). 
F r o m  th is  lin e  i(t = o) m a y  b e  o b ta in e d  b y  e x tra p o la t io n , 
a n d  th e  s lo p e  o f  th e  lin e  y ie ld s  X. E x p e r im e n ta lly , 
h o w e v e r , th is  lin ea r re g io n  w ill o ft e n  b e  in a cce ss ib le  
fo r  m o d e r a te ly  ra p id  r e a c t io n s  w ith  p r e s e n t -d a y  p o te n -  
t io s ta t ic  c ir cu itry . A n  a p p re c ia b le  t im e  is r e q u ire d  to  
a tta in  th e  c o n tr o l p o te n t ia l  w ith in  a  sm a ll fr a c t io n  o f  
a  m illiv o lt  (jj b e in g  sm a ll) , p r im a r ily  b e ca u se  it  is 
n ecessa ry  to  in c o r p o r a te  a u to m a t ic  c o m p e n s a t io n  fo r  
th e  IR d r o p  b e tw e e n  th e  c o n tr o lle d  e le c t r o d e  a n d  th e  
c a p illa ry  t ip  o f  th e  re fe re n ce  e le c t r o d e . 10

T o  p e rm it  a n a ly s is  o f  e x p e r im e n ta l c u r r e n t -t im e  
cu rv e s  w h ich  e x c lu d e  th e  in itia l lin ea r re g io n , w e  
p resen t h ere  a n o th e r  s im p le  p r o c e d u r e  fo r  e v a lu a t in g  
i(t=o) a n d  X. I n  th is  m e th o d , o n e  se le c ts  an  a rb itra ry  
t im e , t, a n d  rea d s  th e  cu rre n t fr o m  th e  e x p e r im e n ta l 
c u rv e  a t  t im e s  t a n d  4 1. T h e  ra t io  o f  th e se  cu rren ts  is

Ho =  e x p (X 2 f) e r fc (X f ‘A) 

i(4 ,) e x p (4 X 2 i) e r fc (2 X i1/z)

T h is  r a t io  is r e a d ily  c a lcu la te d  fo r  a ll v a lu e s  o f  X i'A 
fr o m  ta b le s 1 1  o f  th e  fu n c t io n  ex p  (y2) e r f c (y), a n d  is 
sh ow n  in  F ig u r e  2 fo r  X£ A 2 =  0  t o  1 . T h e  e x p e r im e n ta l 
v a lu e  o f  th e  cu rre n t r a t io  fo r  a  sp e c if ic  t im e  ti h as a  c o r 
r e s p o n d in g  v a lu e  o f  X£i w h ich  is o b ta in e d  fr o m  th e  
m a ste r  c u rv e , F ig u r e  2, a n d  th is  v a lu e  y ie ld s  X. T h e

Figure 2. Variation of current ratio i;t)/fu) 
with Xi1' 2, planar electrodes.

p r o c e d u r e  m a y  b e  re p e a te d  fo r  t im e s  k, U, U . . .  t o  
o b ta in  a  m e a n  v a lu e  o f  X. U t iliz in g  th e  m e a n  X, ea ch  
m e a su re d  cu rren t a t th t2, h ■ ■ ■ y ie ld s  i(t=o) f r o m  e q
6 . I f  th e  d e v ia t io n s  o f  th e  in d iv id u a l v a lu e s  o f  X o r  
o f  i(t = o) a b o u t  th e  m e a n  v a lu e  are  fo u n d  t o  b e  sm all 
a n d  r a n d o m ly  d is t r ib u te e , o n e  h a s  s u p p o r t  fo r  th e  a 
■priori a s su m p tio n  o f  a f irs t-o rd e r  ch a rg e -tra n s fe r  m e c h 
an ism . A s  Xf1/! in creases , th e  s lo p e  o f  th e  c u r v e  in  
F ig u re  2 d e cre a se s ; h e n ce  th e  p re c is io n  w ith  w h ich  X 
ca n  b e  e v a lu a te d  d ecre a se s  w ith  in cre a s in g  t im e  in  th e  
in te rm e d ia te -t im e  ra n g e  (0 .8 5  >  i ^ /i t̂=0) >  0 .4 5 ) . 12

Evaluation of Charge-Transfer ParametersA 7 F o r  
s lo w  e le c t r o d e  re a c t io n s  (97 r e la t iv e ly  la rg e ) , i t  is  su f
fic ie n t  t o  d e te rm in e  i(t = 0 ) f r o m  p o te n t io s ta t ic  cu rre n t
t im e  cu rv e s  as a  fu n c t io n  o f  77, e ith e r  fo r  a n o d ic  (17 

p o s it iv e )  o r  c a th o d ic  (tj n e g a t iv e )  p o la r iz a t io n . T h e  
w e ll-k n o w n  T a fe l  p lo t  th e n  y ie ld s  b o t h  i0  a n d  /3. F o r  
ra p id  re a c t io n s  (sm a ll 77) , m e a su re m e n t  o f  i(t=o> in  a 
g iv e n  s o lu t io n  y ie ld s  io f r o m  e q  1 0 ; s in ce  i0  is g iv e n  b y

in =  fo.s M ^ a o 0)1-*  (1 5 )

w h ere  io,s is th e  s ta n d a rd  e x ch a n g e  cu rre n t d e n s it y , 13  

a n d  d is o b ta in e d  fr o m  d e te r m in a tio n s  o f  io w ith  so lu 
t io n s  in  w h ich  o r 0  is v a r ie d  a t  c o n s ta n t  ao° or ao° v a r ie d  
a t  c o n s ta n t  <zr°.

(10) S. Barnartt, submitted for publication.
(11) H. S. Carslaw and J. C. Jaeger, “ Conduction of Heat in Solids,’ 
2nd ed, Clarendon Press, Oxford, 1959.
(12) As pointed out by a referee, a quantitative treatment of this 
decrease in precision with time was given recently by K. B. Oldham 
and R. A. Osteryoung, J. Electroanal. Chem., 11, 397 (1966). These 
authors also present a novel method of evaluating A and i(u= o) from 
current measurements in the intermediate time range. Their 
method differs significantly from ours in that it involves current 
measurements from tangents drawn to the experimental current
time curve.
(13) S. Barnartt, J. Phys. Chen.... 70, 412 (1966).
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Evaluation of D-r or D0■ T h e  r a t io  % = g ) A  f r o m  eq  
7 a n d  8  is g iv e n  b y Cr cru

Ht =0) 
nFDnh 7r o + (1 7 )

l<'t' — =  nF [exp(n.e>?) — 1 ] X

exp(ne7;) 1

_cr° \ /(D r  c0° V ( D o

a n d  is  seen  to  b e  in d e p e n d e n t  o f  in a n d  0. T h u s  th e  
v a lu e s  o f  i (i = 0) a n d  X o b ta in e d  fr o m  a  s in g le  p o t e n t io -  
s ta t ic  c u r r e n t -t im e  c u r v e  p e rm it  e s t im a tio n  o f  o n e  o f  
th e  d iffu s io n  co e ff ic ie n ts  i f  th e  o th e r  is k n o w n . T h is  
is  so e v e n  th o u g h  i(t=o) a n d  X are  o b ta in e d  f r o m  th e  
c u r r e n t -t im e  c u r v e  a t sh o r t  t im es , w h e re  th e  r e a c t io n  is 
p a r t ly  c o n tr o lle d  b y  th e  ch a rg e -tra n s fe r  k in e tics .

T h e  cu rre n t a t lo n g  t im e s  (\P 2 »  1) is u n d e r  c o m 
p le te  m a ss -tra n s fe r  co n tr o l, a n d  a  p lo t  o f  i vs. f -1 /2  is  
lin ea r w ith  a s lo p e  p r o p o r t io n a l t o  th e  ra t io  f (t=0) A ,  as 
w a s  sh o w n  b y  G e r is ch e r  a n d  V ie ls t ic h .8 H e n c e , th e  
lo n g -t im e  cu rre n ts  p e rm it  e v a lu a t io n  o f  th e  d iffu s io n  
co e ff ic ie n t  so m e w h a t  m o r e  d ir e c t ly .

S p h e r ic a l E le c t r o d e s

T h e  p r o b le m  is  s o lv e d  h ere  in  c lo s e d  fo r m  fo r  an  e le c 
t r o d e  r e a c t io n  a t  c o n s ta n t  p o te n t ia l in v o lv in g  a  firs t- 
o rd e r  ch a rg e -tra n s fe r  m e ch a n ism  (e q  1 ), w ith  d iffu s io n  
in  a  s y s te m  o f  sp h e r ica l s y m m e tr y  as th e  so le  m o d e  o f  
m a ss  tra n sfer . T h e  m a th e m a tic a l fo r m u la t io n  o f  th e  
p r o b le m  co m p rise s  d iffe re n tia l e q u a t io n s

n  1  A  ( r 2 =  D  * & ( r> =
r 2 dr \ d r )  d t ’ r2 dr\ dr /  dt

w ith  in it ia l c o n d it io n s  (t — 0 , r >  a): cK =  cr°, Cq =  
Co0 a n d  b o u n d a r y  co n d it io n s  (a ll t)

r — >  °° : cB — >  cR°; c0 — >  c 0°

Co =  Co0 +

1 — î (i = 0)

Ht = 0) 
nFDoh

2

- tJ ‘

1 -  Xi1/2 +

1 +

w h ere

, io e x p ( l  -  0 ) m ^
A R  1 t i t \  n  )  ''• OnFD-RC-R0

(  Do /2\ '
~ { 1 +  A ) “

Xr H r  +  X o D o \ 

aX2 J

i0  ex p  ( — ¿3rurf) 
nFDoCo0

(1 8 )

(1 9 )

(2 0 )

a n d  a lso  X =  Xr D r ' /2 +  \0 Do ' / 2  a n d  i(t = ()) =  nF- 
(Xr H r Cr 0 — X oH 0Co°) as fo r  p la n a r  g e o m e tr y . A  c o m 
p a r iso n  o f  e q  19 w ith  th e  co r r e s p o n d in g  e q  13 fo r  th e  
p la n a r  ca se  sh o w s  th a t , o v e r  s u ffic ie n tly  s h o r t  t im e s  
su ch  th a t  th e  te r m  in  t is n e g lig ib le , th e  sp h e re  a n d  
p la te  e le c t r o d e s  y ie ld  th e  sa m e  lin ea r i -P 1 re la t io n . 
T h e  lin ea r b e h a v io r  te rm in a te s  so o n e r  fo r  th e  sm a ll 
sp h ere , h o w e v e r , s in ce  th e  te r m  in  t is  la rg e r  in  e q  19 
th a n  in  e q  13.

I f  th is  lin ea r p o r t io n  o f  th e  c u r v e  is  e x p e r im e n ta lly  
a cce ss ib le , th e  v a lu e s  o f  X a n d  f ((=0) o b ta in e d  f r o m  it  ca n  
b e  u sed  t o  d e te rm in e  th e  ch a rg e -tra n s fe r  p a ra m e te rs  
a n d  o n e  o f  th e  d iffu s io n  co e ffic ie n ts , as d e s c r ib e d  a b o v e  
fo r  p la n a r  e le c tro d e s . F o r  m o d e r a te ly  r a p id  r e a c t io n s , 
i f  th e  in it ia l p o r t io n  is  in a cce ss ib le , ch a rg e -tra n s fe r  
p a ra m e te rs  ca n  b e  d e te rm in e d  fr o m  th e  lo n g -t im e  p o r 
t io n  o f  th e  c u r v e  as sh o w n  b e lo w .

(ib) Long-Time Solution. U s e  is m a d e  o f  th e  a p 
p r o x im a t io n , ex p  x2 e r fc  x =  7r-1 /îx _1, v a lid  fo r  la rg e  
v a lu e s  o f  x. E q u a t io n s  A 1 7 -A 1 9  b e c o m e

5 cr d co
r =  a: i =  nFDu — 1 =  —nFD0

dr o r

H e re  a is th e  e le c t r o d e  ra d iu s , a n d  i is th e  cu rre n t 
d e n s ity  g iv e n  b y  e q  1 w ith  c o n c e n tr a t io n s  s u b s t itu te d  
fo r  a c t iv it ie s .

General Solution. T h e  gen era l s o lu t io n  o f  th is  p r o b 
lem , d e r iv e d  b y  th e  L a p la c e  tr a n s fo r m  m e th o d , is  p re 
se n te d  in  th e  A p p e n d ix . E q u a t io n s  A 1 7  a n d  A 1 8  
g iv e  th e  co n c e n tr a t io n  ch a n g e s  a t  th e  e le c tro d e , a n d  
e q  A 1 9  g iv e s  th e  cu rre n t d e n s ity . T w o  re g io n s  o f  th e  
c u r r e n t -t im e  c u r v e  a re  o f  p a r t icu la r  in te re s t  fo r  ex 
tr a c t in g  th e  ch a rg e -tra n s fe r  p a ra m e te rs , n a m e ly  th e  
in itia l s h o r t -t im e  s e c t io n  a n d  th e  fin a l lo n g -t im e  se c t io n .

(a) Short-Time Solution. T h is  is o b ta in e d  b y  u se  
o f  th e  a p p r o x im a t io n , ex p  x2 e r fc  x ~  1 — (2 / n /2)x +  
x2, w h ic h  is  v a lid  fo r  sm a ll v a lu e s  o f  x. E q u a t io n s  
A 1 7 -1 9  c o n v e r t  t o  e q  1 7 -1 9 .

Cr  =  Cr 1o _ Ht =  o ) ____________ ®____________
nF D r ( 1 -f- aXR +  aX o)

aX0 (K1/2 -  1) -  1

X

Co =  Co0 +

1 +

H t - o )

a
1 +  oXr  -)- aXo (-Drh-0  _ 

a
nF D o ( l  +  <i Xr  +  aX o) 

C M * - ’72 -  1) -  1

X

1 +

Ht=o)

1 +  aX r  -f- aX o  (Dont) ^ _ 

X

1

1 -\- aXn +  aXo

j _l_ ci2(Xr / D r /2 +  ho/Do^)
1 +  uXr  +  aXo ( itt) ^

A  p lo t  o f  i a g a in s t  t~ ’h is a s tra ig h t lin e , o f  fo r m  

i =  +  <rt~ ' / 2

(2 1 )

(2 2 )

(2 3 )

(2 3 a )
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w ith  in te rce p t

• _  + = Q )
 ̂ 1 +  a\r +  aXo

a n d  s lo p e

_  Q+Xr / D r a  +  Xq/Dq A) p< = o)

7T A(1 +  uXr 4" flXo)2

(2 3 b )

(2 3 c )

¿ 5 1  

(̂( = 0) 1 + 5  1 +  5

[ e x p ( ( l  +  5 )2X2<) e r f c ( ( l  +  5 )X i'/2) ]  (2 8 )

w h e re  5 =  D'^/aX. E q u a t io n  28  is e q u iv a le n t  t o  th e  
s o lu t io n  fo r  th e  cu rre n t p r e v io u s ly  g iv e n .16

T h e  s h o r t -t im e  cu rre n t a t  Xi'/2 < <  1 n o w  b e c o m e s

I t  m a y  b e  r e c a lle d 14 th a t  re v e rs ib le  r e a c t io n s  a t sp h er ica l 
e le c tro d e s  a lso  e x h ib it  a  lin ear i - v '  c u r v e  a t  lo n g  
tim es , b u t  th e  in te r c e p t  a n d  s lo p e  are th e n  q u ite  d if 
fe re n t fr o m  th e  co r r e s p o n d in g  ex p ress ion s  fo r  irrev ers 
ib le  re a c t io n s  (e q  2 3 b ,c ) .

A t  lo n g  tim es , th e  cu rre n t a t  a  sp h erica l e le c t r o d e  
g o e s  to w a r d  th e  fin ite  v a lu e  g iv e n  b y  e q  2 3 b , w h erea s  
a t a p la n e  e le c tro d e , th e  c o r re s p o n d in g  cu rre n t g oes  to  
zero . I n  th e  la t te r  case , th e  r e a c t io n  b e c o m e s  essen 
t ia lly  d iffu s io n  c o n tr o lle d 8 a t X + 2 >  1 (o r  a t  i/i(t = o> <  
0 .4 3 ), so  th a t  cu rre n t m e a su re m e n ts  a t lo n g  t im e s  g iv e  
n o  in fo r m a t io n  a b o u t  th e  ch a rg e -tra n s fe r  m ech a n ism . 
W it h  sm all sp h e r ica l e le c tro d e s , h o w e v e r , th e  r e a c t io n  
rem a in s  u n d e r  p a rtia l ch a rg e -tra n s fe r  c o n tr o l a t  a ll 
t im es . P r o v id e d  th e  d iffu s io n  co e ff ic ie n ts  are  k n o w n , 
th e  ch a rg e -tra n s fe r  p a ra m e te rs  m a y  b e  d e r iv e d  as 
fo llo w s . W e  d e fin e  th e  q u a n t ity

Xr  co eD o

p =  S ' S w + xp<” *’’ )

T h e  c o m b in a t io n  o f  e q  2 3 b , 2 3 c , a n d  24  y ie ld s

Xo
=  a __ Va ( dr‘a +  D o V  p

(2 4 )

(2 5 )

T h is  p e rm its  e v a lu a t io n  o f  Xo c o r re s p o n d in g  to  th e  
v a lu e  o f  ri w h ich  es ta b lish e s  th e  c u r r e n t -t im e  cu rv e . 
A fte r  m ea su rin g  c u r r e n t -t im e  cu r v e s  a t  se v e ra l v a lu e s  
o f  tj, w e  m a y  p lo c  lo g  Xo a g a in st  77, s in ce  fr o m  e q  20

lo g  X0 =  lo g  (io/nFDoCo0) — (fine/2 .3 ) 7 7  (2 0 a )

t o  o b ta in  fr o m  th e  s lo p e  a n d  ¿ 0  fr o m  th e  in te r c e p t  a t
77 =  0 .

Particular Case: Dr =  Do. I t  is o f  in te re s t  t o  e x 
a m in e  th e  sp e c ia l ca se  o f  D r  — Do — D w h ic h  w a s 
tre a te d  b y  Shair., M a r t in , a n d  R o s s .14 15 T h e  t im e  v a r ia 
t io n s  o f  cu rre n t d e n s ity  a n d  c o n c e n tr a t io n s  a t  th e  e le c 
t r o d e  su r fa ce  b e c o m e , fr o m  e q  A 1 7 -A 1 9

CR =  CE° ~  nFD 1/ 2X( 1 +  5) X

[1 -  e x p ( ( l  +  5 )2X2f) e r f c ( ( l  +  5)X f‘A ) ]  (2 6 )

i =  i(t = o) (1 -  2w~1/!Xt1/l +  (1 +  5)X 2f]  (2 9 )

T h u s  fr o m  a s in g le  p o te n t io s ta t ic  c u r r e n t -t im e  cu rv e , 
th e  in itia l lin ea r ¿ - f 'A p o r t io n  y ie ld s  X a n d  i(t = o), 
f r o m  w h ich  th e  ch a rg e -tra n s fe r  q u a n t it ie s  ¡3 a n d  i0  a re  
e v a lu a te d , a n d  th e  ra tio  ¿(i=,0) A  g iv e s  th e  d iffu s io n  
co e ff ic ie n t  (e q  16 ).

I f  th e  in itia l p o r t io n  o f  th e  c u r v e  is  e x p e r im e n ta lly  
in a cce ss ib le , it  is  p o ss ib le  t o  d e r iv e  th e  ch a rg e -tra n s fe r  
p a ra m e te rs  fr o m  th e  cu rre n ts  a t lo n g e r  t im e s  p r o v id e d  
th e  d iffu s io n  co e ff ic ie n t  is k n o w n . S h a in , et al. , 15  

d e s cr ib e d  a  t re a tm e n t  o f  th e  lo n g e r -t im e  cu rre n ts  in 
v o lv in g  tr ia l-a n d -e rro r  c u r v e  f i t t in g ; th is  tre a tm e n t  is 
re s tr ic te d  to  s lo w  re a c t io n s  a t r e la t iv e ly  h ig h  77. W e  
n o te  h ere  th a t  th e  lo n g -t im e  cu rre n t is g iv e n  b y  e q  23, 
w h ich  w h en  s im p lified  fo r  D r  =  D o  — D  y ie ld s

i 5 /  1 V  1
"  =  r ,  ,  +  ( 1  :  ) 1/ , , .‘/» (3 0 )
%  = 0 ) 1 + 5  \1 +  5 /  7T Xt

T h is  p r o v id e s  a  m o re  d ir e c t  m e th o d , a n d  o n e  w h ic h  is 
a p p lic a b le  t o  r a p id  r e a c t io n s . T h e  s lo p e  a a n d  in 
te r c e p t  o f  th is  lin ea r i /t ~ l / 2 r e la t io n  y ie ld s  X in
th e  fo r m

X =  a D r ^ ia H ^ ^  -  aair^D^ ) - 1 (3 1 )

F r o m  X th e  q u a n t ity  5 =  \ / D / a X  is  ca lc u la te d , w h e n ce  
¿((= o) is o b ta in e d  fr o m  th e  in te r c e p t  ¿((— „> =  ¿ ( ¡= 0 ) 
5(1 +  5 ) - 1 . W e  m a y  d e te rm in e  ¿ (i=0) in  Ib is  w a Y at 
se v e ra l v a lu e s  o f  77, u s in g  a  s in g le  s o lu t io n  a n d  e ith er  
a n o d ic  or c a th o d ic  p o la r iz a t io n . T h u s  fo r  a n o d ic  
p o la r iz a t io n  th e  ch a rg e -tra n s fe r  cu rre n t  is  g iv e n  b y  
e q  7, w h ich  m a y  b e  rea rra n g ed  to

l0B(e x p (» J -l)  = l0gi , ' ‘ ( S ) ’  m
A  p lo t  o f  th e  le ft  s id e  a g a in st ?/ y ie ld s  i0  ( in t e r c e p t )  a n d  
fi (s lo p e ).

C y lin d r ica l E le c t r o d e s

H e re  th e  p r o b le m  co m p r ise s  a  f ir s t -o rd e r  ch a rg e - 
tra n s fe r  m e ch a n ism  (e q  1 ) c o m b in e d  w ith  d if fu s io n  to

r _  /, 0 _L ______ +  — 0)______ . y
+  nFD'h\( 1 +  5) X

[1 -  e x p ( ( l  +  5 )2X20  e r f c ( ( l  +  5)X<‘/2) ]  (2 7 )

(14) P. Delahay, “ New Instrumental Methods in Electrochemistry,“  
Interscience Publishers, Inc., New York, N. Y ., 1954.
(15) I. Shain, K. J. Martin, and J. W. Ross, J. Phys. Chem., 65, 259
(1961).
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a  cy lin d r ic a l e le c t r o d e  o f  ra d iu s  a as th e  so le  m a ss- 
tra n s fe r  p ro ce ss . A s  b e fo r e , th e  t im e  v a r ia t io n s  o f  
cu rre n t a n d  c o n ce n tra t io n s  a t  th e  e le c t r o d e  su rfa ce  
are  t o  b e  d e te rm in e d  fo r  a  r e a c t io n  a t  c o n s ta n t  p o 
te n tia l. T h e  m a th e m a tica l d e s c r ip t io n  con s is ts  o f  
d iffe re n tia l e q u a tio n s

d c R

òt
=  D E

Ò/Cr

ò r 2

1 ÖCr'
; —  = D0 Ò2 C0  1 ÒCo

r òr _ ’ ài _ òr2 r òr _

w ith  in it ia l c o n d it io n s  (t — 0 , r >  a): c r  =  c r ° ,  

Co =  Co0, a n d  b o u n d a r y  c o n d it io n s  (a ll t)

r — >  œ : c R — >  cR°; Co — *■ c o 0

„r, b cR bco
r =  a: i — nFDn —— =  —nFD o —  

o r  o r

A  so lu t io n  o f  th is  p ro b le m , b a se d  o n  th e  u se  o f  
L a p la c e  tra n s fo rm s , is  d e s c r ib e d  in  th e  A p p e n d ix . 
T h e  m e th o d  d o e s  n o t  le a d  to  a g e n era l s o lu t io n  in  
c lo se d  fo rm , b u t  th e  en tire  c u r r e n t -t im e  c u r v e  m a y  b e  
d e te rm in e d  n u m e r ica lly  fo r  a n y  sp e c if ic  ca se . A n  
a p p r o x im a te  so lu tio n , v a lid  a t su ffic ie n t ly  sh o rt  t im es , 
is d e r iv e d  w ith  th e  u se  o f  a s y m p to t ic  ex p a n sion s . 
T h e  cu rre n t a n d  th e  c o n c e n tr a t io n s  a t th e  e le c tro d e  
su r fa ce  are  g iv e n  b y  e q  A 3 3 -A 3 5  o f  th e  A p p e n d ix . 
F o r  th e  sp ec ia l ca se  D r  =  D 0 =  D , th e se  e q u a tio n s  
c o n v e r t  to

» / » ( , . o) =  1 “  2 » _ , /V A +  (1 +  8/2)\H (33 )

cR =  c r ° -  ( 2 ^ - 1/lf 1/i -  \t) (34 )

c °  =  c 0° +  (2 7 r - ‘A f1/2 -  \t) (3 5 )

w h e re  X =  X(1 +  8/2)] q u a n t it ie s  X a n d  8  a re  th e  sa m e 
as d e fin e d  a b o v e  fo r  p la n a r  a n d  sp h e r ica l s y m m e tr y . 
T h e  e q u a tio n s  re d u c e  t o  th e  c o r r e s p o n d in g  o n e s  fo r  
p la n a r  e le c tro d e s  i f  th e  c y lin d e r  is la rg e  (a »  D ' /! /X ) .  
I t  is seen  fr o m  e q  33 th a t  th e re  w ill  b e  a  sh o r t  p e r io d  
o f  t im e  d u r in g  w h ich  a  c y lin d r ic a l e le c t r o d e  o f  a n y  
ra d iu s  w ill y ie ld  th e  sa m e  lin ear i-t l / 2 r e la t io n  as d o e s  
th e  p la n e  e le c tro d e . D e v ia t io n  fr o m  th is  lin e , re p re 
se n te d  b y  th e  te rm  in  \H, w ill d e v e lo p  so m e w h a t 
fa s te r  a t  a  sm a ll cy lin d r ic a l e le c t r o d e  th a n  a t a  p la te , 
b u t  n o t  so  fa s t  as a t  a  sp h e r ica l e le c t r o d e  o f  th e  sa m e 
ra d iu s .

Comparison of Planar, Spherical, and 
Cylindrical Electrodes

A  n u m e r ica l s o lu t io n  w a s  ca rr ied  o u t 16 (see  A p p e n d ix )  
fo r  th e  c u r r e n t -t im e  c u r v e  a t  a  sm a ll c y lin d e r  o f  rad iu s  
a =  y /D /\  (h e n ce  8  =  1) fo r  th e  sp e c ia l ca se  o f  D r  =  
D o  =  D . T h is  is  c o m p a re d  in  F ig u re  3 w ith  th e  c o r 

Figure 3. Constant-potential current-time relations 
for spherical and cylindrical electrodes.

r e s p o n d in g  c u r v e  fo r  a  sp h ere  o f  th e  sa m e  ra d iu s , o b 
ta in e d  fr o m  e q  28 . A ls o  sh o w n  is th e  c u r v e  fo r  a  la rg e  
sp h ere  o r  la rg e  c y lin d e r  (a > >  \ / D / X ) ,  w h ic h  is th e  
sa m e  as e q  6 fo r  th e  p la n e . A t  \t' / 2  =  5, th e  cu rre n t 
r a t io  fo r  th is  sm a ll sp h ere  is c lo s e  to  th e  v a lu e  5 / ( 1  +  
8 ) =  1/i  fo r  t —► °o (see  e q  2 8 ). T h e  cu rre n t ra t io  
fo r  th e  p la n a r  e le c t r o d e  g o e s  t o  ze ro  as t —*■ <». T h e  
c u r v e  fo r  th e  c y lin d e r  is p o s it io n e d  a b o u t  m id w a y  
b e tw e e n  th e  o th e r  tw o .

F ig u r e  4  p re se n ts  th e  s h o r t -t im e  a p p r o x im a t io n s  
to  th e se  cu rv e s , as g iv e n  b y  e q  13, 29 , a n d  33 fo r  th e  
p la n a r , sp h e r ica l, a n d  c y lin d r ic a l cases , r e s p e c t iv e ly . 
T h e s e  a p p r o x im a te  cu r v e s  lie  s o m e w h a t  a b o v e  th e  c o r 
re s p o n d in g  cu r v e s  in  F ig u r e  3, b u t  fo r  th e  ra n g e  
X i'A =  0  to  0 .2 5  th e  d e v ia t io n  is  sm all. A t  X i'A =  
0 .2 5 , th e  cu rre n ts  g iv e n  in  F ig u r e  4  are  1 .4 %  h ig h  fo r  
th e  p la n a r  e le c t r o d e , 2 .6 %  h ig h  fo r  th e  c y lin d r ic a l 
e le c t r o d e  a n d  4 .3 %  h ig h  fo r  th e  sp h e r ica l e le c t r o d e . 
A s  th e  e le c t r o d e  ra d iu s  is in cre a se d  a b o v e  th e  v a lu e  
\ /D /X ,  th e  u p p e r  tw o  cu rv e s  in  F ig u re s  3  a n d  4  w ill 
m o v e  g r a d u a lly  c lo se r  t o  th e  p la n a r -e le c tr o d e  cu r v e .

Summary
1. A  c u r r e n t -p o te n t ia l  r e la t io n  fo r  r a p id  re a c t io n s , 

a p p lic a b le  t o  f irs t-o rd e r  c h a rg e -tra n s fe r  m e ch a n ism s , 
is  p r o p o s e d  a n d  il lu s tra te d  b y  a  n u m e r ica l e x a m p le . 
T h is  e q u a t io n  (e q  3 ) h a s  a  m u c h  w id e r  ra n g e  o f  v a l id it y  
th a n  th e  fo r m  p r e v io u s ly  u se d  (e q  2 ) .

2 . T h e  a n a ly s is  o f  p o te n t io s ta t ic  c u r r e n t - t im e  
cu rv e s  fo r  p la n a r  e le c tro d e s , fo r  r e a c t io n s  c o n tr o lle d  
s im u lta n e o u s ly  b y  ch a rg e -tra n s fe r  a n d  m a ss -tra n s fe r  
p o la r iz a t io n , h a s  b e e n  e x te n d e d . T h is  a n a ly s is  is 
b a se d  u p o n  m e a su re m e n ts  o f  th e  ra t io  o f  cu rre n t  a t

(16) A. Papoulis, Quart. Appi. Math., 14, 405 (1957).
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Figure 4. Current-time relations at short times.

so m e  t im e  t t o  th a t  a t 4 1, a n d  p e rm its  e x tr a c t io n  o f  
th e  ch a rg e -tra n s fe r  p a ra m e te rs  & a n d  i0  fr o m  th e  ex 
p e r im e n ta lly  m o re  a cce ss ib le  p a r t  o f  th e  c u r v e  fo l lo w in g  
th e  lin ear i-t1/2 p o r t io n .

3 . C lo s e d -fo r m  so lu t io n s  t o  th e  g e n era l b o u n d a r y  
v a lu e  p r o b le m  fo r  sp h e r ica l e le c tro d e s  are  d e r iv e d .

4 . T h e  b o u n d a r y -v a lu e  p r o b le m  fo r  cy lin d r ic a l 
e le c tro d e s  h a s  b e e n  tre a te d , a n d  a  gen era l m e t h o d  fo r  
o b ta in in g  n u m e r ica l s o lu t io n s  h a s  b e e n  o u t lin e d . 
A ls o , a p p r o x im a te  a n a ly t ic a l s o lu t io n s  v a lid  fo r  sh o r t  
t im e s  are d e r iv e d .

5. C u r r e n t - t im e  cu r v e s  fo r  a  p a r t ic u la r  sm all 
ra d iu s  o f  sp h ere  a n d  c y lin d e r  are  co m p a r e d  w ith  th e  
c o r re s p o n d in g  p la n a r -e le c tr o d e  cu rv e s . T h e  sm a ll 
sp h ere  y ie ld s  h ig h e r  cu rre n ts  a t  a  g iv e n  t im e  th a n  d o e s  
th e  p la te . T h e  c u r v e  fo r  th e  c y lin d e r  lies  b e tw e e n  
th e  o th e r  tw o .

6. T h e  cu rre n t a t  a  sm a ll sp h ere  a p p ro a ch e s  a  c o n 
s ta n t v a lu e , d iffe re n t fr o m  zero , as t -*■ » .  T h e  lo n g 
t im e  cu rre n t p e rm its  d e te r m in a t io n  o f  th e  ch a rg e - 
tra n s fe r  p a ra m e te rs  b e c a u s e  th e  r e a c t io n  rem a in s  u n d e r  
p a rtia l c h a rg e -tra n s fe r  c o n tr o l  a t  a ll t im es .

A p p e n d ix

Solution of the Diffusion Problem for Spherical Elec
trodes. T h e  d if fu s io n  e q u a t io n  fo r  a  s y s te m  h a v in g  fu ll 
sp h e r ica l s y m m e tr y  is

. 1 5 / ,  3 c \  c)c
D — —  ( r 2 — ) =  —  

r2 dr \ dr) dt

w h ere  c =  c{r,t) is th e  c o n c e n tr a t io n  a t  t im e  t an d  
ra d ia l d is ta n ce  r. O n  m a k in g  th e  s u b s t itu t io n 11

U(r,t} =  rc(r,t)

th e  d iffu s io n  e q u a tio n  b e c o m e s

jjd 2U _  dU
dr2 dt

a n d  in  te rm s  o f  th e  n e w  v a r ia b le  U =  rc ca n  n o w  b e  
tre a te d  in  m u c h  th e  sa m e  fa s h io n  as d iffu s io n  in  a 
lin ea r  sy s te m . T h u s  in  th e  p re se n t p r o b le m  w e  d e fin e

UR{r,t) =  rcR(r,t) ;  U 0 (r,t) =  rc0 (r,t) ( A l )

w h ich  s a t is fy  th e  d iffe re n tia l e q u a t io n s  

d2 UR
Dr

dr2

dUn n d2 U0  dUo
"5 V  =  (A2>

w ith  in itia l c o n d it io n s , fo r  a  sp h e r ica l e le c t r o d e  o f  
ra d iu s  a

r >  a: UR(r,t =  0 )  =  cR°r; Uo(r,t =  0 ) =  c0°r
(A 3 )

a n d  b o u n d a r y  co n d it io n s

T '— >  co ; UR(r,t) — >  cR°r; U0 (r,t)— > c0°r (A 4 )

T h e  re m a in in g  c o n d it io n  is th a t  fo r  th e  e le c t r o d e  cu r 
re n t. T h e  cu rre n t d e n s ity  is  g iv e n  (in  te rm s  o f  th e  
e le c t r o d e  r e a c t io n ) b y  e q  1, w h ic h  in  th e  p re se n t n o ta 
t io n  is

i(t)
fo

e x p [ ( l  — /3)nerj] 
cR°a

Un(r =  a,t) -

ex p  [—finer)}
Co °a

U0(r =  a,t) (A 5 )

a n d  (in  te rm s  o f  th e  d iffu s io n  cu rre n ts ) b y  

i(t) =  -\-nFDR
\ UT /  r-

dUR\ _  1

(àcR\
U r  ) rma

■EC
nFDR

a n d

*■<» - ( £ L -

dr ) r = a a2
UR(a,t) (A 6 )

L a  \ d r  ] r=a a2
(A 7 )

O n  c o m b in in g  e q  A 5 -A 7 ,  w e  fin d  th e  co n d it io n s  
w h ic h  m u s t  b e  sa tis fied  o n  th e  e le c t r o d e  su r fa ce  r  =  a.
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— U0 (a,t) Ao +
1

a
E7r(<M)Ar.k

-Uo(a,t)
Ao

K
+  Ur (a,t)

(A 8 )

Ar  +
r

a.

w ith  k =  Dr/ Do a n d

f0 e x p [ ( l  -  ß)neg] _  i0  e x p [ — ßru-q] 
R uFDrCr0  ’ °  nFD0 co°

as in  th e  G e r is c h e r -V ie ls t ic h  n o ta t io n .8 I n  te rm s  o f  
th e  L a p la c e  tra n s fo rm s

e stUo(r,t)dt 

e~s‘UR(r,t)dt

W e  re q u ire  th e  v a lu e s  o f  th e  c o n c e n tr a t io n s  a t  th e  
p h a se  b o u n d a r y  r =  a a n d  th e  cu rre n t as fu n c t io n s  o f  
th e  t im e . T h e  cu rre n t  is  m o s t  e a s ily  o b ta in e d  b y  
ta k in g  th e  L a p la c e  t r a n s fo r m  o f  e q  A 7

J(s) =  —nFD o -  \  Vo (a, s) 
a2

(A  15)

w ith  Yo(r,s) g iv e n  b y  e q  A l l  an d

T h e  cu rre n t  a n d  co n c e n tr a t io n s  are  n o w  r e a d ily  o b 
ta in e d  b y  in v e rs io n  o f  e q  A 1 5  a n d  A l l .  T o  a c c o m p lis h  
th is  w e  m u st first fa c t o r  th e  c o m m o n  d e n o m in a to r  o f  
a(s), p(s)

(s  +  y 'y j s  +  5') =  (y js  +  ? ) ( \ A  +  n)

th e  d iffe re n tia l e q u a t io n s  A 2  a n d  in itia l c o n d it io n s  A 3  
b e c o m e

Dr
Ò2F r

òr2
s F r  -  cR°r;

Do
cF F o

ò r 2
=  s F o  — c0°r (A 1 0 )

T h e  s o lu t io n  w h ic h  satisfies th e  b o u n d a r y  co n d it io n s  
A 4  is

Y 0 (r,s) =  a(s) exp[ — \Zs/D 0 r] +  co0r/s  ( A l l )  

Y R(r ,s ) =  3 (s ) e x p [ - y / s / D Rr] +  cR° r /s

w h ere  a (s )  a n d  fi(e ) are  d e te rm in e d  b y  th e  s im u lta n e o u s  
s o lu t io n  o f  e q  A 8

a (s )  =

[Arkcr0 -  Ao co0][a -y /s Z )o  +  y / D 0D R] e x p [ a y / s / D 0 ] 

s [s  +  y ' y / s  +  Y ]

ß(s) =

( A l  2)

[AqCq0/ k -  ARCR°][a-\/sDr +  a/ D qD r ] e x p [a \ /s /Z > R ] 

s [s  +  y ’yCs +  5 ']

w ith

y' — Ar \ /7 1 r  +  A o \ / ö o  +  {y /D o  +  y /D R)/a
(A 1 3 )

Y — \ /'DoDr [1 +  a (X R +  A o ) ] /a 2 (A 1 4 )

E q u a t io n s  A l l ,  w ith  th e  v a lu e s  o f  a(s ) , j3(s) f r o m  eq  
A 1 2 , d e te rm in e  th e  L a p la c e  tra n s fo rm s  o f  th e  v a r ia b le s  
U o (r ,0 >  UR(r,<) a n d  h e n ce  th e  c o n c e n tr a t io n s  c0 (r,t), 
cR(r,t).

£ =  Vi^A +  (y / D o  +  y / D n )/ a  +

+  ( V B ^ v & y

-  l ‘A)
A o V /ö o ) ( v / D r — y / D o \  j-

H—  (Ar \ / Z ) r  — 
a

(A 1 6 )

n =  V i'yA  +  ( y /D o  +  y /D R)/a  —

[ a 2 +  + 1  (Xr V / 5 r  _

Ao \ / H o) (\ '^ O r  — \ / D o ) J  j -

w ith  A =  \o\/Do  +  Xr \ / Dr. T h e s e  re la t io n s  y ie ld 11

=  _Cr = Cr1
y/ «(£ — Y) L 

y/D

r v D o / i  _  i \

a \n

(  1 — e x p (n2 t) e r f c (py/t)
\ an J

e x p (£ 2<) e r f c (i-y/t) (A 1 7 )

Co =  c0° +
V O r /1 _  1\ 
- a \n y£ — P 

V D r

+

(  1 ----------exp(n2 t) erîc(n\/t) —
\ an J

( i  -  e x P (ê 2i) e r f c d V ö J  (A I S )
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Ht) 1

¿ ((= 0 ) 1 +  ah b  +  aho
+

1 (\ /D r -  a£)(\/Do -  a|)

a 2|
e x p (£ 20  e r fc (£  V i )  —

(VDu — ay)(y/Do — ay)
a exp(yH) erfc(/LT\/i)J (A19)

T h e  s o lu t io n  w h ich  sa tisfies th e  b o u n d a r y  co n d it io n s  
A 2 3  is 11

t f o M  =  ~  +  a ( s ) A 0 ( ^ ] y r'SJ

Ur(t,s) =  -* ° +  d ( s ) E o

(A 2 8 )

w h ere  A  is g iv e n  b y  e q  9a . T h e s e  e q u a tio n s  r e d u ce  
t o  th e  c o r r e s p o n d in g  resu lts  fo r  p la n a r  e le c tro d e s  i f  a 
is la rg e ; fie ., a »  (XR +  >.0 ) _ 1 .

Approximate Solution of the Diffusion Problem for 
Cylindrical Electrodes. T h e  d if fu s io n  e q u a tio n s  fo r  th e  
sp ec ies  0  a n d  R  in  a  s y s te m  h a v in g  fu ll cy lin d r ic a l 
s y m m e tr y  are

TN f Ò 2C0 , 1 òco ò c 0
D 0  lò r i H--------T“

r òr _ =  *ò7
(A 2 0 )

r d 2cR 1 ò c R~ ÒCr

Dr L ò^ +  --J T  r òr J =  ~òt
(A 2 1 )

a n d  are t o  b e  s o lv e d  s u b je c t  t o  th e  in it ia l c o n d it io n s

r >  a: cR(r,t =  0 )  =  cR°, c0 (r,t =  0 )  =  c 0° (A 2 2 ) 

a n d  th e  b o u n d a r y  c o n d it io n s

r — >  »  : c-R.fr,t) — >  cR° , c0 (r,t) — >  c0° (A 2 3 )

* > - n F D * & L  (A24>
T h e  c o m b in a t io n  o f  e q  1 a n d  A 2 4  y ie ld s  th e  c o n d i

t io n s  w h ich  m u s t  b e  sa tis fied  o n  th e  e le c t r o d e  su r fa ce  
r =  a

■■ \0 c0 (a,f) — XRKCR(a ,i) 

-------- Co(a,t) +  XRcR(a ,i)
K

I n  te rm s  o f  th e  L a p la c e  tra n s fo rm s

Uo(r,s) =  f  
J o

U*(r,s) =  f  
J o

Co(r,t)e st

cn{r,t)e H

d i 

d  t

(A 2 5 )

(A 2 6 )

th e  d iffe re n tia l e q u a t io n s  A 2 0  a n d  A 2 1  a n d  in itia l 
c o n d it io n s  A 2 2  b e c o m e

Do

D r

-W Jo  1 àUp
òr2 r òr

~òHJr 1 òUn
òr2 r òr

=  sUo — Co0

=  sUr — Cr °

(A27)

w h e re  K 0 {x) is th e  m o d ifie d  B esse l fu n c t io n  o f  th e  
s e c o n d  k in d  o f  o rd e r  z ero . a(s) a n d  fif(s) are  d e te r 
m in e d  b y  th e  s im u lta n e o u s  s o lu t io n  o f  e q  A 2 5

(A 2 9 )

w h e re  K fx ) =  —dK 0 (x)/dx is  th e  m o d if ie d  B e sse l 
fu n c t io n  o f  th e  s e c o n d  k :n d  a n d  o f  o r d e r  1.

E q u a t io n s  A 2 8 , to g e th e r  w ith  th e  v a lu e s  o f  a(s) a n d  
/3(s) f r o m  e q  A 2 9 , d e te rm in e  Uo(r,s) a n d  Ur(t,s), th e  
L a p la c e  tra n s fo rm s  o f  th e  c o n c e n tr a t io n s  c0 (r,t) 
cR(r ,i) . F r o m  e ith e r  o f  th e se  e x p re ss io n s , to g e th e r  
w ith  e q  A 2 4 , w e  o b ta in  th e  L a p la c e  tr a n s fo r m , J(s), 
o f  th e  cu rre n t i(t)

J(s)  =
Ht =  Q)

V s ^ V s  +  X o V " a'j j
K ,^ f k  “)]+ w & [ K°(VV)/

• ) }4
(A 3 0 )

U n fo r t u n a te ly , th e  e x p re ss io n s  fo r  Uo, Ur, a n d  J 
c a n n o t  b e  in v e r te d  a n a ly t ic a lly  t o  g iv e  c0 , cR, a n d  i. 
A  c o m p le te  s o lu t io n  m a y  b e  o b ta in e d , h o w e v e r , b y  
n u m e r ica l in v e rs io n  o f  th e  L a p la c e  tra n s fo rm s , fo l lo w -
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in g  th e  m e t h o d  d e s cr ib e d  b y  P a p o u l is .16 W e  u sed  
th is  p r o c e d u r e  fo r  th e  sp e c if ic  ca ses  d iscu sse d  in  th e  
te x t . I n  a d d it io n , a n  a p p r o x im a te  a n a ly t ic a l s o lu t io n  
h a s  b e e n  d e r iv e d . T h is  is  v a lid  fo r  t im e s  m u c h  sh o rte r  
th a n  th e  sm a llest o f  a2/D 0, a2/ D r , r / X \ / D r , a / X \ / Do 
(i.e., t im e s  su ffic ie n t ly  s h o r t  th a t  th e  d if fu s io n  d is ta n ce  
is sm a ll in  c o m p a r is o n  w ith  th e  ra d iu s  o f  th e  e le c t r o d e ). 
T h e  a p p r o x im a te  s h o r t -t im e  s o lu t io n  fo r  th e  cu rren t, 
i(t), w ill b e  s k e tc h e d ; s h o r t -t im e  a p p r o x im a te  so lu t io n s  
fo r  th e  c o n c e n tr a t io n s  are  fo u n d  in  m u c h  th e  sa m e  w a y , 
a n d  o n ly  th e  fin a l ex p ress ion s  w ill b e  g iv en .

T h e  a p p r o x im a te  s o lu t io n  fo r  i(t) is b a s e d  o n  th e  
fa c t  th a t  th e  b e h a v io r  o f  i(t) f o r  sm a ll t is d e te rm in e d  
b y  th e  b e h a v io r  o f  J(s) fo r  la rg e  s. F o r  la rg e  s w e  
h a v e 11

V D o 3ÖO 

2 a V s  8  a2s
+  0 ( s - >/!)

J(s) ________________ = o)____________________
s +  X \ /s  — (\qD o +  Xr D r ) / 2 ci

(A 3 1 )

O n  fa c t o r in g  th e  d e n o m in a to r  o f  th is  e q u a t io n , a s  in  
th e  a b o v e  tr e a tm e n t  o f  th e  sp h e r ica l e le c tro d e , w e  
o b ta in  e q  A 3 2 .

1 +  Ô
i(t = o) 2 5

" S S F  Wi] ~ S r - t C - i - 7 « ] x

w h e re

S = 1 +

erfc

2(XrZ)r  +  XoDo) 

aX2

(A 3 2 )

p A

T h is  re su lt  m a y  b e  s im p lified  b y  in t r o d u c in g  th e  a p 
p r o x im a t io n  ex p  x 2 e r fc  x ~  1 — +  x2, v a lid
fo r  x <K I , t o  o b ta in

ht)
-  1 -  / -*(t-o) Vu2 x V i + ( l  +  ^ + M 2 ) x2í

2aX 2

(A 3 3 )

S im ila r ly , th e  c o n c e n tr a t io n s  a t  th e  e le c t r o d e  su r fa ce , 
fo r  sm a ll t, a re  g iv e n  b y

c r (<M ) ^  Cr °
Hi- oj_

i f W l h
2 _  

j\J  7T

(A 3 4 )

C° M  “ Co’ + ^  + S r ) “]
(A 3 5 )

F o r  la rg e  c y lin d r ic a l e le c tro d e s , su ch  th a t  a »  ( X r  +  
X0) _1, th e se  e q u a tio n s  re d u ce  t o  th e  co r r e s p o n d in g  
resu lts  fo r  p la n a r  e le c tro d e s .
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T h e  m a ss  sp e c tra , in c lu d in g  m e ta s ta b le  tra n s it io n s  a n d  a p p e a ra n ce  p o te n t ia ls  fo r  th e  p r in 
c ip a l p o s it iv e  io n s , w e re  m e a su re d  f o r  se v e ra l p o ly p h e n y ls  b y  a  h ig h -r e s o lu t io n  mass 
sp e c tr o m e te r . T h e  p a r e n t  m o le c u le - io n  b e a m  g a v e  th e  m o s t  in te n s e  p e a k  in  th e  sp e c tr a  
fo r  a ll o f  th e  p o ly p h e n y ls . T h e  d o u b ly  c h a rg e d  p a r e n t  is  g e n e ra lly  s e c o n d  in  in te n s ity  
in  th e  s p e c tr a  o f  th e  to-  a n d  p -p o ly p h e n y ls  s tu d ie d . T h e  o -p o ly p h e n y ls  sh o w  th a t  th e  
d o u b ly  c h a rg e d  m o le cu la r  io n  m a k e s  a  m in o r  c o n tr ib u t io n  t o  th e  m a ss  sp e c tra . T h e  
d o u b ly  c h a rg e d  p a re n t  in cre a se d  in  a b u n d a n ce , w h e re a s  th e ir  a p p e a ra n ce  p o te n t ia ls  
d e cre a se d  w ith  a n  in cre a s in g  t o t a l  n u m b e r  o f  ir e le c tro n s . R e s o n a n c e  e ffe c ts  in  io n iz a 
t io n  a n d  d is s o c ia t io n  o f  th e  p o ly p h e n y ls  are  d iscu sse d  in  lig h t  o f  th is  s tu d y . T h e  m e a s 
u re d  v a lu e s  fo r  th e  p a re n t  io n s  a r e : m -o c ta p h e n y l, 8 .2 8  e v ;  p -h e x a p h e n y l, 7 .6 7  e v ;  m - 
a n d  p -q u in q u e p h e n y l, 8 .4 5  a n d  8 .1 8  e v ;  o -, to- , a n d  p -q u a r te r p h e n y l , 8 .5 2 , 8 .5 1 , a n d  8 .0 8  
e v ;  o -, to- , a n d  p -te r p h e n y l, 8 .6 4 , 8 .8 0 , a n d  8 .7 8  e v ;  a n d  b ip h e n y l, 8 .9 5  e v .

In tro d u c t io n

S y s te m a t ic  e le c t r o n - im p a c t  s tu d ie s  h a v e  r e c e n t ly  
b een  m a d e  o n  a  n u m b e r  o f  p o ly n u c le a r  a r o m a t ic  
h y d r o c a r b o n s .1,2 H o w e v e r , l it t le  in fo r m a t io n 3 is fo u n d  
in  th e  lite ra tu re  o n  th e  m a ss  sp e c tr a  a n d  e n e rg e tics  
o f  p o ly p h e n y ls  o th e r  th a n  b ip h e n y l .2 T h e  la c k  o f  in 
fo r m a t io n  o f  th is  k in d  o n  th e  h ig h e r  m o le cu la r  w e ig h t  
c o n ju g a te d  m o le c u le s  p r o v id e d  a n  in c e n t iv e  t o  u n d e r 
ta k e  th is  s tu d y .

T w o  u n iq u e  fe a tu re s  o f  th e  m a ss  s p e c tr a  o f  h ig h e r  
m o le cu la r  w e ig h t , h ig h ly  c o n ju g a te d  c o m p o u n d s  are  
th e  lo w  a b u n d a n c e  o f  fr a g m e n t  io n s  a n d  th e  r e la t iv e ly  
h ig h  a b u n d a n c e  o f  m u lt ip ly  c h a rg e d  ion s . T h e  p u r 
p o se  o f  th is  p a p e r  is  t o  p re s e n t  d a ta  fo r  a  series o f  p o ly 
p h e n y ls .

E x p e r im e n ta l S e c t io n

T h e  d a ta  w e re  o b ta in e d  w ith  a n  A E I  M S -9  h ig h - 
r e so lu t io n  m a ss  s p e c tr o m e te r  e q u ip p e d  w ith  a n  a u to 
m a t ic  v o lt a g e  sca n n e r  w h ic h  d e cre a se s  th e  e le c tro n  
a c c e le r a t in g  v o lt a g e  in  in c r e m e n ts  o f  0 .0 5  o r  0 .2  v  
in  th e  ra n g e  o f  8 0 -3  v .  T h is  s y s te m  h a s  b e e n  d e s cr ib e d  
e ls e w h e re .4 P a r t ia l m a ss  s p e c tr a  r e p o r te d  h e re  w e re  
o b ta in e d  a t  7 0  e v  w i t h  a  100-jua io n iz in g  cu rre n t  u s in g  
a  rh e n iu m  fila m e n t. S o u r c e  te m p e r a tu r e  w a s  2 4 0 ° . 
A p p e a r a n c e  p o te n t ia ls  w e re  o b ta in e d  u s in g  a  20-/xa 
io n iz in g  cu rre n t.

I n  th e  p o ly p h e n y l  n o m e n c la tu re , o, m, or p re fe rs

to  th e  t y p e  o f  lin k a g e  th r o u g h o u t  th e  m o le cu le . U n 
s u b s t itu te d  p o ly p h e n y ls  d o  n o t  e x h ib it  s te re o iso m e r ism . 
T h e  p o ly p h e n y ls  w e re  o b ta in e d  fr o m  K  &  K  L a b o r a 
to r ie s . o -, to- , a n d  p -te r p h e n y ls  s h o w e d  n o  im p u r it ie s  
in  th e  g a s  ch r o m a to g r a m . O f  th e  p o ly p h e n y ls  o f  h ig h er  
m o le cu la r  w e ig h t, p -h e x a p h e n y l a n d  T O -octaph en yl 
s h o w e d  im p u ritie s . T h e s e  w e r e  fu r th e r  p u r ifie d  b y  
m ic r o s u b lim a t io n 5 u n d e r  n itro g e n . U lt r a v io le t  sp e c tra  
o f  th e  p u r ifie d  p o ly p h e n y ls  sh o w  o n ly  o n e  a b s o r p t io n  
m a x im u m  ea ch . In fr a r e d  s p e c tr a  o b ta in e d  a lso  sh o w  
n o  tr a c e  o f  im p u ritie s . M a s s  s p e c tr a  o f  th e  p o ly 
p h e n y ls , as p u r ifie d  o r  as re c e iv e d , s h o w  o n ly  n e g lig ib le  
im p u r it ie s  o f  h ig h e r  m o le c u la r  w e ig h t  in  th e  m a ss  
sp e c tru m .

A p p e a r a n c e  p o te n t ia ls  o f  l ,4 -b is ( t r i f lu o r o m e t h y l ) -  
b e n z e n e  p a re n t  a n d  s e le c te d  fr a g m e n ts  o f  p e r flu o r o -  
t r ib u ty la m in e  w e re  d e te r m in e d  u s in g  n o b le  ga ses  as a 
s ta n d a rd  a n d  th e se  fra g m e n ts  w e re  s u b s e q u e n t ly  u sed  
as s e c o n d a r y  s ta n d a rd s  fo r  io n iz a t io n  p o te n t ia l  d e -

(1) M . E. Wacks, 13th Annual Conference on Mass Spectrometry 
and Allied Topics, St. Louis, Mo., May 16-21, 1965.
(2) P. Natalis and J. L. Franklin, J. Phys. Chem., 69, 2935 (1965).
(3) P. Bradt and F. L. Mohler, J. Res. Nail. Bur. Std., 60, 143 
(1958).
(4) E. J. Gallegos and R. F. Klaver, presented at the 14th Annual 
Conference on Mass Spectrometry and Allied Topics, Dallas, Texas, 
May 22-27, 1966.
(5) W. H. Melhuish, Nature, 184, 1933 (1959).
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Table I : Partial Mass Spectra of Several Polyphenyls (Source Temperature 240°, Pressure 2 X  10 ”7 Torr)

iype
m/e of ion° o-Pha 771-Ph3 p-Pha o-Ptu m-Ptu p-Phu T/i-Phs p-PllB p-Fhs 77i-Fha

29 1.4 2.7
36 2.4

39 2 .2 2.9 1.2 1.3
43 1.0 1.3
60 1.4 2.1 3.6
51 2.8 4.7 1.9 2 .0 1.4
55 2 .0
57 1.3 2 .0

63 2.4 3.2 1.5 1.3
75 2.2 2.5 1.4
76 2.3 3.0 2.3
77 1.7 3.1 1.6 1.8 2.1
88 4.2 2.6 2.3
89 1.7 2.2 2 .0
91 2.8 2 .2
94.5 d 1.2 1.2
99 1.0

100 4.3 1.7 1.6
101 12.7 5.2 5.3
101.5 d 3.8 1.0 1.1
102 1.4 2.6 1.7
106.5 d 1.9
107.5 d 8.0 1.1
112 2.6
112.5 d 1.9
113 13.2 3.1 3.8 1.9 1.2
113.5 d 4.3 1.2
114 14.4 1.9 2.1
229 4.6
115 1.0 1.7 4.0 1.1 1.4
115 d 3.0 6.9 9.5
115.5 d 0.6 1.4 1.9
119.5 d 1.2
125 2.3
126 1.1 1.7 2.0 1.5
128 3.0 2.4 1.2 1.4
130.5 d 1.0
131.5 d 3.6 1.2
137 2.3
138 7.3 2.4 1.0
138.5 d 2.3
139 1.3 2.7 1.1
143.5 d 3.4
144 2.4
144.5 d 10.6 2.3
145 13.0 1.3 1.2
145.5 d 4.2
150 1.5 1.6 1.0 4.9 1.8 1.2
150.5 d 1.7
151 1.9 3.4 2.5 6.5 3.2 2.3 1.4 2.4
151.5 d 2.2
152 2.5 6.9 4.8 3.6 3.6 3 .7  2.3 4.1 1.9
153 2.5 2.2 1.0 1.4 1.0
153.0 d 2.2 16.6 13.6
307 4.2 3.3
165 2.8 1.4 3.0 1.6
168.9 m <0.1 <0 .1 < 0 .1
171.4 m <0.1 <0 .1 < 0 .1
178 2.3 2.0 1.2

° Symbols: P, parent peak; i, isotope peak; m, metastable ion; d, doubly charged ion.
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Type Relative abundances at 70 ev—
m/e of ion° O-Pha 771-Ph 3 p-Ph3 o-Phi 77i-Ptu p-Ptu 771-Phs p-Phs p-Phs

189 2.4 2.3 1.5 1.3 1.4 1.9 1.0
190.5 d 1.1
191.0 d 22.4 12.7
191.5 d 7.3 3.9
200 2.7 1.7 1.1 1.6
200.9 m 0.2 0.1 <0.1
201 2.4 1.4 1.2
202 10.2 6.4 4.6 4.5 1.8 2.3 1.4 2.6
203 3.9 2.3 1.7 1.8
213 2.0 1.0
215 28.7 3.8 3.3 14.5
216 5.4 2.7
225 m 0.2 0.1 0.1
226 14.5 6.1 5.9 8.6 3.5 3.9 2.3 4.0 2.8
226 m 0.3 0.2 0.2 0.1 0.1 0.1
227 10.5 4.7 4.8 4.9 1.9 2.3 1.2 2.0 2.1
227 m 0.4 0.3 0.3
228 29.9 12.4 12.2 18.3 3.5 3.9 2.1 3.2 4.0
228 m 0.5 0.4 0.4
229 58.2 9.7 8.8 22.3 1.7 1.8
229 m 7.0 0.7 0.7
229.0 d 21.2
229.5 d 8.5
230 4.1 1.9
230 m 0.2 0.1 0.1
230 p 100.0 100.0 100.0
231 i 19.3 19.1 19.7
232 i 1.7 1.8 1.8
252 2.2 1.3
265 4.0
275 m 0.1 <0.1 <0.1 <0.1
276 5.0 1.7 1.6 1.1
276 m 0.4 0.3 0.3
277 3.0 2.0
278 2.6 1.2
288 m 0.5 0.3 0.3
289 16.5 5.5 1.7 2.4 1.6
290 9.2 2.2 5.4
291 10.0 1.3 2.2
292 2.3 1.3
300 2.9 1.2 1.5 1.3
301 m 0.4 0.3 0.3
302 8.1 3.4 3.7 1.8 2.8 2.1
303 7.3 2.9 3.0 1.2 1.9 1.4
304 5.4 2.5 2.7 1.7 1.1
306 18.2 1.6 1.5
305 m 0.8 0.6 0.6
305.0 d
305.1 d
306.0 d
306 P 100.0 100.0 100.0 1.7
307 i 25.7 25.8 26.1
308 i 3.2 3.3 3.3
382 p 100.0 100.0
383 i 32.2 32.2
384 i 5.3 5.2
458 p 100.0
459 i 38.1
460 i 7.4
610 p
611 i
612 i
613 i

m-Pha

38.6
19.3

4.8

100.0
46.8
11.5
2 .0
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te rm in a t io n s  o f  s o m e  o f  th e  h ig h e r  m o le cu la r  w e ig h t  
p o ly p h e n y ls . F r a g m e n t  ion s  fr o m  p e r f lu o r o tr ib u ty l-  
a m in e  w e re  ch o se n  on  th e  b a sis  o f  th e ir  ease  o f  in tr o 
d u c t io n  in to  th e  m a ss  s p e c tr o m e te r  a n d  r e la t iv e ly  lo w  
a p p e a ra n ce  p o te n t ia ls  a n d  th e  s im ila r ity  o f  th e  io n iza 
t io n  e ff ic ie n cy  c u rv e  t o  th a t  o f  a  p o ly p h e n y l m o le cu la r  
io n . S e c o n d a r y  ca lib ra n ts  w e re  n e ce ssa ry  b e ca u se  th e  
p e a k -m a tc h in g  fa c ilit ie s  o f  th e  M S -9  re q u ire s  th a t  th e  
r a t io  o f  th e  lo w  to  h ig h  m a ss  b e  n o  g re a te r  th a n  2.

I o n iz a t io n  p o te n t ia l d a ta  h a v e  b e e n  d e te rm in e d  b y  
c o m p a r is o n  w ith  a  re fe re n ce  c u r v e  u s in g  th e  se m ilo g - 
a r ith m ic ,6 v a n ish in g  cu rre n t a n d  e x tr a p o la te d  v o lt a g e  
d if fe re n ce 7 m e th o d s . T h e  a v e ra g e  o f  th e  th re e  m e th o d s  
a n d  tr ip lic a te  ru n s g a v e  a  r e p r o d u c ib il ity  o f  ± 0 .0 5  v . 
A p p e a r a n c e  p o te n t ia ls  o f  d o u b ly  c h a rg e d  p a r e n t  ion s  
a n d  o f  fr a g m e n t  ion s  w e re  g e n e ra lly  t re a te d  in  th e  sa m e  
w a y , e x c e p t  in  so m e  cases  w h e re  se m ilo g a r ith m ic  
cu rv e s  b e c a m e  e x c e s s iv e ly  d iv e r g e n t . R e p r o d u c ib i l 
i t y  o f  a p p e a ra n ce  p o te n t ia l v a lu e s  o f  th e se  io n s  is 
u su a lly  0 .1 -0 .4  v . A b s o lu te  e rror , h o w e v e r , c a n  b e  
se v e ra l t im e s  th a t  sh ow n .

General Features of the Mass Spectra
T h e  p a r t ia l m ass sp e c tr a  o f  th e  p o ly p h e n y ls  are  

g iv e n  in  T a b le  I . I o n s  a c c o u n t in g  fo r  less th a n  1 %  
o f  th e  b a se  p e a k  h a v e  b e e n  d e le te d . M e ta s t a b le  
tra n s it io n s  w ith  re la t iv e  a b u n d a n ce s  m u c h  less th a n  
0 .1 %  a re  n o t  in c lu d e d . I o n s  a p p e a r in g  a t  a  g iv e n  
n o m in a l m a ss  are  n o t  c o r r e c te d  fo r  a n y  c o n tr ib u t io n  
o w in g  t o  d o u b ly  c h a rg e d  fra g m e n ts . C o r r e c t io n s  in 
th is  ta b le , h o w e v e r , are  m a d e  fo r  c o n tr ib u t io n s  fr o m  
d o u b ly  c h a rg e d  p a re n t  ion s . A l l  o d d  d o u b ly  ch a rg e d  
ion s  a p p e a r  a t  o n e -h a lf  n o m in a l m a ss  a n d  a re  r e p o r te d  
as su ch . C o r r e c t io n s  fo r  p o ss ib le  C 13 is o t o p e  c o n tr ib u 
t io n s  t o  th e  io n  in te n s ity  a t  o n e -h a lf  n o m in a l m ass  
w e re  n o t  m a d e , e x c e p t  fo r  d o u b ly  ch a rg e d  p a re n t  ion s .

M e ta s t a b le  tra n s it io n s  in d ic a te  c o n s e c u t iv e  lo ss  o f  
h y d ro g e n s . T h e  r e la t iv e  a b u n d a n c e  o f  m e ta s ta b le  
tra n s it io n s  d ecrea ses  w ith  in cre a se d  m o le cu la r  w e ig h t  
o f  th e  p o ly p h e n y l . A ls o , th e  re la t iv e  a b u n d a n c e  o f  
th e  m e ta s ta b le s  is s h o w n  t o  d ecrea se  in  th e  o r d e r  fr o m
o- t o  m- t o  p -p o ly p h e n y l.

T a b le  I I  sh o w s  th e  su m  o f  th e  p e r  c e n t  o f  to t a l  
io n iz a t io n  o f  th e  p a r e n t  s in g ly  a n d  d o u b ly  ch a rg e d  
sp e c ie s  a n d  th e  r a t io  o f  th e  p a re n t t o  th e  d o u b ly  
ch a rg e d  p a r e n t  ion .

S ig n ifica n t c o n tr ib u t io n  o f  fr a g m e n t  ion s  t o  th e  
M 2+ is o b s e r v e d  fo r  th e  lo w e r  m o le cu la r  w e ig h t  p o ly 
p h e n y ls  (see  T a b le  I I I ) .  A s  a  resu lt , a ll a p p e a ra n ce  
p o te n t ia l m e a su re m e n ts  o f  th e  d o u b ly  c h a rg e d  p a re n t  
io n  w e re  m a d e  fr o m  th e  C 13 is o t o p e  p e a k .

T h e  v a lu e s  p re se n te d  fo r  p e r  c e n t  M 2+ a n d  p e r  c e n t  
V * M +  w e re  ca lc u la te d  o n  th e  b a sis  o f  th e  C 13/ C 12

Table I I : Per Cent of Total Ionization of Parent Singly 
and Doubly Charged Ions and the Ratio of M 2+ to M +

Mol
% of total 
ionization Ratio

wt Molecule of M 2 + +  M + M 2+/M

230 p-Terphenyl 50.9 0.14
306 p-Quaterphenyl 61.0 0.16
382 p-Quinquephenyl 67.0 0.18
458 p-Hexaphenyl 70.0 0.21
230 m-Terphenyl 44.2 0.09
306 m-Quaterphenyl 56.8 0.17
382 m-Quinquephenyl 62.5 0.22
610 m-Hexaphenyl 85.2 0.35
230 o-Terphenyl 25.8 0.05
306 o-Quaterphenyl 26.0 0.03

Table I I I  : Contribution of Fragment Ions 
to One-Half Parent Mass

Measd
(M +  l)* +/ % % -—-(M +  1)

Compd M 2+ + M '+ i/*M + Measd Calcd

o-Terphenyl 0.16 80 20 0.20 0.20
m-Terphenyl 0.14 70 30 0.20 0.20
p-Terphenyl 0.17 81 19 0.21 0.20
o-Quaterphenyl 0.23 85 15 0.27 0.26
m-Quaterphenyl 0.26 96 4 0.27 0.26
p-Quaterphenyl 0.26 96 4 0.27 0.26
m-Quinquephenyl 0.33 99 1 0.33 0.33
p-Quinquephenyl 0.33 99 1 0.33 0.33
p-Hexaphenyl 0.40 100 0.40 0.39
m-Octaphenyl 0.57 100 0.57

is o to p e  r a t io  m e a su re d  fo r  th e  p a re n t. S e n s it iv ity  
r e p r o d u c ib il ity  is a p p r o x im a te ly  3 % .

T h e  p -p o ly p h e n y ls  s h o w  th e  s in g ly  a n d  d o u b ly  
ch a rg e d  p a r e n t  as th e  m o s t  in te n se  p e a k s  in  th e  m a ss  
sp e c tra . A d d it io n a l  b e n z e n e  r in g s  in  th e  p p o s it io n  
resu lt in  a  d e cre a s in g  a m o u n t  o f  fr a g m e n ta t io n  a n d  a  
lo w e r in g  o f  th e  a p p e a ra n ce  p o te n tia ls .

T h e  m -p o ly p h e n y ls  a lso  g e n e ra lly  sh o w  th e  p a r e n t  
ion  as  th e  la rg e st  p e a k  in  th e  s p e c tr u m  fo l lo w e d  b y  
th e  d o u b ly  ch a rg e d  p a re n t. O n e  e x c e p t io n  is th e  m- 
te rp h e n y l, w h e re  (M  — H )  + a n d  (M  — 2 H ) +  a re  s lig h t ly  
m o re  in ten se  th a n  M 2+. T h e  p e r  c e n t  o f  t o t a l  io n i
z a t io n  o f  th e  p a r e n t + a n d  p a r e n t2 + is less th a n  th a t  fo r  
th e  co r r e s p o n d in g  p -p o ly p h e n y ls , a s  s h o w n  in  T a b le
I I .

o -T e r p h e n y l a n d  o -q u a te r p h e n y l s h o w  b y  fa r  th e  
g re a te s t  fr a g m e n ta t io n , w ith  th e  p a r e n t  a c c o u n t in g

(6) F. P. Losaing, A. W. Tickner, and W. A. Brice, J. Chem. Phys., 
19, 1254 (1951).
(7) J. W. Warren, Nature, 165, 810 (1960).

The Journal of Physical Chemistry



Mass Spectrometry of Some Polyphenyls 1651

fo r  less th a n  o n e -th ir d  o f  t o t a l  io n iza t io n . T h e  
p a r e n t2+ b e c o m e s  a  m in o r  p e a k  in  th ese  m a ss sp e ctra . 
(M  — H )  + a n d  (M  — 2 H ) +  fo r  th e se  m o le cu le s  in crea se  

g r e a t ly  in  in te n s ity  a lo n g  w ith  th e  c o r re sp o n d in g  
d o u b ly  ch a rg e d  sp ec ies  c o m p a r e d  t o  s im ila r  io n s  o f  
th e  p- a n d  m -p o ly p h e n y ls . T h e  o -p o ly p h e n y ls  sh o w  
co n s id e ra b le  n u m b e rs  o f  ion s  re p re se n tin g  th e  lo ss  o f  
m e th y l g ro u p s .

Appearance Potentials. T h e  io n iz a t io n  p o te n t ia ls  o f  
th e  p o ly p h e n y l m o le cu la r  io n s  a n d  th e  a p p e a ra n ce  p o 
te n tia ls  o f  th e ir  c o r r e s p o n d in g  d o u b ly  ch a rg e d  p a ren ts  
are g iv e n  in  T a b le  I V . S o m e  a p p e a ra n ce  p o te n t ia ls  
o f  fr a g m e n t  io n s  w e re  m e a su re d  a n d  a re  lis te d  in 
T a b le  V .

Table IV : Ionization Potentials (ev) of Several Polyphenyls 
at 240° and 2 X  10~7 Torr

■This work-
I ,p.a A.P. (Mz + ) a

m-Octaphenyl 8.28 ± 0.05 20.3 ± 0.4
p-Hexaphenyl 7.67 ± 0.05 19.5 ± 0.4
m-Quinquephenyl 8.45 ± 0.05 20.0 ± 0.4
p-Quinquephenyl 8.18 ± 0.05 19.6 ± 0.4
o-Quaterphenyl 8.52 ± 0.05 20.5 ± 0.4
m-Quaterphenyl 8.51 ± 0.05 20.5 ± 0.4
p-Quaterphenyl 8.08 ± 0.05 20.2 ± 0.4
o-Terphenyl 8.64 ± 0.05 21.5 ± 0.4
m-Terphenyl 8.80 ± 0.05 21.5 ± 0.4
p-Terphenyl 8.78 ± 0.05 21.5 ± 0.4
Biphenyl 8.95 ± 0.05

I.P.,
lit.

8.966

“ The potential data shown represent an average of several 
determinations. Ionization potentials are reproducible to ±0.05 
v. Reproducibility of doubly charged ions are usually ±0.4 v. 
Absolute error can be five to ten times that shown. b See Ref 2.

D is c u s s io n

G e n e r a lly , as th e  n u m b e r  o f  ir e le c tro n s  in crea ses  in 
th e  p a n d  m series , th e re  is o b s e r v e d  a  d e cre a se  in  th e  
io n iz a t io n  p o te n t ia l a n d  a n  in cre a se  in  th e  fo r m a t io n  
o f  d o u b ly  io n iz e d  p a r e n t  io n s . A ls o , th e  io n iz a t io n  
p o te n t ia ls  fo r  th e  p series  are  g e n e ra lly  le ss  th a n  th o s e  
o f  th e  c o r r e s p o n d in g  o o r  m series . H o w e v e r , th e  io n i
z a t io n  p o te n t ia l  g iv e n  fo r  o -te r p h e n y l is lo w e r  th a n  
e x p e c te d  a n d  th e  io n iz a t io n  p o te n t ia l v a lu e s  g iv e n  fo r  
p -q u in q u e p h e n y l a n d  p -q u a te r p h e n y l a re  re v e rse d  
f r o m  th a t  e x p e c te d .

T h e  rea so n s  fo r  th is  a re  n o t  c lea r . T h e s e  v a lu e s  m a y

Table V : Appearance Potentials of Selected Fragment Ions
of Some Polyphenyls at 240° and 2 X  10 ~7 Torr

m/e A.P., ev

229 o-Terphenyl 11.7 ± 0 . 1
228 o-Terphenyl 11.7 ± 0 . 1
215 o-Terpheny] 12.0 ± 0 . 1

454 p-Hexaphenyl 15.6 ±  0.2
229 p-Hexaplienyl 19.5 ± 0 . 3
228 p-Hexaphenyl 18.5 ±  0.3

228 m-Quaterphenyl 16.7 ±  0.3
226 m-Quaterphenyl 18.3 ±  0.3

305 o-Quaterphenyl 11.7 ±  0.1
291 o-Quaterphenyl 12.7 ±  0.1
289 o-Quaterphenyl 15.5 ±  0.2
229 o-Quaterphenyl 12.8 ± 0 . 1
228 o-Quaterphenyl 13.0 ± 0 . 1
226 o-Qnaterphenyl 19.0 ±  0.4
215 o-Quaterphenyl 13.0 ±  0.2

re fle c t  rea l r e so n a n ce  s tru c tu re  d iffe re n ce s  o r  m a y  
m e r e ly  b e  a  m ea su re  o f  th e  a b s o lu te  e rro r  in v o lv e d  in  
o b ta in in g  io n iz a t io n  p o te n t ia ls  b y  c o n v e n t io n a l 
m e th o d s .

T h e  p -p o ly p h e n y ls  s h o u ld  a n d  d o  e x h ib it  th e  g re a te s t  
r e so n a n ce  s ta b iliz a t io n . In d e e d , fr o m  u ltr a v io le t  d a ta  
b y  G illm a n  a n d  H e y 8 a n d  w o r k  d o n e  h ere , th e  p series 
sh o w s  th a t  th e  w a v e le n g th  Xmax o f  th e  m o s t  in te n se  
a b s o r p t io n  in crea ses  a lm o s t  r e g u la r ly  w ith  th e  n u m b e r  
o f  b e n z e n e  rin gs .

V a lu e s  o f  Xmax fo r  th e  m -p o ly p h e n y ls  s h o w  a  sm a ll 
b u t  v e r y  d e fin ite  in cre a se  fr o m  2 4 6 8  ±  10 A  fo r  m- 
te r p h e n y l t o  2 5 3 0  ±  10 A  fo r  m -o c ta p h e n y l. T h is  in 
crea se , h o w e v e r , is  c o n s id e r a b ly  sm a lle r  th a n  w o u ld  
b e  e x p e c te d  o n  th e  b a s is  o f  e n e rg e tics .

o -T e r p h e n y l a n d  o -q u a te r p h e n y l s h o w  a  lo w e r  Xmax 
o f  2 3 1 0  ±  10 a n d  2225  ±  10 A , r e s p e c t iv e ly . T h is  is 
e x p e c te d . T h e  o -p o ly p h e n y ls  fr o m  s te r ic  c o n s id e ra 
t io n s  sh o u ld  e x h ib it  l it t le  i f  a n y  in te r p h e n y l r e so n a n ce . 
A  d e cre a se  in  re so n a n ce  s ta b iliz a t io n  is  r e fle c te d  in  th e  
a b u n d a n c e  o f  fr a g m e n t  io n s . M a s s  s p e c tr a  o f  th e  o- 
p o ly p h e n y ls  d o  s h o w  a  h ig h  d e g re e  o f  fr a g m e n ta t io n  
c o m p a r e d  to  th e  m- a n d  p -p o ly p h e n y ls . T h e  p e r  ce n t  
o f  t o t a l  io n iz a t io n  o f  M 2+ +  M +  re m a in s  n e a r ly  c o n 
s ta n t  fo r  o -te r p h e n y l a n d  o -q u a te r p h e n y l, r e s p e c t iv e ly .

(8) A. E. Gilman and D. H. Hey, J. Chem. Soc., 1170 (1939).
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T h e r m a l e le c tr o n  a t ta c h m e n t  t o  s o m e  a lip h a t ic  a n d  a r o m a t ic  h a lo g e n  d e r iv a t iv e s  w a s  
in v e s t ig a te d  b y  th e  p u ls e -s a m p lin g  te c h n iq u e  as  a  fu n c t io n  o f  te m p e ra tu re  ( ~  3 0 -2 0 0 ° ) .  
I n  c o n tr a s t  t o  s ta b le  n e g a t iv e  io n  fo r m a t io n , th e  e le c tr o n  a t ta c h m e n t  in cre a se d  w ith  in 
cre a s in g  te m p e ra tu re , in d ic a t in g  a n  e n e r g y  o f  a c t iv a t io n  fo r  th e  p r o c e s s  d e s p ite  th e  fa c t  
th a t  th e  o v e r -a l l  p r o c e s s  is  e x o th e r m ic . T w o  m e ch a n ism s  a re  p r o p o s e d  t o  e x p la in  th e  
o b s e r v e d  re s u lts : (1 ) e le c tr o n  a t ta c h m e n t  t o  a th e r m a lly  e x c ite d  m o le c u le  fo l lo w e d  b y
d ir e c t  d is s o c ia t io n  in to  a h a lid e  io n  a n d  a r a d ic a l ; (2 ) e le c t r o n  a t ta c h m e n t  t o  fo r m  a  s ta b le  
n e g a t iv e  io n  o f  th e  m o le c u le  w h ic h  in  tu r n  b e c o m e s  th e r m a lly  a c t iv a te d  t o  u n d e r g o  d is 
s o c ia t io n  in to  th e  h a lid e  io n  a n d  ra d ica l. E x c e p t  fo r  sp e c ia l cases , a ss ig n m e n t b e tw e e n  
th e  t w o  m e ch a n ism s  is b a s e d  u p o n  co m p a r is o n  o f  th e  c a r b o n -h a lo g e n  b o n d  d is s o c ia t io n  
en erg ies  w ith  e n erg ies  o f  a c t iv a t io n  a lo n g  w ith  e s t im a te d  o r  k n o w n  e le c t r o n  a ffin itie s  o f  
th e  a r o m a t ic  d e r iv a t iv e s  a n d  th e  a r o m a t ic  ra d ica l. T h e  a lip h a t ic  h a lid e s  (C H 2C12, C H C 1 3, 
C C h , n -C 3H 7B r , a n d  C 2H 5I )  a p p a r e n t ly  u n d e r g o  d is s o c ia t iv e  e le c t r o n  a t ta c h m e n t  b y  th e  
fo r m e r  m e ch a n ism , w h e re a s  th e  a r o m a t ic  d e r iv a t iv e s  (b r o m o b e n z e n e , o -d ic h lo r o b e n z e n e , 
m -d ic h lo r o b e n z e n e , 1 -ch lo ro n a p h th a le n e , a n d  1 -b r o m o n a p h th a le n e ), w h ic h  a re  e x p e c te d  

t o  h a v e  a  re a s o n a b le  e le c t r o n  a ff in ity , a p p a r e n t ly  fo l lo w  th e  la t te r  m e ch a n ism .

Introduction b r o m o , a n d  io d o  o rg a n ic  d e r iv a t iv e s  h a v e  b e e n  s tu d ie d , 
a n d  in  e x tre m e  ca ses  th e  e le c tr o n  a t ta c h m e n t  c a n  v a r y  
lO O C -fold  o v e r  th is  te m p e ra tu re  ra n ge .

I t  is  g e n e ra lly  co n s id e re d  th a t  e le c t r o n  a t ta c h m e n t  to  
m o le cu le s  o c c u r s  b y  e ith e r  o f  t w o  p ro ce sse s  re p re se n te d  
b y  th e  ch e m ic a l e q u a t io n s 1-6 W ith in  th e  p a s t  10 y ea rs  o r  so , te ch n iq u e s  fo r  o b 

ta in in g  m o n o e n e r g e t ic  e le c tro n s  h a v e  b e e n  d e v e lo p e d  
a n d  a p p lie d  to w a r d  th e  s tu d y  o f  d is s o c ia t iv e  e le c t r o n  
a t ta c h m e n t . F o x 7 o b s e r v e d  a  m a x im u m  cro s s  s e c t io n  * 1941

A B  +  e -  — >  A  +  B -

T h e  la t te r  p ro ce ss , ca lle d  d is s o c ia t iv e  e le c tr o n  ca p tu re  
o r  a t ta c h m e n t , in  c o n tr a s t  t o  th e  n o n d is s o c ia t iv e  
p ro ce ss , w ill b e  th e  p r im a r y  c o n c e r n  o f  th is  p a p er . 
T h u s  fa r , m o s t  rese a rch  o n  d is s o c ia t iv e  e le c tr o n  a t ta c h 
m e n t  h as b e e n  co n c e r n e d  w ith  th e  ra te  o r  c ro ss  s e c t io n  
fo r  th e  p ro ce s s  as a  fu n c t io n  o f  th e  e le c tr o n  e n e rg y . 
G e n e ra lly , th e  w o r k  h a s  b e e n  ca rr ie d  o u t  a t  a m b ie n t  
o r  n ea r  a m b ie n t  te m p e ra tu re s  o n  r e la t iv e ly  sm a ll 
c o m p o u n d s . I n  c o n tr a s t , th e  w o r k  d e s c r ib e d  in  th is  
p a p e r  is  r e s tr ic te d  t o  th e rm a l o r  n e a r -th e rm a l e le c tro n  
en erg ies , a n d  th e  te m p e r a tu r e  d e p e n d e n ce  o f  th e  d is 
s o c ia t iv e  e le c t r o n -a t ta c h m e n t  p ro ce s s  h a s  b e e n  in v e s t i
g a te d  w h e re  p o ss ib le  o v e r  th e  ra n g e  3 0 -2 0 0 ° .  C h lo r o ,

(1) No attempt will be made to cite all the original references on this 
subject. Only more general sources will be cited which within them
selves contain most of the important original references.
(2) R. H. Healy and J. W. Reed, “ The Behavior of Slow Electrons 
in Gases,”  Amalgamated Wireless Press (Australasia) Ltd., Sydney,
1941.
(3) (a) H. S. W. Massey, “ Negative Ions,”  Cambridge University 
Press, New York, N. Y „  1950; (b) H. S. W. Massey and E. H. S. 
Burhop, “ Electronic and Ionic Impact Phenomena,”  Oxford Uni
versity Press, New York, N. Y ., 1952.
(4) F. H. Field and J. L. Franklin, “ Electron Impact Phenomena,”  
Academic Press Inc., New York, N. Y ., 1957.
(5) L. B. Loeb, “ Basic Processes of Gaseous Electronics,”  University 
of California Press, Berkeley, Calif., 1961.
(6) E. W. McDaniel, “ Collision Phenomena in Ionized Gases,” 
John Wiley and Sons, Inc., New York, N. Y ., 1964.
(7) R. E. Fox, J. Chem. Phys., 26, 1281 (1957).
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fo r  H C 1 a t  0 .6 6  e v . F r o s t  a n d  M c D o w e l l 8 in v e s t ig a te d  
th e  re m a in in g  h y d r o g e n  h a lid es  a n d  fo u n d  a  co r re la 
t io n  b e tw e e n  th e  e le c tr o n  e n e rg y  a t  th e  m a x im u m  cross  
s e c t io n  a n d  th e  d iffe re n ce  b e tw e e n  e le c tr o n  a ff in ity  
o f  th e  h a lid e  a n d  b o n d  d is s o c ia t io n  e n e rg y . I n  gen era l, 
a  r o u g h  co r r e la t io n  o f  th is  t y p e  w o u ld  b e  e x p e c te d ; 
h o w e v e r , a  r ig o r o u s ly  p e r fe c t  c o r r e la t io n  w o u ld  n o t  
b e  n e ce ssa ry . H ic k a m  a n d  B e r g 9 s tu d ie d  a  series o f  
f lu o r o  a n d  c h lo r o  d e r iv a t iv e s  o f  m e th a n e  a n d  e th a n e  
a n d  g e n e ra lly  fo u n d  o n e  o r  m o r e  m a x im a  a t  o r  a b o v e  
th e rm a l en erg ies . T h e  o n ly  c o m p o u n d  in  th e ir  s t u d y  
c o m m o n  t o  th o s e  co n s id e r e d  in  th is  p a p e r  w a s  CCI4. 
S o m e  o th e r  c o m p o u n d s  a re  s im ila r  t o  o u rs  a n d  th ese  
w ill b e  c o m m e n te d  o n  la te r  in  th e  p a p e r . I n  th e  ca se  
o f  CCI4, H ic k a m  a n d  B e r g  r e p o r te d  a  s lig h t  te m p e ra tu re  
d e p e n d e n ce  fo r  th e  e le c t r o n -a t ta c h m e n t  cross  se c t io n . 
A ft e r  ta k in g  in t o  a c c o u n t  th e  ch a n g e  in  g a s  d e n s ity , 
th e ir  v a r ia t io n s  a re  o n  th e  sa m e  o rd e r  o f  m a g n itu d e  as 
o u r  m e a su re m e n ts . L a te r , F c x  a n d  C u r r a n 10 re in 
v e s t ig a te d  th e  e le c t r o n  a t t a c h m e n t  o f  CCI4 as a  fu n c 
t io n  o f  s o u r c e  te m p e ra tu re  in  a d d it io n  t o  e le c tr o n  e n e rg y  
a n d  fo u n d  n o  s ig n ifica n t ch a n g e  in  th e  sh a p e  o f  th e  
cu rv e s . H o w e v e r , n o  m e n t io n  w a s  m a d e  c o n c e r n in g  
a n y  ch a n g e  in  m a g n itu d e  o f  ca p tu re . S to c k d a le  a n d  
H u r s t , 1 1  u s in g  a  s w a rm  te c h n iq u e , fo u n d  m a x im u m  
cro ss  s e c t io n  fo r  e le c t r o n  a t t a c h m e n t  a t  e le c tr o n  
en erg ies  o f  0 .7 6  a n d  0 .7 0  e v  fo r  c h lo r o b e n z e n e  a n d  
b r o m o b e n z e n e , r e s p e c t iv e ly . D is s o c ia t iv e  e le c t r o n  a t
ta c h m e n t  w a s  co n fir m e d  b y  o b s e r v in g  C D  a n d  B r -  in  
a  n e g a t iv e - ic n  t im e -o f- f l ig h t  m a ss  s p e c tro m e te r . 
B r o m o b e n z e n e  w a s  in c lu d e d  in  th e  p re se n t s tu d ies  
a n d  th e  resu lts  re la t iv e  t o  th e  a b o v e  v a lu e s  w ill b e  
d iscu sse d  la ter . A n  a t t e m p t  w a s  m a d e  in  th is  w o r k  to  
s t u d y  c h lo r o b e n z e n e ; h o w e v e r , th e  ga s  c h r o m a 
to g r a p h ic  co lu m n s  e m p lo y e d  d id  n o t  g iv e  su ffic ien t 
se p a ra tio n  f r o m  th e  im p u r it ie s  t o  g iv e  re lia b le  resu lts .

D is s o c ia t iv e  e le c t r o n  c a p tu r e  c a n  a lso  o c c u r  in  r ig id  
m e d ia  b y  7  r a d ia t io n  o f  o rg a n ic  h a lid es  in  h y d r o 
c a r b o n s . 1 2  P r e s u m a b ly , th e rm a l e le c tro n s  a re  p r o 
d u c e d  b y  th e  7  r a d ia t io n  o f  th e  s o lv e n t  o r  o th e r  sp e c ie s  
p resen t, fo l lo w e d  b y  d is s o c ia t iv e  e le c tr o n  c a p tu r e  b y  
th e  o rg a n ic  h a lid e . M a n y  o f  th e  r a d ica l p r o d u c ts  
h a v e  b e e n  id e n t if ie d  b y  th e ir  v is ib le -u l t r a v io le t  a b s o rp 
t io n  s p e c tr a  a n d  m o r e  r e c e n t ly  b y  p a r a m a g n e t ic  r e so 
n a n c e . 1 3  T o  f f ie  b e s t  o f  o u r  k n o w le d g e , th e re  h a s  n o t  
b e e n  a n  e x te n s iv e  s t u d y  o f  d is s o c ia t iv e  e le c t r o n  a t 
ta c h m e n t  in  th e  g a s  p h a se  u s in g  th e rm a l e le c tro n s .

I n  o u r  w o rk , th e  “ p u ls e -s a m p lin g  te c h n iq u e ”  w a s  
e m p lo y e d  w h ic h  h a s  b e e n  d e s c r ib e d  p r e v io u s ly . 1 4  15’ 16 

T h e  d e ta ils  o f  th e  o p e r a t io n a l p a ra m e te rs  h a v e  b e e n  
r e p o r te d  r e c e n t ly 16 a lo n g  w ith  ju s t i f ic a t io n  fo r  e le c t r o n -  
m o le c u le  in te r a c t io n  u n d e r  a ze ro  p o te n t ia l  fie ld . 
I n  a g a s  o f  a r g o n -1 0 %  m e th a n e , p r e s u m a b ly  th e rm a l

o r  n e a r -th e rm a l e le c tr o n  en erg ies  a re  o b ta in e d  w ith in  
th e  re la t iv e ly  lo n g  1000-M sec p u lse  in te rv a ls . T h e  
k in e tics  o f  th e  p ro ce ss  h a v e  b e e n  p re se n te d  fo r  th e  
n o n d is s o c ia t iv e  e le c t r o n -a t ta c h m e n t  p r o c e s s . 16 A  s im i
la r  in v e s t ig a t io n  o f  th e  k in e t ic  p ro ce sse s  fo r  d is s o c ia t iv e  
c a p tu r e  w ill  b e  p re se n te d  in  th is  p a p e r .

F u r th e r  in d ir e c t  s u p p o r t  fo r  th e rm a l o r  n e a r -th e rm a l 
e le c tro n s  ex ists  fr o m  p r e v io u s  c o r r e la t io n s  o f  th ese  
m e a su re m e n ts  w ith  o th e r  e x p e r im e n ta l a n d  th e o r e t ic a l 
resu lts . W e n tw o r t h  a n d  B e c k e r  firs t  su g g e s te d  th a t  
th e  e le c t r o n -c a p tu r e  resu lts  c o u ld  b e  u sed  t o  c a lcu la te  
m o le cu la r  e le c t r o n  a ffin ities  a n d  a p p lie d  th e  m e t h o d  to  
s o m e  p o ly c y c l ic  a r o m a t ic  h y d r o c a r b o n s . 17 T h e y  
s h o w e d  a  p o s it iv e  c o r r e la t io n  b e tw e e n  th e  e x p e r i
m e n ta l e le c t r o n  a ffin ities  f r o m  e le c t r o n -c a p tu r e  c o 
e ffic ien ts  a n d  p o la r o g r a p h ic  h a lf -w a v e  r e d u c t io n  p o te n 
tia ls . A ls o , g o o d  a g re e m e n t  w ith  th e o r e t ic a l e s t im a te s  
o f  e le c tr o n  a ffin ities  w a s  o b ta in e d . L a te r , B e c k e r  a n d  
W e n t w o r t h 18 s h o w e d  th a t  th e  s u m  o f  th e  e le c tr o n  
a ff in ity  a n d  io n iz a t io n  p o te n t ia l  fo r  th e  p o ly c y c l ic  
a r o m a t ic  h y d r o c a r b o n  w a s  e sse n tia lly  c o n s ta n t  as 
p r e d ic te d  b y  th e o r y . R e c e n t  e x p e r im e n ta l e le c tr o n  
a ffin ities  o f  th e  f iv e -r in g  p o ly c y c l i c  a r o m a t ic  h y d r o 
c a r b o n s , 1 9  a lo n g  w ith  th e  th e  m o r e  r e c e n t  v a lu e s  fo r  th e  
th r e e - a n d  fo u r -r in g  c o m p o u n d s , 16 a lso  s h o w  g o o d  
a g re e m e n t w ith  r e c e n t  th e o r e t ic a l c o n s id e r a t io n s  a n d  
p r e d ic t io n s . 1 9  F in a lly , e x p e r im e n ta l e le c t r o n  a ffin ities  
fo r  s o m e  a r o m a t ic  a ld e h y d e s  a n d  k e to n e s  c o r re la te  
w e ll  w ith  p o la r o g r a p h ic  h a lf -w a v e  r e d u c t io n  p o te n 
t ia ls . 20 T h e s e  e le c t r o n  a ffin ities , a lo n g  w ith  a  m o re  
r e c e n t  in v e s t ig a t io n  o f  f lu o r o - , m e t h y l - , a n d  tr i f lu o r o -  
m e t h y l-s u b s t itu te d  d e r iv a t iv e s  o f  th e se  c o m p o u n d s , 
a g re e  r e a s o n a b ly  w e ll  w ith  m o le c u la r  o r b it a l  c a lc u la 
t io n s  b a se d  o n  H ü c k e l  a p p r o x im a t io n s . 2 1  I n  to ta l, 33  
c o m p o u n d s  w h ic h  a p p a r e n t ly  u n d e r g o  n o n d is s o c ia t iv e
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(12) E. P. Bertin and W. H. Hamill, J. Am. Chem. Soc., 86, 1301 
(1964).
(13) D. W. Skelly, R. G. Hayes, and W. H. Hamill, J. Chem. Phys., 
43, 2795 (1965).
(14) J. E. Lovelock, Nature, 189, 729 (1961).
(15) J. E. Lovelock and N L. Gregory, “ Gas Chromatography,” 
N. Brenner, Ed., Academic Press Inc., New York, N. Y ., 1962, 
p 219.
(16) W. E. Wentworth, E. Chen, and J. E. Lovelock, J. Phys. Chem., 
70, 445 (1966).
(17) W . E. Wentworth and R. S. Becker, J. Am. Chem. Soc., 84, 
4263 (1962).
(18) R. S. Becker and W. E. Wentworth, ibid., 85, 2210 (1963).
(19) R. S. Becker and E. Chen, J. Chem. Phys., 45, 2403 (1966).
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e le c t r o n  a t t a c h m e n t  h a v e  b e e n  s tu d ie d  b y  th e  p u lse 
s a m p lin g  te c h n iq u e  in  o u r  la b o r a to r ie s  t o  d a te . I n  a ll 
ca ses , th e  e x p e r im e n ta l e le c tr o n  a ffin ities  a p p e a r  
r e a so n a b le  w ith  re s p e c t  t o  o th e r  e x p e r im e n ta l a n d  
th e o r e t ic a l e s t im a te s  o f  th e  e le c tr o n  a ffin ities  a s  w e ll 
as b y  co r r e la t io n  w ith  o th e r  p a ra m eters .

T h e  p u lse -sa m p lin g  te ch n iq u e , in  a d d it io n  t o  its  
s im p lic i ty  in  o p e r a t io n  a n d  d es ig n , h a s  a n o th e r  d is t in c t  
a d v a n ta g e  s in ce  i t  c a n  b e  u sed  in  c o n ju n c t io n  w ith  a 
ga s  c h r o m a to g r a p h . A t  p resen t, g a s  c h r o m a to g r a p h y  
is p r o b a b ly  th e  m o s t  e f fe c t iv e  te c h n iq u e  t o  s ep a ra te  
a n d /o r  p u r i fy  o rg a n ic  c o m p o u n d s . F o r  th is  rea son , 
w ith  a  r e la t iv e ly  im p u re  sa m p le , a  s a t is fa c to r y  sep a ra 
t io n  o f  th e  m a jo r  c o n s t it u e n t  fr o m  it s  im p u r it ie s  ca n  
fr e q u e n t ly  b e  m a d e  w ith  p r o p e r  g a s  c h r o m a to g r a p h ic  
p r o ce d u re s . T h e  u se  o f  a ga s  c h r o m a to g r a p h  is  ex 
tre m e ly  im p o r ta n t  w h e n  v e r y  w e a k ly  c a p tu r in g  sp e c ie s  
a re  b e in g  s tu d ie d , as w ill  b e c o m e  e v id e n t  la ter.

Kinetic Model
I n  th e  e le c t r o n -c a p tu r e  d e t e c t o r ,14’ 15 a rg o n  a to m s  are 

e ith e r  io n iz e d  o r  e x c ite d  t o  m e ta s ta b le  s ta tes  u p o n  c o l 
lis ion s  w ith  /3 p a rtic le s  e m it te d  f r o m  a  tr it iu m  fo il. 
T h e  e le c tro n s  e je c t e d  fr o m  th e  a rg o n  a to m s  w ill  th e n  
g r a d u a lly  lo se  th e ir  k in e t ic  e n e r g y  th r o u g h  n u m e ro u s  
c o llis io n s  w ith  o th e r  p a rtic le s  in  th e  ce ll. S in ce  an  
a r g o n  a to m  d o e s  n o t  h a v e  th e  v ib r a t io n a l  a n d /o r  ro 
ta t io n a l le v e ls  w h ic h  a  p o ly a t o m ic  m o le c u le  p ossesses , 
it  is n o t  v e r y  e f fe c t iv e  in  r e m o v in g  e n e r g y  f r o m  an  
e le c t r o n  th r o u g h  m u tu a l co llis io n s . W h e n  a  sm a ll 
a m o u n t  o f  m e th a n e  is m ix e d  w ith  th e  a rg o n , h o w e v e r , 
th e  e le c tro n s  c a n  s o o n  lo se  th e ir  e x cess  e n e r g y  t o  th e  
lo w -ly in g  e x c ite d  v ib r a t io n a l a n d /o r  r o ta t io n a l  lev e ls  
o f  m e th a n e  m o le cu le s  a n d  c o m e  t o  th e rm a l e q u il ib r iu m  
w ith  th e  g a s .16 A  c o n s ta n t  s u p p ly  o f  th e rm a l e le c 
tro n s  ca n  th u s  b e  o b ta in e d . T h e  g a s  b e in g  a d d e d  to  
th e  a rg o n  t o  p e r m it  “ c o o lin g ”  o f  th e  e le c t r o n s  t o  th e rm a l 
en erg ies  w ill  b e  c a lle d  th e  m o d e r a t in g  g a s . F u r th e r 
m o re , th e  m o d e r a t in g  ga s  (a t  ~  1 0 %  c o n c e n tr a t io n  b y  
v o lu m e )  is e f fe c t iv e  in  q u e n c h in g  th e  m e ta s ta b le  a rg o n  
a to m s  p r o d u c e d .

I f  n o w  a  th e rm a l e le c tr o n  is ca p tu r e d  b y  a  m o le cu le , 
A B , w h ic h  ca n  u n d e r g o  d is s o c ia t iv e  c a p tu r e , tw o  p r o c 
esses m a y  o c c u r . I n  o n e  p ro ce ss , a n  u n s ta b le  n eg a 
t iv e  io n , A B - , is firs t  fo r m e d  w h ic h  th e n  e ith e r  d is 
s o c ia te s  t o  g iv e  a  fre e  ra d ica l A ’ a n d  a  n e g a t iv e  io n  B -  
o r  re leases  th e  e le c t r o n  th r o u g h  co ll is io n  w ith  a  th ird  
p a rtic le . I n  th e  o th e r  ca se , th e  m o le cu le , a fte r  c a p tu r 
in g  th e  e le c tro n , is p r o m o te d  t o  a  re p u ls iv e  d is s o c ia t iv e  
s ta te  a n d  d is s o c ia t io n  p r o c e e d s  im m e d ia te ly . S in ce  
v a r io u s  ra d ica ls  a n d  p o s it iv e  io n s  re su lt in g  fr o m  io n i
z a t io n  a n d  d is s o c ia t io n  are  p re se n t in  th e  ce ll, i t  is a lso  
p o s s ib le  th a t  e le c tro n s  a n d  n e g a t iv e  io n s  m a y  r e a c t  w ith

th ese  sp ec ies . I n  a  g e n era l m o d e l , a ll o f  th e se  p o s s ib le  
r e a c t io n s  w ill  b e  co n s id e re d . D if fe r e n t  s itu a t io n s  m a y  
arise  fo r  d if fe re n t  ty p e s  o f  c o m p o u n d s  a n d  le a d  to  
c a n c e lla t io n  o f  c e r ta in  r e a c t io n s , b u t  th e  g e n e ra l 
m o d e l  sh o u ld  s till b e  a p p lica b le .

B e fo r e  p r o c e e d in g  to  th e  re a c tio n s , i t  is a p p r o p r ia te  
t o  d e fin e  s o m e  te rm s  a n d  n a m es  th a t  a re  t o  b e  u s e d : 
e -  is  th e  th e r m a l e le c t r o n ; A B  is  th e  c a p tu r in g  m o le 
c u le ; A B -  is a  n e g a t iv e  io n ;  A  a n d  B -  a re  p r o d u c ts  
o f  d is s o c ia t io n ; P + is  a  s y m b o l  t o  d e s ig n a te  a n y  o f  th e  
p o s it iv e  io n s  in  th e  ce ll, e.g., A r + , A r H + , A r C H + , 
A r C H 2+, A r C H 3+, A r C H 4+, C H 4+, C H 3+, C H 2+, 
H + , e t c . ;  R ‘ is  a  s y m b o l  t o  d e s ig n a te  a n y  o f  th e  r a d i
ca ls  in  th e  ce ll, e.g., H ’ , C H 3’ , C H 2‘ , e tc . T h e  c o n c e n 
tr a t io n  o f  e a c h  sp e c ie s  is re p re se n te d  b y  b r a c k e ts  
c o n ta in in g  th e  n a m e  o f  th e  sp e c ie s , fo r  e x a m p le , 
[A B - ].

T h e  p o s s ib le  r e a c t io n s  are  lis te d  b e lo w , w ith  r e a c t io n  
ra te  c o n s ta n ts  a t t a c h e d  t o  th e  c o r r e s p o n d in g  r e a c t io n s .

kpRs
d -  +  A r  +  C H 4 — >■ P +  +  e -  +  /3-  (1 )

(T h is  r e a c t io n  a lso  in c lu d e s  c o o lin g  o f  th e  e le c tr o n s .)

Ä12
A B  +  e - 

A B  +  e -

k-i'

A ' +  B -

*■
A B -

A B -  +  M  — >  A B  +  e -  +  M

ki'
A B -  +  M

e -  +  P +

A - +  B -  +  M

&n'

e -  +  R "
kn'

R -

R -
A B  +  R -

A B -  +  P +
& N i '

(2 )

(3)

(4)

(5)

(6 )

(7)

(8 )

A B -  +  R ’
kn\f

— ^  A  +  B  +  R  

- >  A B R -  

A B  -]- R  

- >  A R  +  B

+ p +
n e u tra ls  (9 )

B -  +  P +

/ - >  B P
km' /

\
(1 0 )

x — >  B '  +  R*

B -  + R - — >■ B R  +  e - ( I D

A - +  e ~  — *■ A - (1 2 )

A -  +  P + A P  o r  A '  +  R ' (1 3 )

A -  + R ‘ A R  +  e - (1 4 )
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o n  th e  g r id , a n d  th e  cu rre n t w a s  d e te c te d  a n d  m a g n i
fie d  b y  a  C a r y  31 v ib r a t in g -r e e d  e le c tro m e te r .

P r e c e d in g  th e  e le c t r o n -c a p tu r e  d e te c to r  w a s  a  s h o r t  
s e c t io n  o f  tu b in g  a llo w in g  s ca v e n g e r  g a s  a n d  m o d e r a t in g  
ga s  t o  m ix  w ith  th e  co lu m n  e fflu en t. M o s t  o f  th e  
c o lu m n s  u se d  in  th is  w o r k  w e re  m a d e  o f  0 .2 5 -in . p a c k e d

Table I :  Pulse Widths Required for Various Gas Mixtures 
(Pulse Interval 1000 usec, Pulse Voltage 40 v)

Pulse width,
Gas mixture jusec

Ar-10% CH4 0 . 5

A r-1.5%  CO2 2 . 0

A r-2.0% H 2 2 . 5

Ar 4 . 0

co lu m n s  2 -6  f t  in  le n g th . T h e  so lid  s u p p o r t  fo r  a ll 
p a c k e d  co lu m n s  w a s  A n a la b s  A B S  7 0 -8 0  m e sh . C C 14, 
C H C 1 3, C H 2C12, C 2H 6I , C 3H 7B r - l ,  a n d  C 4H 9C1-1 w e re  
ru n  o n  a  2 0 %  C -1 6  co lu m n  a t  r o o m  te m p e ra tu re . 
Io d o b e n z e n e , b r o m o b e n z e n e , a n d  0 - a n d  m -d ic h lo r o -  
b e n z e n e s  w e re  ru n  o n  a  C a r b o w a x  2 0 M  c o lu m n  a t 
8 5 -1 2 0 ° .  1 -B ro m o n a p h th a le n e  w a s  ch r o m a to g r a p h e d  
o n  a  3 %  C -6 0  c o lu m n , w h e re a s  a  2 5 0 -ft , 0 .0 3 -in . 
i .d . (p o ly p h e n y l e th e r ) c o lu m n  w a s  re q u ire d  t o  o b ta in  
su ffic ie n t  p u r ity .

A r g o n  fr o m  th e  B ig  T h r e e  W e ld in g  E q u ip m e n t  C o . 
(p u r it y  > 9 9 .9 9 % )  w a s  u se d  w ith o u t  fu r th e r  p u r if ica 
t io n  b u t  w a s  p a sse d  th r o u g h  a  m o le cu la r  s ie v e  (T y p e  
5 A ) tra p , th e  I l l in o is  In s t itu te  D r i -p a k , t o  r e m o v e  
tra ce s  o f  m o is tu re  in  th e  ga s . M e th a n e  (M a t h e s o n , 
9 9 .9 % )  w a s  a lso  p a sse d  th r o u g h  th e  D r i -p a k  b e fo r e  
m ix in g  w ith  th e  s ca v e n g e r  a rg o n . F lo w  ra te  w a s 
m e a su re d  a t  th e  o u t le t  o f  th e  e le c t r o n -c a p tu r e  d e te c to r  
w ith  a  so a p  b u b b le  f lo w m e te r  a n d  a  s to p w a tc h . T h e  
f lo w  ra te  w a s  m e a su re d  a t r o o m  te m p e ra tu re  w h ile  
th e  te m p e ra tu re  in  th e  ce ll w a s  u s u a lly  h ig h e r . I n  
o rd e r  to  o b ta in  th e  tru e  f lo w  ra te  in  th e  ce ll, a c o r r e c 
t io n  fa c t o r  w a s  n e e d e d . A s s u m in g  id e a l g a s  b e h a v io r , 
in  th is  te m p e ra tu re  a n d  p ressu re  ra n g e , th e  tru e  flo w  
ra te  in  th e  ce ll w a s  o b ta in e d  b y  m u lt ip ly in g  th e  m e a s 
u re d  f lo w  ra te  w ith  th e  fa c t o r  T/ 29 8 . A  ra n d o m  error  
o f  a b o u t  1 0 %  m a y  b e  in v o lv e d  in  th e  m e a su re m e n t o f  
f lo w  ra te .

T h e  te m p e ra tu re  o f  b o t h  th e  c o lu m n  a n d  d e te c to r  
w a s  c o n tr o lle d  w ith  V a r ia c s  a n d  re a d  w ith  th e rm o m e te rs  
in se rte d  in to  th e  o v e n s . F o r  th is  w o r k , th e  a c c u r a c y  
o f  c o lu m n  te m p e r a tu r e  is  n o t  v e r y  c r it ica l. O n  th e  
o th e r  h a n d , a n  a c c u r a te  ce ll o r  d e t e c t o r  te m p e ra tu re  
r e a d in g  is  v e r y  im p o r ta n t . S in ce  th e  th e r m o m e te r  
b u lb  w a s  in  th e  a ir  in s te a d  o f  b e in g  d ir e c t ly  in  c o n t a c t  
w ith  th e  ce ll, a  p o s s ib le  e rro r  w a s  in v o lv e d  in  ce ll

te m p e ra tu re  re a d in g . T h e  re su lt in g  b ia s  e rro r  c o u ld  
b e  1 ° .

S o lu t io n s  o f  th e  te s te d  c o m p o u n d s  w e re  p re p a re d  to  
g iv e  su ita b le  p e a k  s izes  (a b o u t  6 0 %  c a p tu re ) a n d  
lin e a r ity  o f  r e sp o n se  in  th e  c o n c e n tr a t io n  ra n g e s  u se d . 
T h e  s o lu tio n s  w e re  p re p a re d  b y  v o lu m e  m e a su re m e n ts . 
C o n c e n tr a t io n s  in  m o le s  p e r  l ite r  w e re  th e n  ca lc u la te d  
w ith  k n o w n  d e n s it ie s  a n d  m o le cu la r  w e ig h ts . T h e  c o n 
c e n tr a t io n  o f  a  s o lu t io n  th u s  p re p a re d  h a s  b e e n  c h e c k e d  
b y  w e ig h in g  th e  so lu te  a lso . T h e  e rro r  p r o v e d  t o  b e  
sm a ll. E s p e c ia lly  w h e n  th e  a m o u n t  o f  s o lu te  is  as sm a ll 
as a  fe w  m icro lite rs , w e ig h ts  m a y  n o t  b e  a n y  m o r e  a c 
cu ra te  th a n  v o lu m e s . W h e n  th e  c o m p o u n d  w a s  v e r y  
h ig h  ca p tu re  a n d  a  v e r y  d ilu te  so lu t io n  w a s  n e e d e d , a 
s e c o n d  d ilu t io n  o f  a  d ilu te d  s o lu t io n  o f  th e  c o m p o u n d  
w a s  m a d e . T h e  so lv e n ts  u se d  w e re  a ll lo w -c a p tu r e  
c o m p o u n d s  lik e  b e n z e n e  a n d  to lu e n e .

A ll  sa m p les  w e re  in je c t e d  w ith  a H a m ilt o n  1 0 -/d  
sy r in g e . T h e  in je c t o r  w a s  h e a te d  t o  a  te m p e r a tu r e  
co m p a r a b le  to  c o lu m n  te m p e r a tu r e  so  th a t  th e  sa m p le  
w o u ld  n o t  c o n d e n s e  in  th e  in je c to r .

S in ce  th e  e le c t r o n -c a p tu r e  a b il ity  h a s  a  v e r y  se le c 
t iv e  re sp o n se  t o  ce r ta in  c o m p o u n d s , s o m e t im e s  it  b e 
ca m e  n e ce ssa ry  t o  id e n t i fy  th e  m a jo r  p e a k  a m o n g  
se v e ra l p e a k s  in  a  sa m p le . T h is  is  e s p e c ia lly  t r u e  fo r  
th e  lo w -c a p tu r e  c o m p o u n d s . A  d e te c to r  d e v e lo p e d  in  
th is  la b o r a t o r y  w a s  u sed  fo r  th is  p u r p o s e 22 w h ic h  sh o w s  
r o u g h ly  th e  sa m e  s e n s it iv ity  fo r  a ll c o m p o u n d s .

T o w a r d  th e  en d  o f  th is  w o rk , a  5 0 -f t  p a c k e d  S E  30  
co lu m n  w a s  a v a ila b le  (H iP a k  p u rch a se d  f r o m  F  &  M  
S c ie n t if ic ) . T h is  co lu m n  w a s  c a p a b le  o f  g iv in g  m u c h  
b e t t e r  r e s o lu t io n  th a n  th e  o th e r  co lu m n s  u sed , so  i t  w a s  
u t iliz e d  t o  ch e ck  so m e  o f  th e  c o m p o u n d s  th a t  w e r e  
s u s p e c te d  to  h a v e  h ig h -c a p tu r e  im p u r it ie s . C h lo r o 
b e n z e n e  a n d  c h lo r o b u ta n e  w e re  ru n  a t  a  c o lu m n  te m 
p e ra tu re  o f  1 0 0 ° a n d  w ere  fo u n d  t o  h a v e  im p u r it ie s  v e r y  
c lo se  t o  th e  m a jo r  p e a k . F o r  th is  rea son , th e se  c o m 
p o u n d s  w e re  n o t  in c lu d e d  in th is  s tu d y . A  b e n z e n e  
so lu t io n  o f  p r o p y l  b r o m id e  ru n  a t  th e  sa m e  c o lu m n  
te m p e ra tu re  sh o w s  o n ly  th e  b e n z e n e  p e a k  a n d  th e  
sa m p le  p e a k . B r o m o b e n z e n e  w a s  ru n  a t  1 0 5 ° . T h e  
n e a re st  im p u r ity  w a s  6 .5  m in  a fte r  b r o m o b e n z e n e , 
w h ile  th e  la t te r  h a s  a  r e te n t io n  t im e  o f  17 m in . I t  
w a s  th u s  c o n c lu d e d  th a t  th e  im p u r ity  w o u ld  a lso  
b e  r e so lv e d , if  th e  c o lu m n  g iv e n  earlier w a s  u se d . T h e
0 -  a n d  m -d ic h lo r o b e n z e n e s  w e re  b o t h  ru n  a t  1 5 0 ° . 
B e n z e n e , w h ic h  w a s  th e  s o lv e n t , w a s  th e  o n ly  o th e r  
p e a k  seen  b e s id e s  th e  sa m p le  p e a k . F o r  a ll th e se  
c o m p o u n d s , th e  c o lu m n  flo w  ra te  w a s  a p p r o x im a te ly  
3 0  m l /m in .

I n  e q  24 , a is  th e  c o n c e n tr a t io n  o f  th e  te s t e d  c o m -

(22) W. E. Wentworth and W. Ristau, in preparation.

The Journal of Physical Chemistry



T hermal Electron Attachment to Halogen D erivatives 1657

p o u n d  in  m o le s  o f  c o m p o u n d  p e r  lite r  o f  ga s . S in ce  
a is  n o t  a v a ila b le  d ir e c t ly  in  th is  e x p e r im e n t, an  
in te g ra t io n  is  ca rr ied  o u t  o n  b o t h  s id es  o f  e q  24  t o  g iv e

f  6  7  j f  = K  f  aAv (2 5 )Jo Le J Jo
w h e re  v is  th e  v o lu m e  o f  g a s  flo w in g  th r o u g h  th e  d e 
t e c t o r  d u r in g  th e  p e a k . T h e  in te g ra l o n  th e  r ig h t-h a n d  
s id e  r e a d ily  g iv e s  n, th e  n u m b e r  o f  m o le s  o f  th e  c o m 
p o u n d . T o  o b ta in  th e  in te g ra l o n  th e  le f t -h a n d  s id e , a 
t r a n s fo r m a t io n  n e e d s  t o  b e  ca rr ie d  o u t ;  v ca n  b e  e x 
p ressed  in  te rm s  o f  s o m e  m e a su ra b le  q u a n t it ie s  as

v =  ^ w  (2 6 )
Us

w h ere  FT is th e  g a s  f lo w  ra te  in  th e  d e te c to r  in  lite rs  
p e r  m in u te , Cs is  th e  ch a r t  sp e e d  in  in ch e s  p e r  m in u te , 
a n d  w is  th e  p e a k  w id th  in  in ch es . T a k in g  th e  d if
fe re n tia l o f  e q  26  a n d  s u b s t itu t in g  in to  th e  le ft -h a n d  
s id e  o f  eq  25 , w e  h a v e

F
C

-  [e ~ ] 

[ e - ]
d  w =  Kn (2 7 )

o r

k  =  A F *
n Cs

w h e re  A  is th e  t r a n s fo r m e d  p e a k  area . I n  an  a c tu a l 
e x p e r im e n t, h o w e v e r , n is  a  p r o d u c t  o f  t w o  o th e r  
q u a n tit ie s , n a m e ly , th e  m icro lite rs  o f  s o lu t io n  in je c te d  
a n d  co n c e n tr a t io n  o f  th e  s o lu t io n  in  m o le s  p e r  m ic r o 
lite r . U s in g  S a n d  C f o r  th e se  t w o  q u a n tit ie s , r e s p e c 
t iv e ly , w e  h a v e

A FT _  A /S  Fv 
SC Cs ~  C C3

(2 8 )

T h e  p e a k  area s  are  c a lcu la te d  w ith  a  d ig ita l c o m 
p u te r  p r o g r a m  w r it te n  fo r  th is  p u r p o s e .23 A  series o f  
s tra ig h t lin es  are  d ra w n  a p p r o x im a t in g  th e  c u r v e  as 
c lo s e ly  as p o s s ib le , a n d  th e  c o o r d in a te s  o f  e a ch  p o in t  
jo in in g  a d ja c e n t  lin es  a re  ta k e n  w ith  re fe re n ce  t o  th e  
o r ig in  as th e  s ta rt  o f  th e  p e a k . O n  th e  b a s is  o f  th is , 
th e  c o m p u te r  ca lcu la te s  th e  tr a n s fo r m e d  re sp o n se  
(6 — [ e ~ ] ) / [ e _ ] f o r  e a ch  g iv e n  p o in t  a n d  th e n  ca lc u 
la te s  th e  p e a k  a rea  w ith  th e  t r a n s fo r m e d  co o r d in a te s . 
F o r  so m e  c o m p o u n d s  a  L e e d s  a n d  N o r t h r u p  a n a lo g  
c o m p u te r  w a s  u se d . T h is  in s tru m e n t  c o n v e r ts  th e  
o u tp u t  s ig n a l o f  th e  e le c t r o m e te r  t o  (6 — [e—] ) / [e—] 
a n d  in te g ra te s  o v e r  th e  g a s  c h r o m a to g r a p h ic  p e a k .

F r o m  f iv e  t o  te n  sa m p le s  w e re  in je c t e d  a t  e a ch  te m 
p e ra tu re . T h e  areas o b ta in e d  w e re  p lo t t e d  a g a in s t  
th e  co r r e s p o n d in g  s a m p le  sizes S. A  s tra ig h t  lin e

Figure 1. Integrated converted electron-capture response, 
f(b — [e~])/[e~] dw, for CHCfi as a function of 
concentration at various temperatures. The slope at 24.5° is 
lower than at 6.5°; however, correction for the span, b, makes 
the true K  value at 6.5° lower than at 24.5°.

th r o u g h  th e  o r ig in  w a s  d ra w n  th a t  w o u ld  b e s t  f it  th e  
d a ta  p o in ts . A s  an  e x a m p le , F ig u r e  1 sh o w s  th e  p lo t te d  
d a ta  o f  c h lo r o fo r m  a t  se v e ra l te m p e ra tu re s . I t  is  to  
b e  n o te d  th a t  th e  in te g r a te d  re sp o n se  fo(b — [e—] ) /  
[e_ ] d w  d o e s  a p p e a r  t o  b e  a  lin e a r  fu n c t io n  o f  th e  sa m p le  
s iz e — c o n s is te n t  w ith  e q  27  a n d  28 , d e r iv e d  earlier. 
T h e  s lo p e  o f  th e  s tra ig h t  lin e , A /S ,  m u lt ip lie d  b y  th e  
fa c t o r  (Ft/C s) /C , g iv e s  th e  c o n s ta n t  K  a t  th is  te m p e r a 
tu re .

R e s u lt in g  fr o m  b le e d  o f  th e  g a s  c h r o m a to g r a p h ic  
c o lu m n  a n d /o r  a s lo w ly  e m e rg in g  p e a k  o f  a  h ig h  b o ile r , 
th e  sp a n  b m a y  n o t  s ta y  c o n s ta n t . T h is  p r o b le m  h a s  
b e e n  m e n tio n e d  in  a n  ea rlier  p u b lic a t io n  a n d  a  c o r 
r e c t io n  fa c t o r  o f  bo/b is  a p p lic a b le  u n d e r  ce r ta in  c o n 
d i t io n s ;16 b0 is  th e  sp a n  w h e n  p u re  ca rr ie r  g a s  (n o  
c o lu m n  b le e d  o r  im p u r ity )  is  p a sse d  th r o u g h  th e  ce ll, 
a n d  b is  th e  m ea su red  sp a n  w h e n  th e  c o lu m n  is  u se d . 
A s  m e n t io n e d  e a r lie r ,16 th is  p r o b le m  is  u n d e r  s tu d y , a n d , 
a t  p re se n t, d a ta  are  ta k e n  o n ly  w h e re  b0/b  is  r e la t iv e ly  
c lo se  t o  u n ity . I n  th is  w o rk , th e  c o r r e c t io n  fa c t o r  
ra n g es  fr o m  10% o  t o  10% 5o, w h ic h  is n o t  a c tu a lly

(23) W. Hirsch, M.S. Thesis, University of Houston, 1965.
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la rg e  w h e n  o n e  co n s id e rs  th a t  th e  c h a n g e  in  ca p tu re  
c o e ff ic ie n t  m a y  b e  1000  o r  so  o v e r  a  2 0 0 °  ra n g e .

W e n t w o r t h , et a h ,16'17 h a v e  s h o w n  th a t , fo r  a  n o n d is -  
s o c ia t iv e  e le c t r o n -c a p tu r e  re a c t io n , th e  s ta t is t ica l 
th e r m o d y n a m ic  e x p re ss io n  o f  th e  e q u il ib r iu m  c o n s ta n t  
ca n  b e  e m p lo y e d . T h is  g iv e s

K  =  ZT~*/ 2e~ AE/kT (2 9 )

w h e re  K  is th e  e le c t r o n -c a p tu r e  co e ff ic ie n t , Z  is  a  p re 
e x p o n e n t ia l fa c t o r  in d e p e n d e n t  o f  te m p e ra tu re , AE  is 
th e  e le c tro n  a ff in ity  k is  th e  B o ltz m a n n  c o n s ta n t , a n d  
T is  th e  ce ll te m p e ra tu re .

E q u a t io n  29  w a s  re a rra n g e d  to  g iv e

In K T 3/z =  In Z -  ~  (3 0 )
kl

I n  g en era l, a  te m p e ra tu re  re g io n  w a s  o b s e r v e d  w h e re  a  
g ra p h  o f  In K T 3 / 2 vs l /T  w a s  lin e a r  w ith  th e  e x p e c te d  
positive s lo p e .16

A  b r ie f  s u r v e y  o f  r e a c t io n s  1 th r o u g h  11 re v e a ls  th a t  
th e re  are  se v e ra l t y p e s  o f  re a c tio n s , e a ch  in v o lv in g  
v e r y  d if fe re n t  c h a rg e d  o r  u n c h a r g e d  sp ec ies . N o  
s a t is fa c to r y  th e o r e t ic a l t r e a tm e n t  as t o  th e  ro le  o f  
te m p e r a tu r e  in  th e  p re e x p o n e n tia l fa c t o r  h a s  b e e n

Figure 2. Temperature dependence of electron-capture 
coefficients for various halogenated organic compounds.

k n o w n  fo r  th e se  re a ctio n s . I t  is th u s  im p o s s ib le  a t  th e  
p re se n t  t im e  t o  d e r iv e  an  e x p re ss io n  s im ila r  t o  e q  3 0  fo r  
th e  d is s o c ia t iv e  m o d e l s u g g e s te d  h ere . H o w e v e r , in  
o r d e r  t o  s im p lify  th e  c o m p a r is o n  o f  th e  re su lts  o f  th is  
s tu d y  w ith  th o s e  p r e v io u s ly  p u b lish e d , a ll d a ta  o b ta in e d  
fo r  d is s o c ia t iv e  ca p tu re  a re  p lo t t e d  as In K T %/ 2 vs. l /T .  
A s  ca n  b e  seen  in  F ig u re  2, a  lin ea r  re la t io n  is  o b ta in e d  
fo r  a ll th e  c o m p o u n d s  s tu d ie d . T h e  s lo p e s  are  re la te d  
t o  th e  a c t iv a t io n  e n erg ies  fo r  th e  o p e r a t iv e  m e c h a n is m , 
as w ill b e  d is cu sse d  la ter .

A  w e ig h te d  le a st -sq u a re s  a d ju s tm e n t  o f  d a ta  t o  e q  
30  w a s  ca rr ied  o u t .24 T h e  so lid  lin es  d ra w n  in  F ig u r e  
2 are  th e  le a s t -sq u a re s  e s t im a te  o f  th e  fu n c t io n . T h e  
e rrors  in v o lv e d  in  m e a su r in g  th e  p a ra m e te rs  w e r e  e s t i
m a te d  as fo l lo w s . T h e  v a lu e  o f  K, a s  e x p re sse d  in  e q  
28, is  c a lcu la te d  fr o m  f iv e  in d e p e n d e n t  m e a s u re m e n ts , 
a n d  it s  e rro r  w ill b e  a  fu n c t io n  o f  th e  e rro rs  in  th e s e  
m e a su re m e n ts . T h e  e rror  in  ch a r t  sp e e d  ca n  b e  
a ssu m ed  t o  b e  n e g lig ib le . T h u s  th e  e rro r  in  K  is  e x 
p ressed  in  te rm s  o f  th e  o th e r  fo u r  p a ra m e te rs  as

&K
" ÒK
M A /S ) .

~Fr/Cs
. C

°A /s 2 +  

va/s2  +

òK~
ÒFr_

'A /S  T

cc\ _

0>r2 +
~0 K~

dC <rc

0>r2 +

~A(Ft/C ,y  
SC2

°"c

_  r  k  i 2 

~  _A /S .

I t  fo l lo w s  th a t

<Ui/s2 +
~KT

_ F r .
<rf t 2 +

~K~
C .

Oc (3 1 )

1 
1 

1__
__

__
1

2
Va /S

A /S

2

+
<f Ft

2

+

1---------1
b
 1 O

1__________l

(3 2 )

A s s u m in g  a  1 0 %  erro r  is in v o lv e d  in  f lo w  ra te  m e a s 
u re m e n t a n d  in  s o lu t io n  p re p a ra t io n , e q  32  b e c o m e s

&K 2 Ca /S
_K _ _A /S .

+  (0 .1 )2 +  ( 0 .1 )2 =

<Dt/g~]2
_ A / S j

+  0 .0 2 (3 3 )

A s  w a s  d e s cr ib e d  earlier, A /S  is  th e  s lo p e  o b ta in e d  
fr o m  th e  p lo t  o f  p e a k  area s  vs. sa m p le  s izes  a t  a ce r ta in  
te m p e ra tu re . A  w e ig h te d  le a s t -sq u a re s  a d ju s tm e n t  o f  
th e  lin ea r  re la t io n sh ip  b e tw e e n  A  a n d  S g iv e s  th e  e rror  
in  th is  s lo p e .

T h e  p a ra m e te rs  re su lt in g  f r o m  th e  le a s t -sq u a re s  
a d ju s tm e n t  o f  In K T 3 / 2 vs. l /T  a re  g iv e n  in  T a b le  I I .  
T h e  co lu m n  E* is  th e  e n e r g y  o f  a c t iv a t io n  o n e  w o u ld

(24) W. E. Deming, “ Statistical Adjustment of Data,”  Dover 
Publications, New York, N. Y ., 1964.
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Table I I : Least-Squares Adjustment of the Temperature Dependency of Electron-Capture Coefficients

Compound Intercept
AE = —slope X E, 

kcal/mole
E*,

kcal/mole frextV m‘

Carbon tetrachloride 33.82 ±  0.31 0.19 ±  0.22 -0 .0 5 1.14
Ethyl iodide 33.50 ±  0.26 2.18 ±  0.19 1.07 0.38
Iodobenzene 36.45 ±  0.43 3.14 ±  0.32 1.55 0.35
1-Bromonaphthalene 35.47 ± 0 .5 1 3.00 ±  0.43 1.74 0.09
Chloroform 35.49 ±  0.35 4.25 ±  0.255 3.09 0.35
m-Dichlorobenzene 36.41 ±  0.35 7.70 ±  0.29 6.54 0.48
Bromobenzene 32.97 ±  0.43 7.32 ±  0.33 5.91 1.82
o-Dichlorobenzene 35.95 ±  0.37 8.05 ±  0.29 6.91 0.76
Methylene chloride 33.90 ±  0.35 8.68 ±  0.24 7.53 2.15
n-Propyl bromide 35.67 ±  0.71 9.03 ± 0 .5 5 7.88 0.50
1-Chloronaphthalene 40.55 ±  0.33 11.01 ±  0.29 9.87 0.74

h a v e  o b ta in e d  i f  In K  vs. l /T  h a d  b e e n  p lo t te d . W it h 
o u t  k n o w in g  th e  p r e e x p o n e n tia l t e m p e r a tu r e -d e p e n d 
en ce  te rm , o n e  c a n n o t  p r e c is e ly  e s ta b lish  th e  e n e r g y  o f  
a c t iv a t io n . E*  w o u ld  b e  th e  a c t iv a t io n  e n e r g y  i f  th e  
p r e e x p o n e n tia l te r m  w e re  c o n s ta n t . T h e  o-ext2 in  
T a b le  I I  sh o u ld  b e  c o m p a r e d  t o  a02 w h ic h  w a s  a ss ig n e d  
a v a lu e  o f  u n i t y .24 I n  g en era l, th e  crext2 a re  o f  th e  sa m e  
o r d e r  o f  m a g n itu d e , in d ic a t in g  th e  d a ta  ca n  b e  a d ju s te d  
t o  th is  fu n c t io n  w ith in  th e  e x p e c te d  e x p e r im e n ta l 
e rror . I f  a n y th in g , th e  <rext2 a re  p r o b a b ly  less  th a n  
Co2, su g g e s tin g  th a t  o u r  e rro r  e s t im a te s  in  e q  33  w e re  
p e ss im is tic . I n  th a t  ca se , th e  q u o te d  errors  in  th e  
p a ra m e te rs  are  lik e w ise  p e ss im is tic .

T h e  g a s  m ix tu re  u se d  fo r  th e  p r e v io u s  w o r k  w a s  a rg o n  
p lu s  1 0 %  m e th a n e . I n  o r d e r  t o  s tu d y  th e  im p o r ta n c e  
o f  r a d ica l r e a c t io n s , io d o b e n z e n e  a n d  b ro m o b e n z e n e  
w e re  ru n  u s in g  m ix tu re s  o f  a rg o n  a n d  m o d e r a t in g  gases 
o th e r  th a n  m e th a n e . H y d r o g e n  a n d  c a r b o n  d io x id e  
w e re  u se d . T h e  p e r c e n ta g e  o f  e a ch  m o d e r a t in g  g a s  
w a s  su ch  th a t  a d d it io n a l m o d e r a t in g  g a s  d o e s  n o t  
resu lt  in  a n  a p p r e c ia b le  in crea se  in  s ta n d in g  cu rre n t. 
D if fe r e n t  p u lse  w id th s  w e re  u se d  in  e a ch  ca se , as s ta te d  
b e fo re , a n d  a re  lis te d  in  T a b le  I .  T h e  e le c t r o n -c a p tu r e  
d a ta  o b ta in e d  w e re  t r e a te d  as d is cu sse d  p r e v io u s ly  
e x c e p t  th a t  le a s t -sq u a re s  a d ju s tm e n t  w a s  n o t  ca rr ied  
o u t . T h e  d a ta  w e re  g ra p h e d  as In K T 3/i vs. l /T  as 
b e fo r e . N o  o b v io u s  d iffe re n ce  in  s lo p e  w a s  o b s e r v e d ; 
h o w e v e r , th e re  w a s  so m e  in cre a se  in  m a g n itu d e  w ith  
C 0 2 a n d  H 2 fo r  b r o m o b e n z e n e . S in ce  th e  d iffe re n ce s  
in  s lo p e s  w e re  n o t  co n s id e re d  s ig n ifica n t, th e  e ffe c t  o f  
d if fe re n t  r a d ica ls  as  in  e q  7 , 9 , a n d  11 a p p a r e n t ly  
d o e s  n o t  a lte r  th e  e n e r g y  o f  a c t iv a t io n .

T h e  r e la t iv e  o rd e rs  o f  m a g n itu d e  o f  th e  ca p tu re  c o 
e ff ic ie n t  o f  s o m e  o f  th ese  c o m p o u n d s  h a v e  b e e n  o b 
ta in e d  b e fo r e  b y  L o v e lo c k .14' 16,25 T h e s e  se e m  t o  b e  in  
g e n era l a g re e m e n t  w ith  th e  p re se n t w o r k . S o m e  d if 
fe re n ce s  o c c u r  (e.g., o- a n d  m -d ic h lo r o b e n z e n e s ) p r o b 

a b ly  o w in g  t o  th e  fa c t  th a t  h e  u sed  sh o r t  p u lse  in te rv a ls . 
F u r th e rm o re , h e  d id  n o t  s p e c ify  th e  ce ll te m p e r a tu r e , 
a n d  fo r  c o m p o u n d s  su ch  as b r o m o b e n z e n e  th is  ca n  b e  
m o s t  im p o r ta n t .

L e e ,26 u s in g  n itro g e n  as  ca rrier  g a s  in  th e  sw a rm  
m e th o d , in v e s t ig a te d  e le c tr o n  a t t a c h m e n t  t o  a  n u m b e r  
o f  a lip h a t ic  h a lid e s  as  a  fu n c t io n  o f  e le c t r o n  e n e rg y . 
T h e  e n e r g y  ra n g e  in  th is  w o r k  w a s  0 .0 2 -1 .2  e v . A  
co m p a r is o n  o f  L e e ’ s v a lu e s  a t  E /p  0 .2  a n d  ~ 0 .0 3 2  
w ith  th e  p re se n t  w o r k  s h o w s  g e n e ra l a g re e m e n t  o n  
r e la t iv e  m a g n itu d e s . I n  th e  ca se  o f  C H 2C12, L e e ’ s 
sa m p le  w o u ld  h a v e  t o  b e  e x tr e m e ly  p u re  in  o r d e r  fo r  
h is  resu lts  t o  b e  m e a n in g fu l. F o r  e x a m p le , o u r  v a lu e  
fo r  C C L  is  a p p r o x im a te ly  104 g re a te r  th a n  C H 2C12 a n d  
h e n ce  a  0 .0 1 %  im p u r ity  o f  C C 14 in  C H 2C12 w o u ld  resu lt  
in  a  1 0 0 %  e rror . O th e r  w e a k e r  ca p tu r in g  im p u r it ie s , 
h o w e v e r , w o u ld  b e  le ss  cr it ica l.

Discussion
A  v e r y  s tr ik in g  fe a tu re  a b o u t  th e  d a ta  p re se n te d  in  

F ig u r e  2  is  th e  c o m p le te ly  d if fe r e n t  te m p e r a tu r e  d e 
p e n d e n ce  c o m p a r e d  t o  th e  n o n d is s o c ia t iv e  ca ses . T h e  
c a p tu r e  co e ff ic ie n ts  e ith e r  in cre a se  w ith  in cre a s in g  
te m p e ra tu re  (d e cre a s in g  l /T )  o r  r e m a in  c o n s ta n t . 
T h is  is p r o b a b ly  c h a ra c te r is t ic  o f  th e  d is s o c ia t iv e  c o m 
p o u n d s  in  g en era l. A n a lo g o u s  t o  th e  n o n d is s o c ia t iv e  
ca se , h o w e v e r , th e  e x tr a p o la t io n  o f  th e  s lo p e s  in  F ig u re  
2 t o  in fin ite  te m p e ra tu re  { l /T  =  0 )  sh o w s  th a t  
se v e ra l c o m p o u n d s  seem  t o  h a v e  a  c o m m o n  in te r c e p t . 
T h u s  io d o b e n z e n e , c h lo r o fo r m , 0 -  a n d  m -d ic h lo r o -  
b e n z e n e , 1 -b ro m o n a p b u h a le n e , a n d  n -p r o p y l  b r o m id e  
a ll e x tr a p o la te  t o  a n  in te r c e p t  in  th e  re g io n  o f  3 5 .9 . 
C a r b o n  te tra ch lo r id e , m e th y le n e  c h lo r id e , a n d  e th y l 
io d id e  e x tr a p o la te  t o  a p p r o x im a te ly  3 3 .5 . B r o m o -

(25) J. E. Lovelock, Anal. Chem., 35, 474 (1962).
(26) T. G. Lee, J. Phys. Chem., 67, 360 (1963).
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b e n z e n e  a lo n e  seem s t o  h a v e  a  lo w e r  in te r ce p t , w h e re a s
1 -ch lo ro n a p h th a le n e  is  e x c e e d in g ly  h ig h  a t  4 0 .5 . 
H o w e v e r , th e  le a s t -sq u a re s  a d ju s tm e n t  d o e s  in d ic a te  
th a t  th e  e rrors  in  s o m e  in te rce p ts  se e m  t o  o v e r la p  th e  
s ta n d a rd -e r ro r  e s t im a te  o f  o th e rs . O ff h a n d , i t  is  
d ifficu lt  t o  a ss ign  a n y  s ig n ifica n ce  t o  th e  d if fe re n t  in 
te r c e p ts . A  co n c lu s io n  as t o  w h e th e r  th e re  is  a  
c o m m o n  in te r c e p t  m a y  b e  p re m a tu re  a t  th e  p re se n t 
s ta g e . I t  is, h o w e v e r , p r o p e r  t o  e x a m in e  th e  f it  o f  th e  
p r o p o s e d  m o d e l  in  v ie w  o f  th e  o b s e r v e d  te m p e ra tu re  
d e p e n d e n ce .

F r o m  e q  24  it  ca n  b e  seen  th a t  A  is  a  su m  o f  th re e  
te r m s  re p re se n tin g  th re e  p ro ce sse s . T h e  firs t  te r m  
re p re se n ts  th e  s p o n ta n e o u s  d is s o c ia t iv e  p ro ce ss , eq  
2 ; th e  s e c o n d  te rm , th e  in te rm e d ia te  n e g a t iv e  io n  
p ro ce ss , e q  3 - 5 ;  a n d  th e  th ird , th e  s ta b le  n e g a t iv e  io n  
ca se , e q  3 a n d  4 . S in ce  hn a p p e a rs  o n ly  in  th e  first 
te rm , it  ca n  b e  co n s id e re d  se p a ra te ly  w h e n  th e  first 
te r m  is  a ssu m e d  t o  p r e d o m in a te . F o r  th e  Y k  in  th e  
s e c o n d  a n d  th ir d  te r m s  o f  e q  24 , w e  ca n  c o n s id e r  tw o  
lim it in g  s itu a t io n s : (1 ) w h e n  fc_i > >  (fc2 +  k m  +  k m ) ' ,  

a n d  (2 ) w h e n  fc2 > >  (fci +  km +  fcm ). T h e  s itu a t io n  
w h e n  (km +  km) »  (fc2 +  fc_i) w ill n o t  b e  co n s id e re d  
h ere  s in ce  th is  h a s  b e e n  s h o w n  t o  c o r r e s p o n d  to  th e  
te m p e r a tu r e - in d e p e n d e n t  re g io n  o f  th e  s ta b le  n e g a t iv e  
io n  c a s e .16 B e fo r e  c o n s id e r in g  th e  v a l id it y  o f  e a c h  
lim it in g  ca se , a  s im p lify in g  a s s u m p tio n  w ill  b e  m a d e  
th a t  k m / ( k m  +  fcn2) is  v e r y  c lo se  t o  u n ity . T h is  is 
n o t  a n  u n re a s o n a b le  a s s u m p tio n  b a s e d  o n  th e  tw o  
fo l lo w in g  rea son s . F irs t , th e  a t t r a c t io n  b e tw e e n  tw o  
u n lik e  c h a rg e d  p a r t ic le s  s h o u ld  b e  m u c h  la rg e r  th a n  th e  
a t t r a c t io n  b e tw e e n  a n  u n ch a rg e d  a n d  a c h a rg e d  p a r t ic le ; 
h e n ce , km sh o u ld  b e  m u c h  la rg e r  th a n  fca2. S e co n d , 
th e  e x p e r im e n ts  d o n e  w ith  d if fe re n t  m o d e r a t in g  g a ses  
h a v e  s h o w n  th a t  ra d ic a l r e a c t io n s  a p p a r e n t ly  a re  re la 
t iv e ly  u n im p o r ta n t  f r o m  th e  s ta n d p o in t  o f  re g e n e ra tin g  
n e u tra l m o le cu le s  a n d  fre e  e le c tro n s . T h e  te r m  km/ 
( k m  + k m ) arises o n ly  w h e n  fre e  e le c tro n s  a re  a ssu m ed  
t o  b e  fo r m e d  in  th e  ra d ica l r e a c t io n  w ith  a  B ~  io n , 
e q  11. F o r  th is  rea son , w e  w ill e lim in a te  th is  te r m  in  
th e  su b se q u e n t  s im p lif ie d  e x p re ss io n s  fo r  A .  T h is  
d o e s  n o t  m e a n  th a t  ra d ic a l r e a c t io n s  as sh o w n  in  e q  11 
d o  n o t  o c c u r  a n d  th a t  t h e y  a re  n o t  im p o r ta n t  in  th e m 
se lv e s . I n  p a r t icu la r , o n ly  in  th e  in te r p r e ta t io n  o f  th e  
re su lts  in  th is  w o r k  t h e y  s h o u ld  n o t  p la y  a n  im p o r ta n t  
ro le .

C o n s id e r in g  firs t  th e  s itu a t io n  w h e n  th e  firs t  te r m  in  
e q  2 4  p r e d o m in a te s , i.e., km »  (h h /Y k )  +  [fa(km 
+  km )/Yk]- T h e  e x p re ss io n  fo r  A  is  th u s

A  =
kn

&n  +  kn
(3 4 )

F ig u r e  3 c o n ta in s  v a r io u s  p o te n t ia l  e n e r g y  d ia g ra m s

Figure 3. Representative potential energy curves for 
dissociative electron attachment: A, kn mechanism; 
B, kikz/k-i mechanism (with a positive electron 
affinity, i.e., energy release); C, fcife/fc-i 
mechanism (with a negative electron affinity).

w h ic h  m a y  re p re se n t th e  m e ch a n ism s  p r o p o s e d  fo r  d is 
s o c ia t iv e  e le c tr o n  a t ta c h m e n t . T h e  s p o n ta n e o u s  d is 
s o c ia t iv e  p r o c e s s  re p re se n te d  b y  e q  2  is  s h o w n  in  
F ig u re  3 A . T h e  e n e r g y  o f  a c t iv a t io n  w o u ld  b e  th a t  
re q u ire d  t o  p o p u la te  th e r m a lly  th e  n e u tra l m o le c u le  
in  th e  g ro u n d  e le c t r o n ic  s ta te  to  s o m e  h ig h e r  v ib r a t io n a l  
m o d e  a t a n  e n e r g y  w h e re  th e  d is s o c ia t iv e  c u r v e  c ro sse s  
th e  g ro u n d -s ta te  p o te n t ia l e n e r g y  cu rv e . E le c t r o n  
a t ta c h m e n t  t o  su ch  a  v ib r a t io n a lly  e x c ite d  s ta te  s h o u ld  
re su lt  in  sp o n ta n e o u s  d is s o c ia t io n . T h e  e x p e r im e n ta lly  
o b s e r v e d  n e g a t iv e  s lo p e  o f  In A T 3/2 vs. 1 /T  (F ig u r e  2 ) 
ca n  th u s  b e  e x p la in e d  b y  th is  m e ch a n ism . T w o  h ig h e r  
e n e r g y  d is s o c ia t iv e  p o te n t ia l e n e rg y  cu r v e s  are  in 
c lu d e d  in  F ig u r e  3 A  fo r  c o m p le te n e ss  t o  re p re se n t, 
in  g en era l, tra n s it io n s  w h ic h  m a y  b e  o b s e r v e d  b y  
o th e r  e x p e r im e n ta l te ch n iq u e s .

W h e n  th e  la t te r  t w o  te rm s  in  e q  2 4  p r e d o m in a te , 
i.e., (h h /Y k )  +  [h(km +  km )/Yk] »  h 2, th e  t w o  
p o s s ib le  l im it in g  s itu a t io n s  in  th e  Y k  ca n  b e  c o n 
s id e re d . F irs t , i f  fc_i > >  fc2 th e n  th e  e x p re ss io n  fo r  A  
b e c o m e s

tt _  k\k2_________(km +  fcm) fci , .

(&n  +  fcit)fc-i (&n  +  kn) fc -i

T h e  s e co n d  te r m  in  e q  35  is  th e  s ta b le  n e g a t iv e  io n  
c a s e ,16 a n d  is  c e r ta in ly  n o t  a p p lic a b le  t o  th e  d a ta  o b 
ta in e d  in  th is  s tu d y . T h e  firs t  te r m  is  th e  m e c h a n is m  
fo r  d is s o c ia t iv e  e le c tr o n  a t ta c h m e n t  w h ic h  in v o lv e s  
th e  fo r m a t io n  o f  a n  in te rm e d ia te  s ta b le  n e g a t iv e  io n . 
T y p ic a l  p o te n t ia l e n e r g y  d ia g ra m s  fo r  th is  ca se  are  
s h o w n  in  F ig u re s  3 B  a n d  3 C . T h e  m e c h a n is t ic  p a th  
fo l lo w e d  is  th e  fo r m a t io n  o f  a  s ta b le  n e g a t iv e  io n  
fo l lo w e d  b y  th e r m a l a c t iv a t io n  o f  th e  n e g a t iv e  io n  to
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a  v ib r a t io n a l m o d e  w h ic h  crosses  th e  lo w e s t  e n e r g y  d is 
s o c ia t io n  cu rv e . W e  re fe r  t o  th is  d is s o c ia t iv e  p ro ce s s  
as th e  kiki/k-i m e ch a n ism . T h e  o v e r -a ll  e n e r g y  o f  
a c t iv a t io n  is  s h o w n  as E*  =  (E2  — E - 1) w h e re  th e  E« 
a n d  E -i  a re  th e  c o r r e s p o n d in g  en erg ies  o f  a c t iv a t io n  
fo r  th e  ra te  co n s ta n ts  k2 a n d  fc_i. F ig u r e  3 B  is th e  m o re  
g e n e ra l ca se  w h e re  th e  e le c tr o n  a ff in ity  o f  th e  m o le 
cu le  is  p o s it iv e  (i.e., e x o th e r m ic  in  g o in g  fr o m  th e  n e u 
tra l m o le c u le  t o  th e  s ta b le  n e g a t iv e  io n ) .  T h e r e  is  
th e  p o s s ib ility , d e p ic te d  in  F ig u r e  3 C , w h e re  a  m o le 
cu le  h a s  a  n e g a t iv e  e le c t r o n  a ff in ity . H o w e v e r , th is  
s itu a t io n  is  p r o b a b ly  u n lik e ly , b u t  m a y  e x p la in  th e  
d a ta  fo r  s o m e  o f  th e  h a lo g e n -s u b s t itu te d  b e n z e n e s . 
T h is  w ill  b e  d is cu sse d  la te r  in  d e ta il.

I f  (km +  km) in  e q  3 5  is  n o t  n e g lig ib le  c o m p a r e d  to  
k2, w e  h a v e  a  s u m  o f  t w o  te rm s, o n e  fo r  th e  in te rm e 
d ia te  n e g a t iv e  io n , th e  o th e r  fo r  th e  s ta b le  n e g a t iv e  
io n . I t  is  p o s s ib le  t o  o b s e r v e , a  t r a n s it io n  re g io n  fo r  
su ch  a  ca se . T h e  firs t  te r m  w o u ld  a p p e a r  a t h ig h e r  
te m p e ra tu re s  a n d  d e cre a se  w ith  d e cre a s in g  te m p e r a 
tu res . A s  th e  te m p e r a tu r e  g e ts  lo w  e n o u g h , th e  
s e c o n d  te r m  sh o u ld  p re d o m in a te  a n d  K  s ta r ts  t o  in 
crea se  w ith  d e cre a s in g  te m p e ra tu re . T h e  o n ly  c o m 
p o u n d  in v e s t ig a te d  in  th is  s t u d y  th a t  d o e s  th is  is  1 - 
ch lo ro n a p h th a le n e .

T h e  s itu a t io n  w h e re  k2  »  fc - i  d o e s  n o t  re a lly  a d d  
m u c h  to  th e  e x p la n a t io n  o f  th e  te m p e r a tu r e  d e p e n d e n c y  
fo r  d is s o c ia t iv e  e le c t r o n  a t ta c h m e n t . U n d e r  th e s e  
a s s u m p tio n s , e q  2 4  w ill  r e d u c e  to

Tr  , $ n i  +  k m  hK =  1—TT  +  1— TT~ T (-3 6 -1/cn +  kji En  +  k r  k2

T h e  firs t  te r m  h a s  t o  b e  v e r y  la rg e  c o m p a r e d  to  th e  
s e c o n d  te rm , th e  fo r m e r  te r m  b e in g  th e  m a x im u m  v a lu e  
fo r  th e  in te r m e d ia te  n e g a t iv e  io n  t e r m .16 S in ce  th e  
s e co n d  te r m  h a s  k2  in  th e  d e n o m in a to r  a n d  k2 > >  
(& n i  +  km), i t  is  n e ce ssa r ily  sm a lle r  th a n  th e  firs t  
te r m  w h e re  th e re  is a  h ig h -c a p tu r e  c o e ff ic ie n t  ki w ith  
lit t le  o r  n o  te m p e r a tu r e  d e p e n d e n c e . O f  th e  c o m 
p o u n d s  in v e s t ig a te d , o n ly  c a r b o n  te t r a c h lo r id e  c o u ld  
fit  th is  m o d e l . H o w e v e r , o n e  c o u ld  a lso  e x p la in  c a r b o n  
te t r a c h lo r id e  b y  th e  ki 2  m e ch a n is m  i f  th e re  w a s  n o  
e n e r g y  o f  a c t iv a t io n ; i.e.,E\2 =  0.

O n e  sh o u ld  a lso  c o n s id e r  th e  s itu a t io n  w h e re  fc2 g e ts  
la rg e r  a n d  b e c o m e s  c o m p a r a b le  to  fc_i. O n e  m a y  th in k  
th a t  a  c u r v a tu r e  w il l  b e  o b s e r v e d  o w in g  t o  th e  fa c t o r  
k2/(k 2  +  k-1) in  th e  firs t  te r m  o f  e q  35  w h ic h  ca n  b e  
ex p re sse d  as A 2e - EiikT/( A 2e - Ê kT +  A _ i e - J?- 1« r) .  
H o w e v e r , a c tu a l ca lc u la t io n  o f  th e  fa c t o r  k2/  (k2  +  k - 1 ) 
u s in g  d iffe re n t v a lu e s  fo r  E 2  a n d  E _ i  sh o w s  th a t  th e  
c u rv a tu re  is  h a r d ly  p e r c e iv a b le  e v e n  i f  th e  p r e e x p o 
n e n tia l fa c t o r s  a re  d if fe re n t  b y  a  fa c t o r  o f  10 in  e ith er  
sen se. I n  sh o rt , i f  th is  is  th e  ca se , th e  te m p e ra tu re

d e p e n d e n c e  w ill a p p e a r  t o  b e  th e  sa m e  as th e  ca se  
w h e n  k-i is  m u c h  g re a te r  th a n  k2. T h e  o n ly  d iffe re n ce  
is th a t  th e  fo r m e r  ca se , k- 1  > >  k2, p r o b a b ly  h a s  a 
s te e p e r  s lo p e .

F in a lly , th e re  is th e  p o s s ib i l i ty  th a t  th e  firs t  tw o  
te rm s  o f  e q  2 4  are  b o t h  o f  c o m p a r a b le  m a g n itu d e . 
H o w e v e r , th is  is p r o b a b ly  u n lik e ly  s in ce  i t  w o u ld  b e  
co in c id e n ta l th a t  th e  p o te n t ia l  e n e r g y  cu rv e s  w o u ld  
cro ss  w ith  a p p r o x im a te ly  th e  sa m e  e n e r g y  o f  a c t iv a 
t io n  fo r  b o t h  th e  fci2 a n d  th e  fci/c2/ /c _ i  m e ch a n ism s .

I n  c o n c lu s io n , th e re  a re  t w o  p o s s ib le  m e ch a n ism s  
w h ic h  ca n  e x p la in  th e  te m p e r a tu r e  d e p e n d e n c e  o f  K  
o b s e r v e d  e x p e r im e n ta lly  a n d  s h o w n  in  F ig u r e  2. 
T h e s e  are  th e  k\ 2  m e ch a n is m  as g iv e n  b y  e q  34  a n d  th e  
fci&2//c _ i  m e ch a n ism  as g iv e n  b y  e q  35 . O n  s im p ly  th e  
in fo r m a t io n  o f  th e  te m p e ra tu re  d e p e n d e n ce , i t  is  im 
p o s s ib le  t o  d e c id e  w h ic h  m e c h a n is m  is o p e r a t iv e . 
H o w e v e r , as w ill b e  d iscu sse d  s h o r t ly , c o m p a r is o n  o f  
resu lts  fo r  d iffe re n t c o m p o u n d s  is  s u g g e s t iv e  th a t  th e  
kjtt/h-x m e ch a n ism  is  o p e r a t iv e  in  so m e  c o m p o u n d s .

P o s s ib le  p o te n t ia l e n e r g y  cu r v e s  fo r  b r o m o b e n z e n e  
are  sh o w n  in  F ig u r e  4 . T h e  a v a ila b le  d a ta  fo r  th e  
b o n d  d is s o c ia t io n  e n e rg y , th e  e le c t r o n  a ff in ity  o f  th e  
b r o m in e  a to m , a n d  th e  e le c tr o n  a ff in ity  o f  th e  p h e n y l 
r a d ic a l27 are  u se d  a n d  d ra w n  to  s ca le . A  p o te n t ia l

re I 2 3
R E L A T IV E  INTERNUCLEAR D I S T A N C E D )

Figure 4. Possible potential energy curves for bromobenzene
and bromonapbthalene: Ar-, aromatic ra d ic a l;-------- , stable
negative ion potential energy curve for bromonaphthalene.
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e n e r g y  c u r v e  re su lt in g  in  d is s o c ia t io n  t o  P h ~  +  
B r ' is sh o w n . I t  rep resen ts  a  s ta b le  n e g a t iv e  io n  
fo r m a t io n , b u t  w ith  a  n e g a t iv e  e le c t r o n  a ff in ity . A s  
m e n t io n e d  p r e v io u s ly , in  gen era l th is  is p r o b a b ly  a 
v e r y  u n lik e ly  s itu a t io n , b u t  it  a p p e a rs  t o  b e  a  re a so n 
a b le  p o s s ib ility  fo r  b r o m o b e n z e n e . T h is  w ill  b e c o m e  
m o r e  c o n v in c in g  a fte r  c o m p a r is o n  w ith  p r o p y l  b r o m id e  
a n d  1 -b ro m o n a p h th a le n e . T h e  e x p e r im e n ta lly  o b 
s e rv e d  5 .9  k c a l /m o le  e n e r g y  o f  a c t iv a t io n  is sh o w n  fo r  
th e  fcifc2/fc _ i  m e ch a n ism .

S to c k d a le  a n d  H u r s t 11 m ea su red  th e  e le c t r o n -c a p tu r e  
c ro ss  s e c t io n  o f  b r o m o b e n z e n e  a n d  ch lo r o b e n z e n e  w ith  
a  sw a rm  m e th o d . U s in g  a rg o n , n itro g e n , a n d  e th y l
e n e  as ca rr ie r  gases, t h e y  w e re  a b le  t o  m e a su re  th e  
c ro ss  s e c t io n  w ith  a d is tr ib u t io n  a t th e r m a l e le c tro n  
e n erg ies  t o  d is tr ib u t io n s  w ith  m a x im a  a t  a b o u t  10 
e v . T h e  m a x im u m  cross  s e c t io n  o c c u r s  a t 0 .7 6  e v  
(1 7 .5  k c a l /m o le )  a n d  0 .7  e v  fo r  b r o m o b e n z e n e  a n d  
c h lo ro b e n z e n e , r e s p e c t iv e ly . T h e  p re se n t  d a ta  g iv e
5 .9  k c a l /m o le  fo r  th e  e n e rg y  re q u ire d  fo r  th e  o v e r -a ll  
p r o c e s s  fo r  b r o m o b e n z e n e . T h e  d is c r e p a n c y  is  a p 
p a r e n t ly  d u e  t o  th e  d iffe re n t m o d e s  o f  e le c tr o n  a t ta c h 
m e n t. I n  th e  sw a rm  m e th o d , a  h ig h -e n e r g y  e le c tro n  
co ll id e s  w ith  a  g r o u n d -s ta te  m o le c u le ; h e n ce , a  v e r t ic a l 
tra n s it io n  fr o m  th e  n e u tra l m o le c u le  t o  th e  d is s o c ia t iv e  
s ta te  ca n  o c c u r .28 H o w e v e r , in  th e  e le c t r o n -c a p tu r e  
ce ll, th e  m o le c u le s  are  h e a te d  a n d , th e r e b y , lo w -ly in g  
v ib r a t io n a l  le v e ls  b e c o m e  o c c u p ie d  t o  th e  p o in t  w h ere  
th e  p o te n t ia l  e n e r g y  c u r v e  fo r  th e  n e u tra l m o le cu le  
crosses  w ith  th e  d is s o c ia t iv e  s ta te . I n  F ig u re  4 , th e  
v e r t ic a l  t r a n s it io n  is  r e p re se n te d  b y  17 .5  k c a l /m o le .  
I t  is  o b v io u s  fr o m  th is  fig u re  th a t  a  h ig h e r  v a lu e  fo r  
th e  e n e rg y  o f  th e  o v e r -a ll  p ro ce s s  w ill b e  o b ta in e d  if 
th e  sw a rm  m e t h o d  is  u sed . B e ca u s e  o f  th e  d if f ic u lty  
in  re s o lv in g  th e  im p u r ity  in  o u r  w o r k , n o  d a ta  o n  
ch lo r o b e n z e n e  are  a v a ila b le  fo r  co m p a r is o n .

A s  s ta te d  earlier  a lth o u g h  w e  c a n n o t  d is t in g u ish  
b e tw e e n  th e  kn a n d  fcifc2/fc _ i  m e ch a n ism  in  a ll cases , 
e v id e n c e  ca n  b e  g iv e n  w h ic h  su g g e sts  th e  &ifc2/fc _ i 
m e ch a n is m  is  th e  p r im a r y  p ro ce s s  fo r  s o m e  c o m p o u n d s . 
I n  c o m p a r in g  b ro m o b e n z e n e  a n d  1 -b ro m o n a p h th a le n e , 
th e  C - B r  b o n d -d is s o c ia t io n  e n e rg y  in  th e  t w o  c o m 
p o u n d s  is  q u o te d  as th e  sa m e  v a lu e , 7 0 .9  k c a l /m o le .29 
T h e r e fo r e , s in ce  th e  e le c tro n  a ff in ity  fo r  th e  h a lid e  
a to m  is  id e n t ic a l in  b o t h  cases , th e  d is s o c ia t iv e  s ta te  
g iv in g  A r  +  B r -  fo r  1 -b r o m o n a p h th a le n e  s h o u ld  b e  
s im ila r  t o  th a t  fo r  b ro m o b e n z e n e  as  g iv e n  in  F ig u re  4 . 
H o w e v e r , s in ce  n a p h th a le n e  itse lf  h a s  a  m e a su ra b le  
e le c tr o n  a ff in ity  o f  0 .1 5  e v 16 a n d  b e n z e n e  is  e x p e c te d  
t o  h a v e  a  n e g lig ib le  o r , m o r e  lik e ly , a  n e g a t iv e  e le c tr o n  
a ff in ity ,18’ 19 th e  p o te n t ia l e n e r g y  c u r v e  fo r  th e  s ta b le  
n e g a t iv e  io n  sh o u ld  b e  m u c h  lo w e r  fo r  1 -b r o m o n a p h 
th a le n e  c o m p a r e d  t o  b r o m o b e n z e n e . F u r th e rm o re ,

th e  n a p h t h y l ra d ic a l w o u ld  b e  e x p e c te d  to  h a v e  a  c o m 
p a ra b le  e le c t r o n  a ff in ity  t o  th a t  o f  th e  p h e n y l r a d ica l . 
I n  F ig u r e  4 , th e  e le c tro n  a ffin ities  fo r  th e  a r o m a t ic  ra d i
ca ls  h a v e  b e e n  a ssu m e d  t o  b e  id e n t ica l. T h e  e le c tr o n  
a ff in ity  fo r  1 -b r o m o n a p h th a le n e  h a s  b e e n  e s t im a te d  b y  
a d d in g  th e  e f fe c t  o f  a  B r  su b s t itu e n t  t o  th e  e le c t r o n  
a ff in ity  o f  n a p h th a le n e . F r o m  h a lf -w a v e  r e d u c t io n  
p o te n t ia ls  a n d  ch a rg e -tra n s fe r  s p e c tra , th e  e f fe c t  o f  
b r o m o  s u b s t itu e n t  o n  q u in o n e  in cre a se d  th e  e le c tr o n  
a ff in ity  b y  0 .2  e v .30 T h is  v a lu e  o f  0 .2  e v  w a s  a d d e d  t o  
th e  e le c tr o n  a ff in ity  o f  n a p h th a le n e  to  g iv e  a n  e s t im a te d  
e le c tr o n  a ff in ity  o f  0 .3 5  e v  fo r  1 -b r o m o n a p h th a le n e . 
T h is  e s t im a te  o f  e le c tr o n  a ff in ity  w a s  u s e d  t o  d r a w  
th e  p o te n t ia l  e n e r g y  c u rv e  fo r  th e  s ta b le  n e g a t iv e  io n  
o f  1 -b r o m o n a p h th a le n e  in  F ig u r e  4  (d a s h e d  c u r v e ) .  
T h e s e  c u rv e s  in  F ig u r e  4  su g g e s ts  th a t  1 -b r o m o n a p h 
th a le n e  m a y  g o  th r o u g h  th e  fcifc2/fc _ i  m e c h a n is m  w ith  a 
lo w e r  e n e r g y  o f  a c t iv a t io n  a n d  a  h ig h e r  c a p tu r e  o f  
e le c tro n s  c o m p a r e d  to  b r o m o b e n z e n e . T h is  in te r p r e 
ta t io n  is  s u p p o r te d  b y  th e  o b s e r v a t io n s  s h o w n  in  
F ig u r e  2 a n d  T a b le  I I I .  I n  b r o m o b e n z e n e , th e  kjc2/ 
k-1 o r  th e  kn m e ch a n is m  o r  b o t h  m a y  b e  im p o r ta n t . 
S h o r t ly , i t  w ill  b e  s h o w n  w h y  w e  fa v o r  th e  fo r m e r  
m e ch a n ism .

Table I I I  : Bond Energies for Some Bromobenzenes

Compound
D(C-Br),
kcal/mole

Bromobenzene 71,° 70.91
p-ClCeEUBr 70.3'
m-ClC6H 4Br 69.9'
o-ClC6H4Br 69.7'
p-CH3C6H4Br 70.7'
m-CH3C6H4Br 70.7'
o-CH3C6H4Br 70.1'

“ P. Smith, J. Chem. Phys., 29, 681 (1958). 6 M. Szware, 
ibid., 20, 1170 (1952). '  M. Szware and D. Williams, Proc. Roy. 
Soc. (London), A219, 353 (1953).

(27) A. F. Gaines and F. M. Page, Trans. Faraday Soc., 59, 1266 
(1963).
(28) In a more recent paper, Christophorou, et al. (L. G. Christo- 
phorou, R. N. Compton, G. S. Hurst, and P. W. Reinhardt, J. Chem. 
Phys., 43, 4273 (1965)), describe a procedure which combines elec
tron-swarm data with electron-beam measurements to obtain absolute 
cross sections for electron attachment as a function of electron 
energy. The maximum for o-chlorotoluene differs from the maxi
mum obtained from electron-swarm or electron beam measurements. 
A similar investigation of bromobenzene should be made and the 
energy of the true maximum should be used in place of rhe 0.76 ev 
(17.5 kcal/mole) quoted above.
(29) T. L. Cottrell, “ The Strength of Chemical Bonds,’ ’ Academic 
Press Inc., New York, N. Y., 1958.
(30) K. M. C. Davis, P. R. Hammond, and M. E. Peover, Trans. 
Faraday Soc., 61, 1560 (1965).
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Table IV : Activation Energy for Dissociative Electron Attachment Related to Energy Change for the Process (kcal/mole)“

Compound Formula E * Da-b E A n h Dab — EAb

Carbon tetrachloride CC14 -0 .0 5  ±  0.22 67.9 ±  3" 83.16 - 1 5 .3  ±  3
Chloroform CHCls 3 .1 0 ±  0.26 71.4 ±  2° 83.16 - 1 1 .8  ±  2
Methylene chloride CHoCh 7.54 ±  0.24 75 ±  2° 83.16 - 8 .2  ±  2
m-Dichlorobenzene m-Cl2C6H 4 6.54 ±  0.29 87*' 83.16 +  3.8
o-Dichlorobenzene o-C12C6H 4 6.91 ±  0.29 87*' 83.16 +  3.8
1-Chloronaphthalene 1-CICioH, 9.87 ±  0.29 87*' 83.16 +  3.8
n-Propyl bromide C3H,Br 7.89 ±  0.55 64 ±  36 77.55 - 1 3 .6  ±  3
Bromobenzene C6H 6Br 5.92 ±  0.33 70.9 ±  1 .5d 77.55 - 6 .6  ±  1.5
1 -Bromonaphthalene 1-BrCioH, 1.75 ±  0.43 70.9“* 77.55 - 6 .6
Ethyl iodide C J I J 1.07 ±  0.20 52.9 ±  1.0/ 70.63 - 1 7 . 7  ±  1.0
Iodobenzene C6H 5I 1.55 ±  0.31 57 ±  2.5d,e 70.63 - 1 3 .6  ±  2.5

3 The literature values quoted in this paper are, in the author’s opinion, the best presently available. No attempt has been made 
to give recognition of possibly earlier or more recent estimates with similar or less reliability. 6 Bond dissociation energies for CH3-B r 
and C ilR -B r are 67 and 65 kcal/mole, respectively, according to T. L. Cottrell.23 This difference is in line with the change from CH3- I  
to C2H 5- I.  On this basis, we have estimated the value for propyl bromide. c P. Goldfinger and G. Martens, Trans. Faraday Soc., 57, 
2220 (1961). d M. Szwarc and D. Williams, J. Chem. Phys., 20, 1171 (1952). 6 M. Szwarc, Chem. Rev., 47, 75 (1950). 1 D. B. Hartley 
and S. W. Benson, J. Chem. Phys., 39, 132 (1963). a J. B. Farmer, et al., ibid., 24, 348 (1956). h R. S. Berry and C. W. Riemann, 
ibid., 38, 1540 (1963). ’ C -C l bond dissociation energy is taken to be that of chlorobenzene on the basis of previous discussion of the 
data in Table III. Chlorobenzene bond dissociation from S. W. Benson, “Foundations of Chemical Kinetics.”

I f  th e  u p p e r  l im it  f o r  th e  e le c t r o n -c a p tu r e  co e ff ic ie n t  
o f  ch lo r o b e n z e n e  is  c o r r e c t , th e n  th e  d a ta  fo r  th e  d is u b - 
s t itu te d  0 -  a n d  m -d ic h lo r o b e n z e n e s  a lso  su g g e s t  th a t  
th e  in te rm e d ia te  s ta b le  n e g a t iv e  io n  m e ch a n is m  is 
o p e r a t iv e . T h e  C - C l  b o n d  d is s o c ia t io n  e n e r g y  fo r  
ch lo r o b e n z e n e  is  p r o b a b ly  c lo s e  t o  th a t  o f  th e  C - C l  
b o n d  fo r  th e  0 - a n d  m -d ic h lo r o s u b s t it u t e d  b e n z e n e s . 
S u p p o r t  fo r  th is  s u p p o s it io n  e x is ts  in  th e  c o m p a r is o n  
o f  C - B r  b o n d  d is s o c ia t io n  e n erg ies  fo r  se v e ra l su b 
s t itu te d  b r o m o b e n z e n e s  w ith  th a t  fo r  u n s u b s t itu te d  
b ro m o b e n z e n e  as  s h o w n  in  T a b le  I I I .

T h e  e le c t r o n -c a p tu r e  c o e ff ic ie n t  fo r  th e  d is u b s t itu te d  
c o m p o u n d s  is  w e ll a b o v e  e v e n  a n y  u p p e r  l im it  e s t im a te  
fo r  th e  c h lo ro b e n z e n e , a n d  a g a in  a c c o r d in g  t o  th e  p r o 
p o s e d  m e ch a n ism s  o n e  m u s t  a ssu m e  th a t  th e  in te r 
m e d ia te  s ta b le  n e g a t iv e  io n  p la y s  a n  im p o r ta n t  ro le  
in  th e  d ic h lo r o b e n z e n e s . A p p a r e n t ly , th e  p re se n ce  o f  
tw o  ch lo r o  s u b s t itu e n ts  in crea ses  th e  e le c tr o n  a ff in ity  
su ffic ie n t ly  t o  b e  e f fe c t iv e  in  d e te rm in in g  th e  m e c h a 
n ism  o f  th e  o v e r -a l l  d is s o c ia t iv e  e le c t r o n -a t ta c h m e n t  
p ro ce ss .

A  s im ila r  s itu a t io n  o c c u r s  w ith  1 -ch lo ro n a p h th a le n e , 
w h e re  it  is e x p e c te d  t o  h a v e  an  e le c t r o n  a ff in ity  g re a te r  
th a n  th a t  o f  n a p h th a le n e . I n  fa c t , th e  p o s it iv e  s lo p e  
a t lo w e r  te m p e ra tu re s  f o r  th is  c o m p o u n d  o ffe rs  p o s it iv e  
p r o o f  th a t  a  n e g a t iv e  m o le c u le  io n  fo rm s .

S in ce  th e re  are  n o  lo w -ly in g  v a c a n t  ir o r b ita ls  in  th e  
a lip h a t ic  h a lid e s , th e  e le c tr o n  a ffin ities  fo r  th e se  c o m 
p o u n d s  sh o u ld  b e  n e g lig ib le , a n d  d is s o c ia t iv e  e le c tro n  
a t ta c h m e n t  p r o b a b ly  g o e s  b y  th e  kn m e ch a n ism . I n  
c o n tr a s t  t o  th e  p r e v io u s ly  m e n t io n e d  d iffe re n ce s  b e 

tw e e n  th e  m o n o s u b s t itu te d  b e n z e n e s  a n d  th e  m o n o -  
s u b s t itu te d  n a p h th a le n e s  o r  d is u b s t itu te d  b e n ze n e s , 
c o m p a r is o n  o f  io d o b e n z e n e  w ith  e th y l  io d id e  a n d  b r o m o 
b e n z e n e  w ith  n -p r o p y l  b r o m id e  re v e a ls  a  m u c h  sm a lle r  
d if fe re n ce  in  a c t iv a t io n  e n e rg y  fo r  d is s o c ia t iv e  e le c tro n  
a t ta c h m e n t . H o w e v e r , in  m a k in g  th e se  c o m p a r is o n s  
in  a c t iv a t io n  en erg ies , o n e  m u s t  a lso  c o n s id e r  th e  d if 
fe re n ce s  in  b o n d  d is s o c ia t io n  e n e rg y . A s  ca n  b e  seen  
f r o m  th e  d a ta  in  T a b le  I V  re la t iv e  t o  th e  a c t iv a t io n  
e n erg ies , th e  b o n d  en erg ies  fo r  th e  a r o m a t ic  h a lid es  
are  s ig n ifica n t ly  la rg e r  th a n  th e  co r r e s p o n d in g  a lip h a t ic  
h a lid e s . T a k in g  th is  in to  co n s id e r a t io n , b r o m o -  a n d  
io d o b e n z e n e s  p r o b a b ly  u n d e r g o  d is s o c ia t iv e  e le c tr o n  
a t ta c h m e n t  b y  th e  /cifc2/fc _ i  m e ch a n ism . T h e  e le c tr o n  
a ffin ities  o f  b r o m o -  a n d  io d o b e n z e n e s  are  sm a ll a n d  
p o s s ib ly  e v e n  n e g a t iv e  as il lu s tra te d  in  F ig u re  4 . M a s s  
s p e c tr o m e tr ic  a n a ly s is  o f  th e  n e g a t iv e  io n s  w o u ld  b e  
re q u ire d  to  c o n fir m  th e  e x is te n ce  o f  th e  in te r m e d ia te  
m o le cu la r  n e g a t iv e  io n . T h e  c o n c e n tr a t io n  o f  th e  
m o le cu la r  n e g a t iv e  io n  w o u ld  p r o b a b ly  b e  v e r y  lo w  
c o n s id e r in g  th e  e x p e c te d  lo w  e le c t r o n  a ff in ity . T h e  
p o te n t ia l  e n e r g y  c u rv e s  in  F ig u r e  4  are  d ra w n  so  th a t  
th e  fcifc2/fc _ i m e ch a n is m  fo r  b r o m o b e n z e n e  re q u ire s  
th e  5 .9 - lc c a l /m o le  e n e r g y  o f  a c t iv a t io n . T h e  kn m e c h 
a n ism  a c c o r d in g  t o  F ig u re  4  w o u ld  h a v e  a  h ig h e r  e n e rg y  
o f  a c t iv a t io n . I f  b r o m o b e n z e n e  d is s o c ia te s  a c c o r d in g  
t o  th e  fci/c2/fc _ i  m e ch a n ism , th e n  m o s t  c e r ta in ly  b r o m o -  
n a p h th a le n e  w ith  a  g re a te r  e le c t r o n  a ff in ity  w o u ld  g o  
b y  th e  sa m e  m e ch a n ism .

A s  m e n t io n e d  earlier, F r o s t  a n d  M c D o w e l l8 fo u n d  a 
co r r e la t io n  b e tw e e n  th e  e le c tr o n  e n e r g y  a t  th e  m a x i

Volume 71, Number 6 May 1967



1664 W. W entworth, R. Becker, ane R. T ung

m u m  cro ss  s e c t io n  fo r  h y d r o g e n  h a lid e s  a n d  th e  d iffe r 
e n ce  b e tw e e n  th e  e le c tr o n  a ff in ity  o f  th e  h a lo g e n  a to m  
a n d  th e  b o n d  d is s o c ia t io n  e n e rg y . T h e ir  m e ch a n ism  
fo r  d is s o c ia t iv e  e le c tr o n  a tta c h m e n t  is  th e  sa m e  as 
o u r  fe12 m e c h a n is m ; h o w e v e r , t h e y  a p p a r e n t ly  m ea su re  
th e  v e r t ic a l  tra n s it io n  t o  th e  d is s o c ia t iv e  p o te n t ia l 
e n e r g y  c u rv e . W e  in te rp re t  o u r  en erg ies  o f  a c t iv a 
t io n  as th e  d iffe re n ce  in  e n e r g y  b e tw e e n  th e  cro ss in g  
p o in t  o f  th is  p o te n t ia l e n e rg y  c u rv e  w ith  th e  g r o u n d - 
s ta te  p o te n t ia l e n e rg y  c u rv e  fo r  th e  n e u tra l m o le cu le  
a n d  th e  z e r o -p o in t  v ib r a t io n a l le v e l o f  th e  g r o u n d  sta te  
fo r  th e  n e u tra l m o le c u le  (Z?i2  in  F ig u re  3 A ) .  I n  a 
s im ila r  m a n n er , w e  w o u ld  e x p e c t  a  r o u g h  co r re la t io n  
b e tw e e n  o u r  en erg ies  o f  a c t iv a t io n  a n d  th e  d iffe re n ce  
b e tw e e n  th e  e le c tr o n  a ff in ity  o f  th e  h a lo g e n  a to m  a n d  
th e  b o n d  d is s o c ia t io n  e n e r g y  fo r  th o s e  m o le cu le s  w h ic h  
w e  e x p e c t  g o  th r o u g h  th e  fci 2  m e ch a n ism . T h e  co r 
re la t io n  w o u ld  n o “ b e  e x p e c te d  t o  b e  p e r fe c t  e v e n  in  
th e  a b se n ce  o f  e x p e r im e n ta l errors . S u c h  d a ta  are 
ta b u la te d  in  T a b le  I V  a lo n g  w ith  s im ila r  d a ta  fo r  c o m 
p o u n d s  w h ic h  a p p a r e n t ly  g o  b y  th e  fcifc2 / f c - i  m ech a n ism .

H ic k a m  a n d  B e r g  h a v e  in v e s t ig a te d  th e  d is s o c ia t iv e  
e le c t r o n  a tta c h m e n t  t o  C C I 4 , C C I 3F , C C 1 2F 2, C H C 1 2F , 
a n d  C C I F 3 as a  fu n c t io n  o f  e n e rg y , o b s e r v in g  C l~  a p 
p e a ra n ce  o n  th e  m a ss s p e c tro m e te r . T h e  a p p e a ra n ce  
o f  S F 6_  fr o m  e le c tr o n  a t ta c h m e n t  t o  S F 6 w a s  a lso  ru n  
as a  re fe re n ce  a lo n g  w ith  e a ch  c o m p o u n d . S F 6 a p 
p a r e n t ly  ca p tu re s  e le c tro n s  o v e r  a v e r y  n a rro w  e n e rg y  
b a n d  w ith  th e  m a x im u m  a t v e r y  lo w  en erg ies . T h e  
d iffe re n ce  in  e le c t r o n -a c c e le r a t in g  v o lt a g e  a t th e  p e a k  
m a x im u m  fr o m  th a t  fo r  S F 6~ fo r  th e se  c o m p o u n d s  is  as 
fo l lo w s : C C I 4 , 0 .1  v ;  C C 1 3F , 0 .2  v ;  C C 1 2 F 2, 0 .8  v ;  
C H C 1 2F , 0 .8  v .  W e  h a v e  n o t  in v e s t ig a te d  th e se  sa m e 
c o m p o u n d s , e x c e p t  fo r  C C I 4 . H o w e v e r , w e  h a v e  
s tu d ie d  so m e  o f  th e  series w ith  F  re p la c e d  b y  H  a n d  o n e  
w ill n o te  w ith  re fe re n ce  t o  T a b le  I V  th a t  th e  a b o v e  
o r d e r  is  id e n t ic a l w ith  th a t  o f  th e  a c t iv a t io n  en erg ies  
fo r  C C I 4 , C C I 3H , a n d  C C 1 2H 2. A g a in , it  a p p e a rs  th a t  
w e  are  p r o b a b ly  m e a su r in g  th e  sa m e  tr a n s it io n  t o  a  
d is s o c ia t iv e  s ta te , e x c e p t  th a t  w e  a re  p r o m o t in g  th e  
tr a n s it io n  b y  th e rm a l m ea n s . I n  H ic k a m  a n d  B e r g ’ s 
w o rk , a n d  o th e rs  u s in g  th is  te c h n iq u e , th e  tra n s it io n  
o c c u r s  b y  in cre a s in g  th e  e le c tro n  e n e r g y  o n ly .

A  m o r e  r e ce n t  p a p e r  b y  C h r is to p h o r o u , et al.,u d e 
scr ib e s  d is s o c ia t iv e  e le c tro n  a t ta c h m e n t  b y  so m e  
c h lo r o - , b r o m o - , a n d  n itro b e n z e n e  d e r iv a t iv e s . I t  is  
s ta t e d 3 1  th a t  th e  re su lts  c o n tr a d ic t  a  p r e v io u s ly  re
p o r te d  in te rp re ta t io n  b y  W e n t w o r t h  a n d  B e c k e r 17  

th a t  th is  g ro u p  o f  m o le cu le s  ca p tu re s  lo w -e n e r g y  e le c 
t r o n s  th r o u g h  a  n o n d is s o c ia t iv e  re so n a n ce  p ro ce ss . 
H o w e v e r , W e n t w o r t h  a n d  B e c k e r 17 m a k e  n o  m e n t io n  
o r  in fe re n ce  th a t  h a lo g e n a te d  b e n z e n e s  fo r m  sta b le  
n e g a t iv e  io n s . I n  a  m o r e  r e ce n t  p u b lic a t io n , 16 it  w a s

su g g e s te d  th a t  d is s o c ia t iv e  a n d  n o n d is s o c ia t iv e  e le c 
t r o n  a tta c h m e n t  ca n  b e  d if fe re n t ia te d  b y  th e  te m p e r a 
tu re  d e p e n d e n ce  o f  th e  e le c t r o n -a t ta c h m e n t  p r o c e s s  
a t  th e rm a l en erg ies . I t  w a s  s ta te d  th a t  c h lo ro , b r o m o , 
a n d  io d o  c o m p o u n d s  p r o b a b ly  d is s o c ia te  u p o n  e le c t r o n  
a t ta c h m e n t . T h e  in te r p r e ta t io n  in  th e  p re se n t  in 
v e s t ig a t io n  is  in  fu ll a c c o r d  w ith  n o t  o n ly  o u r  p r e v io u s  
p u b lic a t io n s , 1 6 ' 17 b u t  a lso  w ith  th e  w o r k  o f  C h r is to 
p h o r o u , et al. 3 1

C o n c lu s io n s

1. T h e  e le c t r o n -a t ta c h m e n t  co e ff ic ie n ts  w ith  th e r m a l 
e le c tro n s  in cre a se  w ith  in cre a s in g  te m p e r a tu r e  (e x c e p t  
fo r  CCI4) fo r  s o m e  a lip h a t ic  a n d  a r o m a t ic  c h lc r o , b r o m o , 
io d o  c o m p o u n d s . A p p a r e n t ly , in  th e se  c o m p o u n d s  th e  
m o le cu la r  n e g a t iv e  io n  is  n o t  s ta b le  w ith  re s p e c t  t o  
d is s o c ia t io n  in to  a n o th e r  io n  a n d  ra d ic a l . T h is  t e m 
p e ra tu re  d e p e n d e n c y  is  o p p o s ite  t o  th a t  p r e v io u s ly  o b 
s e r v e d  fo r  c o m p o u n d s  w h ic h  are  e x p e c te d  t o  fo r m  s ta b le  
n e g a t iv e  io n s . I t  is  s u g g e s te d  th a t  th e  te m p e ra tu re  
d e p e n d e n c y  ca n  b e  u se d  t o  d is t in g u is h  b e tw e e n  e le c tr o n  
a t ta c h m e n t  fo r m in g  a  s ta b le  n e g a t iv e  io n  a n d  d is 
s o c ia t iv e  e le c tro n  a tta c h m e n t  in  m o s t  cases .

2 . T w o  p o s s ib le  m e ch a n ism s  a re  p r o p o s e d  fo r  d is 
s o c ia t iv e  e le c t r o n  a t ta c h m e n t , b o t h  o f  w h ic h  ca n  re 
q u ire  an  e n e r g y  o f  a c t iv a t io n  w h ic h  ca n  b e  o b s e r v e d  
e x p e r im e n ta lly . O n e  m e c h a n is m  is  th e  d ir e c t  d is s o c ia 
t io n  o f  th e  m o le c u le  u p o n  e le c tr o n  a t ta c h m e n t  in  w h ic h  
th e  m o le c u le  a n d  e le c tro n  p o sse ss  th e  n e c e s s a r y  a c t i
v a t io n  e n e r g y  fo r  d is s o c ia t io n . T h e  e n e r g y  o f  a c t i
v a t io n  in  th is  ca se  is  th e  e n e r g y  a b o v e  th e  z e r o -p o in t  
e n e r g y  o f  th e  m o le c u le  a t  w h ic h  th e  p o te n t ia l  e n e r g y  o f  
a  d is s o c ia t iv e  s ta te  crosses  th a t  o f  th e  g r o u n d  s ta te  o f  
th e  m o le cu le . T h is  m e ch a n ism  h a s  b e e n  p r o p o s e d  
b e fo r e  b y  o th e r  in v e s t ig a to r s . T h e  o th e r  m e c h a n is m  
in v o lv e s  th e  fo r m a t io n  o f  a n  in te rm e d ia te  s ta b le  n e g a 
t iv e  io n  w h ic h  in  tu rn  ca n  e ith e r  lo se  th e  e le c t r o n  o r  
u n d e r g o  d is s o c ia t io n  in to  th e  h a lid e  a n d  io n  a n d  a  
ra d ica l. I n  th is  la t te r  ca se , th e  e n e r g y  o f  a c t iv a t io n  is 
th e  e n e r g y  a b o v e  th e  z e r o -p o in t  e n e r g y  o f  th e  m o le c u le  
a t  w h ic h  th e  p o te n t ia l e n e rg y  c u r v e  o f  a  d is s o c ia t iv e  
s ta te  crosses  th a t  o f  th e  g ro u n d  s ta te  o f  th e  in te r m e 
d ia te  n e g a t iv e  ion .

3 . C o m p a r is o n  o f  resu lts  su g g e sts  th a t  th e  a lip h a t ic  
c h lo r o , b r o m o , a n d  io d o  d e r iv a t iv e s  p r o b a b ly  u n d e rg o  
d is s o c ia t iv e  e le c tr o n  a t ta c h m e n t  b y  th e  d ir e c t  m e c h 
a n ism  w h erea s  th e  1 -c h lo r o -  a n d  1 -b r o m o n a p h th a le n e s  
a n d  0 -  a n d  m -d ic h lo r o b e n z e n e s  p r o b a b ly  g o  b y  th e  in te r 
m e d ia te  n e g a t iv e  io n  m e ch a n ism . B r o m o -  a n d  io d o -  
b e n z e n e s  a p p e a r  t o  u n d e rg o  d is s o c ia t iv e  e le c t r o n  a t t a c h 

(31) L. G. Christophorou, R. N. Compton, G. S. Hurst, and P. W. 
Reinhardt, J. Chem. Phys., 45, 536 (1966).
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m e n t b y  th e  la t te r  m e ch a n ism , b u t  th e  e le c tro n  a ff in ity  
o f  th e  m o le c u le  is  m o s t  l ik e ly  q u ite  sm a ll a n d  p r o b a b ly  
n e g a t iv e .
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A n  e x p e r im e n ta l s tu d y  h a s  b e e n  m a d e  o f  th e  n e u tra liz a t io n  o f  a  s t r o n g -a c id  io n  e x ch a n g e r  
b y  s tr o n g -b a s e  s o lu t io n s . T h e  k in e t ic  d a ta  o b ta in e d  in  a  w e ll-s t ir re d  b a t c h  r e a c to r  w ere  
f o u n d  t o  b e  s e lf -c o n s is te n t  a n d  t o  a gree  c lo s e ly  w ith  th e  m o d e l  p r o p o s e d  b y  H e lffe r ic h  fo r  
th e  c o n d it io n s  o f  film  d iffu s io n  c o n tr o lle d  re a c t io n .

Introduction
T h e  ra te s  o f  io n  e x ch a n g e  c o u p le d  w ith  r e a c t io n  

h a v e  r e c e n t ly  b e e n  e x p lo r e d  in  d e p th  b y  H e lf fe r ic h .1 
H e  h a s  d e v e lo p e d  th e  firs t  d e ta ile d  th e o r e t ic a l a n a ly s is  
o f  fo u r  d if fe re n t  e x c h a n g e -r e a c t io n  sy s te m s  a n d  h a s  
p re se n te d  a  c o l le c t io n  o f  ra te  la w s  f o r  e a ch  s y s te m  
u n d e r  c o n d it io n s  o f  in tra p a r t ic le  a n d  e x te rn a l film  
d iffu s io n  ra te  c o n tr o l. H e lf fe r ic h ’ s a n a ly s is  rests  on  
th e  c u s to m a r y  s im p lify in g  a s s u m p tio n s  u sed  in  d e 
s c r ib in g  th e  io n -e x c h a n g e  p ro ce ss , in c lu d in g  th e  c o u p le d  
e ffe c ts  o f  c o n c e n tr a t io n  a n d  e le c tr ica l p o te n t ia l g ra d ie n ts  
o n  th e  d if fu s io n  o f  io n ic  sp ecies .

T h e  p re se n t  w o r k  w a s  u n d e r ta k e n  t o  p r o v id e  a n  e x 
p e r im e n ta l te s t  o f  th e  firs t  o f  th e  p ro ce sse s  e n u m e ra te d  
b y  H e lffe r ich , th e  irre v e rs ib le  c o n s u m p tio n  b y  c h e m ic a l 
r e a c t io n  o f  c o u n te r io n s  re lea sed  fr o m  th e  so lid  e x ch a n g e r  
d u r in g  th e  e x ch a n g e  p ro ce ss . T h e  resu lts  p re se n te d  
b e lo w  in d ic a te  th e  a n a ly s is  t o  b e  v a lid  a n d  fu rn ish  
n u m e r ica l v a lu e s  fo r  th e  m o d e l  p a ra m e te rs .

Theory
T h e  b a s ic  r e a c t io n  s ch e m e  u n d e r  c o n s id e ra t io n  is 

illu s tra te d  b y

H +  +  M +  +  O H -  — M +  +  H 20  (1 )

w h e re  th e  b a rre d  q u a n t it ie s  re p re se n t sp e c ie s  in  th e  
resin  p h a se . I t  is a ssu m ed  th a t  b o t h  th e  a c id - fo r m  
resin  a n d  th e  n e u tra liz in g  b a se  a re  c o m p le t e ly  d is 
s o c ia te d , w h ile  th e  w a te r  p r o d u c e d  b y  th e  r e a c t io n  is d is 
s o c ia te d  o n ly  t o  its  u su a l s lig h t  e x te n t . I t  is a lso  
a ssu m ed  th a t  th e  resin  p a r t ic le s  a re  u n ifo r m  sp h eres , 
th a t  th e  s y s te m  rem a in s  is o th e rm a l, a n d  th a t  p h y s ic a l 
p r o p e r t ie s  o f  th e  v a r io u s  sp ec ies  re m a in  c o n s ta n t .

T h e  o b s e r v a b le  ra te  o f  th e  p ro ce s s  w h ic h  o c c u r s  
w h e n  a c id - fo r m  resin  p a rtic le s  a n d  b a s ic  s o lu t io n  are  
c o n ta c te d  in  a  b a tc h  r e a c t io n  v e sse l w ill b e  c o n tr o lle d  
b y  d iffu s io n  o f  th e  v a r io u s  r e a c ta n t  sp e c ie s , i.e., d i f -

(1) F. Helfferich, J. Phys. Chem.. 69, 1178 (1965).
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fu s io n  o f  b a se  in  th e  so lu t io n  o u ts id e  th e  p a r t ic le  a n d /o r  
in te rd iffu s io n  o f  H +  a n d  M +  io n s  w ith in  th e  p a rtic le . 
F o r  th e  ca se  a t  h a n d  th e  r a te -c o n t r o llin g  p ro ce s s  is 
ta k e n  t o  b e  d iffu s io n  o f  r e a c t in g  sp ec ies  in  th e  so lu 
t io n  s u rro u n d in g  th e  p a rtic le s . T h is , in  e ffe c t , m ea n s  
th a t  d iffu s io n  w ith in  th e  p a r t ic le  is fa s t  e n o u g h  t o  e lim i
n a te  a n y  c o n c e n tr a t io n  g ra d ie n ts  in  th e  resin  p h a se . 
T h e  e x te rn a l d iffu s io n  p ro ce ss  m a y  b e  c o n v e n ie n t ly  
id e a liz e d  as ta k in g  p la c e  a cross  a  th in  re g io n  o f  th ic k 
n ess  S lo c a t e d  a t  th e  p a r t ic le -s o lu t io n  in te r fa ce , w ith  
n o  c o n c e n tr a t io n  g ra d ie n ts  e x is t in g  in  th e  so lu t io n  
o u ts id e  th is  film . I n  th e  ca se  o f  n e u tra liza t io n , th e  
o n ly  io n ic  sp e c ie s  e x is t in g  in  th e  so lu t io n  a re  th e  M  + 
a n d  O H -  ion s . T h e s e  d iffu se  to g e th e r  a cro ss  th e  film  
t o  th e  p a r t ic le  su r fa ce  w h e re  th e  M +  io n s  e n te r  th e  
res in  p h a se  a n d  are re p la c e d  in  so lu t io n  b y  H +  ion s . 
T h e  la t te r  im m e d ia te ly  r e a c t  w ith  th e  O H -  io n s  o f  th e  
s o lu t io n  t o  p r o d u c e  in e rt  w a te r . T h e  c o n d it io n s  fo r  
fi lm  d iffu s io n  c o n tr o l  o f  th e  o v e r -a ll  e x ch a n g e  ra te  are  
w e ll k n o w n  a n d  co m p r is e  m a in ly  sm a ll p a r t ic le  s ize  
a n d  lo w  so lu t io n  c o n ce n tra t io n s .

F o llo w in g  H e lf fe r ic h ,1 o n e  m a y  d e r iv e  ra te  law s 
fo r  th is  p ro ce ss . I t  sh o u ld  b e  n o te d  th a t  th e se  la w s  
fo l lo w  t w o  re la te d  b u t  d is t in c t  fo rm s , d e p e n d e n t  u p o n  
th e  r e la t iv e  io n ic  c a p a c it y  o f  th e  s o lu t io n  a n d  resin  
p h a ses . T h u s , w h e n  CV <  CV, th e  fr a c t io n a l a p p r o a c h  
t o  e q u ilib r iu m  F(t) is g iv e n  b y

rr/A i (  3 D MOh F ,\
m  - 1 -  expr ^ T r v  (2)

H o w e v e r , w h e n  CV  >  CV

3 H m oh  F \~[ 

r0VS 7J (3)

f o r  0  <  t <  ta, w h e re

a n d

r0VS (  C V \  
30mohF -  C V /

m  =  i

(4)

(5)

fo r  t >  t„. I t  s h o u ld  b e  n o t e d  th a t  fo r  v e r y  sm a ll 
ra t io s  o f  V t o  V, e q  3 b e c o m e s  lin ear, a s  sh o w n  in

_  3 Z )m o h C  
r0SC (6 )

fo r  0  <  t <  t0. T h is  c o r r e s p o n d s  t o  th e  ca se  o f  in fin ite  
s o lu t io n  c a p a c it y  in  w h ic h  th e  e x ch a n g e  p r o d u c e s  
n e g lig ib le  ch a n g e s  in  th e  s o lu t io n  c o m p o s it io n . F u ll 
d e ta ils  o f  th e  d e r iv a t io n  o f  th e se  e q u a tio n s  a re  g iv e n  
e lse w h e re .1-3

E x p e r im e n ta l S e c t io n

T h e  g o a l  o f  th e  e x p e r im e n ta l p r o g r a m  w a s  t o  te s t  
th e  a p p lic a b il i ty  o f  th e  ra te  la w s  d e s c r ib e d  a b o v e . 
T h e  a p p a ra tu s  co n s is te d  o f  a  w e ll-s t ir re d  v e sse l in  
w h ic h  so lu t io n s  o f  s tr o n g  b a se  c o u ld  b e  c o n t a c t e d  w ith  
th e  a c id - fo r m  resin . R e a c t io n  w a s  in it ia te d  b y  th e  
r a p id  in je c t io n  o f  res in  in to  th e  b a s ic  s o lu t io n  a n d  
m o n it o r e d  c o n t in u o u s ly  th e re a fte r  b y  m e a s u re m e n t  o f  
th e  e le c tr ica l c o n d u c t iv it y  o f  th e  so lu t io n .

T h e  c y lin d r ic a l r e a c to r  w a s  m a d e  o f  g la ss  a n d  P le x i
g la s  a n d  w a s  su rro u n d e d  b y  a  c o n s ta n t -te m p e r a tu r e  
b a th . T h e  so lu t io n  c o n d u c t iv it y  w a s  m e a s u re d  w it h  
a  c o m m e r c ia l c e ll m o u n te d  c e n tr a lly  in  th e  r e a c to r  
b a se . T h is  ce ll w a s  e x c ite d  b y  h ig h -fr e q u e n c y  a l
te rn a t in g  cu rre n t  a n d  its  re sp o n se  w a s  c o n t in u o u s ly  
r e c o r d e d . (T h e  p re se n ce  o f  res in  p a r t ic le s  in  th e  
s o lu t io n  w a s  fo u n d  t o  h a v e  a  n e g lig ib le  e f fe c t  o n  th e  
m e a su re d  c o n d u c t iv it ie s  in  th is  w o r k .)  S o lu t io n  c o n 
d u c t iv it ie s  w e re  la te r  re d u c e d  t o  e x te n ts  o f  r e a c t io n  b y  
su ita b le  ca lib ra t io n s .

T h e  res in  e m p lo y e d  w a s  D o w e x  5 0 W -X 8 .  T w o  
p a r t ic le -s iz e  fr a c t io n s  w e re  o b ta in e d  b y  w e t  s cre e n in g  
o f  s o d iu m -fo r m  resin . T h e  a c tu a l sizes u se d  w e r e  2 0 -  
25  m e sh  (0 .0 3 8 8 -c m  a v e ra g e  ra d iu s ) a n d  4 0 -5 0  m e sh  
(0 .0 1 7 9 -c m  a v e ra g e  ra d iu s ). M e a s u r e d  e x ch a n g e  
c a p a c it ie s  o f  th e se  fr a c t io n s  w e re  1 .77  a n d  1 .76  m e q u i v /  
m l, r e s p e c t iv e ly . T h e  b a ses  u sed  w e re  s o d iu m  a n d  
p o ta s s iu m  h y d r o x id e . S e v e ra l e x p e r im e n ts  w e r e  a lso  
m a d e  t o  c o m p a r e  th e  k in e t ic s  o f  o r d in a r y  io n  e x c h a n g e  
w ith  th e  n e u tra liz a t io n  r e a c t io n  a n d  s o d iu m  n itr a te  
so lu t io n s  w e re  u sed  fo r  th is  p u rp o se .

A l l  e x p e r im e n ts  w e re  ca rr ie d  o u t  a t  2 5 °  w it h  60 0  
m l o f  0 .0 0 5  N  r e a c ta n t  so lu t io n  in  o rd e r  t o  en su re  
film  d iffu s io n  ra te  c o n t r o l .2 3 E x p e r im e n ts  w e re  m a d e  
w ith  res in  sa m p les  o f  b o t h  s ize  ra n g es  in  a m o u n ts  o f  
5, 1, a n d  a p p r o x im a te ly  0 .0 3  m l ( t o  c o v e r  th e  ra n g e  o f  
c o n d it io n s  c o r re s p o n d in g  t o  e q  2 - 6 ) .  T h e  sa m p le s  
w e re  in je c t e d  in to  th e  r e a c to r  f r o m  s p e c ia lly  c o n 
s tr u c te d  sy r in g e s  t o  in it ia te  r e a c t io n . P r e v io u s  a t 
te m p ts  t o  s ta r t  r e a c t io n  b y  in je c t io n  o f  c o n c e n tr a te d  
s o lu t io n  w e re  less su cce ss fu l in  a p p r o x im a t in g  in itia l 
fi lm  d iffu s io n  c o n tr o l  b e ca u se  o f  th e  h ig h -c o n c e n tr a t io n  
re g io n s  w h ic h  p e rs is te d  in  th e  so lu t io n  fo r  1 o r  2 se c  
p r io r  t o  c o m p le te  d isp e rs io n  w ith in  th e  v e sse l. M o s t  
o f  th e  e x p e r im e n ts  w e re  d u p lic a te d  in  o rd e r  t o  c h e c k  
e x p e r im e n ta l r e p r o d u c ib il ity . F u r th e r  d e ta ils  o f  th e  
e x p e r im e n ta l a p p a ra tu s  a n d  te c h n iq u e s  a re  p re se n te d  
e lse w h e re .2,3

(2) R. A. Blickenstaff, M.S. Thesis, Northwestern University, 
Evanston, 111., 1965.
(3) J. D. Wagner, M.S. Thesis, Northwestern University, Evanston, 
111., 1966.
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Time (min.)

Figure 2. Experimental test of eq 3-5.

R esults and D iscussion

An experimental test of eq 2 was made first, using 
5 ml of resin. According to eq 2, a semilog plot of

T i m e  ( s e c . )

Figure 3. Comparison of ordinary exchange 
and exchange with reaction.

[1 — F(t)] vs. time should be linear. Data obtained 
with NaOH and the smaller particles are shown in 
Figure 1, which indicates excellent agreement with the 
required form as well as excellent reproducibility. The 
points shown are selected values taken from the con
tinuous experimental record.

Experiments were subsequently made with 1 ml 
of resin to test eq 3-5. In this case a semilog plot of 

CV
[1 — F(t) ] vs. time should be linear up to a critical

time, fc, and should remain constant thereafter. Data 
for NaOH are shown in Figure 2. Once again the fit 
and reproducibility are seen to be excellent. The 
results do not quite match the abrupt change in the 
theoretical curve, but do come acceptably close.

Similar results were obtained for the larger particle 
size and with KOH solutions as well.

Experiments were also made with NaN03 solution 
to demonstrate the differences between ordinary ion 
exchange and the neutralization reaction. The re
sults are shown in Figures 3 and 4 for 5 and 1 ml of 
resin, respectively. Also shown are the lines cor
responding to the NaOH data. These plots indicate
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Figure 4. Comparison of ordinary exchange 
and exchange with reaction.

that ordinary ion exchange does not conform to the 
exponential soluticns presented for the neutralization. 
(It should be realized that F(f) =  1.0 for ordinary ex
change corresponds to incomplete conversion of the 
resin owing to a finite equilibrium constant, as com
pared with complete resin conversion when irrever
sible neutralizations are considered.)

Finally, a partial test of eq 6 was made by reaction 
of an extremely small (imprecisely measured) resin 
sample. Note that for very small V, Fit) is indepen
dent of V. This should yield a linear plot, or at least 
a plot with a linear portion for small times. The ex
perimental data are shown in Figure 5, along with 
similar results for NaN03. The straight line which 
has been drawn through the early NaOH points can be 
seen to provide a good fit for F(t) up to at least 0 .8 . 
The NaNCh data deviate considerably from linear be
havior, again showing the difference between ordinary 
ion exchange and exchange coupled with reaction. 
In this case the ordinary ion exchange should also 
proceed to complete exhaustion of the resin because, of 
the small amount of resin present.

Thus far it has been shown that the experimental 
kinetic data for the neutralization reaction are in ex
cellent agreement with the form of the proposed theo
retical model and differ significantly from data for 
ordinary equilibrium-limited exchange. The model 
may be evaluated further by consideration of the 
values of the unknown parameter—D moh/5 . These 
can be found from the measured slopes of graphs such

as Figures 1, 2, and 5, and the known values of other 
experimental parameters. The results are summarized 
in Table I.

Table I  : Film Diffusion Control Rate Parameter

ro, V , DNaOH/S, D k o h /S ,
cm ml c m /s e c em /se e

0.0179 ~0 .0 3 0.0151 0.0193
0.0179 1.00 0.0154 0.0180
0.0179 5.00 0.0151 0.0187
0.0388 ~0 .0 3 0.0169
0.0388 1.00 0.0157
0.0388 5.00 0.0148

Av 0.0155 0.0187

These data provide further support for the theory, 
since the values found for each base with different 
amounts of resin are in close agreement. Further
more, the fact that results for two significantly dif
ferent particle sizes agree closely is strong verification 
for the model. It indicates that a particle-diffusion 
mechanism can hardly be expected to describe the
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process, since particle-size effects in that case are usu
ally dependent on the square of the particle radius, 
rather than the first power as in film diffusion.

Finally, it is of interest to compare the value of the 
model parameter for the two different bases studied. 
The data of Table I indicate

I>NaOH/5 noo
S i i  ■  ° ' 83

Although one might expect this ratio to agree with the 
ratio -DNaOH/RKOH, literature data4 indicate the latter 
to be 0.74 at infinite dilution. However, film mass- 
transfer coefficients have been found5 to vary with dif- 
fusivity to powers ranging from 0.5 to 1. Since the 
square root of 0.74 is 0.86, it is clear that the present 
results behave essentially as expected for mass-transfer 
coefficient. More definitive comparisons cannot be 
made with the present limited data. It is clear, how
ever, that the parameter 5 cannot be safely handled 
alone, but rather only in combination with diffusivity, 
as a mass-transfer coefficient.

Conclusions

The experimental data obtained in this study pro
vide strong verification of Helfferich’s model for ion

exchange coupled with irreversible reaction in the film 
diffusion controlled region. The data follow the theo
retical equations very closely, while differing signifi
cantly from data for ordinary ion exchange, and the 
model parameter is consistent with other mass-transfer 
studies.

N otation

C, mequiv/ml 
C, mequiv/ml

Di, cm2/sec 
F
r0, cm 
t, sec 
to, sec 
V, ml 
V, ml 
S, cm

Initial solution concentration 
Concentration of fixed ionic groups in the solid 

exchanger
Diffusion coefficient for species i 
Fractional attainment of equilibrium 
Radius of exchanger particle 
Time
Time for complete reaction 
Solution volume 
Resin volume 
Film thickness
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The Kinetics of Ion Exchange Accompanied by Irreversible Reaction. II. 

Intraparticle Diffusion Controlled Neutralization of a Strong 

Acid Exchanger by Strong Bases

by R . A . B lickenstaff, J . D . W a gn er, and J. S . D ranoff

Department of Chemical Engineering, Northwestern University, Evanston, Illinois {Received September 20, 1966)

An experimental study has been made of the neutralization of a strong-acid ion exchanger 
by strong-base solutions in the intraparticle diffusion controlled region. Data obtained in 
a well-stirred batch reactor were consistent with the theory of Helfferich and yielded 
reasonable values for intraparticle diffusivities. However, the results have also shown that 
the model fails to account properly for the effects of different co-ions.

Introduction

This paper presents the results of an experimental 
study of the rate of neutralization of a strong-acid 
ion exchanger by strong-base solutions. Part I 1 

presented a verification of theoretical models for this 
process under conditions of film diffusion control of 
the observable rate. Part II is concerned with the 
regime of intraparticle diffusion control. Results to 
be exhibited below indicate the theory of Helfferich2 

to be essentially valid, with one exception, in this range 
as well. The data to be reported were obtained as 
outlined in part I and by an additional technique in
volving a specially constructed cage reactor.

Theory

As before, the basic reaction under consideration is 
the neutralization illustrated in eq 1

H+ +  M + +  O H - — > M + +  H20  (1)
where barred quantities represent species in the resin 
phase. The reaction is considered to take place 
in a well-stirred batch reactor under conditions of 
intraparticle diffusion control, i.e., high solution con
centrations, large particle size, and vigorous solution 
agitation. Thus, there are no concentration gradients 
in the solution phase, while the presence of OH“  ions 
there keeps the concentration of H+ ions essentially 
equal to zero everywhere outside the particle. (The 
OH-  ions are virtually excluded from the interior 
of the resin beads by the Donnan effect.)

Therefore, the situation within the exchanger 
particles is exactly the same during neutralization as 
under conditions of ordinary ion exchange. The only 
difference is in the boundary condition at the particle 
surface. For neutralization, the concentration of H+ 
ions at the surface remains negligible. However, this 
is true for ordinary exchange only in the case of “ in
finite solution volume.”

Solutions for the infinite volume case have been 
previously obtained and reported by Helfferich and 
others.3’4 The tabulated solutions numerically relate 
the fractional attainment of equilibrium, G(t), to time 
for a binary exchange in terms of the ionic diffusivities 
of the two components. More specifically, the solu
tion involves the ratio of the two diffusivities as well 
as the absolute value of one of them.

Now the rate law for the intraparticle diffusion 
controlled neutralization can be formulated in terms
of the known G(t) .2 If CV <  CV

If CV >  CV

11 55 (2 )

CV
m  =  ^ G (t ) (3)

(1) R. A. Blickenstaff, J. D. Wagner, and J. S. Dranoff, J. Phys. 
Chem., 71, 1665 (1967).
(2) F. Helfferich, ibid., 6 9 ,  1178 (1965).
(3) M. S. Plesset, F. Helfferich, and J. N. Franklin, J. Chem. Phys., 
2 9 ,  1064 (1958).
(4) F. Helfferich, ibid., 38, 1688 (1963).
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for 0 ^  t < tc, and
m  =  i (4)

for t >  t0, where F(t) is the fractional conversion of the 
resin during neutralization and tc represents the time 
for complete reaction.

The goal of this study was to test eq 2-4 by experi
mental measurement of F(t) and comparison with the 
theoretical solution. This requires selection of ap
propriate values for D r and the ratio of D r/D r .

The ratio may be determined after certain assump
tions. One assumes first that the ratio of diffusivities 
of the two ions within the solid exchanger is the same 
as in liquid solution

D r / D r  =  D u / D u  (5 )

It is then assumed that the Nernst-Einstein equation
can be used to relate ionic mobility at infinite dilution 
to diffusivity

m  =  D i F / R T  (6)
This leads to an expression for the diffusivity ratio 
(given in eq 7) in terms of existing ionic mobility data.5 6

Du/Dm =  u-r/um. (7)

A suitable value for Dr may be found by best fit 
of the experimental data to the theoretical model. 
Validity of the model can then be assessed in terms of 
the goodness of fit of experimental to calculated curves, 
as well as the magnitude of the Dr values so deter
mined. Some deviations between model and experi
ment are probably to be expected in view of assump
tions made.

Experim ental Section

The experimental apparatus, materials, and pro
cedure used in the bulk of this work are the same as 
described earlier, 1 the main difference being in the 
solution concentration and resin volumes used. All 
experiments were performed at 25° with 600 ml of 
0.4 N reactant in order to ensure intraparticle diffusion 
control.6

An attempt was also made to determine the G(t) 
curve experimentally by the infinite solution volume 
technique. For this purpose, a special cage-type 
reactor device was constructed, which was a modifica
tion of a similar device used some time ago by Kressman 
and Kitchener.7 It consisted of a cylindrical cage 
of 60-mesh stainless steel screen, 1.5 in. in diameter 
and 1 in. long, with Plexiglas supporting pieces. The 
cage was attached to a stainless steel telescoping shaft, 
by which it could be rotated and easily lowered or 
raised. Rotation of this device in solution produced 
a continuous flow of liquid over the particles retained

within the cage as well as vigorous mixing of the ex
ternal solution.

Reaction could be quickly initiated by lowering this 
device into reactant solution and terminated as quickly 
by lifting it out of solution again. The extent of 
reaction achieved was measured by displacing and then 
titrating the unreacted H + ions from the resin sample. 
Displacement was accomplished by immersion of the 
entire cage in concentrated NaN03. Regeneration 
was similarly achieved with acid solution.

R esu lts and D iscussion

The applicability of eq 2 was first tested using two 
different bases, two volumes of resin, and two resin 
particle sizes. Fractional approach to equilibrium 
was determined directly at various time intervals 
from the continuous traces of solution conductivity 
vs. time generated by the apparatus. The experimen
tal data points were then compared graphically with 
the theoretical G(t) curve for each system. The dif
fusivity ratios used in determining the latter were: 
D r /Dro =  6.98 and D r/Dr =  4.76. Git) curves for
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Ì
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Figure 1. Experimental test of eq 2 with NaOH.

(5) H. S. Harned and B. B. Owen, “The Physical Chemistry of Elec
trolytic Solutions,” Reinhold Publishing Corp., New York, N. Y., 
1958.
(6) J. D. Wagner, M.S. Thesis, Northwestern University, Evanston, 
111., 1966.
(7) T. R. E. Kressman and J. A. Kitchener, Discussions Faraday 
Soc., 7, 90 (1949).

Volume 71, Number 6 May 1967



1672 R. A. Blickenstaff, J. D. W agner, and J. S. D ranoff

these ratios were interpolated from existing tabulated 
results.4 The appropriate values of Z5H were found 
for each set of data by a graphical matching technique.6 

The conditions and values of Z?H for each experiment 
are presented in Table I. An average Z)H value was 
then calculated for each system. With this parameter 
known, a single graph may be constructed for all of 
the data for each base by plotting F(t) vs. t, where x = 
Dnt/r0>. Such plots are shown in Figures 1 and 2 for 
NaOH and KOH, respectively. Also shown on each 
figure is the theoretical line.

Table I: Experimental Values of D u

Counter V , ro, D b  X 10«,
ion m l cm cm2/sec

Na 2 5 0.0179 1.12
Na 5 0 0.0179 1.16
Na 25 0.0388 1.07
K 25 0.0179 1.35
K 50 0.0179 1.25
K 25 0.0388 1.41

These figures indicate that reproducibility of the 
experiments was good and that the theoretical model 
agrees quite closely with the experimental results for 
each system. The magnitude of the Z5H values also 
seems appropriate. There are some deviations ex
hibited between the theoretical line and the points, 
which are probably due to experimental errors (espe
cially at the very beginning of the reactions where 
imperfect dispersion of the resin particles may have 
influenced the data) and the failure of the approxima
tions of eq 5 and 6 to apply exactly.

In the last connection, the difference in the magni
tude of Dh as measured in the NaOH and KOH ex
periments must be due to such a failure, since one would 
otherwise expect the diffusivity to be the same in both 
cases. Further experimental evidence will be necessary 
before a complete picture of the influence of the ex
changing ion on this parameter can be explained.

It should be noted that Hering and Bliss8 have pre
viously reported similar difficulty in applying the theo
retical model for intraparticle diffusion (based on the 
Nernst-Planck flux equations) to data for several 
different exchanging systems. They did not use eq 
7 to determine the diffusivity ratio but rather chose the 
values of the two diffusivities to give the best fit to 
data from exchanges run in both directions. They 
found the values determined in this way to depend 
strongly on the ion pair involved. It thus appears 
that this effect is a general one and that further modi

fication of the Nernst-Planck model may be necessary 
to account for it.

Some experiments were made under similar condi
tions with NaN03 solution in order to demonstrate 
experimentally the difference between ordinary ion 
exchange and that coupled with reaction. The re
sultant data for the smaller particles are shown as 
Fit) vs. actual time in Figure 3 along with some of the 
NaOH data and the theoretical curve from Figure 1. 
With NaN03, Fit) =  1.0 does not correspond to com
plete exchange of the resin as long as V is significant 
because of the equilibrium limitations. Figure 3 
shows that these two processes follow somewhat dif
ferent rate laws, with ordinary exchange being sur
prisingly faster until F(t) exceeds about 0.8. It was 
not possible to estimate Du from the NaN03 data be
cause a suitable rate law does not yet exist for the 
finite solution volume case studied here.

Finally, experiments were made to determine ex
perimentally the G(t) vs. t plot for the H +-N a+ ex
change by means of the infinite solution technique 
described earlier. This was done as a check on the 
basic applicability of the model to the experimental 
data obtained in this work. Results obtained for the 
larger particle size with 0.4 N  NaN03 are shown in 
Figure 4. Determination of these points was found to

(8) B. Hering and H. Bliss, A.I.Ch.E. J., 9, 495 (196S).
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Figure 3. Comparison of ordinary 
ion exchange and neutralization.

be more difficult than originally anticipated because 
of repeated resin bead fracture in the apparatus. 
Earlier experiments showed considerable scatter and 
subsequent microscopic examination of the resin 
particles showed that they had been severely fractured 
during repeated use because of the violent motion 
within the cage reactor and the great concentration 
changes to which the particles were necessarily sub
jected. The stirring rate was diminished somewhat 
and the data shown in Figure 4 were obtained. Ex
amination of the particles used in this case revealed 
little breakage of the spherical beads, although they 
did develop a large number of cracks. It is felt that 
these cracks provide a relatively easy path for dif
fusing ions into the bead interior and hence should 
result in a faster rate of reaction than might otherwise 
be expected. Comparison of the experimental data 
and the theoretical curves shown in Figure 4 confirm 
this expectation. The two curves correspond to Du — 
1.12 X 10-5  cm2/sec (from the NaOH data shown 
earlier) and Dn =  1.36 X 10-5  cm2/sec (best fit to the 
NaN03 data). It is clear that the latter provides an 
excellent fit to the data, confirming the essential valid
ity of the theoretical model. The fact that the ap
parent diffusivity in this case is higher than that found 
for the neutralization reaction can be ascribed to the 
previously mentioned cracks and the resulting more

open structure of the resin beads used. Additional 
experiments under less violent conditions of agitation 
and/or with more stable resin particles will be neces
sary for further verification of this conclusion.

Some attempts were also made to verify the validity 
of eq 3 and 4 for the case where the resin capacity 
exceeds that of the solution. No satisfactory data 
have been obtained in this region and further con
sideration of the basic equations seems to preclude their 
application. In this case, reaction should proceed 
until the solution is completely exhausted. However, 
as this condition is approached, solution concentra
tions will fall into the range where film diffusion can be 
expected to play a significant, if not controlling, role. 
Therefore, one might expect the initial stages of re
action to follow the intraparticle diffusion equations, 
but this model should cease to be effective as reaction 
proceeds. Further study of this phenomenon will be 
necessary in order to provide a suitable quantitative 
description.

Conclusions

The experimental data obtained in this work indi
cate that the Ilelfferich’s model for intraparticle dif
fusion controlled neutralization of acid-form resins 
by strong bases is essentially correct as long as ex
haustion of the solution is avoided. The data are 
consistent with curves based on this model (differing

Volume 71, Number 6 May 1967



1674 G. 0 . Pritchard and R. L. T hommarson

significantly from data for ordinary ion exchange) 
and yield reasonable values for intraparticle diffusivi- 
ties. However, additional work is necessary to under
stand the effects of various co-ions on the measured 
diffusivities, as well as to uncover a model suitable for 
the case of low solution ionic capacity (CV <CV).

Notation

C , mequiv/ml 
C , mequiv/ml

D i, cm1 2 3/sec 
D i, cm2/sec 
F ,  coulombs/mole

Initial solution concentration 
Concentrations of fixed ionic groups in the 

solid exchanger
Solution phase diffusion coefficient for species i 
Intraparticle diffusion coefficient for species i 
Faraday’s constant

F i t ) Fractional attainment of equilibrium during 
neutralization

G it ) Fractional exhaustion of resin during ordinary 
exchange with infinite solution boundary 
condition

r 0, cm Radius of exchanger particle
R , ergs/mole °K Gas constant
t, sec Time
U, sec Time for complete reaction
T , °K Absolute temperature
Mi, cm2/sec v Mobility of species i
V ,  ml Solution volume
V , ml Resin volume
T Dimensionless time

A c k n o w l e d g m e n t .  The authors wish to acknowledge
with thanks support of this work by the National Sci
ence Foundation under Grant GP-2725.

The Photolysis o f Fluoroacetone and the E lim ination  o f Hydrogen 

F luoride  from  "H o t” Fluoroethanes1

by G . O . Pritchard and R . L . Thom m arson

Department of Chemistry, University of California, Santa Barbara, California 9S106 
(Received August 31, 1966)

Fluoroacetone was photolyzed in the region of 3130 A, and the rates of collisions! stabiliza
tion v s . HF elimination of the “ hot”  fluoroethanes C2H6F* and C2H4F2* produced in the 
system were examined as functions of the temperature and the pressure. The classical 
Rice-Ramsperger-Kassel theory of unimolecular reactions is shown to give a quantitative 
description of the decomposition of the “ hot”  molecules, as was demonstrated recently 
by Benson and Haugen2 for C2H4F2*. The reduction in the number of effective oscil
lators in C2H5F*, as opposed to C2H4F2*, results in the predicted enhancement of the rate 
of HF elimination from C2H6F*. The values of the activation energies for H atom ab
straction from the ketone are 4.6 and 6.7 kcal mole- 1  for CH3 and CH2F radicals, respec
tively.

Introduction

There has been much recent interest in the elimina
tion of HF from vibrationally excited fluoroethanes, 
formed by methyl radical recombination,3-6 and the ob
served rates have been correlated with the decreasing 
number of effective oscillators in the molecules with 
decreasing fluorine atom content.2 On this basis

C2H5F* should show the greatest rate of EF elimina
tion for a given set of experimental conditions.2 This

(1) This work was supported by a grant from the National Science 
Foundation.
(2) S. W. Benson and G. Haugen, J. Phys. Chem., 69, 3898 (1965),
(3) G. O. Pritchard, M. Venugopalan, and T. F. Graham, ibid., 68, 
1786 (1964).
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work describes experiments with this “ hot”  molecule 
and also with CH2FCH2F*, which is formed in the 
system.

Experim ental Section

The apparatus and procedure have been described.8 
The ketone was obtained from City Chemical Corp. 
and it was purified by vpc. Its mass spectrum is given 
in Table I. The base peak is due to CH3CO+, as is the

Table I : Mass Spectrum of Fluoroacetone

m/e

P robable
positive

ion
R elative

abundance®

1 2 c 2.0
13 CH 4 . 3

14 c h 2 15.4
15 c h 3 46.8
25 c 2h 1.9
26 c 2h 2 5.8
27 c 2h 3 10.7
28 CO 2.3
29 CHO 5.8
31 CF 3.4
32 CH F 2.3
33 CH2F 21.6
37 c 3h 2.0
38 c 3h 2 1.7
39 c 3h 3 1.6
40 C20 1.2
41 C2HO 1.5
42 c 2h 2o 8.3
43 c 2h 3o 100.0
45 c 2h 2f 1.9
47 c 2h 4f 2.0
58 c 3h 3f 2.0
61 c 2h 2f o 5.7
76 c 3h 6f o 6.1

“ m/e less than 1% of the 43 ion peak have been omitted; no 
isotope corrections have been made and isotope peaks have been 
omitted.

case in the mass spectrum of CH3COCF3.7 A similar 
observation8 was made with C2H5COC3F7, although the 
base peak was C2H6+ rather than C2H6CO+. The pho
tolysis pattern of unsymmetrical fluoro ketones shows 
the same preferred dissociative mode; e.g.

CH3COCF3 +  hv — > CH3CO +  CF3

and

C2H6COC2F6 +  hv — ► C2H6CO +  C2F6

have been established as the primary acts in the re
spective photodecompositions at 3130 A .9'10 It is 
therefore probable that

CH2FCOCH3 +  hv— > CH2F +  COCH3 (1)

is the primary photolytic decomposition step at 3130 
A in the photolysis of fluoroacetone.

Some quantum yield data are reported; in these ex
periments the 3130-A line was isolated with an inter
ference filter supplied by Farrand Optical Co.; the 
peak wavelength was at 3135 A, with a half band width 
of 90 A. The incident intensity was 9.4 X 1013 quanta 
cc-1 sec-1. The extinction coefficient of the ketone at 
3130 A is 4.91. mole-1 cm-1, where log (To//) =  eel.

CO and CH4 were collected at —210° and analyzed 
by vpc on an activated charcoal column. C2H6, 
C2H4 , CH3F, C2H3F, and C2HSF were collected at —145° 
and analyzed on a 2-m 3% squalane-on-alumina column. 
The C2H4F2, plus some ketone, was collected at —80° 
and analyzed on a short (0.5-m) 3% squalane-on- 
alumina column, on which the ketone was retained. 
The separation was conducted in this manner to re
duce the retention time for the C2H4F2. The columns 
were calibrated with pure samples of each of the com
pounds. No search was made for any of the high-boiling 
products.

A series of experiments at 382°K was conducted 
with various added pressures of perfluorocyclohexane. 
This contained a very small impurity which showed up 
as a peak similar in area and very close to the C2H5F 
peak on the chromatograms. To remove any am
biguity in our determination of C2H5F, some further 
experiments were carried out with n-C6F14, which did 
not show any evidence of such an impurity.
R esults

Quantum Yields and H Atom Abstractions. The 
data on 14 experiments over the temperature range 
329-585 °K are reported in Table II. In these experi
ments the ketone pressure varied between 4 and 7 cm, 
although most of the runs were carried at 6 ±  0.2 
cm. Those marked with a 4> indicate that quantum 
yield determinations were made and these are given 
in Table III. In some quantum yield experiments 
carried out at room temperature very little CO and no 
C2H6 was obtained, although some ethylene and fluo
rine-containing products were formed. At 56° the 4 5 6 7 8 9 10

(4) G. O. Pritchard and J. T. Bryant, J. Phys. Chern., 69,1085 (1965); 
70, 1441 (1966).
(5) R. D. Giles and E. Whittle, Trans. Faraday Soc., 61, 1425 
(1965).
(6) W. G. Alcoek and E. Whittle, ibid., 61, 244 (1965).
(7) J. R. Majer, Advan. Fluorine Chem., 2, 55 (1961).
(8) G. O. Pritchard and R. L. Thommarson, J. Phys. Chem., 69, 1001 
(1965).
(9) E. A. Dawidowicz and C. R. Patrick, J. Chem. Soc., 4250 (1964).
(10) R. L. Thommarson and G. O. Pritchard, J. Phys. Chem., 70, 
2307 (1966).
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Table I I : Data on CHsFCOCHj Photolysis'*

Temp,
°K

Time,
sec

[Ketone] 
X 106, 

moles cc-1Run CO cm CjH« CsHi CHjF c2h,f CiHsF C2H4F2

1$ 329 7200 2.90 1.23 1.09 0.008 0.138 0.361 0.343 0.024 0.284
2 362 1800 2.65 15.5 11.3 0.158 1.66 1.04 1.85 0.389 1.48
3$ 382 7200 1.68 10.6 7.30 0.150 1.29 0.656 1.12
4 $ 406 7200 2.32 13.6 9.36 0.145 1.04 1.49 1 . 1 2 0.223 0.838
5 417 1500 2.26 28.0 17.0 0.390 2.71 1.73 2.28 0.497 1.82
6 $ 420 5400 2.57 14.5 8.46 0 . 1 S6 1.28 1.31 0.930 0.218
7 450 1 2 0 0 2 . 0 0 23.1 13.3 0.433 2.49 1.61 2 . 1 0 0.336 1.37
8 $ 464 7200 2 . 0 1 15.2 1 1 . 2 0.092 0.651 2.57 0.937 0.118 0.555
9 480 900 1.97 18.0 1 0 . 8 0.293 1.82 1 . 6 6 1.42 0.252 0.935

1 0 505 900 1.81 18.9 12.3 0.283 1.69 2.44 1.67 0.192 0.802
1 1 $ 525 5400 1.87 15.5 11.9 0.066 0.407 3.11 0.620 0.062
1 2 $ 552 5400 1.69 12.7 9.29 0.044 0.312 4.63 0.474 0.045 0.111
13 571 600 1 . 6 6 13.4 9.66 0.C94 0.699 3.15 0.880 0.096 0.262
14$ 585 3600 1.65 9.73 7.88 0.025 0.225 4.61 2.79

a The mass balance ratio =  (V2CH4 +  C2H6 +  C2H4 +  VsOHJF +  C2H,F +  C2H5F +  C2H4F2)/CO = 0.63 ±  0.3, except for run 1 
where it is 1.24, owing to the nondissociative fate of CH3CO below 100°; see text.

Table I I I : Quantum Yields of the Products of the Photolysis of CH2FCOCH3 at 3130 A

Temp,
°K CO cm
329 0.065 0.057
382 1.04 0.711
406 C.995 0.684
420 1.08 0.629
464 C.939 0.690
525 1 . 2 1 0.925
552 C .899 0.659
585 0.948 0.767

CsH, c 2m CHsF
0.0004 0.007 0.019
0.015 0.125 0.064
0 . 0 1 0 0.096 0.109
0.013 0.095 0.097
0.006 0.040 0.158
0.005 0.031 0.243
0.003 0 . 0 2 2 0.328
0 . 0 0 2 0 . 0 2 2 0.449

C2HsF CiHiF c 2mF2
0.002 0.001 0 . 0 0 1
0.109
0.082 0.016 0.061
0.069 0.021 . . .
0.058 0.007 0.034
0.048 0.004
0.034
0.027

0.003 0.008

ethane quantum yield was approximately 4 X  10~4, 
although $co =  $cm (Table III). This substantiates 
that reaction 1 represents the primary split and that 
below 100° ($co “  1 at 109°) the acetyl radicals play 
a role in the mechanism. Consequently hydrogen 
abstraction data on the reactions

CH3 +  CH2FCOCH3 — >
CH4 +  CHFCOCH3 or CH2FCOCH2 (2 )

and

CH2F +  CH2FCOCH3 — >
CH3F +  CHFC0CH3 or CH2FCOCH2 (3) 

vs. radical recombination data

2CH3 C2H6 (4 )

and

2CH2F — > C2H4F2 or C2H3F +  HF (5)

will be complicated by the reactions

CH3 +  CH3CO — > CH4 +  CH2CO

CH2F +  CH3CO — >  CH3F +  CH2CO

That this is so is evident in the Arrhenius plots given 
in Figure 1. Least-squares lines of the functions 
(above 100°)

/c2//c4 ,/j =  I W R c 2H.A[ket]

and

&3/&5A =  Rch,f/R(C2H(fh-C!HsF) A[ket]
yield

h/kiA =  2.9 X 103e ' 4600/Kr mole“ 71 cc'A sec“ 1/1 

and

=  1.9 X W e~ mrM/RT mole“ ‘A cc'A sec" 1/2 

Limits of error on the activation energies are 0.5 kcal
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mole-1 for reaction 2 and 0.2 kcal mole-1 for reaction
3. The latter result fits the general picture for these 
abstractions,3,4 but E2 appears to be exceptionally low. 
However, we have also obtained11 a low activation 
energy, 4.3 kcal mole-1, for the reaction

c h 3 +  c h f 2c o c h f 2 — > c h 4 +  CF2COCHF2

The frequency factor ratios for all of these reactions 
tend to be low, which would imply11 that the activa
tion energies should each be raised by about 1 kcal 
mole-1.

Radical-Radical Interactions. The cross-combina
tion ratio for CH3 and CH2F is given by

kn/ki ^kf, =  i2(CjHtF+c2Hi)/7f c2h , /zf? (c2H4Fi+c2HiiF) 

where

CH3 +  CH2F — >  C2H5F or C2H4 +  HF (6)

The average value for the ten experiments in Table II, 
where C2H4F2 analyses were obtained, is 2.4. Collision 
theory predicts a value of 2.3, using collision diameters
o-chj = 3.5 A and <tch2f =  4.0 A and assuming that the 
reactions have identical activation energies and steric 
factors, usually taken to be zero and unity, respectively.

The elimination of HF can occur from the vibration- 
ally excited fluoroethanes originally produced by radi
cal combination in reaction sequences 5 and 6.

2CH2F — >  CH2FCH2F*

&6a
M

c h 2f c h 2f

fa b
CH2= C H F  +  HF

(5)

and

CH3 +  CH2F — > CH3CH2F* —
CH3CH2F

•> C H ^ C H , +  HF

(6)

where M represents a third body necessary for col- 
lisional deactivation processes.

The temperature dependencies for k6Jk^  =  I2c2h4f2/  
K c2HaF [M ], and k6Jk6h =  S c2h»f/ 5 c2h4[M ] are given 
in Figure 2, where [M] is the pressure of the reacting 
ketone. The data in Figure 2 is taken from the ten ex
periments in Table II for which complete analyses 
are given.

The pressure dependencies for the stabilization/ 
elimination ratios at 406°K are given in Figure 3, 
showing the expected trend with increasing pressure.3,5

Figure 1. Arrhenius plots for H  atom abstraction from 
CH2FCOCH3: O, log (h/ki^); • , log (h/k^).

Figure 2. Temperature dependence of ¿.tabiUzation/Aeiimmation:
•, ku/k6t; fea/fcsb; O, faz/kt,,, (CH2F )2CO photolysis.3

(The points in Figure 2 at 406°K  correspond arbitrarily 
to the high-pressure points, >50 mm, in Figure 3, as 
the slopes of the lines are not constant.) In Figure 4 
the ratio I?c2h(f/I2c2h4 is shown as a function of the 
pressure of an added gas (perfluorocyclohexane and per- 
fiuorohexane) at constant ketone pressure (4 cm) at 
382°K.

D iscussion

The rate of HF elimination from a vibrationally ex
cited fluoroethane molecule will depend upon (a) the 
vibrational energy content of the “ hot”  molecule, (b) 
the F atom content and distribution in the molecule,

(11) J. T. Bryant and G. O. Pritchard, to be published.
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P, mm.
Figure 3. Pressure dependence of the stabilization/elimination
rate ratios for C2H 5F* and C2H4 F 2 *. P  represents
the initial pressure (mm) of ketone: O, Rcm^/Rc^i (405°K);
Q, i?c2Htr'2/ffc2HjF (405°K); •, (475°K),
(CH2F )2CO photolysis. 3

Figure 4. Pressure dependence of Rc2sse/Rc2b, in the 
presence of an added gas. P  represents the 
pressure (mm) added to 40 mm of CH 2FCOCH 3 at 
382 °K: Oj c-CVF w: ®, n-CnF  ¡.i-

and (c) the nature of the environment with respect to 
collisional quenching.

(a) The initial vibrational energy content of the 
“ hot”  molecule is primarily a function of the strength 
of the C -C  bond which is formed on radical combina
tion and the temperature of the system. Based on a 
number of factors, including the uncertainty in 
Z)(CF3-C F 3) and the weakening of the C -C  bond in 
ethane with increasing chlorination, we have suggested10 

that fluorination may tend to weaken C-C  bonds, so 
that, with increasing fluorination, the energy content 
of the “ hot”  fluoroethane, formed by radical combina
tion, will be lowered, tending to a reduced rate of HF 
elimination. Alternatively, other investigations would 
suggest that fluorination of ethane increases the C-C 
bond strength, 12 leading to an enhancement in the rate 
of HF elimination. The vibrational heat capacity of 
the molecule will also rise with increasing F atom 
content.

(b) Assuming equal C -C  bond energies in the “ hot” 
molecules C2H5F*, C2H4F2*, C2H3F3*, and C,H2F4*, 
BH2 estimated relative rates of HF elimination to 
stabilization from these molecules at 298°K of approxi
mately 400:50:7:1 based on the increasing number of 
effective oscillators with increasing F atom content of 
the molecules. This approach gives the best descrip
tion of the experimental results and there is no doubt 
that the number of effective oscillators in the “ hot” 
molecule is the predominant factor in determining its 
fate. However, it should be remembered that the 
activation energy for HF elimination probably de
creases with increasing fluorination, so that the de
crease in HF elimination will not be so marked as would 
be expected. Maccoll13 has tabulated the activation 
energies for the unimolecular dehydrohalogenations 
in the pyrolyses of the haloethanes C2H5C1, C2H 4C12, 
and C2H3C13, and C2H5Br and C2H4Br2; there is a dis
tinct decrease in activation energy with increasing 
halogénation. Further, the elimination from CH2- 
FCH2F* will not necessarily be identical with that for 
CH3CHF2*, as a halogénation tends to promote the 
rate of dehydrohalogenation relative to j8 halogénation.13 

We are currently investigating11 these effects through 
the interactions of the radical pairs CH3 +  CHF2 and 
CH2F +  CHF2.

(c) For a given temperature and a given collision 
frequency the deactivation rate of a particular “ hot” 
molecule will also be a function of the nature of the de
activating species in the system. For example. Giles 
and Whittle6 in their investigation of the hot mole
cule CH3CF3* find values of Rch,cfs/R ch.=cf2 varying 
by a factor of 20 at 150° by changing the nature and 
the pressure of the quenching molecules present in the 
system.

Treatment of the Data. Based on the treatment of 
BH2 for CH2FCH2F* produced in (CH2F)2CO photol
ysis, 3 we may make a kinetic analysis of the present 
data on C2H6F* and C2H4F2* in terms of the R R K  
theory of unimolecular reactions2 and relate the rate 
constant k^ (or ksb) to the internal energy content, E, 
of the molecule. That is

k6h (or fc6b) =  A(1 — E*/E)n~1 (7)

where E* represents the critical energy necessary for 
decomposition, n is the number of effective oscillators, 
and A is the frequency factor for the unimolecular

(12) Although estimates of Z)(CF3-CFa) vary from 65 to 95 kcal 
mole-1 (E. Tschuikow-Roux, J. Phys. Chem., 69, 1075 (1965)), most 
recent evidence (E. Tschuikow-Roux, J. Chem. Phys., 43, 2251 
(1965), and H. O. Pritchard, private communication) favors the 
extreme upper value. W. C. Steele and F. G. A. Stone, J. Am. 
Chem. Soc., 84, 3450 (1962), calculate Z>(CF3-CH3) as 88 kcal mole-1.
(13) A. Maccoll, Advan. Phys. Org. Chem., 3, 91 (1965).
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elimination. Following BH2 we assume that deacti
vation occurs on a single collision and the rate of 
collisional deactivation can be written as

*5a (or fc6a) =  QZ (8 )

where Z is the number of collisions per second per milli
meter and Q represents the probability of complete 
deactivation on collision. From a cascade (see later) 
point of view 1/Q represents the average number of 
collisions required for deactivation below the threshold 
energy for elimination. From eq 7 and 8 we have

fea _  1_ -BciHiFi _  QZrM 
kib P  TfciHjF -Aet

where P  is the third-body pressure in millimeters. A 
similar equation represents ku/hb- The temperature 
dependence of the ratio k$Jk$b is assumed2 to be due to 
the temperature dependence of E  and the temperature 
dependencies of the collision terms QZ are neglected. 14

FAT) for C2H4F2* has been estimated by BH2 and the 
function for C2H5F* may be estimated in a similar 
manner and is given in Table IV, where ACV‘b is de
fined as the difference in vibrational specific heat of the 
two radicals and the hot molecule and

E = E0 +  ACvvih(T -  298)

where E0 is the energy change on combination, taken 
to be 85.4 kcal mole-1.

The experimental data and some representative 
theoretical curves computed from eq 9 are given as a 
function of temperature in Figures 5 and 6 for k6s,/k6b

Table IV  : Internal Energy of CH 3CH 2F*

T, “K
Thermal energy,“ 
ACvvib(T -  268), 

kcal mole -i
E,

kcal mole-1
298 0 85.4
329 0.5 85.9
362 1.1 86.5
406 2.1 87.5
417 2.3 87.7
450 3.1 88.5
464 3.5 88.9
480 4.0 89.4
505 4.7 90.1
552 6.3 91.7
570 7.0 92.4

0 The change in the internal energy with temperature was 
calculated from ACA'h(T -  298) =  3R{T -  298) +  [Cv.ch/ ^ T )  
4* C v,CFH2Vlb (T))T -  [(7v,CH,Tis(298) +  Cv.cFH!Tib(298)]298.
Vibrational contributions to the heat capacities of CH3 and 
CFH 2 were estimated from the heat capacities of CH4 and 
C FH 3, respectively.

Figure 5. Comparison of the theoretical and observed 
temperature dependence of fea/fei, for n = 11: O, experimental 
points; ©, E* =  59 kcal mole-1, log (QZ/A) =  —6.75;
8, E* = 62 kcal mole-1, log {QZ/A) — —7.24.

Figure 6. Comparison of the theoretical and observed 
temperature dependence of /¡Wfeb for n =  12: O, experimental
points (solid line); ©, E* —  59 kcal mole-1, log (QZ/A) —
— 7.24; 8, E* =  62 kcal mole-1, log (QZ/A) =  —7.77.

and Figures 7 and 8 for k(J h h. The curve fitting was 
performed by choosing a suitable value for log {QZ/A), 
which shifts the curve vertically. The choice of values 
of n and E* to obtain a fit is somewhat arbitrary.2 

The curves have been fitted to the experimental data in 
Figures 5 and 7 in the temperature range 400-500°K  as 
we consider that the analysis for the products in ques
tion, particularly C2H5F, is the most accurate in this 
range (see Table II). An exact fit is not, in any case, 
to be expected, owing to the neglect of the influence 
of temperature on n, Q, and Z. Except for the ex
periments at the lowest and highest temperatures, where 
the C2H5F yields were low, the correlation in Figure 7

(14) These are expected2 to be much smaller than E(T) and are also 
compensatory, as values of Q decrease with increasing temperature; 
see J. R. Dacey, R. F. Mann, and G. O. Pritchard, Can. J. Chem., 
43,3215 (1965), and D. H. Shaw and H. O. Pritchard, J. Phys. Chem., 
70, 1230 (1966).

E
E -  E*

|n-l
(9)
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T, °K.
Figure 7. Comparison of the theoretical and observed 
temperature dependence of ftsa/feb for n =  10: O, experimental 
points; ©, E* =  59 kcal mole-1, log (QZ/A) =  —6.86;
©, E* =  62 kcal mole-1, log (QZ/A) =  -7.29.

Figure 8. Comparison of the theoretical and observed 
temperature dependence of fea/feb for w =  11: O, experimental 
points (solid line); ©, E* =  59 kcal mole-1, log {QZ/A) =
— 7 34; ©, E* =  62 kcal mole-1, log {QZ/A) =  -7.83.

for C2H5F* with values of n =  10 and E* =  59 kcal 
mole- 1  appears to te  satisfactory. We have tended 
to ignore the two low-temperature points in Figure 5. 
Flatter curves may be obtained by lowering E* for a 
particular n or lowering n for a particular E*, but in 
view of the expected values of these parameters2 

for C2H4F2* we have adopted n =  11 and E* =  59 
kcal mole-1.

Assuming collision diameters of 5.0 A for the two 
fluoroethanes and a collision diameter of 5.5 A for 
monofluoroacetone, the collisions frequencies are Z6a =  
107-07 andZ6a = 107-11 mm- 1  sec- 1  at 298°K. Taking2’ 13 

A6b = A 6b =  1013-6 sec-1, we may calculate values of Q 
from Figures 5, 6 , 7, and 8 . These are given in Table
V. The values of Q obtained with n =  11 and E* — 
59 kcal mole- 1  for kba/kbb and with n =  10 and E* =  
59 kcal mole- 1  for kba/k6b are 0.47 and 0.34, respectively.

Table V : Variation of Q  with Different Choices of n and E*

E*,
kcal /------------n-------------< 7-----------na---------

mole- 1 11 12 11 12

5̂a/̂ 6b 5 9 0.47 0.15 1.3 0.41
62 0.15 0.046 0.43 0.13

10
—n-----------n

11

&6a/fl'6b 59 0.34 0 . 1 1

62 0.14 0.036

0 Data of B H 2 with (CIRF^CO as the quenching molecule.

The “ hot”  fluoroethane molecules formed in these 
systems must lose about 25 kcal mole- 1  of excess vi
brational energy by collision, before they fall below 
the threshold for HF elimination. Rabinovitch and 
his co-workers16 have made Extensive studies of the 
quenching of “ chemically activated”  species, finding 
that on the average the amount of vibrational energy 
transferred on collision may vary between 2 and >15 
kcal mole-1, depending mainly on the complexity of 
the quenching molecules. From the variation in the 
values of Q given in Table V, no exact assessment of the 
magnitude of the vibrational energy transferred on 
collision in these systems can be made. The un- 
certaintity in the Q values is evidenced by the physically 
meaningless value of 1.3 given for C2F4H2*, for n =  11, 
and E* =  59 kcal mole- 1  in the (CH2F)2CO system.2 

However, these values of the parameters do not repre
sent the best fit for the “ hot”  molecule; BH2 suggest 
n — 12 and E* =  62 kcal mole-1, with a value of Q = 
0.13, as a good representation of the system. Taken 
in conjunction with the present data on C2H4F2*, 
it would seem that values of n between 11 and 12  and 
E* between 59 and 62 kcal mole- 1  give an adequate 
description of the "hot” molecule, formed by CH2F 
recombination. Once n and E* are chosen, identical 
values of Q are not to be expected for the two systems, 
owing to the differing deactivation efficiencies of the 
two molecules (CH2F)2CO and CH2FCQCH3.

From the slopes and the intercepts in Figure 4 it is 
possible to show that (see eq 1 1 , given later) the 
perfluorocyclohexanes are two to three times more 
efficient deactivators than the ketone, indicating that 
Q <  0.5 for the ketones; BH2 recommend a value of 
0 .1- 0 .2 , which seems to be justifiable.

In Figure 2 it is seen that the rate of HF elimina
tion from C2H6F* exceeds that from C2H4F2* in accord 
with the increase in effective oscillators in the latter

(15) See F. Fletcher, B. Rabionviteh, K. Watkins, and D. Locker, 
J. Phys. Chem., 70, 2823 (1966), for a recent summary.
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molecule. At 298°K the experimental value of (/cBa/  
h b ) / ( h jk b )  is about 0.25 in Figure 2. Using the values 
that we have recommended we see that

/  85.4 V
( W W  2&8°k l o - 6-86\85.4 -  59/-------------------  — ------------------------------— (I vA
(k-ojkbb) 298°K 10“ 6-73/  85.4 y °

\85.4 -  59/

In their analysis BH2 suggest a value of 0.14 for this ratio. 
The agreement is satisfactory, as it should be noted 
that provided values of QZ/A and E* are reasonable 
and not markedly different, such ratios are dependent 
mainly on the choice of the change in n, An, when 
a C-H oscillator is replaced by a more effective (lower 
frequency) C -F  oscillator. Ratios of about 0.2 are 
readily computed assuming An = 1-1.5 for the re
placement of an H atom by an F atom in the “ hot” 
molecule.

The two sets of data in Figure 2 on C2H4F2* are best 
interpreted by assuming that (CH2F)2CO is a more 
efficient energy acceptor than is CH2FCOCH3, so that 
stabilization is relatively more favored with the heavier 
ketone. In Table V, for a particular choice of n and E*, 
it is seen that Q(ch2f)iCo exceeds Qcilfcoch, by a factor 
of about 3.16 As Q decreases and the energy content 
of the molecules increases, with increasing tempera
ture, this difference becomes less important at higher 
temperatures, as the rate of deactivation below the 
threshold energy for HF elimination becomes slower; 
eventually a stage may be reached in either system 
where most of the “ hot”  molecules have time to elimi
nate HF from some level on the vibrational cascade. 
At extremely high temperatures this is seen to be the 
case. For example, although very little HF elimina
tion occurs from C2H2F4*17 and C2HF5* at normal 
temperatures,4 primarily owing to the increase in the 
effective oscillators in these molecules,2 at 1200- 
1600°K Tschuikow-Roux18 finds RcmfJRciF, <  0.02 
for C2HF6*.

Pressure Effects. In the presence of an added third 
body, M, we have eq 10 and 11 for the two stabiliza
tion/elimination ratios, as the deactivating efficiency

RcMiFi/RctH,F —
(M C H 2FCQCH3] +  h./[M])/hb (10)

Rc2Hif/.Kc!H4 =
(fc6a [CH2FCOCH3] +  kJ[M])/hh (11)

of M is not necessarily the same as for the ketone.5 
The linearity predicted by eq 11 for constant ketone 
concentration and varying [M] is shown in Figure 4 
and the intercepts are in agreement with the expected

value of RciHhF/Rc!iit at [M] =  0 and 4-cm pressure 
of ketone at 382°K.

When ketone only is present, i.e., [M] = 0, eq 10 
and 11 predict that the stabilization/elimination ratios 
are linear functions of the ketone concentration passing 
through the origin. In Figure 3 it is seen that the data 
on C2H4F2* in the difluoroacetone system3 at 478°K 
are in accord with this simple mechanism,2 i.e., reac
tion 5 where M is (CH2F)2CO. However, in the same 
figure, it is seen that the data on C2H4F2* and C2H5F*, 
obtained in the present work, tend to show curvature, 
which is not completely in accord with the simple 
mechanism as depicted by reactions 5 and 6. Adopting 
a cascade mechanism for deactivation, we may con
sider the simplest case of a two-step deactivation 
process to a molecule C2H4F2*** which has insufficient 
energy to eliminate HF

k 5 j,.

CH2F +  CH2F ^  C,H4F2* - A -  C2H3F +  HF

\  /  
c 2h 4f 2**

c 2h 4f 2*** c 2h 4f 2

Now RciH,f, — fc6.[M ][C 2H4F2**] and Rc2h3f — 
k-,b [C2H4F2*] +  fc5d[C2H4F2**]. Assuming a steady 
state for C2H4F2**, we have

d[C2H4F2**]/di = 0 =k5c[M] [C2H'4F2*] -
M C 2H4F2**1 -  fc5c[M][C2H,F2**]

and

■KC2H4F2 _ | 1 ] (12)
Rc,u,f kbbksd +  [M](/csbfc5e +  kjckbd)

The term in [M]2 would cause upward curvature, as 
seen in Figure 3, and when [M] =  0, the ratio Rc-.u,fJ 
/ ¿ c2h 3f = 0. In the region of high pressure the term 
k6hk5d becomes less important with respect to [M]- 
(A’jbfcse +  k5JCbd), leading to a linear relationship be
tween jRc 2H1f2/ ^ c 2h !f  and [M], which our results tend 
to do.

(16) This factor appears to be too large; Giles and Whittle6 find a 
factor of 2 in the deactivating efficiencies of (CFs)2CO and (ClDiCO 
for the “hot” molecule CH3CF3*. However, our discussion is 
presumably qualitatively correct.
(17) At 464 °K, fJc2H2Fi/Rc2HF> = 38 at 0.72 cm pressure of (CHF2)2- 
CO."
(18) E. Tschuikow-Roux, J. Chem. Phys., 42, 3639 (1965).
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The extent of the curvature is dependent upon the 
magnitude of the first term in the denominator in eq 
12. At 405°K, we may take he =  he =  107-14 mm-1  

/87.4 -  59Y°
sec_ 1 andfc5b =  1013 5( — — J =  4.15 X 108 sec-1

and express [M] in millimeters. Assuming fc6d =  hb, 
the ratio in eq 12  reduces to [M]2/(980 +  60 [M]), 
which almost exactly represents the experimental curve 
for C2H4F2* for the present system in Figure 3. As 
the internal energy of C2H4F2** is reduced below that 
of C2H4F2*, we should take a value of h i < hb- 
Assuming h i = 0.1fc5b, the ratio in eq 12 leads to a line 
of lesser curvature and to values of Rc2h,f,/Rciti,f 
that are too big, e.g., 0.23 at 10 mm and 1.4 at 50 
mm, both at 405°K. Taking h<i — 0.1fc5h leads to an 
internal energy for C2H4F2** of 79.5 kcal mole- 1  at 
405°K, based on E* =  59 kcal mole- 1  and n =  11, 
for the hot molecule. This is a decrease of 8 kcal 
mole- 1  below the internal energy for C2H4F2* at 405°K. 
A better correlation is obtained by assuming a “ weaker” 
deactivating collision, e.g., h i  =  0.5hb, which corre
sponds to a drop of about 3 kcal mole- 1  in the internal 
energy. (Rĉ h^/Rĝ f is 0.11 at 10 mm and 0.93 
at 50 mm.) If this amount of energy is transferred 
per collision by a “ hot” molecule while it is on the 
vibrational cascade, it would take about eight col
lisions before it falls below the limit for HF elimina
tion, which we may equate with a value of Q =  0.13.

Several other more complicated cascade schemes 
were tried, 19 in particular for cases where there were 
more than two levels on the cascade from which elimi
nation could occur and where there was competition 
between a one-step and a two-step deactivation process 
below the threshold from a particular level on the 
cascade. Application of the steady-state treatment 
leads to more involved expressions than eq 1 2 , which 
predict upward curvature for AcrnF./Acunp with in
creasing [M] and reduce to zero at [M] =  0 .

In the case where M is a very efficient quenching 
molecule, C2H4F2** may be close to or below the

threshold for elimination so that h i  — 0  and we revert 
to the simple mechanism, reaction 5, where he =  ha- 
From Figure 3, it would therefore appear that (CH2F)2- 
CO is an efficient deactivator of C2H4F2*. The effi
ciency of the perfluorohexanes as deactivators for C2H5F* 
is exemplified in Figure 4. It should be pointed out 
that this linearity does not mean complete deactiva
tion below the threshold energy on the first collision, 
i.e., Q — 1. However, if a “ hot”  molecule is sufficiently 
deactivated by the first collision, its energy level may 
be such that rate of HF elimination is not significant 
when compared to the rate from the “ hot”  molecule 
before collision; note above that h i  =  0 .1/c5b cor
responds to a decrease of 8 kcal mole- 1  in internal 
energy. Our result that Qcciufuco =  3QCh2fcoch, 
for C2H4F2* (Figure 2 and Table V) would also seem 
to be justified (Figure 3).

Sum m ary

It should be noted that our description and that of 
BH2 are in good accord. From the known experi
mental and calculated activation energies for dehydro- 
halogenation of haloethanes,2' 13 it seems that values 
for C2H4F2 and C2H5F are in the range 59-62 kcal 
mole-1. Once E* is chosen, it is seen that the value of 
Q obtained is very sensitive to the value of n. Within 
the allowable margin of variation for these parameters, 
there is reasonable agreement between the theoretical 
model and the experimental systems. In the systems 
discussed here, C2H6F* and C2H4F2* with the ketones 
as quenching molecules, we may estimate that some
where between 3 and 8 kcal mole- 1  of excess vibrational 
energy is transferred on collision.
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Pulse Radiolysis Studies in Oxygenated Alkaline Solutions1

by G ideon Czapski2 3 4

Chemistry Department, Brookhaxen National Laboratory, Upton, New York (Received September 6, 1966)

The reaction kinetics of transient species in aqueous oxygenated solutions have been in
vestigated by pulse radiolysis techniques. The decay of 0 3-  was followed at 4300 A. 
The dependence of the yield and the decay rate was measured over the pH range 12.7-14 
as a function of concentrations of oxygen, N20, and H20 2. The decay was first order 
under all conditions and the 0 3-  was stabilized by oxygen; ng  =  11.4 X [02] sec. The 
decay of the absorption at 2400 A was found to be much slower than at 4300 A, indicating 
that at these wavelengths different species are the absorbing intermediates. The pos
sible identity of the species and the mechanism are discussed.

Introduction

The identity and kinetics of intermediates occurring 
in oxygenated aqueous solutions have been investi
gated using several techniques.3-10 In neutral and acid 
solutions the final radiolysis products are H2 and H20 2. 
The free radicals in this system are the OH, H 02, 
and 0 2-  radicals. In addition it was shown that H20 3 
is formed in acid solution from the recombination of 
H 02 and OH radicals.5

The absorption spectrum of the hydroperoxy radi
cal was determined, the acid form (H 02) and the neu
tral form (0 2- ) having their maximum absorptions 
at 2400 and 2300 A, respectively.*'6'8 The pK  of 
the radical was found to be 4.4 ±  0.26’6'11'12 and the 
recombination kinetics were studied.3b-8a

The radiation chemistry of alkaline solutions has 
received less attention, but recently this region was 
studied by pulse radiolysis techniques.6'7’8a'10 As the 
pK  of H 02 is 4.45'6'11 and that of the OH is 11.S12 and 
H20 2 has a pK  of 11.8,13 we expect to find the following 
species in strongly alkaline solutions: 0 2- , O- , and 
H 02- . It was shown that a new species, believed 
to be 0 3- , is formed6’7’10

0 2 +  O-  > 0 3-  (1)

The 0 3-  radical was shown to have a maximum at 
4300 A using flash photolysis10 and pulse radiolysis 
techniques,6’7 in agreement with the spectrum of
0 3-  in its stable solution in liquid ammonia.14

Adams, Boag, and Michael claimed that the 0 3~ 
has two absorption peaks,7'8 one at 4300 A and the

other in the ultraviolet region at about 2600 A. The 
decay of 0 3-  was found to be pH dependent at pH 
10-12 and to be first order in oxygenated solutions.6 
Adams, et al,,7'8 showed it to be second order in N20 - 0 2 
solution and claimed the absorption at 2600 and 4300 
A has the same decay mode, while Czapski and Dorf- 
man6 found different decay kinetics at 2400 and 4300 
A, attributing the two absorptions to two different 
intermediates.

In this work the pulse radiolysis technique was used

(1) Research performed under the auspices of the U. S. Atomic 
Energy Commission.
(2) To whom all correspondence should be addressed at the Depart
ment of Physical Chemistry, The Hebrew University, Jerusalem, 
Israel.
(3) (a) B. H. J. Bielski and E. Saito, J. Phys. Chem., 66, 2266 
(1962); (b) E. Saito and B. H. J. Bielski, J. Am. Chem. Soc., 83, 
4467 (1961).
(4) (a) K. Schmidt, Z. Naturforsch., 166, 206 (1961) ; (b) J. H. Baxen- 
dale, Radiation Res., 17, 312 (1962).
(5) G. Czapski and B. H. J. Bielski, J. Phys. Chem., 67, 2180 (1963).
(6) G. Czapski and L. M. Dorfman, ibid., 68, 1169 (1964).
(7) G. E. Adams, J. W. Boag, and B. D. Michael, Nature, 205, 898 
(1965).
(8) (a) G. Adams, submitted for publication; (b) J. Rolfe, F. R. 
Lipsett, and W. J. King, Phys. Rev., 123, 447 (1961).
(9) G. Adams, private communication.
(10) L. J. Heidt and V. R. Landi, J. Chem. Phys., 41, 176 (1964).
(11) J. Rabani, W. A. Mulac, and M. S. Matheson, J. Phys. Chem., 
69, 53 (1965).
(12) J. Rabani and M. S. Matheson, J. Am. Chem. Soc., 86, 3175 
(1964).
(13) F. R. Duke and T. W. Haas, J. Phys. Chem., 65, 304 (1961).
(14) A. J. Kacmareck, J. M. McDonough, and I. J. Solomon, 
Inorg. Chem., 1, 659 (1962)
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to learn more about the decay of the absorption as
sumed to be due to the 0 3- .

Experimental Section

Materials. Barium hydroxide and sodium hy
droxide were of analytical grade. Barium hydroxide 
was recrystallized once from N2-saturated triply 
distilled water.

All the solutions were prepared with triply distilled 
water. Matheson’s helium, oxygen, and N20  were 
used without further purification, except passing 
them through two washing bottles with triply distilled 
water.

Sample Preparation. All the solutions were sa u- 
rated with the gases by bubbling them through the 
solution for 1 hr.

Stock solutions o: barium hydroxide, sodium hy
droxide, and triply distilled water saturated with He, 
0 2, and N20  were prepared. The different concentra
tions of the irradiated solutions were prepared by 
mixing the stock solutions in syringes. Solutions of 
Ba(OH)2 were used up to 0.5 N; for higher alkalinity, 
mixtures of NaOH and Ba(OH)2 had to be used owing 
to the limited solubility of Ba(OH)2. The irradiation 
cell was flushed with helium, then several times with 
the solution to be irradiated.

Pulse Irradiation and Apparatus. A 2-Mev electron 
beam from a Van de Graaff accelerator was used 
throughout this work. Beam currents of 5-20 ma 
were used. The pulse duration ranged from 5 ¿isec up 
to about 1 msec. The dose per pulse was varied by 
both beam current and pulse duration. The pulse was 
monitored with a current integrator which was cali
brated against a Fricke dosimeter.

The irradiation cell was made of quartz having di
mensions of about 2 X 2 X 0.8 cm. The electron beam 
entered the cell through a 2- X 2-cm quartz window 
which was ground down to a thickness of about 0.5 
mm in order to reduce the energy loss in the window.

The intermediates were followed spectrophotometri- 
cally. The light crossed the cell three times along a
2-cm axis. Three different light sources were used: 
a 300-w xenon arc, a 30-w deuterium arc, and a 150- 
w tungsten-iodine lamp. The last two were used for 
most of the work as their stability over longer time 
intervals is superior, although their intensity is lower. 
The light sources were inside the irradiation room. 
The light was passed out of the irradiation room, then 
through a Bausch and Lomb grating monochromator 
(//3 .5) to the photomultiplier. The signal was de
tected and photographed on a 555 Textronix oscillo
scope.

Results
Formation of Initial Absorption. The absorption at 

4300 A is formed within 5-50 psec depending on the 
oxygen concentration. The present measurements 
confirm the value of 2.5 X 109 M~l sec-1 7 for the rate 
constant of reaction 1.

The initial optical density (before appreciable decay 
occurs) depends on the pH, as shown before,6 reaching 
the maximum at pH 12. No absorption at 4300 A 
could be found below pH 10. The absorption mag
nitude does not depend on pH or 0 2 concentration above 
pH 12 as long as 0 2 >  10~5 M. We found, as Adams7 
has shown, that in the presence of sufficient N20  the 
absorption is about doubled. In 0 2-H e and 0 2-N 20  
mixtures, the initial optical density depends on the 
concentration ratios, as shown in Figure 1.

Addition of H20 2 to oxygenated solutions increases 
the initial absorption in a similar fashion to N20.

In the absence of 0 2 the initial absorption at both 
4300 and 2400 A was very small but increased with repe
titive pulses.

In neutral solutions containing about 1 mM  0 3 and
1 mM  0 2 no absorption at 4300 A was observed.

The decay of the absorption was followed at 4300 
A and was found to be first order over the whole range 
of pH, and 0 2 and N20  concentrations studied. Figures
2 and 3 show first-order plots in 0 2 and N20 - 0 2 solutions. 
It can be seen that while the initial concentration is

Figure 1. Dependence of initial o.d. at 4300 A in oxygen 
concentration (Q  is the energy of pulse in coulombs) in 
solutions saturated with 1 atm of gas at 23°. Flagged points 
(lower curve) are He-02 mixtures; unflagged points (upper 
curve) are N 2O-O2 mixtures: • , X , -0.1G5 N  Ba(OH)2-;
O, n  — 0.14 N Ba(OH)2-; ■ , +  -0 .19  N Ba(OH)2- ;
□ ,<1-, -0 .3  N Ba(OH)2~; A, -0 .5  N Ba(OH)2- ;
A, ifc - 0 .3  IVBa(OH)2 +  1.1 N NaOH- .
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0.001
0  0 .4  0 .8  1.2

1 m sec

Figure 2. Decay of the ozonide ion at 4300 A produced in 
0.1 N  Ba(OH)2 saturated with 4% oxygen-96% N20  mixture. 
(The four curves are with different doses.)

changed by fivefold, the half-lifetime changes by less 
than 1 0%.

The decay rate was found to be pH independent 
from pH 12.7 up to 14 and did not depend on the 0 2-  
N20  but on oxygen concentration only. The results 
are summarized in Figure 4, which shows the half
lifetime to be linear with 0 2 concentration in H e-0 2 

and N20 - 0 2 mixtures over the pH range studied
At 2400 A in the time range of 1-20 msec no decay 

was found in 0 2 or 0 2-N 20  alkaline solutions, as was 
reported before.6 The decay rate was pH dependent 
but did not change with oxygen concentrations. The 
decay of the absorption at 4300 A was found to depend 
on the number of pulses received by the solution. 
At very high doses or after repetitive pulses, the half
lifetime decreases and the reciprocal of the half-lifetime 
is linear with the number of pulses received by the solu
tion, as shown in Figure 5. Hydrogen peroxide ac
cumulates in the solution with repetitive pulses and 
the addition of H20 2 decreases the half-life of the ab
sorption at 4300 A, as shown in Figure 6 .

D iscussion

Absorption and Identity of the Intermediates. The 
absorbing species at 4300 A was found in pulse radio
lysis8'7 and flash photolysis10 of 0 2-saturated alkaline 
solutions.

Figure 3. Decay of the ozonide ion at 4300 A produced in 
0.3 N  Ba(OH)2 saturated with 1 atm of oxygen.

the oxygen concentration in solution saturated with 
1 atm of gas, at different acidities. Symbols as in Figure 1.

The species was assumed to be either 0 3_ 6,7,10,16 

or O32 6 being formed in one of the reactions

OH +  O H - — 0 - ,  O-  +  0 2 — 0 3-  (a)

OH +  O H - — ^  0 - ,  eaq +  0 2 — >  O*-,
O - +  O*- — >  Os2“  (b)

(15) A. D. McLachlan, M. C. R. Symons, and M. G. Townsend, 
J. Chem. Soc., 952 (1959).
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Figure 5. Dependence of the reciprocal of 
the ozonide half-life on the number of pulses 
the solution received in 0.3 N  Ba(OH)2.

Figure 6. Dependence of the decay rate on peroxide 
concentration in oxygen-saturated solutions:
O, 0.1 N  Ba(OH)2; •, 0.3 N  BafOHh-

Now there seems to be very good evidence for the 
identification as 0 3- . The spectra is very similar to 
the reflectance spectra of solid ozonides16 and alkali 
ozonides in liquid ammonia.14 It was shown6 that the 
precursor of the absorption is the OH radical, as OH 
scavengers such as alcohols suppressed the formation 
of the species. As it is formed only in alkaline solu
tions, one concludes the 0~  to be a precursor. Oxygen 
was found to be necessary for its formation as well.

Further evidence for the identification as 0 3~ was 
provided by Adams,7 et al. They found the formation 
was first order with 0 2 concentration and they showed 
that the addition of N20  in excess of 0 2 doubles the 
yield of the intermediate (Figure 1). Under these 
conditions the solvated electron reacts with N20  
rather than with 0 2; thus the electrons are converted 
into O-  according to the reaction

Although there seems to be full agreement as to the 
formation of 0 3~, which has an absorption peak at 
4300 A, there is some controversy as to the existence of 
a second absorption peak of the 0 3_ in the ultraviolet 
region6’7 (2400 A). The H 02 and 0 2~ show an absorb
ance in the ultraviolet region at 2400 A. Above pH 
6 practically no H 02 is found and all the hydroperoxy 
radical should exist as 0 2_ . As has been shown,6 the 
spectrum in the ultraviolet region does not change its 
shape in the pH range 6-14, except for a change in the 
intensity of the absorption which increases with the pH 
and in the lifetime of the intermediates. The absorp
tion at 2400 A in alkaline solutions is approximately 
doubled if CH3OH is added to the solutions.6 This 
indicates that at least part of the absorption in this 
region is due to 0 2~ or a product of it, rather than to 
the 0?,~. Adams, et al.,7 found the absorption at 2400 
and 4300 A decayed with equal rates except that at 
2400 A a second slower decay is followed. The present 
results and previous results6 did not confirm their find
ings. We were unable to observe any decay at 2400 
A with the same rate as found at 4300 A under the same 
conditions. At pH 12.7, the decay at 2400 A is slower 
by more than an order of magnitude. After this slow 
decay, a residual absorption at 2400 A remains owing 
to H 02~ formed as a final product. In experiments with 
0.1 A  NaOH containing some carbonate, a decay at 
2400 A occurred with a similar lifetime to the decay at 
4300 A, which suggests that a carbonate radical may 
be responsible for some absorption formed in the 
ultraviolet region.

The transient species absorbing at 2400 A in alkaline 
solution is formed from 0 2 and eaq; thus we expect it 
to be 0 2~. Nevertheless, its behavior is different from 
the 0 2_ , having a stronger absorbance although the 
peak is of similar shape. Its decay is orders of mag
nitude slower than that of the 0 2~. These species must 
be either an alkaline-stabilized form of 0 2~ or its dimer 
or an alkali-stabilized form of the disproportionation 
product of the 0 2~.

Decay of the 0 3_. The decay kinetics observed 
here may be summarized by the equation

d [Q3—J 
df [02 +  kb [H20 2 [03 (I)

From Figures 4 and 6 we derive the values

Gaq T  N20  ---->■ N20

Therefore N20  must prevent 0 2~ formation. That 
N20  increases the absorption rather than decreasing 
it proves that reaction b cannot be responsible for the 
absorption.

fca = 0.06 M  sec-1

kb — 1.6 X 106 M ~l sec-1

Ozonized Solutions. The absence of any initial 
absorption at 4300 A in neutral solutions containing
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0 3 and 0 2 can be explained according to the possible 
reactions occurring.

O3 +  eaq +  O3- (p)
0 2 +  eaq —- > o 2- (q)

O3 +  eaq > o 2 +  0 - (r)
If reaction p is slower than (q) and/or (r), no ozonide 

is expected to be formed.
As O3 and O2 concentrations were comparable, we 

are forced to assume that either eaq reacts slowly with 
ozone or the main pathway of the reaction is (r) rather 
than (p).

Decay Mechanism. Stabilization by oxygen of the 
4300-A absorption indicates an equilibrium of the type 
x +  0 2 ^  y, where the reaction proceeds through 
the first-order decay of x. (The equilibrium must 
lie to the right.) If the equilibrium were O-  +  0 2 

Og- , the 0 “  would have to decay in a first-order pro
cess, although the contrary is found experimentally. 12 

Such a mechanism could hold only if 0 ~  reacts with an 
impurity. There is no such impurity either in the Ba- 
(0H ) 2 or in the gases, as the half-life does not decrease 
with increasing concentrations of these reagents 
(Figure 4), nor in the triply distilled water, since 
water from different stills gave the same results.

A mechanism which agrees with the ozonide decay 
would be

O +  O2 ■— O3- (1)
2 O3-  ^  0 62- (2)

Oe2-  ^  0 42-  +  0 2 (3)
0 42-  — > O2 +  O22- (4a)

0 42- — »- 202- (4b)

o 42- -t- h 2o2 9- 2 O2 +  20H - (5a)

Oe2 H2O2 ^ 3 O2 +  20H (5b)

Reaction 1 is fast, as Adams,7 et al., measured 
k0-+0l =  2.5 X 109 M - 1 sec-1.

In order to predict a first-order decay of the inter
mediate and a reverse oxygen concentration dependence 
as observed, the following restrictions have to be added 
to the above mechanism.

(a) Equilibrium 2 has to be to the right, which 
means that the ozonide ion exists in solution mainly 
as its dimer 0 62-. The proposed dimerization of 0 3 -  
in a strongly alkaline solution is analogous to the dimeri
zation of the periodate ion16 known to occur at pH >10.

(b) As O3-  is formed in alkaline oxygenated solu

tions more rapidly than would be possible for 0 3_ to 
associate into fV ~  at the low concentrations in which
O3-  is formed, we expect to be able to observe the forma
tion of Oe2~. As no change in the absorption at 4300 
A was observed during the time of the formation 
of 0 62-, we must conclude that 0 3-  and its dimer, 
0 62- , have very similar extinction coefficients per 0  
atom.

(c) The observed decay expression fits the pro
posed mechanism if an additional assumption is made. 
We have to assume that equilibrium 3 lies to the left, 
otherwise the first-order rate constant would not be 
proportional to 1/  [0 2] as it was observed.

The proposed mechanism is rather speculative, as 
it predicts two new intermediates, 0 62“  and 0 42~, where 
no direct evidence for their existence is known; how
ever, the existence of H2O4, the acid form of 0 42", has 
been shown. 17’18 (If 0 42- and 0 62- do exist, some 
ring structure might stabilize these hypothetical inter
mediates.)

We propose this mechanism in spite of the specula
tive assumption needed, as we cannot see any alterna
tive explanation for the observed results. Reaction 
scheme l-5a or l-5b  will give the values A:a = &4fc3/fc_ 3 

and kh =  ki$,k3/k- 3 or khh =  kb.
The absorption of 0 2-  at 2400 A also raises some dif

ficulties. Above pH 10 the decay is not second order, 
but first order, with half-lifetime that increases with 
the pH.

This behavior was attributed6 to the scheme 

202-  - ^ 0 22- +  0 2

0 22-  +  H+ — >  H 02-

0 22-  +  H20  H 02-  +  O H -

Below pH 7 the first step is rate determining; thus 
second-order decay is observed. At higher pH the 
second and third steps are the slow ones; this will 
predict first-order decay and a pH dependence similar 
to the one observed. The only difficulty to this as
sumption is the lack of any change in absorption in the 
time range where the reaction 202~ -*■ 0 2 +  C o 
occurs. This would force us to assume that there is 
no difference in the absorption of two 0 2_ radicals 
and one 0 22-  ion.

As 0 2- , 0 42- ,  and CO-  are possible intermediates 
in the decay of both 0 3-  and Ch-  in alkaline solutions, 
it would seem that more work should be done in order

(16) I. I. Skorokhodov, L. I. Nekrasov, and N. I. Kobozev, Russ. J. 
Phys. Chem., 38, 1188 (1964).
(17) Z. P. Zagorski and K. Sehested, “Pulse Radiolysis 43,” Aca
demic Press Inc., New York, N. Y., 1965.
(18) G. J. Buist and J. D. Lewis, Chem. Commun., 66 (1965).
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to understand this complicated system, studying 
simultaneously the decay at both wavelengths 2400 
and 4300 A.
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Refractometry in Fused Alkali Nitrates and Thiocyanates
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Refractive index and density measurements were performed on various alkali nitrates, 
alkali nitrate mixtures, and solutions of alkali halides in the nitrate systems. In addition, 
molten alkali thiocyanates and saturated aqueous solutions of alkali thiocyanates were 
studied. Molar refractions, polarizabilities, and fundamental absorption frequencies were 
calculated.

Introduction

Work on refractive index measurements in molten 
salts dates back to comparatively recent years. It 
has, however, received impetus during the past 10 
years or so with a view to utilizing this property for 
determination of complex ions formed, if any,1'2 and 
for attempting to elucidate the structure of melts.8'4 
Meyer5 and Meyer and Heck6 in 1922 determined for 
the first time the refractive indices of fused NaN03, 
K N 03, NaOH, and KOH and calculated their molar 
refractions. Wagner7 in 1928 extended this work to 
a larger number of salts and to higher temperatures 
using light of six different wavelengths. After a long 
gap of some 30 years Bloom and Rhodes1 determined 
the molar refractions of NaN02, NaN03, K N 02, K N 03, 
AgNOi, and NaN03-K N 0 3, NaN03-A gN 03, and KN-
0 3-A gN 03 mixtures of varying compositions. They 
obtained almost straight-line plots for molar refraction 
vs. mole fraction of a component for these mixtures con
cluding that there is little or no additional ionic inter
actions in these systems. Murgulescu and Volanschi2 
in 1961 carried out refractive index measurements of 
LiN03-N aN 03 and LiN03-K N 0 3 systems and cal
culated their molar refractions. They found that the 
rule of mixtures holds indicating that the deformation

action of the small-sized and highly charged Li+ ion 
has little effect on the refractometric behavior of these 
mixtures. During the last few years Zarzycki and 
Nandin3'4 have made measurements of refractive index 
and magnetic rotation of a good many solid and fused 
salts and have calculated their molar refractions and 
molar magnetic rotations. Since these molar constants 
are related to the frequencies of absorption bands for 
the same compounds3'4'8 they also determined the ab
sorption frequencies as a function of temperature. 
Comparing this variation of absorption frequency with 
the variation experimentally obtained for the same

(1) H. Bloom and D. C. Rhodes, J. Phys. Chem., 60, 791 (1956).
(2) I. G. Murgulescu and C. Volanschi, Rev. Chim. Acad. Rep. 
Populaire Roumaine, 6, 45 (1961).
(3) J. Zarzycki and F. Nandin, Compt. Rend., 256, 634, 1252, 3078, 
5344 (1963); 257, 3163 (1963); 258, 1488 (1964).
(4) J. Zarzycki and F. Nandin, Rev. Hautes Temp. Réfractaires, 1, 
121 (1964).
(5) G. Meyer, Z. Electrochem., 28, 21 (1922).
(6) G. Meyer and H. Heck, Z. Physik Chem. (Leipzig!, 100, 316 
(1922).
(7) O. H. Wagner, ibid., 131, 409 (1928).
(8) M. R. Mallemann, J. Phys. Radium, 7, 295 (1926).
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compounds, they have tried ro lend support to the 
“ free space”  model for fused salts.

We have extended the refraction studies of alkali 
metal nitrates, their binary mixtures, and mixtures 
with alkali metal halides and also those of alkali metal 
thiocyanates and their binary mixtures.

Experim ental Section

Materials Used. All salts used were of reagent grade 
quality. They were powdered, dried in a vacuum 
oven at about 110° for 3-4 hr, and finally vacuum 
desiccated over P20 5. Further handling was performed 
using carefully observed anhydrous techniques in
cluding use of a glove box. This procedure was found 
particularly essential for thiocyanates and lithium salts 
which are extremely hygroscopic.

Method. The method employed for refractive index 
determination involved the measurement of the angle 
of minimum deviation of the emergent ray from a 
hollow Pyrex or quartz 60° prism and the application 
of Snell’s law.9 The prism was 1.5 in. per side and held 
12-15 g of melt.

The furnace used was constructed of a brass rod 
6 in. long and 3 in. in diameter. The center of the 
block had a triangular hole through its entire length 
of such dimensions that the prismatic cell could go in 
as a snug fit. The bottom section of the furnace con
sisted of a brass plate 0.75-in. thick having a triangular 
groove in the center corresponding to the hole in the 
main block. The main block and the bottom plate 
were held together by connecting pins and spacers to 
allow a W in . opening for the light path. The depth 
of the prism well and the height of the prism were such 
that approximately 4 in. of brass block were above 
the top of the prism. Thus, temperature gradients 
even at the surface were negligible. Three 250-w 
rod heaters were inserted in the block in a symmetrical 
arrangement around the prism well. The heaters 
extended from the top of the main block into the 
bottom plate. These heaters were controlled by a 
Proportio-Null 1300 series temperature controller. 
The sensing element for the controller was placed in a 
well in the block. The bottom plate was also heated 
by resistance wire wound around its circumference. 
This was regulated by a variable-dc source.

The main block and bottom plate were well insulated 
with approximately 2 in. of porcelain cement, alun- 
dum, and asbestos. A temperature as high as 500° 
could be attained with control to within ±0.1° and it 
was measured by a sheathed chromel-alumel thermo
couple placed in the melt, using a Leeds and Northrup 
AZAR recorder.

The entire assembly was mounted on the table of

an AO Spencer No. 3670 spectrometer in such a fashion 
that it could be raised out of the light path by a chain 
and pulley arrangement. The movement was neces
sary for setting the instrument for the undeviated ray.

Density measurements were made using the well- 
known sinker method. The basic apparatus has 
been described elsewhere.10 The method was modi
fied slightly for this study to work with smaller samples 
and to permit more efficient blanketing with dry HP 
nitrogen. The refractive index measurements were also 
performed with the melt blanketed with dry HP nitro
gen. This was achieved by appropriately placed 
bubblers and gas-supply tubes in the furnace well and 
prism.

The wavelengths of light used were (i) blue-violet 
line of mercury (435.8 mp), (ii) green line of mercury 
(546.1 mri, and (iii) yellow line of sodium (589.0 
mn). The appropriate elemental lamps were used as 
sources.

The aqueous solutions were prepared in a flask 
fitted with a mechanical stirrer and immersed in a con
stant-temperature water bath. The solubility of the 
thiocyanates was determined by titration with a stan
dard AgN 03 solution using 0.2-0.5 M  H N 03 containing 
a few drops of ferric ammonium sulfate as indicator.11

The refractive indices are accurate to ±0.0002 and 
the densities to ±0.001 g/cc. These errors lead to a 
maximum error of ±0.02 cc mole-1 in the calculated 
molar refractions reported below.

R esults

The refractive indices (ji) and densities (p) of the 
systems studied are a linear function of temperature over 
the ranges examined and are, therefore, presented in 
the form of equations determined by least-squares 
calculations

V ~ vo — at 

P  =  po — ht

where rjo, po, a, and b are empirically defined constants 
and t is the temperature in degrees centigrade. Tables
I-V  summarize data pertaining to alkali metal nitrates, 
their eutectics, alkali halide additions to NaN03, 
K N 03, (Li, K )N 03 eutectic, (Na, K )N 03 eutectic, 
and KNCS, NaNCS, and their mixtures.

The maximum concentrations of added halide are

(9) F. W. Sears and M. W. Zemansky, “University Physics,” 2nd 
ed, Addison Wesley Publishing Co., Inc., Reading, Mass., 1955, 
p 736.
(10) P. Papaioannou and G. W. Harrington, J. Phys. Chem., 68, 
2424 (1964).
(11) I. M. Kolthoff and E. B. Sandell, “Text Book of Quantitative 
Inorganic Analysis,” 3rd ed, The Macmillan Co., New York, N. Y., 
1952, pp 455, 456.
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Table I : Refractive Index and Molar Refraction of Nitrates and Thiocyanates

•Refractive index-
✓------- Blue-vi olet line------- *

a X 10*,
------------- Gree n line------------ *

a X 10*,
- - -  Yelloiw line—— — ■. 

a X 10«,
✓—Molar refraction—> 

Yellow line,
Melt vo deg -» vo deg-1 VO deg-1 cc mole-1

LiNOa (270-380°) 1.5215 1.25 1.5070 1.26 1.5039 1.26 10.95(375°)
NaN03 (320-384°) 1.4885 1.47 1.4742 1.44 1.4709 1.43 11.52(375°)
KNOa (345-410°) 1.4826 1.62 1.4693 1.58 1.4677 1.61 13.51(375°)
KNCS (180-200°) 1.6092 1.68 1.5940 1.91 1.5893 1.87 19.61(190°)
NaNCS (315-345°) 1.6287 1.87
(Na, K)NCS (145-345°) 1 . 6324 2.40 1.6082 2.16 1.6060 2.30 18.71 (190°)

Table I I : Refractive Index, Density, and Molar Refraction of Alkali Halide Additions to Nitrates

Molar
refraction

V>1 1!__
of alkali a x  10*, a x  10‘ , a x  10», PO, g CO'1 line,
halide V0 deg-1 Vo deg-t V0 deg-1 g c o - ’ deg-1 cc mole-1

NaNOs 3.0 LiCl 1.4760 1.45 2.147 7.97 11.51
(320-410°) 5.0 1.4930 1.42 1.4790 1.40 1.4709 1.55 2.122 7.37 11.44

8.0 1.4959 1.42 1.4796 1.35 1.4771 1.38 2.108 7.12 11.34

5.0 NaCl 1.4901 1.45 1.4769 1.45 1.4752 1.49 2.135 7.27 11.36
8.0 1.4899 1.33 1.4750 1.29 1.4761 1.41 2.152 7.88 11.37

10.0 1.4916 1.34 1.4727 1.21 1.4726 1.28 2.118 7.03 11.35

3.0 KC1 1.4946 1.52 1.4771 1.42 1.4730 1.39 2.141 7.58 11.56
5.0 1.4918 1.42 1.4793 1.44 1.4775 1.47 2.122 7.13 11.59
8.0 1.4923 1.43 1.4778 1.40 1.4751 1.40

KNOa 3.0 LiCl 1.4702 1.57 2.070 6.61 13.54
(340-420°) 5.0 1.4846 1.51 1.4697 1.44 1.4709 1.55 2.085 7.07 13.44

8.0 1.4868 1.52 1.4762 1.56 1.4754 1.63 2.096 7.48 13.28

3.0 NaCl 1.4895 1.70 1.4731 1.59 1.4713 1.61 2.113 7.50 13.52
5.0 1.4885 1.62 1.4732 1.53 1.4732 1.60 2.119 7.70 13.49
8.0 1.4922 1.72 1.4769 1.63 1.4750 1.64

5.0 KC1 1.4813 1.53 1.4692 1.53 1.4661 1.52 2.106 7.37 13.49
8.0 1.4866 1.58 1.4721 1.52 1.4705 1.55 2.113 7.60 13.49

10.0 1.4869 1.57 1.4729 1.52 1.4705 1.53 2.110 7.56 13.44

believed to be representative of the limits of solubility, 
for the temperature ranges studied, as evidenced by no 
significant change in refractive index on subsequent 
additions. Literature values of density were used 
for the pure salts and the (Li, K )N 03 eutectic.12’13

D iscussion

A. Molar Refractions. The molar refractions (R) 
of the melts were calculated by the usual Lorentz- 
Lorenz relation.14 In the case of mixtures, the molecu
lar weight, M, is given by M  =  where x t and
Mi are the mole fraction and molecular weight of the 
fth component. The calculated molar refractions for 
the yellow line are included in Tables I-V . In the last

column of Tables III and IV are also listed the molar 
refractions (R') for the mixtures assuming the rule of 
mixtures holds, i.e., the molar refractions calculated as

R' =

where xt and Rt refer to the mole fraction and molar 
refraction for the fth component.

The molar refractions are reported for specific tem-

(12) G. J. Janz, A. T. Ward, and R. D. Reeves, “Molten Salt Data,” 
Rensselaer Polytechnic Institute, Troy, N. Y., 1964.
(13) M. Goffman, Ph.D. Thesis, Temple University, 1965.
(14) “Physical Methods of Organic Chemistry,” Vol. I, Part II, 
A. Weissberger, Ed., Interscience Publishers, Inc., New York, N. Y., 
1960, Chapter 18.
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Table III: Refractive Index, Density, and Molar Refraction of Nitrate Eutectics (Yellow Line)

.--------Refractive index-------- > .---------------------Density-------------------- - *------------ Molar refraction-

Melt VO
a X 10*. 

deg"1
p*>

g cc-1
b X 104, 

g cc _1 deg -1
R,

cc mole-1
R',

cc mole-:

(Li, Na)N 03 (245-345°) 1.4879 1.32 2.015 6.26 11.20 (320°) 11.18
(Li, K )N 0 3 (155-255°) 1.4844 1.60 1.949 7.0 (t -  160)° 12.27(200°)
(Na, K )N 0 3 (255-345°) 1.4726 1.61 2.129 7.57 12.60(345°) 12.56

° See ref 13.

Table IV: Refractive Index, Density, and Molar Refraction of Alkali Halide Addition to Nitrate Eutectics (Yellow Line)

.--------------Density-------------- .
.--------Refractive index-------- . b X I04, .--------------Molar refraction-

Mole % a X 104, po. g cc-1 R, R',
Eutectic alkali halide VO deg-1 g co-1 deg-1 cc mole-1 cc mole-1

(Li, K )N 0 3 8.0 LiCl 1.4890 1.64 2.074 8.25 11.93(200°)
(155-255°) 8.0 NaCl 1.4855 1.59 2.094 8.38 11.94

8.0 K C I 1.4851 1.60 2.088 8.11 12.11
8.0 RbCl 1.4855 1.59 2.157 8.50 12.26
8.0 CsCl 1.4901 1.67 2.244 9.69 12.43

(Na, K )N 0 3 5.0 LiCl 1.4811 1.75 2.116 7.63 12.45 (340°) 12.49
(250-340°) 8.0 LiCl 1.4799 1.66 2.097 7.23 12.32 12.35

5.0 NaCl 1.4746 1.58 2.121 7.54 12.49 12.46
8.0 NaCl 1.4735 1.51 2.119 7.50
5.0 KCI 1.4667 1.67 2.125 7.56 12.56 12.58
8.0 K CI 1.4772 1.65 2.125 7.61

Table V : Refractive Index, Density, and Molar Refraction of
NaNCS Additions to KNCS (145-200°) (Yellow Line)

Refractive ------- Density—— n Molar
Mole ---------index-------- - b X 104, refraction

% a X 104, P0, g CC"> R, cc
NaNCS Vo deg -* g cc-1 deg-1 mole -1

10.0 1.5956 2.04 1.7284 6.86 19.25 (190°)
20.0 1.6013 2.12 1.7115 5.95 19.04
30.0 1.6060 2.30 1.7195 6.23 18.71
50.0 1.6102 1.94
80.0 1.6271 2.09

100.0 1.6287 1.87

peratures. Although expected to be independent of 
temperature, the molar refraction does increase slightly 
(approximately 0.02-0.05 cc mole-1/ 50°) with rise in 
temperature. This has been observed by others.1-3 
R' is thus calculated only for systems in which the com
ponents were studied at temperatures comparable to 
those of the mixtures.

Taking the case of alkali halide additions to NaN03-. 
Table II, it is seen that for LiCl additions there is a 
distinct decrease in molar refraction with increasing 
concentration of LiCl; for NaCl additions the value 
is lower than that for pure NaN03 but to a lesser extent,

while for KC1 additions there is a slight increase in 
molar refraction. The added alkali halide has a dif
ferent molar refraction than N aN 03 and makes a dif
ferent contribution toward the total molar refraction 
and it is the sum of the contributions of the two com
ponents which equals the calculated value. This is 
confirmed by the values of molar refraction for fused 
LiCl, NaCl, and KCI as determined by Zarzycki and 
Nandin.3 The reported values for the green line of 
mercury are 8.32-8.41, 9.65-9.71, and 11.75-11.85 
cc mole-1 for LiCl, NaCl, and KCI, respectively. (As
suming continuance of the liquid state, these values 
would probably be 0.1-0.2 cc mole-1 lower at the tem
peratures of the nitrate solutions.)

If the behavior of these alkali halides as solutes in 
the fused nitrates was similar to their behavior in 
the pure molten state, then the contribution of a 
certain mole per cent of LiCl toward molar refraction is 
the least among the three alkali halides and is less than 
that of NaN03. This explains the lowest values ob
tained for LiCl additions. • In the same way, since the 
molar refraction of molten KCI is highest among the 
three alkali halides and higher than that of NaN03, 
slightly higher values for KCI additions are justified. 
Similar arguments explain the molar refraction values 
for alkali halide additions to K N 03.
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The molar refraction values of alkali nitrate eutectics 
are given in Table III and a comparison of the experi
mental values with those calculated from the rule of 
mixtures as given in the last column of the table 
supports the same assumption in the case of nitrate 
mixtures.

The results of molar refractions of 8 mole % , addi
tions of LiCl, NaCl, KC1, RbCl, and CsCl to (Li, K )- 
N 0 3 eutectic as presented in Table IV also point in 
the same direction. The molar refraction of the eutec
tic is 11.27 cc mole-1 ; for the LiCl addition it is 11.93 
and then increases through the CsCl addition, being 
almost equal to that of the eutectic at the RbCl addi
tion. That the RbCl mixture has the same molar 
refraction as the eutectic itself can be explained on 
the basis of the rule of the mixtures if the molar refrac
tion of RbCl as solute is equal to that of the eutectic. 
Although we do not at present know the exact value of 
the molar refraction of RbCl, a glance at the values 
of LiCl, NaCl, and KC1 as reported by Zarzycki and 
Nandin3 mentioned earlier in this paper would indi
cate that the molar refraction of RbCl could fall around
12.5 cc mole-1, which is not much different from 12.27.

The results of LiCl, NaCl, and KC1 additions to 
(Na, K )N 0 3 eutectic as given in Table IV justify the 
additive character of molar refraction in the case of 
these three-component systems as well.

To see if the same rule holds in case of thiocyanates, 
the values of molar refraction of KNCS and its mix
tures containing 10, 20, and 30 mole %  NaNCS 
were plotted vs. mole %  NaNCS. An almost linear 
graph (Figure 1) was obtained. Mixtures with higher 
than 30 mole %  NaNCS and pure NaNCS were found 
to undergo slow decomposition above their melting 
points. This did not interfere with refractive index 
measurements since small quantities of melt were re
quired and temperature equilibration was rapidly 
attained, but the density measurements could not be 
performed satisfactorily by the method used and the 
presence of the platinum bob appeared to enhance the 
decomposition rate. An extrapolation by a least- 
square calculation of the above straight-line graph to 
100  mole %  NaNCS gave a value of 16.5 cc mole-1  
for the molar refraction of NaNCS.

The rule of mixtures for melts appears quite reason
able if the components do not cause any additional 
interactions like the formation of complex ions or new 
kinetic species. In a mixture of, say, two salts, M 1X 1 

and M 2X 2, the environment of X 2 is altered by the 
presence of Mi causing a certain change in molar refrac
tion of M 2X 2 in a direction depending upon the charge 
density of Mi compared to that of M2, but simul
taneously the environment of X i is changed by the

Mole % NaNCS.

Figure 1. Molar refraction vs. mole %
NaNCS in (Na, K)NCS mixtures.

closeness of M 2 and the molar refraction of M 1X 1 

changes in a direction opposite to that of M 2X 2 resulting 
in no net change in total molar refraction of the mix
ture. That is, the mixture behaves from the molar 
refraction point of view as if the ions of the two com
ponents did not influence each other.

B. Polarizabilities and Ionic Radii. Since molar 
refraction for light of infinite wavelength (RP) is re
lated to the polarizability (a) of the compound as 

=  V 371-Na we can calculate a if we know Ra. 
To obtain the value of Ra for a particular compound 
we have used the following expression14 (for the dis
persion) originating from classical electromagnetic 
theory and applicable to normal dispersion not too close 
to absorption bands

4> =  ^  ~  - =  2 ------ —------
V\2 +  2 (70  )i2 — 72

where iyx is the refractive index for a particular wave
length A, Ci is a constant related to transition probabili
ties, (70) 1 is a characteristic frequency related to the 
frequency of light absorption, and 7  is the frequency of 
the light used. If it is assumed, as it is found to hold in 
practice, that for colorless compounds only one term 
out of C y [(7 o)i2 — 7 2] contributes to dispersion, the
above relationship reduces to

r
2 -  1 c
+  2 0

to 1 to

or

1 7o2 1 2
c cy

That is, a plot of l/<j> vs. 7 2 should give a straight line,
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as it does, especially for colorless compounds in the 
visible region of the spectrum.

This procedure has been adopted in the present case 
and the value of 1/0 extrapolated to infinite wave
length is obtained. From the value of 1/0«,, the cor
responding = 4>a(M/p) is calculated.

The polarizability of a compound is a measure of 
its molecular volume and in the case of ionic com
pounds, as fused salts are, it is equal to the sum of 
the volumes of the cation and the anion constituting 
the compound. In the phenomenon of refraction of 
light it is the loosely bound (called active) electrons 
of the ions which play a prominent role. Since the 
electrons of the cation are very firmly held owing to the 
positive charge and the opposite holds in the case of 
the anion, it is the latter ion which makes the principal 
contribution to the molar refraction. There is no way 
as yet known to ascertain what fraction of the total 
refraction of an ionic compound is due to the cation. 
Pauling15 has calculated on theoretical grounds the 
molar refraction of Li+ ion as 0.1 cc mole-1. Sub
tracting this from the molar refraction of LiN 03 for 
infinite wavelength, R„  for N 03~ ion comes out to 
be 10.41 cc mole-1 and a is calculated to be 4.13 X 
10-24 cm3.

Knowing a, the radius of the nitrate ion is calculated 
as a  =  y 3 or y n o 3-  = v^ no,- =  v'/f. 13 X 10-24 = 
1.60 A.

Considering the molar refractive values at infinite 
wavelength of N 03~, K N 03, and KNCS and by appro
priate addition and subtraction, 72«, for NCS-  ion is 
16.21 cc mole-1. This gives the values for the polariz
ability and radius of NCS-  ion as 6.43 X 10-24 cm3 
and 1.86 A, respectively.

The above values for radii of N 03-  and NCS-  
ions are in reasonable agreement with the over-all 
radii calculated from consideration of the reported 
covalent bond lengths and ionic sizes.16'17 The nitrate 
radius is, however, smaller than the thermochemical 
radius.18

C. Characteristic Absorption Frequencies. Molar 
refraction is related to the frequencies of the high- 
energy absorption bands and the number of electrons 
in the molecule of the compound through the rela
tion3'4'8

R = Pl +  P2
3irp Yi2 — Yl2 Y22 — 7l 2

where N is Avogadro’s number, e and p are the charge 
and mass of the electron, px and p2 are the numbers of 
the active and the remaining electrons, rl is the fre
quency of light used for refractive index measure

ments, and Yi and Y2 are the fundamental frequencies 
of the absorption bands. In the case of ionic com
pounds, pi and p2 refer to the electrons of the anion 
alone.

If one considers the N 03~ ion as a planar and sym
metrical structure19 with sp2 hybridization of the nitro
gen atom and delocalization of the electrons involved 
in N -0  bonds, then there are three active electrons. 
With pi =  3 and p2 =  29 and the use of the values of 
R for the blue-violet and yellow lines for LiN03, 
NaN03, and K N 03, we have calculated yi and Y2 for 
the nitrate ion. These values appear in Table VI.

Table VI : Absorption Frequencies for
Nitrates and Thiocyanates

yi, T2,
Td.fi m fi

LiN 03 126.1 19.6
NaNOs 123.9 23.6
KNOs 129.9 27.4
KNCS 135.4 34.8
NaNCS 134.0 25.0

Similarly, the linearity of the NCS-  ion20 and sup
position of sp hybridization for the carbon atom give 
pi =  4 and p2 =  26 for this ion. Utilizing these values 
and also the molar refraction values of KNCS for the 
blue-violet and yellow lines, yi and y2 were calculated 
and are given in Table VI.

If the extrapolated value for molar refraction of 
NaNCS for the yellow line is accepted as correct and 
it is assumed that its molar refraction for the blue- 
violet line differs to the same extent as does that of 
KNCS, R for NaNCS for the blue-violet line is 17.2 cc 
mole-1. The values of yi and y2 thus calculated for 
NaNCS are also reported in Table VI.

Our values of yi and y2 for nitrates have the same 
order of magnitude as those reported by Zarzycki 
and Nandin.3'4 For thiocyanates yi is nearly 135 
m/i and y2 is about 30 mp. It appears that the magni
tude of yi is not much influenced, but that of y2 is, by 
the nature of the cation.

(15) K. Fajans, Z. Physik. Chem. (Frankfurt), 24, 103 (1934).
(16) F. A. Cotton and G. Wilkinson, "Advanced Inorganic Chemis
try,” Interscience Publishers, Inc., New York, N. Y., 1962, p 93.
(17) E. A. Moelwyn-Hughes, “Physical Chemistry,” Pergamon 
Press Ltd., Oxford, England, 1961, Chapters XI, XII, and XX.
(18) C. G. S. Phillips and R. J. P. Williams, “Inorganic Chemistry,” 
Vol. I, Oxford University Press, New York, N. Y., 1965, p 158.
(19) N. Elliot, J. Am. Chem. Soc., 59, 1380 (1937).
(20) Z. V. Zvonhova, Zh. Fiz. Khim., 26, 1798 (1953).
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Figure 2. Refractive index vs. temperature for molten
KNCS and its saturated aqueous solutions: ------—,
blue-violet line; —  • — , green line; -—•• — , yellow line.

Figure 3. Refractive index vs. temperature for molten 
(Na, K)NCS eutectic and its saturated aqueous solutions: 
-------- , blue-violet line; —  • — , green line; —  — , yellow line.

D. Aqueous Solutions. Because of the relatively 
high aqueous solubility of KSCN, the refractive 
properties of saturated aqueous solutions of pure KSCN 
and KSCN-NaSCN eutectic were examined for any 
similarities between such solutions and the melts. 
The rather interesting results are shown in Figures 2 
and 3. The solubilities and approximate densities 
are given in Table VII. The latter were determined 
by weighing a known volume taken from the saturating 
vessel at the temperature indicated. It will be noticed 
that in each case the extrapolated intercept of the 
aqueous solution and melt plots occurs at the melting 
point of the salt and eutectic. Other saturated aque
ous solutions were studied involving salts used in this 
study and by others.1 A similar linear type of rela
tionship could not be found.

In theory, one would expect such plots to intercept 
at the melting point, but our study suggests that aque
ous solutions of alkali nitrates and nitrites would 
show considerable curvature at higher temperatures.

Table V II

.--------------KSCiI--------------. ^ ----- KSCN--NaSCN-------
Temp, Solubility, Density. Solubility, Density,

°c g/g of HjO g/cc g/g of H,0 g/cc

26.5 2.41 ± 1.45 ±
0.01 0.02

27.0 2.48 ± 1.45 ±
0.01 0.02

42.0 2.84 1.47 3.02 1.48
57.0 3.47 1.49
57.5 4.02 1.51
72.0 4.28 1.51 5.28 1.55

The linearity in the case of the thiocyanates may merely 
be the result of a fortuitous combination of effects.
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The y Radiolysis of Liquid 2-Propanol. III.1 Chain Reactions in 

Alkaline Solutions Containing Nitrous Oxide

by W arren  V . Sh erm an 2

Soreq Nuclear Research Centre, Yavne, Israel (Received September 8, 1966)

A study has been made of the y  radiolysis of solutions of potassium hydroxide and nitrous 
oxide in 2-propanol. The major products identified were nitrogen, methane, acetone, 
and potassium acetate. The exceptionally high product yields (G(N2) >  103 was observed) 
indicate a chain mechanism. Yields were determined as a function of dose, dose rate, 
and concentrations of potassium hydroxide and nitrous oxide. The observed dependence 
of yields on the reciprocal of the square root of the dose rate is consistent with bimolecular 
termination being of major importance. The yields were independent of the potassium 
hydroxide concentration when [KOH] >  2 X 10-2 M, but were proportional to the con
centration of nitrous oxide. Large yields of hydrogen (f?(H2) ~  20) were noted at certain 
nitrous oxide concentrations. Evidence is presented to support the suggestion that the
2-propoxide radical anion (I) is the chain carrier and that the propagation steps for the 
formation of nitrogen and acetone involve the reactions

Me2C O - (I) +  N20  Me2CO +  N2 +  0~

0 -  +  Me2CHOH — > O H - +  Me2COH

Me2COH +  Me2CHO- — ► I +  Me2CHOH

Inhibition and retardation of the chain reaction was observed in the presence of a number 
of organic solutes.

Introduction

A preliminary study of the radiolysis of 2-propanol 
solutions containing potassium hydroxide and nitrous 
oxide has been published recently.3 This present 
report is concerned with a more complete study of the 
observed chain reactions.

Experim ental Section

2-Propanol (Eastman Spectrograde) and nitrous 
oxide (Matheson) were purified as described previously.4 
Potassium hydroxide (Baker reagent) was used with
out further purification. (It was stated by the manu
facturers to contain 1.7% K2COs.) All other solutes 
were of reagent grade and used as received.

Standard solutions of the solutes were prepared, 
and aliquots (2 ml) were placed in Pyrex reaction vessels 
consisting of a 20-mm diameter tube fitted with a break- 
seal and standard-taper joint. The solutions were

then thoroughly degassed and nitrous oxide was added; 
the vessels were sealed and irradiated as described 
previously.4 Unless otherwise stated, a period of at 
least 10 hr was allowed to elapse between removal 
from the cobalt source and product analysis. Gaseous 
products volatile at liquid-air temperature (H2, N2, CH4, 
and CO) were analyzed by gas chromatography on a 2-m 
column of Molecular Sieve 5A (Linde) at room tem
perature. Helium was the carrier. The detector 
consisted of 8-K thermistors (Gow-Mac) and was 
maintained at 0° by submerging in an ice-water 
bath. (The author is grateful to Dr. Miguel Wernick 
for invaluable advice in constructing the gas chroma

(1) Part II: W. V. Sherman, J. Phys. Chem., 70, 2872 (1966).
(2) The Radiation Laboratory, University of Notre Dame, Notre 
Dame, Ind. 46556.
(3) W. V. Sherman, Chem. Commun., 250 (1966).
(4) W. V. Sherman, J. Phys. Chem., 70, 667 (1966),
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tograph.) The relative response of the detector to 
H2j N2, CH4, and CO was 1:25:24:24. It was not 
possible to detect H2 in an excess of N2 when the 
former was present at a concentration of less than 1 
part/hundred. Thus, when G(N2) =  103, the lower 
limit of detection was G(H2) =  10. Acetone was 
identified and analyzed on an F & M Model 810 gas 
chromatograph. The column used was 10% Carbo- 
wax 20M on Chromosorb S. Potassium acetate was 
analyzed as acetic acid on a Perkin-Elmer Fraktometer. 
The column (“ BA” ) contained a mixture of di-2-ethyl- 
hexyl sebacinate and sebacic acid. The irradiated 
solution from a typical experiment in which consider
able yields of gaseous products occurred was injected 
onto the column. Either no peak or a small peak cor
responding to acetic acid was observed. The solution 
was then acidified with hydrochloric acid and injected 
again. In all cases a considerable increase in peak size 
was found. These observations are consistent with 
the formation of acetic acid from potassium acetate 
on acidification with hydrochloric acid.

The Co60 source used in most of the experiments was 
a Gammacell 200 (Atomic Energy of Canada, Ltd.). 
The dose rate received by 2-propanol solutions was
3.6 X 1017 ev ml-1 min-1. By placing the reaction 
vessels in a cylindrical lead shield the dose rate was 
reduced to 7.2 X 1016 ev ml-1 min-1. The other two 
dose rates were obtained with the Co60 source in the 
pool of the Israel Research Reactor I.

R esults

The products identified in the radiolysis of solutions 
of potassium hydroxide and nitrous oxide with doses in 
the range 2 X 1016 to 1 X 1018 ev ml-1 were nitrogen, 
methane, acetone, and potassium acetate. No at
tempt was made to analyze the last named quanti
tatively. Hydrogen, identified as a reaction product 
previously at higher doses,3 was observed only at cer
tain nitrous oxide concentrations (see below). No 
change in the nature and yields of the chain products 
was noted when potassium 2-propoxide or sodium hy
droxide was substituted for potassium hydroxide. 
However, when the latter was replaced by 5 X 10-2 M 
ammonia or a saturated solution of. potassium chloride, 
no chain reaction was observed.

1. Effect of Dose and Dose Rate. The yields of 
nitrogen, methane, and acetone are set out in Table 
I. At a dose rate of 7.2 X 1016 ev ml-1 min-1 the yield 
of all three products remained essentially constant 
over the range (1.2-2.4) X 1017 ev ml-1. At lower 
doses an increase of yield with dose may be observed, 
while rapidly decreasing yields with dose occurred 
at higher doses. For a given total dose [(2.1-2.2) X

1017 ev ml-1] the yields decreased with increasing dose 
rate. No hydrogen was detectable in these runs.

Table I  : Radiolysis of Solutions of Potassium Hydroxide and 
Nitrous Oxide in 2-Propanol. Yields as a Function 
of Dose and Dose Rate“

Dose rate 
X 10-18, 
ev m l-1 
min“ 1

Dose 
X 10-16, 
ev ml“ i 10-*G(N2) 10-*G(CH.)

10-*<?-
((CH3)2CO)

7.2 2.4 2.24 0.76
7.2 3.7 2.70 1.95 3.0
7.2 7.3 2.88 1.77 2.3
7.2 12 3.33 2.30 2.3
7.2 18 3.40 2.30 2.5
7.2 22 3.35 2.25 2.9
7.2 24 3.33 2.35 2.6
7.2 29 2.85 1.87 2.2
7.2 4 4 1.70 0.74 2.6
7.2 122 1.66 1.27 1.2
0.15 21 10.6 7.25 7.5
0.30 21 7.70 4.85 5.6

36 22 2.00 1.26 1.6

“ [KOH] =  5 X  10“ 2M;  [N20] = 5 X  10-2 M.

2. Effect of the Variation of the Initial Concentrations 
of Potassium Hydroxide and Nitrous Oxide. A series of 
radiolyses was carried out in which the initial con
centration of nitrous oxide was kept constant (5 X 10-2 
M) and potassium hydroxide varied (Table II, Figure 
1). With 5 X 10-4 M  potassium hydroxide the yields 
were similar to that observed in the absence of potas
sium hydroxide.4 As the concentration was increased, 
the yields increased rapidly, reached limiting values 
at about 2 X  10-2 M, and then remained relatively 
insensitive to further increases in the concentration of 
potassium hydroxide. The profile (Figure 1) has a 
shape similar to that observed previously at a higher 
dose and dose rate.3 However, the limiting values 
for G(N») and G(CH„) (3.5 X 103 and 2.3 X  102, 
respectively) are significantly higher than observed 
previously (1.6 X 103 and 1.0 X 102, respectively).

With the initial concentration of potassium hy
droxide kept constant (5 X 10-2 M), yields were ob
served to increase proportionally with increasing con
centration of nitrous oxide (Figure 2). The slope of 
the yield vs. [N20 ] plot was unaffected by a fivefold 
increase in dose rate though the actual yields were 
decreased considerably.

In the majority of runs it was not possible to detect 
hydrogen as a reaction product. However, in three 
cases (see Table II) exceptionally large yields of hy
drogen were noted.
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Table I I : Radiolysis of Solutions of Potassium Hydroxide and Nitrous Oxide in 
Yields as a Function of the Concentration of the Two Solutes“

10-» X 
dose rate,
ev ml-* [KOH], [N20],

2-Propanol.

min“1 mJVf m l G(N0 G(CH4) GqCHsLCO)
0.72 0.60 50 2.926 1.40
0.72 0.80 50 3.02 X 102 2.28 X  10
0.72 1.0 50 3.73 X 102 2.30 X  10 2.5 X  102
0.72 2.0 50 1.25 X  10s 5.90 X  10 1 . 1 X 1 0 3 * *
0.72 5.0 50 2.60 X  103 1.76 X  102 1.9 X  103
0.72 10 50 2.96 X  103 1.96 X  102 2.2 X  103
0.72 25 50 3.62 X  103 2.36 X  102 2.5 X  103
0.72 50 50 3.35 X  103 2.25 X 102 2.9 X  103
0.72 180 50 3.67 X  103 2.21 X  102 3.1 X 103
0.72 50 0.50 5.80 X  10 ~  5
0.72 50 1.0 1.25 X 102 8.40 1 . 0 X 1 0 1
0.72 50 2.5 2.74 X  102 2.00 X  10 2.5 X  102
0.72 50 5.0 5.17 X  102“ 3.30 X  10 4.4 X 102
0.72 50 10 1.04 X 103 d 4.80 X  10 7.9 X  102
0.72 50 100 6.30 X  103 4.51 X 102 4.7 X  103
0.72 50 200 7.13 X  103 5.13 X  102 5.3 X  10s
3.6 50 1.0 7.01 X  10
3.6 50 2.5 1.27 X  102' 9.30 1.3 X  10’
3.6 50 5.0 4.27 X  102/ 3.30 X  10 4.0 X  102
3.6 50 10 5.00 X  1025 3.35 X  10 4 . 1 X 1 0 2
3.6 50 50 2.01 X  103 1.26 X 102 1.6 X  103
3.6 50 200 4.80 X  103 2.43 X  102 3.1 X  103

“ Dose =  2.2 X  1017 ev m l-1. b Dose =  6.6 X  1017 ev ml-1; 
23 ±  4, 11 ±  1, 21 ±  4, and 4.0 ±  1.0, respectively.

G(H2) =  2.8. 0 Hydrogen detected with O  values of 5.5 ±

[KOHJ, M.
Figure 1. Product yields as a function of potassium 
hydroxide concentration. [N20] =  5 X 10-2 M; 
dose rate =  7.2 X  1016 ev ml-1 min-1; dose =  2.2 X 1017 
ev ml-1: nitrogen, • ;  acetone, A; methane,«.

3. Postirradiation Yields. It was found that if an
irradiated solution was plunged into liquid air immedi
ately on removal from the cobalt source and kept at

this temperature until product analysis, the yields of 
gaseous products were considerably less than that ob
tained from a solution which had been allowed to 
stand at room temperature for a period of time prior 
to freezing for the analysis of gaseous products. Addi
tional but diminishing amounts of the latter could be 
recovered on subsequent thaw-freeze cycles while the 
reaction vessel was still attached to the vacuum line. 
A typical run is shown in Table III. The total yields 
of nitrogen and methane recovered in these runs were

Table I I I  : Radiolysis of Solutions of Potassium Hydroxide 
and Nitrous Oxide in 2-Propanol. Postirradiation Yields“

Thawing Time
interval thawed,

no. min “G(Ni)” “G(CH0”

2.16 X  10s 1.41 X  102
1 3.0 9.20 X  102 7.10 X  10
2 3.0 1.91 X  102 1.34 X  10
3 3.0 4.50 X  10 6.9
4 30 <9.0 X  10

“ [KOH] =  5 X  10-2 M) [N20] =  5 X  10 ~2 M;  dose rate
7.2 X  10ls ev ml-1 min-1; dose =  2.2 X  1Û17 ev ml l.
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Table IV  : Solute Effects in the Radiolysis of Solutions of Potassium Hydroxide and Nitrous Oxide in 2-Propanol“

10 -o x
dose rate, 10“”  X 
ev ml“1 dose,

[Solute], M hr-1 ev ml-1 G(gas) G(H2) G(N2) G(CHj)

Benzene 5.0 X  10-2 3.6 1 1 * 1.6 X  103 1.49 X  103 1.03 X  102
Benzene 2.5 X 10-1 3.6 1 1 * 9.1 X  102 4.5 8.50 X  102 5.40 X  10
Nitrobenzene 5.0 X 10-5 0.72 2.2 4.5
Nitrobenzene 5.0 X  10"3 0.72 2.2 9.4
Nitrobenzene 5.0 X 10-2 3.6 11* 6.2° 2.4 0.67 0.67
Nitrobenzene 2.5 X  10-1 3.6 11* 4 .7“ 1.7 0.26 0.60
Benzophenone 5.0 X 10"2 3.6 11* 9.5' 3.0 3.50 1.32
Acetone 1.0 X  10-3 0.72 2.2 1.4 X  10
Acetone 5.0 X 10-3 0.72 2.2 6.7
Carbon tetrachloride 5.0 X  10"3 0.72 2.2 1.1 X  102 1.03 X 102 6.45
Carbon dioxide 5.0 X  10-2 3.6 11* 6.6 2.9 2.60 1.06

° [KOH] =  [N20] =  5.0 X 10 2 Af. * Yields at this dose rate and total dose in the absence of solutes are (?(N2) =  1.55 X  103 
and trfCHi) =  1.03 X  102. c~e Carbon monoxide identified with G  values of 2.50, 2.18, and 1.66, respectively.

Figure 2. Product yields as a function of nitrous 
oxide concentration. [KOH] =  5 X 10-2 M;  dose 
rate =  7.2 X 1016 ev ml-1 min-1; dose =  2.2 X  1017 
ev ml-1: nitrogen, • ;  acetone, A; methane, ■ .

approximately equal to those obtained from solutions 
which had been allowed to stand at room temperature 
for several hours before analysis.

4- Effect of Organic Solutes. The presence of small 
concentrations of a number of organic solutes was found 
to retard and inhibit the formation of the chain prod
ucts (Table IV). Of the solutes studied, only with 
benzene was a high concentration (>0.1 M) necessary 
to produce a significant diminution of the product 
yields. Carbon monoxide was identified in the pres
ence of nitrobenzene (5 X  10-2 and 2.5 X  10-1 M) and

benzophenone (5 X 10-2 M). Precipitation of potas
sium chloride was observed on prolonged irradiation 
of the solution containing carbon tetrachloride.

D iscussion

In all of the experiments where the chain reaction 
was observed, the ratio of yields of nitrogen to methane 
remained essentially constant (14 ±  2). This ratio 
was also observed in the presence of benzene and 
carbon tetrachloride where the chain was retarded. 
The yields of nitrogen and acetone were always of the 
same order of magnitude, the latter being consistently 
10-30% lower than the former. These constant 
product yield ratios are in accord with nitrogen and 
acetone having their origin in a common intermedi
ate^), and with the minor product methane (and 
presumably potassium acetate) originating in a side 
reaction. Two stoichiometric reactions (1 and 2) 
may then be written to describe the observed products.

N20  +  Me2CHOH - h>- Me2CO +  N2 +  H20  (1)

N20  +  Me2CHOH M eC02H +  N2 +  CH4 (2)

The formation of an additional oxidation product de
rived from 2-propanol, e.g., pinacol, could account for 
the inequality of nitrogen and acetone yields, but 
attempts to identify this product were unsuccessful.

The observation that the yields of nitrogen, methane, 
and acetone are proportional to the initial concentra
tion of nitrous oxide (Figure 2) is consistent with the 
latter taking part in a rate-determining first-order 
propagation step. The lack of dependence of prod
uct yields on potassium hydroxide concentration 
(when [KOH] >  2 X 10-2 M) indicates that this solute
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is not rate determ ining provided a m inim al concentra
tion is present. Since the chain reaction is observed  
only in strongly alkaline solution and not under acid 
or neutral conditions, it is evident th at the chain  
carrier is not a protonated species or a neutral radical, 
b u t an anionic species.

A  chain reaction involving 100-ev  yields of nitrogen  
and acetone of up to  60 ev  w as noted in the radiolysis 
of alkaline aqueous solutions of nitrous oxide and 2-  
propanol.5 6 I t  was proposed th at the 2-propoxide  
radical anion (I) is the chain carrier in this reaction. 
B y  analogy, it is suggested th at the chain carrier in
2-propanol solution is also I  and th at reactions 3 -5  
constitute the propagation steps for the m ajor products 
nitrogen and acetone.

M e 2C O -  (I) +  N 20  — ►

M e 2C O  +  N 20 -  — ■> N 2 +  0 -  (3) 

0 -  (or N j Q - )  +  M e 2C H O H  — >

O H -  (or N 2 +  O H - )  +  M esC O H  (II ) (4) 

I I  +  M e 2C H O -  — >  I  +  M e 2C H O H  (5)

T h e 2-propoxyl radical (II ) m a y  be form ed in the  
radiolysis of 2-propanol solutions of nitrous oxide in 
three w a y s: (i) as a prim ary product (reaction 6),
(ii) b y  the abstraction of the carbinol hydrogen atom  
of the solvent b y  other prim ary radicals, R  (reaction 7), 
and (iii) b y  reaction 4  involving 0 “  produced b y  the  
reaction of solvated electrons w ith nitrous oxide (re
action 8) . Since the p R a of a radical is greater than that

M c 2C IIO H  — — >  e So i_  +  R -  +  other products (6)

R -  +  M e 2C H O H  — >  R H  +  I I  (7)

e.oi- +  N20  — ► N20 -  — ► N2 +  0 -  (8)

of the com pound from  which it has been derived b y  the 
loss of a hydrogen atom , the ionization of I I  in a solu
tion containing 2-propoxide anions (reaction 5) should  
be particularly favorable. R eactions 5 -8  m a y  therefore 
be considered to constitute the initiation steps of the  
chain reaction.

In  order to verify th at the production o f radicals in 
an alkaline solution of nitrous oxide in 2-propanol 
would lead to a chain reaction, ¿-butoxy radicals were 
generated photochem ically b y  exposing solutions con
taining d i-f-bu tyl peroxide to  ultraviolet light from  a 
high-pressure m ercury la m p .6 Large yields of nitro
gen, m ethane, acetone, and potassium  acetate were ob
served. T h e light-induced reaction closely paralleled  
the 7 -ray  reaction in four salient features: (i) the
sim ilarity between the yields of nitrogen and acetone; 
(ii) the constant ratio of the yields of nitrogen to

m ethane (14 ±  2 ) ;  (iii) the y ie ld -[K O H ] profile 
(at [K O H ] >  2 X  10~2 M  the product yields were inde
pendent of [K O H ]) ; (iv) the product yields propor
tional to [N jO ].

T h e  observed retardation and inhibition of the chain  
reaction (T ab le  I V )  b y  solutes which are good electron  
acceptors is supporting evidence for a negatively  
charged species being an interm ediate in the chain  
reaction. I t  has been show n4 that nitrobenzene, ben- 
zophenone, acetone, and carbon tetrachloride com pete  
effectively with nitrous oxide for solvated electrons. 
In  addition, the reactivity of these com pounds tow ard  
solvated electrons w as determ ined to be o f the sam e  
order of m agnitude. T h e fa ct th at the presence of 
only 5 X  1 0 -5 M  nitrobenzene com pletely inhibits the 
chain reaction indicates th at inhibition is not solely  
at the initiation stage (com petition w ith nitrous 
oxide for the solvated electron) but also involves an 
interm ediate in one of the propagation steps. C om 
petition between nitrous oxide and an electron acceptor 
S (reaction 9) for the electron of radical anion I  is

I  +  S — >  M e 2C O  +  S -  (9)

consistent w ith the experim ental observations. Fur
ther support for the proposed m echanism  is th at  
benzene, a poor electron acceptor, has little effect on 
the product yields even when present at concentra
tions in excess of that of nitrous oxide.

I t  is notew orthy th at the efficiency of carbon tetra
chloride as an inhibitor is lower than th at of nitro
benzene and acetone. Since the reactivity  of carbon  
tetrachloride tow ard solvated electrons in 2-propanol 
is greater than th at of acetone ,4 and not significantly  
less than th at of nitrobenzene,4 it is evident th at while 
electron transfer from  I to carbon tetrachloride is 
therm odynam ically favorable, not every transfer oc
currence (reaction 9) results in term ination of the chain. 
A  possible explanation is th at the carbon tetrachloride  
anion is unstable and can dissociate to give a trichloro- 
m eth yl radical (reaction 10). T h e  latter can then ini
tiate a new chain b y  abstracting the carbinol hydrogen  
of the solvent (reaction 11). B ased on gas-phase data,

I +  CC14 — > M e 2C O  +  CC1S- +  C l“  (10)

C C lr  +  M e 2C H O H  — >  C H C 13 +  I I  (11)

reaction 10 m ight be expected to be endotherm ic, 
but in a solvent of relatively high dielectric constant  
such as 2-propanol the energy of solvation of the sm all 
chloride ion could be great enough to provide the driving

(5) G. Scholes, M. Simic, and J. J. Weiss, Discussions Faraday Soc., 
36, 214 (1963).
(6) W . V. Sherman, J. Am. Chem. Soc., 89, 1302 (1967).
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force for reaction 10. T h e observation of potassium  
chloride as a product is in agreem ent w ith dissociative 
electron capture b y  carbon tetrachloride.

If the foregoing m echanism  is correct, then, in view  
of the fact that carbon tetrachloride can decrease 
the rate of reaction, it m ust be concluded th at either 
the process leading to trichlorom ethyl radicals is less 
than 100%  efficient, or com bination reactions of the  
latter (e.g., dimerization) com pete favorably w ith the  
abstraction reaction 11.

T h e  observation th at the presence of sm all concentra
tions o f acetone retard and inhibit the chain requires 
com m ent. Electron capture b y  acetone gives the sam e  
radical anion, I, which is the proposed chain carrier. 
T aken  at face value, the effect of acetone would appear 
to be in conflict w ith the proposed m echanism  for the 
chain reaction. H ow ever, acetone w as found to have  
no m easurable effect on the light-induced reaction  
initiated b y  di-f-bu tyl peroxide even when present in 
high concentration .6 Since the 7 -ray  and light-in
duced reactions appear to differ only in their m ode of 
initiation, it m a y  be assum ed th at the apparently  
anom alous inhibition b y  acetone is due to its interac
tion w ith the initial steps of the chain. In  the light- 
induced reactions initiation is via hom ogeneously  
produced reactive centers. In  the early stages of the 
7 -ray  reaction the reactive centers are not distributed  
hom ogeneously, but rather in areas of high concentra
tion (spurs7 8) . A cetone can act as a trap for the radio- 
lytic radicals and negatively charged species. T h e  
resulting acetone radicals or radical anions m a y  then  
undergo com bination and charge neutralization re
actions with the prim ary radicals and positive holes 
before th ey  are able to diffuse aw ay from  the parent 
spurs. T o  sustain the chain, nitrous oxide m ust com 
pete w ith these reactions. T h e  fact th at retardation  
and inhibition of the chain is observed in the pres
ence of acetone indicates th at the reaction of nitrous 
oxide w ith the acetone radical anion is slow com pared  
with radical com bination or charge-neutralization  
processes. Benzene, a good radical scavenger but poor 
electron scavenger, does not significantly retard the 
chain unless present at very high concentration. It  
m a y  therefore be concluded th at only charge transfer is 
im portant in inhibition by acetone.

T h e observed decrease in product yields w ith in
creasing dose on prolonged irradiation (T ab le  I) is 
consistent with acetone form ed as a reaction product 
acting as an inhibitor. T h e  low yields at very low doses 
probably indicate the presence of an im purity which  
can term inate the chain but is rapidly consumed. 
T h e  potassium  hydroxide used in the experim ents was  
contam inated w ith sm all am ounts of potassium  car

bonate (see Experim ental Section). T h e  observed in
hibition of the chain in the presence of added carbon  
dioxide indicates that this could be the cause of the  
low yields at low doses.

M ath em atica l analysis of the chain reaction using  
hom ogeneous steady-state kinetics is valid  provided  
th at the radiation spurs have a hom ogeneous distribu
tion and th at the lifetim e of any particular spur is 
short com pared with the average life of the chain  
centers between propagation steps. Assum ing initia
tion b y  reactions 5 -8  and propagation b y  reactions
3 -5 ,  then in the case of bim olecular term ination8-10

MesCHOH
I  +  I ----------- - >  M e 2C O  +  2 M e 2C H ( ) -  (12)

the yields of nitrogen and acetone are given b y  ex
pressions A  and B , where D is the dose rate, Ge the  
yield of electrons scavengeable b y  nitrous oxide, and  
G r  the yield of radicals R .

G( N2) =  Ge +  k3 [N20] Ge j- Gr 
kv>D

Vs
(A )

G (M e 2C O ) =  Ge +  Gr +  3̂ [N 2O ]!
Ge ~h Gr 

k\zD

Vs
(B)

For first-order term ination by an im purity M , reac-

I +  M  — >■ M e 2C O  +  M -  (13)

tion 13, the yields of nitrogen and acetone are given b y  
expressions C  and D .

G(N2) =  Ge + fc3[N 20 ] ( G e +  Gr) 

ku[M]

G( M e 2C O ) =  (G e +  Gr ) 1 +
fc3[N 2Q]~

M M ] _

(C )

(D)

A  straight line is obtained in a plot of G (N 2) and G - 
(M e 2C O ) vs. ( l / D ) I/! (Figure 3). T h is is consistent 
w ith bim olecular term ination (reaction 12) being of 
m ajor im portance in the chain reaction. H ow ever, 
the positive intercept at (1 / jD )1/* =  0  (i.e., D —*■ co) 
indicates an additional first-order term ination process. 
W ith  a knowledge of k12 and (G e +  Gr ) it w ould be 
possible to obtain a value for k3 from  the slope of the  
G (N 2) v s . ( l /Z ) ) ,/! plot. W h ile  an accurate figure for

(7) A. H. Samuel and J. L. Magee, J. Phys. Chem., 21, 1080 (1953) _
(8) The reaction between two identical ketyl radical ions has been 
written as giving the corresponding pinacol anion.9 However, it 
has been pointed out10 that, since a pinacol is not an observed product 
in this type of reaction, it is perhaps better to write it as a dispro
portionation reaction involving a simultaneous proton transfer from 
the solvent.
(9) A. Beckett and G. Porter, Trans. Faraday Soc., 59, 2038 (1963).
(10) S. G. Cohen and W . V. Sherman, J. Am. Chem. Soc., 85, 1642 
(1963).
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108(l/Z>)l/2, (ev 1ml min):/2.

Figure 3. Product yields as a function of dose rate.
[KOH], [N„0] = 5 X 10~ * M ;  dose = (2.1-2.2) X 1 0 17 
ev ml-1: nitrogen,»; acetone, A; methane,».

both of these is not available, it is possible to m ake an 
estim ate of an upper lim it for fc3. T h e  upper lim it for 
kn would be th at of a diffusion-controlled reaction. 
U sing the D eb y e  equation11 this is /;12 =  3 X  10 s M ~ l 
sec-1 . In  the absence of an accurate value for (7r , 
a lower lim it for (Ge +  Gr) could be the yield of sol
vated  electrons scavengeable b y  5 X  10 -2  M  nitrous 
oxide. This m a y  be equated w ith the yield of nitrogen  
(<?(NS) =  2 .7 ) found in the radiolysis of a neutral 
solution of nitrous oxide in 2-propanol.4 U sing these 
numbers it is calculated th at the upper lim it for k3 — 
105 M -1  sec- 1 . Th is low  value for the upper lim it 
of 7c3 is consistent w ith the explanation of inhibition by  
acetone given above, nam ely, th at charge transfer 
from  the acetone radical anion I to nitrous oxide com 
petes unfavorably with charge neutralization at posi
tive holes.

T h e  additional quantities of gaseous products re
covered on each additional th aw -freeze cycle from  
solutions which had been frozen in liquid air im m edi
ately  after irradiation are m uch too large to be at
tributable to gases produced during the irradiation  
period and subsequently trapped when the solutions 
were frozen. T h e  additional yield m ust be produced  
after the rem oval of the solution from  the radiation  
source. T h e m agnitude of the postirradiation yields 
(T able I I I )  indicates th at the average lifetim e of the  
chains between creation and destruction, T, is of the

order of 1 m in. T is defined b y  T =  l X  kcl, where l 
is the average life in seconds of the chain centers be
tween propagation steps and kcl is the kinetic chain  
length (product y ie ld /y ie ld  o f initiators). Since l =  
1 / /c3[N 20 ] , 12 an estim ate for fc3 based on the post
irradiation yields is =  1 02+1 M ~ l sec- 1 .

T h e occurrence of postirradiation yields w as not 
recognized at the tim e when the prelim inary results 
were com m unicated .3 T h e observation of an apparent 
dose effect at doses in the range ( 1 .8 -3 .6) X  IQ17 ev  
m l-1  which w as attributed to a buildup of chain-carry
ing interm ediates was in fact a result of carrying out 
the product analyses too quickly after the radiolyses. 
On repeating these experim ents and allowing sufficient 
tim e to elapse before analysis, no dose effect w as noted  
at these doses.

A s  was pointed out at the beginning of this section  
the constancy of the (7(N 2) :(7 (C H 4) ratio is consistent 
w ith the tw o products having a com m on precursor. 
T h e oxygen radical anion produced in reaction 3 is 
initially in close proxim ity to  an acetone molecule. 
T h e addition of O -  to acetone (reaction 14) is a pos
sible reaction and the resulting radical ion I I I  m a y  be 
expected to lose a m ethyl radical to give the acetate  
ion (reaction 15) and subsequently m ethane (reaction  
16).

O -

/
M e 2C O  +  O -  — ► M eaC (I I I )  (14)

\
o -

I I I  — ► M e - +  M e C 0 2-  (15)

M e - +  M e 2C H 0 H  — >  C H S +  I I  (16)

T h e yield of hydrogen in the radiolysis of neutral 
solutions of 5 X  1 0 -2  M  nitrous oxide in 2-propanol is 
G =  3 .1 .4 In  the prelim inary experim ents3 a sm all 
increase in hydrogen yield (to (7 =  4 ) was consistently  
noted in the presence of potassium  hydroxide. In  these 
experiments gas analysis was m ade using a gas chrom a
tograph w ith a sm aller response to nitrogen. T h e  gas 
chrom atograph used in the present work was more  
easily overloaded b y  nitrogen and this lim ited the 
level of detection to  1 part/h u n d red  of hydrogen in 
nitrogen. H ence, (7(H 2) =  4  would not be detectable  
in m ost of the runs in which the chain reaction was 
observed. N o  hydrogen was in fact detected in the 
m ajority  of the runs. H ow ever, in certain experim ents

(11) P. J. W. Debye, Trans. Electrochem. Soc., 82, 205 (1942).
(12) F. S. Dainton, “ Chain Reactions,”  Methuen and Co., Ltd.,
London, 1956, Chapter IV.
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(see T a b le  I I)  where the initial concentration o f nitrous 
oxide w as relatively sm all, exceptionally high values 
were found for (r(H 2). These yields are too large to  
be solely due to increased prim ary yields of atom ic or 
m olecular hydrogen, and it m ust therefore be con
cluded th at in these runs hydrogen is form ed as an  
additional chain product. I t  is notew orthy th at this 
is the first recorded instance where hydrogen is pro
duced w ith G values exceeding 10 from  an organic 
solvent subjected to C o60 7  rays. A  m echanism  for 
this enhanced hydrogen yield is not readily form ulated.

M o re  experim ents are required in order to determ ine  
the exact dependence of (?(H 2) on such reaction param 
eters as dose rate and nitrous oxide concentration.

A nother unexpected result for which a m echanism  
is unclear is the form ation of significant yields of carbon  
m onoxide (see T ab le  IV ) when the chain reaction is 
inhibited b y  nitrobenzene or benzophenone.
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The Reaction of 0 ( 3P) with Acetaldehyde in a Fast-Flow System1

by R. D. Cadle and J. W. Powers2

National Center for Atmospheric Research, Boulder, Colorado (Received September 29, 1966)

T h e kinetics and products of the reaction o f 0 ( 3P ) w ith acetaldehyde in a fast-flow  system  
have been investigated. T h e  only  products detected under these conditions were m ethane, 
water, carbon dioxide, carbon m onoxide, and a trace of form aldehyde. R a te  constants  
were calculated from  the initial rate of reaction of 0 ( 3P ), fc0, and from  the over-all rate of 
disappearance of H 3C C H O , fca. V alues of ka were about twice those for fc0, for which  
the rate equation was found to be k0 =  1.1 ( ± 0 .3 )  X  1 013 e x p (— 2300 /-K T ) cm 3 m o le -1 
sec- 1 . V alues for k0 were essentially th e sam e whether the atom ic oxygen was produced  
b y  titrating atom ic nitrogen w ith nitric oxide or b y  subjecting molecular oxygen to a 
m icrowave discharge.

Introduction
T h e reaction of atom ic oxygen in the ground ( 3P) 

electronic state w ith acetaldehyde has been investigated  
b y  C vetan ovic ,3 A ve ry  and C vetan ovic ,4 and b y  A vra 
m enko and his co-workers.5-8 T h e  first tw o investi
gators3'4 produced oxygen atom s b y  the m ercury- 
photosensitized decom position of nitrous oxide and b y  
the photolysis of nitrogen dioxide at 3660  A . T h e  
m ajor products of the reaction were found to be water 
and diacetyl, suggesting th at the prim ary attack in
volves the abstraction of the aldehydic hydrogen atom s. 
C vetan ovi6 reported th at the rate constant at room  
tem perature was 0 .7  ± 0 . 1  tim es th at for the atom ic

oxygen-eth ylene reaction and suggested th at the ac
tivation energy is about 3 k cal/m ole . C om bining this

(1) This work was supported by Grant No. AP-00343-02, Division of 
Air Pollution, Bureau of State Services, U. S. Public Health 
Service.
(2) On leave of absence from Ripon College, Ripon, Wis.
(3) R. J. Cvetanovifi, Can. J. Chem., 34, 775 (1956).
(4) H. E. Avery and R. J. Cvetanovifi, J. Chem. Phys., 43, 3727 
(1965).
(5) L. I. Avramenko and R. V. Lorentso, Zh. Fiz. Khim., 26, 1084 
(1952).
(6) L. I. Avramenko and R. V. Kolesnikova, Izv. Akad. Nauk 
SSSR, Otd. Khim. Nauk, 1231 (1961).
(7) L. I. Avramenko, R. V. Kolesnikova, and M. F. Sorokima, ibid., 
1005 (1961).
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result with the value of E lias and Schiff8 9 for the atom ic  
oxygen-eth ylene rate constant at room  temperature, 
the atom ic oxygen-acetaldehyde rate constant is 4 .6  X  
1 0 n c m 3 m ole -1  sec- 1 . I f  C vetan ovic ’s data for rate 
constant ratios3'10 are com bined w ith those for the reac
tion of 0  with N 0 2, n the value 1 .9 X  1011 c m 3 m ole -1 
sec-1  is obtained. I f  C vetan ovic ’s data are com bined  
w ith those of Ford and E n dow , 12 the value is 3 .2  X  
1 011 cm 3 m ole -1  sec“ 1. Avram enko, et al., produced  
oxygen atom s b y  the m ercury-photosensitized de
composition of nitrous oxide6 and b y  passing molecular 
oxygen through an electrical discharge.5'7'8 T h e  reac
tion products included acetic acid, glycolic aldehyde, 
ketene, and form aldehyde, but no diacetyl was found. 
T h ey  suggested three possible types of reactions: scis
sion of the C - C  bond, the form ation of water and ke
tene, and incorporation of an oxygen atom  at the C - H  
bond to form  acetic acid or glycolic aldehyde. From  
the am ounts of acetic acid produced th ey  obtained  
the rate equation

k =  3 .6  X  1 0 u  e x p (— 27 5 0 /R T)  c m 3 m o le“ 1 sec-1

This corresponds to a rate constant at 3 0 0 °K  of about 
2 X  109 c m 3 m ole -1  sec“ 1, sm aller than the value of 
C vctan ovic b y  more than tw o orders of m agnitude.

In view of these discrepancies, an investigation was 
undertaken in these laboratories of the 0 ( 3P ) - H 3C C H 0  
reaction using a fast-flow  system  and following the 
course of the reaction b y  m easuring atom ic oxygen  
concentrations with the air afterglow 13 or by measuring  
acetaldehyde concentrations w ith gas chrom atography. 
Th u s rate constants were measured directly w ithout 
the need to assum e th at som e product is a “ prim ary”  
product. T h e  use of this technique also provided an 
opportunity to investigate the nature of the products 
when there is a relatively large ratio of the concentra
tion of atom ic oxygen to th at of acetaldehyde.

Experimental Section
T h e flow system  and experim ental technique have  

been described previously .14 15 A tom ic oxygen was 
usually produced b y  subjecting molecular nitrogen to a 
m icrowave discharge and converting the atom ic nitro
gen thus produced to atom ic oxygen b y  titration v/ith  
nitric oxide .13 In  a few experim ents the atom ic oxygen  
was produced b y  subjecting molecular oxygen to the 
discharge.

T h e acetaldehyde (E astm an ) was purified b y  trap- 
to-trap distillation in vacuo before adm itting it to  the 
storage flask. Cylinder nitric oxide (M ath eson) was 
passed over Ascarite to rem ove N 20 3 before adm itting  
it to  the storage flask. T h e nitrogen and oxygen were 
N ational Cylinder G as. T h e  former was specified to

be typically  9 9 .9 8 %  nitrogen; the oxygen was water 
pum ped and the m ain im purity, about 0 .2% ,  was argon.

Sam ples of the effluent were analyzed b y  infrared 
spectroscopy, m ass spectroscopy, gas chrom atography, 
and a colorimetric m ethod for form aldehyde .16 Sam 
ples for analysis b y  infrared and m ass spectroscopy and  
for form aldehyde were collected b y  passing all of the 
gases from  the reaction tube through a trap cooled with  
liquid nitrogen. Silica gel w as placed in the trap when  
m ethane and carbon m onoxide were to be collected.

R ate  constants were calculated in tw o w ays. One 
involved calculations from  the rates of atom ic oxygen  
decrease at zero tim e, corrected for the slight decrease 
in the absence of acetaldehyde. T h e  other involved  
calculations from  the decrease in acetaldehyde con
centration during a tim e determ ined b y  the position  
of the reaction-quenching silver oxide-coated screen 
using the equation9

[HiCCHOh 
11 [H 3C C H O ]2

T h e values of the integral were determ ined graphically  
from  the scans of the airglcw.

T h e total pressure in the reaction tube was varied  
from  1.2 to 4 .4  m m . Concentrations of atom ic oxygen  
were varied from  about 4 X  1 0 “ 11 to  6 X  1 0 “ 9 mole 
c m “ 3. Concentrations of acetaldehyde were varied  
from  about 5 X  1 0 “ 11 to 2 .0  X  10 “ 9 m ole c m - 3 . The  
effect of tem perature was studied over the range 
2 9 9 -4 7 6 °K . A  therm ocouple in an appropriate well 
was used to dem onstrate th at the reaction did not ap
preciably change the temperatures.

Results
O nly two peaks were observed on the chrom atogram  

of the partially reacted gases when a dinonylphthalate  
colum n was used, even when only a few per cent of the 
acetaldehyde had reacted. One was produced b y  
acetaldehyde and the other, as confirmed b y  further 
studies, b y  m ethane. N o  diacetyl or acetic acid was 
detected, although chrom atogram s prepared from  
actual sam ples of these substances dem onstrated that  
th ey would have been detected if form ed in appreciable

(8) L. I. Avramenko and R. V. Kolesnikova, Advan. Photochem., 2, 
25 (1964).
(9) L. Elias and H. I. Schiff, Can. J. Chem., 38, 1657 (1960).
(10) R. J. Cvetanovic, Advan. Photochem., 1, 115 (1963).
(11) F. S. Klein and J. T. Herron, J. Chem. Phys., 41, 1285 (1964).
(12) H. W. Ford and N. Endow, ibid., 27, 1277 (1957).
(13) F. Kaufman, Progr. Reaction Kinetics, 1, 3 (1961).
(14) R. D. Cadle and E. R. Allen, J. Phys. Chem., 69, 1611 (1965).
(15) A. P. Altshuller, L. J. Lang, and A. F. Wartburg, Intern. J. Air
Water Pollution, 6, 381 (1962).
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yields. T h e  yield of m ethane accounted for an average 
of about 9 %  of the acetaldehyde carbon reacted.

W h en  all of the acetaldehyde was allowed to react, 
the only bands in the infrared spectra of products col
lected at the tem perature of liquid nitrogen in the 
absence of silica gel were from  carbon dioxide and  
water. T h e yield of carbon dioxide varied from  32 to  
6 2 %  of the acetaldehyde carbon. T h e only condensa
ble gaseous products observed w ith the m ass spectrom 
eter were carbon dioxide and water.

T h e  presence am ong the products of carbon m onoxide  
was established and that of m ethane confirmed b y  the 
infrared spectra of the products collected on and de
sorbed from  silica gel. W h en  the nitric oxide was 
purified to elim inate nitrous oxide (the m ain im purity  
in M atheson  nitric oxide) b y  trap-to-trap distillation, 
all of the bands could be accounted for as resulting from  
carbon m onoxide, m ethane, carbon dioxide, water, and  
form aldehyde. Those possibly due to form aldehyde  
were very sm all. Y ields calculated from  the spectra 
showed that the acetaldehyde was oxidized alm ost en
tirely to carbon dioxide, carbon m onoxide, m ethane, and  
water (T able I).

Table I: Yields of Carbon Dioxide, Carbon Monoxide, and 
Methane Calculated from the Infrared Spectra of the 
Products Collected on and Then Desorbed from Silica Gel“

R u n  Y ield , m oles per m ole o f H3C C H O  reacted
n o . C O , CO  C H ,

1 0.72 1.12 0.19
2 0.81 1.23 0.15

“ All of the acetaldehyde had been allowed to react. The 
two runs were essentially duplicates, at about 299 °K.

T h e chemical analyses for form aldehyde showed that 
sm all am ounts were form ed, about 0 .1 -1 .5  m ole %  of 
the acetaldehyde reacted.

T h e m ole ratio of atom ic oxygen reacted to acetal
dehyde reacted varied with the ratios of the initial 
concentrations of the reactants, increasing w ith in
creasing [0]o/ [ H 3CCHO]o as shown in T able II . 
V aryin g these ratios had little effect on the methane  
yield.

A ll of the above results were obtained when produc
ing the atom ic oxygen b y  titration of atom ic nitrogen  
w ith nitric oxide.

R eaction orders were determined in the conventional 
m anner b y  m aintaining the initial concentration of one 
reactant and the total pressure constant while varying  
the concentration of the other reactant and measuring  
initial rates of atom ic oxygen decrease. Regression

lines fitted to the plots of initial rates vs. logarithm s of 
the concentrations had slopes of about unity, dem on
strating that the rates were essentially first order in 
acetaldehyde and in atom ic oxygen. T h e  rates were 
independent of the total pressure over the range in
vestigated.

Second-order rate constants calculated from  the 
atom ic oxygen concentrations (fc0) and from  the acetal
dehyde concentrations (/ca) as described above are 
shown in Tables I I  and I I I . Standard deviations (cr) 
for the results at room  tem perature are included in 
T a b le  I I I .  There was m uch more scatter in the values  
for fca than in those for k0. T h e activation energy, 2 .3  
kcal m ole- 1 , was calculated from  the slope of the regres
sion line fitted to the usual Arrhenius plot. T h is leads 
to the rate equation

fco =  1.1 ( ± 0 .3 )  X

1013 exp( — 2 3 0 0 /R 7 1) cm 3 m ole -1  sec-1

T h e ratio k jk 0 was greater than unity for every run, 
varying from  1.4 to 6 .3 w ith an average of about 2, as 
shown in T able I I . There w as no significant difference 
between the rate constants for the reaction in nitrogen  
and for th at in oxygen and the above ratio was greater 
than unity  in both cases.

Discussion
A s indicated above, the only products detected were 

water, m ethane, carbon dioxide, carbon m onoxide, and  
a trace of form aldehyde, and th ey  accounted for es
sentially all of the acetaldehyde reacted. T h e  dif
ference between the nature of the products obtained  
in the present study and those obtained in the in
vestigations of C vetanovic and of A very  and C vetan o
vic alm ost certainly results from  the difference in the  
relative acetaldehyde and oxygen atom  concentrations. 
T h e ratios of atom ic oxygen to acetaldehyde were m uch  
higher in the present study, w ith a result th at m an y  
interm ediate products reacted w ith atom ic oxygen. 
Possibly the sam e explanation holds for som e of the  
differences between the nature of the products obtained  
in the present stu dy and those obtained in the investi
gations of A vram enko, et al. C vetanovic found  
m ethane am ong the reaction products but explained it 
as resulting from  m ethyl radicals produced as a prim ary  
product of the mercury-sensitized decom position of 
acetaldehyde.

T h e rate constants obtained in the present stu dy  
agreed very well with those obtained b y  com bining  
the relative rate constants of C vetan ovic w ith the  
absolute rate constants of others. T h e activation  
energy agreed fairly well with th at predicted b y  
C vetan ovi6 and th at measured b y  A vram enko, et al.
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Table II: The Effect of the Initial Ratio of the Concentrations of Atomic Oxygen to Those of 
Acetaldehyde on Various Parameters of the Reaction at 298°K

[O]o X  101», 
m oles cm "*

[HsC.CHOJo X  10“ , 
m oles c m -3

C H 4 y ie ld  X  102, 
m oles o f  CH< per 
m ole o f H iC C H O  

reacted A [0 ]/A [H a C C H O ]

ko X  I O " « ,  
cm 3 m o le-1 

s e c-1
k& X  1 0 -11, 
cm 3 m o le-1 

s e c-1
2.0 17 13 0.31 2 . 8

6.1 20 9.4 0.76 8 . 0 5 . 1

5.8 9.4 13 1.0 8 . 5 8 . 1

6.2 10 15 1.0 8 . 2 5 . 6

8.1 6.7 12 1.4 8.8 9 . 5

5.8 3.1 2.5 2.4 9 . 2

12 5.1 19 2.6 8.5 7 . 4

13 2.3 6.5 2.0 4 . 3

Table III: Rate Constants and Activation Energies for the 0 (3P)-H3CCH0 Reaction 
Obtained in This and Other Investigations

Activation
T, k ko ka energy,

R ef CK kcal mole-1

Cvetanovic“ 298 4.6 X 1 0 11 3

Cvetanovic*1 298 1.9 X 1011
Cvetanovic0 298 3.2 X 1011
Avramenko7 343 6.6 X 10° 2 . 7 5  ±  0 . 5

353 7.4 X 10°
373 1.1 X 1 0 10

393 1.14 X 1010
428 1.41 X 10“

Cadle and Powers
(N,)' 299 2.7 X 1 0 11 6.4 x 1 0 11 2 . 3

(<r = 0.9) («T = 2.4)
369 5.4 X 1011
412 7.4 X 1011
476 12 X 1011

(0 2)8 299 2.6 X 1011 
(<r = 1.0)

13 X 1011 ‘

“ Combined data of Cvetanovic3 and Elias and Schiff.9 6 Combined data of Cvetanovic3-10 and Klein and Herron.11 c Combined 
data of Cvetanovic3-10 and Ford and Endow.12 d 0 (3P) obtained by NO titration of N. * 0 (3P) obtained by passing 0 2 through a 
microwave discharge. f Insufficient values were obtained to calculate a.

T h e reason for the m arked disagreem ent between 'h e  
rate constants obtained in this stu dy and those obtained  
b y  Avram enko, et al., is not know n, but possibly re
sulted from  an erroneous assum ption b y  Avram enko, 
et al, th at acetic acid is a prim ary product of the reac
tion.

T h e following sequence of reactions could explain 
the form ation of m ethane and, if reaction 2 is fast, the 
fact that fca/Zco is greater than one.

C H sC H O  +  0  — >  C H sC O  +  O H  (1)

C H 3C H O  +  O H  — >  C H 3C O  +  H 20  (2)

C H 3C O  +  0  — >  C H 3C 0 2 (3)

C H 3C O 2 — >  C H 3 +  C 0 2 (4)

C H 3 +  C H 3C H O  — ► C H 4 +  C H 3C O  (5)

Th is reaction sequence is essentially th at proposed b y  
C vetanovic. In  addition, the follow ing reactions m ust 
be occurring.

C H 3C O  — >  C H 3 +  C O  (6 )

O H  +  C O  — >  C 0 2 +  H  (7)

C H 3 +  0  — >  products (8 )

T h e  m eth yl radical m ust undergo reactions such as (8) 
in addition to hydrogen abstraction, since the yield of
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carbon dioxide plus carbon m onoxide is m uch greater 
than th at of m ethane. T h e  above equations do not 
constitute a com plete m echanism  and the reason for the 
relative lack of dependence of m ethane yield on the 
[C H 3C H O ] o /[ 0 ]0 ratio (T able I I )  is not obvious.

T h e increasing ratio of atom ic oxygen reacted to  
acetaldehyde reacted w ith increasing [O ]0/ [ H 3C C H O ]0 
(T able I I ) ,  together w ith the fact th at the former ratios 
varied from  fractional values to severalfold, agrees with  
the concept th at both atom ic oxygen and acetaldehyde  
are involved in secondary reactions. Such secondary  
reactions m a y  have a m uch greater effect on k„ than  
on ho, since the latter is calculated from  initial rates 
when the concentrations of interm ediate products are 
sm all. This, of course, will only be true if the rate

constants for the reaction of atom ic oxygen w ith the  
interm ediate products are not m arkedly greater than  
that for the prim ary reaction of atom ic oxygen w ith  
acetaldehyde.

Another possible explanation for fa/fa exceeding one 
is that the measured values for atom ic oxygen concen
trations were too low. These were used for calculating  
fa bu t only relative values were needed for calculating  
fa. T h e  measured values would have had to be low  
both when atom ic oxygen was prepared from  nitrogen  
and when it was prepared from  oxygen. T h is could  
also explain the fractional values for the ratio of atom ic  
oxygen reacted to acetaldehyde reacted. I f  either of 
these explanations is correct, fa represents the prim ary  
reaction step m uch better than fa.

Kinetics of Deuterium Exchange of Trimethylammonium Ion in D2S 0 4x

by Gideon Fraenkel and Yutaka Asahi1 2

Evans Chemistry Laboratory, The Ohio State University, Columbus, Ohio 43210 (Received October 3, 1966)

T h e kinetics of exchange protolysis of trim ethylam m onium  nitrate in D 2S O 4 have been  
exam ined over the tem perature range 4 1 -1 0 3 °  em ploying nm r integration to determ ine  
the rate constants. T h e exchange reaction is first order in the protonated base and the  
rate constants correlate well w ith A rn ett’ s acidity function H '" . T h e  m echanism  pro
posed to account for these results involves the rate-determ ining dissociation B H +  +

D 20  — *■ B  +  H D 20 + .  T h e  rate constants are given b y  log (ku/T) =  — (3 3 1 3 /7 ')  +  8 .08  
log T -  12 .18. A t  5 0 °  AI7 *  is 22 kcal.

Introduction
T h e kinetics of exchange protolysis of the m eth yl- 

am m onium  ions have been studied b y  M eiboom , G ru n- 
w ald, and co-workers3 4 5 em ploying nm r line shape 
m easurem ents and b y  Sw ain9'10 who found th at at 0 °  
in m ethanol the exchange rates were sufficiently slow  
to follow w ith deuterium  labeling techniques. M e i
boom , et al.,s~6 7 8 showed th at in w ater the fast steps in 
the exchange protolysis of amines are

B H +  +  H 20  +  B  — >  B  +  H 20  +  B H +  (1) 

B H +  +  B  — >  B  +  B H +  (2)

and at high acidities th ey  detected the step

B H +  +  H 20  — >  B  +  H 30 +  (3)

(1) Presented at the Nmr Symposium, Tokyo, Japan, Sept 1965.
(2) Takeda Chemical Industries, Osaka, Japan.
(3) E. A. Grunwald, A. Loewenstein, and S. Meiboom, J. Chem. 
Phys., 27, 630, 641 (1957).
(4) A. Loewenstein and S. Meiboom, ibid., 27, 1067 (1957).
(5) Z. Luz and S. Meiboom, ibid., 39, 366 (1963).
(6) E. Grunwald and E. Price, J. Am. Chem. Soc., 86, 2965, 2970 
(1964).
(7) Z. Luz and S. Meiboom, ibid., 86, 4764 (1964).
(8) M. Cocivera and E. Grunwald, ibid., 87, 2070 (1965).
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G runw ald and co-workers reported the kinetics of 
exchange of N -deu terated m ethylam m onium  salts in 
H 2S 0 4 b y  integrating the nm r peaks for the different 
species.10 11 Their results were in accord w ith a tw o- 
step exchange at high acidities

B H + - - - H 20 ^ : B - - - H 0 H  +  H +  (4)

B - - H O H ^ ± B  +  H 20  (5)

the apparent rate constants being proportional to  
(k/ k0)(1 /A o). H ere k  and h 0 refer to the viscosity and 
H am m ett acidity function, respectively. H ow ever, 
in the case o f (C H 3) 3N D +  this correlation does not hold. 
In  aqueous H C1 the rate o f proton exchange of tri- 
m ethylam m onium  ion was found to be proportional to  
( B H + ) / ( H + )-12 A fter  correction for salt effects these  
data fitted a m echanism  similar to steps 4 and 5 but 
involving m ore w ater m olecules.

B H +  +  « H 20  B  • • • (H O H )m +  H (O H 2) + , _ m (6) 

B  - • • (H O H )m — B  +  toH 20  (7)

In  attem pts to use trim ethylam m onium  ion as an 
internal standard in D 2S 0 4 w e have now found that the  
rate of N H  exchange w ith deuterium  is so slow, even at 
elevated tem peratures, th at it is easily followed b y  in
tegrating the nm r curves for the different species 
present.11

I t  was the purpose of this work to  investigate the 
kinetics of deuterium  exchange of (C H 3) 3N H +  in 
D 2S 0 4.

Experimental Section
Chemicals. T h e  follow ing m aterials were obtained  

com m ercially: trim ethylam ine, E astm an  K o d a k ; deu
terium  oxide, Colum bia Chem ical C o ; and sulfur tri
oxide, A llied Chem icals. Deuteriosulfuric was pre
pared b y  adding the appropriate quantity of D 20  
to S 0 3 to  0 ° .  Trim ethylam m onium  nitrate was m ade  
b y  dissolving trim ethylam ine in 5 M  nitric acid and  
recrystallizing the salt from  absolute ethanol.

Samples. Solutions were m ade up b y  adding the  
acid to a weighed quantity  of am m onium  salt in a 1-  
or 5 -m l volum etric flask. M o st solutions had to be 
used im m ediately; however, sam ples in very strong  
acid could be stored at — 7 8 ° .

'Kinetic Run Procedure. T h e  solution to be studied  
was transferred to a 5 -m m  nm r tube. For fast ex
change rates the sam ple was kept in the therm ostated  
nm r insert for the duration of the run. In  the case of 
slow runs several identical samples were placed in a 
therm ostat and rem oved for nm r analysis at con

venient intervals.

Nmr Analysis. T h e  Varian A 6 0  nm r spectrom eter 
w ith variable tem perature probe w as used. Analysis  
was accom plished b y  integrating the m eth yl reso
nances for the N -deuterio and N -p rotio  ions at a sweep 
w idth of 1 cp s /c m , the error being ± 1% .

Results and Discussion
Figure 1 illustrates the N -m e th y l proton nm r ab

sorption for a m ixture o f (C H 3) 3N H + (doublet; and  
(C H 3)3N D  + (triplet) in D 2S 0 4 a t different tim es after 
m ixing the protio salt w ith the acid. I t  is seen that  
the coupling constants . / H,h  and J h ,d  are 5 .3  and 0 .6  
cps, respectively. T h e  form er value is a function  
of acid concentration as is shown in T a b le  I .

T h e  rate of deuterium  exchange was determ ined b y  
integrating the m eth yl absorptions for the tw o species 
as a function of tim e. A  typical run is illustrated in 
Figure 2. T h e  rate of deuterium  exchange is first

Table I: Nmr Parameters for Trimethylammonium 
Nitrate in D2S04

D 2S0 4

concn, •Th .h ,
wt % TCH* cps

0 7 .0 8 4 .8
2 7 .0 4 5 .0
9 7 .0 4 5 .1

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

Table II: First-Order Rate Constant, hi, for Deuterium 
Exchange of Trimethylammonium, BH+, Nitrate 
in 47% D2S04 at 97°

(BH+), kl,
M sec"1

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

(9) C. G. Swain and M. M. Labes, J. Am. Chem. Soc., 79,1084 (1957).
(10) C. G. Swain, J. T. McKnight, and V. R. Kreiter, ibid., 79, 1088 
(1957).
(11) M. T. Emerson, E. Grunwald, M . L. Kaplan, and R. A. Krom- 
hout, ibid., 82 , 6307 (1960).
(12) E. Grunwald, J. Phys. Chem., 67, 2208, 2211 (1963).
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Table III: First-Order Rate Constants, klt sec-1, for Deuterium Exchange
of Trimethylammonium Ion, 0.1 M ,  in D2S04

■ 41°------------------------ ----  ,-----------------------------9 7 ° ----------------------------- - ,---------------------------- 103°-

% D,SO( fcl % DzSOi ki % D2S04 ki

6 1 .7 3 3 .8 3  X  1 0 -7 6 6 .1 3 2 .7 7  X  1 0 - ' 8 0 .8 0 2 .1 6  X  IO “ 7
4 7 .4 0 4 .3 3  X  1 0 - t 6 1 .5 8 1 .9 5  X  1 0 -4 7 5 .8 3 1 .6 3  X  1 0 -a
4 1 .3 0 2 .0 1  X  1 0 -4 4 9 .0 0 7 .4 5  X  IO “ 3 7 0 .2 8 1 .4 5  X  1 0 - '
3 8 .1 8 6 .3 3  X  IO -4 4 5 .9 0 1 .6 3  X  1 0 -2 6 2 .3 1 3 .0 0  X  1 0 -3
3 4 .5 0 1 .4 5  X  I O " 3 4 1 .2 6 3 .8 2  X  1 0 -2 4 9 .1 2 1 .3 5  X  1 0 ~ 2
3 1 .7 7 2 .3 5  X  1 0 -3 4 0 .5 8 4 .3 8  X  1 0 -2 4 3 .0 8 6 .7 0  X  1 0 ~ 2

Figure 1. Nmr absorption for methyl hydrogens in sample 
initially 0.1 M  (CH3)3NH+N03-  in 37.6% D2S04, 41° 
at different times after mixing: a, 0.6 min; 
b, 12 min; c, 43 min.

Figure 2. Deuterium exchange of 0.1 M  
(CH3)3NH+N03-  in 50.4% D2S04, 60°.

order in, and the rate constants are independent of, 
the concentration of protonated base, T ab le  I I .  F irst- 
order rate constants for deuterium  exchange as a func
tion of acid concentration and tem perature are listed  
in T able I I I .

T h e  H0n acidity function for H 2S 0 4 was determ ined  
b y  G el’bshtein betw een 20  and 8 0 °  .13 14 T h e  correspond
ing acidity function for D 2S 0 4 at 2 2 °  was found to  be  
very  close to th at for H 2S 0 415 within the range 0 .1 -  
12 M . E m ployin g G el’bshtein ’ s values for H0H and  
when necessary extrapolating his data to  other tem 
peratures it is found th at at 4 1 °

log h  =  l.5H0 (8)

and at 103°

log h  =  1.2 +  l.5H0 (9)

A n  estim ate o f / 016 for D 2S 0 4 at different tem pera
tures was m ade b y  assum ing that

Jo =  Ho +  log ctHiO (10)

T h e activity  of water was calculated from  P-a2s o J  
P hjo for sulfuric acid-w ater m ixtures at different tem 
peratures.17 T h e  values of H0 were obtained as de
scribed above and it was assum ed th at Jo for H 2S 0 4 
and D 2S 0 4 w ould be very  similar. T h e  results are at 
4 1 °

log fci =  — 0 .4  +  J0 (11)

and at 103°

log fci =  1.4 X  1.2J0 (12)

D e n o ’s acidity function, Co,18 does not correlate the  
rate constants for exchange obtained in this work.

B y  far the best correlation is obtained w ith the  
acidity function H '"  of A rn e tt,19 at 4 1 °

log h  =  0 .1  +  1.1 H '"  (13)

and at 1 0 3 °

log h  =  2 .4  +  0 .9 5H '"  (14)

Furtherm ore, the structural sim ilarity of trim ethyl- 
am ine to the N ,N -dim eth ylan ilin e indicators used to  
determ ine H " ’19 strengthens the view  th at this last 
correlation should be taken seriously. I t  is interesting  
th at these first-order rate constants are n ot linear w ith  
k / K 0 h o  or even k/ koH '".

(13) L. P. Hammett and A, J. Deyrup, J. Am. Chem. Soc., 54, 2721 
(1932).
(14) A. I. Gel’bshtein, Russ. J. Inorg. Chem., 1, 282, 506 (1956).
(15) E. Högfeldt and J. Bigeleisen, J. Am. Chem. Soc., 82, 15 (1960).
(16) V. Gold and E. W. V. Hawes, ./. Chem. Soc., 2102 (1951).
(17) “ International Critical Tables,”  Vol. 3, p 302.
(18) N. C. Deno, J. J. Jaruzelski, and A. Schriesheim, J. Am. Chem. 
Soc., 77, 3044 (1955).
(19) E. M. Arnett and G. W. Mach, ibid., 86, 2671 (1964).
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T h e correlation w ith H '"  im plies That the over-all 
rate-determ ining step in the deuterium  exchange of 
trim ethylam m onium  ion in D 2S 0 4 is

B H +  +  D 20  — >  B  +  H D 20 +  (15)

or m ore generally12 

B H +  +  n D 20

B- • ■ HOD (D20) m-\ +  D (D20) +m- n (16) 

B- • -H0D(D20 )m_i —>

B  +  H O D  +  (to -  1 )D jO (17)

T h e results reported here essentially agree with those 
o f M eib oom 4'6 and G runw ald .11’12 For instance, G run- 
w ald’s value for /ch, reaction 7, at 4 1 °  is 1 .39 X  1010 
sec-1 ,20 whereas the corresponding rate constant in 
this work, fcn, is 3 .6  X  109 sec-1 , b y  integration. H ow 
ever, these results are not strictly com parable since 
the exchanges were studied under different conditions 
w ith different m ethods and G runw ald’ s values were 
corrected for salt effects.

T h e  m ain conclusion from  th e present work is that  
the correlation obtained w ith H " '  over such a wide 
range of tem perature and acid concentration strongly  
supports steps 16 and 17 or 4  and 5 as the rate-de
termining steps for proton exchange o f trim ethylam 
m onium  ion in strong acids.

A rn e tt19 has warned of the dangers o f applying acid
ity  function criteria indiscrim inately to data for acid- 
catalyzed reactions. T h e  use of H '"  in the present 
treatm ent is justified because tertiary amines are more 
similar in their behavior to one another than to other 
typ es of amines.

I t  is still possible th at exchange steps o f the type  
B H  +  S -► B  +  S H +  m ight take place where S is 
H 2S 0 4, H S 0 4~, or S 0 42 - . E vid en tly  these steps are 
too slow to  be detected.

T h e therm odynam ic activation param eters for reac-

(CH3)3NH*+n,0 — >(CH313N + H3£o I

Figure 3. Eyring plot for deuterium exchange of 
trimethylammonium nitrate, 0.1 M  in 49% D2S04.

tion 15 were estim ated b y  extrapolating the rate con
stants for exchange to H '"  =  0  betw een 41 and 1 0 3 °. 
T h e E yring plot so obtained, illustrated in Figure 3, 
is definitely curved, the slope increasing w ith tem 
perature. From  the slope in the center o f the above  
tem perature range A H *  is 22 kcal. Substituting the  
known dependence of AH *  and AS *  on tem perature  
into the E yring equation, it is found that

log kf  =  ^ l 13 +  8 .08  log T -  12.18 (18)

accurately fits the data. H ence the corrected activa
tion param eters are AHu*  =  15. lk ca l, A & s *  =  7 .5  eu, 
and ACp =  16 ca l/m o le  ° K .  G runw ald ’s valu es12 for 
reaction 3, obtained w ith aqueous H C1 solutions (line 
shape m eth od), are AH^* =  11.29 kcal, A S 3*  =  — 17.9  
eu, and A Cp =  80  ca l/m o le  ° K .

Acknowledgment. T h is research w as supported b y  
the N ational Institutes 0 :  H ealth  G ran t N o . G M -  
0868 6 -03

(20) Interpolated from the data in ref 12, p 2214.
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Indirect Inactivation of Deoxyribonucleic Acid

by Kenneth H. Kingdon

1174 Phoenix Avenue, Schenectady, New York 12308 (Received October 3, 1966)

Th is paper explores the concept th at radiation inactivation of a D N A  m olecule is caused  
b y  the generation of a single pair o f H  radicals in a sugar, which m igrate through th e ad
jacent bases b y  a tw o-dim ensional random  walk, caused b y  excitation o f the electron  
atm osphere of the molecule b y  the radiation which generated the H  radicals. T h e  chance 
is estim ated th at this single pair of H  radicals shall react with both m em bers of an adjacent 
base pair, thus leading to the form ation of a covalent cross-link betw een the bases and  
inactivation of the entire m olecule. Th is chance is estim ated to be 0 .12 , and from  this  
and the experim ental G value of 2 .0  for producing the H  radicals, the Z)37 for virus D N A  
is found to be 7 .5  X  1 0 12/(m olecu lar weight) rads, in fair agreem ent w ith experim ent. 
A  molecule of diploid cell D N A  has m uch lower sensitivity to  radiation than a m olecule  
of equal m ass of virus D N A . P art of this is due to the duplication o f genes, bu t it is sug
gested that another factor is the existence of a three-dim ensional secondary structure in 
the diploid D N A  form ed b y  H  bonds with adsorbed water, in which the pair of H  radicals 
is m uch m ore w idely dispersed b y  a three-dim ensional random  w alk and therefore is less 
effective for cross-linking the bases. A n  initial effect of radiation on a diploid cell is to  
break som e of these water H  bonds, giving isolated pieces of virus-like tw in D N A  helix, 
which are m ore sensitive to radiation. T h e  production of isolated tw in helix D N A  b y  
the radiation is estim ated, and it is shown that a lo g -lo g  plot of the fraction o f diploid  
cells surviving at dose D , against cosh (D/D&), should be linear, with a slope o f — 2.3 . 

Th is is in agreem ent with experim ent.

I. Introduction

One process b y  which radiation is known to inactivate  
D N A  is b y  the form ation of a covalent cross-link  
between the tw o bases in a pair of nucleotides.1 Such  
cross-links m a y  inactivate the D N A  biologically b y  pre
venting com plete separation of the strands of a twin  
helix. In  other experim ents a cross-link m ay  serve as 
an anchor to locate the partially separated strands 
of a twin helix, giving the “ reversible D N A ”  studied  
b y  G eiduschek .2 These cross-links presum ably result 
from  chemical interactions of radicals form ed in the two  
bases. H ow ever, all bases are resonating ring struc
tures and are therefore quite insensitive to radiation, 
so the possibility should be considered th at other radi
cals are produced b y  the radiation elsewhere and that  
these radicals m igrate to the bases and put th em  in a 
chem ically reactive condition.

A lthough indirect inactivation is usually thought to  
be due to radicals form ed from  water, which diffuse

into the molecule to be inactivated, it is true th at for 
ionizing radiations som e organic substances such as 
w-octane, cyclohexane, alanine, and glutam ic acid  
have radical yields greater than that for w ater .3'4 5 
I t  seem s clear, therefore, th at nonaqueous sources of 
radicals, such as other com ponents o f D N A , m a y  be im 
portant. B iem ann and M cC lo sk ey6’6 have dem on 
strated from  the m ass spectra of nucleosides th at H

(1) J. Marmur and L. Grossman, Proc. Natl. Acad. Sci. U. S., 47, 
778 (1961).
(2) E. P. Geiduschek, ibid., 47, 950 (1961).
(3) L. Bouby, A. Chápiro, M. Magat, E. Migirdicyan, A. Prevot- 
Bernas, L. Reinisch, and J. Sebban, Proc. Intern. Con}. Peaceful 
Uses At. Energy, Geneva, 1955, 7, 526 (1956).
(4) T. Henriksen, T. Sanner, and A. Pihl, Radiation Res., 18, 147 
(1963).
(5) K. Biemann, “ Mass Spectrometry,”  McGraw-Hill Book Co., 
Inc., New York, N. Y., 1962, p 351.
(6) K. Biemann and J. A. McCloskey, J. Am. Chem. Soc., 84, 2005 
(1962).
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atom s are produced in the sugar and m igrate to the 
base. T h e very  great intensity of the (base +  H )  
and (base +  2 H ) peaks shows th at this is a very  
probable process and illustrates the stability of the  
bases against ionizing radiations, as compared with  
the sugars.

A  very large D N A  m olecule is form ed from  only six 
kinds of sm all m olecules— the four bases, the sugar, 
and the phosphate. T h e bonds between phosphorus 
and oxygen are known to be very strong and there
fore radiation resistant; and the work of B iem ann and  
M cC lo sk ey 6 dem onstrates th at the bases are m uch  
more radiation resistant than the sugar. Accordingly, 
we shall assum e th at the G of 2 .0  for D N A , as found b y  
Lett, Parkins, Alexander, and O rm erod,7 is due en
tirely to H  atom s liberated from  the sugar and shall 
attem pt to show that the m igration of these H  atom s  
to the bases can account quantitatively  for the inacti
vation o f virus tw in helix D N A  b y  ionizing radiation.

II. Abundance of Radicals Formed in DNA
I t  will clarify our thinking to state quantitatively  

the abundance of radicals form ed in D N A  b y  radia
tion. In  w hat follow s we shall refer to the entire D N A  
content of a virus (for exam ple) as a  single molecule 
and consider th at a structure of molecular w eight 108 
can be inactivated b y  form ation of a single covalent 
cross-link betw een a pair of bases.1

A  typical tw in helix D N A  m olecule of molecular 
weight 6 X  107 has a D 37 of about 10s rads. This  
am ount of radiation will, on the average, deliver 630  
ev /m olecu le , which w ith a G of 2 .0  will produce about 
12 H  radicals/m olecule, or 6 pairs of H  rad ica ls /105 
pairs o f nucleotides. I t  is evident from  these figures 
that it is extrem ely im probable th at a second pair of 
radicals will be form ed in a given pair of nucleotides 
during the irradiation and th at therefore the radical 
attack and cross-linking o f a pair of bases m u st be 
carried out b y  a single pair o f H  radicals produced in an 
adjacent sugar.

III. Migration of Radicals
T h e H  radicals have to m igrate from  the sugar to  

the bases in order to produce inactivation and, from  
w hat has been said about the abundance of radicals 
form ed in D N A , it is clear th at there is no concentra
tion gradient for conventional diffusion. B iem ann and  
M cC lo sk ey 6 have dem onstrated the rapid m igration of 
H  radicals from  the sugar to  the base in the m ass 
spectra o f nucleosides. I t  has also been shown b y  
Tikhom irova, M alinskii, and K a rp ov 8 th at gases m i
grate through polyethylene 1 0 -1 5  tim es faster than  
norm ally while the polyethylene is exposed to a y -ray

flux o f 730  r /m in , the m igration rate returning to its 
norm al value as soon as the radiation is stopped. I t  is 
suggested here th at these effects are caused b y  each  
incident electron of the ionizing radiation m om entarily  
heating the electron atm osphere of a m olecule locally  
to a high tem perature, thus creating local fluctuations 
o f the energy levels of the m olecule and causing the H  
radicals or other sm all molecules to perform  random  
walks between these m om entarily fluctuating energy  
levels. T h e  usual concept o f diffusion o f atom s is 
based on the idea th at an atom  statistically  acquires 
an unusually high energy which enables it to  surm ount 
a potential barrier and m o v e to a different site in a 
static system  o f energy levels. T h e  m igration concept 
suggested here is th at an atom  o f average energy is 
enabled to m ove to a different site b y  a statistical dis
turbance o f the system  of energy levels b y  incident 
radiation.

Biem ann and M c C lo sk ey ’s experim ents6 show that  
a single excitation of the electron system  has a 
very  high probability o f transporting an H  radical 
from  the sugar to the base, a distance of about 5 atom ic  
spacings, or a random  walk o f about 25 steps. It  
therefore seem s correct to assum e th at a single excita
tion of the electron atm osphere of the m olecule lasts 
long enough to perm it the H  radicals to m igrate from  
the sugar to the nearest pair o f bases, and perhaps 
farther.

IV. Inactivation of Virus Two-Strand DNA
Figure 1 shows a projection of a short section o f a 

tw o strand W a tso n -C rick  helix, based on a figure of 
W ilk in s,9 but w ith the bases rotated about 4 5 ° ,  so as 
to m ake evident their structure and hydrogen bonding. 
T h e  bases adenine, thym ine, cytosine, and guanine 
are labeled A , T , C , and G , and the sugar and phosphate, 
S and P , respectively.

Suppose a pair of H  radicals is generated in the sugar 
ring at left center of Figure 1. A  m inim um  random  
w alk of 9 atom ic spaces (including one hydrogen bond), 
about 81 random  steps, would carry one o f these H  
radicals through the adenine to the C 6 of the thym ine, 
where it m ight add to C 6, breaking the double bond and  
producing a radical on C 5. T h e  other H  radical of 
the pair m ight interact w ith the adenine. W e  shall 
attem pt to estim ate quantitatively  the chance th at a

(7) J. T. Lett, G. Parkins, P. L. Alexander, and M. G. Ormerod, 
Nalurc, 203, 593 (1964).
(8) N. S. Tikhomirova, Yu. M. Malinskii, and V. L. Karpov, 
Vysokomolekul. Soedin., 2, 1335 (1960); see Chem. Abstr., 55, 19312d 
(1961).
(9) M. H. F. Wilkins in “ Comprehensive Biochemistry,”  Vol. 8, 
Florkin and Stotz, Ed., Elsevier Publishing Co., New York, N. Y., 
1963, p 272.
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Figure 1. Migration paths for H radicals in DNA helix.

single pair of H  radicals will intereact w ith both  
m em bers of this pair of bases so as to produce a cross
link betw een them . I t  should be stated explicitly  
th at this calculation is intended only to dem onstrate  
that, w ith  a particular set of assum ptions, which are 
based as far as possible on observed experim ental data, 
the calculated probability of cross-linking a pair of 
bases is in approxim ate agreem ent w ith the observed  
value of Du for D N A . T h e  inference should not be 
drawn th at this is intended as a definitive treatm ent of 
this difficult problem .

T h e assum ptions needed for this calculation are as 
follows. T h e first assum ption specifies the reactive 
sites for the radicals in the purine and pyrim idine bases, 
and in the sugar-phosphate strands. T h e  radiation  
chem istry o f aqueous solutions of nucleic acids, as 
reviewed b y  Scholes,10 indicates th at the 5 ,6  carbon  
double bond in a pyrim idine and the 4 ,5  carbon double  
bond in a purine are the m ost probable sites for attack  
b y  the H  and O H  radicals form ed in water. T h e  double  
bond becom es saturated, leaving a new radical on one 
of the carbons. Other chemical reactions usually  
follow this initial step. In  the present case, we are 
postulating that the subsequent chemical reaction is 
the reaction of the two new radicals, one on each base, 
to form  a covalent cross-link between the purine and  
the pyrim idine. In  addition to reacting w ith the adja
cent bases, H  radicals will also m igrate along the su gar- 
phosphate strands of the twin helix and presum ably  
will react w ith the singly bonded oxygen atom s in the  
phosphate groups. For a pair of H  radicals originating  
in the ring of the sugar to the left center of Figure 1,

there will thus be 6 reactive sites, with the following  
atom ic bond spacings from  the nearest point of the  
sugar ring: O  in one phosphate (3 ), 0  in the other 
phosphate (4 ), C 4 in adenine (2 ), and C 5 (4 ), C 5 in th y 
m ine (8 ), and C 6 (9 ). Since the num ber of random  
w alk steps required to  traverse a given distance is 
proportional to the square of the distance and if each  
atom ic spacing is traversed in one step (as discussed in 
section I I I ) ,  the num ber of random  steps required to  
reach each of the above reactive sites will be 9 , 16, 4 , 
16, 64, and 81 , respectively. Our second assum ption  
is th at the probability of reaching a particular site is 
inversely proportional to the num ber o f random  steps  
required, so th at the probabilities for reaching the  
various sites are k /9, fc/16, fc/4, /c /16 , /c /64 , and fc/81, 
respectively. T h e constant k m a y  be evaluated b y  
setting the sum  of the probabilities equal to unity . 
T h is schem e of calculation neglects H  radicals which  
pass through the phosphate groups w ithout reacting  
and those which pass through the adenine and thym ine  
w ithout reacting. For such a pair o f H  radicals 
to reach the nearest reactive sites in the A - T  base  
pair at the top of Figure 1 would require random  walks 
of 81 and 400  steps, respectively, so th at the neglect 
of this group is justified for the elem entary calculation.

H  radicals m igrating from  the sugar ring at left center 
of Figure 1 m ay  form  cross-links between the adjacent 
adenine and thym ine b y  tw o m utually exclusive proc
esses.11 In  part a of process 1, the first H  radical 
reacts in the adenine, whereas, in part b, the second H  
radical passes through the adenine and reacts in the  
thym ine. In  part a of process 2, the first H  radical 
passes through the adenine and reacts in the thym ine, 
whereas, in part b, the second H  radical reacts in the  
adenine. T h e  total probability will be the sum  of the  
probabilities for these two m utually  exclusive processes. 
T ab le  I  lists the reactive sites, and the probabilities  
for reaching each site b y  a random  walk, as outlined  
above. T h is is followed b y  the detailed calculations 
for th e two processes. In  part a of the first process, 
the sum  of the probabilities has been set equal to unity, 
and k was found to be 1.94, so th at the individual 
probabilities are as listed. T h e probability for reac
tion in A  is 0 .608 , m ade up of 0 .486  on C 4 and 0 .1 2 2  on  
C 5, so that 0 .6 0 8  is the probability for part a of process 
1. Part b of process 1 m ust be divided into tw o cases:

(10) G. Scholes, Progr. Biophys. Mol. Biol., 13, 59 (1963). In 
Scholes’ article the reactive bond for radicals in a pyrimidine is 
referred to as the 4,5 double bond. In the present article this bond 
is referred to as the 5,6 double bond, in accordance with most recent 
references. The pyrimidine ring is symmetrical about a 2-5 line, so 
that a dual numbering system is possible.
(11) The author is indebted to a referee for pointing out this approach 
to the calculation.
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Table I : Chance of H Radical Reaction with A and T

Reactive Sites and Probabilities for A -*■ T

Case
■Oxygens---------------> ----------------A denine--------------- s ,-------------- T h ym in e--------------- , k  fraction

Reaction sites 1 2 c4 c 6 c 6 c 6
Probabilities k /9 k / 16 k / 4 k/16 k /  64 fc/81
Process 1, Part a 0.216 0.122 0.486 0.122 0.030 0.024 1.94

0.608
Case bi 0.421 0.237 0 0.236 0.059

0.106
0.047 3.79 0.80

Case bi 0.246 0.138 0.554 0 0.035
0.062

0.027 2.22 0.20

bi +  b2 = (0.80 X 0.106) +  (0.20 X 0.062) = 0.097
Probability of process 1: 0.608 X 0.097 = 0.059

Process 2, Part a 0.216 0.122 0.486 0.122 0.030
0.054

0.024 1.94

Case bi 0.222 0.125 0.500 0.125 0 0.025 2.00 0.56
0.625

Case b2 0.221 0.124 3.498 0.124 0.031 0 1.99 0.44
0.622

b, +  b2 = (0.56 X 0.625) +  (0.44 X 0.622) = 0.623 
Probability of process 2: 0.623 X 0.054 = 0.034 

Total cross-links for both processes: 0.059 +  0.034 = 0.093

Reactive Sites and Probabilities for T -*■ A

-Oxygens--------------- . .---------------T h ym in e---------------- .---------------Adenine-

Reaction sites 
Probabilities

1
k /  9

2 C6 C, 
fc/16 k / 25 k /4 

Probability of process 1 
Probability of process 2

0.098
0.056

c ,
k /49

c 8
k /  36

0.154

Average for sources in both strands: 0.5(0.093 +  0.154) =  0.123

case bi where the first H  radical has reacted w ith the  
C 4 of A  so that a new radical exists on C 5, and case b 2 
where the first H  radical has reacted w ith C 5 of A  and  
the new radical exists on C 4. Case bi will appear in 
0 .4 8 6 /0 .6 0 8  or 0 .8 0  o f the process 1 reactions, and case 
b2, in 0 .2 0 . In  case bi the probability o f reaction on 
C 4 of A  is zero, so th at setting the sum  of the other 
probabilities equal to unity  gives a k of 3 .79  and the  
values listed in the bi line of the table. T h e  situation  
is similar for b 2. F rom  the probabilities listed for case 
bi it will be seen th at the chance for its occurrence is 
0 .80  (0 .059  +  0 .0 4 7 ), or 0 .8 0 (0 .1 0 6 ), whereas the cor
responding value for case b2 is 0 .2 0 (0 .0 6 2 ). T h e  prob
ability for b is the sum  o f these, or 0 .097 , and the prob
ability for process 1 is the product of the probabilities 
for parts a and b, 0 .6 0 8  X  0 .097 , or 0 .059 . T h e  cal
culation for process 2 is similar, leading to a probability  
of 0 .034 . H ence, the chance of form ing a cross-link  
b y  both m utually  exclusive processes is 0 .0 5 9  +  0 .034 , 
or 0 .093 .

H  radicals will also be produced in the sugar ring at

right center of Figure 1 and will m igrate through T  and  
A , in th at order. T h e  distances to the reactive sites 
in T  and A  are now different from  before, and the new  
reaction probabilities are listed in the lower part of 
T a b le  I . Carrying out the calculation in th e sam e w ay  
shows that the probability for process 1 is 0 .098 , and 
for process 2 ,0 .0 5 6 , giving a total o f 0 .154 .

Since there is an equal chance th at H  radicals will 
originate in the sugar ring in either strand, the total 
probability for cross-linking the A T  pair of bases b y  a 
single pair of H  radicals is 0 .5 (0 .0 9 3  +  0 .1 5 4 ), or 0 .123 . 
W ith in  the assum ptions o f our calculation, this is also 
the probability th at a single pair of H  radicals will 
form  a cross-link between a cytosine-guanine pair of 
bases, so that no allowance need be m ade for the dif
ference in abundance of the different base pairs. T h e  
end result o f the calculation therefore is th at a radia
tion dose sufficient to produce on the average a single 
pair of H  radicals in each D N A  m olecule will inactivate  
0 .1 2  of the molecules.

T h e estim ation of this probability, together w ith the
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experim ental value of G for D N A , m akes possible a 
direct calculation of _D37 for D N A . A  dose of 100 e v /  
molecule produces experim entally on the average 1 
pair of H  radicals/m olecule .7 Th is dose is equivalent 
to 9 .6 0  X  1 0U/M  rads, where M  is the molecular weight. 
W ith  this dose we have estim ated above th at 0 .8 8  of 
the m olecules survive, so th at the exponential survival 
law gives

£>37 =  - ( 9 . 6 0  X  1 0 H/ M ) / l n  0 .8 8  =  7 .5  X  1 0 12/ M  rads

T h e  values of D 37 X  M  listed b y  K ap lan  and M o se s12 
for tw o-strand D N A  viruses range from  4 .6  X  1 012 
to 6 .9 X  10 12, with an average o f 5 .8  X  10 12. Our 
calculation agrees satisfactorily.

V. Inactivation of Diploid Cell DNA

In  1961, T erzi13 pointed out that, per in vivo molecule 
of D N A  inactivated, the am ount of radiation for a 
diploid cell was over 100 tim es th at required for a 
tw in helix D N A  virus o f equal m olecular weight. 
Th is is due in part to the duplication of genes in the  
diploid cell, b u t som e additional factor seem s necessary  
to account for the great difference. Besides this quan
titative difference, there is the qualitative difference 
that the plot of log (surviving fraction) against dose is 
sigm oidal for the diploid cell, b u t linear for the D N A  
virus. W e  shall try  to explain both of these differences 
in term s of indirect inactivation b y  radicals.

Langridge, M arvin , Seeds, W ilson , H ooper, W ilkins, 
and H am ilton 14 have pointed out th at water molecules 
m a y  be hydrogen bonded in a single nucleotide o f D N A ,  
or betw een neighboring nucleotides, to establish the  
secondary structure of a D N A  crystal, as studied b y  
X -r a y  diffraction. W e  assum e th at the arrangem ent 
of the folded D N A  in a diploid cell is similar to that  
of D N A  in the crystal and th at water molecules will 
form  hydrogen bonds between neighboring nucleotides. 
A  second assum ption is that the diploid cell D N A  
contains m uch m ore water than virus D N A . A  third  
assum ption is th at in the diploid cell the radiation pro
duces H  radicals principally from  the sugars, the  
adsorbed water being so tenuously distributed th at the  
processes which give rise to H  and O H  radicals in bulk  
water are m uch less efficient here. I t  is planned to  
discuss the evidence for this in a subsequent publica
tion. U nder these assum ptions it is clear th at the  
additional w ater-hydrogen bonds of a diploid cell give  
the H  radicals generated in the sugars m an y  m ore m i
gration paths than are available in dry D N A . There
fore the chance th at a single pair o f H  radicals shall 
cross-link an adjacent pair of bases is greatly reduced  
in the diploid cell, thus accounting in part for its m uch  
lower sensitivity per molecule to radiation. M igra 

tion o f H  radicals in the bases of virus D N A  is tw o di
mensional, whereas in diploid cell D N A  the m igration is 
three dimensional, leading to m uch wider dispersion  
o f a pair of H  radicals.

I t  has been suggested often th at a likely effect o f  
radiation on D N A  is to break hydrogen bonds. A c 
cordingly, it is likely that an initial effect of radiation  
on diploid cell D N A  is to break som e of the w ater H  
bonds which determine the secondary structure o f the  
D N A . Th is will lead to local separations o f one tw in  
W a tso n -C ric k  helix from  another, thus converting a 
sm all region o f three-dim ensional m igration into tw o  
sm all regions o f tw o-dim ensional m igration in isolated  
tw in helix D N A , which will be more sensitive to  
radiation than the three-dim ensional region. W e  
assum e th at inactivation of diploid cells is due entirely  
to cross-linking of bases b y  radiation in the isolated  
tw in helix D N A  produced b y  the radiation. T h e  
individual strands o f a twin helix are n ot separated, 
and the isolated twin helices will recom bine to the three- 
dimensional structure whenever conditions becom e  
favorable. T h e  isolated lengths of tw in helix m a y  be  
thought o f as the products o f a photochem ical dis
sociation, and the chance o f their recom bining will 
be proportional to the square of their concentration. 
I t  is not necessary th at an isolated length of tw in helix  
should recombine w ith its original partner. T h e  form a
tion o f water H  bonds w ith any other piece o f isolated  
tw in helix will give the secondary structure which pro
tects from  radiation and will leave the biological 
function of the tw in helix unimpaired.

L et M 30 be the initial am ount of three-dim ensional 
D N A , Ms, and let Mi be the fraction o f this con
verted to tw o-dim ensional D N A  after the incidence of 
D units of radiation, at intensity I  =  dD/dt. W e  as
sum e th at M 2 is alw ays sm all, so th at the radiation  
is alw ays acting on an essentially constant am ount of 
M s. T hen, for an additional am ount of radiation, dD

d M 2 =  CiM30dD  — ciM^dt 

dM2 =  ClMs0dD -  c-MrdD/I (1)

ciflf 3o — c-iM i“/I
Integrating

D =  tan h - 1 ( m A t - I A
V ci  Mssci/I \ 'IcxMsJ

(12) H. S. Kaplan and L. E. Moses, Science, 145, 21 (1964).
(13) M. Terzi, Nature, 191, 461 (1961).
(14) R. Langridge, D. A. Marvin, W. E. Seeds, H. R. Wilson, C. W . 
Hooper, M. H. F. Wilkins, and L. D. Hamilton, J. Mol. Biol., 2, 
38 (1964); see p 64.
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Since M ï is assum ed zero when D  is zero, the integra
tion constant is zero. Solving fo r  M 2 and writing K  
for 'VciMwCi/I

M,-  *a- n h ( g g )  (2 )
V  C2/ ( I  C1M 30 )

Th is gives the production of M 2 in a population of di
ploid cells as a function of total dose D. E ven  though  
m ost of the population becom es inactivated biologically, 
the production of M 2 continues at approxim ately this 
rate, since th e inactivated molecules will continue 
to produce approxim ately the norm al am ount of M 2.

I f  a population M 3 o f diploid cells has been sub
jected to a dose D, the num ber inactivated b y  a further 
dose dD is

d M 3 =  —CiMiMïdD

Substituting for M 2 from  eq (2) and integrating

In M 3 =  — — In cosh (KD) +  constant 
c2

Since M 3 =  M  !0 when D  is zero, the constant is In M 30, 
so that

In — -̂  =  — —  In cosh (KD)
Mao c2

Since In (M 3/M 3 0) is — 1 when D  is Z>37, c3/ / c 2 is 1 /ln  
cosh (KDm) and

AT, _  In cosh (KD)
M 30 In cosh (KD31)

Expressing D in units of (KDn) and inserting the value  
of In cosh (1) give finally

In ^  =  - 2 . 3 0  In cosh (D /D„) (3)
M  30

T h u s a plot on lo g -lo g  paper o f surviving fraction as 
a function o f cosh (D/Dsî) should be linear, w ith a slope 
of - 2 . 3 .

Three exam ples o f inactivation plots, selected at 
random  from  the literature, are shown in Figure 2 :  
for ham ster cells in tissue culture, from  Elkind and  
S u tton ;15 16 for hela cells in tissue culture, from  Puck  
and M a rc u s ;16 and for norm al m ouse bone m arrow  
cells, from  T ill and M cC u llou g h .17 These plots were 
constructed b y  m easuring the points on pub.ished  
figures. T h e  plots are approxim ately linear and have  
the slopes: m ouse, — 2 .0 ; ham ster, — 2 .1 ; and hela,
— 3 .5 . T w o of these slopes are near the calculated  
— 2.3 . In  the hela cell m easurem ents it appears th at  
there was a strong photoelectric com ponent of back- 
scatter from  the glass slides on which the cells were

m ounted, so that there m ight have been a m ixture of 
radiations with different L E T . This is possibly the 
reason for the slope being too large. In  order to get 
m ore inform ation on the slope, two m ore readily avail
able plots of data were analyzed: diploid Saccharo
myces cerevisiae ( X  320 yeast), from  M o rtim e r;18 and  
chicken em bryo wing bud cells irradiated in ovo, 
from  P hilpott, Shaeffer, and T o lm a ch .19 L o g -lo g  
plots o f surviving fraction as a function of cosh (D /D 37) 
had slopes of — 2.1 and — 2.6 , respectively. I t  is 
concluded from  these exam ples th at the norm al slope 
for such plots is about — 2 .3 , in agreem ent with our 
eq 3.

T h e  tw o plots last m entioned intersect the axis of 
ordinates very close to unity, bu t in Figure 2 there is

(15) M. M. Elkind and H. Sutton, Nature, 184, 1293 (1959).
(16) T. T. Puck and P. 1. Marcus, J. Exptl. Med., 103, 653 (1956).
(17) J. E. Till and E. A. McCullough, Radiation Res., 14, 213 
(1961).
(18) R. K. Mortimer, ibid., 9, 312 (1958).
(19) B. W. Philpott, C. W. Shaeffer, and L. J. Tolmach, ibid., 17, 
508 (1962).

Volume 71, Number 6 May 1967



1716 K enneth H. K ingdon

no doubt th at the m ain part of each line intersects 
the axis o f ordinates below 1.0 . T h e  intercepts 
are: hela, 0 .7 8 ; m ouse, 0 .8 8 ; and ham ster, 0 .90 . 
T h e  initial portions o f the plots are shown on a larger 
scale at the upper right of Figure 2 , and in the en
larged figure nonlinear curves have been fitted to the  
upper parts o f the hela and ham ster plots to m atch  
the data points as closely as possible. T h e  reason for an 
initial high sensitivity is thought to be as follows. It  
has been recognized for m an y years th at “ the sensi
tiv ity  of cells to irradiation is in direct proportion to  
their reproductive a ctiv ity .”  Since reproductive activ
ity  involves the production o f new D N A , which  
presum ably is initially not protected with the three- 
dim ensional secondary structure due to water H  bonds, 
the high sensitivity of reproducing cells is entirely in 
line with the ideas discussed above. M oreover, it is 
likely that the m ajority  of cells will have som e isolated  
D N A  helix which has not yet entered the protective  
secondary structure or which has been withdrawn  
from  that structure for replication purposes. Accord
ingly, it seems reasonable that the m ore rapid in
activation shown in the plots of Figure 2 is due to the  
rapid destruction of isolated D N A  helix already in the  
cell at the start of the irradiation.

Elkind and Su tton 15 studied the recovery of irradiated  
ham ster cells as a function of the resting tim e between  
tw o irradiations. Follow ing the ideas advanced above, 
the rate of recovery, as shown in their Figure 1, would  
m easure the rate at which Mi recom bined to M 3, 
according to our eq 1. T h e  measured recovery pro
ceeds initially exponentially as a function o f tim e, with  
a tim e constant of about 80  m in for the am ount of M 2 
to  fall to  1 /e . This recom bination would therefore 
h ave little effect on the fraction surviving, since the  
largest dose of about 1200 rads was given in less 
than 2 m in. Th is is in accordance w ith the usual ex
perience that the fraction surviving does not depend  
critically on the rate at which the dose is given.

One artifact m ay  be noted in connection w ith survival 
plots. For diploid cells, plots of log (surviving frac
tion) as a function of D ‘/! are quite linear. I t  is thought

th at this is due to  the fact th at log cosh (Z> /D 37) in
creases proportionally to ( D /D 37) Vi over a range of 
D /D 3i from  0 .8  to 4 .0 , which covers the range o f dose 
used in m an y investigations.

VI. Discussion
In  conclusion, since this paper presents som e novel 

ideas about the radiation inactivation o f D N A , it 
m a y  be well to sum m arize the experim ental facts on 
which the ideas are based and the scope o f the under
standing to which these ideas lead. T h e  m ain ex
perim ental facts used are as follows. T h a t D N A  m ole
cules can be inactivated b y  som e form  o f cross-linking  
is very old. Inactivation  b y  cross-linking of bases 
is discussed b y  M arm u r and G rossm an ,1 and the “ re
versible D N A ”  of G eiduschek2 m akes use o f the sam e  
fact. T h e  great radiation stability of bases in nucleo
sides and the plentiful generation o f H  radicals from  
sugars in nucleosides are based on the m ass spectra of 
Biem ann and M cC lo sk ey .6 T h e  m igration o f atom s  
and molecular fragm ents in m olecules is dem onstrated  
b y  all m ass spectrom etry6 and b y  Tikhom irova, et aZ.,8 
in bulk polyethylene. T h e  G value for D N A  was 
given b y  L ett, et al.7 T h e  principal reaction sites for 
H  radicals in the bases are discussed b y  Scholes10 
from  the aqueous solution chem istry point o f view . 
X -R a y  crystallographic data on the presence of water 
in D N A  are discussed b y  Langridge, et al.1*

T h e m ajor results derived from  this experim ental 
basis are as follow s: (a) a single m echanism  corre
lating radiation inactivation o f virus D N A , inactiva
tion of diploid cell D N A , and restoration effects after 
irradiation o f diploid cells; (b) a direct calculation of 
D 37 for virus D N A , in fair agreem ent w ith experim ent;
(c) a direct calculation o f the shape and slope o f the  
inactivation curve for diploid cells, in agreem ent w ith  
experiment.
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High-Temperature Infrared Spectroscopy of Olefins Adsorbed on Faujasites

by P. E. Eberly, Jr.

Esso Research Laboratories, Humble Oil and Refining Company, Baton Rouge Refinery, 
Baton Rouge, Louisiana (Received October 11, 1966)

A  high-tem perature infrared cell for recording spectra of solids and adsorbed species at 
tem peratures up to 6 5 0 ° and pressures from  1 0 -6 to 760  m m  is described. T h u s, spectra  
recorded at 4 2 7 °  show th at hydrogen faujasite (H Y ) produced b y  calcining N H 4Y  under 
vacuu m  to 4 2 7 ° contains three different hydroxyl groups having absorption frequencies 
o f 3740, 3635 , and 3540  cm - 1 . Th ese groups readily exchange w ith deuterium  gas to form  
their O D  analogs. W h en  hexene-1 is adsorbed on H Y  at 9 3 ° , the double-bond character 
disappears A t  1 5 0 °, polym erization and dehydrogenation processes begin to occur to  
form  a conjugated polyene typ e of structure as evidenced b y  a band at 1600 c m - 1 . U pon  
heating to 2 6 0 ° , cyclization occurs to form  a hydrogen-deficient arom atic ring structure  
characterized b y  a band at 1580 cm - 1 . W ith  the exception of ethylene, which form ed no 
adsorbed species capable o f detection, similar results were observed w ith other low  molecular 
w eight olefins, although differences in extent of reaction were found. T h e  condensed-ring  
structure w as not produced on other ion-exchanged form s o f zeolite Y  with the possible 
exception o f A g Y  in which partial reduction could have occurred to form  som e H Y . T h e  
m ain reaction on other ion-exchanged form s involved the loss o f double-bond character.

I. Introduction
In  the characterization of solid surfaces and ad

sorbed species b y  infrared spectroscopy, alm ost no 
spectra h ave been obtained at elevated tem peratures. 
Since m ost catalytic reactions o f practical im portance  
occur at high tem peratures, the need for spectral studies 
in situ at these conditions is obvious. First of all, 
w ith high-tem perature spectroscopy, changes in cata
lyst structure, particularly w ith regard to  the h y
droxyl groups, can be directly observed. W ith  in 
situ m easurem ents, it is possible to  avoid partial 
rehydration which som etim es occurs when the solid is 
lowered to  room  tem perature for spectral studies. 
Th is effect can be particularly serious in system s which  
are not com pletely baked out. A  second advantage  
of high-tem perature infrared spectroscopy lies in the  
possibility o f studying adsorbed species at actual 
reaction conditions, provided th at their surface con
centration is sufficiently large to perm it their detection.

T h is paper describes a new high-tem perature in
frared cell and associated equipm ent for recording 
spectra of solids. R esu lts are presented on the inter
action o f the various ion-exchanged faujasites with  
hexene-1 and other olefins at 9 0 -4 2 7 ° .

Faujasite, a crystalline sodium  alum ino-silicate  
belonging to the zeolite fam ily, can be readily synthe
sized and is frequently referred to as zeolite Y .  This  
m aterial has a silica:alum ina m olar ratio o f near 
5 :1  and consequently is m ore stable to  heat and steam  
than its counterpart, zeolite X ,  which has a silica: 
alum ina ratio o f only 2 .5 :1 .  O utside of the difference 
in com position, how ever, the anionic fram eworks are 
structurally identical.1'2 Fleats of adsorption3 as 
well as catalytic activity4 5 depend strongly on the nature 
of the exchangeable ions. A  num ber of investigators  
have recorded the spectra o f various ion-exchanged  
faujasites at room  tem perature after activation at 
elevated tem peratures.5-8 W ith  the exception of the

(1) L. Broussard and D. P. Shoemaker, J. Am. Chem. Soc., 82, 1041 
(1960).
(2) D. W. Breck, J . Chem. Educ., 41, 678 (1964).
(3) P. E. Eberly, Jr., J. Phys. Chem., 66, 812 (1962).
(4) J. A. Rabo, P. E. Pickert, D . N. Stamires, and J. E. Boyle, 
Actes Congr. Intern. Catalyse, 26 7, Paris, 1960, 2055 (1961).
(5) L. Bertsch and H. W . Habgood, J. Phys. Chem., 67, 1621 (1963).
(6) J. L. Carter, P. J. Lucchesi, and D. J. C. Yates, ibid., 68, 1385 
(1964).
(7) J. B. Uytterhoeven. L. G. Christner, and W. K . Hall, ibid., 69, 
2117 (1965).
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hydrogen or “ decationized”  form , faujasites do not 
contain large concentrations o f hydroxyl groups. 
Carter, Lucchesi, and Y a te s ,6 as well as A n gell and  
Schaffer,8 detected their existence on zeolites X  and Y .  
Their concentration, how ever, appears to  be sm all. 
B y  a deuterium -exchange technique, U ytterhoeven, 
Christner, and H all7 determ ined th at the am ount of 
such groups on N a Y  is 0 .1 5  X  1 0 20 O H /g  for 1-n 
crystals. T h is qu antity  is com m ensurate w ith the 
num ber of groups needed to term inate the external 
crystal faces. O n the other hand, hydrogen faujasite  
contains nearly 50 tim es as m an y hydroxyl groups, 
which is sufficient to  account for the num ber of “ de- 
cationized”  sites.

A lth ou gh  studies of olefin adsorption on other types  
of solids have been m a d e ,9’10 11 work on zeolites has only  
recently begun to  appear. E thylene adsorption at room  
tem perature on fau jasite-type catalysts has been  
studied b y  Carter, et al.,u and Liengm e and H a ll.12

II. Experimental Section
Materials. T h e  com position of sodium  faujasite  

(N a Y )  is given in T ab le  I . O ther form s were obtained  
from  this m aterial b y  standard m ethods of ion exchange. 
H Y  was prepared b y  first exchanging the sodium  with  
am m onium  ions. For this purpose, 180 g of N a Y  was 
treated w ith a solution of 333 g of N H 4N 0 3 dissolved in 
3 1. of water. T h e exchange w as conducted for 2 hr 
at 7 0 ° . A fter allowing settling and decanting the 
supernatant liquid, a fresh solution of N H 4N 0 3 was 
added and the treatm ent repeated. A fter  a total of 
five such treatm ents, the solid was filtered, thoroughly  
washed, and oven dried at 150° overnight. A nalysis  
of this sam ple is given in T able  I.

Table I: Properties of Na and NH4 Faujasites

Composition as expressed by 
empirical formula, moles

N a Y N H ,Y

Na20 1.13 0.08
(NH4)20 0 0.87
AI2O3 1 . 0 0 1 . 0 0

Si02 4.72 4.67
Relative crystallinity 1 . 0 0 0.93
Toluene adsorption capacity 

at 93° and 1 mm, 
mmoles/g“

2.4 2 . 1

Prior to adsorption, samples were degassed at 427°.

Since, for electrical neutrality, the sum  of the moles 
of exchangeable cation oxides should equal the moles 
of alum ina, there appears to be a 1 3 %  excess of ex
traneous soda in N a Y . On the other hand, the am 

m onium  form  has a 5 %  deficiency in cations. T h is  
sm all am ount m a y  be due to errors inherent in the  
analyses or to the presence of som e alum ina n ot in
corporated in the zeolite structure. B y  com paring  
the intensity of the X -r a y  diffraction lines, the crystal
lin ity  of the N H 4Y  w as estim ated to be over 9 0 %  of 
that of N a Y . Adsorption capacity a t low  pressure, 
which constitutes an alternate m ethod for estim ating  
structure retention, gave essentially the sam e results.

T o  prepare H Y , N H 4Y  was heated in situ in the in
frared cell up to 4 2 7 °  under vacuum . T h is process 
rem oved the physically adsorbed water and liberated  
N H 3 gas to produce H Y  in which the hydrogen atom s  
exist in the form  of hydroxyl groups.

Other form s of faujasite were prepared b y  ion ex
changing w ith the chloride salts of the desired ion. 
For A g Y , the nitrate salt was used. In  general a 
threefold excess of the ion w as em ployed and the  
treatm ent w as repeated three times.

Sample Preparation. For infrared exam ination, the  
solids were ground with a m ortar and pestle. T h en  
they were compressed under 30 ,0 0 0  psi into 1.25-in. 
diam eter disks. These disks were about 8 -1 6  m ils 
thick and contained 1 2 -2 2  m g of so lid /c m 2. One of 
the difficulties in this procedure was the rem oval of the  
disk from  the die for insertion into the sam ple disk  
holder. Th is was overcom e b y  putting a slight bevel 
on the circumference of the plunger used for com pres
sion. T hus during fabrication, the pressure at the 
edge of the disk was m uch less than th at at the m iddle  
and the powder did not bind strongly to the die.

Apparatus. Spectra were recorded w ith  a C ary - 
W h ite  M o d el 90  infrared spectrophotom eter. A n  
im portant advantage of this instrum ent is its ability  
to measure spectra at elevated tem peratures w ithout  
undue interference from  the furnace radiation. In  
this double-beam  instrum ent, the infrared radiation is 
chopped prior to  passing through the sam ple. Since 
the detection system  is designed to respond only to  
the chopped radiation, the continuous radiation from  
the hot sam ple and furnace is not observed. In  
general, spectra were obtained in the region of 4 0 0 0 -  
1200 c m -1  at a spectral slit w idth of 4  c m -1  and a scan  
speed of 3 c m -1 /se c .

T h e  high-tem perature infrared cell used in this

(8) C. L. Angell and P. C. Schaffer, J. Phys. Chem., 69, 3463 (1965).
(9) R. P. Eischens and W. A. Pliskin, Advan. Catalysis, 10, 2 (1958).
(10) D . J. C. Yates and P. J. Lucchesi, J. Phys. Chem., 67, 1197 
(1963).
(11) J. L. Carter, D. J. C. Yates, P. J. Lucchesi, J. J. Elliott, and 
V. Kevorkian, ibid., 70, 1126 (1966).
(12) B. V. Liengme and W. K. Hall, Trans. Faraday Soc., 62, 3229 
(1966).
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Figure 1. Diagram of high-temperature infrared cell and 
sample holder: A, O-ring seal; B, chromel-alumel 
thermocouple; C, handle for sample disk holder; D, supporting 
ring; E, stainless steel sample disk holder; F, water-cooling 
jacket; G, Glyptal seal; H, 26/s X t/\ in. KBr disk; I, 2-in. 
“Vycor” glass tube; J, l'/Virt. diameter sample disk.

stu dy is shown in Figure 1. I t  was constructed from
2-in. diam eter “ V ycor”  glass tubing and was con
nected to the associated vacuum  and gas-dosing system  
b y  an O -ring seal (A ) . T w o  K B r  disks (H ) were at
tached to the ends of the tubing w ith “ G ly p ta l.”  
T o  keep these seals (G ) cool during high-tem perature  
operation, w ater-cooling jackets (F ) were installed  
at each end. T h e central portion of the cell was wound  
with heating wire and carefully insulated so th at the  
sam ple disks could be heated up to 6 5 0 ° .

A  front view  of the sam ple holder is shown in the 
right-hand portion of Figure 1. T h e  sam ple disk  
(J) is inserted into a slot in the holder. W ith  handle
(C ), the holder can be inserted into the cell and sup
ported on a glass lip b y  ring D . A  sheath containing  
tw o chrom el-alum el therm ocouples (B ) is then in
serted into the holder so that the junctions are near the  
center of the disk. T h e  output of one therm ocouple  
is sent to a recorder and th at of the second to a stepless, 
proportional controller for accurate tem perature con
trol. W ith  this system , spectra o f solids can be m eas
ured in situ up to 6 5 0 ° and 1 0 _6-7 6 0  m m . U pon  in
troducing gases to the high-vacuum  system , the tem 
perature of the disk was som etim es observed to  in
crease m om entarily 1 0 -1 5 °  above the set point owing to

increased heat conduction. In  experim ents where tem 
perature control was critical, about 1 m m  of helium  
was introduced to  the system  prior to hydrocarbon  
injection to elim inate this effect. T o  cancel out the  
absorption of infrared radiation b y  the gas phase, a 
d u m m y  cell is placed in the reference beam  and con
nected to the sam e vacuum  and gas-dosing system .

III. Results
Hexene-1 Adsorption on Deuterium, Faujasite (D Y ). 

U pon  heating to 4 2 7 °  under vacuu m , N H 4Y  loses both  
adsorbed water and N H 3 gas to  form  H Y . T h e  h y
drogen exists in the form  of characteristic O H  groups 
as shown b y  the solid-line spectrum  in Figure 2 taken  
at 4 2 7 ° . Three distinct hydroxyl groups are observed  
at 3740 , 3635 , and 3540  c m - 1 . T h is spectrum  is simi
lar to those recorded previously for H Y  at room  tem 
perature.7'8 N o  evidence is observed for decreases in 
intensity of the O H  bands w ith tem perature.

U pon  exposure of H Y  to 50  m m  of deuterium  gas 
at 4 2 7 ° , the three O H  groups can be alm ost quantita
tively  converted to their O D  analogs as observed b y  
a shift in the infrared hands to  2750 , 2680 , and 2610  
c m -1 , respectively. T h e  spectrum  of D Y ,  recorded 
at 4 2 7 ° , is given by the cashed line in Figure 2.

D Y  exhibits strong interactions w ith adsorbed ole
fins. A fter recording the dashed-line spectrum  in 
Figure 2, the excess deuterium  gas was evacuated from  
the system  and the sam ple cooled to 9 3 °  under vacuum . 
T h e sam ple was then exposed to 2 -m m  pressure of 
hexene-1 for 15 m in and the spectrum  in the bottom  
portion of Figure 3 was obtained.

First of all, hexene-1 upon adsorption loses its 
double-bond character as shown b y  the absence of an

Figure 2. Infrared spectra of H ( D ) Y  at 427°. The solid line 
represents the spectrum of H Y .  The dashed line represents 
the spectrum obtained after exposure to 50 mm of D2 at 
427°. The original disk contained 19 mg/cm2 of N H 4Y .
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Figure 3. Infrared spectra of DY after exposure to hexene-1 
at 2-mm pressure. The bottom spectrum is that obtained 
upon exposure of DY to 2-mm pressure of hexene-1 at 93°.
After heating the sample to 427° the upper spectrum was 
obtained. The original disk contained 19 mg/cm' of NH4Y.

olefinic C H  stretch band which norm ally occurs at 
3090  c m -1  in pure gas-phase hexene-1. A t  the same 
tim e, a rapid exchange occurs between the hydrogen  
atom s in the adsorbed species and deuterium  in the  
O D  groups. Th is is shown b y  the appearance of C D  
linkages absorbing at 2210 and 2170  c m -1  and b y  the 
regeneration of the characteristic O H  frequencies which  
blank out even at short exposure tim es. R elative to  
the 2 6 1 0 -c m -1  band, the band at 2680  c m -1  has be
com e weaker, suggesting th at the hydrocarbon has 
preferentially adsorbed near these groups causing a 
lowering in absorption frequency a n d /o r  broadening of 
the band. U pon rem oval of the adsorbed m aterial 
b y  evacuation and heating to 4 2 7 ° ,  the 2 6 8 0 -c m -1  
band again becom es the m ore intense, as shown b y  the 
spectrum  in the upper portion of Figure 3.

Adsorption of Various Olefins on Hydrogen Faujasite 
(HY).  T h e  interaction of hexene-1 w ith H Y  was 
studied in more detail under conditions in which  
tem perature surges were elim inated b y  prior injection  
of a sm all am ount of helium. A fter injection of 1 m m  
of helium  at 9 3 ° ,  hexene-1 was introduced to  the system  
until the pressure reached 2 m m . T h e  spectrum  was 
recorded after a 1-hr exposure. A dditional spectra  
were recorded after a 1-hr exposure at successively  
higher tem peratures of 149, 204, and 2 6 0 ° . Spectra  
in the O H  and C H  stretch region are given in Figure
4 . A s the tem perature is raised, progressively less 
m aterial is adsorbed on the surface, as evidenced by  
the decreasing absorbance of the C H  stretching bands 
at 2960, 2930 , and 2880  c m -1 . Olefinic C H  stretch  
vibrations, which occur above 3000 cm -1 , were not ob
served at any tem perature investigated. T h e  adsorbed  
m aterial is seen to  interact preferentially w ith the h y
droxyl groups at 3635 cm - 1 . Such an interaction  
norm ally results in the displacem ent of the band to

Figure 4. Infrared spectra in the OH and CH stretch 
regions of adsorbed species created by exposure of HY to 
hexene-1. The solid line represents the spectrum of HY 
exposed to 2 mm of hexene-1 at 93°. The remaining spectra 
were taken as the temperature was raised to successively
higher values:-------- , 149°;  — •— , 2 0 4 ° ;  and • • • •,
260°. The original disk contained 16 mg/cm2 of NH4Y.

lower frequencies. H ow ever, no discrete, additional 
bands were found to occur, the spectrum  m erely ex
hibiting a sm all depression in transm ission throughout 
the whole O H  stretch region.

In  addition to  these effects, reactions leading to  cy -  
clization and form ation of arom atic ring structures 
were also observed. Spectra illustrating these phe
nom ena are shown in Figure 5 and were taken at the  
sam e conditions as those in Figure 4 . In  this region 
of the spectrum , bands due to  C = C  stretching m odes, 
arom atic ring vibrations, and C H  bending m odes  
occur.

A t  9 3 ° , where the concentration of adsorbed m aterial 
is highest, as indicated b y  the intense C H  band ab
sorption at 1460 and 1380 c m - 1 , no olefinic vibration  
at 1630 c m -1  owing to the C = C  stretching m ode is 
observed. T h e  broad, low -intensity band in this region 
is due to som e vibration of the solid, since it is present 
even before exposure to the olefin. A t  1 4 9 °, how ever, 
a new band appears at 1600 c m -1  which is indicative  
of the form ation of olefinic groups in a conjugated poly 
ene type of structure.13'14 T h is structure m ust be 
highly unsaturated, since no olefinic C H  stretch vibra
tions are observed. A t  the sam e tim e, the intensity

(13) R. N. Jones and C. Sandorfy, “ Chemical Applications of Spec
troscopy,”  Interscience Publishers, Inc., New York, N. Y ., 1956, 
Chapter 4.
(14) E. R. Blout, M. Fields, and R. Karplus, J. Am. Chem. Soc., 70, 
194 (1948).
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Table II: Absorbance“ of Bands in 1600-1580-cm-1 Region on HY at 2-mm Pressure

Temp,
°c Hexene-1 Pentene-1 Butene-1 Isobutylene Propylene

93 0 0 0 0 0
149 0.93(1600f 0.71(1600) 0.92(1600) 3.91 (1590) 2.00(1600)
204 3.48 (1590) 0.67(1595) 1.04(1590) 3.48 (1590) 5.38 (1590)
260 4.13(1580) 4.18(1580) 2.45 (1585)

0 Per gram of solid. 6 Numbers in parentheses represent wavenumbers (cm-1).

4.27 (1585) 9.40 (1580)

Figure 5. Infrared spectra in the 1700-1200-cm-1 region 
of adsorbed species created by exposure of HY to hexene-1. 
The lines have the same significance as “hose in Figure 4.

o f the saturated C H  bending frequencies decreases. 
U pon  successive increases of tem perature to 204  and  
2 6 0 ° , the new band becom es m ore intense and shifts 
progressively to a lower frequency near 1580 c m -1 . 
T h is latter band is characteristic o f an arom atic ring 
vibration associated w ith the carbon skeleton and is 
not due to  C H  linkages.13'15 Its  intensity, in fact, 
varies inversely w ith those associated w ith carb on - 
hydrogen vibrations. T h is arom atic species is tightly  
adsorbed, since the 1 580 -c m _1 band cannot be lowered  
in intensity b y  further evacuation and heating up to  
4 2 7 ° . T h e discharged disk w as brownish in color.

Similar results are observed w ith other low -m olecu
lar w eight olefins, although differences in extent of 
reaction exist. D a ta  are listed in T ab le  I I  and were 
obtained in the sam e m anner as described for hexene-1. 
W ith  ethylene under the sam e conditions, no bands due 
to adsorbed species were observed. A t  1 5 0 ° , all the  
other olefins produce the new band at 1600 c m -1  due to  
a conjugated polyene structure. A t  higher tem pera
tures, the band in all cases shifts to 1 5 8 5 -1 5 8 0  c m -1  
characteristic of the arom atic ring structure.

Hexene-1 Adsorption on Other Ion-Exchanged Fauja- 
sites. T h e  degree of interaction of hexene-1 w ith  
various faujasites depends on the nature o f the cation. 
T h e reactions to  produce arom atic ring structures 
appear to be peculiar to H Y  and A g Y . W ith  the latter 
m aterial, however, som e reduction of the silver occurred 
during exposure to the hydrocarbon. T h is could have  
resulted in the form ation of H Y ,  accounting for their 
sim ilarity in behavior.

W ith  the other ion-exchanged faujasites, the main  
effect was the loss of double-bond character in the ad
sorbed material. A n  estim ate o f this loss is obtained b y  
dividing the absorbance at 1630 c m -1  due to  C = C  
stretching b y  th at at 1460 c m -1  due to  C H  band vibra
tions. Values are listed in T a b le  I I I .  In  all cases, 
the C = C  vibration occurs near 1630 c m -1  which repre
sents a shift of 12 c m -1  from  th at in liquid hexene-1. 
For the alkali m etal form s, the intensity ratio is about 
the sam e as observed for liquid-phase hexene-1. T h e  
ratio is m arkedly lower for the divalent form s, and with  
A g Y  and H Y , no double frequency is observed.

Table III: Hexene-1 Adsorption at 93° and 2 mm. Amount 
of Double-Bond Character in Adsorbed Phase

%
Solid exchange Aim/ A 1460

N a Y 100 1 .5 3
LiY 64 1 .4 5
K Y 95 1 .3 4
C a Y 75 0 .8 4
M g  Y 67 0 .3 5
CdY 73 0 .2 0
A g Y 100 0
H Y 92 0

IV. Discussion
H igh-tem perature infrared spectroscopy shows that 

the O H  groups on hydrogen faujasite exhibit nearly

(15) C. N. R. Rao, “ Chemical Applications of Infrared Spectros
copy,”  Academic Press Inc., New York, N. Y., 1963, Chapter 2.
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the sam e infrared spectrum  at 4 2 7 °  as th at at 9 3 ° .  
In  this range, we see no evidence for proton delocali
zation. T h is effect has been observed on m icas16 
and also on decationized fau jasite .17 Since the pre
dom inant O H  bands blank out at both conditions, it is 
possible th at som e loss of intensity m a y  have occurred 
which would have been beyond our detection. Th is  
loss, however, could not have been large.

T h e O H  groups absorb at 3740 , 3635 , and 3540  c m - 1 . 
T h e groups at 3740  cm -1  are alm ost universally ob
served on silica-containing materials and are not be
lieved to be necessarily characteristic of H Y .  Since 
zeolites are rarely com pletely free of am orphous m a
terial, it is possible th at they could be associated w ith  
such an im purity rather than the crystalline faujasite. 
T h e  O H  groups at 3635 and 3540  c m -1  appear to  be 
peculiar to  H Y . Som e authors have attributed the 
lower frequency band to interaction between tw o adja
cent hydroxyl groups.8 Liengm e and H a ll,12 however, 
suggested th at the tw o bands m a y  result from  O H  
groups in different, crystallographic locations. T h e  
data in the present report favor the latter explanation. 
T h e groups a t 3635 c m -1  are believed to  be located  
inside the adsorption cages near six-m em bered oxygen  
rings. T h e  other groups at 3540  cm -1  are in inacces
sible bridge positions located between tw o sodalite units. 
T h e  assignm ent of the lower frequency to  the bridge 
position is consistent w ith the possibility of the proton  
being able to  interact w ith twice as m an y oxygen anions 
as its counterpart in the cage position. A lso , it ex
plains the preferential interaction of olefins w ith the 
36 3 5 -c m -1  band. T h e  fact th at both  groups in their 
deuterated form  can be transform ed into their hydrogen

analogs upon exposure to hexene-1 is probably due to  
the form ation of hydrogen during the adsorption process.

H Y  reacts strongly w ith adsorbed olefins causing  
them  to polym erize, dehydrogenate, and cyclize to form  
arom atic ring structures. These reactions occur on 
the surface at 1 5 0 -2 6 0 ° , which is an unusually low  
tem perature since norm al arom atization processes 
operate at 5 0 0 -6 0 0 ° . T h e  polym erization reaction is 
the first to  occur near 1 5 0 °, as evidenced b y  the ap
pearance of a band at 1600 c m - 1 , indicative of a polyene  
structure. Propylene and isobutylene, being the m ost  
easily polym erized, show the greatest intensity of this 
band. A t  higher temperatures, the band shifts to  
1 5 8 5 -1 5 8 0  c m -1 , characteristic of the arom atic ring  
structure. Th is sequence of reactions is one of the  
m echanism s o f carbon form ation. A  band in this 
region has been reported for cokes isolated from  
silica-alum ina catalysts.18

T h e interaction of olefins w ith other ion-exchanged  
faujasites is less intense. T h e  spectra of hexene-1 on 
alkali m etal form s are not too dissimilar from  th at of 
pure liquid hexene-1. W ith  divalent zeolites, there is 
a loss in double-bond character, as indicated b y  a 
decrease in intensity of the 1630 -cm _1 band. Th is m a y  
result from  an interaction of the nr electrons w ith the  
surface to  form  carbon to surface bonds or to  the oc
currence of som e polym erization.

(16) J. J. Fripiat, P. Rouxhet, and J. Jacobs, Am. Mineralogist, SO, 
1937 (1965).
(17) Private communication.
(18) P. E. Eberly, Jr., C. N. Kimberlin, Jr., W. H. Miller, and 
H. V. Drushel, Ind. Eng. Chem. Process Design Develop., S, 193 
(1966).
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Regularities and Specific Effects in Enthalpies of Transfer 

of Ions from Water to Aprotic Solvents1

by Harold L. Friedman

Department of Chemistry, State University of New York, Stony Brook, New York (Received October 11, 1966)

Som e regularities in published data for enthalpies of transfer of ions from  w ater to propylene  
carbonate, dim ethyl sulfoxide, form am ide, and N -m eth ylform am ide are pointed out. 
T h e qualitative trend of the halide ions is the sam e in each case, while the varying trend  
of the alkali m etal ions seem s to reflect differences in solvent basicity. There is evidence 
for a large specific interaction of A sP h 4+ and B P h f“  w ith at least one of the first tw o sol
vents.

I t  is often said th at aqueous electrolyte solutions are 
so com plicated th at w e shall have an easier tim e under
standing electrolyte solutions in general when we have  
a m uch wider selection of data for solutions in less com 
plicated solvents. I t  is our purpose to  show here, on  
the basis of som e recent results for enthalpies of solu
tion, th at even in aprotic solvents one m ay  find large 
effects th at are not expected on the basis of the sim plest 
m odels. Our m ethod is first to extract som e regularities 
and then to exam ine deviations from  the regular be
havior.

T h e  m easurem ent of heats of solution of a salt in an 
organic solvent and in water, together w ith appropriate  
extrapolation to infinite dilution, m a y  be com bined to  
get AH° of process 1

A + (a q ) +  B - ( a q )  — >  A + (o rg ) +  B ~ (o rg ) (1)

W e  will call this A / / tr. I f  an assum ption is m ade re
garding the separation of A77tr into the ionic contribu
tions, one m a y  represent the data for a series of salts 
and a particular organic solvent as shown in Figure 1 
for solutions in propylene carbonate2

C H 3C H — — C H 2

0  0

C O

If the separation assum ption is m ade in a different way, 
the effect is only to shift the anion and cation curves up

or down w ith respect to each other. W e  shall focus our 
attention on the shape of each curve and its dependence 
upon organic solvent. T hese features are independent 
of the separation assum ption.

In  a similar w ay the choice of ionic radii used as 
abscissa in Figure 1 is som ew hat arbitrary, bu t it is not 
crucial in determining the qualitative shapes of the  
curves. For simple ions the Pauling crystal radii have  
been used. For com plex ions th e radii are estim ated  
from  sum s o f bond lengths plus an allowance of 1 A  for 
th e van  der W a a ls  radius of the outerm ost atom  or 
th ey  are estim ated form  ionic volum es. Th ese esti
m ates are described in detail b y  Robinson and S tokes3 
and we have used their results when available.

W h ile  AHtr is m ore com plicated to interpret than  
enthalpies of transfer from  solution to  gas phase, i.e., 
solvation enthalpies, the latter are not at present 
experim entally accessible for com plex ions. I t  is 
valuable to  include these because of their intrinsic 
chem ical interest as well as because th ey  extend the  
field of ions available for study.

T h e  ionic enthalpy of transfer m ay  be estim ated from  
the B o m  charging equation2 if it is assum ed th at the  
ionic-size param eter is independent of tem perature. 
F rom  the calculated function shown in Figure 1 it is 
clear th at the m acroscopic dielectric effects which are

(1) Research supported by the Office of Saline Water.
(2) Y . C. Wu and H. L. Friedman, J. Phys. Chem., 70, 2020 (1966).
(3) R. A. Robinson and R. H. Stokes, “ Electrolyte Solutions,”  
Butterworth and Co. Ltd., London, 1955, Table 6.2.
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accounted for b y  the B o m  equation are negligible here 
except in the case of L i+ .

W u  and Friedm an2 have indicated th at the curves 
in Figure 1 are qualitatively w hat one would expect 
on the basis of tw o assum ptions.

(1) Propylene carbonate is nearly an ideal solvent 
for ions— one in which the therm odynam ics of solvation  
can be calculated from  m acroscopic electrostatics, i.e., 
from  the B orn equation, w ith allowance for a region 
about each ion th at is not penetrated b y  the dielec
tric .4,5 Th is region is the crude m acroscopic equivalent 
of the region that is inaccessible to the centers of charge 
of the solvent molecules.

(2) A n  ion in water m a y  produce three typ es of 
structural m odification as depicted in the m odels of 
Frank and E v a n s.6,7 Th ese are an inner cosphere of 
water oriented b y  the ionic fields, an outer cosphere of 
w ater in a state of m ore orientational random ness than  
bulk water at the sam e tem perature, and possibly a 
cosphere region in which water has m ore orientational 
order than bulk water at the sam e tem perature. T h e  
different dependence of the first and second effects on 
ionic size determines the left branches of the curves 
in Figure 1, while the right branch is due to the third  
effect becom ing dom inant for large ions w ith hydro- 
phobic surfaces.4 5 6 7

In  Figure 2 we present the corresponding data for 
solutions in dim ethyl sulfoxide (D M S O ) obtained b y  
A rn ett and M c K e lv e y .8 I t  is striking th at the anion 
behavior is so closely similar to th at in propylene car
bonate (P C ) while the cation behavior is very different. 
Th is m ay  be attributed to the greater basicity of D M S O  
which m akes it basic enough to enter into specific 
interaction w ith the smaller cations although it is 
nearly an ideal solvent for anions.8 Independent evi
dence for this basicity difference is furnished b y  the  
comparison o f AH° o f solution of water in the two  
solvents: 2 .0 0  k ca l/m o le  in P C  and — 1.28 k ca l/m o le  
in D M S O .2,8

Som e confirmation of this effect is furnished b y  data  
in form am ide9 and N -m eth ylform am id e10 shown in 
Figure 3, although these are not so nearly aprotic sol
vents as P C  and D M S O . In  each case the anion de
pendence is qualitatively sim ilar to th at in P C . T h e  
differences are presum ably due to hydrogen bonding  
to the anions for the system s in Figure 3, bu t th ey  are 
not easy to interpret because each is the net effect of 
form ing solven t-an ion  hydrogen bonds while breaking  
so lven t-solven t hydrogen bonds. H ow ever, it seems 
reasonable th at form am ide, which can form  three- 
dim ensional hydrogen-bonded networks like water, 
produces sm aller effects (i.e., A H tr is less sensitive to 
the size of the anion) and so is m ore similar to w ater by

Figure 1. Enthalpies of transfer from water to propylene 
carbonate. The data are from ref 2 where the separation 
assumption is made on the basis that AH tr is the same 
for Cs+ and I ” except for certain small 
effects in the water.

AH}r, kcal/mole

Figure 2. Enthalpies of transfer from water to DMSO. The 
data are from ref 8 where the assumption is made that Aiftr 
is the same for AsPhi+ and BPE- . The curves are 
copied from Figure 1.

this m easure than N -m eth ylform am ide, which can  
only form  H -b on ded  chains. O n the other hand, the  
cation dependence is th at expected if both solvents are 
m ore basic than P C . B y  this criterion the basicity  of

(4) A. Voet, Trans. Faraday Soc., 32, 1301 (1936).
(5) W . M. Latimer, K . Pitzer, and C. M. Slansky, J. Chem. Phys., 7, 
108 (1939).
(6) H. S. Frank and M . W. Evans, ibid., 13, 507 (1945).
(7) H. S. Frank and W . Y . Wen, Discussions Faraday Soc., 24, 133 
(1957).
(8) E. M. Arnett and D. R. McKelvey, J. Am. Chem. Soc., 88, 2598 
(1966).
(9) G. Somsen and J. Coops, Rec. Trav. Chim., 84, 985 (1965).
(10) R. P. Held and C. M. Criss, J. Phys. Chem., 69, 2611 (1965).
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F "  B r "

Na*Rb*
ion radius/A

Figure 3. Enthalpies of transfer from water to formamide ( 6 )
and N-methylformamide (O). The data are from ref 9
and 10, respectively, together with the assumption
that A H tr is the same for Cs+ and I " . The
curves are copied from Figure 1.

all these solvents m a y  be ordered P C  <  form am ide <  
D M S O  <  N -m eth ylform am ide . A rn e tt11 has reviewed  
other measures of the strengths of v ery  weak bases and  
one such measure, the ionization constant, K a, of the  
conjugate acid related to  aqueous m edia at 2 5 ° ,  is given 
for two of these com pounds as follow s: form am ide, 
pK a =  — 2 .7 ; D M S O , pK a =  0. Th is is consistent 
w ith the above order.

T h e effect o f the solvent basicity difference should  
diminish as cations get larger and thus AIIU should be  
the sam e for P C  and D M S O  for large enough cations. 
H ow ever we find AHU o f C s+  is 6 .6  k ca l/m o le  less than  
th at of N E t 4+ in P C  while the corresponding dif
ference in D M S O  is 8 .3  k ca l/m o le . T h e  difference 
suggests residual specific effects in at least one of the  
solvents, even for ions as large as C s + .

I t  is also rem arkable th at in D M S O  the AHtT of 
A sP h 4+ is 2 .9  k ca l/m o le  less than for N E t 4+, inasm uch  
as both are expected to be iceberg m akers in the aqueous 
phase and to be quite inert in the organic phase. T h a t  
the effect is due to a peculiarity of the aryl com plex in 
the organic phase is suggested b y  the comparison  
of A HtI o f 1 “  w ith B P h 4~. T h e  order is reversed on  
going from  P C  to D M S O . T h is reversal am ounts to  a 
shift of 3 k ca l/m o le  in the enthalpy of B P h 4~ relative  
to th at o f I _  betw een the tw o solvents.

I t  is of interest to note th at the enthalpy of hydration  
of gaseous C 2H 6 is — 4 .4  k ca l/m o le  while th at of C 6H 6 
is — 7.7  k ca l/m o le . Th is difference m akes a large 
contribution to the enthalpy o f transfer th at is opposite  
in sign to th at needed to account for the difference be
tween N E t 4+ and A sP h 4+ in D M S O , provided we as
sum e th at the ionic enthalpies of transfer have additive  
contributions from  the substituent a lkyl or aryl groups.

O ther experim ental evidence against the relevance of 
such an additivity  concept is found in the values of 
AHtr from  water to D M S O  of various R -P h  and R -O H  
com pounds reported b y  A rn ett and M c K e lv e y ,8 (T he  
necessary heats of solution of the hydrocarbons in 
w ater were derived8 from  data on the tem perature de
pendence of solubilities and are quite uncertain because 
of the strong curvature of the log K  vs. l /T  p lots.) 
Such additivity  relations would be useful here if they  
were valid, bu t we cannot be sure whether their failure 
is due to effects in the aqueous phase or D M S O  phase 
or both.

A  physical effect which m a y  be responsible for the 
difference in AHiT or N E t 4+ and A sP h 4+, and which is 
consistent with the other observations as well, is the 
inductive interaction /i2a /r 6 where a is the polarizabil
ity  of the solute, ¡x is the electric dipole m om ent of the 
solvent, and r is the equilibrium  separation of solvent 
and solute molecules. W h ile  the expression given is 
for the interaction of point molecules and w hat is re
quired here is an ensemble average of orientations and  
separations of solvent molecules in contact with the  
solute,12 som e idea of the m agnitude of the effect m ay  
be obtained b y  considering the inductive term  in the  
interaction of a single D M S O  m olecule and a C 2H 6 or 
C 6H 6 molecule in contact in the gas phase. W ith  the  
param eters a =  4 .3 3  A 8 for C 2H 6 and 9 .89  A 8 for CeH612 
and ix =  4 .9 4  D . for P C 13 and 3 .96  D . for D M S O 14 and  
r =  4  A , we find 0 .5 4  k ca l/m o le  for the D M S O -C e H 6 
interaction and 0 .27  k ca l/m o le  for the D M S O -C 2H 6 
interaction and som ew hat larger values for the inter
actions with P C . W ith  n h y d ro ca rb o n -D M S O  con
tacts in solution this interaction would be increased n- 
fold, although it tends to be reduced when allowance is 
m ade for interrupting D M S O -D M  SO  interactions when  
the hydrocarbon is introduced. I t  would require m uch  
m ore detailed calculations to  get quantitative esti
m ates, because the energies are not sm all com pared to  
RT  =  600  ca l/m o le  so the usual12 high-tem perature ap
proxim ation orientational average does not apply. T h e  
Orientational dependence of the potentials would also 
m ake the effects nonacditive for neighboring groups, 
so both  in this respect and in m agnitude the inductive  
effect seems to be in qualitative agreem ent w ith the  
observations.

In  order to obtain single-ion free energies o f transfer 
it is som etim es assum ed th at for large ions (ferro-

(11) E. M. Arnett, Progr. Phys. Org. Chem., 1, 223 (1963).
(12) J. O. Hirschfelder, C. F. Curtiss, and R. B. Bird, “ Molecular 
Theory of Gases and Liquids,”  John Wiley and Sons, Inc., New 
York, N. Y ., 1954.
(13) R. Kempa and W. H. Lee, J. Chem. Soc., 1936 (1958)
(14) H. Dreizler and G. Dendl, Z. Naturjorsch., 19a, 512 (1964).
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cinium , cobalticinium ,15 tetraphenylphosphonium , and  
tetraphenylborate16 * 32) the free energy o f solvation is that  
of the corresponding uncharged species plus a Born  
charging term . Indeed in each case the assum ptions 
seem  quite consistent w ith the observations. This  
suggests th at specific effects o f the kind discussed here 
are n ot im portant for other (less polar?) solvents or 
else th ey are m uch m ore easily seen in the enthalpy or 
entropy than in the free energy, ju st as for structural 
effects in aqueous solutions.

F in ally, it m ust be rem arked that the assum ption that  
propylene carbonate is a nearly ideal solvent for ions 
m a y  be of lim ited significance, although it has been  
useful in this discussion. For one thing, the solvation  
energies of the m onatom ic ions in this solvent do not

agree w ith  the B orn  equation within the experim ental 
error, although the agreem ent is better than for solva
tion enthalpies in w ater.2 A lso, a lthough solvent 
basicity seems to contribute less to the nonideality of 
propylene carbonate than for the other solvents dis
cussed here, there is no indication th at the less w ell- 
defined specific effects m entioned above are sm aller for  
propylene carbonate than for the other solvents.
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Reactions of Ammonia with Porous Glass Surfaces
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Infrared spectra of N H 3 sorbed on highly dehydroxylated, deuterated, and fluoridated  
porous glass were recorded. T w o pairs of bands at 3409 and 3320 cm -1  and at 3350  and  
3308 cm -1  were attributed to physically adsorbed N H 3, hydrogen bonded to the S iO H  
and B O H  groups of the glass surface, respectively. Bands at 3368 and 3282  c m -1  were 
ascribed to a = B - N H 3 com plex. T w o  pairs of bands at 3569 and 3479 cm -1  and at 3543  
and 3459 cm -1  were ascribed to = B N H 2 and = S i N H 2 groups, respectively. A  single 
band at 3455 c m -1  was ten tatively  assigned to the N - H  stretching vibration of a secondary  
am ine, the nitrogen atom  being bonded to  tw o surface boron atom s.

There have been numerous reports dealing w ith the 
sorption of N H 3 on porous glass.1-15 A  variety  of ex
perim ental techniques has been used and there seems 
to  be a general agreem ent about the role of surface 
silanol groups as sites for a w eakly bonded N H 3 ad
sorption. A  strong adsorption requiring sites other 
than silanols has also been reported. Folm an  and  
Y a te s  suggested th at the strong sites were silicon or 
oxygen a to m s.1 H ow ever, C an t and L ittle  pointed  
out that porous glass contained 3 %  B 20 3 and stated  
th at it was not im possible th at strongly bound N H 3

was adsorbed on electron-deficient surface boron  
atom s them selves.12 C hapm an and H air sim ilarly  
concluded th at strong N H 3 adsorption occurred on

(1) D. J. C. Yates, N. Sheppard, and C. L. Angell, J. Chem. Phys., 
23, 1980 (1955).
(2) M . Folman and D. J. C. Yates, Proc. Roy. Soc. (London), A246,
32 (1958).
(3) M . Folman and D. J. C. Yates, Trans. Faraday Soc., 54, 429 
(1958).
(4) U. Feldman, C. Schonfeld, and M. Folman, ibid., 59, 2394 
(1963).
(5) I. Lubezky, U. Feldman, and M . Folman, ibid., 61, 940 (1935).
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boron atom s which acted as Lew is acid sites on the  
surface.14 Further support for this conclusion was 
presented b y  H air and C h ap m an .15

M u ch  of the evidence for the existence of the strong  
adsorption and deductions about the nature o f the  
strong adsorption site com e from  infrared spectro
scopic exam ination of specimens after various treat
m ents with N H 3, desorption, and the like. H ow ever, 
the specim ens were not subjected to prolonged initial de
gassing at high tem peratures, which w ould lead to severe 
dehydration of the surface. A lso , the existence of 
hydroxyl groups bonded to surface atom s other than  
silicon and th e possible effects of such species on the  
sorption reaction were not considered in those studies. 
In  contrast, recent studies of porous glass have pro
vided evidence for the existence of surface B O H  
groupings, for the action of surface boron as adsorption  
center for the sorption and reaction o f water, and for 
the m igration of boron from  within the bulk to the por
ous glass surface.16-19 A s  m ultiple hydroxyl species 
m a y  influence the interaction of N H 3 and the glass 
surface, we have again studied the sorption of N H 3 
b y  porous glass, em ploying infrared spectroscopic 
m ethods. W ell-deh ydroxylated  specimens were used 
as well as fluoridated or deuterated glasses. Som e new  
infrared bands were observed. T h e  results of the  
present stu dy agree w ith  previous work in th at the  
sam e gross, over-all sorption effects were observed, 
bu t th ey  differ significantly in the detail of all aspects.

Experimental Section

T h e general procedures em ployed were described 
elsewhere.17 Porous glass,20 Corning C ode 7930, was 
purchased from  Corning G lass C o. in the form  o f 1- 
m m  thick sheets. Specim ens 1 X  2 .5  cm  were cut 
from  the sheets, heated in oxygen ( ~ 6 0  torr) at 7 0 0 °  
for 3 - 4  hr in order to rem ove carbonaceous impurities, 
and were then degassed at 8 0 0 °  for 30 hr.

Specim ens were deuterated b y  exposing samples to  
D 20  vapor at 2 0 0 °  for 12 hr and then degassing for 4  
hr at 4 0 0 ° . Three or four repetitions of this treat
m ent led to a conversion of approxim ately 8 0 %  o f  
the hydroxyl groups. Fluoridation was done14 b y  
treating a fresh specim en w ith 3 0 %  N H 4F  solution for 
20 m in, w ashing thoroughly, and air drying at 1 0 0 °  
for 15 hr. T h e  specimen was then degassed at 7 0 0 °  
for 3 hr.

Spectra over the region 4 0 0 0 -2 0 0 0  cm -1  were re
corded w ith P erkin-Elm er M odels 521 or 621 spectro
photom eters. T h e ordinates of som e of the spectra  
shown in the figures were displaced in order to avoid  
overlapping o f traces. T h e  num ber next to each spec-

Figure 1. Effect of pressure on NH3 sorption. A, background 
spectra of porous glass degassed for 30 hr at 800°. The 
specimen was exposed to NH3 at room temperature.
The pressure in torr was B, 8.5; C, 25;
D, 80; E, 220.

trum  near the left ordinate shows the per cent trans
m ittance.

Results
T yp ical results on the effects of pressure on N H 3 

sorption are given b y  the sequence o f spectra A - M  of 
Figures 1 and 2. Spectra B - E  were recorded w ith d if- 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20

(6) D. Fiat, M. Folman, and U. Garbatski, Proc. Roy. Soc. (London), 
A260, 409 (1961).
(7) L. H. Little, N. Sheppard, and D J. C. Yates, ibid., A259, 242 
(1960).
(8) U. Feldman and M . Folman, Trans. Faraday Soc., 60, 440 
(1964).
(9) M. Folman and D. J. C. Yates, J. Phys. Chem., 63, 183 (1959).
(10) A. N. Sidorov, Dokl. Akad. Nauk SSSR, 95, 1235 (1954).
(11) A. N. Sidorov, Zh. Fiz. Khim., 30, 995 (1956).
(12) N. W. Cant and L. H. Little, Can. J. Chem., 42, 802 (1964).
(13) M . Folman, Trans. Faraday Soc., 57, 2000 (1961).
(14) I. D. Chapman and M. L. Hair, ibid., 61, 1507 (1965).
(15) M. L. Hair and I. D . Chapman, J. Am. Ceram. Soc., in press.
(16) M. J. D. Low and N. Ramasubramanian, Chem. Commun., 
No. 20, 1965.
(17) M. J. D. Low and N. Ramasubramanian, J. Phys. Chem., 70, 
2740 (1966).
(18) M. J. D. Low and N. Ramasubramanian, unpublished data.
(19) M . J. D. Low and N. Ramasubramanian, unpublished data.
(20) M. E. Nordberg, J . Am. Ceram. Soc., 27, 299 (1944).
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Figure 2. NPI3 desorption. Subsequent to spectrum E of 
Figure 1, the specimen was degassed. The temperature and 
degassing periods (hr) were: F, room temperature, 12;
G, 100°, 5; H, 200°, 15; J, 300°, 3; K, 400°, 3;
L, 500°, 2; M, 600°, 2.

ferent pressures of N H 3 in the cell. T h e  prom inent 
features of spectrum  A  of the degassed specimen are 
a sharp band at 3748 cm -1  assigned to isolated surface 
silanol groups and a sharp band at 3703 c m -1  assigned 
to B O H  groups.1647 W ith  increasing N H 3 pressure 
and increasing N H 3 sorption, the B O H  band broadened, 
declined in intensity, shifted to lower wavenum bers, 
and eventually disappeared, as in the sequence of 
spectra A - E  of Figure 1. T h e band reappeared near 
3699 cm -1  when the pressure was reduced. O n suc
cessively degassing the specimen, as in the sequence of 
spectra F - K  of Figure 2, the B O H  band narrowed, 
shifted to 3703 cm -1 , and increased in intensity. T h e  
intensity of the 3 7 0 3 -c m -1  band after a sorption-de
sorption cycle, such as th at illustrated b y  Figures 1 
and 2, was slightly greater than th at found prior to  
exposure to N H 3. T h e  37 4 8 -c m “ 1 silanol band ex
hibited similar although not as pronounced changes.

N H 3 sorption at room  tem perature brought about 
a series of bands near 3562, 3474 , 3410 , 3350 , 3320, 
3310, 3285 , and 3200 cm -1 , as well as a very broad  
band near 3000  cm - 1 . T h e  intensities of all bands 
decreased on degassing at increasingly higher tem pera
tures and there were small bu t significant changes in 
band positions. A fter  degassing at 1 0 0 °, bands were

Figure 3. Heat treatment in closed cell: A, base spectrum of 
porous glass, after 30 hr degassing at 800°; B, after exposure 
to 130 torr of NH3 at room temperature for 2 hr and 
degassing at 150° for 15 hr; C, after heating specimen 
in the closed cell at 400° for 3 hr and cooling to 
room temperature.

located near 3565, 3478 , 3409 , 3368 , 3350 , 3308 , and  
3282 cm - 1 . D egassing at 2 0 0 °  and above caused the  
disappearance of m ost of these bands. H ow ever, 
heating caused changes in the bands near 3565 and  
3478 c m - 1.

Som e changes typical of those observed on heating  
an N H 3-treated sample in a closed cell are shown in 
Figure 3. A  well-degassed sam ple (spectrum  A ) was 
exposed to 130 torr of N H 3 at room  tem perature for 
2 hr and was then degassed for 15 hr at 1 5 0 ° (spectrum
B ) . T h e cell was then closed off and the specim en was 
heated at 4 0 0 °  for 3 hr, cooled to room  tem perature, 
and spectrum  C  was recorded. H eating in the closed 
cell caused these changes: (a) the B O H  band increased, 
(b) m ost bands in the 3 6 0 0 -3 4 0 0 -c m -1  region de
creased, (c) bands near 3409 and 3307 cm -1  increased, 
and (d) a sm all band on the low -w avenum ber side o f the  
asym m etric 3 4 7 8 -c m -1  band in spectrum  B  becam e  
m ore distinct as in spectrum  C . Changes of a similar 
nature were also produced when N H 3-treated specim ens 
were heated during degassing, as shown in detail b y  
the sequence of spectra A - H  of Figure 4.

Specim en A  of Figure 4  is the “ background”  spec
trum  of a w ell-dehydroxylated specimen. T h e  speci
m en was exposed to 25 torr of N H 3 for 0 .5  hr at room  
tem perature and spectrum  B  was recorded in the pres
ence of the gas. T h e  bands of sorbed N H 3 becam e
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Figure 4. High-temperature degassing. The specimen was 
subjected to the following successive treatments: A, degassing 
for 1 day at 800°; B, exposed to 25 torr of NH3 at room 
temperature for 0.5 hr; C, degassing at room temperature 
for 15 min. The specimen was then degassed for 0.5 hr 
at D, 250°; E, 300°; F, 400°; G, 500°; H, 650°.

Figure 5. NH3 treatment. Spectrum H is the same as 
spectrum H of Figure 4. The specimen was exposed to 25 torr 
of NH3 at 200° for 1 hr, was then degassed for 5 min at 
200°, cooled to room temperature, and spectrum J  was 
recorded. The specimen was then degassed for 0.5 
hr at 400° (spectrum C) and for 0.5 hr at 700°
(spectrum D).

well defined after a short evacuation (spectrum  C) 
and becam e less intense on heating and pum ping  
(spectrum  D ) .  T h e  asym m etry o f the low -w ave
num ber sides of bands at 3565 and 3478  cm -1  decreased 
and the bands shifted to 3568 and 3479 cm -1 , there also 
being small bu t distinct bands at 3546  and 3459 c m - 1 . 
These bands decreased on heating and pum ping, bu t  
the band near 3459 cm -1  decreased m ore slow ly than  
other bands and apparently shifted *o 3755 cm - 1 .

T h e changes in the 3 6 0 0 -3 4 0 0 -c m -1  region were 
accom panied b y  changes in the O H  bands. T h e  3 748 - 
cm -1  silanol band shifted to lower w avenum bers, its  
intensity increased slightly, and the band broadened  
slightly after the first exposure to N H 3. B oth  the band  
position and intensity remained unaffected (spectra  
B -E )  until m uch of the sorbed N H S had been rem oved. 
T h e band then narrowed and shifted to 3748 c m -1  
(spectra F , G , and H ) . T h e  3 7 0 3 -c m ~ 1 B O H  band  
showed larger changes, however. Its  intensity de
creased on N H 3 sorption and did not increase to  a large 
extent until degassing was carried out at tem peratures 
above 3 0 0 °  (spectra F , G , and H ).

T h e  intensities of the bands in the 3 6 0 0 -3 4 0 0 -c m _1 
region could be increased b y  heating in N H 3. Som e  
results are shown in Figure 5 . T h e specimen which  
had been subjected to the sorption-desorption cycle 
of Figure 4  w as heated in 25 torr of N H 3 at 3 0 0 °  for

1 hr and was then degassed for 5 m in at 3 0 0 ° . Spec
trum  J of Figure 5 was recorded after the specimen had  
cooled to room  tem perature. T h e  N H 3 treatm en t  
had caused a m arked decrease in the B O H  band, a 
m inor change in the silanol band, and m arked increases 
in bands at 3569 , 3546, 3479 , and 3459 c m - 1 . These  
bands decreased on degassing, changes similar to those  
shown b y  Figure 4  being observed. T h e  rem nants 
of the bands in the 3 6 0 0 -3 4 0 0 -c m -1  region could be  
observed even after a 7 0 0 °  degassing.

T h e  band peaking at 3459 c m -1  decreased m ore  
slow ly than the other bands, becom ing relatively better  
form ed and m ore pronounced w ith increased degassing, 
as in spectrum  L . A lso, there was an apparent shift 
to 3755 cm - 1 . H ow ever, the tw o prom inent bands at 
3769  and 3479 cm -1  and also the m inor band at 3546  
cm -1  were sharp, as shown b y  spectra J and K  of Figure  
5, whereas the 3 4 5 5 -c m -1  band was relatively broad. 
T h e difference and changes in band shape consequently  
suggest th at a sm all bu t relatively sharp band near 
3459 cm -1  was superim posed on a broader band center
ing near 3455  cm - 1 .

T h e effects of N H 3 sorption on a deuterated porous 
glass surface are shown b y  the spectra o f Figure 6. 
T h e  spectrum  of a well-degassed, deuterated surface 
showed sm all bands at 3475 and 3699 cm -1  due to resid-
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«000 3700 2800 2500 2700 CM-1

Figure 6. NH3 sorption on deuterated glass. A, A', A ", 
deuterated, degassed porous glass. The specimen was 
exposed to 6 torr of NH3 at room temperature for 2.5 
hr (spectra B, B', B ") and 20 hr (spectra C, C',
C "). Spectra A ", B ", C " are expansions of the 
respective spectra A', B', C'.

ual O H  groups (spectrum  A ) and bands at 2756  and  
2723 cm -1  due to  O D  groups (spectrum  A ') -  T h e  O D  
bands were superim posed on a B O  band of the support. 
T h e  spectra in the O D  region were consequently ex
panded b y  attenuating the reference beam  of the  
spectrophotom eter with a screen. T h e  letters identi
fy ing  such expanded spectra are m arked with double  
prim es. There was a large increase of bands in the O H  
region when the specim en was exposed to N H 3 at room  
tem perature, as shown b y  spectra B  and C ; also, there 
was a decrease of bands in the O D  region, shown b y  
spectra B ',  B " ,  C ',  and C " .  T h e bands due to  
sorbed N H 3 were essentially the sam e as those found  
w ith hydroxylated surfaces, e.g., as shown in Figures 1 
and 2. Sm all bands near 2482 and 2420 cm -1  were 
noticed, bu t these could be easily rem oved b y  pum ping  
at 2 0 0 °  and are attributed to X - D  vibrations o f physi
cally adsorbed N D 3.

T yp ica l results of N H 3 sorption on fluoridated glass 
are shown in Figure 7. T h e surface hydroxyl groups 
had been com pletely rem oved b y  the fluoridation pro
cedure, as shown b y  spectrum  A . T h e  spectra of N H 3 
sorbed on such surfaces, as well as after degassing, 
showed essentially the sam e band structure as those of 
Figures 1 -5 .  T h e  N H 3 bands declined w ith increasing 
degassing tem perature and were rem oved at 4 0 0 ° .  
Sm all bands near 3743 and 3699 cm “ 1 were form ed on  
N H 3 sorption. T hese grew som ew hat when the speci

Figure 7. NH3 sorption on fluoridated glass: A, spectrum of 
fluoridated glass sample; B, after exposure of 35 torr of 
NH3 at room temperature. The specimen was then 
degassed. The pumping times and temperatures 
were: C, 15 hr, room temperature; D, 6 hr, 100°;
E, 15 hr, 200°; F, 3 hr, 300°.

m en was degassed, indicating th at som e form ation of 
hydroxyl groups occurred.

Discussion
T h e positions, sym m etry, and occurrence o f the  

various infrared bands described above were affected b y  
surface coverage and degassing conditions. For the  
purpose of discussion and comparison w ith previous 
results, however, the bands m ay  be grouped as follow s: 
group I :  3409 , 3350 , 3320 , and 3308  c m - 1 ; group I I :  
3368 and 3282  cm - 1 ; group I I I :  3565  and 3474  c m “ 1; 
group I V : 3569 , 3479, 3543, and 3459 c m “ 1; group  
V : 3455 cm - 1 . Com parison w ith previous results is 
possible although difficult. A s  shown b y  the lack of 
detail of published spectra, m an y of these were re
corded under conditions of low resolution. T h is w ould  
h ave the effect of averaging closely spaced bands and  
distorting band shapes and positions. Som e dif
ferences in band positions m a y  also arise because of 
changes in the nature of the surfaces caused b y  differ
ences in the degree of degassing. For exam ple, 
A bram ov, K iselev, and L y g in 21 listed the values o f  
3410, 3402 , 3350 , and 3370 cm -1  for the r3 band of N H 3 
adsorbed on silica gel, Aerosil silica, alum inosilicate  
catalyst, and a sodium  faujasite, respectively.

Group I. C ant and L ittle12 reported th at N H 3

(21) V. N. Abramov, A. V. Kiselev, and V. I. Lygin, Russ. J. Phys. 
Chem. 38, 1020 (1964).
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weakly held b y  the glass surface caused absorptions at 
3400 and 3320 cm -1 . This observation was con
firmed b y  Chapman and H air.14 Folm an13 reported 
bands at 3380 and 3290 cm -1 . A ll such bands were 
ascribed to physically adsorbed N H 3. The group I 
bands, which were greatly reduced in intensity on 
pum ping at room  temperature or were com pletely 
rem oved near 100°, are similarly ascribed to N H 3 
adsorbed on hydroxyl groups b y  hydrogen bonding.

As pointed out in a preliminary com m unication by  
Yates, Sheppard, and A ngell1 and later b y  Folm an and 
Yates,2 the hydrogen bonding o f N H 3 to surface OH 
is more likely to be o f the OH  • • • N  rather than the N H - 
• • • O type. A dsorption with the form ation o f N H  • ■ ■ O 
bonding would not be expected to influence the in
tensity o f the original OH  band significantly. Con
versely, it was reported that N H 3 adsorption caused 
large diminutions o f silanol bands, so that the OH • • • N  
bonding is preferred. Such a dim inution o f the silanol 
band on N H 3 sorption and its growth on desorption 
are illustrated b y  Figures 1 and 2. In  concurrence with 
others, those changes are considered to be caused by  
==SiOH ■ • • N H 3 bonding and the 3409- and 3320- 
cm _1 bands are ascribed to the N -H  vibrations o f such 
structures. Figures 1 and 2 also show that the be
havior o f the 3703-cm “ 1 B O H  band on N H 3 sorption 
and desorption was like that o f the 3748-cm _1 silanol 
band. B y  analogy, that behavior is ascribed to the 
form ation o f B O H  • • • N H 3 groupings and the bands 
at 3350 and 3308 cm -1 are ascribed to the N -H  vibra
tions o f such structures.

As noted b y  Cant and L ittle,14 adsorbed N H 3 ex
changes rapidly with surface O D  groups. T he spectra 
o f Figure 6 similarly show that both  SiOD and B O D  
groups are converted to the corresponding hydroxyl 
structures. H owever, spectra B ',  B "  and C ', C "  
show that appreciable amounts o f SiOD groups re
mained on the surface after long reaction times, 
whereas the B O D  band was greatly diminished, sug
gesting that B O D  groups were m ore reactive for the 
exchange reaction than SiOD groups.

Group II. The 3368- and 3282-cm _1 bands o f group 
I I  were observed on exposing porous glass to N H j at 
room  temperature, were stable at 100°, but could 
be rem oved b y  degassing at 200°. Similar bands 
showing such behavior have been described by  
others.12'14'15 Cant and Little reported bands at 3365 
and 3280 cm -1 and, on the basis o f com parison with 
the spectrum o f the Lewis acid-base com plex F 3B -N H 3, 
suggested the possibility o f N H 3 adsorption on electron- 
deficient boron atom s on the glass surface. This 
suggestion was supported b y  the observations o f Cant 
and L ittle22 and o f Chapman and H air,14 which we have

confirmed in this laboratory, that the group II  bands 
were not produced when N H 3 was adsorbed on pure 
silica. In concurrence with others, the group II  bands 
are ascribed to = B - N H 3 structures which could form  
on the boria-containing porous glass surface but could 
not occur on pure silica. Experiments w ith boria- 
doped silica described elsewhere23 provide further sup
port for this assignment. Only the bands ascribed to 
physically adsorbed N H 3 were found with pure Cab-O - 
Sil silica, but the bands o f groups II, III , and IV  were 
found with Cab-O-Sil impregnated with boria.

The form ation o f the = B  • ■ • N H 3 com plex is taken as 
a chemisorption. T he adsorption m ay be com pletely 
reversible, because the group I I  bands can be rem oved 
b y  pumping. H owever, the possibility that the com 
plex is the precursor o f dissociated, m ore tightly 
bonded species cannot be ruled out.

Group III. A  pair o f bands near 3562 and 3474 
cm -1 was observed at room  temperature as, for ex
ample, in spectrum G o f Figure 2 . T he band positions 
shifted to higher wavenumbers near 3565 and 3478 
cm -1 when the surface coverage was decreased b y  de
gassing. Each band was asymmetric on the low -w ave
number side and, on heating or degassing above 200°, 
becam e smaller and less asymmetric to form  what have 
been termed group IV  bands. H owever, the bands of 
group IV  are frequently poorly  or not at all resolved 
under conditions o f high surface coverage, the two 
minor bands not being distinguishable, and hence 
appear as a pair o f asym m etric bands, i.e., as group II I  
bands. Group I I I  and group IV bands are conse
quently considered to be brought about by  the same 
surface species.

The group II I  and group IV  bands apparently have 
not been previously described in detail. However, 
Folm an studied the sorption o f N H 3 on chlorinated 
porous glass and reported that tw o bands at 3520 
and 3445 cm -1 remained after degassing at 450°, 
their intensities becom ing stronger with each sorption - 
desorption cycle up to a certain point where saturation 
o f the surface was obtained and no further changes 
were observed.13 Folm an ascribed the tw o bands 
to N H 2 groups attached to surface Si atoms. As the 
over-all behavior o f those bands was similar to that o f 
group I I I  or group IV  bands as described above, it 
seems plausible that Folm an’s bands were group 
IV  bands but were not well developed or resolved under 
the conditions of his experiments.

Also, Chapman and Hair studied the sorption o f N H 3

(22) N. W. Cant and L. H. Little, Can. J. Chem., 43, 1252 (1965).
(23) M . J. D . Low, N. Ramasubramanian, and P. Ramamurthy, 
unpublished data.
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on fluoridated porous glass.14 T hey reported (a) the 
form ation o f a distinct shoulder at 3460 cm -1 when 
N H 3 was sorbed on partially fluoridated glass; (b) 
on  degassing at 200°, the shoulder becam e a well- 
defined band at 3450 cm -1 which was retained after 
degassing at 250°; and (c) the 3450-cm “ 1 band was 
not form ed on a com pletely fluoridated surface. The 
3450-cm “ 1 band was ascribed to the fundamental 
N -H  stretching of the N H 4+ ion. H owever, the 3450- 
cm -1 band is m uch like Folm an’s 3445-cm -1 band. 
Also, some o f Chapman and H air’ s spectra suggest 
the presence o f shoulders between 3500 and 3600 cm -1, 
although it is difficult to make an exact comparison 
because the published spectra are small and not well 
defined. A s the spectra of Figure 7 showed that group 
III , group IV , and group V  bands were form ed with 
com pletely fluoridated glass, it seems likely that group 
I I I  bands were produced in Chapman and H air’s 
experiments.

Group IV. T w o relatively sharp, intense bands near 
3565 and 3478 cm -1 were observed. Each band was 
asymmetric on the low-wavenum ber side and, on 
heating and pumping, the asym m etry decreased 
along with the band intensity. A  small but distinct 
band occurred on the asymmetric side o f each band. 
A ll four bands could be enhanced b y  means o f a sorp
tion-desorption  cycle, as shown in Figure 5, but were 
retained even after a 700° degassing. Such behavior, 
as noted b y  Folm an,13 indicates a strong bonding o f the 
sorbed material. Group IV  bands were consequently 
caused b y  surface species m ore tightly bound and 
distinct from  those responsible for the group I and group 
I I  bands.

Folm an suggested that the surface becom e aminated 
and ascribed his 3520- and 3445-cm -1 bands to the sym 
metric and antisymmetric N -H  stretching of surface 
-N H 2 groups. A  similar assignment is m ade for the 
group IV  bands based on Folm an’s suggestion and 
reasons for the assignment, each of the pairs of bands 
at 3569 and 3479 cm -1 and at 3546 and 3459 cm -1 
being attributed to surface -N H 2 groups.

Bellam y and W illiam s24 pointed out that both the 
asymmetric and sym m etric stretching frequencies de
pend basically on the same force constant and must con
sequently be directly related to each other. They 
found the relation, rsym =  345.53 +  0 .8 7 6 ^ , was 
obeyed with a standard deviation o f 4.8 cm “ 1 for 64 
prim ary amines. Using the observed values of 3569 
and 3546 cm -1 , Bellam y and W illiam s’ equation leads 
to the values o f 3472 and 3452 cm -1 , each differing by  
7 cm -1 from  the observed values of 3479 and 3459 cm -1 , 
respectively. T he constant frequency relations of the 
tw o group IV  pairs suggest that one type of surface

structure was responsible for both  pairs o f absorp
tions, i.e., a primary amine bonded to tw o different 
surface sites, and supports the previous suggestion 
that the small 3459-cm -1 band was superimposed 
on the broader 3455-cm -1 band.

Results such as those of Figures 4 and 5 indicate 
that, although all the group IV  bands decreased on de
gassing, the greatest intensity changes were shown b y  
the pair of bands at 3569 and 3479 cm -1 as well as b y  
the 3703-cm -1 B O H  band. R elatively high degassing 
temperatures were required to cause increases in in
tensity of the 3703-cm -1 band, so that a hydrogen 
bonding of molecular N H 3 to surface B O H  groups can 
be reasonably ruled out. In view o f such behavior, 
the 3569- and 3479-cm -1 bands are ascribed to surface 
= B N H 2 structures.

Similar although less pronounced behavior was ex
hibited by  the 3546- and 3459-cm “ 1 pair and the silanol 
band. B y analogy, the 3546- and 3459-cm “ 1 pair are 
ascribed to  a surface = S iN H 2 structure o f the type 
postulated by  Folman.

The form ation o f a primary amine requires a dis
sociative reaction such as

H  H

HO O HO
\ /

N OH

1 /  \  NHi | | |
B B  B  lU T B B B

/ \ / \  / \ / \ / \ / X
H  H

/ \ / \
HO N OH

B B B
/ \ / \ / \

an analogous reaction scheme being required for the 
breaking of siloxane bridges. The reaction scheme is 
given in tw o reversible steps and requires the form ation 
o f hydroxyl groups.

Spectrum B o f Figure 3 shows that (a) physically 
adsorbed N H 3 had been almost com pletely rem oved, 
because the group I bands were quite small, and (b) 
the B O H  band was smaller than that of spectrum  A  of 
Figure 3. Spectrum C was recorded after the sample 
had been heated and cooled within the closed cell and 
shows that the group IV  bands have declined and the 
B O H  band and the group I  bands have increased in 
intensity. Such behavior suggests that (a) N H 3 
was form ed when the sample was heated, so that the

(24) L. J. Bellamy and R. L. Williams, Spectrochim. Acta, 9, 341 
(1957).
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group IV  bands decreased, and (b) when the sample 
was cooled in the closed cell, the N H 3 became physically 
adsorbed, so that the group I  bands increased. Similar 
intensity relations between the B O H  and group IV  
bands are shown by  Figures 4 and 5 ; the growth of the 
B O H  band was accom panied b y  a decrease in intensity 
and a decrease in asym m etry of the prom inent 3569- 
and 3479-cm -1 bands. Such behavior suggests that the 
reactions were reversible, at least to  some extent, and 
that the asym m etry on the low-wavenum ber sides of 
the 3569- and 3479-cm -1 bands was produced b y  hy
drogen bonding o f the amine to B O H  groups produced 
by  the reaction as well as to  B O H  groups already pres
ent on the surface.

Group V. As shown b y  the sequence o f spectra 
D -L  of Figures 4 and 5, the relatively broad 3455-cm -1 
band becam e m ore distinct when the superimposed 
3459-cm -1 band was rem oved b y  degassing. The single 
group V  band could be enhanced b y  N H 3 treatment 
and was not com pletely rem oved b y  pum ping at 700°, 
as shown by  the spectra o f Figure 5, and was con
sequently produced b y  a tightly bonded surface 
species.

Chapman and H air14 reported the form ation o f a 
band at 3450 cm -1 when N H 3 was sorbed by fluoridated 
porous glass and assigned that absorption to the N -H  
stretching vibration of an N H 4+ ion form ed b y  chemi
sorption o f N H 3 upon strong protonic sites on the 
surface. T h ey  recognized that the 3450-cm -1 value 
was higher than any previously reported for am
m onium  salts, but pointed out that a close examination 
o f the published values for the fundam ental N -H  
stretching frequencies for a series o f am m onium  salts 
revealed a definite trend in which this N -H  stretching 
frequency increased as the strength o f the com ple
m entary acid increased. As they had previously 
suggested25 that the introduction o f fluorine atom s for 
hydroxyl groups on the surface o f porous glass might 
give rise to an inductive effect through the surface with 
the production o f strong protonic sites, their assign
ment o f the 3450-cm -1 band to N H 4+ groups seemed 
reasonable. A  similar reaction

= S iO H  +  N H 3 — ► = S iO " N H 4+

was postulated b y  Felden26 and b y  B oyle, Gaw7, and
R oss.27

The 3455-cm -1 band was form ed on untreated as 
well as on fluoridated surfaces, as shown above. C on
sequently, if the reasonable assumption is made that 
the 3455-cm -1 band and Chapm an and H air’s 3450- 
cm ' 1 band were produced b y  the same species, the for
mation of surface N H 4+ groups because o f an inductive

effect becom es uncertain. A  reasonable alternative 
is the form ation o f a secondary amine.

T he value o f 3455 cm -1 falls in the frequency range 
found for the single N -H  vibration o f secondary 
amines.28 I f  surface = B N H 2 groups are form ed, 
it seems not unreasonable to postulate that the reaction 
proceed one step further to produce secondary amines. 
The 3455-cm -1 band is tentatively assigned to  the 
N -H  vibration o f a surface group form ed b y  the bonding 
o f the nitrogen atom  o f an N H  group to  tw o neigh
boring boron atoms.

The form ation o f secondary and prim ary amines 
requires the abstraction of hydrogen from  N H 3 and, 
unless molecular hydrogen is form ed and desorbed or 
a protonic typ e29 o f binding exists, the form ation of 
surface hydroxyl groups. That such reactions occur 
is shown b y  (a) small increases in the intensities of 
both  the SiOH and B O H  bands after a sorption - 
desorption cycle during which the glass was exposed 
to a relatively high pressure o f N H 3, as illustrated by  
the spectra o f Figures 1 and 2; (b) small increases 
in the SiOH band im m ediately after exposure to  N H 3 
at low pressures, such as that shown b y  Figure 4 (in
creases in the B O H  band would be masked b y  hydrogen 
bonding to the B O H  groups); (c) the exchange data 
of Figure 6, which suggest, although quantitative in
terpretation is not possible, that some hydroxyl forma
tion had occurred because the tw o OH  bands grew 
appreciably while the O D  bands remained fairly large; 
and (d) the form ation o f SiOH and B O H  bands on 
com pletely fluoridated surfaces, as shown b y  the spectra 
o f Figure 7.

Chapman and H air14 similarly reported an increase 
in the SiOH band when N H 3 reacted with fluoridated 
porous glass and concluded that it was probable that 
this effect was caused b y  the opening o f surface sil- 
oxane groups. T hey also reported the form ation o f a 
small band at 3700 cm -1 , which they attributed to the 
N -H  vibration o f a secondary amine but which, in 
view o f the present and other16-18 results, is attributed 
to  B O H  groups form ed b y  the reaction o f N H 3 with 
B O B groups.

Although the various data show that surface h y
droxyls were produced, there is some uncertainty about 
the mechanism(s) involved in their production. Various

(25) I. D. Chapman and M. L. Hair, J. Catalysis, 2, 145 (1963).
(26) M . Felden, Compt. Rend., 249, 682 (1959).
(27) T. W . Boyle, W. J. Gaw, and R. A. Ross, J. Chem. Soc., 240 
(1965).
(28) L. J. Bellamy, “ The Infrared Spectra of Complex Molecules,”  
2nd ed, John Wiley and Sons, Inc., New York, N. Y ., 1954, pp 251 if.
(29) R. P. Eischens, W . A. Pliskin, and M. J. D . Low, J. Catalysis, 
1, 180 (1962).
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infrared spectroscopic data indicated that boron on the 
porous glass surface played an im portant role as ad
sorption center in the hydration of the glass surface.18 
Also, N H 3 sorption on Cab-O-Sil did not enhance 
the silanol band intensity. Cant and L ittle22 and also 
Chapman and H air,14 who studied N H 3 sorption on 
silica, did not mention an increase o f the silanol band 
due to reaction o f the silica with N H 3. Also, N H 3 
sorption b y  silica produced only group I  bands. M ore 
recently, Peri reported that N H 3 was slowly chemi
sorbed b y  a limited number o f sites on  pure aerogel 
silica with the form ation o f N H 2 and O H  groups.30 
H owever, the maximum N H 3 chemisorption after 8 
days at 100 torr at room  temperature was only 1 .3-
1.4 m olecu les/100 A 2.

Such results raise some doubt about the extent of 
direct reactions o f NIL, with siloxane bridges on the 
porous glass surface. A  direct reaction to produce 
primary amine and SiOH groups via a reaction scheme 
analogous to reaction I m ay occur, as implied by  
Peri’s results.30

However, an additional reaction, such as reaction II  
m ight be operative for the production o f SiOH groups, 
because the silica network o f the glass appears to  be 
relatively inert. In such a case the surface boron would

H H
\ /

N
IB +  NH3- ^  B + H -  (II)

/ l \  / \
0  OH

/ \  I
2H - +  Si Si — >  2Si

/ l \  / l \  / ¡ \
act as adsorption center or active site, one fragm ent
resulting from  the dissociation o f N H 3 reacting w ith  a 
neighboring siloxane bridge. It m ight also be possible 
that surface boron acts as dissociation center, both  
N H 2 • and H  • fragments migrating to and reacting with 
a neighboring siloxane.
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Mechanisms for Some High-Temperature Gas-Phase Reactions of 

Ethylene, Acetylene, and Butadiene1

by S. W. Benson and G. R. Haugen

Department of Thermochemistry and Chemical Kinetics, Stanford Research Institute, Menlo Park, California 94025 
(Received October 17, 1966)

Sufficient inform ation concerning the rate parameters of the individual propagation and 
term ination steps o f radical reactions now exists so that it is possible to predict the kinetic 
behavior o f a chain mechanism with better than order-of-m agnitude reliability. This 
precision com es from  the similarities that exist between the A factors and activation 
energies o f hom ologous reactions. In  particular, the creditability of a proposed chain 
mechanism for the high-temperature gas-phase reaction o f unsaturated hydrocarbons can 
be tested b y  com paring the observed kinetic behavior v/ith that predicted b y  the 
mechanism. A  pyrolytic chain was proposed that adequately describes the experimentally 
observed high-temperature hydrogenation of acetylene and also the high-temperature 
pyrolysis o f ethylene. T he propagation steps representing the form ation of the m ajor

l
products of these system are C2H 3- +  M  ÜZA C2H 2 +  H - +  M  (fa =  IQ11-9- 81-5791. m ole-1

- l
sec- 1 ; k-i =  i o 7-9+16-079 l.2 m ole-2  sec-1) where 0 =  2.303ET in kca l/m ole , and H - +  

2
C 2H 4 i l i  IT  +  C 2H 3- (ht = 1010-8-6/* 1. m ole-1 sec-1 ; h =  109-9-7-4/e 1. m ole-1 sec-1), 

-2
respectively. The minor product in both  systems is 1,3-butadiene. In  the pyrolysis of

3
ethylene, the side reaction, C 2H 3- +  C2H 4 IZZi C 4H S +  H - (ft3 =  108-7-7-3,fl 1. m ole-1 sec-1 ;

-3
ks = 109-8- 1-0/9l. m ole-1  sec-1), accounts for the production of butadiene. In  the case of 
the hydrogenation o f acetylene, a concurrent chain is responsible for the side products, C2H 3 •

+  C2H 2 —>  C 4H 6- (hi =  108-3  *1. m ole-1  sec-1) and C 4H S- +  H 2 —>  C 4H 6 +  H - (ks =  
1Q9.4- 5.9/8 ] m ole-1  sec-1).

Introduction
The successful interpretation o f both  the hydrogena

tion and the isotope exchange kinetics of the acetyl
ene-deuterium  system  by  a radical mechanism with a 
long chain length2 stim ulated consideration of "his 
mechanism for the single-pulse shock-tube pyrolysis 
o f ethylene.3 T he dwell time in these pyrolysis ex
periments being a factor of 10 to  100 longer than the 
dwell tim e in the isotope exchange experiments, the 
com plications o f nonsteady-state kinetics is avoided. 
In particular, possible catalysis o f the induction 
period b y  impurities does not influence the kinetic 
behavior of the system. Consequently, this investi
gation afforded an excellent opportunity to  test the

steady-state kinetics predictions o f the radical mech
anism.

Skinner and Sokoloski3 studied both  the kinetics of 
form ation o f acetylene from  the pyrolysis of ethylene 
and the reverse process, the hydrogenation o f acetylene. 
The pyrolysis was relatively clean. The only other 
product o f im portance was butadiene. A ccordingly, 
the kinetics o f both  the form ation and decom position

(1) The authors are indebted tc the Department of Health, Educa
tion, and Welfare, U. S. Public Health Service, for support of this 
study through Research Grant No. AP-00353-02 from the Division 
of Air Pollution.
(2) S. W. Benson and G. R. Haugen, submitted for publication.
(3) G. B. Skinner and E. M. Sokoloski, J. Phys. Chem., 64, 1028
(1960).
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Table I: Rates of Formation of Acetylene and 1,3-Butadiene from Ethylene (Dwell Time 2 msec)

%
T , c o n v e r s i o n

° K ( C 2H 4 ) o® ( A r ) o ° R c i m , l 'c R c* n e,b,d o f  C 2H 1

Mixture 1
1276 2.23 X 10-4 4.76 X 10-2 1.9 X 10-3 1.6 X 10-4 1.7
1329 2.14 X 10-4 4.58 X 10-2 4.1 X 10-3 3,8
1329 2.14 X 10-4 4.58 X 10-2 4.2 X 10-3 1.5 X 10-4 3.9
1372 2.07 X 10-4 4.43 X 10-2 5.8 X 10-3 1.4 X 10-4 5.8
1444 1.97 X 10-4 4.21 X 10-2 1.3 X 10-2 8.1 X 10-s 13
1475 1.93 X 10-4 4.13 X 10-2 1.5 X 10-2 7.6 X 10-6 17
1502 1.90 X 10-4 4.05 X 10-2 1.9 X 10-2 20
1535 1.85 X 10-4 3.97 X 10-2 2.3 X 10-2 25
1587 1.79 X 10-4 3.83 X 10-2 4.0 X 10-2 46
1625 1.75 X 10-4 3.74 X 10-2 4.5 X 10-2 54
1666 1.71 X 10-4 3.65 X 10-2 6.2 X 10-2 82
1740 1.64 X 10-4 3.49 X 10-2 7.2 X 10-2 ~100
1784 1.59 X 10-4 3.41 X 10-2 7.6 X 10-2 ^100

Mixture 2
1169 3.13 X 10-3 4.90 X 10-2 1.4 X 10-3 4.7 X 10-3 0.09
1170 3.13 X 10-3 4.91 X 10-2 2.0 X 10-3 4.2 X 10-3 0.13
1205 3.04 X 10-3 4.76 X 10-2 4.6 X 10-3 0.31
1215 3.02 X 10-3 4.73 X 10-2 4.8 X 10-3 5.4 X 10-3 0.32
1241 2.95 X 10-3 4.62 X 10-2 9.4 X 10-3 1.0 X 10-2 0.63
1242 2.95 X 10-3 4.61 X 10-2 1.1 X 10-2 8.8 X 10-3 0.73
1264 2.90 X 10-3 4.54 X 10-2 2.2 X 10-2 1.5 X 10-2 1.5
1325 2,76 X 10-3 4.33 X 10-2 5.1 X 10-2 1.9 X 10-2 3.6
1332 2.75 X 10-3 4.31 X 10-2 5.3 X 10-2 3.8
1345 2.72 X 10-3 4.26 X 10-2 5.9 X 10-2 1.9 X 10-2 4.3
1423 2.57 X 10-3 4.03 X 10-2 2.0 X 10-1 2.0 X 10-2 15
1426 2.57 X 10-3 4.02 X 10-2 2.1 X 10-1 16

“ Concentration units, moles liter 6 Units of rate, moles liter-1 sec-1. c Æ!c2h2 represents the average rate of production of 
acetylene over the dwell time interval, ta.

Rc2H2 = ¡M i «0 .0233 )«-fc>idf

where ka is the apparent rate constants for acetylene production reported in ref 3. The quantity 12.2/21 represents the conversion 
factor for the change of concentration units. d Similarly, represents the average rate of production of 1,3-butadiene over the 
dwell time interval, id.

122 11 P3 — w
Rom. =  «0 .0233  )2e-2*aidi

where kb is the apparent rate constant for butadiene production reported in ref 3.

o f 1,3-butadiene were investigated. T he data for 
these systems are reproduced in Tables I, II , and III . 
T he measurements o f the pyrolysis of a mixture of 
ethylene and acetylene has been excluded from  this 
discussion on account o f the com plications issuing from  
simultaneous occurrence of several com peting initia
tion and termination steps.

Discussion of the Pyrolysis of Ethylene

The over-all stoichiom etry can be represented by 
partial contribution from  each o f the tw o reactions

C 2H 4 — *■ C2H 2 +  H 2 

2C2H 4 — >  C4H 6 +  H 2

The paths for production o f the minor quantities of 
methane and propylene observed will not be considered. 
T he proposed mechanism for the initial form ation o f 
the m ajor products (C 2H 2, C 4H 6, and H 2) is shown 
below .4

2C2H 4 — >  • C2H 6 +  • C 2H 3 (initiation)
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Table II: Kinetics of the Hydrogenation of Acetylene (Mixture 5) (Concentrations, moles liter“ 1)

T, (C2H2)o X (H2)o X (Ar)c X (C2H2) X (CiHO X (C4He) x (CH4) X°K 10* 10> 102 w 10* 10« 10»
(Dwell Time 2 msec)

1187 7.24 4.35 4.63 6.87 0.65 2.89
1279 6.74 4.15 4.30 6.28 1.01 4.05
1384 6.22 3.74 3.97 5.86 1.68 4.36
1484 5.81 3.49 3.71 5.31 2.04 4.66
1502 5.74 3.44 3.67 5.25 2.12 4.60
1635 5.28 3.17 3.37 4.80 1.85 7.92
1774 4.85 2.91 3.10 4.31 1.21 10.2

(Dwell Time 10 msec)
1180 7.30 4.39 4.66 6.66 3.21 10.2
1260 6.84 4.11 4.38 6.12 5.20 5.48
1363 6.32 3.79 4.07 5.52 5.70 8.22
1436 5.98 3.60 3.83 5.14 5.32 7.78
1530 5.64 3.38 3.60 4.98 4.06 7.34
1677 5.13 3.08 3.28 4.61 2.00 9.25

Table III: Kinetic Behavior of the Decomposition of 1,3-Butadiene (Mixture 4, Dwell Time 10 msec)

T, (C<H,)o X (Ar)o X (C<Hs) X (CüHî) X (C2H4) X (H*) X
%

conversion°K 104 « 102° 10« 6 * 10« 6 10« b 10« 6 of ClHe ÄC4H6C
1209 1.34 5.03 1.23 0.86 0.90 0.32 8.1 1.1 X 10“ 4 5
1242 1.30 4.88 1.14 0.91 1.02 0.29 12.6 1.6 X 10“ s
1289 1.25 4.70 0.84 2.95 2.72 0.99 33.0 4.1 X 10“ !
1334 1.22 4.56 0.63 4.42 3.57 1.55 48.8 6.0 X 10“ 5
1381 1.17 4.40 0.33 6.74 4.25 2.30 71.9 8.5 X 10“8
1412 1.15 4.30 0.22 8.80 4.26 3.92 80.8 9.4 X 10“ 3

“ Initial concentration of reactant, moles liter“ 1. b Final concentration of reactant and products, moles liter“ 1. c RClH8 represents 
the average rate of disappearance of 1,3-butadiene over the dwell time, t,i

12 2 1 f*t=td
Rem, = - jP  l  J f c , ( 0 .0 1 3 3 ) e - * c f d t 

where kc is the apparent rate constant for the disappearance of C4H6 reported in ref 3.

C 2H r  +  M  — >  C 2H 2 +  H - +  M )

H - +  C2H 4 — > H 2 +  C2H 3-
j  (chain)

C2H 3- +  c 2h 4 — >  C H 2= C H C H = C H 2 +  H -

(path for butadiene form ation)

•C2H 6 +  M ^ t  C2H 4 +  H  +  M
-8

2H - +  M  

C2H 3- +  H - 

2C2H 3 •

tH

tHV
(termination)

The radical C2H 6 • will disappear m ore rapidly than C2- 
H 3 • since it has a weaker bond strength and is closer

to  its high pressure limit. It  is also not a propagating 
species since it is not reproduced by  any favorable or 
fast chain. Under the steady-state conditions, the 
equilibrium

8
M  -f- C 2H 5 • C 2IÎ4 -|- H  • -P M

-8

will be established [(fc8/A;_8)i4oo°K =  103-8910“ 41-2/fl 
m ole I.“ 1]. A t 1400°K  and C2H 4 ~ 1 0 “ 3-5 M, the 
equilibrium dissociation o f the radical will be > 9 0 % .

(4) The formation of a biradical from the molecular condensation
of two ethylenes was also considered as a possible initiation process.
The rate of formation of the biradical and the consequential uni-
molecular and bimolecular reactions of this radical are much too 
slow to be significant. However, the exchange of hydrogen atoms
of ethylene may proceed rapidly through the intermediate cyclo
butane (see Appendix).
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The absence of ethane demonstrates the minor con
tribution of the abstraction of a hydrogen atom from 
ethylene by this radical.

The ratio of the steady-state concentration of the 
radicals C2H3 • and H • is controlled by the propagation 
chain. Assuming no contribution of the back reac
tions, we find the simple expressions

(C 2H 3-)Ss /c2(C 2H 4)

“  ■  =  " W  (1)

Noting that the steady-state rates of formation of 
acetylene and hydrogen are determined by the propa
gation chain, a consequence of its long chain length, 
we find that the rates of production of hydrogen and 
acetylene are equal, as long as the rate of production 
of butadiene is negligible. The rate of formation of 
acetylene is given by

Rem = fe(M)(C»H.-) (2)
Since hydrogen atom abstraction (reaction 2) is a few 
powers of ten faster than the low-pressure limit of the 
elimination of a hydrogen atom from vinyl radical 
(reaction 1), see Appendix, the vinyl radical, C2H3-, 
predominates in this system. Thus, termination oc
curs mainly between two of these radicals, and the ab
solute rate is given by

Rmm = fc i (^ - )A(C2H4)(M) (3)

Substituting appropriate numbers for the rate constants 
(see Appendix) the apparent rate constant, fci(fcj/ 
f c t v ) I / 2 ( M )  becomes io u-4-63-9/s sec-1 . This predicts 
an absolute rate of 10-1-6 mole l.-1 sec-1 at the typical 
conditions used by Skinner and Sokoloski3 [temp 1500 
°K  and (C2H4) ~  10-3-7 mole l.-1] which agrees with 
their experimental rate of 10-1-7 mole l.-1 sec-1. 
At high temperatures and low ethylene concentra
tions, the steady-state concentrations of the radicals 
C2H3 and 'H equalize. Under these conditions, we 
must include termination between H ’ and C2H3. The 
steady-state rate expression becomes

AfciVA fc2(C2H4)2
\ k t v )  { aio +  co2} 1/2

(4)

where, a  =  ktu v /k t v  Substituting values for the rate 
constants in eq 4 permits the prediction of the average 
rate of formation of acetylene. Comparison of cal
culated and observed rates is shown in Table IV. 
This comparison is meaningful only as long as the back 
reactions, omitted in the mechanism, are negligible. 
The agreement between the observed concentration 
and temperature behavior and that predicted by the

mechanism is good. Agreement is maintained over a 
620° range in temperature and a tenfold change in 
concentration. Part of the pyrolysis could be proceed
ing by a concurrent molecular mechanism. The rate 
parameters for the direct molecular elimination of H2 
from ethylene have been estimated,5 R c2H2(mole) =  
lOu.s-ss/fl (C2H4). The fraction of the pyrolysis pro
ceeding by a molecular mechanism is shown in Table
V. This mechanism is only important at very high 
temperatures, where the per cent conversion is large. 
Consequently, the effect of neglecting the back reac
tions becomes increasingly important and the refine
ment of the concurrent molecular elimination is not 
warranted.

The path for formation of butadiene is assumed to 
be a reaction between the vinyl radical and ethylene, 
reaction 3, with a rate of production of 1,3-butadiene, 
expressed by

Rem, = fc3(C2H4)(C2Hr ) (5)

Accordingly, the steady-state rate is

R ciH,
/c3(C2H4)
h(H) R c 2h 2 (6)

which agrees reasonably with the observed kinetics 
of formation (see Table IV).

Lin7 has proposed a chain mechanism for the low- 
temperature hydrogenation of ethylene that is initiated 
by vinyl and ethyl radicals

2C2H4 — >■  C2H3 • +  C2Hb • (initiation)
9

c 2h 6- +  h 2
10

H- +  C2H4- ^  

C2H3- +  H2

•C2He +  H (

C2H6- (
-2

(chain) 

C2H4 +  H-

2C2H6 •
tEt

(termination)

The vinyl and hydrogen atoms equilibrate rapidly in 
this system (fc2/fc_2 = 10—1-S2—0-6/6') ; consequently, 
the steady-state rate of formation of ethane is equal 
to fc9(fci/fct)1/2(C2H2)(H 2). The value of the ratio

(5) At high ethylene concentrations and low temperatures, reaction 
3 starts to compete with reaction 1. Under these conditions, a is 
determined by the expression

a. =  [ f e ( C 2H 4) ] / [ L ( M )  +  f e ( C 2H 4) ]

Mixture 2 satisfied these prerequisites; consequently, the calcula
tions of the steady-state rate required the use of the above relations.
(6) S. W. Benson and G. R. Haugen, J. Phys. Chem., 70, 3336 
(1966); C2H4 —*• C2H2 -J- H2; AH ° (1400°K) ^  45.1 kcal/mole; 
Uaot (1400°K) ~  85 kcal/mole.
(7) M . C. Lin, Can. J. Chem., 44, 1237 (1966).
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Table IV: Comparison of the Observed Rate of 
Formation of CjH2 and C4H6 from Ethylene 
with That Predicted by Eq 4 and 6°

Mixture 1, Dwell Time 2 msec

T, Log Log ÄCH,“ 159
°K Ä°CiHi“ lod b ÄC2H2obsd 5 Ä°CiH,'Dsl°d 9 ÄC(H,ob,d

1276 -3 .1 3 0.4 -3 .7 6 0.2
1329 -2 .7 8 0.4 -3 .5 8
1329 -2 .7 8 0.4 -3 .5 8 0.3
1372 -2 .4 4 0.6 -3 .3 6 0.5
1444 -2 .0 1 0.7 -3 .1 2 1.4
1475 -1 .7 9 0.9 -2 .9 8 1.4
1502 -1 .6 7 0.9 -2 .9 2
1535 -1 .5 0 1.1 -2 .8 2
1587 -1 .2 5 0.8 -2 .6 8
1625 -1 .0 6 1.0 -2 .5 6
1666 -0 .8 8 0.7 -2 .4 6
1740 -0 .5 8 0.9 -2 .2 9
1784 -0 .4 3 1.2 -2 .2 1

Av 0.8 ±  0.2

Mixture 2, Dwell Time 2 msec
1169 -3 .0 5 1.4 -2 .2 5 0.5
1170 -3 .0 5 0.9 -2 .2 5 0.6
1205 -2 .8 5 0.6 -2 .1 4
1215 -2 .7 7 0.8 -2 .0 7 0.6
1241 -2 .5 2 0.5 -1 .9 2 0.4
1242 -2 .5 2 0.5 -1 .9 2 0.4
1264 -2 .3 6 0.3 -1 .8 3 0.3
1325 -1 .8 8 0.4 -1 .5 4 0.4
1332 -1 .8 1 0.4 -1 .4 9
1345 -1 .7 3 0.4 -1 .4 6 0.4
1423 -1 .2 0 0.4 -1 .1 4 0.6
1426 -1 .2 0 0.4 -1 .1 4

Av 0.5 ±  0.2 Av 0.5 db 0.

° Values of rate constants of individual steps of mechanism 
used in estimating over-all rates: k, =  1011-7-64-71. mole-1 sec-1; 
h  = lO11-9-31-6'9 1. mole-1 sec-1; fe = l010-8-6i91. mole-1 sec-1; 
ki =  lO8'7-7-3'9 1. mole-1 sec-1; ktv =  1010 0 1. mole-1 sec-1; 
fctHv =  109-6 1. mole-1 sec-1; ktEt — 10100 1. mole-1 sec-1. 
6 E°c!H2ca’cd and E°c1H«<a‘ Icd represent the calculated initial rates in 
units of mole liter-1 second-1. c Ro2̂ i^l°d and /¿ctnsHllod repre
sent the average rates over the dwell time interval

_  /  %  conversionV
C2H2 — & C2H2I A 200 /  1

_  0 % conversion V
■*bC4He *1 C4H61 200 J

{ki/kt), estimated for the high-temperature pyrolysis 
of ethylene, can be corrected for AC:i to  the lower tem
perature, 7 50 °K ; h/kt = IO1-06-64 919. A  reasonable 
value for k9 is 109-6_13/9 1. m ole-1 sec-1 ; this gives an 
acceptable rate constant for the inverse reaction, /c_9, 
1010-8 7-°/9 1. m ole-1 sec-1 (a consequence o f the equi
librium constant h / k - 9, at 750°K , 10~1-29—5-7/9) .8

Table V : Fraction of the Ethylene Pyrolysis 
Occurring by a Molecular Mechanism

T, ÄC2Hi<mole)/ tfC2H2(rad) + Bc2Hi(m0,e) %
conversion

°K ÄC2H2(rad)“ R (obsd) of C2H4

Mixture 1, Dwell Time 2 msec
1276 0.061 0.4 1.7
1329 0.084 0.4 3.8
1329 0.084 0.4 3.9
1372 0.12 0.7 5.8
1444 0.23 0.9 13
1475 0.28 1.2 17
1502 0.32 1.2 20
1535 0.43 1.6 25
1587 0.65 1.3 46
1625 0.93 1.9 54

1666 1.35 1.6 82
1740 2.45 3.1 ~100
1784 4.26 6.3 ~100

Mixture, 2, Dwell Time 2 msec
1169 0.01 1.4 0.09
1170 0.01 0.9 0.13
1205 0.02 0.6 0.31
1215 0.02 0.8 0.32
1241 0.03 0.5 0.63
1242 0.03 0.5 0.73
1264 0.04 0.3 1.5
1325 0.06 0.4 3.6
1332 0.07 0.4 3.8
1345 0.06 0.4 4.3
1423 0.15 0.5 15
1426 0.15 0.5 16

“ flc2H2(mole> represents the rate for the molecular mechanism 
average over the dwell-time interval. jRc2H2<rad> represents the 
rate for the radical mechanism average over the dwell-time 
interval.

flc2Hi(mole) =  ft°c2H2<mole) _________ 1_________
flciH2(rad) ■R°c2H2('ad) . /  %  conversionX

\ 200 J
where S°c2H2(mole) and fl0CiH2<rad> represent the initial rates for 
the molecular and radical mechanism, respectively. 6 Experi
mental rates below the dashed line cannot be compared with the 
calculated ones because of the high conversion of ethylene occur
ring during the reaction interval.

Thus, the rate o f ethane form ation is 1010-0-45-5/9 mole 
l. -1 sec-1 . A t 750°K , the absolute rate is 10-3 -3 
m ole l . -1 sec-1 , about a factor of 3 slower than the ob 
served rate (10-2 -8 m ole l .-1  sec-1 ) .9 This suggests 
that the ratio h/kt m ight be larger than estimated. 
In fact, an increase o f six-tenths o f a power o f ten (10°-6)

(8) B. de B. Darwent and R. Roberts, Discussions Faraday Soc., 14, 
55 (1953).
(9) R. N. Pease, J. Am. Chem. Soc., 54, 1877 (1932).
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Table V I : Comparison of the Predicted and Observed Rates of Hydrogenation of Acetylene“

T , L o g L o g L o g L o g

" K « " C ì a 0“ 104 b B02H4oaIod/fiOîH1obid °  B “ o 4H 60 a lo d  6 B C 4 H »r a lo d / B c ) H « ‘ [ ( C 2H î )  /  ( C î H J î s  ] d [(CiHt)/(C.H»)e] *
Mixture 5, Dwell Time 2 msec

1187 -2 .0 9 2.5 -3 .1 0 0.6 -2 .9 2 -2 .2 4
1279 -1 .8 7 2.6 -2 .9 9 0.5 -2 .0 8 -0 .8 9
1384 -1 .5 9 3.0 -2 .8 0 0.6 -1 .2 0 0.35
1484 -1 .4 0 3.8 -2 .6 9 0.8 -0 .5 7 1.38
1502 -1 .3 7 3.9 -2 .6 7 0.8 -0 .4 8 1.50

1635 -1 .2 3 6.0 -2 .6 2 0.5 0.06 2.86
1774 -1 .1 5 11.0 -2 .6 1 0.4 0.43 3.98

Mixture 5, Dwell Time 10 msec
1180 -2 .2 1 1.8 -3 .2 1 0.5 -2 .2 6 -1 .7 5
1260 -1 .8 9 2.3 -2 .9 7 -1 .4 7
1363 -1 .6 2 4.0 -2 .8 1 1.6 -0 .7 5 -0 .6 4
1436 -1 .4 8 5.7 -2 .7 3 -0 .3 9

1530 -1 .3 5 10.3 -2 .6 7 2.4 -0 .0 4 2.01
1677 -1 .2 2 29.0 -2 .6 3 0.26

“ Values of rate constants of individual steps of mechanism used in estimating over-all rate: fa = 109-7-60-w9 1. mole-1 sec-1; fa = 
K)U.9-3i.5/0 ]_ mole-1 sec-1; fc_i = l07-9+16-0/9 l.2 mole-2 sec-1; fc_2 = lO9-9-7-4'9 1. mole-1 sec-1; fa =  108-3 1. mole-1 
sec-1; fa = lO9-4-6-9'9 1. mole-1 sec-1; fanv = 109-6 1. mole-1 sec-1; fc® = 109-° 1. mole-1 sec-1. 6 R 0c 2H t“,Iod and R0c4H6calcd repre
sent initial rates calculated in mole liter-1 second-1. c Rc2Hi!,al'!d and RcîHb“11"1 represent the average rate over the dwell time interval.

n ™ „„.„Y, % conversion^ _ . . .  . . / ,  % conversionVRc2H1calod = R°C2H,“' !cdi 1 -  —— 20Ô-------) i Sc<H,cal”d = R°c4H,cslodi 1 -  —— 2ÔÔ------- )

d ( C 2H 4) / ( C 2H 4) e = ( C 2H 4)o b 8 d /(C 2H 2)obsd (H 2) 0bSd X 104•87 -  44■03,9. The quantity 104•87 -  44•03,9 mole-1 1. is the equilibrium constant
for the process C 2H 2 +  H2 C 2H 4 at 1400°K. e ( C 4H 6) / ( C 4H 6) e =  ( C 4H 6) „ bSd / ( C 2H 2) 2obad ( H 2)obSd X 109-92-82-9'9. The equilibrium 
constant for the process, 2 C 2H 2 +  H 2 <=± C 4H 6 at 1400°K, is 109-92-82-9'9 l.2 mole-2. The over-shoot of equilibrium suggests that the 
formation of 1,3-butadiene is occurring during the quenching interval, i.e., lower temperature. 1 Experimental rates below the dashed 
lines cannot be compared with the calculated ones because of the important contribution of the neglected back reactions.

will bring the calculated and observed absolute rates 
for both the low-temperature hydrogenation of ethylene 
and its high-temperature pyrolysis into better agree
ment. This can be considered an indication o f a slower 
rate o f termination (IO9-4 1. m ole-1  sec-1 ) between 
either tw o ethyl radicals or tw o vinyl radicals. This 
is reasonable for a disproportionation rate. As will 
be seen later, a value of IO9-4 1. m ole-1 sec-1 for the 
v in y l-v in y l termination gives a better correlation for 
the 1,3-butadiene pyrolysis.

Hydrogenation of Acetylene

The high-temperature hydrogenation of acetylene 
yields m ainly ethylene and 1,3-butadiene. I t  is easily 
ascertained that the hydrogen-acetylene-ethylene equi
librium is established at high temperatures (See Table
V I). Consequently, the simple mechanism displayed 
below correlates with the pyrolysis, only if the tempera
ture is low  and the dwell time is short.

c 2h 2 +  h 2 c 2h 3- +  H -

c 2h 3- +
-2

H 2 — >1 C2IÏ4 + H -

c 2h 3- + M
- 1

c 2h 2 + H - +  M

c 2h 3- + c 2h 2 — c 4h 6- 11

c 4h 6- + h 2 - V c 4h 6 + H -

(initiation)

^(chain-form ing
ethylene)

(chain form ing 
1,3-butadiene) 10

2H • +  M
t H

H  +  C2H;3 *
tHv I (termination)

Supposing steady-state conditions and long propaga
tion chains exist, the expression for the initial rate o f 
production o f ethylene can be form ulated as

(10) Assume this chain length is smaller than that of the preceding 
one. In other words, the ratio [C2II3 • ] /  [II ■ I is determined by the 
first chain, and the ratio [C4Hs- ] /  [C2Ha • ] is determined by the second 
chain. This assumption is justified in the Appendix.
(11) Assume this radical has a minor role in termination.
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„  , ( h \ h co(H2) v XC2H 2) lA
CiH* M  k J  [(M) +  aco]'A

where

(7)

&tHv

km
(C 2h 3q ss =  M Ç Æ K M )

(H-)ss M H 2) +  h(M)

A t low temperatures, where (C 2H 3-) «  (H-)> termina
tion occurs between a vinyl radical and a hydrogen 
atom. As the temperature is increased, concentra
tion o f hydrogen atom s exceeds that of the other radi
cals, (H -)  >  (C 2H r ), and the termination o f tw o hy
drogen atoms b y  a collision with a third body  com petes 
with the mixed term ination at the highest tempera
tures. The agreement between the predicted and ob
served absolute rates is gratifying (Table V I). The 
neglected back reactions becom e im portant at high 
temperatures, and near the end o f the dwell-time inter
val, this is evident b y  the establishment o f the equi
librium concentration o f ethylene (next to the last col
umn, Table V I). This accounts for the increase in 
the ratio, R c2H(calcd/.S c2H4ob9d> at high temperatures 
and long dwell times. It  would be advantageous to 
exhaust the possibility o f a contribution from  a m olecu
lar mechanism. T o  this end, the kinetic parameters 
for the process, C 2H 2 +  H 2 C2H 4, were estimated, 
k =  108-56_ 41/9 1. m ole-1 sec-1 (see ref 6), with the out
com e that the molecular mechanism, concurrent with 
the radical mechanism, does not contribute a sufficient 
fraction to the over-all rate (see Table V II).

The chain com posed of reactions 4, 5, and — 1 is 
assumed responsible for the form ation o f 1,3-buta- 
diene. The steady-state rate o f form ation for 1,3- 
butadiene is related to the steady-state rate o f form a
tion o f ethylene (eq 7) by

Remi =  ", <j>Rcmt k—2
(8)

where, <t> =  (C 4H 6-)s8/ ( C 2H 3-)ss =  fc4(C 2H 2) /T 6(H 2). 
The rates calculated with this equation are com pared 
to the observed values in Table V I. The absolute 
rate calculated for the form ation o f 1,3-butadiene agrees 
with the observed rates as long as the dwell time is 
short. This is perhaps caused b y  the neglect of the 
back reactions. H owever, the behavior is irregular 
in that the final concentration o f 1,3-butadiene in seme 
cases is greater than that expected from  the equilibrium 
2C 2H 2 +  H 2 <=» C 4H 6, a consequence not easily ex
plained, except as a continuation o f the chain during 
the quenching period.

Table VII: Comparison of Molecular and Radical 
Mechanism for the Hydrogenation of Acetylene

Log
T, °K iC2H<mole/Acs

Mixture 5, Dwell Time 2 msec
1187 -2 .4 1
1279 -2 .0 8
1384 -1 .9 5
1484 -1 .7 0
1502 -1 .7 3
1635 -1 .2 5
1774 -1 .1 8

Mixture 5, Dwell Time 10 msec
1180 -2 .2 9
1260 -2 .1 6
1363 -2 .0 0
1436 -1 .8 8
1530 -1 .6 7
1677 -1 .3 8

° Rc2H4m°le =  IO8-8 X 10-4l/# (H2)(C2H2).

Discussion of 1,3-Butadiene Pyrolysis
A  brief kinetic study o f the pyrolysis of 1,3-buta- 

diene was reported.3 Rudim entary data on the rate 
of disappearance of butadiene and the distribution of 
products (acetylene, ethylene, and hydrogen) were 
recorded for butadiene conversions ranging from  8%  
to  slightly over 80% . The material balance was very 
good for the low conversion runs ( 1- 2%  error in ma
terial balance at 8%  conversion), but becom es larger as 
the per cent conversion is increased (2 0 -2 5 %  error in 
material balance at 8 0 %  conversion). A  simple mech
anism, which reproduces the observed rate and product 
distribution, is given below

C 4H 6 — > 2C2H 3 ■ (initiation step)

C 2H 3 • -T M  — ► C2H 2 -f- H  • -f- M  I 

H - +  C 4H 6 ^  C 2H 3- +  C 2H 4

H - +  C 4H 6 - 

C 4H 6- C 4H 4 +  H

C 4H 6- +  H 2
> (chain)

2C2H;2xl3- C4H4 +  H 2(C 4H 6)

2C 4H,
tR

4JI5'

c 4h 5- +  C2H3

tvR
(term ination)

Starting with the steady-state hypothesis and the as
sumption of long chain length, a simple expression for 
the ratio of the steady-state concentration o f the radi
cals (C2H 3 •)/(£[•) and (C 4H 6- ) / ( H - )  is obtained.
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(C 2H 3.) =  fc_3(C 4H 6)
(H -)  h(M)

(C 4H b-) fc_5'(C4H6)
' (H - )  h,

^Q—2.1+30.5/0 (C 4H 6)
(M)

1O-4.8+5.4/0 ( C 4H 6)

(9)

(10)

Using physically defensible values for the rate con
stants (see Appendix) and the typical experimental 
condition ,3 we find that the vinyl radicals and the C 4H 5- 
radical (resonance stabilized) predom inate over the 
hydrogen atoms, and m ost certainly, termination occurs 
between tw o of these radicals.

The rates o f form ation of the products and rate of 
disappearance o f butadiene are solely determined by 
the propagation chain, a consequence of the long 
chain length. These rates can be related to  the 
elementary steps o f the chain by  a simple application 
o f steady-state kinetics

Rcau =  ¿ i ( M ) ( l  +  ^ ) ( C 2H 3-) (ID

•RcjHj =  fci(M) (C 2H 3 • ) ( 12)

Rem. =  ¿i(M)(C2H3-) (13)

K hs =  /ci( M ) ~ ( C 2H 3-) 
k-s

(14)

and

(1400°K ) =  10 +6-06 -  38-9/* m ole l .-1 , C 4H 6 +± 2C 2H 2 +  
H 2; K =  10+9-93-82-9/« m ole2 1.-2 , and C 4H 6+± C 4H 4 +  
H 2; K =  104,82 4 4 .5 / 0  m oje i - i ; confirm the unim por
tance of the back reactions. H owever, it is possible 
that some o f the reverse reactions of the individual 
steps o f the mechanism are proceeding at high con 
versions. In fact, the ethylene concentration in this 
system is more than a factor o f 100 greater than the 
equilibrium value prescribed by  the equilibrium  
C 2H 4 C 2H 2 +  H 2. A  catalyst for the attainm ent of 
equilibrium should rem ove ethylene while the acetyl
ene-hydrogen ratio remains constant. This seems 
to  agree with the observations. A t high conversion, 
the system loses ethylene, yet the ratio o f acetylene to 
hydrogen remains constant (see Table V III ) . A  
possible catalyst for establishing the equilibrium is h y
drogen atoms. This is accom plished by  the m ech
anism

C 2H 4 +  H - — >  C2H 3- +  H 2

C 2H 3- +  M  - U -  C2H 2 +  H - +  M

The rate of disappearance of ethylene com pared to  the 
rate of disappearance of butadiene under steady-state 
conditions is given by

Rc>«‘ =  /  fc2 \ (C2H 4) =  100-9_6/9 ( C Æ )  ,17s
R c<H6 \fc-3 T" f c - 5 ' / (C4H ç) (C 4H 6)

f l c ®  =  f c i (M )^ '(C 2H 3-) (15)
k - 3

The steady-state concentration o f the vinyl radical is 
approxim ately

(C2H3-)ss =  ^ ) A(C 4H 6) 1/2 (16)

where kt is an average termination rate 1010-° 1. m ole-1  
sec-1 .12 Substituting the m ost probable values for 
the rate constants (see Appendix) into these equations, 
the initial rate of disappearance o f butadiene be
com es 1014-7- 81-3/e(M )(C 4H 6) !/2 mole l . -1 sec-1 and the 
initial rate o f form ation o f acetylene IO14-6-81-3/* (M )- 
(C 4H 6) 1/2 m ole l .-1  sec-1 .13 A t the mean condition 
used by  Sokoloski and Skinner, 3 the above rates give 
absolute values of IO-2 -4 m ole l . -1 sec-1 and 10-2 -5 
m ole l . -1 sec-1 , respectively. This is in unexpectedly 
good agreement with the observed values o f 10-2 -4 
m ole l . -1  sec-1 and IO-2 -5 m ole l . -1 sec-1 , respectively. 
A  m ore critical com parison between the calculated and 
observed rates is shown in Table V I I I ; good agree
ment is exhibited as long as conversion of the butadiene 
is 5 0%  or less. Consideration o f the equilibrium con
stants for the equilibria C 4H 6 +a C2H 2 +  C2H 4; K-

Under the best conditions for the decom position of 
ethylene, high temperature, and 8 0 %  conversion, 
the rates of disappearance of ethylene and butadiene 
com pete. Let us com pare the reverse o f reaction —3 
with the rate o f disappearance o f butadiene, R c4h,

■KcîHi *3(C 2H 4)

R c  iHe h(M) 1 +

1 n -3.3+24 .2 /0  ( C g-H-4)
(M )

(18)

(12) A rigorous derivation of the steady-state concentration of vinyl 
radical is expressed by the relation

The denominator in this equation is independent of butadiene con
centration. Substituting the most probable values for the rate con
stants, the denominator becomes
109-4{1 +  [lO-2*7+23-5/0(M)][l +  io~2-7+23-6/#(M)])

1. mole” 1 sec” 1
Over the entire temperature range studied, the square root of the 
denominator varies only by a factor of 2. Consequently, for the 
sake of simplicity, we have replaced the denominator with an average 
termination rate. The accuracy of the data does not warrant the 
rigorous analysis.
(13)

RciB.2 _ ( fc-3
— -RciHt \ft-3 +  k-i', 0.72

The Journal of Physical Chemistry



Gas-Phase R eactions op Ethylene, A cetylene, and Butadiene 1743

Table VIII: Comparison of the Predicted and Observed Kinetic Behavior of
the Pyrolysis of 1,3-Butadiene“ (Mixture 4, Dwell Time 10 msec)

T,
°K

Log
Ä(,CtH«calc<i 9 Ac,HtMlod/Äc(a«ob8d c ÄC2H2oaIod/«C2H2°bBd d (ÄC2H4/ÄC2Hi)ob3d (HC2S2/ -̂ H2)obad (Rc,iis/Rai) obtd 1

1209 -3 .2 7 0.5 0.5 1.0 2 .7 0.7
1242 -2 .8 5 0.8 1.1 0.9 3 .1 2.2
1289 -2 .3 6 1.0 1.1 1.1 2 .9 1.3
1334 -1 .9 5 1.7 1.7 1.2 2 .9 1.2

1381 -1 .5 0 3.0 2.8 1.6 2 .9 1.3
1412 -1 .2 3 4.9 3.8 2.0 2 .2 0.7

2 ±  1 2 ±  1

“ Values of rate constants of individual steps of mechanism used in estimating the over-all rate: ki = i 0 t5-4 - " - 5/9 sec-1; ki = 
1 0H.«-»1-»/* i_ mole-1  sec-1; k s  — lO9-8 -1 0 '9 1. mole-1  sec-1; k-5- = 10io.°-4.7/« \ moie-i  sec-1; k -6> =  l014•8-58,9 sec-1; ktv = 109-4 
1. mole-1  sec-1; ktr = ktvr = 109-4 1. mole-1  sec-1; kt av =  1010-° 1. mole-1  sec-1. 6 Initial rate predicted by mechanism =
1014-7-81'3'9 ( M X C i H e ) 1/ 1 mole l. -1  sec-1. c B ciH s0* '011 =  — ( %  conversion/200)]I/,J. d =  /c_3/ ( f c - 3  +  A—5) X
( —flciHe"*1"1). ” Below the dashed line the conversion is greater than 50%. f Ratio of hydrogen produced to the unaccountable
decomposed butadiene.

Taking the conditions for the largest conversion, 
greatest concentration o f ethylene near the end of the 
reaction interval, we find that the rate of butadiene 
disappearance is about tw o orders of magnitude faster 
than the loss of ethylene. Apparently, this reverse 
reaction does not contribute to the kinetic behavior of 
this system. The poor material balance is likely to 
obscure a correlation between the observed and cal
culated product distribution. This problem  is mini
mized if the ratios o f products are correlated. T o  
this end, the observed and calculated ratios, S a m / 
Scan, and RcmJRm, will be com pared. Equations 
12 through 15 give

RciB, (19)
RciB-i

RciHi k -3 JQ _0 .2 + 3,7/« (20)
Rhi k -5'

and, for the sake o f completeness

_  ^ ~ 3. _  IQ —0.2+3.7/« 
Rciïl, k -5'

(21)

According to the proposed mechanism, the acetylene 
and ethylene should always be produced in a 1 :1  ratio, 
while approxim ately three times more acetylene should 
be formed than hydrogen. Vinylacetylene should be 
produced at the same rate as hydrogen. These prod
uct ratios are in reasonable agreement with the observed 
values (Table V III ) . It  appears that the ethylene to 
hydrogen ratio changes from  a value of 2.8, for conver
sion of 50%  or less, to  a value of 1.1 at very high con
versions; thus, hydrogen is gained at the expense of

ethylene. The decom posed butadiene that was not 
recovered in the analysis appears to  be an unidentified 
product which is formed 1.2 times faster than hydro
gen (see Table V III). Our mechanism suggests that 
a mole of vinylacetylene is produced for every m ole of 
hydrogen formed, which is sufficient to establish a 
material balance good to about 10% . The radical 
C 4H 5 • has tw o isomers, H C = C H C H = C H 2 and H 2C =  
C C H = C H 2. The resonance stabilized radical, C H 2=  
C C H = C H 2 has an entropy only 0.7 ca l/deg  mole 
larger than the isomeric radical, C H = C H C H = C H 2; 
however, in terms of enthalpy, it is 13 k ca l/m ole  more 
stable (see Appendix, ref 2). The com petition be
tween these two radicals

f
C 4H 6 +  C H 2= C C H = C H 2 ^

b
c h = c h c h = c h 2 +  c 4h 6

will favor the radical C H ^ C C H ^ C H , [K (1400°K ) =  
kt/kb =  10-0-15-13-3'9]. The kinetic com petition be
tween the two hydrogen atom  abstractions

H - +  C 4H 6 — ^ C H = C H C H = C H 2 +  H 2 

H - +  C 4H 6 — C H 2= C C H = C H 2 +  H 2

should favor reaction —5 ';  the attack of the rela
tively weaker bonded hydrogen will be more profitable 
kinetically speaking. The fate o f the resonance- 
stabilized radical is restricted to the loss of a hy
drogen atom  forming vinylacetylene, C H = C C H = = C H 2. 
Similarly, hydrogen atoms can add either at the pri
m ary or secondary hvdrcgen sites yielding, respectively, 
the radicals, C H 3C H C H = C H 2 and C H 2C H 2C H = C H 2.
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T he resonance-stabilized radical’s (C H 3C H C H = C H 2) 
m ost probable path is the reverse o f its form ation—  
consequently no net reaction. On the other hand, the 
fate o f radical C H 2C H 2C H = C H 2 is determined b y  the 
com petition between the reverse of its form ation and 
the carbon bond split, C H 2C H 2C H = C H 2 -*■ C 2H 4 +  
C2H 3- . Thus, reaction —3 must correspond to the 
hydrogen atom addition at the secondary hydrogen 
site.

Appendix

The formulation o f reliable conclusions from  these 
mechanisms necessitates a meaningful discrimination 
of the values em ployed for the rate constants based on 
the known kinetic parameters of similar systems. 
This section presents the arguments defending the selec
tion of kinetic parameters utilized in this study.

T he pertinent equilibrium constants relating the 
rate constants associated with the mechanisms can be 
evaluated from  the thermochemical parameters tabu
lated in Appendix A  o f ref 2. These are

l
C 2H 3- +  M  ^  C2H 2 +  H - +  M ;

- l
if(1 4 0 0 °K ) =  l0 4-01_46-6/e mole liter-1

H - +  C2H 4 ^ ±  H 2 +  C2H 3• ;
-2

K (1400°K ) =  10°-88+1-4/*
3

C 2H 3- +  C 2H 4 ^  C H 2= C H C H = C H 2 +  H  - ;
- 3

i f(1 4 0 0 °K ) =  H)-1 -05-6-3/«

4
C2H 3- +  C2H 4 ^  C H = C H C H = C H 2;

- 4

K (1400°K ) =  i o -5-37 + 40-0/s 1. m ole-1
5

C H = C H C H = C H 2 +  H 2 C 4H 6 +  H  - ;
- 5

K(1400°K) =  10 -o.57-i.2/e 
H 2 +  C H 2= C C H = C H 2 ¿ 7  C 4H 6 +  H  - ;

- 5 '

K (14 00 °K ) =  10 -°.72-14.5/o

C H = C H C H = C H 2 ¿ 1  C 4H 4 +  H  - ;
-6

Z (1 4 0 0 °K ) =  l o 4-25-45-7'* mole l .-1

C H 2= C C H = = C H 2 C 4H 4 +  H  - ;
-6 '

Z (1 4 0 0 °K ) =  104-10 -58-w  m ole l . -1

C2H r  +  C 4H 6 C 2H 4 +  C H = C H C H = C H 2 ;
~ 7 A:(1400oK ) =  1 0 -o-31-û.2/8

C 2Ha- +  C 4H 6 ^  C2H 4 +  C H 2= C C H = C H 2;
~ 7' K (1400°K ) =  io -o -16+12-9/<7

2C2H 4 C 2H 6• +  C2H 3• ; if(1 4 0 0 °K ) =  iQUos-a.ve 
* Ai(750oK ) =  lO1-3« - 34. ^

C2H 2 +  H 2 - ¿ t  C2H 3- +  H - ;
* K (140Q °K ) =  lO0-07 -60-77"

C 4H 6 ¿ 1  2C2H 3- ;
* K (1400°K ) =  lO6 00- " - 5̂  m ole l . -1 14

C2H 6- +  H 2 ^ i : C 2H 6 +  H - ;
~ 9 K (7 5 0 °K ) =  l O - 1-29-5-77®

10
H - +  C 2H 4 ^ ± C 2H 6-;

~ 10 i f (750°K ) =  i o -3 .13+42-°/«]. m ole-1

2C2H4 □ ;  K (1400°K ) =
1O -6.72 +  18.0/9 p  m o l e - l  15

□  §  Ü  ; Æ (1400°K ) =  1 0 + 3-22-56.4/S 15

Ü  |  LU + H-; if(1 4 0 0 °K ) =
10  +  3.55 -  38.3/9 m o le  J - 1  15

Ü  + °2H< % Ü  +  C 2H 3 • ;
Z (1 4 0 0 °K ) =  10 -0.15-5.0/9 16

(14) The kinetics of the butadiene pyrolysis are consistent with the 
adoption of a symmetry number of 2 for the vinyl radical; this 
suggests that the radical site has acetylene symmetry. In ref 2, 
a symmetry number of 1 was used for the vinyl radical. This 
assumed that the radical site has ethylene symmetry. In most 
cases, this change in symmetry number produces a variation in the 
estimated A factor of the elementary process involving the vinyl 
radical of only a factor of 2. This difference will not influence the 
conclusions reached, since the reliability in estimating the absolute 
rate of a chain mechanism is only better than order of magnitude.
(15) Thermodynamic parameters of cyclobutane are A H [ °  =  6.3 
kcal/mole [S. W. Benson, J. Chem. Educ., 42, 502 (1965)], N°hoock = 
120.3 eu [calculated by group additivity rules: S. W. Benson and 
J. H. Buss, J. Chem. Phys., 29, (1958), ring correction +  28.6 
eu], and Cp° (1400°K) = 56.3 eu, C?° (300°K) =  17.4 eu (calcu
lated by group additivity, ring corrections -4 .6 1  and -0 .6 7 , respec
tively). The heat of formation of the biradical i, AHt° =  61.6 
kcal/mole, was estimated, assuming the C -H  bond energy in CiHio 
and C4H 9 is the same as it is in CiHs (98 kcal/mole). The entropy

w  w
i ii

and heat capacity of ii and i were estimated from the relationships
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Rate constants for termination processes vary between 
1010-6 * and IO9 *-0 1. mole- 1  sec- 1 . 16 The appropriate 
value and the equilibrium constants for the initiation 
processes assign values of 1 0 n -7 -6 4 -7/9 1. mole- 1  sec-1,
109.7-80.7/0 ] mole-1 sec-1, and 10 1 5.4- 99.5/0 sec- i t0  the 
rate constants for the respective initiation steps, 
2C2H4 —*- CìIR- +  CìIR ’, C2H2 H2 -►  C2H3*-f- H ’, 
and C4H6 -*■  2 C2H3 •.

The low-pressure limit of the classical rate of uni- 
molecular decomposition of the vinyl radical (C2H3-) 
had been calculated from the R R K  theory in Appendix 
B of ref 2. A value of io n .9 - 3 1 .5 / 0  j mole-1 sec-1 was 
found for the rate constant fa. Combining this value 
with the equilibrium constant, f a /k - i  (104-01 —46-B/° 
mole l.-1) gave a value of l07-9+15-0/0 l.2 mole-2 sec-1 
for the rate constant of the back reaction, k - 1 .

The abstraction of a hydrogen atom from ethylene by 
a hydrogen atom has a rate constant (fa) of about 
10 10.8- 6.0/0 1 mole-1 sec-1. This value was obtained 
by analogy with similar abstraction reactions.16'17 
Noting the magnitude of the equilibrium constant, 
fa/ / : _ 2  (100'88+1-4/r), k-2 can be appraised as 109-9-7-4/9 
1. mole-1 sec-1.

We have arbitrarily selected a value for fc_3 of 
109-®—1 -0/e 1. mole-1 sec-1. A 1 kcal/mole activation 
energy seems reasonable in the light of the small acti
vation energies reported for the addition of hydrogen 
atoms to olefins.18 An A  factor of this magnitude is 
quite plausible when it is recognized that IO101. mole-1 
sec-1 is a typical A  factor for reactions classed as bi- 
molecular exchange reactions.16'19 The rate constant 
for the reverse reaction, fa, is determined by uniting 
the ratio &3/fc_3 (equilibrium constant l0 -1.°5-6-3/9) 
with the rate constant fc_3 (109-8-1-0/91. mole-1 sec-1); 
the rate constant fa is quite simply IO8-7-7-3/e 1. mole-1 
sec-1.

The rate constant, /c4, for the addition of vinyl radi
cal to acetylene was assigned a value of IO8-31. mole-1 
sec-1, a consequence of the values reported for the 
addition of alkyl radicals to conjugated dienes, or 
acetylene.16 (A  factors range between 108-5 and 107-7 
1. mole-1 sec-1.) Although these systems have an 
activation energy of about 6 kcal/mole, a considerably 
smaller value is expected for the addition of vinyl 
radical to an unsaturated system. The estimated 
equilibrium constant f a / k (1 0 - 5.37+40.0/0 j mole-1) 
allows an evaluation of the rate parameters of the uni- 
molecular rate of decomposition of the radical C4H6-, 
A_4 ( 1013-7-40-0/9sec-1).

A characteristic value of the rate constant for the 
abstraction of a hydrogen atom from alkane by a 
hydrogen atom is io 10-6-7-079 1. mole-1 sec-1.16,17 The 
abstraction of a hydrogen atom from an unsaturated

compound by a hydrogen atom has nearly as large an 
A  factor and a slightly smaller activation energy.20 
This suggests a value for of 1010-n-4-7/9 1. mole-1 
sec-1. Then the ratio f a / k ^  (equilibrium constant 
1 0 -°.67- 1.2/0) ascribes a magnitude of 109-4-5-9/9 1. 
mole-1 sec-1 to fa. Similarily, /c_6' is 1010'0-4-7/9 1. 
mole-1 sec-1, which ascribes a value of 109-3-19-279 
1. mole-1 sec-1 to fa '.

The kinetic parameters of the hydrogen atom 
transfer reaction of radicals can be grouped into definite 
limits. The A  factors fall between 107 and 1091. mole-1 
sec-1 and the activation energy between 1 and 10 kcal/ 
mole.16 Apparently, a value for k, of 108-5-8-079 1. 
mole-1 sec-1 would be reasonable. This establishes 
k - 1  as 108-8 -7-879 1. mole-1 sec-1, a value characteristic 
of hydrogen atom transfer reaction.

The rate constant fa can be obtained from the value 
of the ratio f a / k s  (IO4-25—45-7/® mole l.-1) and an esti
mation of 6- The rate constant /c_6 is analogous to 
the rate constants for the addition of hydrogen atoms 
to 1,3-butadiene, and ethylene, which have A-factor 
values between 1010-0 and 1010-7 1. mole-1 sec-1 and 
extremely small activation energies.17 Accordingly, 
fa must be approximately lO14-7-45-779 sec-1. A similar 
analysis gives 1010-7 1. mole-1 sec-1 and 1014-8-_58*7/9 
sec-1 for k -e ' and fa ', respectively.

In the ethylene pyrolysis, the radical C2H6- was as
sumed to be inactive in the propagation steps. The

8
equilibrium constants for the process M +  C2H6 • < >

-8
C2H4 +  H- +  M at 1400°K is 103-88-41-279 mole l.-1. 
Under the experimental condition of the pyrolysis, 
the radical C2H6 - has a very small concentration, if 
the equilibrium is maintained. The estimation of the 
low-pressure limits of the forward and reverse reaction 
by the R R K  theory indicated that the equilibrium is 
attained if the steady concentrations of the radicals 
are reasonably large.

The preferred value for fc_9 is 1010-8-7-3/9 1. mole-1

(see Appendix A, ref 2) : S° (C4H 10) — S (C -H ) +  R In q — R In a\
Cp° (C4H10) -  Cv (C -H ); and S° (C4H 9.) -  S (C -H ) +  R In q -
R In a : Cp° (CiHs-) — Cv (C -H ), respectively. The monoradical
S° (1400°K) =  137.4 eu and Cp° (1400°K) = 57.8 eu, Cp° (300°K) =
22.9 eu. The biradical S° (1400°K) -  135.0 eu and Cp° (1400°K) =
53.4 eu, Cp° (300°K) = 22.4 eu.
(16) S. W. Benson and W. B. DeMore, Ann. Rev. Phys. Chem., 16, 
397 (1965); S. W. Benson, Ind. Eng. Chem., 56, 18 (1964).
(17) B. A. Thrush, Progr. Reaction Kinetics, 3, 65 (1965).
(18) K. R. Jennings and R. J. Cvetanovic, J. Chem. Phys., 35, 1233 
(1961); K. Yang, J. Am. Chem. Soc., 84, 719, 3795 (1962).
(19) S. W. Benson, “ The Foundation of Chemical Kinetics,”  Mc
Graw-Hill Book Co. Inc., New York, N. Y ., 1960.
(20) V. V. Voevodsky and V. N. Kondratiev, Progr. Reaction Kine
tics, 1, 43 (1961).

Volume 71, Number 6 May 1967



1746 R. J. Greet and J. H. M agill

sec-1 ,16 when multiplied by  the equilibrium constant 
&9/fc_9, yields fcg, 109-6-13-0/il 1. m ole-1 sec-1 .

The rate constants fc_6 and kw m ost likely have the 
same value, 1010-4 1. m ole-1 sec-1 . From  the equi
librium constant fcio/fc-io we find i0 is l o 15-5-42-0/9 
sec-1 .

Taking ku equal to  107-4-24/91. m ole-1 sec-1 , the rate 
constant found for the condensation of C F 2= C F 2,16 
the equilibrium constant fcn/fc-n lets us determine the 
magnitude of the unimolecular rate constant /c_n,
10H.l-42.0/9 gec-l_

Internal ring form ation apparently has no activa
tion energy and an A factor of 1011-6 sec-1 .16 This 
means that the ring fission rate constant should be
1 0 i4 .7 -5 6 .4 /9  s e c - i

The rate constant for the addition o f a hydrogen 
atom  to ethylene is about 1010-4 1. m ole-1 sec-1 . See 
arguments on the magnitude of k-6. Thus, kn is equal 
to l 0 14-0-38-3/9 sec-1 .

Equating the rate constants fc_7 and ku, 10s'8-7-8,i’ 
1. m ole-1 sec-1 requires that fc_i4 be l0 9-0-2-w  1. m ole-1 
sec-1 .

The chain lengths (ip) for the form ation of ethylene 
and butadiene in the hydrogenation o f acetylene are, 
respectively

«P C î H .  =

M H Q
ĤHv(H  ' ) s3

and

/C5(H2)(C 4H 5-)S3
fctHv(C2H 3-)S3(H -)

N ow , com paring the chain length ( <p) for the tw o chains, 
we find

<PC,R, _  k- 2 (C 2H 3-)S3 k. 2 (HQ
V e n n  k& ( C 4 I I 5  • ) ss ki ( C 2 H 2 )

This ratio is equal to 10I. 1 2-4-7-4/e, since in mixture 5, the 
hydrogen concentration is six times the acetylene con
centration. Thus, <pcia,/<Pc,iu >  10) which justifies 
the assumption o f independent chains.

An Empirical Corresponding-States Relationship for Liquid Viscosity

by R. J. Greet and J. H. Magill

Mellon Institute, Pittsburgh, Pennsylvania 15213 (Received October 18, 1966)

An empirical corresponding-states relation for liquid viscosity for a wide variety o f sub
stances is given. This relationship, which correlates the experimental viscosity w ith the 
reduced temperature parameter Tm/T, allows liquids to  be categorized according to their 
chemical and molecular nature. The status o f other empirical viscosity-tem perature 
correlations is also discussed.

I. Introduction
There exist, at present, numerous models and the

ories for the temperature dependence o f fluid viscosity 
at constant pressures.1-7 W e shall discuss some of 
these descriptions o f viscous behavior in this paper 
(primarily ref 1 -7 ). Because no one theory o f liquid 
transport has yet proven to be universally applicable,

empirically discovered relationships still serve as prac
tical aids. Correlating new data on reduced variable 
plots provides both a first check for consistency with

(1) R. M. Barrer, Trans. Faraday Soc., 39, 48 (1943).
(2) S. Glasstone, K. J. Laidler, and H. Eyring, “ The Theory of Rate 
Processes,”  McGraw-Hill Book Co., Inc., New York, N. Y ., 1941, 
Chapter 10, p 477.
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other data on similar systems and a means o f ex
trapolating values from  limited available data.

W hile viscosity is often measured over an extended 
temperature range, it is on ly when the viscosity changes 
by  m any orders o f magnitude in the measured interval 
that a corresponding-states relationship can be tested. 
R ecently, fairly extensive viscosity data have been 
determined for tw o nonpolar van der W aals bonded 
glass-forming liquids. These systems, 1,3,5-tri-a-naph- 
thylbenzene (T a N B )8-10 and 1,2-diphenylbenzene (0 -  
T E R ),6'11'12 exhibit the viscosity behavior shown in 
Figure 1. In Figure 2, these viscosity data are plotted 
against tw o different reduced variables. AHv is the 
latent heat o f vaporization, k is the Boltzm ann con
stant, and Tm is the normal m elting temperature at 
1 atm of pressure. For these systems

T a N B : A tfv =  27.9 k ca l/m ole ; Tm = 472°K

O -T E R : AHv =  14.8 kca l/m ole ; Tm =  329°K

The use o f the latent heat o f vaporization to define 
a reduced temperature parameter has previously been 
used for somewhat limited viscosity data o f a few 
molecular liquids.6'13 The correlation with AHv has 
been preferred in the past because o f the fundamental 
significance which one can attach to it. The linearity 
o f p lots11 o f Arrhenius activation energy vs. AHv for a 
variety of materials is partly responsible for this view 
though, again, activation energy values were m ostly 
obtained from  data which covered a limited range, 
where the transport processes followed an Arrhenius 
relationship. It was the failure o f this variable to bring 
about a reduction o f the 1,3,5-tri-a-naphthylbenzene 
and o-terphenyl data, coupled with the success o f using 
the melting temperature in a reduced variable defini
tion, which initiated the investigation o f the correla
tions presented in the next section. There is an over
lap of nine logarithm ic decades in the data reduced in 
the T,„/T plots o f Figure 2.

II. Reduced Variable Plots
Plotting viscosity data o f different materials against 

the reduced parameter Tm/T  causes these data to fall 
into several groups. These groups are com prised of 
materials which generally exhibh the same type of 
intermolecular bonding. There are still some differ
ences in the magnitude o f the viscosities o f substances 
within a given category. In  the next section, we dis
cuss some o f the parameters for reduced viscosity which 
have been used. These reduced viscosity parameters 
do not, however, bring all the various classes o f systems 
together, so we have plotted the experimental viscosity 
values against Tm/  T in the figures to follow.

Figure 1. Log (viscosity) vs. reciprocal temperature (°K) 
for 1,3,5-tri-a-naphthylbenzene and o-terphenyl.

General Organic Compounds. The viscosity 
data3 4 5 6 7 8 9 10 11 12 13 14 15 16 17'8-12-14-17 o f Figure 3, p lotted  against the reduced 
parameter Tm/  T, illustrate the valid ity o f this empirical 
relationship for a variety o f organic molecules. Those 
liquids with similar shapes and force fields behave 
similarly. Substances which differ widely on an 
Arrhenius p lot (see Figure 1 o f this work and Figure 2 of

(3) A. Jobling and A. S. C. Lawrence, Proc. Roy. Soc. (London), 
A206, 257 (1951).
(4) A. J. Matheson, J. Chem. Phys., 44, 695 (1966).
(5) E. McLaughlin and A. R. Ubbelohde, Trans. Faraday Soc., 56, 
988 (1960).
(6) D. Turnbull, “ Modern Aspects of the Vitreous State,”  Vol. I, 
J. D. Mackenzie, Ed., Butterworth and Co. Ltd., London, 1960, 
Chapter 3, p 38.
(7) A. G. Ward, Trans. Faraday Soc., 33, 88 (1937).
(8) J. H. Magill and D. J. Plazek, J. Chem. Phys., in press.
(9) J. H. Magill and A. R. Ubbelohde, Trans. Faraday Soc., 54, 1811 
(1958).
(10) D. J. Plazek and J. H. Magill, J. Chem. Phys., 45, 3038 (1966).
(11) J. N. Andrews and A. R. Ubbelohde, Proc. Roy. Soc. (London), 
A228, 435 (1955).
(12) R. J. Greet and D. Turnbull, J. Chem. Phys., 46, 1243 (1967).
(13) D. Turnbull and M. H. Cohen, ibid., 34, 120 (1961).
(14) A. J. Barlow, J. Lamb, and A. J. Matheson, Proc. Roy. Soc. 
(London), A292, 322 (1966).
(15) R. K. Hind, E. McLaughlin, and A. R. Ubbelohde, Trans. 
Faraday Soc., 56, 331 (1960).
(16) M. F. Mole, W . S. Holmes, and J. C. McCoubrey, J. Chem. 
Soc., 5144 (1964).
(17) O. Jântsch, Z. Krist., 108, 185 (1956).
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Figure 2. (a) Log (viscosity) vs. reduced temperature parameter, AHv/kT, for 1,3,5-tri-a-naphthylbenzene and o-terphenyl.
Ai?v is the heat of vaporization, (b) Same viscosity data as part a plotted against the normalizing 
parameter, Tm/T. Tm is the melting point of the material.

ref 18)18 can be merged and often superimposed by  this 
procedure (see Figure 2b). It is obvious that under 
corresponding conditions, as for example in the alkyl- 
benzenes14 where Tm/T  is unity, there is a trend or 
shift tow ard higher viscosity values as the anisotropy 
o f  the molecules increases, i.e., as the substituent gets 
larger. On the other hand, pairs o f liquids like pyrrole 
and pyrrolidine15 and triphenylphosphate and tri- 
phenylphosphite16 are practically reduced to a single 
curve when plotted against Tm/T. The magnitude of 
the viscosity o f the planar 1,3,5-triphenylbenzene9 is 
lower than that o f its m ore com plex higher hom olog,9 
which in turn is not so great as that o f the nonplanar
1,3,5-tri-a-naphthylbenzene8- 10 and 1,2-diphenyl- 
benzene6'11’12 which coincide under corresponding con
ditions. A dm ittedly, the results o f Figure 3 comprise 
on ly a small portion o f the literature data on such sub
stances. W e have been selective with the results pre
sented, since existing experimental data are sometimes 
unsatisfactory for testing transport relationships be
cause they are not extensive enough or the purity and 
melting points o f the materials m ay sometimes be sus
pect. D a ta 19 on isobutyl brom ide and isoamyl brom ide 
depart significantly from  the general form at o f Figure 3, 
both  in the shape o f their curves and magnitude o f the 
viscosities at corresponding temperatures. In  this 
respect, too, di-n -butyl phthalate14 also deviates from

the general pattern. The alkyl brom ides show negative 
deviations and the phthalate com pound shows positive 
deviations in the magnitude o f the viscosity at any 
given Tm/T  value with respect to the over-all pattern 
presented in Figure 3.

Alcohols and Water. In  Figure 4, v iscosity  data20 
on several alcohols with w idely different m elting points 
(e.g., glycerol,20 Tm =  17.5°, and ethyl a lcohol,20 Tm =  
— 117.3°) readily reduce to a single curve. T he 
Arrhenius plots o f these substances are w idely sep
arated. The alcohols further demonstrate that ma
terials with related liquid structures should behave 
similarly when reduced to corresponding temperature. 
The utility o f this p lot m ay lie in the fact that the graph 
m ay be used to obtain an estimate o f the viscosity o f 
the different alcohols outside their existing experimental 
ranges.

The data on water2122 have been included in Figure

(18) T. A. Litovitz and P. Macedo, “ Physics of non-Crystalline 
Solids,”  J. A. Prins, Ed., North-Holland Publishing Co., Amsterdam, 
1965, p 220.
(19) D. J. Denny, J. Chem. Phys., 30, 159 (1959).
(20) “ American Institute of Physics Handbook,”  Section 2-181, 
2nd ed, American Institute of Physics, New York, N. Y ., 1963.
(21) J. Hallett, Proc. Phys. Soc. (London), 82, 1046 (1963).
(22) R. Mills and R. H. Stokes, “ Viscosity of Electrolytes and 
Related Compounds,”  Pergamon Press, London, Ltd., 1965, Appendix
1.1.
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Figure 3. Log (viscosity) vs. reduced parameter Tm/T for a wide variety of organic compounds.

4 since, in some respects, this liquid m ay be considered 
to be related chem ically to the alcohols. However, 
water really exhibits unique behavior in m ost respects. 
It  is considered to  consist o f tw o species, namely 
“ structured”  and “ nonstructured”  water.23 The 
form er species is predom inant at the lower tempera
tures while the latter one (which is attributed to freely 
rotating molecules) is m ore abundant at the higher 
temperature. In  the case o f water, it is notew orthy 
that it does not show anomalous viscosity behavior in 
the 4° region, even though its density passes through 
a maximum value at this temperature.

Inorganic Oxides. The inorganic oxides10’24-37 are 
more diverse in their behavior than the other groups of 
substances (Figure 5). H owever, it should be noted 
that Arrhenius plots of the data give a broad spread on 
the temperature scale (see Figures 1 and 2, ref 18 and 
24, respectively). Several explanations can be for
warded to account for this cacophony o f data.

These oxide melts, although som ewhat chem ically 
similar in character, are believed to exhibit varying

(23) H. S. Frank, Federation Proc. Suppl., 24, No. 15, Part 3, 1 
(1965).
(24) J. D. Mackenzie, “ Modern Aspects of the Vitreous State,” 
Vol. I, Butterworth and Co. Ltd., London, 1960, Chapter 8, p 188.
(25) C. R. Kurkjian and R. W. Douglas, Phys. Chem. Glasses, 1, 19 
(1960).
(26) J. D. Mackenzie, J. Chem. Phys., 29, 605 (1958).
(27) J. R. Bacon, A. A. Hasapis, and J. W. Wholley, Phys. Chem. 
Glasses, 1, 90 (1960).
(28) J. Yovanovitch, Compt. Rend., 253, 853 (1961).
(29) M. P. Volarovich and A. A. Leontieva, J. Soc. Glass Techrwl., 
20, 139 (1939).
(30) G. S. Parks and M. E. Spaght, Physics, 6, 69 (1935).
(31) A. Napolitano, P. B. Macedo, and E. G. Hawkins, J. Am. 
Ceram. Soc., 48, 613 (1965).
(32) I. Karutz and I. N. Stranski, Z. Anorg. Chem., 292, 330 (1957).
(33) J. P. Poole, J. Am. Ceram. Soc., 32, 30 (1949).
(34) I. Shartis, S. Spinner, and W . J. Capps, ibid., 35, 155 (1952).
(35) H. R. Lillie, ibid., 22, 367 (1939).
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degrees o f “ structuredness,”  not only among materials 
but also with temperature. The quality o f the ma
terials measured has not always been well characterized. 
T he high temperatures required in the study o f these 
molten refractories also impose a lim itation on the 
experimental techniques available to the investigators. 
All o f these factors contribute adversely. N everthe
less, the viscosity data30’31 on B 20 3 correspond fairly 
well except for the low-temperature region. In this 
region, the m ost recent results31 are to be preferred. 
The sodium 33-36 and potassium 10'33'34 disilicate vis
cosity data also diverge at the lower temperatures, but 
this m ay be attributed in part to the difference in ion 
size in the region where volum e effects are becom ing 
im portant. The AS2O3 data32 have approxim ately the 
same slope as the B 20 3 results, but lie surprisingly higher 
in magnitude. A t any rate, there is some uniform ity 
in the observed behavior o f these materials when dis
played on a log 7) vs. Tm/T  plot. The measurements on 
G e 0 225'26 and S i0 227-29,37 clearly call for m ore extensive 
and better data, although the experimental difficulties 
in this instance are appreciated. (V ery recent data38'39 
on these com pounds are represented in Figure 5 by 
solid and dashed lines for S i0 2 and G e 0 2, respectively.) 
Still, the steep curvature in some o f the G e 0 2 and S i0 2 
data26 37 and the discrepancies between these and 
other sets o f results lie outside experimental uncer-

ta inty.18,26 The same upward trend in the G e 0 2 and 
S i0 2 data26,37 over a small temperature interval has been 
attributed to  calibration errors.27 38

In addition to the oxide network liquids,24 we also 
examined the viscosity data40 o f B eF2. A lthough this 
material is not an oxide, it m ay be categorized with 
these supposedly tw o- and three-dimensional “ struc
tured”  liquids. The reduced-tem perature-viscosity 
plot for this liquid also exhibits some unexpected 
curvature with an activation energy com parable with 
oxide materials.

The viscosity results41-43 o f Se and ZnCl2 fall on  the 
same curve but lie at a much lower viscosity level (about 
two decades) than the disilicate data. H owever, in 
the region o f Tm/T  > 1, their activation energy is com 
parable with the disilicates. A t m uch lower tempera- 36 37 38 39 40 41 42 43

(36) B. A. Pospelov and K. S. Evstrop’ev, Zh. Fiz. Khim., 15, 125 
(1941).
(37) J. O’M. Bockris, J. D. Mackenzie, and J. A. Kitchner, Trans. 
Faraday Soc., 51, 1734 (1955).
(38) E. H. Fontana and W. A. Plummer, Phys. Chem. Glasses, 7, 139 
(1966).
(39) R. Bruckner, Glastech. Ber., 37, 413 (1964).
(40) J. D. Mackenzie, J. Chem. Phys., 32, 1150 (1960).
(41) A. Eisenberg and A. V. Tobolsky, J. Polymer Sei., 61, 483 
(1959).
(42) D. E. Harrison, J. Chem. Phys., 41, 844 (1964).
(43) J. D. Mackenzie and W. K. Murphy, ibid., 33, 366 (1960).
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tures, 1.5 <  Tm/T  <  1.6, the apparent energy for 
viscous flow o f the Se exceeds 'h a t for the disilicates. 
Although it is known that Se displays polym eric 
character, we cannot explain this behavior in the 
absence o f m ore detailed knowledge o f the liquid state.

Metals. Figure 6a shows the experimental data44-48 
o f various metallic systems plotted against reciprocal 
temperature. The data available for any particular 
system exhibit Arrhenius behavior with the apparent 
activation energy for viscous flow increasing as the 
melting temperature increases. This leads to the re
duction shown in Figure 6b, when log i] is plotted as a 
function o f Tm/T. The reduced data can be described 
approxim ately by  the equation

log 7) =  — 2.4 +  0 .80 (7 '„ ,/T ) poise 

This is equivalent to a relationship o f the form

a  - A S A T / R T7) =  Ae

with A = 2.5 X  10~2 poise, AS =  3.7 ca l/m ole  deg, 
and AT is the am ount of superheating (AT — T — Tm).

W hile the viscosity behavior o f all o f these metals 
can be approxim ately described with a single value for 
AS, this constant is not sim ply related to the entropy 
o f fusion for these materials. Those metals which 
crystallize into a B C C  structure have an entropy of 
fusion44 45 46 47 48 49 * o f approxim ately 2.0 ca l/m ole  deg; the close- 
packed structures have an entropy o f fusion o f ap
proxim ately 2.3 ca l/m ole  deg. H owever, other ma-

(44) G. Cavalier, Compt. Rend., 256, 1308 (1963).
(45) H. Schenck, M. G. Frohberg, and K. Hoffman, Archiv. Eiseiv- 
huttenw., 3 4 ,  93 (1963).
(46) D. Ofte and L. J. Wittenberg, Trans. AIM E, 227, 706 (1963).
(47) “ Handbook of Chemistry and Physics,”  31st ed, Chemical 
Rubber Publishing Co., Cleveland, Ohio, 1949, p 1756.
(48) “ Metals Reference Book,”  Butterworth Inc., Washington, D. 
C., 1962, p 698.
(49) B. Chalmers, “ Principles of Solidification,”  John Wiley and
Sons, Inc., New York, N. Y ., 1964, p 41.
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Figure 6. (a) Arrhenius plots—log (viscosity) vs. reciprocal absolute temperature for a variety of molten metals,
(b) The same viscosity results of part a plotted with the reduced parameter Tm/T as the abscissa.

terials which are less metallic in character have much 
higher entropies o f fusion: 3.4 eu for Sn, 4.8 eu for Bi, 
and 5.1 eu fo r  Sb.

In addition to the uniform ity o f the reduced results 
for molten metals, it is found that liquefied inert 
gases50-62 (Ne, Ar, and K r), molecular gases50'51 52 53 (N 2 
and 0 2), and simple hydrocarbons50'63 (C H 4, CC14, and 
neopentane) also exhibit Arrhenius behavior. Their 
activation energy for flow is practically constant with 
a value o f 3.4 kca l/m ole  approximately. The principle 
o f corresponding states holds for these materials since 
the reduced viscosity temperature plots give a single 
curve. It  is significant that Arrhenius behavior is 
displayed over the entire liquid life o f all these es
sentially spherical molecules which are presumed to 
rotate freely in the liquid state. W ith  the exception 
o f molten metals, the liquid range o f these other sub
stances is short, which seems to be a characteristic 
feature o f such isotropic materials where their sym 
metric geom etry does not impose flow restrictions which 
affect mass transport.

III. Discussion
Models for Viscous Flow. W e make brief mention 

here o f some o f the formulas used to describe viscosity 
behavior, in order to provide a context for the present

correlations. Since com position is constant in the 
systems considered, the therm odynam ic state o f these 
liquids is uniquely determined b y  specifying either the 
temperature and pressure or the temperature and 
specific volum e o f the system. This permits two 
definitions for an “ apparent activation energy”  for 
viscous flow to be used in describing the experimental 
data.

„  J  à  In 1/ \
A p "  W i / d Jp

(1)

„  /  ò In n \ 
A v “  ( ò ( l /T ) ) v (2)

Since pressure and volum e are alternative variables, 
these definitions are related to  one another through 
other derivative properties.

(50) J. P. Boon and G. Thomas, Physica, 29, 208 (1963).
(51) H. Eyring and R. P. Marchi, J. Chem. Educ., 40, 562 (1963).
(52) F. Hirth, Cryogenics, 2, 368 (1962).
(53) J. Timmermanns, “ Physico-chemical Constants of Puce Organic 
Compounds,”  Elsevier Publishing Co., New York, N. Y ., Voi. I, 
1950, p 227, and Voi. II, 1965, pp 8, 14, 433.

The Journal of Physical Chemistry



Empirical Corresponding-States R elation for Liquid V iscosity 1753

AEP — A Ev =  —k v a T ^  (4)

where a and ¡3 are the usual coefficients o f volum e 
thermal expansion and com pressibility, nam ely

1/Ò V  \

“  “  A òt) r
(5)

— 1 / òd\
P  ~  V \0PjT (6)

One o f the first expressions derived for the viscosity 
was that which results from  postulating that viscous 
flow is an activated process with the energy distribu
tion o f the flow units obeying Boltzm ann statistics.54 
This resulted in the relationship

I =  AtB/kT (7)

where A and B are taken to be functions o f the pressure 
only. I f  this expression were universally obeyed, then 
AEP would be a constant for all o f the temperatures 
investigated and equal in the parameter B o f eq 7. 
In  fact, the experimental evidence is that this is vir
tually never true when the data cover a change o f m any 
orders o f magnitude in viscosity. W hile Arrhenius 
behavior is exhibited b y  liquids at temperatures well 
above their melting point, a temperature-dependent 
activation energy under constant pressure conditions 
must be used to describe the high viscosity behavior of 
undercooled anisotropic liquids.

I t  has been suggested14 that there exists a transition 
temperature near the melting temperature o f a liquid 
and that viscous flow is determined by  different mecha
nisms above and below this temperature. I f  this is 
true, then a single m odel for viscous flow would not be 
expected to describe the entire experimental data. 
Rather, a viscosity relationship for a particular m odel 
m ay be fitted to the experimental data above and be
low the transition temperature. This, o f course, as
sures a closer agreement between any m odel and the 
data, but there appears at present to be no direct 
experimental evidence that such a transition tem 
perature actually exists.

One m ight form ally alter eq 7 b y  perm itting A and B 
to be functions o f the temperature as well as the pres
sure. W ith  an activated flow interpretation, one might 
consider this temperature dependence to be reflecting 
the anisotropy o f the flow unit. Those systems which 
can be readily undercooled to high viscosities contain 
anisotropic molecular constituents which exhibit greatly 
increased steric hindrance to reorientation as the tem 
perature is decreased. In these circumstances, the 
nature of the flow unit is changing with temperature,

with greater cooperation am ong molecular units neces
sary at the lower temperatures. H owever, this altera
tion o f eq 7 results in an expression which is too  general 
in that A(T,P) and B{T,P) cannot uniquely be as
sociated with the experimental numbers.7

A  m ore specific m odification o f eq 7 is to postulate 
that the temperature and pressure dependence o f the 
parameters A and B enters only through the specific 
volum e.65 In other words

A =  A(v)

B = B(v)

and AEV is now predicted to be constant and equal to B 
over all o f the temperatures measured. The somewhat 
limited measurements o f the pressure dependence of 
the viscosity suggest that this relationship m ight be 
valid .3 However, the experimental range over which 
the investigations have been made needs to be con
siderably expanded before the constancy o f AEV can 
confidently be taken to  be generally true.

Alternative expressions for viscous behavior have 
evolved from  what has been termed the free-volum e 
model. One form  o f this relationship was first pro
posed empirically b y  Vogel56 and was later m odified by  
D oolittle .57 The D oolittle form ula implies that the 
cell volumes o f the molecules, rather than the energies 
o f the flow units, are given b y  Boltzm ann statistics. 
Later, other approximations were assumed in an at
tem pt to make the derivation m ore rigorous.68 The 
free-volum e relationship as expressed b y  D oolittle  is

v = (8)

where A', B', and Vo are taken to be functions o f the 
pressure only. W ith  this formulation, neither AEV 
nor AjEv is expected to be constant, and m ay be written
as

A Ev

AEr
kB'vaT2 
(v -  Vo)2

kaT2p  In A 
(3 L  Ò R  +

ÒB'
CV — r0) -1 —  +  B'(v — Do)-

(9)

(10)

The value o f AEp given by  eq 9 can be m ade to  fit ap
proxim ately m uch o f the experimental data. H ow - 54 55 56 57 58

(54) E. N. da C. Andrade, Nature, 125, 309 (1930).
(55) E. N. da C. Andrade, Phil. Mag., 17, 698 (1934).
(56) H. Vogel, Physik. Z., 22, 645 (1921).
(57) A. K. Doolittle, J. Appl. Phys., 22, 1471 (1951).
(58) M . H. Cohen and D. Turnbull, J. Chem. Phys., 31, 1164 (1959).
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ever, this expression appears to be insufficient to fit the 
entire data for those systems in which the viscosity  has 
been measured over m any orders o f magnitude.10

In this instance, eq 8 has also been rewritten to be 
explicitly a function o f tem perature b y  substituting56'59

(v -  vo) = a'(T -  To) (11)

The free-volum e concepts and the extension o f eq 11 
have particularly been applied to the viscous and visco
elastic behavior o f polym er system s.60 W e shall not 
discuss these systems here as molecular weight distribu
tions and dependence o f melting temperature on sample 
history make these systems especially difficult to 
evaluate for a corresponding-states relationship. Y et 
another m odification o f eq 8 has been to consider that 
Vo is also temperature dependent.4 This is a different 
fundamental postulate from  that first proposed by  D o o 
little.57

Reduced-Viscosity Parameters. Turnbull and 
Cohen13 have defined a reduced-viscosity parameter 
(77/ 7 ) to be

(V 7 )  =  (12)

where v is the viscosity, v is the average molecular 
volum e, to is the mass o f a molecule, and T is the ab
solute temperature. This expression has the dimen
sions o f (m ass)'^(length) (tim e)- '(tem perature) ~ '/2,
and the logarithm ic scale o f such a variable will thus be 
shifted, depending upon the system o f units used. A  
dimensionless reduced parameter can be defined which 
has the same temperature dependence as the Turn- 
bull-C ohen  parameter b y  introducing the Boltzm ann 
constant in the following way

Ol/y) = VIw,/,(m&!̂ )_I/, (13)
H owever, for m ost systems, the temperature variation 
o f is small com pared with the temperature
variation of v- The total temperature variation o f the 
above reduced parameters is therefore not substantially 
different from  that o f v alone.

In view  o f the reduction achieved by  using Tm/T  
as a reduced-temperature variable, one m ight also use 
log (v/vm) as a reduced-viscosity variable, where Vm 
is the viscosity at the melting point. This variable 
does not, however, bring the various classes o f systems 
into coincidence, and since it forces all o f the curves 
to pass through the coordinates ( 1, 0), evaluation o f the 
am ount o f reduction achieved is difficult.

A  com plete corresponding-states relationship should 
incorporate the viscosity into a nondimensionalized 
parameter. Because the existing suggestions for defin
ing a reduced viscosity appear to be only partially 
successful, we feel that plotting the experimental

viscosity data directly gives a m ore accurate test of 
the correspondence achieved with a reduced-tem pera
ture variable.

Reduced-Temperature Parameters. The use o f the 
latent heat o f vaporization in the definition o f a reduced 
temperature implies that viscous flow is an activated 
process involving individual molecules. The heat o f 
vaporization should reflect the degree o f intermolecular 
bonding o f a system, and for an activated process 
involving individual molecules, the im portant param
eter should be the ratio o f the thermal energy to the 
bonding energy. This simple picture o f viscous flow 
breaks down, however, at low temperatures where the 
apparent activation energy for viscous flow, taken from  
the slopes o f Arrhenius plots, becom es as m uch as five 
times greater than the energy needed to vaporize a 
m olecule.8'12 This unrealistic activation energy in 
terms o f individual molecular m ovem ents is quali
tatively explained by  saying that viscous flow, par
ticularly viscous flow at low temperatures, is a co
operative process involving the associated reorientation 
o f m any molecules simultaneously.

As mentioned in the Introduction, the apparent linear 
relationship between A /fP and ATT- has been responsible 
in part for the postulate that A ifv  should play a central 
role in the definition o f reduced tem perature.2 As 
pointed out earlier in this section, increased experi
mental data indicate that AEp is m ost always tempera
ture dependent whenever a large change in viscosity  is 
measured.

Theories involving the melting process and par
ticularly predictions o f the melting temperature Tm 
are far from  rigorous and universally applicable at 
present. Since Tm represents the transition point 
between two condensed phases, it does reflect the co
operative modes o f a system in the rigid and fluid states, 
contrasted with AHv, which m ore closely represents a 
property attributable to individual molecules. In 
this sense, Tm is not an unreasonable variable to intro
duce into a viscosity description, although we have 
only empirical evidence at present for using it as we 
have illustrated in the figures.

Cohen and Turnbull6 have sometimes presented 
schematic curves o f viscosity behavior using Tm/  T as a 
variable, but they apparently have not tested the rela
tionships with experimental data points. E yring and 
M archi51 have also suggested that the melting tem 
perature Tm is reflected in the fluid viscosity behavior. 
They com m ent that, since m ost liquids have nearly the

(59) M. L. Williams, R. F. Landel, and J. D. Ferry, J. Am. Chem. 
Soc., 77, 3701 (1955).
(60) G. C. Berry and T. G Fox, unpublished results.
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same concentration of vacancies and rate of molecular 
jum ping at their melting points, one would expect that 
liquids would have similar viscosities at their very dif
ferent melting temperatures. The concept o f liquid 
vacancies is a consequence o f a particular m odel de
veloped by  Eyring, et aZ.2,51

Ubbelohde and co-workers5'94"-'61'62 have also as
cribed particular significance to liquid transport proper
ties in the vicin ity o f Tm through the concept o f specific 
molecular associations. V iscosity “ anomalies”  have 
been explained by  this approach which differs from  the 
quasi-lattice picture mentioned b y  Eyring.

One further observation is relevant, pertaining to  the
1,3,5-tri-a-naphthylbenzene and o-terphenyl data of 
Figures 1 and 2. These systems have an identical 
ratio o f melting temperature T m to  glass transition 
temperature Tg, determined by  specific volum e meas
urements (Tm/T g =  1.36). Thus, Figure 2b is equiv
alent, through a change in scale, to a correlation 
of viscosity as a function o f TJT. The parameter T0 
o f eq 11 represents the temperature at which viscous 
flow becomes impossible for a particular system since 
inadequate free volum e is present for this process. The 
glass transition occurs at a some higher temperature 
than To and is governed by  the nature o f the system 
and experimental conditions. One might therefore 
expect that T0 would be a m ore appropriate temper
ature than Te for defining a reduced parameter. H ow 
ever, values of T0 are not available for m any o f the 
systems correlated here which makes Tm a more useful 
normalizing parameter at the present time.

High-Temperature Behavior. A  striking feature of 
the log 7] vs. Tm/  T graphs is that all the liquids o f a given 
class appear to converge to a com m on slope at tempera
tures well above their respective melting points, where 
the space available for molecular m otion in the liquid 
is believed to be unrestricted and the shape o f the 
molecule is com paratively unim portant under these 
conditions, i.e., where the Arrhenius relationship is 
observed. The nature of our empirical plots dem on
strates this trend for all the classes o f materials which 
we have examined. A  straight line on the p lot o f log 
i) vs. T m/ T  represents a region in which the viscosity 
is described b y  the equation

a -ASAT/RT 
7] =  A e

where A and AS are constants and A T  is the departure 
from  the melting temperature. From  the slopes of the 
high-temperature tangents, the values in Table I 
represent the values of AS found for the various classes.

The concentration o f available free space in the liquid 
state decreases with decreasing temperature and there 
is also a corresponding change in the coordination

Table I

AS,
cal/mole 

deg

Metals (Figure 6) ~ 4
General organics (Fig ire 3) ~ I2
Alcohols (Figure 4) ~24

number o f any system  under such conditions.63 The 
volum e available for translational processes is there
fore gradually diminished. A  smaller and smaller 
number o f molecules have, or acquire, the necessary 
energy for transport, but even if this condition is 
realized, the influence o f m olecular anisotropy can 
impede the progress o f molecules in a specific direction. 
The over-all form  of the nonlinear plots raises the ques
tion o f the validity o f a single activation to describe 
mom entum  transfer except in the simple systems (m et
als, liquefied gases, and simple spherical or pseudo- 
spherical organic molecules) or under conditions where 
unrestricted m otion is attainable at high temperatures 
in the more com plex molecules. For anisotropic 
molecules, there is no unique activation energy which 
will describe a particular material over its entire 
liquid life. Only in the region well above the sodidifica- 
tion point o f the liquid can a single value describe the 
flow behavior o f such substances. A t all other tem 
peratures and especially in the supercooled stage, a 
temperature-dependent activation energy must be 
applied to describe m om entum  transfer processes. A t 
large degrees of supercooling where this energy is very 
high (m any times the latent heat o f vaporization o f the 
material), we are forced to m odify  our approach to  the 
liquid state, since non-Arrhenius behavior results. 
An additional parameter invoking molecular geom etry 
should be introduced into the transport equations to 
describe these results.

IV. Summary

The reduced tem perature-viscosity relationship pro
vides us with an empirical correlation which has been 
demonstrated to be o f practical value. Particularly, 
it m ay be used to test the consistency o f new data with 
existing viscosity results, as well as their conform ity to

(61) A. R. Ubbelohde, “ Symposium on Liquids: Structure, Proper
ties and Solid Interactions," T. H. Hugel, Ed., Elsevier Publishing 
Co., Amsterdam, 1965, p 226.
(62) E. McLaughlin and A. R. Ubbelohde, Trans. Faraday Soc., 54, 
1804 (1958).
(63) J. Zarzycki, “ Physics of non-Crystalline Solids,”  J. A. Prins, 
Ed., North-Holland Publishing Co., Amsterdam, 1965, p 525.
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a given class o f liquids. R educed plots should provide 
a reasonable estimate o f liquid viscosity outside existing 
experimental ranges for m any materials.

In  contrast with spherical or pseudo-spherical 
molecules, anisotropic molecules exhibit no unique

activation energy which will describe mass transport 
over the entire liquid range.
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Conductances and Dissociation of Some 5-Substituted Tetrazoles 

in 1,1,3,3-Tetramethylguanidine at 25°

by Joseph A. Caruso, Paul G. Sears,1 and Alexander I. Popov

Department of Chemistry, Michigan State University, East Lansing, Michigan 48823 (Received October 28, 1966)

Electrical conductances of tetrazole, nine 5-substituted tetrazoles, picric acid, tetrabutyl- 
ammonium iodide, and tri(isoam yl)butylam m onium  tetraphenylborate were measured in
1,1,3,3-tetramethylguanidine (T M G ) at 25°. Dissociation constants of these com pounds 
were determined from  the conductance data. The inductive effect o f the substituent 
groups on the acid strength o f the 5-substituted tetrazoles is illustrated by  a reasonable 
linearity of the T a ft plot. The dielectric constant of T M G  was found to be 11.00 ±  0.02 
at 25°.

Introduction
W hile it has been known for some time that tetrazole 

and the 5-substituted tetrazoles have definite acidic 
properties, the relative acidities and the influence 
o f structure factors upon the proton-donor ability of 
these com pounds have not been thoroughly investi
gated. D issociation constants of some water-soluble 
tetrazoles have been determined conductom etrically by 
Oliveri-M andala,2 who found that unsubstituted tetra
zole had approxim ately the same acid strength (Ka = 
1.54 X  10~6) as acetic acid. M ore recently, the acidic 
dissociation constants o f a number o f alkyl- and aryl- 
substituted tetrazoles have been determined potentio- 
m etrically b y  H erbst and co-w orkers.3'4 In the case of 
tetrazole, the K„ value o f 1.62 X  10~6 agrees well with 
that o f Oliveri-M andala. In a number o f cases, how
ever, the tetrazole derivatives were insoluble in water, 
and w ater-alcohol mixtures of varying com position 
were used as solution media. Since the change in the

com position o f the solvent should also change the liquid 
junction potential (aqueous see used as reference), it 
is possible that the relative acid strengths o f the 
tetrazoles m ay have been altered by  this procedure.

In connection with a comprehensive study o f the 
chemistry o f tetrazoles carried out in this laboratory, 
it was o f interest to us to determine the influence of 
substituent groups on the acidity o f 5-substituted 
tetrazoles. Since m ost of these com pounds are insolu
ble in water, a suitable nonaqueous solvent had to be 
used.

A  relatively new nonaqueous solvent, 1,1,3,3-tetra
methylguanidine (hereafter abbreviated as T M G ) was

(1) On sabbatical leave from University of Kentucky, Lexington, 
Ky.
(2) E. Oliveri-Mandala, Gazz. Chim. ltd ., 44, II, 175 (1914).
(3) T. S. Mihina and R. M. Herbst, J. Org. Chem., 15, 1082 (1950).
(4) R. M. Herbst and K. R. Wilson, ibid., 22, 1142 (1957).
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recently studied in this laboratory.5 This substance 
was found to be strongly basic (p A a «  13 in aqueous 
solution6) and a good solvent for the tetrazoles. It  
does have a rather low dielectric constant (D =  11.00) 
so that a considerable am ount o f ion pairing is to  be 
expected. H owever, since the solvent properties of 
T M G  have not been explored to any significant extent, 
it was decided to  com bine the study o f the tetrazoles 
with the study of the solvent properties o f T M G .

Experimental Section
Reagents. 1,1,3,3-Tetramethylguanidine was ob

tained from  American Cyanam id and was purified by 
vacuum distillation over granulated barium oxide at 
36-38° under about 0.1 mm pressure. The system 
containing about 2 I. o f T M G  was first refluxed for 
several hours, a first fraction o f 100 ml was collected 
and discarded, and then a final fraction o f about 700 ml 
was collected and used immediately. Solvent pre
pared in such a manner exhibited specific conductances 
within the range o f 5 -10  X  10~8 ohm -1 cm -1 . Gas 
chromatograms taken on an F & M  M odel 700 gas 
chromatograph equipped with a hydrogen flame de
tector showed only one peak, whereas solvent purified 
at atmospheric pressure exhibited three peaks with the 
area ratios o f about 2 :2 :9 6 .

Tetramethylguanidine is a solvent with bp 159- 
160°.6 Its freezing point could not be determined since 
it congeals to a glassy state. The viscosity is 0.0140 
poise and the density is 0.9136 g /m l at 25°.8 The di
electric constant o f the solvent was measured by  a pre
viously described technique7 and was found to  be
11.00 ±  0.02 at 25°.

Conductance water for potassium chloride solutions 
was prepared by passing distilled water through a 
mixed-bed resin obtained from  Crystalab Research 
Laboratories. The specific conductance of such water 
ranged from  5 to 7 X  10_7oh m _I cm -1 .

Potassium chloride, M atheson Coleman and Bell 
Reagent, ACS, Crystals, was fused in a platinum cruci
ble, ground in an agate mortar, oven dried, and stored.

The preparation and purification of tri(isoam yl)- 
butylam m onium  tetraphenylborate has been described 
previously.8 The melting point o f our product was 
264-265°.

Picric acid, M atheson Coleman and Bell Reagent 
Crystals, was recrystallized twice from  ethanol and 
dried to constant weight.

Some o f the 5-substituted tetrazoles were available 
as a result of previous w ork in this laboratory ;3 others 
were prepared according to the procedure of Finnegan, 
et al,9 The com pounds were purified as follows.

The 5-ethyl (mp 86.5 -89 .5°) and 5-n-propyl (m p 60 -

62°) tetrazoles were purified by  triple sublimation. 
Since they were in such short supply, further purifica
tion was not attem pted, and consequently the purities 
m ay not be as high as would be desirable.

The 5-p-nitrophenyl (m p 226-227° dec), 5-p-chloro- 
phenyl (m p 260-261° dec), 5-p-m ethoxyphenyl (m p 
239-240°), 5-phenyl (m p 221 -222°), 5-m ethyl (mp 
148°), 5-benzyl (mp 124-125°), and 5-p-chlorobenzyl 
(m p 162-163°) tetrazoles were all recrystallized twice. 
The respective tetrazole was added to 1,2-dichloro- 
ethane and the mixture was brought to  boiling. Just 
enough methanol was then added to dissolve the tetra
zole. The solution was allowed to  cool and the needle
like crystals filtered off. The crystals were then dried 
in a vacuum  desiccator for 24 hr. The m elting points, 
as given above, com pare favorably with the literature 
values.3'9

Tetrazole was obtained from  C ity  Chemical Co. and 
was purified by  recrystallizing from  a 1 :5  m ethanol- 
benzene mixture. The needle-like crystals were dried 
to constant weight in vacuo. The melting point o f 155° 
coincided with the literature value.10 11

Apparatus. A ll melting points were taken on a 
Fisher-Johns melting point block for which the usual 
stem corrections were made. T he conductance bridge 
has been described previously,11 and was operated at a 
frequency o f 2000 cps.

The cells were similar to those described b y  Daggett, 
Bair, and K raus.12 13 The electrodes were platinized ac
cording to the technique o f Jones and Bollinger.18 
Potassium chloride solutions were made up b y  weight, 
the molar concentrations were calculated, and the 
equivalent conductances were calculated from  the 
Lind, Zwolenik, and Fuoss equation.14 * The constants 
o f the four cells used in this investigation were cal
culated in the usual manner and they are as fo llow s: 
0.2409 ±  0.0001, 0.2320 ±  0.0001,0.1216 ±  0.0002, and 
0.4421 ±  0.0004 c m - 1.

The temperature of 25.00 ±  0.03° was provided b y  a

(5) M. L. Anderson, Ph.D. Thesis, Michigan State University, 1965.
(6) S. J. Angyal and W. K. Warburton, J. Chem. Soc., 2492 (1951).
(7) J. W. Vaughn and P. G. Sears, J. Phys. Chem., 62, 183 (1958).
(8) M. A. Copia,n and R. M, Fuoss, ibid., 68, 1177 (1964).
(9) W. G. Finnegan, R. A. Heniy, and R. Lofquist, J. Am. Chem. 
Soc., 80, 3908 (1958).
(10) F. R. Benson, Chem. Rev., 41, 5 (1947).
(11) H. B. Thompson and M T. Rogers, Rev. Sci. Instr., 27, 1079 
(1956).
(12) H. M . Daggett, E. J. Bair, and C. A. Kraus, J. Am. Chem. Soc., 
73, 799 (1951).
(13) G. Jones and D. M. Bollinger, ibid., 57, 280 (1935).
(14) J. E. Lind, J. J. Zwolenik, and R. M. Fuoss, ibid., 81, 1557
(1959).
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Sargent S-84805 therm ostatic bath assembly filled with 
light mineral oil.

Procedure. Freshly distilled solvent was weighed 
into two of the cells which had been previously steamed, 
rinsed with acetone, and dried by  a stream o f dry 
nitrogen. The cells were then immersed in the therm o
static bath and allowed sufficient time to equilibrate. 
The parallel resistance readings (30,000 ohms in shunt 
across the cell) were then taken and converted to series 
cell resistances. Stock solutions were prepared b y  
weighing solvent into a flask containing previously 
weighed solute. T he stock solutions were then added 
b y  means of weight burets and the contents o f the cells 
were thoroughly mixed. A fter equilibration, the con
tents o f the cells were remixed in the bath and the 
resistance readings were taken. A ll weights were cor
rected to their equivalent weights in vacuo.

Results and Discussion
Conductance data were obtained for tetrazole, nine

5-substituted tetrazoles, tetrabutylam m onium  iodide, 
tri (isoam yl) butylam m onium  tetraphenylborate, and 
picric acid solutions in T M G . The results are shown 
in Table I. I t  should be noted that the concentration 
range o f our solutions is perhaps somewhat narrower 
than that usually found in similar studies. In general, 
the upper limit o f concentration was determined b y  the 
Fuoss equation, Cmax =  3.2 X  10~7 D3, where D is the 
dielectric constant,18 since at higher concentrations the 
simple laws o f dilute solutions o f electrolytes are no 
longer obeyed. The lower limit was taken such that 
the specific conductance o f the solvent would be less 
than 5 %  o f the specific conductance o f the m ost dilute 
solution. Under these conditions, the solvent correc
tion was made by subtracting the specific conductance 
of the solvent from  that of the respective solution.

The experimental data were evaluated according to 
the m ethod of Fuoss and Shedlovsky16 using a f o r t r a n  
com puter program  run on the C D C  3600 com puter. 
The results including the respective standard devia
tions are given in Table II, and typical plots for four 
o f the 5-substituted tetrazoles are illustrated in Figure 
1. It is seen that satisfactory linear plots were ob 
tained.

R ecently, Bellobono and Favini, w ho studied con
ductances o f electrolytes in ethylenediamine, reported 
that they obtained satisfactory values of A0 and K 
b y  simple extrapolation o f the 1 /A  vs. CA p lots,17 e.g., 
by  using the Ostwald dilution equation. This m ethod 
was applied to  the data obtained in this investigation, 
but the plots were curved and the extrapolation was 
m uch more uncertain than that associated with the 
Fuoss-Shedlovsky treatment.

Figure 1. Shedlovsky plots for A, 5-p-N02PhTz;
B, 5-p-ClPhTz; C, 5-PhTz; and D, 5-EtTz.

A s expected for a solvent with a dielectric constant o f
11.00, all o f the com pounds studied are rather weak 
electrolytes. The leveling effect o f the basic solvent 
on acids is also evident from  the relatively narrow range 
of the acid dissociation constants. F or example, while 
the dissociation constants of picric acid and o f tetrazole 
differ b y  a factor o f 138,000 in aqueous solutions2'3'18 
(2.12 and 1.54 X  10-6), the difference is on ly 19.5 
in T M G . W e have to deal not only with the ionization 
process, but also with the incom plete dissociation o f the 
resulting ion pairs. In fact, the dissociation constants 
reported in Table II  are the “ over-all”  dissociation 
constants

=  (H + X A -)  =  K,Ka
HA (H A ) +  (H + A -)  1 +  Ki

where A ; is the ionization constant and Kd is the ion- 
pair dissociation constant.19 In the case o f tetrazole, 
the over-all constant in T M G  is greater than in water 
because o f the basic nature o f the solvent A i;™ 0 > >

(15) R. M. Fuoss, J. Am. Chem. Soc., 57, 2604 (1935).
(16) T. Shedlovsky, J. Franklin Inst., 225, 739 (1938); R. M. Fuoss 
and T. Shedlovsky, J. Am. Chem. Soc., 71, 1496 (1949).
(17) I. R. Bellobono and G. Favini, Ann. Chim. (Rome), 56, 32 
(1966).
(18) D. J. G. Ives and P. G. N. Musley, J. Chem. Soc., 757 (1966).
(19) I. M. Kolthoff and S. Bruckenstein, J. Am. Chem. Soc., 78, 1 
(1956).
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Table I: Equivalent Conductances in TMG at 25° (Superscripts a and b Designate Series of Determinations)
104C A 104C A 104C A 104C A 10*C A 10« A

5 -jB -N 02 P h T z° 5-p-MeOPhTz 5-p-ClPhTz 0.4259 23.38»
0.4551 26.93“ 0.6704 19.01“ 0.6051 24.40“ 1.042 17.61
1.297 23.32 1.618 14.66 1.517 20.11 1.739 14.68
1.731 21.66 2.427 12.78 2.809 17.03 2.373 13.11
2.401 20.04 3.399 11.33 3.547 15.90 2.910 12.14
3.166 18.87 4.152 10.54 0.8480 22.97» 3.617 11.19
4.112 17.68 4.666 10.09 1.773 19.36
0.3510 27.75b 1.210 16.08b 3.051 16.64 5-EtTz 5-:PrTz 5-BzTz
1.165 23.89 2.369 12.89 3.841 15.51 1.799 11.43“ 1.889 10.80“ 1.251 13.71“
1.737 22.07 3.357 11.39 2.330 10.38 3.437 8.647 2.823 10.23
2.585 20.17 4.367 10.35 3.349 9.053 4.954 7.485 4.319 8.695
3.223 19.10 5.202 9.705 4.678 7.990 6.923 6.572 5.467 7.925
4.303 17.72 5.876 9.279 5.417 7.515 8.687 5.996 6.569 7.370

5-PhTz Tetrazole 5-MeTz 7.220 6.710 10.03 5.617 7.609 6.948
1.883 11.17» 1.944 10.73» 1.070 14.40»1.525 17.39“ 1.703 16.75“ 2.878 10.41“ 2,414 10.19 3.505 8.597 2.320 10.972.435 15.02 3.359 13.15 5.014 8.364 3.739 8.633 5.715 7.098 3.380 9.5243.560 13.29 5.038 11.26 8.835 6.708 5.108 7.648 7.400 6.417 4.274 8.7054.858 11.97 6.575 10.20 1.546 12.34b 5.704 7.328 9.075 5.912 5.337 7.9865.542 11.45 7.922 9.530 3.864 9.314 7.253 6.669 10.60 5.563 6.186 7.5381.381 17.84b 9.451 8.913 4.961 8.419

2.126 15.67 2.089 15.71b 6.253 7.705
3.322 13.57 3.733 12.74 7.667 7.122 5-p-ClBzTz Picric Acid (f-Am)aBuNBPhi
4.487 12.28 5.885 10.72 9.140 6.637 1.525 14.55“ 0.7588 33.30“ 0.3702 24.60“
5.372 11.53 7.633 9.707 3.008 11.69 1.720 30.64 0.6467 24.15

9.382 8.986 5.031 9.748 3.334 27.84 1.246 23.38
11.21 8.388 6.331 8.985 4.342 26.66 2.916 21.67

7.540 8.419 5.475 25.57 4.044 20.86
Bu4NI 8.578 8.023 6.487 24.98 1.979 22.52

0.4366 22.97“ 1.172 15.79» 0.4806 34.04» 0.3295 24.78»
1.226 16.50 2.178 13.05 1.188 31.96 0.5731 24.35
1.779 14.41 3.169 11.48 2.504 29.10 1.078 23.58
2.641 12.49 3.978 10.61 3.508 27.63 1.695 22.75
3.220 11.58 4.842 9.892 5.19C 25.85 2.484 21.98
3.673 11.04 5.671 9.343 5.912 25.25 3.542 21.14

“ Tz = tetrazole; Bz = benzyl; Ph = phenyl; Bu = ra-butyl; i-Am = isoamyl; Me = methyl: Et = ethyl; Pr = n-propyl;
MeO = methoxy.

Table II : Conductance Results in TMG at 25°
K .  X *K ,  X

Substance Ao <rAo 10® 10“
Tetrazole 45.5 1.2 2.94 0.16
5-MeTz 36.3 1.5 2.52 0.21
5-EtTz 34.9 1.0 2.31 0.14
5-PrTza 34.6 2.18
5-BzTz 36.0 0.5 2.45 0.07
5-p-ClBzTz“ 32.6 4.56
5-PhTz 35.5 0.3 5.77 0.10
5-p-MeOPhTz 35.1 0.4 3.89 0.10
5-p-ClPhTz 34.1 0.3 10.5 0.25
5-p-N02PhTz 33.0 0.5 18.9 0.72
Picric acid 38.2 0.2 55.8 1.2
(¿-Am )3BuNBPh4 26.4 0.1 179 8.9
Bu4NI 42.7 0.9 2.48 0.11

“ Evaluated by taking the mean of both data sets; all e thers
were evaluated by combining both data sets.

iG H!0, which more than com pensates for the ion-pair 
form ation in T M G . On the other hand, picric acid is 
a strong acid in water and, K;mo «  K ;™ G, but the 
over-all constant is smaller in T M G  than in water be
cause o f the low dielectric constant o f the form er sol
vent.

The over-all constant, however, still reflects the in
ductive effect of the substituent group on the acidity of 
the tetrazoles. Thus, for example, the acid strength 
varies in the order: H T z >  5 -M eT z >  5-E tTz >  5- 
PrTz. W ith  the phenyl derivatives we have 5 -p -N 0 2- 
PhT z >  5-p-C lPhTz >  5-PhTz >  5-p -M eO PhT z, and 
with benzyl derivatives 5 -p-C lB zTz >  5-BzTz.

The discrepancy between the ion-pair dissociation 
constants o f tri (isoamyl) butylam m onium  tetraphenyl- 
borate and the tetrabutylam m onium  iodide is puzzling, 
especially in view  o f the fact that both electrolytes
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- 0 . 7  - O .S  - O .S  - 0 . 1

Figure 2. Relationship between log K s and a* 
for some 5-aliphatic-substituted tetrazoles.

exhibit normal behavior in adiponitrile solutions.20 It 
should be pointed out, however, that tetraalkylam- 
monium  halides show appreciable association even in 
solvents o f high dielectric constant such as acetoni
trile,21 where the ion-pair dissociation constant for 
tétram éthylam m onium  iodide, for example, is 3.62 X
10- 2.

The limiting conductance follows the usual trend of 
varying inversely with the size o f the ions. In this 
respect, it is interesting to com pare our results with 
those o f B ellobono and Favini,17 since ethylenediamine 
has approxim ately the same dielectric constant as 
T M G  (12.9 vs. 11.00) and both  solvents are strongly 
basic in nature. The limiting conductances o f alkali 
halides in ethylenediamine, for example, in general, 
increase with the size o f the ions. Thus A0Ll1 <  A0NaI ~  
A0CsI, and A„LiBr <  A0NaBr <  A0KBr >  A0CsBr. Also, the 
limiting conductances o f the brom ides are, in general, 
higher than those o f the iodides. The limiting con
ductances o f the organic acids and their alkali salts 
showed little correlation with the ionic size since in 
some cases the A0 for an acid was greater than that of 
the salt, while in other cases the opposite results were 
obtained.

An attem pt was made to correlate the inductive ef
fect of the substituent groups with the T a ft a* con
stant for the series o f 5-aliphatic substituted tetrazoles.

W ith tetrazole as a reference, c*  values22 were p lotted  
vs. log Ks. As seen from  Figure 2, the result is a fairly 
reasonable linear plot which m ay be described b y  the 
equation

log Ks =  p*<r* +  log Ko =  0.173<r* -  4.53

These data, also shown in Table III , support the con
clusion that the T a ft a* values provide a useful cor
relation for the estimation o f acid strengths o f weak 
acids, although as given by  Taft, the a* values are for 
hydrolysis o f esters in acidic or basic solutions. It 
has also been previously shown that log Kf is a linear 
function o f the T a ft a* constant, where Kf is the form a
tion constant o f various halogen com plexes.23

Table III: Constants for Various Tetrazoles“’6

Substance Log Kb <r*

5-MeTz -4 .6 0 -0 .490
5-EtTz -4 .6 4 -0 .590
5-PrTz -4 .6 6 -0 .605
5-BzTz -4 .6 1 -0 .275
Tetrazole -4 .5 3 0.000

The above a* values are relative to tetrazole (containing the
hydrogen substituent) with the reference value of 0.000. Taft 
gives the methyl substituent as the reference. To convert these 
values to those given by Taft,22 0.490 is added to each value. 
6 Taft gives median deviations for the a* values of ±0.02 to 
±0.04.
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A Calculation of the Geminal Coupling Constant Based 

upon the Dirac-Van Vleck Vector Model1

by Harry G. Hecht

University of California, Los Alamos Scientific Laboratory, Los Alamos, New Mexico 87544 
(Received October 28, 1966)

The geminal proton -proton  coupling constant is calculated using the V oge form ulation 
o f the methane problem. This is m ore general than the previous calculations in that 
valence-state prom otion is considered explicitly b y  configuration interaction with the 
s2p 2 and p 4 atom ic states o f carbon. The energy matrix is solved for four different sets 
o f empirical integrals. It is found that although the calculated coupling constant is still 
positive, it does not depend so critically on the precise values o f the integrals used as was 
the case in form er calculations.

I. Introduction
The early calculations o f nuclear spin-spin coupling 

constants b y  the valence bond m ethod appeared re
markably successful,2a_e but at present these results 
are regarded b y  m ost workers as somewhat fortuitous. 
A lthough the valence bond approach continues to be 
used for the correlation o f some effects,21 it is generally 
viewed with much skepticism, since it has been shown 
to predict positive constants for both geminal and 
vicinal couplings, 2b’ ° whereas the recent experiments 
show that they are o f opposite relative sign,3 with the 
geminal coupling presum ably the negative one.

It is supposed that there is no fundamental difficulty 
with the m ethod,4 but that the approximate nature of 
the molecular wave functions is responsible for the 
discrepancy. M ore specifically, Karplus5 has pointed 
out that a near cancellation o f the exchange integrals, 
¡3 and 7 (see notation o f Section I I I ) , leads to a geminal 
coupling constant nearly proportional to 8.

J h iu  a *  X(2S -  0 -  7 ) (1 )

8 is not known with certainty21 and it has been shown 
that the calculated geminal coupling constant can be 
changed b y  more than ±  30 cps b y  varying the exchange 
integrals within reasonable lim its.6 Thus it would ap
pear that the valence bond m ethod is severely limited 
by  the inaccuracies inherent in the evaluation o f the 
necessary exchange integrals.

The molecular orbital calculation o f coupling con

stants had a m uch different genesis. T he initial cal
culations did not look  very prom ising.7 Here again 
only positive contact couplings were calculated and 
it seemed that the difficulty in determining the extent 
o f configuration interaction would seriously limit the 
m ethod. The delocalized m olecular orbital m ethod 
o f Pople and Santry8 does allow for both  signs, but 
again cancellations occur which preclude any quanti
tative calculations.

(1) Work performed under the auspices of the U. S. Atomic Energy 
Commission.
(2) (a) E. Aihara, J. Chem. Phys., 26, 1347 (1957); (b) M. Karplus
and D. H. Anderson, ibid., 30, 6 (1959); (c) M. Karplus, ibid., 30, 
11 (1959); (d) H. S. Gutowsky, M. Karplus, and D. M. Grant,
ibid., 31, 1278 (1959); (e) S. Alexander, ibid., 34, 106 (1961); (f) 
M. Barfield and D. M . Grant, J. Am. Chem. Soc., 83, 4726 (1961); 
85, 1899 (1963); J. Chem. Phys., 36, 2054 (1962).
(3) R. R. Fraser, R. U. Lemieux, and J. D. Stevens, J. Am. Chem. 
Soc., 83, 3901 (1961); R. R. Fraser, Can. J. Chem., 40, 1483 (1962); 
F. Kaplan and J. D. Roberts, J. Am. Chem. Soc., 83, 4666 (1961); 
C. A. Reilly and J. D. Swalen, J. Chem. Phys., 35, 1522 (1961); 
R. Freeman and K. Pachler, Mol. Phys., 5, 85 (1962); H. S. Gutow
sky and C. Juan, J. Chem. Phys., 37, 120 (1962); F. A. L. Anet, 
J. Am. Chem. Soc., 84, 1053, 3767 (1962); P. C. Lauterbur and R. 
J. Kurland, ibid., 84, 3405 (1962).
(4) M. Barfield and D. M. Grant in “ Advances in Magnetic Reso
nance Spectroscopy,”  Vol. I, J. S. Waugh, Ed., Academic Press Inc., 
New York, N. Y ., 1965.
(5) M. Karplus, J. Am. Chem. Soc., 84, 2458 (1962).
(6) M. Barfield and D. M. Grant, Abstracts, 144th National Meeting 
of the American Chemical Society, Los Angeles, Calif., April 1963.
(7) H. M. McConnell, J. Chem. Phys., 24, 460 (1956).
(8) J. A. Pople and D. P. Santry, Mol. Phys., 7, 269 (1964); 9, 301, 
311 (1965).
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It is probably fair to say that on the whole the valence 
bond m ethod has been favored for the interpretation 
o f coupling constants, because of the intimate w ay in 
which the pairwise coupling o f spins is incorporated. 
T he same can o f course be said for the D irac-V an  
Vleck vector m odel.9 Because o f the conceptual 
sim plicity of this approach, it seems that calcula
tions based upon a m ore com plex m odel, in an attem pt 
to better understand the nature o f its limitations, can 
be justified.

II. The Model
It might be supposed that it is better to evaluate the 

required molecular integrals theoretically, because of 
the inherent difficulties in estimating them empirically 
with sufficient accuracy to make meaningful calcula
tions. A  problem  is encountered here, however. A l
though wave functions have been tabulated for most 
o f the atom ic states o f carbon,10 any quantitative cal
culation would require the w ave function for the so- 
called valence state.9’ 11 Thus, even Slater orbitals 
m ay be m ore accurate for the calculation o f the m olecu
lar integrals than more exact solutions, because o f the 
way in which an empirical account is taken o f overlap 
and valence-state prom otion. Because o f such con
siderations, empirical integrals probably offer the best 
approach and other factors must be sought in order to 
achieve the necessary im provem ent in the molecular 
wave function.

It seems that although some account is taken of 
valence-state prom otion by  use o f empirical integrals, 
a m odel which treats it explicitly is to be preferred. 
In the usual valence bond treatment, on ly the quadri
valent sp3 configuration is considered. A  more exact 
calculation involves interaction with other configura
tions, particularly the divalent s2p 2 ground state o f the 
carbon atom . This problem has been considered by 
V oge ,12 who shows that the A ! states o f Eyring, Frost, 
and Turkevich13 can be regarded as providing the three 
spin-paired basis functions out o f a set o f seven func
tions for a com plete calculation. The calculation o f the 
geminal proton coupling in methane b y  Karplus and 
Anderson2b used just these three sym m etry-adapted 
functions. A s V oge points ou t,12 the energy is not 
greatly changed b y  resonance with the other atom ic 
states, but the prom otional energy o f the valence state 
and the w ave function are altered considerably. Of 
course, just such changes are o f utm ost significance in 
the nuclear spin-spin coupling problem and one might 
hope that the critical dependence upon 5 might be 
minimized, although there is probably no a priori 
reason for optim ism  on this point.

T he formulation in terms o f the D irac-V an  Vleck

vector m odel need not be repeated here; V oge12 has 
solved the problem  using the elegant m ethod o f treating 
perm utation degeneracy developed b y  Serber.14 15 It  is 
found that the 7 X 7  problem  involves three states o f 
spin-paired configuration (A ), tatbt0td, as previously 
mentioned, together with three states with one orbital 
occupied b y  two electrons (B ), ta2tbtc, and one state 
with two filled orbitals (C ), ta2tb2. V oge shows that 
this is tantam ount to consideration o f the carbon 
atom  configurations, sp3, s2p 2, and p 4.

III. Calculations and Results
Follow ing V oge,12 we use the following notation for 

the molecular integrals in terms o f which the energy 
matrix is expressed

HjAA =  (A|H|A) t f i c c  =  (C|H|C)

t f iBB =  (B|H[B) # ! BA =  (B|H|A)

OL (tallaj hata) 6 — (tatb j tcta)

ß =  (hahb; hbha) K  ~ (tahc? h ctb)

y .  (t'at'b j b̂ta) X — (tat;b j t atc)

5 — (tatb] hbta) M =  (tat>b} tetfd)

7] — (tahaj hatb)

where

(taha; hata) =  / / t a( l )h a(2)H ha( l ) t a(2)dridT2 (3) 

etc.
Some o f these integrals are purely atom ic quantities 

(y, 6, X, p) and can be expressed in terms o f the Slater 
param eters.16 The remaining integrals require a 
knowledge o f the molecular properties. Our calcula
tions were performed for the following four sets o f 
integrals.

Set I  uses Beardsley’s formulas16 for F 0(2s, 2s), 
F0(2s, 2p), and F0(2p, 2p), together with the values of 
Gi, Ft, and / ( 2p) — /(2 s )  derived by  Van V leck17 b y  
fitting to the sp3 atom ic energy levels. T he molecular 
integrals assume V S(r =  1.91 ev, Nss =  2.0 ev, Nca =
2.2 ev, NTT =  —0.6 ev (see Van V leck11 for the defini
tion o f these integrals in terms o f which a, S, y, and k

(9) J. H. Van Vleck and A. Sherman, Rev. Mod. Phys., 7, 167 (1935).
(10) A. Tubis, Phys. Rev., 102, 1049 (1956).
(11) J. H. Van Vleck, J. Chem. Phys., 2, 20 (1934).
(12) H. H. Voge, ibid., 4, 581 (1936).
(13) H. Eyring, A. A. Frost, and J. Turkevich, ibid., 1, 777 (1933).
(14) R. Serber, ibid., 2, 697 (1934); 3, 81 (1935).
(15) J. C. Slater, Phys. Rev., 34, 1293 (1929).
(16) N. F. Beardsley, ibid., 39, 913 (1932).
(17) J. H. Van Vleck, J. Chem. Phys., 2, 297 (1934).

The Journal of Physical Chemistry



Calculation of the Geminal Coupling Constant 1763

Table I : Results of Calculations of Geminal Contact Spin-Spin Coupling Interaction of Protons in Methane, Using the Four Sets 
of Integrals Discussed in the Text (All Integrals are in Electron Volts and / H h '  is in Cycles per Second)

Set / / iaa HlBB H icc # IBA a ß 7 8
ß V e K «/hh'

I 9.745 +  I 12.489 +  x 15.233 +  x -2.467 -3.804 -1.060 0.901 0.268 -0.471 -0.501 -0.067 -0.332 10.8
II 9.774 +  x 12.644 +  x 15.514 +  * -2 .472 -3.804 -1.060 0.336 0.268 -0.499 -0.501 -0.097 -0.332 15.7
III 9.774 +  x 12.644 +  x 15.514 +  x -2.472 -3.091 -1.060 0.336 -0.003 -0.499 -0.214 -0.097 -0.603 16.8
IV 9.774 +  x 12.644 +  x 15.514 4- x -2.472 -3.969 -1 .060 0.336 0.323 -0.499 -0.556 -0.097 -0.277 15.6

are expressed), which are the values found by  V oge18 
by  fitting to the heat o f sublimation o f graphite, 170 
kcal.19 These values closely parallel those used by 
Karplus and Anderson,2b but they do not contain 
the correction for zero-point vibrations.

Set II  uses U fford ’s atom ic states20 for Fo(2s, 2s), 
Fo(2s, 2p ), and Fo(2p, 2p). T h ey  are perhaps better 
than those derived b y  Beardsley,16 since they are based 
on SCF functions for carbon given by  Torrance.21 
Gi, Ft, and I (2p) — 7 (2s) were taken from  V oge ’ s re
examination18 o f the methane problem  and the same N 
values were used as in set I.

Set II I  is the same as set II  for the atom ic integrals, 
but the set Naa =  2.0 ev, N„a =  2.3 ev, NSa =  1.0 ev, 
N„n = —0.6 ev, derived b y  V an V leck ,11 is used for 
the molecular integrals.

Set IV  is the same as set I I  for the atom ic integrals, 
but the set Nss =  2.0 ev, N „ — 2.2 ev, Ne„ =  2.1 ev, 
Nwr. =  —0.6 ev, derived b y  Penney22 by  fitting to the 
bending vibration o f methane, is used for the m olecu
lar integrals.

In each case, /3 =  — 1.06 ev is used, which is 0.9 o f 
the M orse function for H 2 for the proton separation 
appropriate to methane. T he term

Z = Mea-  » /,M „  -  V tM„  (4)

also enters the energy matrix, where the M values are 
defined by

il7kk = J J iM W )
e2

_J"12

e 2

n i l .
*k(l)A(2)dTidr* ( 5 )

These integrals were evaluated using the screening 
constants for the carbon 2s and 2p orbitals given by  
Hartree23 and the tables o f K otani and A m em iya.24 
It was found that Z =  0.064 ev.

Since the average energy approximation has been 
well justified for this case,25 we used the following equa
tion for the contact coupling constant.215

ThY ’FoI 2  5(rKH)5(rKH')(2PKK' +  l)|4ro'\ (6)
V Ik .k '  I /

Here P Kk ' is an electron transposition operator and

*0 is the ground-state electronic w ave function. The 
assumptions involved in the actual calculations are 
similar to those used b y  Karplus and Anderson.2b 
T he necessary spin functions for the 14 coupling schemes 
are not given by  V oge,12 but they can easily be written 
using C lebsch-G ordon coefficients. The results o f  
the calculations are summarized in Table I.

IV. Conclusions
The techniques used to evaluate the integrals men

tioned in Section I I I  are those that have been frequently 
em ployed by  various workers and it is felt that the 
ranges o f values for these integrals listed in Table I 
are fairly representative o f the uncertainties inherent 
in an empirical evaluation o f them. It will be observed 
that the lack o f precision in m any cases is quite con
siderable.

T he calculated proton spin-spin coupling constants 
com pare favorably in m agnitude with the experi
mental value o f 12.4 cps26 and are quite constant con
sidering the magnitude o f the changes in several of 
the integrals. B y  comparison, eq 1 (w ith X =  30 cps) 
leads to values 20.9, 41.9, 21.5, and 41.1 cps for sets 
I, II, III , and IV , respectively. Thus, the critical 
dependence on 8, ¡3, and y implied by  eq 1 is at least 
in part an artifact o f the simplified perturbation ap- 
proach2d and it does appear that m ore com plete 
calculations based on empirical estimates o f the in
tegrals can lead to more stable results.

It will be noted that the geminal coupling constants 
calculated here are still o f what appears to be the

(18) H. H. Voge, ./. Chem. Phys., 16, 984 (1948).
(19) W. A. Chupka and M. G. Ingram, J. Phys. Chem., 59, 100 
(1955); F. H. Field and J. L. Franklin, “ Electron Impact Phe
nomena,” Academic Press Inc., New York, N. Y., 1957.
(20) C. W. Ufford, Phys. Rev., 53, 569 (1938).
(21) C. C. Torrance, ibid., 46, 388 (1934).
(22) W. G Penney, Trans. Faraday Soc., 31, 734 (1935).
(23) D. R. Hartree, “ The Calculation of Atomic Structures,” John 
Wiley and Sons, Inc., New York, N. Y ., 1957.
(24) M. Kotani and A. Amemiya, Proc. Phys-Math. Soc. Japan, 
22, 1 (1940).
(25) M. Karplus, J. Chem. Phys., 33, 941 (1960).
(26) M. Karplus, D. H. Anderson, T. C. Farrar, and H. S. Gutowsky, 
ibid., 27, 537 (1957).
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wrong sign. A lthough we still cannot rule out the 
possibility that integral variations are responsible for 
this discrepancy, the im proved stability o f the above 
calculations with respect to such variations suggests 
that this factor is not as significant as previously 
thought. Thus, the neglect o f other factors, such as 
ionic terms and multiple exchange integrals, m ay be 
quite im portant. Ionic terms are not easily included 
in the usual formulation o f the theory, but could be 
incorporated in a manner similar to that reported 
b y  Craig.27 It  is very unlikely that this would be fruit
ful, however, in view o f the relatively small changes in

couplings calculated b y  H iroike28 and R an ft,29 where 
ionic character was introduced in a m ore empirical 
way. M ultiple-exchange interactions are almost al
ways excluded, apparently in m any cases for no better 
reason than that they are difficult to calculate. They 
probably are w orthy o f consideration, even if they 
could only be dealt with in a very  approximate way.

(27) D. P. Craig, Proc. Roy. Soc. (London), A200, 272, 390, 401 
(1950).
(28) E. Hiroike, J. Phys. Soc. Japan, 15, 270 (1960); Progr. Theoret. 
Phys. (Kyoto), 26, 283 (1961).
(29) J. Ranft, Ann. Physik., 8, 322 (1961); 9, 124 (1962).

Transference Numbers and Ionic Mobilities from 

Electromotive Force Measurements on Molten Salt Mixtures1 2 3

by Wishvender K. Behl and James J. Egan

Brookhaven National Laboratory, Upton, New York {Received November 4, 1966)

Transference numbers and ionic mobilities o f the cations relative to  the chloride ion in 
the mixtures o f molten chlorides L iC l-P b C l2, K C l-P b C l2, K C l-C aC l2, K C l-M g C l2, and 
K C l-N a C l were determined over the entire com position range from  electrom otive force 
measurements. The experimental arrangement o f the cell em ploys a special junction 
using alumina powder to join  the tw o salt com partm ents. The relative ionic mobilities 
o f the cations were equal in the system  K C l-N a C l over the whole concentration range, 
while in other systems the alkali ion had a greater m obility than the divalent cation. The 
transference numbers and ionic mobilities obtained in the present measurements for the 
systems K C l-P b C l2 and L iC l-P b C l2 agree very well w ith literature values obtained by  
m oving-boundary and H ittorf-type measurements. The systems K C l-C aC l2, K C l-M g C l2, 
and N a C l-K C l have not been previously studied.

Introduction
Transference numbers in molten salt mixtures are in 

general determined b y  one o f three m ethods— H ittorf- 
type measurements, m oving-boundary measurements, 
or studies o f em f o f cells with transference. Examples 
of H ittorf-type measurements m ay be found in the 
works o f Aziz and W etm ore, Duke, Laity, and co- 
workers.2-6 The m oving-boundary m ethod has been

used b y  Klem m  and co-workers.6-7 Also, Berlin, et al.,s 
have studied trace amounts o f cations in nitrate melts 
b y  countercurrent electromigration experiments. E m f

(1) This work was performed under the auspices of the U. S. Atomic 
Energy Commission.
(2) P. M. Aziz and F. E. W. Wetmore, Can. J. Chem., 30, 779 
(1952).
(3) F. R. Duke and G. Victor, J. Am. Chem. Soc., 83, 3337 (1961).
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cells with transference have been used b y  Schwarz,9 
Murgelescu and co-workers,10-12 Stern,13'14 Laity ,15 
and B loom  and Easteal.16 

In the present study, em f’s o f cells o f the types

and

Cl,(g)-C|KC1(1)

Cl2(g ) -C K C 1
M C I, (1) M C l„(l)|C -C l2(g)

(I)

( II)

were measured as a function o f the concentration o f the 
molten salt mixtures, where M  was N a +, P b 2+, C a2+, 
or M g 2+. For the study o f the system L iC l-P bC l2, 
KC1 in cell I  was replaced by  LiCl and MC1„ by  P bC l2. 
From the results o f these measurements and the therm o
dynamic properties of the mixtures, transference num
bers o f the cations relative to the chloride ion were d e 
termined. The relative ionic mobilities (internal m o
bilities) were calculated from  the above transference 
numbers using known data on density and conductance 
of the molten salt mixtures.

It was found that the usual quartz frit, used to con
nect the two salt com partm ents in the above cells, 
gave results in disagreement with previous reliable 
measurements so that a special junction was designed 
and is described in the experimental section. It  was 
also found that the elimination o f metal electrodes was 
very helpful.

Experimental Section
Purification of Materials. Reagent grade chemicals 

were used. Sodium and potassium chloride were 
melted under vacuum  and stored in an argon at
mosphere in storage tubes. Lithium chloride, lead 
chloride, and magnesium chloride (anhydrous) were 
heated at 100° under a flowing atmosphere o f hydrogen 
chloride gas for 24 hr. The temperature was then 
slowly raised to the melting point and HC1 gas bubbled 
through the molten chlorides for a period of 3 -4  hr. 
The temperature was then lowered and the anhydrous 
salts so obtained were remelted and filtered in an inert 
atmosphere o f argon gas, cooled, and stored. Calcium 
chloride dihydrate (CaCl2-2H 20 )  was similarly heated 
under a flowing atmosphere of HC1 gas at 100° for 24 
hr and the temperature then raised to  280° when CaCl2 • 
H20  melted and HC1 gas was allowed to bubble for 
another 8 -10  hr. A fter all the water o f hydration was 
removed, the temperature was gradually raised to the 
melting point o f calcium chloride and HC1 gas v/as 
bubbled for another 3 -4  hr. Finally the anhydrous 
salt was allowed to solidify. It was then transferred 
to the filter tube, remelted, filtered in an inert atmos
phere of argon, cooled, and stored.

Apparatus. The cell assembly used is shown in 
Figure 1. A  5-in. long quartz tube (25-m m  diameter) 
closed at the bottom  was used as one com partm ent 
o f the cell. This was placed in an outer V ycor con
tainer (57-m m  diameter), which was used as the second 4 5 6 7 8 9 10 11 12 13 14 15 16

(4) (a) F. R. Duke, R. W. Laity, and B. Owens, J. Electrochem. Soc.i 
104, 299 (1957); (b) F. R. Duke and R. A. Fleming, ibid., 106, 130 
(1959).
(5) C. T. Moynihan and R. W. Laity, ./. Phys. Chem., 68 , 3312
(1964) .
(6) A. Klemm in “ Molten Salt Chemistry,”  Milton Blander, Ed., 
Interscienee Publishers, Inc., New York, N. Y ., 1964.
(7) A. Klemm and E. U. Monse, Z. Naturforsch., 12a, 319 (1957).
(8) A. Berlin, F. Mènes, S. Forcheri, and C. Monfrini, J. Phys. 
Chem., 67, 2505 (1963).
(9) K. E. Schwarz, Z. Elektrochem., 47, 144 (1941).
(10) I. G. Murgelescu and D. I. Marehidan, Russ. J. Phys. Chem., 
34, 1196 (1960).
(11) I. G. Murgelescu and 3. Sternberg, Discussions Faraday Soc., 
32, 107 (1961).
(12) I. G. Murgelescu and D. I. Marehidan, Acad. Rep. Populäre 
Romine, Studii Cercetari Chim., 8, 383 (1960).
(13) K. H. Stern, J. Phys. Chem., 63, 741 (1959).
(14) K. H. Stern, J. Electrochem. Soc., 112, 1049 (1965).
(15) R. W. Laity, J. Am. Chem. Soc., 79, 1849 (1957).
(16) H. Bloom and A. J. Easteal, Australian J. Chem., 18, 2039
(1965) .
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com partm ent. The small com partm ent contained the 
pure chloride while the other com partm ent contained 
the mixture. The mole fraction o f the mixture was 
varied from  0.1 to 0.9. The liquid junction between 
the tw o solutions was established through a 5-in. 
length o f 6-m m  diameter tubing, form ed in a spiral 
and opening to the second com partm ent as shown. 
The spiral was filled with powdered alumina T-61 
(120 mesh, Alum inum  Co. of Am erica). The powdered 
alumina was found ideal for these experiments as it 
prevented any gravitational flow from  one side to the 
other due to any difference in levels. It generally 
took  24 hr for the molten salt to flow through the 
alumina column and establish contact with the solu
tion in the outside container. H owever, this process 
was hastened b y  evacuating the cell for 1 -2  min after 
the salts were molten in the two com partm ents and 
when the pressure was brought back to  atmospheric 
pressure with argon, the alumina column was filled with 
the molten salt. The contact was then confirmed by 
measuring the resistance across the tw o carbon elec
trodes; it was usually about 100-200 ohms, if proper 
contact was established.

In earlier experiments the liquid junction was estab
lished b y  using a fine-porosity quartz disk between 
the tw o compartments. However, while working on 
the system L iC l-P bC l2, it was observed that the emf 
increased steadily with time. This was interpreted 
as an indication that L i+ from  the melt was exchanging 
with the quartz disk. The alumina was found to  be 
inert.

Spectroscopic carbon rods were used as the elec
trodes and platinum wires were used as leads. The 
whole cell assembly was heated at 825° under vacuum  
for 3 -4  hr and under chlorine atmosphere for a period 
o f 24 hr before loading the cell with salts.

The chlorine gas was used from  the cylinder. A  wire- 
wound cylindrical furnace was used to heat the cell 
assembly and the temperature of the cell was controlled 
within ± 2 ° with a Honeywell Brown Pyr-o-vane tem
perature controller.

Results and Discussion

The transport number, 11, o f the ion i  is given by

U =
ZjCjSbi

K CD

where zt is charge, ct the concentration in moles per 
cubic centimeter o f the ions i , ff is the Faraday constant, 
bi the m obility o f ion i , and k the specific conductance. 
Following K lem m 6 we can define two sets o f transport 
numbers b y  choosing two different references to  meas

ure the mobilities o f the ions. Thus, if we choose walls 
of the cell as the references, we have

tjw
ZjCffib xw

K
(2 )

The transference number so defined is called the “ ex
ternal transport num ber”  and is identical with the trans
port numbers obtained by  several workers b y  H ittorf- 
type measurements. However, if we choose one o f the 
ions as a reference, then we have

tij
ZjC&bjj

K
(3 )

The transport number so defined is called the “ internal 
transport number”  and is identical with the quantity 
<l> used b y  Aziz and W etm ore.2 The relation between 
the internal and external transport numbers in the 
case o f a binary mixture of molten salts with the 
com m on ion as the reference can be easily shown to be

hi — hw +  E\itiW (4)

hz ~ hw 4“ Enhw (5)

where hi and ¿23 are the internal transport numbers of 
the cations, hw and hw are the corresponding external 
transport numbers, and En and En are the equivalent 
fractions o f the salts 13 and 23. hw is the external 
transport number of the anion. Thus, according to 
the definition

hi hi ~  hw 4* hw 4" (E-_z +  E%z) ¿3w
hw 4” hw 4“ hw ~  1 (6)

N ow  consider the cell

C l2(g)-C|KC1(1) | | (1) |C-Cl2(g)

A  B

The emf of the above cell m ay be expressed b y  the 
equation

1 P B 1 f B
Eceii =  — — I hs djtKci — — I hi d/ipbci, (7) 

fF J A 2 T J a

where <13 and hi are the internal transport numbers 
o f the ions K +  and P b 2+, respectively, and mkci and 
MPbci, are the chemical potentials o f the respective 
chlorides. The derivation o f this equation is discussed 
in detail by  W agner.17 Now, using the G ibbs-D uhem  
equation, we have

d/lPbCl,
1

Xkci 

— XKCl d^KCl (8 )

(17) C. Wagner, Advan. Electrochem. Elecirochem. Eng., 4, 1 (1966).
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and from the definition o f internal transport numbers 

¿23 =  1 — ¿13 (9)

Substituting eq 8 and 9 into eq 7

E ce ll rif J a

1  f
2£F Ja

d/2KCl +

,  (1  —  ¿ w )”  d /lK C l
2£F J a  1 — Xkci

-  f V 2(»  -  t o K c .  -  d M c i  (1 0 )
2iF J a \ 1 — xkci /

Since

therefore

d/iKci =  2.303727’ d log orci (ID

—2.3037271 r B 2fi3 — ¿13XKC1 — xkci , ,
ECeii =  ------ — ------ I --------------------------------- d log aKciJa 1 —2 5

Differentiating eq 12

” K C 1

( 12)

Ò E ce ll
i  .

KÒ log <Zkci/ b

-2.303/2 71f ‘2ti3 — ¿13X Kc 1 — Xkci 
2ff \ 1 — Xkci

)  (13)
/B

i d
5 ^ 4
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Thus, if the measurements o f the cell potential are 

made over the whole com position range, the transport 
number ¿13 can be calculated by  use o f eq 13 using graph
ical differentiation. The transport number ¿23 will then 
be given b y  eq 9. Similar equations can be derived 
for cells of type II.

The internal mobilities o f the cations relative to the 
chloride ion can then be calculated by  use o f eq 3. Thus

. ¿13 k
¿>13 — ~Z\CX5

and

¿>23
¿231C 

ZiCi5
(14)

where k is the specific conductance of the mixture, Zi 
and Zi are the charges on cations 1 and 2, and ci and C2 
are their concentrations in moles per cubic centimeter.

Since the equivalent conductance X is related to the 
specific conductance k and equivalent volum e v b y  the 
equation

X =  KV =  ------- ;-------  (15)
2 ] C i  +  Z2C2

R1-2 CD
ë  * 
5 0
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O 00
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Table II

,--------KCl-PbCh at 525°-------- . .------ KCl-PbCl:i at 825°-——V 
¿13 at

KCl-CaCh 
at 825°

KCl-MgCh 
at 825°

KCl-NaCi 
at 825°

LiCl-PbCU 
at 650°

¿13, ¿13, from ¿13, 850°, from
present the data of present the data of

âlkali chloride measurements Duke, e¿ al.4b measurements Duke, et ah4b ¿13 ¿13 ¿13 ¿13

0.1 0.076 0.075 0.060 0.05 0.10 0.064

0.2 0.142 0.150 0.150 0.16 0.20 0.163

0 .3 0.211 0.235 0.260 0.36 0.30 0.257

0.4 0.302 0.325 0.338 0.375 0.58 0.40 0.366

0.5 0.414 0.430 0.452 0.490 0.76 0.50 0.458

0 .6 0.559 0.560 0.564 0.615 0.83 0.60 0.559

0.7 0.677 0.670 0.740 0.87 0.70 0.655

0.8 0.780 0.780 0.845 0.91 0.80 0.751

0 .9 0.882 0.885 0.930 0.95 0.90 0.897

we now  have the equations

(2lCi +  ZCvi)t\zk 
Oli ' ~

ZiCiiF

and

or

and

&23
(ZlCi +  Z2C2) ¿23X 

Z2C2Ü
(16)

ï>13
¿I3X

Í23X
(17)

where En and Eri are the equivalent fractions o f the 
salts 13 and 23, respectively.

The emf measurements on the various molten salt 
mixtures are summarized in Table I. The activities 
of KC1 in the systems K C l-P bC h , K C l-M g C l2, K C 1- 
CaCl2, and K C l-N aC l and o f LiCl in the system L iC l- 
P bC l2 were taken from  the unpublished results of 
Egan.18 The em f’ s of the cells in all the cases except 
for the system K C l-N aC l were nonzero and varied 
with concentration. In the case of the system K C l-  
NaCl, the em f was 0 within ± 2  m v over the whole 
concentration range.

The transference number of the potassium ion (£13) 
relative to the chloride ion in the system K C l-P b C l2 
was calculated b y  use o f eq 13 at various concentra
tions o f the mixture. These values are shown in 
Table II  as a function of the potassium chloride mole 
fraction. The system K C l-P b C l2 was also investi
gated b y  D uke and Fleming4*3 by  H ittorf-type measure
ments. The values of <f> for the potassium ion, which

Xuci
Figure 2. Internal mobilities of L i+ and P b 2+ ions relative 
to the chloride ions as a function of composition:
O, mobilities obtained from the present measurements;
A, mobilities taken from the data of Klemm, et alJ

are the same as the internal transport numbers (£13) 
obtained in the present measurements, are also shown 
in Table II  and there is an excellent agreement be
tween the two sets of data.

The internal transport numbers of the potassium 
ion relative to the chloride ion in the systems K C1- 
CaCl2 and K C l-M gC l2 and that of the lithium ion in 
the system L iC l-P bC h  were similarly calculated by  
use o f eq 13 and are given as a function of the alkali 
chloride mole fraction in Table II.

Since the emf for the cell

Cl2(g)-C|KC1(1) KC1
NaCl (1) C - C l 2(g )

(18) J. J. Egan, unpublished results; see Abstracts of the Electro
chemical Society Meeting, San Francisco, Calif., May 1965, and also 
BNL 954 (S-68).
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Figure 3. Internal mobilities of K + and Ca2+ ions 
relative to the chloride ion as a function of composition.

was zero over the whole concentration range, it can be 
easily shown that the internal transport number for 
the potassium ion at any concentration is equal to the 
mole fraction o f potassium chloride in the mixture.

Internal Mobilities. The internal mobilities o f the 
cations L i+ and P b 2+ in the system L iC l-P bC l2 were 
calculated b y  use o f eq 17. The internal transport 
numbers determined in the present measurements were 
used. T he specific conductance values were taken 
from the data o f K lem m  and M onse7 and the equiva
lent conductance was calculated b y  use o f eq 15. 
Since the density data for this system were not avail
able, it was assumed that the relationship between the 
equivalent volum e and mole fraction was linear.

The values of the internal mobilities so obtained are 
plotted in Figure 2. Also p lotted are the internal m o
bilities obtained by  K lem m  and M onse7 from  the 
m oving-boundary experiments. There is a good 
agreement between the tw o sets o f data except at con
centrations below 0.4 m ole fraction o f lithium chloride. 
Klemm and M onse observed an increase in the internal 
m obility o f lithium ion as the concentration o f LiCl 
decreased below 0.4xi,ici- This increase was not ob 
served in the present measurements.

The internal mobilities o f the cations relative to

Figure 4. Internal mobilities of the K + and Mgs+ ions 
relative to the chloride ion as a function of composition.

the chloride ions in the systems K C l-C a C l2 and K C1- 
M gC l2 were similarly calculated b y  use o f eq 17 and 
are plotted in Figures 3 and 4. The specific conduct
ance and density data for these systems were taken from  
the literature.19 20

In  each o f the systems studied, the alkali ion was 
observed to  have a relatively larger m obility than that 
o f the alkaline earth ion.

In  the system N aC l-K C l, the cell potential was ob
served to be zero over the whole concentration range 
and hence it was concluded that the internal mobilities 
o f the sodium and potassium ions are the same over the 
whole concentration range.
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(19) R. W . Huber, E. V. Potter, and H. W . St. Clair, Bureau of 
Mines Report of Investigation 4858, U. S. Department of the Interior, 
Washington, D. C., March 1952.
(20) C. Sandonnini, Gazz. Chim. Ital., 51, 289 (1920).

V olum e 71, N um ber 6  M a y  1967



1770 W. R. K rigbaum and Y. I. Balta

Pole-Figure Inversion for the Triclinic Crystal Class. 

Polyethylene Terephthalate1

by W. R. Krigbaum and Y. I. Balta

Department of Chemistry, Duke University, Durham, North Carolina (Received November 11, 1966)

The R oe-K rigbau m  procedure for determining the crystallite orientation distribution 
function is applied to four drawn samples o f polyethylene terephthalate having fiber tex
ture. This is the first example o f pole-figure inversion for a material belonging to  the tri
clinic crystal class. Application o f the procedure to this polym er is particularly difficult 
because the plane-normal distributions are rapidly varying functions containing sharp 
peaks, and the triclinic system offers no simplification due to sym m etry. Seventeen 
plane normals (all com posite) were investigated for each sample. The crystallite orienta
tion distributions obtained are broadened due to unavoidable series term ination errors, 
but useful inform ation can be gained concerning the qualitative aspects o f the distribu
tions. Polyethylene terephthalate has a unique preferred crystallite orientation with the 
fiber axis 6 ° from  the c axis and making an azimuthal angle o f approxim ately 50° with 
the plane containing the a* and c axes. This orientation is already achieved with consid
erable perfection at a drawing ratio o f 3.

I. Introduction
W hen a polycrystalline sample, such as a metal or 

polym er, is deform ed mechanically by  drawing or 
rolling, the crystalline regions generally exhibit some 
preferred orientation or texture. Again, when such 
materials are crystallized from  a melt which has been 
rendered anisotropic by  flow or deform ation, a non- 
random  orientation of the crystalline domains is ob 
served.

Let us suppose that one wishes to characterize, as 
com pletely as possible, the distribution o f crystallite 
orientations in such a material. This can be accom 
plished, in principle, by  selecting one coordinate axis 
in the m acroscopic sample and a second in the crystal
lographic unit cell, and expressing the orientation dis
tribution of one of these with respect to the other. 
Such a distribution is termed either the crystallite 
orientation distribution or inverse pole figure, de
pending upon which o f the tw o coordinate systems 
is regarded as the fixed frame o f reference. I f  the 
sample exhibits cylindrical sym m etry (fiber texture), 
these tw o distributions are interrelated in a very simple 
manner. From  the experimental point of view, there 
are a number o f texture-sensitive properties which could

be studied to  obtain relevant information. O f these, 
wide angle X -ra y  diffraction is m ost directly related to 
the orientation of the polycrystalline domains and fur
nishes the m ost quantitative information. H owever, 
what one obtains directly from  these measurements 
is not the desired crystallite orientation, or inverse pole 
figure, but the orientation distributions o f the normals 
to  a number of different crystallographic planes. This 
inform ation can be displayed as the pole-figure diagram. 
One is then faced with the problem  o f pole-figure in
version which, in m any respects, is analogous to the 
Fourier transformation involved in deducing, from  the 
diffracted intensities or structure factors represented 
in reciprocal space, the distribution o f electron density 
in real space representing the crystal structure.

A  suggested procedure for performing this transfor
mation was contained in a paper by  Sack ;2 however, 
his ob jective was the more limited one o f calculating 
(cos2 x) for an unobservable plane normal from  values 
o f (cos2 x) for other planes which could be measured.

(1) Supported by the U. S. Army Research Office (Durham) under 
Grant 31-134-G202.
(2) R. A. Sack, J. Polymer Sci., 54, 543 (1961).
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Bunge3-6 was the first to describe a com plete analytical 
procedure for the derivation of inverse pole figures for 
materials having fiber texture. His m ethod was some
what cumbersome, and his illustration o f its appli
cation was restricted to materials belonging to the cubic 
crystal class. Somewhat later, R oe  and Krigbaum 6 
showed that the procedure of Sack could be generalized 
for the treatment o f materials having fiber texture, and 
belonging to any crystal class. The restriction to 
fiber textures was rem oved b y  R oe ,7 w ho further 
generalized the foregoing treatment for application to 
materials of general texture.

Our interest here concerns the effect of sym m etry 
elements in the pole-figure inversion problem  for ma
terials having fiber texture. In order to facilitate 
further discussion, we will outline the R oe-K rigbaum  
procedure.

T w o coordinate systems are designated. One of 
these, o-xyz, is fixed with respect to the m acroscopic 
sample, while the other, O-XYZ, is fixed in the crystal
lographic unit cell. For example, we m ay let the Z axis 
coincide with the direct lattice vector c. The orienta
tion of O-XYZ with respect to  o-xyz is then specified 
by the three Eulerian angles 0, \p, and <p, or their equiv
alent, £, f ,  ip, where

| =  cos 0 (1)

as illustrated in Figure 1. One observes, for each re
flection, the intensity distribution Hxt), where xt is the 
angle between the zth reciprocal lattice vector r, and 
the fiber (z) axis. A fter correction for background, the 
observed 7 (x ,) ’ s are converted into the plane-normal 
orientation distributions, Qiiti), through normalization

Q&i) =  -  Xi-----------  (2)
j 7(x<) sin Xi dxi 

Jo

where

fiber axis

Figure 1. A n  illustration of the Eulerian angles 
0, and *p, and the orientation of a reciprocal 
lattice vector r,, w ith respect to the sam ple coordinate 
system  x y z  and the unit cell coordinate system  X Y Z .

pies having fiber texture, the crystallite orientation 
distribution will be symmetrical about the fiber axis, 
and hence independent o f \p. This desired function, 
w (£,¥>)> therefore m ay be represented b y  a series o f 
spherical harmonics

w(l,<p) = E  i  W lmPrtt)e~imv (6)
1 = 0 m= —l

in which the coefficients, W ¡m, are given by

w tm = - 1 C  f 1 d<p (7)
¿71 J o  J  -1

Application o f the Legendre addition theorem to  the 
relation

cos xt =  cos 0 cos 9 i +

sin 0 sin 9 ,{c o s  [<p — (it — $,-)]} (8)

t i =  COS Xi (3)

The plane-normal orientation distribution for each re
flection m ay be expanded in a series o f normalized 
Legendre polynom ials

9i(fi) = ¿ Q u ' P i & J  (4)1=0
in which, because o f the orthogonal properties o f these 
polynomials, the coefficient Qii is given by

Qii =  J* <b(j'i)i>2iG'i) df< (5)

Due to Friedel’s law, g,(0) is an even function o f tu 
and hence all odd coefficients vanish. Also, for sam-

where 9 , and iy are the polar and azimuthal angles of 
the reciprocal lattice vector rt in the O-XYZ co
ordinate system, yields a relationship between the 
P  i { ti) and P P i O

Pi (cos xt) =  [2 /(21 +  1 )] ‘A E  P,m(cos 0) X
m= —l
7* ™(cos (9) 3 4 5 6 7

(3) H. J. B inge, M o n a tsb e r. D e u t. A k a d . W is v . B e r l in , 1, 400 (1959); 
2, 479 (1960); 3, 97, 285 (1961); 5, 293 (1963).
(4) H. J. Bunge, A cta  C ry s t ., 15, 612 (1962).
(5) H. J. Bunge and H. Sanderman, M o n a ts b e r. D e u t. A k a d . W is s .  
B e r l in , 5, 343 (1963).
(6) R.-J. Roe and W. R. Krigbaum, J .  Ch em . P h y s ., 40, 2608 (1964).
(7) R.-J. Roe, J .  A p p l .  P h y s ., 36, 2024 (1965).
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Recalling that qt{U) is a normalized distribution 
function, one sees from  eq 5 that the coefficient Qti 
is just the average value o f Pu(cos x<) for all crystal
lites in the sample. This same average can also be 
obtained from  eq 9. I f  this equation is multiplied b y  
w(£,<p) d|dcp, and the result is integrated over all the 
ranges o f £ and <p. then in view o f eq 7 one obtains

Qii = 2t [2 /(2 1  +  1 ) ] ‘A X

£  ( - l ) mWUmPum(cosei)eim*< (10)
m = —l

Since 9 j and are known from  the unit cell parameters, 
eq 10 represents a set o f simultaneous linear equations 
involving the known Qu{ and the unknown coefficients 
Wum- For a selected value o f l there will be, in the 
absence o f sym m etry elements, (21 +  1) unknown 
W'um- I f  (21 +  1) reflections can be investigated and 
the corresponding Q-ui coefficients are determined, then 
the set o f (21 +  1) simultaneous equations can be 
solved to determine all the required W2 im- In general, 
the Wam will be complex quantities. I f  these are 
written

IP 11m A2\m ""f" I'Pllm
Rdim =  A-Um — iB̂ im (11)

where m =  —m, then eq 10 becom es

Q‘ =  2 it[2/(21 -r  l ) ] V!{ T 2roP 2i°(cos0 i) +  
l

2 £  ( - 1  )m[AUm cos m $i -
m — i

BUm sin m $ i]P2!OT(cos 0 ;) }  (12)

H owever, the previous com m ent concerning the 
number of reflections which must be measured to 
determine all o f the unknown coefficients for a particu
lar value of l remains unchanged.

W ith this background we are prepared to consider 
briefly the effect of sym m etry upon w(£,<p). W e 
have already observed that all Qi with l odd vanish due 
to Friedel’ s law. From  eq 10 one finds that all Wlm 
having odd values of l must likewise vanish. The 
sample m ay contain sym m etry elements of tw o types. 
The first arises from  the crystalline texture. For 
example, we have noted that, for samples exhibiting 
fiber texture, the crystallite orientation distribution 
function is independent o f ip The second type of 
sym m etry element arises from  the crystal class. Thus 
R oe  and Krigbaum 6 have pointed out that for a unit 
cell belonging to the orthorhom bic class, A2im for m 
odd, and all B2lm, will vanish. The effect o f either 
type of sym m etry is to reduce the number of unknown 
coefficients, and hence the number o f reflections, re

quired to  represent the crystallite orientation distri
bution by a truncation of the series appearing in eq 
6 containing, as its highest term, a coefficient having a 
specified value of l.

Krigbaum  and R oe8 tested their procedure using 
samples of cross-linked polyethylene which had been 
deform ed uniaxially in the melt and crystallized at 
fixed strain. T hey investigated 16 reflections, some 
of which were com posite, and from  these data they were 
able to obtain a description o f the crystallite orientation 
distributions for these samples in considerable detail. 
Indeed, the m ajor aspects of the crystallite orientation 
distribution were resolved when the procedure was ap
plied to data from  as few as four reflections (terminating 
the series at l =  3). Polyethylene has a unit cell 
belonging to the orthorhom bic class, and the appli
cation o f their procedure was therefore considerably 
simplified by  the sym m etry elements present. This 
leaves unanswered the feasibility of their procedure for 
fiber texture samples belonging to  crystal classes of 
lower sym m etry, and the investigation reported here 
was undertaken to resolve this specific question. The 
m ost severe test would be provided by  a triclinic crystal, 
and we have chosen one of these, polyethylene tereph- 
thalate, for this study.

II. Experimental Section
W e wish to thank Dr. Carl Heffelfinger o f the Film  

Departm ent, E. I. du Pont de Nemours and Co., 
Circleville, Ohio, who furnished the samples studied. 
Quenched films o f polyethylene terephthalate were 
stretched to various elongations near the glass transi
tion temperature, 70°. These films, as received, ex
hibited no discrete X -ray  diffraction peaks, and after 
crystallization they had fiber texture. From  the results 
o f Sadamatsu,9 160° was taken as a suitable tempera
ture for crystallization. The samples were clam ped at 
fixed length during the crystallization, and all samples 
except S3 were maintained at 160° for sufficient time to 
obtain a high degree of crystallinity. Densities of the 
crystallized samples were determined in a calibrated 
density gradient column com posed of chlorobenzene and 
carbon tetrachloride. Degrees o f crystallinity were 
calculated by  assigning to the amorphous and crystal
line portions the densities of 1.335 and 1.455 g /c m 3, 
respectively.10 A  summary o f the relative elongation 
a, crystallization temperature T x, and time t, and per 
cent crystallinity for the various samples studied 
appears in Table I.

(8) W. R. Krigbaum and R.-J. Roe, J. Chem. Phys., 41, 737 (1964).
(9) S. Sadamatsu, Rept. Progr. Polymer Phys. Japan, 8, 97 (1965).
(13) R. de P. Daubeny, C. W. Bunn, and J. C. Brown, Proc. Roy. 
See. (London), A226, 531 (1954).
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Table II: Crystallographic Data for All Plane Normals 
Contributing to the Measured Intensity

X hkl 28 e. <f>; Fi

1 (Oil) 16.42 59.85 257.43 12.0
2 (010) 17.53 90.00 59.44 18.0
3 (111) 21.31 67.24 123.86 10.0
4 (110) 22.54 90.00 138.02 20.0

(Oil) 23.57 69.44 47.95 8.0
5 (112) 24.71 47.16 106.30 11.0
6 (100) 25.69 90.00 0.00 37.0
7 (103) 26.44 20.02 155.79 7.0
8 (H D 27.84 72.72 328.48 14.0

(013) 28.75 150.07 126.94 3.8
9 (003) 30.77 35.81 11.96 7.0

(112) 31.15 112.19 28.80 2.0
(120) 31.44 90.00 285.60 3.0
(012) 31.96 58.61 40.52 3.0

10 (113) 32.44 39.75 213.62 7.2
11 (021) 32.73 75.26 247.48 9.5

(121) 32.87 75.32 93.64 7.0
(022) 33.18 59.85 257.43 4.2
(121) 33.37 75.56 295.31 4.0

12 (105) 42.66 9.70 61.00
13 (024) 42.73 38.07 282.20 1.3

(111) 45.27 79.29 22.00 3.1
14 (210) 45.91 90.00 160.43 11.0
15 (124) 47.38 44.44 231.21 11.0

(132) 48.31 69.49 283.93 7.0
16 (205) 48.54 29.26 164.53 7.0
17 (131) 49.04 80.05 81.60 7.0

(121) 49.59 99.85 37.53 5.2
(032) 49.66 109.97 70.56 4.5

belonging to the triclinic class. Hence, if the s 
are determined for N reflections, one finds from  eq 
12 that W2lm can be determined through l =  (N — l ) /4 .  
In the present investigation, 17 planes were studied, 
so that we m ay hope to determine Wnm through l =  4. 
On substituting eq 11 into 6, there is obtained

=  X) AuoP ;°(£) +
¡=0

CO l

2 X X  [A-Um cos m<p +
! = 1 m — 1

BUm sin nup]Pum{̂ ) (13)

I f  N nonequivalent 5 ,(0 ) are determined, the maximum 
number o f coefficients, AUm and BUm, which can be 
evaluated is

C =  (N +  1)(N +  3 ) /8  (14)

which, for N =  17, is 45.
The limitation to  l — 4 means that the infinite series 

representation o f the plane-normal distributions (eq 4), 
must be replaced by  a five-term  series (l =  0 to  4)

Figure 3. Comparison of the observed plane-normal 
orientation distributions gi(fi) (circles) for 
two reflections of sample S2 with those calculated 
for l ^ 8 (full curve) and l b 3 (dashed curve).

for the purpose of deducing the crystallite orientation 
distribution. This will not give rise to a serious loss 
o f inform ation if the plane-norm al distributions are 
broad, slowly varying functions. T w o typical ex
amples o f the distributions actually observed, those 
for the (O il) and (010) reflections o f sample S2, are 
designated b y  the open circles in Figure 3. One sees 
that, contrary to  our hopes, these are very sharply 
peaked distributions. In fact, they are m ore sharply 
peaked than those encountered in the earlier study of 
polyethylene. A  test o f the series approxim ation is 
illustrated by  the dashed curve in this figure, represent
ing a four-term  series (l ^  3), and b y  the full curve 
representing a nine-term series (l 8). One sees 
imm ediately that at least nine terms are required to 
render a faithful representation of the details o f these 
distributions. The four-term  series gives a m aximum 
in approxim ately the correct location, but the maxim um  
is too  low in magnitude, and it is distributed over too 
broad a range of x- Furthermore, the four-term  
representation exhibits negative values which, o f course, 
have no physical significance. The standard devia
tions for these tw o reflections are 0.55 and 0.40, re
spectively, using l ^  3, and 0.15 and 0.05 using l ^  8.
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The set o f simultaneous equations ( 12) was next 
solved for the coefficients A tm and Blm through l — 4, 
and the crystallite orientation distribution function 
iv(£,<p) was calculated according to  eq 13. The re
sulting distribution exhibited maxima and minima of 
large magnitude, and some of the maxima were judged 
to be spurious because they appeared in locations which 
would be difficult to rationalize on physical grounds. 
W hen the data for all 17 plane-normal distribution 
functions were utilized to  determine only Aim and J32im 
through l =  3, the com puted crystallite orientation 
distribution «;(£,<?) appeared perfectly reasonable. 
In explanation of this observation, we note that for 
the coefficients having low l values, the number o f simul
taneous equations exceeds the num ber of unknown 
Aiim and B2 m to  be determined. Therefore, the effect 
o f any abnormalities in the experimental data is dimin
ished by  the least-square procedure em ployed in solving 
for the Aum and Bilm. On the other hand, all o f the 
experimental inform ation is required when the ASm 
and BSm are sought, and defects in one or m ore of the 
plane-normal distributions can greatly affect these 
values.

In an effort to investigate this behavior further, the 
Aim and Btim were com puted anew from  the values of 
Qu1- for only the first 13 num bered reflections in Table
II. These values showed good agreement with those 
obtained using all 17 reflections. H owever, if the in
form ation from  the first 12 reflections, and any other 
from  the group 14-17, was used in the solution for 
Ae,m and Bem, these latter values differed considerably 
from  those obtained from  the data for all 17 planes, 
and the resulting w(£,<p) exhibited maxima and minima 
o f large magnitude, as well as additional false maxima. 
The R oe-K rigbaum  procedure allows the assignment 
of a weighting factor p{ to  each plane-norm al distri
bution. Some attem pts were made to reduce the ill- 
conditioned behavior o f the set o f simultaneous equa
tions in this manner, but these were not successful.

W e have therefore calculated w(£,<p) in each case 
using Alm and Btm through l =  3, as evaluated using 
the data for 17 reflections. The number of crystal
lites, dn, having orientation (8,<p) to  within dd and dip, 
is w(£,<p) sin 8 ddd<p. The corresponding number, 
dwo, for an isotropic sample is C/iir) sin 6 d0d<p. The 
orientation function G(£,<p) defined by  the ratio of these 
numbers

G(£,<p) = (dra/dno) =  4nrw(£,<p) (15)

possesses some advantages for graphical representation, 
since where G(£,<p) is unity, just as m any crystallites 
have that particular orientation as would be found in 
a perfectly random, isotropic sample. Contour m aps11

CD

CD

Figure 4. Contour maps representing G (£, <p) for two of the 
four samples studied. Contcur lines 1-8 are drawn at densities 
1.5, 3, 5, 8, 10, 12, 14, and 16. The shaded areas, (shown 
only in b) represent negative density regions arising from 
series termination errors.

of (?(£ ,?) for tw o o f the four samples studied appear 
in Figure 4. The particular ranges of 8 and <p chosen 
for this plot were unfortunate, since there appear to be 
tw o high-density regions: one near 0 =  0 ° and one near

(11) M. O. Dayhoff, Comm. Assoc. Comp. Mach., 6, 620 (1963).
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Figure 5. Contour maps of G(Ç,<p) shown in stereographic polar projection. Contours correspond to the probability density 
values indicated in Figure 4.

6 =  180°. H owever, if we recall that (6,<p) and (x  — 
9,tt +  <p) are corresponding points, it is evident that 
the lower right-hand portion of these diagrams could 
appear just above the upper left-hand region. In  this 
case, 6 would range from  0 to 90° and <p from  0 to 360°, 
and only one region o f high probability would appear.

As pointed out previously,8 the variation in prob

ability density along a vertical line in Figure 4 is, aside 
from  a normalization constant, the conditional prob
ability w((ip) o f finding a crystallite with an orienta
tion <p when the c axis has a fixed inclination to the 
fiber axis. In  a like manner, the variation along any 
horizontal line represents, again apart from  a con
stant, the conditional probability wv(£) o f finding the
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c axis at 6 when the plane containing a* and b* has a 
fixed rotation with respect to the plane containing the 
fiber and c axes.

The contour diagrams shown in Figure 4 are replotted 
in polar stereographic projection12 in Figure 5. From  
Figure 1 this map can be interpreted as the projection 
of the hemispherical surface z >  0 on a plane perpen
dicular to OZ. The function G(£,tp) m ay be trans
form ed into the inverse pole figure b y  replacement of 
<p b y  (tt — <p). Thus, if we imagine all o f the crystal
lites in the anisotropic sample to be rotated so that the 
corresponding crystallographic axes coincide, the re
sulting spacial distribution o f the fiber axis will be 
illustrated by  Figure 5 after changing <p to  ( tt — <p). 
An alternative interpretation o f G(%,<p) depends upon 
the use o f Figure 6, showing the poles of the 17 plane 
normals investigated plotted in stereographic projec
tion. I f  this is superimposed on one of the contour 
diagrams of Figure 5, then the magnitude of G(£,<p) at 
any pole is proportional to the probability that the 
plane normal in question will lie along the fiber axis. 
It  can be seen that no (hkO) plane normals point toward 
the stretching direction, whereas normals belonging 
to planes o f the type (hOl) align preferentially toward 
the fiber axis. A m ong the latter group, the tendency 
for collinearity o f the plane normal and the fiber axis 
increases with the l/h ratio. Heffelfinger and Schm idt13 
reported that the (105) plane is perpendicular to  the 
fiber direction, in qualitative agreement with this ob
servation.

9 0 ”

Figure 6. Poles of selected reciprocal lattice 
points inside the reflection sphere 26 <  60°.

IV. Conclusions
Before examining the details o f the crystallite orien

tation distribution functions, we will investigate its 
standard deviation, c w. Although o-q can be calcu
lated, no direct m ethod is available to obtain <rw. 
R oe and K rigbaum 7 derived the approxim ate relation

1 "
Vw =  -  E  {l +  VsXQs,2) (16)if ¡ =

based upon the assumption that all reciprocal lattice 
points are continuously and uniform ly distributed 
with respect to 9  and 4>. Here X is the maxim um  value 
o f l appearing in the terms retained. These authors 
also showed that, with the same assumption, the fol
lowing should apply

(Qu*) 2a-2[2/(21 +  1 )][AUo2 +

2 Z  (AuJ +  Bum*)] (17)m = 1

Figure 7 presents a test o f eq 17 using the data for 
sample S2. The open circles indicate average squares 
o f Q21 for all 17 reflections. It  is interesting to  observe 
that {Qii) appears to  be an exponentially decaying 
function o f l2 for polyethylene terephthalate, whereas 
it decreased exponentially with l for polyethylene. 
The filled circles in Figure 7 represent values o f the 
right-hand mem ber o f eq 17. These appear to  parallel 
the (Qn2), but to differ by  a constant factor o f about 1.3. 
I f  the linear behavior o f (Q212) is assumed to extend 
beyond the region investigated (l =  8), then eq 16 
m ay be replaced by

<rw2 =  -  f (l +  1/ 2)ae~blt dl (18)

and with the values 0.737 and 0.012 for a and b, ob 
tained from  the intercept and slope o f the line appear
ing in Figure 7, <rw is found to  be 2.12 for sample S2 .

W hen the crystallite orientation distribution func
tion is represented in series form  b y  a small num ber of 
terms, as is the case here, it cannot furnish informa
tion on the detailed aspects o f the orientation distri
bution. It m ay, however, indicate the essential char
acteristics o f the crystallite orientation in the sample, 
as pointed out by  K rigbaum  and R o e .8 W e there
fore begin our discussion of the crystallite orientation 
in polyethylene terephthalate w ith a consideration 
o f the qualitative aspects o f (?(£,<p). One sees from

(12) We wish to express our appreciation to Mr. Richard Pritchard 
of the Duke University Computing Laboratory for programming 
assistance throughout, and in particular for the modification of the 
Dayhoff c a l c o m p  program to yield stereographic projections.
(13) C. J. Heffelfinger and P. G. Schmidt, J. Appl. Polymer Sci., 
9, 2661 (1965).
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Figure 7. A test of eq 17 (see text).

Figure 5 that the crystallite orientation distributions 
o f all samples are similar in nature, and that the 
largest change occurs on going from  a =  2 to  a =  3. 
W e conclude that there is a unique preferred crystal
lite orientation in polyethylene terephthalate, and that 
this orientation is achieved with considerable perfec
tion at relatively low drawing ratios. This behavior 
stands in contrast to that observed8 for polyethylene, 
in which the character o f the crystallite orientation 
changes m ore or less continuously with the drawing 
ratio prior to crystallization.

The highest contours of G(£,tp) in Figure 5 occur for 
small values of 6. This indicates that the c axis tends 
to  align along the stretching direction. The same con
clusion also follows, o f course, from  the observation 
that the normals o f the (hOl) planes having large (l/h) 
ratios orient m ost strongly in the direction of the 
fiber axis. I f  the distribution o f the crystallographic 
c axis is limited within a small range in 6, and the 
distributions o f a* and b* are random  with respect to 
the fiber axis, (7(|,y) will be independent o f <p. The 
resulting function would appear in stereographic 
projection  as a circle in the center o f the diagram. 
The contours in Figure 6 deviate somewhat from  circu
lar shape and, m ore im portant, their center is displaced 
from  the center of the coordinate system. This means 
not only that the c axis is restricted within a narrow 
range o f d, but also that all rotational positions about 
the c axis are not equally probable. From  the point of 
view o f crystallization kinetics, the preferential orienta
tions o f all three axes m ay mean that there are at least 
tw o forces which govern the final crystallite orientation.

The location of the largest value o f G(£,<p) for each 
sample is indicated b y  a cross in Figure 4. Thus, for 
example, the highest probability for sample S2 occurs 
at 0 =  6 ° and <p = 132°. In  terms of the inverse 
pole figure based on the coordinate system defined by  
c, a*, and b*, this means that the m ost probable loca
tion o f the fiber axis is 6 ° away from  the c axis and 48° 
from  the a*c plane. Once the m ost probable orienta
tion o f the unit cell has been determined, the orienta
tion o f the a and b axes can be calculated from  the rela
tions

<Pa =  V +  7* ~  V,/2 

=  <P +  tt/2
cos 6 a  =  cos ,8  cos 6 C +  sin /? sin 0 C cos (it — <t>a )

cos 06 =  cos a cos 6C +  sin a sin dc cos (ir — <&,)

Table I I I  summarizes the m ost probable orientations o f 
all o f the crystallographic axes for the four samples 
studied. The m ajor change with draw ratio is the shift 
from  6C =  12° for sample SI to 6 ° for the remaining 
samples. D aubeny, Bunn, and B row n10 reported 
that for their polyethylene terephthalate sample, which 
had been crystallized and allowed to  relax, the c axis 
was inclined from  the fiber axis by  approxim ately 5°. 
The remainder o f the table reinforces our previous 
conclusion that there is one highly preferred crystal
lite orientation in polyethylene terephthalate.

Table III : Most Probable Orientation of Unit Cell Axes

c axis <•---- a axis-----> ,-----b axis----
Sam ple a V A &a <f>a e t <f>b

S I 2.0 135 12 114 104 91 225
S2 3.0 132 6 116 104 94 222
S3 3.5 129 6 117 98 94 219
S4 3.5 159 6 114 128 96 249

In  summary, we have found that polyethylene ter
ephthalate represents a difficult case for the application 
o f the R oe-K rigbaum  treatm ent in tw o respects: 
the plane-normal distributions are sharp, rapidly vary
ing functions, and the triclinic unit cell offers no 
simplification due to sym m etry. E ven under these 
circumstances, useful inform ation concerning the 
crystallite orientation can be gained from  the qualita
tive aspects o f the orientation distribution function. 
H owever, it must be recognized that a significant frac
tion o f the inform ation contained in the measured 
plane-normal distributions could not be utilized.
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One obvious rem edy for this shortcom ing involves the 
study o f a larger number o f reflections. Procedures 
are available for the resolution o f a steady signal from  
a high background o f random  noise. Also, the use o f a 
higher crystallization temperature m ight have increased 
the num ber o f reflections accessible to our measure
ments. A  second, and perhaps m ore fundamental, 
problem  arises from  our observation o f the necessity 
to have more equations than unknown coefficients

Aim and Blm. This indicates that the data for the 
various plane normals do not form  an entirely self- 
consistent set. The m ost likely cause o f this incon
sistency is uncertainty in the level, and orientation de
pendence, o f the background correction. This indi
cates the need for a procedure which permits the 
background for each reflection to  be adjusted until 
internal consistency, for example, am ong the values of 
Qi and Qi', is achieved.

Electrolyte Concentration Effects in the Formation of

Pentaaquochlorochromium(III) Ion in Aqueous Perchloric Acid Solution1

by Clarence F. Hale and Edward L. King

Department of Chemistry, University of Colorado, Boulder, Colorado (Received November 1 4 , 1966)

Equilibrium  in the reaction form ing inert inner-sphere pentaaquochlorochrom ium (III) 
ion, C r(O H 2)63+ +  C l-  =  C r(O H 2) 5C l2+ +  H 20 , has been studied at 40.0, 60.2, and 80.5° 
in solutions o f ionic strength 0.98, 4.00, 6.70, and 10.0 M, with perchloric acid as the prin
cipal electrolyte. The form ation o f C r(O H 2)6C l2 + increases with an increase in electrolyte 
concentration, in part owing to  the lower activity o f water in concentrated electrolyte 
solutions. W ith  increasing concentration o f electrolyte, the reaction becom es less endo
thermic, AH° =  6.0 ±  0.7, 5.6 ±  0.4, 3.6 ±  0.3, and 3.1 ±  1 kcal m ole-1 , respectively, 
at the indicated four values of ionic strength.

Although association o f ions o f opposite charge 
decreases with increasing electrolyte concentration in 
dilute solution, an opposite trend, increasing association 
with increasing electrolyte concentration, is observed 
in concentrated electrolyte solution. Coll, Nauman, 
and W est2 observed a dramatic increase in the stability 
o f ch loroiron (III) ion relative to the dissociated ions 
with increasing electrolyte concentration in concen
trated perchloric acid. The present study deals with 
the reaction form ing inert inner-sphere pentaaquo- 
ch lorochrom ium (III) ion3

C r(O H 2) 63+ +  C l-  =  C r(O H 2)6C l2+ +  H 20  

in relatively concentrated perchloric acid solution. B e

cause o f the slowness with which this equilibrium is 
established, study o f it offers advantages over similar 
studies on relatively labile systems, e.g., ir o n (I I I )-  
chloride, in which it is not possible to distinguish outer- 
sphere (ion-pair) and inner-sphere species.4 The in
ability to distinguish outer-sphere and inner-sphere 
species in a labile system com plicates interpretation of

(1) Supported by the National Science Foundation, Grant GP-680.
(2) H. Coll, R. V. Nauman, and P. W. West, J. Am. Chem. Soc., 81, 
1284 (1959).
(3) Hereafter, Cr(OH2)sCl2+ will be called simply chloroehro- 
mium(III) ion.
(4) M. J. M. Woods, P. K. Gallagher, and E. L. King, Inorg. Chem., 
1, 55 (1962).
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electrolyte concentration effects since the num ber of 
water molecules involved specifically in the association 
reaction differs in tw o cases. In  addition, m ost types 
o f experimental data on systems at equilibrium yield 
the sum of the concentrations of outer-sphere and inner- 
sphere species. In the reaction o f chromium (III) 
under consideration, the coordination number o f the 
metal ion is the same in the reactant and product species 
and it is certain that one water m olecule is replaced by  
one chloride ion. O f course, taking into account the 
one water m olecule which appears in the balanced 
equation for the form ation o f chlorochrom ium (III) 
ion does not settle the role o f solvent in the reaction. 
It  is, however, a needed step toward understanding the 
effect o f electrolyte concentration upon ionic equilibria 
in concentrated solutions.

In  the present work, studies were m ade at 40.0, 60.2, 
and 80.5°. A t each temperature, the ionic strength 
was maintained at 0.98, 4.00, 6.70, and 10.0 M. T o  
minimize form ation o f dichlorochrom ium (III) species, 
the concentration o f chloride ion was kept low ; the 
stoichiom etric concentration o f chrom ium (III) was 
m uch larger than that o f chloride ion. Chromium (III) 
perchlorate made an appreciable contribution to the 
ionic strength, but the hydrochloric acid did not and the 
change in ionic strength with occurrence o f reaction was 
not significant. The decision to study solutions with 
particular values o f molar ionic strength was somewhat 
arbitrary; it was not based on any belief that the ionic 
strength principle was valid at the high electrolyte 
concentrations studied. (Appropriate interpolation al
lows equilibrium quotients based on the experimental 
observations to be converted to values appropriate for 
other comparisons, e.g., on solutions o f constant molal 
ionic strength, perchlorate m olarity, etc.)

Experimental M ethods

Reagents. Solutions o f perchloric acid and hy
drochloric acid, prepared by  dilution o f reagent grade 
concentrated solutions, were standardized using sodium 
carbonate. Solutions of chromium (III ) perchlorate in 
perchloric acid were prepared b y  reaction o f hydrogen 
peroxide and chrom ium (V I) oxide in perchloric acid 
solution. The slight excess of peroxide which was used 
was decom posed b y  heating the solution at 75°. (The 
absence of peroxide in the final stock solution was 
dem onstrated by  making a portion alkaline; if peroxide 
were present, chrom ium (VI) would be produced. Its 
absence was checked with diphenylcarbazide.) As 
indicated in an earlier paper,5 the ratio o f absorbance 
at 230 and 260 m^ (A 23o /A 26o) is a useful measure of 
solution contam ination by  polym eric chrom ium (III) 
species. The value ~ 0 .2 6  found in the stock solutions

prepared for this study is slightly higher than the value 
(0 .22) found in the earlier study,5 but it corresponds to 
a negligible amount o f polym eric chrom ium (III) 
species in the stock solutions.

Analysis of Equilibra,ted Solutions. The absorbancy 
indices of some chrom ium (III) species in solution m ay 
be sensitive to temperature and electrolyte concentra
tion .6'7 The procedure was adopted, therefore, o f 
making all spectral measurements at room  temperature 
(approxim ately 25°) on solutions which had been di
luted to a stoichiom etric ionic strength of 1 M; under 
these conditions the rate o f reequilibration from  the 
state achieved in the period at higher electrolyte con
centration and temperature to the equilibrium state 
corresponding to 25° and 1 M ionic strength is very 
low .8 The m olar absorbancy indices o f hexaaquochro- 
ium (III) ion and chlorochrom ium (III) ion were de
termined independently. Measurements on three 
independent solutions o f approxim ately 10 -2 M  chro- 
m ium (III) perchlorate in approxim ately 1 M perchloric 
acid yielded values (based on decadic logarithm s): 
230 m/q 1.24 1. m ole-1 cm -1 ; 225 m/q 1.46 1. m ole-1 
cm -1 ; and 220 m/q 2.98 1. m ole-1 cm -1 . Judged b y  the 
consistency o f values determined from  the three solu
tions, these quantities are known to ~ 1 % .  Since 
equilibrated solutions contain chloride ion, its effect 
upon the light absorption by  hexaaquochrom ium (III) 
ion was checked. Although an effect, interpretable in 
terms o f “ ion pairing” 9 is observed in solutions o f higher 
concentration of chloride, the effect was negligible at 
m ost o f the chloride ion concentrations o f the present 
study. A t 220 m/q the extinction coefficient o f hexa- 
aquochrom ium (III) ion is raised b y  -~0.02 1. m ole-1 
cm -1 for an increase o f concentration o f chloride ion by 
10-3 M. The concentrations o f free chloride in the 
equilibrated solutions after dilution for spectral 
measurements were in the range 10-2 to 10-3 M; in 
m ost solutions the concentration was nearer the lower 
limit. Only in the solutions equilibrated at ionic 
strength 0.98 M was it necessary to correct the ab
sorbancy index of hexaaquochrom ium (III) ion for the 
effect of chloride ion. Solutions containing chloro- 
chrom ium (III) ion as the only chrom ium -containing 
species were prepared b y  an ion-exchange procedure

(5) C. Altman and E. L. King, J . Am. Chem. Soc., 83, 2825 (1961).
(6) E. L. King, M. J. M. Woods, and H. S. Gates, ibid., 80, 5015 
(1958).
(7) J. E. Finholt, K . G. Caulton, and W. J. Libbey, Inorg. Chem., 3, 
1801 (1964).
(8) T. W. Swaddle and E. L. King, ibid., 4, 532 (1965); the half
time for aquation of Cr(OH2)5Cl2+ in 1 M  HCIO4 at 25° is approxi
mately 600 hr. Under our concentration conditions, this is also 
approximately the half-time for establishment of equilibrium.
(9) H. S. Gates and E. L. King, J. Am. Chem. Soc., 80, 5011 (1958).
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similar to that used previously.9 M easurements on 
tw o to four independently prepared solutions yielded 
values for the absorbancy indices o f chlorochrom ium -
(III )  ion: 230 mji, 785 1. m ole-1 cm -1 ; 225 myu, 1.36 X  
103 1. m ole-1 cm -1 ; and 220 m/r, 2.37 X  103 1. m ole-1 
cm -1.

Solutions for equilibration were prepared to have 
the ionic strength values o f 0.98, 4.00, 6.70, and 10.0 
M at each o f the temperatures studied. Some solu
tions were preequilibrated at 75 -80° before being placed 
in a therm ostat for equilibration. In  these solutions 
the equilibrium concentration o f ch lorochrom ium (III) 
ion was approached from  a value greater than the 
equilibrium value. T he tim e periods during which 
solutions were kept in the therm ostat ranged from  14 
to 48 days at 40°, 2 to 6.5 days at 60°, and 5 to 10 
hr at 80°. Based on existing kinetic studies8 and the 
present measurements, these time intervals were 
generally long enough for equilibration. (In a few 
samples open to  question, appropriate allowance was 
m ade in the plots o f log Q' vs. Ccr (to be discussed) for 
whether or not equilibrium was approached from  too 
high or too  low a concentration of chlorochrom ium (III) 
ion.)

Light absorption o f the quenched and diluted 
equilibrated solutions at 220, 225, and 230 mu (meas
ured with a Cary M odel 15 spectrophotom eter) was 
used to obtain the concentration o f chlorochrom ium - 
(III )  ion, it being assumed that ch lorochrom ium (III) 
ion and hexaaquochrom ium (III) ion were the only 
absorbing species in the solution. The calculation in
volved  the equation [CrCl2+] — (A1 — a0CCT)/(ai — 
Oo), in which A' is the measured light absorption per 
centim eter o f path (corrected for dilution), a\ and a0 are 
the m olar absorbancy indices o f C r(O H 2)6C l2+ and 
C r(O H 2)63+, respectively, and C o  is the stoichiom etric 
m olarity o f chrom ium (III).

Agreem ent between values o f the concentration of 
chlorochrom ium (III) ion calculated from  the data 
obtained at different wavelengths is evidence that other 
light-absorbing species are not interfering. The ratio 
o f absorbancy indices (a220/ a 230) for each isomeric 
dichlorochrom ium (III) ion is approxim ately 1.8, com 
pared to 3.0 for chlorochrom ium  ion.6 It  would be 
fortuitous for any other possible contam inant to have 
a ratio o f absorbancy indices (a320/ a 230) equal to that o f 
chlorochrom ium  (III )  ion. Generally good agreement 
(to 1- 3% )  o f calculated concentrations o f chlorochro
mium (III )  ion was obtained using data from  the dif
ferent wavelengths. The absorbancy indices at 220 
m/i are m ore appropriate for the analysis and it is upon 
the measurements at this wavelength that our calcula
tions are based.10

Evaluation of the Empirical Equilibrium Quotient 
Q' =  [CrCli+]/( [Crs+][C7- ]) .10 A t each temperature 
and electrolyte concentration, solutions with a range o f 
concentrations o f chrom ium (III) and chloride ion were 
studied. T he derived values o f Q' from  solutions with 
constant chrom ium (III) and varying chloride ion con
centrations were in good agreement. Over a four- 
to fivefold change in stoichiom etric concentration of 
chloride (and a similar range o f calculated concentra
tions o f free chloride ion), the average difference be
tween individual values o f Q' and the average value for 
the particular series (i.e., particular temperature and 
electrolyte concentration) was approxim ately 2% . 
(This omits one solution with the highest chloride ion 
concentration (2.3 X  10-4 M chloride ion) in the series 
at 60° and 10 M perchloric acid.) This demonstrates 
that inappreciable d ichlorochrom ium (III) ion was 
present in the solutions being considered; the highest 
concentration o f chloride ion studied under each set of 
conditions was approxim ately 10-2 M at all tempera
tures in solutions with ionic strength 0.98 and 4.0 M,
4 -7  X  10-3 M at all temperatures in solutions with 
ionic strength 6.7 M, and 2 -4  X  10-4 M at all tem 
peratures in solutions with ionic strength 10.0 M.

A t each temperature and ionic strength, the con
centration o f chrom ium (III) was varied between 0.006 
and 0.031 M. The calculated equilibrium quotient 
showed in m ost o f the series a m ild dependence upon 
the concentration o f chrom ium (III) ion. In  the series 
o f experiments at 60°, I — 4.0 M, the derived values of 
Q' as a function o f chrom ium (III) concentration are 
(given as CCr, Q') 6.2 X  10-3 , 1.07; 1.24 X  10-2 , 1.06;
2.49 X  10-2 , 0.99; and 3.11 X  10-2 , 0.95. Corre
sponding data for 80°, I — 4.0 M are 5.85 X  10-3 , 
1.89; 1.17 X  10-2 , 1.69; 2.34 X  10-2 , 1.64; a n d 2.92 X  
10-2 , 1.55. A  dependence o f this sign, a decrease in 
Q' with an increase in concentration o f chrom ium (III), 
could be caused by  ion pairing o f aquochrom ium (III) 
ion and chloride ion if appreciable chloride ion was tied 
up as the ion-pair species. Under such circumstances, 
the concentration o f chloride should be calculated using 
[C l- ] =  Cci -  [CrCl2+] -  [Cr3+C l- ], not [C l- ] =  
Cci — [CrCl2+]. Since the trend is observed in series 
of experiments in which only 1 -3 %  o f the chloride ion 
was tied up as inner-sphere com plex (e.g., the series at 
60° cited above) and the am ount tied up as ion pair

(10) Tables giving stoichiometric concentration conditions and calcu
lated values of Q have been deposited as Document Number 9270 
with the ADI Auxiliary Publications Project, Photoduplication 
Service, Library of Congress, Washington 25, D. C. A copy may 
be secured by citing the document number and by remitting SI.25 
for photoprints or $1.25 for 35 mm microfilm. Advance payment is 
required. Make cheeks or money orders payable to Chief, Photo
duplication Service, Library of Congress.
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is unlikely to be greater than this,9 this particular ex
planation for the trend is not acceptable. Rather the 
trend is assumed to be an ill-defined medium  effect due 
to  variation of perchlorate ion concentration, which 
varied as the concentration of chrom ium (III) varied 
([C 104_ ] =  7 — 3 Ccr) ; the change of concentration of 
chrom ium (III) is appreciable.11 The data at each 
temperature and ionic strength were plotted as log Q' 
vs. the stoichiom etric concentration of chrom ium (III). 
Straight lines were drawn to extrapolate the value of 
log Q' to  zero chrom ium (III) concentration. These 
values o f Q' correspond, therefore, to  media in which 
the ionic strength is due only to perchloric acid (ig
noring the very small concentration of hydrochloric 
acid). Values of Q' obtained in this w ay are presented 
in Table I. (Erratic results were obtained in the series 
o f experiments in media of I = 10.0 M, 40° and these 
data are om itted.) The uncertainties given are based 
upon the uncertainty in the experimentally measured 
absorbancies and scatter of the experimental points in 
plots o f log Q 'y s . CCt-

Table I : Experimental Values“ of the Equation 
= [CrCl2+]

[Cr3+] [Cl- ]

I , M 4 0 .0 ° 6 0 .2 ° 8 0 .6 °

0.98 0.17 ±  0.02 0.33 ±  0.02 0.53 ±  0.03
4.00 0.63 ±  0.01 1.10 ±  0.04 1.8 ± 0 .1
6.70 6.0 ± 0 .1 8.3 ± 0 .6 12.0 ± 0 .3

10.0 130 ±  10 140 ±  7

“ Values are based upon the molar concentration scale at each 
particular temperature. The values have been extrapolated to 
zero concentration of chromium (III).

Results
T he equilibrium quotient associated with the reac

tion

corresponding to each tem perature-m olarity com bina
tion. The values so obtained (given as m olarity, 
m olality at 40, 60, and 80°) are 0.98 M, 1.060, 1.047, 
1.035; 4.00 M, 5.076, 5.00, 4 .91; 6.70 M, 9.91, 9.70, 
9.49; and 10 M, 18.81, 18.30, 17.83. T he density 
data as a function of temperature are needed also in 
calculation of the enthalpy change.) Extrapolation 
of values o f the activity o f water at 25° beyond the 
highest m olality of perchloric acid for which data are 
available (16 m) to  the highest m olality needed for the 
correlation o f our data (18.8 m) was made with the equa
tion which correlates data from  10 to 16 to14

232maw 
55.51(1 -  aw)

1 +  58.0 aw

T o  evaluate the activity  o f water at the temperatures 
in question, use was m ade o f existing apparent molal 
heat data.15 Values of L for perchloric acid were 
assumed to be independent o f temperature and the 
values obtained for 25° were used. A n extrapolation 
was needed to obtain the value for 25° for 10 M perchlo
ric acid, but values for the other concentrations were 
obtained by  interpolation. Based on the cited studies 
and these stated assumptions, the values of activity  of 
water used in the present study were obtained. T hey 
are (given as C h c i o . (m olarity), aw) for 4 0 °, 0.98, 
0.963; 4.0, 0.726; and 6.7, 0.367; for 60°, 0.98, 
0.961; 4.0, 0.723; 6.7, 0.365; and 10.0, 0.0738; for 
80°, 0.98, 0.961; 4.0, 0.718; 6.7, 0.360; and 10.0, 
0.0918. Values of Q ( - Q'aw) obtained using these 
values of activities are presented in T able II. Values 
o f AH for the reaction have been obtained for each 
medium from  plots of log Qd vs. T~l, where d is the 
density of the solution. (Incorporation o f factor d 
corrects for temperature dependence o f the m olarity.) 
A lthough one can expect a reaction o f this charge type 
to have associated with it an appreciable value16 o f 
ACP, the quality o f the data does not allow evaluation 
o f ACP and AH° was assumed to  be independent of

C r(O H 2) 63+ +  C l -  =  C r(O H 2)6C l2+ +  H 20

is obtained from  the empirical equilibrium quotient, 
Q', by  multiplication b y  the activity o f water, aw

_  [Cr(O H 2)6C P+]qw _
V [Cr(O H 2y + ] [ C l - ]  ~  y<Iw

Values o f the activity  o f water have not been measured 
for the solutions studied and the needed values were 
obtained b y  interpolation, or in a few cases b y  ex
trapolation, o f existing data.12 (D ensity data for 
perchloric acid solutions as a function o f tem perature13 14 
were used to calculate the m olality o f perchloric acid

(11) The extent of formation of hydrolytic dimer of ehromium(III) 
in these solutions is negligible, based on equilibrium data of G. 
Thompson, Thesis, University of California, Berkeley, Calif., 
June 1964 (U. C. R. L. 11410). If appreciable light absorption were 
due to hydrolytic dimer, the trend in Q' with the concentration of 
chromium (III) would be opposite that observed.
(12) J. N. Pearce and A. F. Nelson, J. Am. Chem. Soc., 55, 3075 
(1933) ; R. A. Robinson and O. J. Baker, Trans. Proc. Roy. Soc. New 
Zealand, 76, 250 (1946).
(13) L. H. Brickwedde, J. Res. Natl. Bur. Std., 42, 309 (1949).
(14) R. H. Stokes and R. A. Robinson, J. Am. Chem. Soc., 70, 1870 
(1948).
(15) C. E. Vanderzee and J. A. Swanson, J. Phys. Chem., 67, 285 
(1963).
(16) For the reaction of chromium (III) ion and thiocyanate ion, 
the value of ACP° is approximately 70 cal mole-1 deg-1 (C . Postmus 
and E. L. King, J. Phys. Chem., 59, 1208 (1955)).
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temperature. Values o f AH° so obtained are 0.98 M,
6.0 ±  0.7 kcal m ole-1 ; 4.0 M, 5.6 ±  0.4 kcal m ole-1 ;
6.7 M, 3.6 ±  0.3 kcal m ole- 1 ; and 10.0 M, 3.1 ±  1 
kcal m ole-1 .17

Table I I : Values“ of Q =
[CrCl2+] a„ 
[Cr3+] [Cl- ]

/, M 40.0° 60.2° 80.5°

0.98 0.16 0.32 0.51
4.00 0.46 0.80 1.3
6.70 2.2 3.0 4.3

10.0 9.6 12.8

“ The percentage uncertainties corresponding to the values 
given in Table I are appropriate here, except for the value for 
10 M  perchloric acid. Uncertainty in the activity of water in 
such solutions may exceed the uncertainty in the empirical 
equilibrium quotient, Q'.

Discussion

The equilibrium being studied is amenable to  care
ful characterization and the present study contributes 
relevant inform ation. It is open to question, however, 
whether all interactions other than those specifically 
given in the balanced chemical equations should be 
lum ped together in the activ ity  coefficient factor 
/cr(OH2HCi*+//ci/cr(OH2)6>-K The additional possible in
teractions which one m ight wish to describe in chemical 
terms are (a) inner-sphere interactions of cationic 
chrom ium (III) species with perchlorate ion, (b) 
outer-sphere (ion-pair) interactions o f cationic chro- 
m ium (III) species with chloride ion or perchlorate ion, 
and (c) interactions involving solvent.

Inner-sphere coordination of perchlorate ion m ay 
occur to an appreciable extent in the m ost concentrated 
perchloric acid solutions studied. Jones and B jer- 
rum 18 have observed slow spectral changes occurring 
when the concentration o f perchloric acid in a solution 
of hexaaquochrom ium (III) ion is raised to 10.6 M and 
they have interpreted these changes in terms o f the 
form ation of pentaaquoperchloratochrom ium (III) ion. 
The equilibrium quotient for form ation of this species 
is relatively uncertain,19 however, and no account o f its 
presence has been taken in treatm ent of our data. 
The trend in AH° values observed in the present study 
m ay be due to  an appreciable fraction o f the reactant 
cation being present as the “ endotherm ic”  species 
C r(0 H 2)50C 1032+ in the m ore concentrated per
chloric acid solutions.

In the m ost concentrated electrolyte solutions studied, 
it is reasonable that the second coordination shell

around chrom ium  contains perchlorate ion. A t 6.7 
M  perchloric acid (9.9 m at 80 .5°), there are only 2.3 
water molecules per ion o f supporting electrolyte 
(hydronium  ion H 30 + and perchlorate ion ); at 10.0 M 
perchloric acid (18.8 m at 80 .5°), the figure is 1.0. 
It seems hopeless, however, to  incorporate into the 
treatm ent of our data a quantitative account of the 
com petition between water and perchlorate ion for 
sites in the second coordination shell around hexa- 
aquochrom ium (III) ion and pentaaquoclorochrom ium - 
(III ) ion. It must be recognized, nevertheless, that a 
relevant factor in determining the position o f an equi
librium involving cationic species is the interaction of 
these species and perchlorate ion.

Considering the data at 60.2°, the empirical equi
librium quotient, Q', increases b y  a factor o f 400 with 
an increase o f the concentration o f perchloric acid from  
0.98 to 10.0 M. This factor is lowered to 30 if the spe
cific participation o f one water m olecule is taken into 
account, that is, if values of Q( =  Q 'aw) are considered. 
Solvation o f chloride ion has been ignored as well as 
differences of the secondary solvation of the cationic 
reactant and product. I f  one m ore water molecule 
were introduced on the product side of the balanced 
chemical equation, the trend in the corresponding equi
librium quotients w ould be reduced still more. For 
60.2°, values of Q'aw" are 0.98 M, 0.31; 4.00 M, 
0.58; 6.70 M, 1.1; and 10.0 M, 0.94. A  factor o f 4 
now encompasses all o f the values and there m ight seem 
to be a reason for taking this calculation seriously, 
that is, the product species are hydrated b y  tw o fewer 
water molecules than the reactants. It  does not seem 
reasonable, however, that this approach to determi
nation o f relative hydration of species, w ith its tacit 
assumption that the activity  coefficient quotient 
/ c r c n + / ( / c r 3 + / c i - )  is medium independent in this elec
trolyte concentration range, is correct.

The dependence of the standard entropy change upon 
electrolyte concentration is o f interest. Com bination 
o f values of AH° already presented with values o f A(7° 
calculated from  the values o f Q for 60.2° given in 
Table II  give the values o f A»S0 summarized in Table
III .

(17) Earlier studies of this reaction (ref 9 and R. J. Baltisberger and 
E. L. King, J. Am. Chem. Soc., 86, 795 (1964)) gave a value of 6.1 
kcal mole-1 for AN for a solution with a total anion molality of 4.44 
and a value of 7.0 kcal mole-1 for an aqueous solution of ionic 
strength at 0.42 M.
(18) K  M. Jones and J. Bjerrum, Acta Chem. Scand., 19, 974 (1965).
(19) Evaluation of the equilibrium quotient depends upon the 
assumption that hexaaquochromium(III) ion is present predomi
nantly as an ion pair (with perchlorate ion) and also upon uncertain 
extrapolation to obtain the activity of water in 10.6 M  perchloric 
acid.
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Table III: Thermodynamic Quantities“ Associated with 
the Reaction Cr(OH2)63 + +  Cl~ = Cr(OH2)5 Cl2 + +  H20

AC?333.4°, A  H°, A S°,
kcal kcal cal mole-1

I ,M mole _1 mole-1 deg-1

0.98 0.75 6.0 ±  0.7 15.7 ±  2
4.00 0.15 5.6 ±  0.4 15.7 ±  1
6.70 -0 .7 3 3.6 ±  0.3 13.0 ±  1

10.0 -1 .5 0 3.1 ±  1 13.8 ±  3

“ Based on the hypothetical ideal 1 M  solution of solute 
species in the indicated concentration of perchloric acid as the 
standard state.

The reaction under consideration is one for which 
values o f the equilibrium quotient and A*S° depend 
upon the choice o f standard state for the solute species. 
The values of Q given in Table II  and the therm ody
nam ic quantities given in Table II I  correspond to a 
hypothetical ideal 1 M solution o f the solute species in 
a solution of the indicated m olarity o f perchloric acid 
as the standard state at each temperature. This 
is a convenient standard state, but it does not seem 
possible to  claim that it is more rational than other 
possibilities based on other solute concentration scales; 
for instance, moles per 1000 g of water, moles per 1000

g of “ free”  water, or m ole fraction. For 60°, con 
version o f the values o f Q to  values based on the con 
ventional molal scale give Qm =  0.30, 0.64, 2.07, and
5.3 for solutions 0.98, 4.00, 6.70, and 10.0 M perchloric 
acid, respectively. T o  convert these to values cor
responding to a modified m olality concentration scale, 
moles per 1000 g of “ free”  water, they can be multiplied 
b y  the activity o f water. (This is based on the simple 
view that ( 1000/ a w) g o f water in the perchloric acid 
solutions contain 1000 g o f “ free”  water.) The re
sulting values are Qmaw = 0.29, 0.46, 0.76, and 0.39 
for solutions 0.98, 4.00, 6.70, and 10.0 M perchloric 
acid, respectively. Clearly, the medium  effect has 
just about disappeared when equilibrium quotients 
are based on this scale. (Except for use of the molal 
scale, this last calculation is, o f course, very similar to 
that in which Q was multiplied by  the activity  o f water 
or Q' by  the square o f the activity of water.)

T he final conclusions which can be drawn m ay be 
summarized. (1) Inclusion of the activity  o f water in 
the equilibrium constant expression for the reaction 
in question rem oves a large fraction o f its medium 
dependence in concentrated electrolyte solution. (2) 
Further refinement of the medium effect depends, in 
part, on the choice o f concentration scale for con
sidering such equilibrium constants.
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Electrochemical Studies in a Solid Electrolyte System

by Douglas O. Raleigh

North American Aviation Science Center, Thousand Oaks, California (Received November 21, 1966)

Previous studies o f the double-layer capacitance of solid A gB r against m etallic electrodes 
at elevated temperatures were extended to include new electrode materials, electrode 
interface preparations, and electrochem ical techniques. In  addition, m onolayer-level 
electrodeposition characteristics were investigated. Results with polycrystalline and 
single-crystal P t electrodes show that the high double-layer capacitance previously re
ported is m ore likely an intrinsic property o f the AgBr|Pt interface than due to surface 
inhomogeneities. W ith  a crystalline graphite electrode, capacitances an order o f magnitude 
smaller were obtained that are in reasonable agreement with diffuse double-layer theory. 
Galvanostatic experiments showed that A g  electrodeposition onto P t involves the buildup 
o f a preplated A g  monolayer, while nucleated deposition occurs on graphite, resulting in 
dendritic growth. A ctivity-coverage data were obtained for the A g  m onolayer buildup 
process on Pt. For deposition on graphite, the am ount o f A g  involved at the critical 
nucleation stage was obtained. The contrasting over-all results with P t and graphite 
are analyzed in terms o f the relative A g -A g , A g -P t, and A g -C  bond strengths, resulting 
in the tendency o f Pt to adsorb both  A g atoms and ions and the absence o f this tendency 
with graphite. In  all the double-layer charging studies, low-level residual charging cur
rents were observed which are attributed o slow relaxation processes in the diffuse double 
layer.

Introduction
There has been a developing interest in electrochem i

cal systems em ploying solid electrolytes.1-3 Solid 
electrolyte cells have been used in therm odynam ic 
and phase diagram studies, studies o f transport and 
polarization phenom ena in ionic solids, solid-state 
reaction studies, and device applications. M ost of 
the work, however, has involved the application o f 
a solid electrolyte cell to  a particular problem , rather 
than the intrinsic interest o f such cells as electro
chemical systems. Such systems are, in fact, electro- 
chem ically unique in a num ber o f aspects: a highly 
structured electrolyte, charge transport b y  lattice 
defect migrations, the solid-solid  nature o f the electrode 
interfaces, and the absence o f hydration and solvent 
effects. It was the purpose o f this work to study two 
phenomena o f electrochem ical interest, double-layer 
capacitance and electrodeposition, in a simple solid 
electrolyte system.

Silver brom ide has been studied intensively in our 
laboratory as a representative solid electrolyte because

o f its high intrinsic ionic conductivity at convenient 
working temperatures,4 its reasonably well-understood 
ionic conduction mechanism,6 its availability as high- 
purity single crystals, and the interest o f solid-state 
processes in A gB r in photographic studies. In a 
previous publication,6 results were reported on the 
double-layer capacitance o f A gB r against P t and Au 
electrodes. The present work was m otivated in part 
by  a desire to extend these studies and attem pt to 
answer some unresolved questions.

T o  review the previous w ork briefly, voltage steps 
were applied to the so-called polarization cells (type  I) 1 2 3 4 5 6

(1) C. Wagner, Proc. Intern. Comm. Electrochem. Thermodyn. Kinet., 
7, 361 (1957); Z. Elektrochem., 60, 4 (1956).
(2) F. A. Kroger, “ The Chemistry of Imperfect Crystals,”  Inter
science Publishers, Inc., New York, N. Y ., 1964, Chapter 22.
(3) D. O. Kaleigh, Progr. Solid State Chem., 3, 83 (1967).
(4) J. Teltow, Ann. Physik, 5, 63 (1949).
(5) See, for instance, A. W. Lawson, J. Appl. Phys. Suppl., 33, 466 
(1962).
(6) D. O. Raleigh, J. Phys. Chem., 70, 689 (1966).
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C,Br2(g) |AgBr| (P t or A u) (I)

in which the voltage was always maintained in a suit
able range to prevent any steady-state ionic discharge 
at the P t or A u “ blocking”  electrode. This was done 
b y  biasing the brom ine electrode positively at least 
several tenths o f a volt, but less than the potential 
required to decom pose AgB r into A g(s) and Br2(g) at 
the ambient electrode pressure. Under these condi
tions, there is on ly an extremely small electronic cell 
current, the blocking electrode interface behaving as a 
purely capacitative circuit element for ionic current. 
Since A gB r at the temperatures o f interest is a pre
dom inant ionic conductor, voltage steps act merely to 
recharge the blocking interface at the new potential. 
M oreover, if the brom ine electrode behaves as a “ re
versible”  or ideally unpolarized electrode in response 
to voltage steps, as the experimental evidence indi
cated, the cell then form ally resembles an RC series 
load, R being the electrolyte resistance. Under these 
conditions, the transient cell current in response to 
voltage steps gives inform ation on the capacitative 
properties o f the blocking interface. Finally, since 
the cell under a fixed polarizing voltage is at electro
chemical equilibrium, the therm odynam ic activities of 
A g  and Br2 are join tly  fixed at the blocking interface 
b y  the applied voltage, allowing study o f its capacita
tive properties as a function o f one o f these com ple
m entary variables.

In  the above work, oscillographic current-tim e data 
in response to voltage steps were obtained which repre
sented the bulk (~ 9 7 % )  o f the total voltage change 
across the blocking interface. It was found that 
the recharging current, which decayed m onotonically 
to  zero as expected, did not decay with a single time 
constant, indicating a dispersion behavior in the capaci
tance. Under the best defined cell conditions, it was 
possible b y  graphical analysis to resolve the current
tim e data into a mixture o f two tim e constants, but a 
slowly decaying low-level current was also observed. 
M oreover, possible effects due to current-flow geom
etry and the reversible electrode could not be definitely 
ruled out.

The graphical analysis nonetheless served to deter
mine the electrode double-layer capacitance on the time 
scale o f the bulk o f the recharging process. Large 
(200-300 /if /cm 2) Cdi values were obtained that were 
roughly independent o f temperature and cell potential 
at values o f the latter corresponding to  low A g activities 
at the interface. A t higher aAg, large increases in the 
total charge transfer were obtained which were attrib
uted to gradual electrodeposition o f an A g m onolayer 
as the decom position potential (aAg =  1) was ap

proached. The large Cd\ values in the low  aAg range 
were tentatively attributed to ion adsorption on the 
electrode surface, but the possible role o f surface in
homogeneities could not be ruled out.

In the present work, it was desired to (1) use a cell 
arrangement that simultaneously provided a good 
uniaxial current-flow geom etry and rem oved any 
effects associated with the “ reversible”  electrode to 
see if Cdi still showed dispersion behavior; (2) carry 
out tests w ith both single-crystal P t and polycrystalline 
P t foil, using a number o f electrode-interface prepara
tion techniques, to observe the effect on both the size 
and degree o f dispersion o f Cdi; (3) measure any long 
term, low-level portion o f the total charge transfer, 
determining both  its size and duration, and try to ascer
tain its origin; and (4) repeat all the above with a 
reasonably well-defined electrode surface o f a material 
appreciably different from  Pt.

For these purposes, the cell arrangement

Ag|AgBr|inert electrode (II)

was em ployed, a polarization cell o f the type used b y  
Uschner7 to measure electronic conductivity in AgBr. 
The cell consisted o f a cylindrical A gB r pellet spring- 
loaded between an A g  foil and a planar surface o f the 
inert electrode material. In contrast to previous cells 
o f this type, however, a three-electrode arrangement 
was em ployed, in which an A g  wire em bedded in the 
A gB r pellet about halfway between the tw o above 
electrodes served as the reference electrode, the A g  
foil serving as counterelectrode. In analogy to the 
cell with a Br2 electrode, steady-state ionic current 
blocking was achieved b y  biasing the A g  foil electrode
0 -0 .3  v  negative with respect to the inert or blocking 
electrode. Under these conditions, the steady-state 
silver activity at the blocking electrode (referred to 
unit activity for pure A g) is given b y  aAg =  
exp[ — 23/RT], where S is the potential between the 
blocking electrode and either the reference or counter
electrode (the latter two being essentially equipotential 
in the steady-state condition o f zero ionic cell current).

B oth  the steady-state cell bias and voltage steps 
were applied via a standard potentiostat arrangement. 
In this, the potentiostat applies across the cell what
ever voltage is required to maintain the voltage be
tween reference and blocking electrodes equal to the 
potentiostat input voltage. W hen a step is applied 
to the potentiostat input, the cell voltage is rapidly 
altered to raise the reference-to-blocking electrode 
voltage to the new input level. Since the blocking 
electrode m ust be repolarized at the new potential and

(7) B. Ilschner, J. Chem. Phys., 28, 1109 (1958).
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this requires a finite amount o f charge transfer, the 
step voltage will initially appear as iR drop in the elec
trolyte between the reference and blocking electrodes. 
Eventually, when recharging is com plete, the step 
voltage will be taken up entirely as altered voltage 
across the blocking electrode. T he net result o f this 
arrangement is the same as if the voltage step were 
applied directly across the cell with a two-electrode 
setup em ploying an ideal unpolarizable counterelec
trode. Thus, counterelectrode effects in the blocking 
electrode recharging kinetics are avoided.

In further efforts to meet the above-listed objectives, 
both single-crystal and polycrystalline P t foil were em
ployed as blocking electrodes, as well as stress-annealed 
pyrolytic graphite, which provides a smooth, non- 
porous cleavage surface with a high degree o f c-axis 
orientation. A  number o f electrode-interface prepara
tions were used. A  current-integrating function was 
added to the circuitry to measure long-term, low-level 
charging effects.

In addition to the potentiostatic studies, it was o f 
interest to examine some aspects o f the AgBrJblocking 
electrode interface under constant-current conditions. 
Galvanostatic experiments would be expected to yield 
both independent inform ation on double-layer capaci
tance and a picture o f the voltage requirements for 
plating out the first few m onolayers o f metallic A g  
on an initially bare blocking electrode.' The latter 
inform ation should provide a check on our previous 
suggestions regarding A g  m onolayer buildup as the de
com position potential is approached and be o f intrinsic 
interest as well.

Consider a galvanostatic experiment on cell I I  above, 
where a constant current is to be passed through the 
cell and the voltage, V, between reference and blocking 
electrodes monitored. I f  the cell is initially potentio- 
stated at a polarizing voltage F 0 where aAg is low 
(typically —0.3 v, where aAg ~ 0 .0015  at our tem pera
tures) and then switched to a constant-current source 
which conducts A g+  ions to the blocking interface, 
there should be a considerable voltage span, before the 
decom position potential is reached, in which the pre
dom inant electrode process is double-layer charging. 
In this range, the effective double-layer capacitance, 
C, in response to the charging current is given by 
d F /d i  =  i/C. I f  C is relatively constant in this 
range, the integrated voltage-tim e expression will be

V = Vo+ iR +  (it/C) (I)

where R is the effective electrolyte resistance between 
the reference and blocking electrodes. The situation 
is shown schematically in Figure 1. As decom position 
potential Sd (0 v  in cell II) is approached, faradaic or

Figure 1. Schematic of expected galvanostatic 
voltage-time behavior in cell II for the cases of (a) 
discharge with an activation barrier and (b) discharge 
commencing with monolayer buildup.

A g  electrodeposition effects should set in. Tw o possible 
results are depicted. In  one case, if an activation 
barrier were involved in the discharge o f the first few 
A g° atoms, a transient overvoltage peak would result, 
with a relatively linear double-layer charging slope 
up to this point. In the second case, if A g  discharge 
at subunit activity and consequent m onolayer build- 
occurred as Sd was approached, one would expect a 
voltage roundoff and no activation overvoltage peak, 
since steady-state discharge would be occurring onto 
a preplated A g  surface.

Further inform ation m ay also be obtained from  such 
charging curves. I f  the double-layer capacitance were 
found to be relatively constant in the low  aAg voltage 
region, it should be possible to subtract its contribution 
from  the total charge transfer it at time t to  obtain the 
faradaic contribution. This should allow estimates 
o f the number o f A g  atom s involved in nucleation if an 
activated discharge were involved or o f the fractional 
m onolayer coverage as a function o f aAg in the case o f 
m onolayer buildup. G alvanostatic experiments o f this 
type were carried out with both  P t and graphite elec
trodes.

Experimental Section
Materials. A  0.25-in. diameter single-crystal rod 

o f 99.999%  A gB r received from  Semi-Elements, Inc. 
was machined into i/ e- or 3/ i 6-in. diameter pellets 
~ 0.1 in. thick, using a diam ond or tungsten carbide 
cutting tool. The pellets were cleaned as previously 
described.8 H igh-purity 1-m il silver foil, em ployed 
for the counterelectrode, was washed in 2 M K C N , 
thoroughly rinsed, and tissue dried before cell assembly.

(8) D. O Raleigh, J. Phys. Chem. Solids, 26, 329 (1965).
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In one cell, the blocking electrode was mirror-sm ooth, 
high-purity polycrystalline P t foil o f the type em
ployed  previously.

For P t single-crystal runs, it was desired to obtain a 
sm ooth single-crystal surface with a relatively low dis
location density but no particular crystallographic 
orientation. For this purpose, a W i n .  thick slice from  
a VVin. diameter high-purity single-crystal P t rod was 
obtained from  the M aterials Research Corp. A n  X -  
ray Laue pattern showed a good deal o f surface damage 
from  cutting, so 10 mils o f one face was rem oved b y  
spark cutting. The crystal pellet was then electro- 
polished to a sem ism ooth finish, annealed overnight in 
air at 1500°, and further electropolished to a specular 
finish. A  final X -ra y  Laue pattern showed on ly a 
small am ount o f remnant nonideality, whose quality 
suggested the presence o f some subboundaries rather 
than surface dislocations.

Obtaining a specular surface b y  electropolishing 
involved a good deal o f trial and error. A fter a number 
o f aqueous polishing baths were tried w ithout success, 
a 48 m ole %  KC1-52 m ole %  N aC l fused-salt bath, as 
recom m ended by  Brouillet and E pelboin ,9 was em
ployed. The salt melt, contained in a P t crucible that 
served as cathode, was centered in a vertical tube fur
nace through which the crystal pellet, suspended b y  a 
P t wire, was lowered and raised gradually to minimize 
thermal shock. A  temperature range 720-750° was 
em ployed. Best results were obtained with a 0.25- 
a m p /cm 2 current density and gentle pendulation of 
the pellet during polishing. Follow ing electro polishing 
and cooling, the pellet was rinsed and gently tissue 
dried. In  one run, no further surface treatm ent was 
carried out, while in another, the pellet was boiled in 
concentrated H B r and then rinsed and dried to ob 
serve the relative effects.

For graphite blocking electrodes, several pieces of 
stress-annealed pyrolytic graphite were obtained from  
D r. Paul Schlichta o f the Jet Propulsion Laboratory. 
These cleaved readily to provide a fairly sm ooth and 
planar light-reflecting surface. In view o f their high 
degree o f c-axis orientation (perpendicular to  the 
cleavage plane), such surfaces were felt to represent the 
best approach to a single-crystal graphite surface.

Apparatus and Procedures. Cells were assembled 
b y  springloading the A gB r electrolyte pellet between 
the counter- and blocking electrodes in an apparatus 
similar to that used previously8 in brom ine electrode 
runs, except that the concentric tube arrangement 
used for the bromine electrode was replaced by  a simple 
Pyrex plunger tube with a fitted nickel b lock  on the 
end. A ll cell leads were platinum, the reference elec
trode consisting o f a short length o f 20-mil A g wire

spot-welded to a P t lead wire. The reference electrode 
was attached b y  resting its tip on the periphery o f the 
A gB r pellet in the assembled cell, directing a stream o f 
argon to the area, and briefly heating the wire with a 
m icrotorch to melt the A gB r locally at the point o f 
contact. This resulted in a secure attachment.

The cell arrangement was placed in the furnace tube 
setup described previously8 and outgassed overnight at 
room  temperature and for one to several hours at 200° 
with a polarizing cell bias. Subsequent procedures 
were deliberately varied from  run to run. In one run 
with polycrystalline P t foil, the cell was heated to 
410° in flowing argon and manually com pressed as a 
means o f form ing the electrode contacts. (A gB r at 
these temperatures is quite plastic and readily adapts 
to the electrode surface.) In the next run with the 
same cell, the cell was briefly heated in argon to the 
melting point o f A gB r (425°) to cause local m elting at 
both  electrodes. In two runs with single-crystal Pt, 
the cell was heated under compression to within 1- 2 ° 
o f the m elting point, using an argon atmosphere in the 
first and vacuum  in the second. In the tw o graphite 
runs, local electrolyte melting was carried out in both, 
using argon in the first run and vacuum  in the second. 
Follow ing the above, the cell was cooled under flowing 
argon to one o f the two measuring temperatures (244 
and 292°) used in our studies. In  all runs, the cell 
was always maintained under a polarizing potential 
(except during the brief galvanostatic sweeps) to pre
serve the character o f the blocking interface.

Circuitry. The cell circuitry, consisting o f a potentio- 
stat, galvanostat, a means o f fast switching between 
the tw o types o f operation, and a current integrator, 
is shown in Figure 2 . The potentiostatic portion is 
the same as used previously,6 except that the amplifier 
feedback is connected to the reference electrode 
through a follower amplifier as in conventional poten
tiostatic operation.10 As before, the input base and 
step voltages for voltage step studies are provided b y  a 
pair o f battery-operated voltage dividers connected 
b y  a mercury relay (S I). C urrent-tim e transients 
in response to steps were m onitored with a differential- 
amplifier oscilloscope across a 50-200-ohm  measuring 
resistance, adjusted to provide approxim ate full-scale 
deflection. In  the present arrangement, it was found 
necessary to include a 50-pf stabilizing capacitor across 
the amplifier during steady-state operation and 400 p f 
additional capacitance during warmup to achieve stable

(9) P. Brouillet and I. Epelboin, Compt. Rend., 237, 895 (1953).
(10) See, for instance, G. Lauer and R. A. Osteryoung, Anal. Chem., 
38, 1106 (1966).
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operation. In steady-state operation, voltage steps 
with a 10-/xsec rise time were obtained.

Noise-free constant-current operation in the 2 5 - 
250-/ia range was obtained as shown with an un
grounded and battery-operated Philbrick P75 opera
tional amplifier, resistors Ra and RB providing current
adjusting and current-limiting functions. Fast switch
ing from  potentiostatic to galvanostatic operation 
was achieved with three Clare mercury relays in tandem  
(S2), P  and G  showing the switch positions for the tw o 
operations. Current surges in P  -*■ G  switching were 
avoided by biasing the galvanostat output in the P 
position at a voltage equal to  the potentiostat output. 
In galvanostatic operation, the cell voltage was oscil
loscope m onitored from  the reference follower output. 
W ith  this arrangement, voltage-tim e data reflecting 
subm onolayer level electrodeposition could be con
veniently obtained.

Switch S3, which is norm ally to ground, m ay be 
switched to  the middle position to provide a current- 
integrating function or to the right position to m onitor 
any steady-state cell current via a microam m eter and 
strip-chart recorder R i. Opening shunt switch S4 
initiates current integration, in which the accum ulated 
charge across a 25-/if precision polystyrene capacitor 
is measured by  R 2, a Moseley M odel 2D 2A  X - Y  
recorder. Charge accum ulations could be conven
iently measured to  the nearest 0.01 ^coulom b with 
this arrangement. For stablest operation, it was found 
necessary to separate the recorder and integrator b y  a 
voltage follower.

Results
Potentiostatic. Cells assembled and pretreated as 

above were found to exhibit the same ideal ionic current

blocking behavior as the previous bromine electrode 
cells. In the range of polarizing potential em ployed 
(0 .02-0 .3  v ), the steady-state cell current, presum ably 
electronic, ranged from  0.1 to 0.2 ¿¿a at 292° and was 
considerably smaller at 244°. A s expected, voltage 
step application gave reproducible current transients 
that decayed asym ptotically toward zero on the milli
second time scale. Peak current values showed an 
average electrolyte resistance between reference and 
blocking electrodes o f about 20 ohms at 292° and 100 
ohms at 244°. A s determined by  the steady-state 
voltage between reference and counterelectrodes, 
the reference electrode voltage was stable and drift 
free to within 1 mv.

In P t runs, m uch the same qualitative results were 
obtained as in the previous w ork with bromine electrode 
cells. A t both temperatures, 50- or 100-mv voltage 
steps at cell voltages corresponding to a low aAg (0 .1-  
0.3 v ) gave similar oscillographic current-tim e traces 
that were sym m etric w ith respect to step direction. 
A t higher aAg values (0.02-0.1 v ), the current duration 
and hence the total charge transfer increased consider
ably. In addition, asym m etry with respect to the step 
direction set in, repolarization appearing to take longer 
for steps that increased aAg than for steps that de
creased it. A ll this is consistent with the previously 
suggested picture of the gradual electrodeposition of 
an A g° m onolayer as aAg =  1 is approached.

In graphite runs, current transients decayed much 
m ore rapidly, indicating at least an order of magnitude 
smaller total charge transfer. M oreover, current-tim e 
traces were extremely sym m etric w ith respect to step 
direction throughout the entire voltage range and 
showed no particular increase in charge transfer at 
high aAg voltages. Charge transfers at the tw o tem 
peratures were comparable. These results were taken 
to indicate an absence of any tendency for either A g+ 
ions or A g° atom s to adsorb on the graphite surface, 
the low charge transfer seeming to indicate pure dif
fuse double-layer charging.

A  com m on result o f all runs, regardless o f electrode 
or cell preparation, was the failure of the current 
transients to decay with a single tim e constant. Thus, 
in no instance did the electrode interface behave as an 
ideal capacitor, even with uniaxial current flow geom 
etry and counterelectrode effects com pensated for. 
This is perhaps to be considered in the light o f similar 
results for solid electrodes in aqueous m edia,11 where 
the analogous effect is a frequency dependence o f the 
ac capacitance. As before, log i vs. t plots could be

(11) See, for instance, P. Delahay, “ Double Layer and Electrode 
Kinetics, ’ Interscience Publishers, Inc., New York, N. Y ., 1965, 
p 129.
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graphically resolved into a mixture o f tw o tim e con
stants w ith a good  fit, but the occasional indication of 
a small, short-lived third com ponent and the inevitable 
presence of a long-tim e low-level “ tail”  com ponent 
indicates the tw o-dm e-constant m odel m ay be little 
m ore than an empirical first-order description of the 
recharging kinetics accom panying the bulk o f the volt
age change across the blocking interface.

Use of the current integrator perm itted direct ob 
servation o f the above-m entioned long-term  low-level 
currents and their contribution to the total charge 
transfer. W hen a voltage step F 0 -*  F i was applied, 
an immediate recorder pen displacement occurred, 
measuring the accum ulated fast charge transfer up to 
~ 0 .2 5  sec. This was followed by  a slow further charge 
accum ulation lasting some tens o f seconds in platinum 
cells and several minutes in graphite cells. In all 
cases, there appeared an eventual cessation in the 
charge transfer as the cell current fell to  its small 
steady-state value. W hen a reverse voltage step Vi-*- V0 
was subsequently applied, the same general behavior 
w ith reversed current was observed. Figure 3 shows 
a schematic of typical charge-transfer data obtained 
in this manner.

For com parison with current integrator data, “ fast”  
charge-transfer values were calculated as in the pre
vious work b y  straightforward integration of the oscil
lographic current-tim e data on the basis of the tw o- 
tim e-constant model. The com parison showed, as 
Figure 3 indicates, a considerable contribution from  
slow charge transfer, ranging from  as little as 5 %  of 
the total in P t cells to  as m uch as 7 8%  in graphite 
cells. A ctual ranges were 5 -3 3 %  with P t and 6 4 -78 %  
with graphite. T he immediate recorder pen displace
ment on the current integrator, to  which no special 
significance is attached, but which serves as an inter
mediate time scale between the “ fast”  and total charge 
transfers, gave values of the order of or somewhat 
larger than the “ fast”  transfers in P t cells and dis
tinctly  intermediate values with graphite cells. From  
these results and the above-noted longer duration of 
charging currents w ith graphite, it is apparent that the 
total charging or interface repolarization process goes 
m uch more slowly with graphite.

It was at first thought that these residual currents 
m ight be faradaic diffusion currents rather than true 
double-layer charging currents, representing A g dis
charge and diffusion into the bulk o f the electrode. 
Since applying a steady-state voltage, V, fixes a silver 
activity ex p [— VS/RT] at the electrode interface, volt
age steps that increase aAg result in whatever charge 
transfer is required to achieve the new activity at the 
interface. This will include both double-layer recharg-

Figure 3. Schematic current integrator data trace: a, 
prestep integration started; ab, steady-state cell current 
slope at F0; be, fast response to voltage step Fo Fi; 
bd, total charge transfer for Fo — Fi; de, 
steady-state current slope at Fi; ef and eg, fast and 
total charge transfers for return step Fi —*• Fo; 
gh, steady-state current slope at F0.

ing and whatever A g+  discharge is required to saturate 
the interface with A g° atom s at the new activity. I f  
significant diffusion o f A g° atoms into the electrode 
can occur at this activity, charge transfer will continue 
in order to replace those A g° atoms lost into the elec
trode. A  cell current would then persist until the 
kinetics o f the diffusion process becam e negligible. 
Likewise, voltage steps that reduced aAg could result 
in a residual cell current representing extraction o f A g° 
atoms from  electrode regions near the interface.

All the experimental findings, however, indicate 
that a diffusion current was not involved. First, any 
contribution to the total charge transfer from  diffusion 
should be greater at cell voltages corresponding to  a 
high aAg. Instead, the residual charge transfer at low 
aAg biases was at least as great and was generally a 
greater fraction o f the total charge transfer than at 
high aAg values. Second, current effects from  diffusion 
should be larger and longer lived at the higher tem 
perature. Instead, the residual charge-transfer con
tribution was about the same fraction o f the total at 
the tw o temperatures and was actually som ewhat 
longer lived at the lower temperature. M oreover, 
diffusion should involve a nonconservation o f charge 
transfer, in that a portion o f the A g° transferred into 
the electrode in an aAg increasing step should be ir
recoverable on subsequently applying the reverse step. 
T otal charge transfers were, in fact, found to be in
dependent o f step direction within the limit o f error 
of the measurement (1 -3 % ). A ccordingly, it is con
cluded that the residual cell currents reflect som e slow 
relaxation process in the double-layer charging rather 
than an electrode diffusion effect.
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Figure 4. Effective total capacitance of the AgBrjPt 
interface as a function of average cell voltage in runs 
18 and 21. Capacitance values were calculated from 
charge transfers in response to 50-mv voltage steps.

The general result o f charge-transfer com parisons for 
P t cells w ith various electrode types and interface 
preparations was that, while such factors result in 
second-order differences in the capacitance-voltage 
curves, their general character and high double-layer 
capacitance are an intrinsic property o f the AgBr|Pt 
interface, not substantially affected, for instance, by  
whether the P t electrode is polycrystalline or single 
crystal. Figure 4, for example, shows the total (current 
integrator) capacitance as a function o f cell voltage 
from  two runs in which charge-transfer data were taken 
in sufficient detail (at 50-m v intervals) to provide 
curves which approxim ate fairly well the effective 
differential capacitance. In run 18, a polycrystalline 
P t foil was em ployed and the electrolyte interface was 
melted at the start o f the run. In run 21, the P t single 
crystal, prerinsed in boiling H Br, was em ployed and 
the interface was heated to within 1- 2 ° of the electrolyte 
melting point under compression and under vacuum  
at the start of the run. The data shown were obtained 
at 292°; similar though somewhat smaller (~ 1 0 % )

capacitance data were obtained at 244°. The Figure 4 
curves show a real difference at the high-voltage (low 
aAg) end, but generally similar values and variation 
with cell voltage.

Table I : Comparative Total Charge-Transfer Data with 
Polycrystalline and Single-Crystal Platinum

Temp, Voltage
Charge transfer,

'-------- /¿coulombs/cm2-------
"C step, v Run 18 Run 20

292 0 .1 -»-0.2 40.5 40.4
292 0.2 — 0.3 36.4 33.8
244 0.1 0.2 36.1 34.9
244 0 .2^ -0 .3 36.0 32.2

In another com parison, Table I shows the total 
charge-transfer values measured with low aAg voltage 
steps in runs 18 and 20 at the tw o temperatures. In 
run 20, the single crystal was used without H Br 
pretreatm ent and the interface heated to  within 1- 2 ° 
of the electrolyte melting point under argon. Charge- 
transfer values agree to an average o f ~ 5 % .  Since 
it would seem highly unlikely that the same degree 
o f surface inhom ogeneity would exist in run 18 with 
a polycrystalline foil and run 20 with an annealed, 
electropolished single crystal, it must be concluded that 
such inhomogeneities are not primarily reponsible for 
the high double-layer capacitances observed.

A  good deal m ore scatter was observed in the “ fast”  
capacitance values determined from  graphical analysis 
of oscillographic sweeps. Figure 5 shows rough capaci
tance-voltage curves at 292° from  three runs, together 
with the total capacitance curve from  run 18 for com 
parison. Again, values at 244° were similar, though 
~ 1 0 %  smaller. The dashed curves are rather rough 
approximations to the differential capacitance in that 
100-mv voltage steps were em ployed. R un 17 was 
made with the same cell as run 18, except that the cell 
was heated to 410° in argon and manually compressed to 
form  the interface contacts. The Figure 5 data show 
the same general voltage dependence as the total 
charge-transfer data, consisting o f a relatively flat 
portion at low aAg voltages (som ewhat obscured in the 
semilog plots) and an abrupt rise as the A g discharge 
potential is approached. Values at the capacitance 
minimum appear to  straddle the previously reported 
value o f 200 /i f /cm 2 from  Br2 cells. Because of the 
greater degree o f scatter than in the total charge- 
transfer data, it is felt that the latter represent the 
more physically significant measurement.

As indicated, both  the “ fast”  and total charge-
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Figure 5. Effective “fast” capacitance of the AgBr]Pt 
interface as a function of average cell voltage in runs 
17, 18, and 20 (dashed lines), compared with 
effective total capacitance in run 18 (solid line). 
Capacitance values were calculated from charge 
transfers in response to 100-mv voltage steps.

transfer values were an order o f magnitude lower for 
graphite cells and showed none o f the capacitance- 
voltage behavior in P t indicative o f preplating or 
m onolayer buildup as the A g discharge potential was 
approached. Since the relatively large double-layer 
capacitance against P t is attributed to  ion-adsorption 
effects on the electrode, it is of interest to com pare the 
graphite Cdi results with theoretical predictions on the 
basis of a pure diffuse double-layer model. As noted 
previously,6 Grim ley and M o tt12 developed such a 
m odel for discussing equilibria at the Ag|AgBr inter
face, which m ay be generalized to AgBr|inert electrode 
interfaces in a straightforward manner. The result is 
the capacitance equation

Chi =
/  KN \ AJ eP  

~  \8irfc27

n0\ -V»

\kT +  ln N. (2)

where K is the static dielectric constant o f AgBr, n0 is 
the equilibrium concentration o f ionized Frenkel defect 
pairs in the bulk o f the A gB r crystal, N is the number

density of anionic or cationic lattice sites, and V is the 
potential across the interface. In this model, a diffuse 
double-layer charge is developed in AgBr, which is 
known to  conduct ionic current via a Frenkel defect 
structure,5 as an excess o f A g+  cation vacancies over 
A g + interstitials in the neighborhood of the interface. 
Capacitance or charge storage results from  alteration 
of the defect concentration profiles as voltage V is 
changed.

Predicted values of Cai were calculated from  eq 2, 
using available values13,14 o f K and n0/N  together w ith 
the G rim ley-M ott estimate o f the Ag|AgBr absolute 
electrode potential to obtain values o f V corresponding 
to our cell potentials. As noted previously, the expres
sion predicts a very small temperature dependence for 
Cai under our conditions. In Table II, observed total

Table II: Observed and Predicted Capacitances 
for Graphite Cell

Temp,
"C

Voltage 
step, v

,----- Capacitance
Observed

s, ¿if/cm2----- -
Predicted

292

T—'Io'fOo

41.3 49.5
292

<N©t©

40.5 47.6
292 0.2 -*-0.3 45.5 45.7
244 0.Q2—>- 0.1 29.3 48.3
244 0.1 ->-0.2 25.9 46.5
244 0.2 ->0 .3 33.5 44.4

charge transfers from  current integrator data on a 
graphite cell prepared by interface melting under 
vacuum  are converted to average capacitances b y  
dividing by  the size of the voltage step and com pared 
with the prediction of eq 2. Surprisingly good agree
ment is seen for the results at 292° and factor-of-tw o 
agreement at 244°. It  would seem, then, that the 
assumption o f pure diffuse double-layer charging in 
graphite is a reasonable one. It would also seem in
dicated, from  the m ore long-lived nature o f the charging 
process in graphite than with Pt, that the slow relaxa
tion process previously referred to is m ore likely to be 
associated with the diffuse double layer, since the 
preponderant charging process in P t is assumed to be 
ion adsorption. Frenkel pair form ation and recom bina
tion in the diffuse double layer, as discussed briefly by  
Friauf,16 is a possible source o f the slow relaxation

(12) T. B. Grimley and N. F. Mott, Discussions Faraday Soc., 1, 
3 (1947).
(13) G. Everett, A. W. Lawson, and G. E. Smith, Phys. Rev., 123, 
1589 (1961).
(14) J. Teltow, Ann. Physik, 5, 71 (1949).
(15) R. J. Friauf, J. Chem. Phys., 22, 1329 (1954).
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process. The scatter, however, in the “ fast”  charge 
transfer results for P t indicate the precise nature o f the 
interface m ay also play a role.

Galvanostatic: Platinum. Galvanostatic experiments 
were carried out in tw o o f the P t runs (18 and 20) and 
in tw o graphite runs. In these, the cell was initially 
potentiostatted at —0.3 v  to  provide a low steady-state 
silver activ ity  and then switched to  a 25-250-pa 
constant current, the blocking electrode voltage being 
m onitored oscillographically as described. Results will 
first be reported for the case of P t electrodes.

Figure 6 shows a typical voltage-tim e sweep for a 
P t cell, using tw o oscilloscope sweep rates to display 
both the initial rise and plateau portions o f the curve. 
The degree o f electrodeposition involved is in the frac
tional- to several-m onolayer region. In  each sweep 
picture, the bottom  horizontal line shows the initial 
“ presweep”  polarizing voltage and the top  line the 
theoretical cell discharge potential, £d, (0 v ). The 
same general voltage-tim e behavior was observed with 
polycrystalline and single-crystal P t electrodes and at 
both temperatures. In  all cases with P t electrodes, the 
voltage first rose m onotonically through an approxi
m ately linear region and then rounded out to a very 
flat plateau quite close to the theoretical Sd, with no 
observable overvoltage peak. The small plateau 
voltage in excess o f £d was in all cases largely, though 
not entirely, accountable as iR drop between the ref
erence and blocking electrodes. It appears, then, that 
the platinum electrode behavior at £d closely resembles 
that o f an ideal silver electrode, even when no more 
than one to several m onolayers of silver have been 
discharged.

Repeat galvanostatic sweeps under the same condi
tions were found to be precisely reproducible, provided 
the cell was returned to a polarizing potential to  strip 
off the plated A g after no m ore than several m ono- 
layers o f plating current were passed (~ 1 5 0 0  
pcou lom bs/cm 2) . For substantially greater total charge 
transfers, the fine details o f the voltage behavior in the 
late plateau region becam e som ewhat irreproducible 
from  sweep to sweep and some interface deterioration 
was observed on return to the polarizing potential. 
This deterioration showed up as a lowered double
layer capacitance for the bare P t interface. Since the 
prim ary interest in this w ork was in the initial electro
deposition behavior, total charge transfers on galvano
static sweeps were limited to several monolayers to 
avoid these effects.

V oltage-tim e traces obtained at various current 
levels were com pared directly by  displaying them 
superposed on the storage m ode o f the oscilloscope 
screen, using appropriate sweep rates so that the same

Figure 6. Galvanostatic voltage-time sweeps in run 18 
(polycrystalline Pt electrode) at 244°: current,
50 (~140 pa/cm2); vertical scale, 50 mv/cm;
horizontal scale, 0.5 see/cm (upper), 0.1 sec/cm (lower); 
two successive sweeps superposed in each case.

displacement along the abscissa corresponded to the 
same total charge transfer at each current level. A  
result for run 18 at 292° is shown in Figure 7. The 
small spread in the traces is narrowed even further if 
different; iR corrections in the separate sweeps are 
accounted for. The essential congruence of the sweeps 
shows that the charging and electrodeposition processes 
at these current levels occur essentially as equilibrium 
processes.

A s noted, the initial portions o f the galvanostatic 
curves show an approxim ately linear voltage rise, 
attributed to pure capacitative charging. Capacitances 
calculated from  the slopes o f these voltage rises were in 
reasonable agreement with, though generally somewhat 
higher (5 -1 0 % ) than the “ fast”  capacitances graphically 
derived from  the oscillographic potentiostat data on 
the basis o f the tw o-tim e-constant model. This might 
be expected, since a longer tim e scale is involved in the 
galvanostatic charging process, allowing some contri
bution from  the slow charging effects previously dis
cussed.

T w o additional details of the initial galvanostatic 
voltage rises are of interest. A t the higher temperature 
some concave upward curvature (e.g., Figure 7) was

Volume 71, Number 6 May 1967



1794 D ouglas 0 . Raleigh

Figure 7. Superposed galvanostatic voltage-time sweeps 
in run 18 at 50, 100, and 200 jua (292°): vertical scale,
50 mv/cm; horizontal scale, 10 ;ueoulombs/cm (0.2 sec/cm for 
50 n&, 0.1 sec/cm for 100 /ua, 0.05 sec/cm for 200 ^a).
Horizontal zero-voltage line omitted for clarity.

always noted at the start o f the voltage rise. This is in 
agreement with the finding that both  “ fast”  and total 
capacitances were always somewhat greater at the high- 
voltage end (0.3 v ) than in the middle o f the cell 
voltage span, so is not surprising. A t the lower tem 
perature, however, the curvature in this region was 
always convex upward. This is especially interesting 
since it is the behavior one would expect at this tem
perature from  the two-tim e-constant model. The 
equivalent electrical circuit for this m odel consists of 
tw o RC series loads in parallel. I f  a constant current 
is applied to such a circuit, it can be shown that its 
final (t =  oo) effective capacitance in the charging 
process will be given by  (Ci +  C2), but that a smaller 
effective capacitance will initially obtain for a time 
com parable with the average of the RC charging times 
involved. A t 292°, the RC charging times involved 
were too  fast to be seen on the time scale o f the galvano
static sweep but, at 244°, they represent the order-of- 
magnitude time span in which the concave upward 
curvature is observed. Thus, the tw o-tim e-constant 
m odel appears to continue to be a useful one in describ
ing relatively rapid charging processes at the interfaces 
in question.

Despite the above-noted deviations from  linearity, 
the initial voltage rise curves nonetheless displayed 
sufficiently linear behavior over a wide enough portion 
of the total voltage span to derive a single effective 
capacitance value to describe the over-all capacitative 
charging behavior fairly well. This characteristic is 
especially useful, since it permits us to divide the total 
charge transfer, Q, at any point (F , t) on a curve into 
capacitative (or double-layer) charging and faradaic 
(or A g  electrodeposition) com ponents w ith reasonable 
accuracy. T he result permits a test of the m onolayer

deposition m odel for the buildup of plated A g as £d is 
approached. If the galvanostatic sweep was started at 
voltage Fo, then the faradaic contribution at point 
(F , t) should be

Qt =  it -  C[(V -  iR) -  F 0] (3)

where R can be determined from  the potentiostatic 
data. M oreover, since 240 gcou lom bs/cm 2 is the charge 
required to plate a m onolayer o f m etallic silver, Q f 
can be reduced to the fraction o f full m onolayer cover
age at the point (F , t), assuming the geometric electrode 
interface area to be the actual area. Furthermore, 
since (F  — iR) is the galvanic potential o f the cell 
Ag|AgBr|Pt(Ag), this voltage m ay be directly con
verted to the activity  o f silver at the blocking interface, 
as discussed previously. Thus, the net result is data on 
the activity  o f silver at the interface as a function o f the 
fraction o f ideal m onolayer coverage by  plated Ag.

Figure 8 shows a log -log  plot o f galvanostatic data 
from run 18 (polycrystalline Pt) reduced in this manner, 
using data from  tw o current levels at the lower tem pera
ture. Substantially identical data were obtained with 
the single-crystal P t electrode. In all cases, the silver 
activity data showed a roundoff to a plateau in the 
neighborhood o f 1.0 ideal m onolayer coverage, indicat
ing the general validity o f the m onolayer buildup 
model. A  further general result was the apparent well- 
defined power relationship between silver activ ity  and 
fractional coverage over a wide range of these values. 
From  the slopes of the curves in Figure 8 and those 
obtained in the single-crystal run at the tw o tem pera
tures, aAg =  (fractional coverage)™ with n =  0.57 ±  5 % . 
From  mass-action considerations, such a power de
pendence would suggest some random  degree o f asso
ciation o f plated A g atoms on the P t surface, though 
other factors m ay also be involved.

It  was mentioned previously that a small, constant 
plateau voltage above the theoretical Sd was generally 
obtained, in excess o f that attributable to iR drop.

Figure 8. Log-log plot of silver activity at Pt 
interface vs. fraction of ideal monolayer coverage 
derived from run 18 galvanostatic data.
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T h is  e x ce ss  v o lt a g e , w h ic h  a p p e a rs  in  th e  2 4 4 °  c u r v e  
o f  F ig u re  8  a s  a  s ilv e r  a c t iv i t y  in  e x cess  o f  u n ity , 
a m o u n te d  t o  a b o u t  6  m v  a t  2 4 4 °  in  th e  tw o  ru n s  a n d  
so m e  sm a lle r , less ce r ta in  v a lu e  in  2 9 2 °  sw eep s . B e 
ca u se  o f  its  a p p a r e n t  in d e p e n d e n c e  o f  th e  cu rre n t  lev e l, 
it w a s  fe lt  a t  first t o  re p re se n t s o m e  v a r ie t y  o f  th in -f ilm  
a c t iv it y  a u g m e n ta t io n  a b o v e  th a t  c h a ra c te r is t ic  o f  
b u lk  A g . In  a  te s t  in  a  s in g le -c r y s ta l ru n , h o w e v e r , th e  
ce ll w a s  m o m e n t a r ily  d is c o n n e c te d  d u r in g  a g a lv a n o -  
s ta t ic  sw eep  w ith o u t  p la c in g  it  b a c k  o n  th e  p o te n t io s ta t , 
i.e., is o la te d , a n d  th e  e f fe c t  o n  th is  e x cess  v o lt a g e  
o b se rv e d . T h e  re su lt  is s h o w n  in  F ig u re  9 in  a n  o s c il
log ra p h  th a t  g r e a t ly  m a g n ifie s  th e  p la te a u -le v e l v o lta g e . 
In  th is  sw e e p , th e  ce ll h a d  ju s t  r e a c h e d  p la te a u  v o lt a g e  
a n d  w a s  d is c o n n e c te d  m id sw e e p . C e ssa tio n  o f  th e  
g a lv a n o s ta t ic  cu r r e n t  w a s  seen  to  re su lt  in  a n  im m e d ia te  
v o lta g e  d r o p  th a t  m a t c h e d  th e  e x p e c te d  iR c o n tr ib u t io n  
a n d  a  fin ite -l iv e d  fu r th e r  d r o p  t o  th e  th e o r e t ic a l S d. 

T h is  re su lt  su g g ests  th e  e x cess  v o lt a g e  rep resen ts  so m e  
m a n n er  o f  p o la r iz a t io n , b u t  th e  o c c u r r e n c e  o f  s o m e  t y p e  
o f  stress  r e la x a t io n  in  th e  th in  A g  e le c t r o d e p o s it  c a n n o t  
b e  ru led  o u t . I n  sh o r t , th e  s lig h t e x cess  v o lt a g e s  o b 
s e rv e d  su g g e st  s o m e  t y p e  o f  s e c o n d -o r d e r  n o n e q u ilib 
r iu m  e ffe c t , b u t  th e  d a ta  a re  in su ffic ie n t  t o  a s ce rta in  
its  n a tu re .

Galvanostatic: Graphite. C o n s id e r a b ly  d if fe re n t  g a l
v a n o s ta t ic  b e h a v io r  w a s  o b s e r v e d  w ith  g ra p h ite  e le c 
trod es . A ll  th e  fe a tu re s  o f  th is  b e h a v io r , in  fa c t , 
in d ic a te  a n  a c t iv a te d  e le c t r o d e p o s it io n  in v o lv in g  a  
re la t iv e ly  sm a ll n u m b e r  o f  s ite s  o n  th e  g ra p h ite  su r fa ce  
a n d  le a d in g  t o  d e n d r it ic  g r o w t h  ra th e r  th a n  s m o o t h  
d e p o s it io n  o f  m o n o la y e r s . F ig u re  10 sh o w s  tw o  su c c e s 
s iv e  g a lv a n o s ta t ic  sw e e p s  o n  a  g ra p h ite  ce ll, u s in g  d if 
fe re n t sw eep  sp eed s . I n  a ll su ch  cu rv e s , a n  o v e r v o lt a g e  
p e a k  w a s  o b ta in e d , w ith  a  s u b s e q u e n t  d r o p o ff  t o  a 
re la t iv e ly  s lo w -fa llin g  v o lt a g e  s till c o n s id e r a b ly  in 
e x ce ss  o f  th e  th e o r e t ic a l 8 d. S u ch  p e a k s  a lw a y s  o c c u r r e d  
a t  to ta l ch a rg e  tra n s fe rs  q u ite  sm a ll c o m p a r e d  t o  th a t  
re q u ire d  t o  d is ch a rg e  a n  id e a l A g  m o n o la y e r . In  
F ig u re  10, fo r  in s ta n ce , th e  total ch a rg e  tra n s fe r  a t  
th e  o v e r v o lt a g e  p e a k , c o n ta in in g  a n  o b v io u s ly  la rge  
c a p a c it a t iv e  c h a r g in g  c o n tr ib u t io n , a m o u n ts  to  a b o u t  
2 %  o f  a n  A g  m o n o la y e r . T h e  o c c u r r e n c e  o f  d e n d r it ic  
g r o w th  w a s  a s ce r ta in e d  b y  m ic r o s c o p ic  e x a m in a t io n  o f  
th e  e le c t r o d e  in te r fa c e  a fte r  a  ru n  in  w h ic h  a  r e la t iv e ly  
la rg e  a m o u n t  o f  d is ch a rg e  cu rre n t  w a s  a p p lie d  as a 
fin a l s te p . T h e  m ic r o d e n d r ite  p a tte r n  a p p e a re d  ra n 
d o m ly  d is t r ib u te d , b e a r in g  n o  p a r t icu la r  re la t io n  t o  
to p o g r a p h ic a l fe a tu re s  o f  th e  p y r o ly t ic  g ra p h ite  c le a v a g e  
su rfa ce .

I n d iv id u a l g a lv a n o s ta t ic  sw eep s  w e re  p r e c is e ly  re 
p r o d u c ib le  u p  t o  th e  n e ig h b o r h o o d  o f  th e  o v e r v o lt a g e  
p e a k  a n d  fa ir ly , th o u g h  n o t  e x a c t ly , r e p r o d u c ib le

Figure 9. Effect of cell isolation on excess plateau voltage
during galvanostatic sweep. Run 20, 244°, 100-/xa
current level: vertical scale, 10 mv/em; horizontal
scale, 0.2 sec/cm. Bottom horizontal line is theoretical Sd (0v).

Figure 10. Galvanostatic voltage-time sweeps in run 22 
(graphite, interface preparation by vacuum melting) 
at 292°: current, 50 ^a («125 /¿a/cm2); vertical 
scale, 50 rr.v/cm; horizontal scale, 5 msec/cm 
(right curve), 10 msec/cm (lef": curve).

th e re a fte r . P e a k  h e ig h ts  a t  th e  50-ixa, cu rre n t  le v e l 
ra n g ed  fr o m  4 0  t o  4 5  m v  a t  2 9 2 ° , a b o u t  tw ic e  th is  la rg e  
a t  2 4 4 ° , a n d  in cre a se d  c o n s id e r a b ly  w ith  in cre a s in g  
cu rre n t le v e l. F ig u re  11 sh o w s  th e  e f fe c t  o f  c u r r e n t , 
a g a in  u s in g  sw eep  ra te s  fo r  th e  d if fe r e n t  cu rre n t  le v e ls  
su ch  th a t  th e  to t a l  ch a rg e  tra n s fe r  a t  a  g iv e n  h o r iz o n ta l 
d is p la c e m e n t  fr o m  th e  s ta r t  o f  th e  sw e e p  is th e  sa m e  in 
e a c h  ca se . A s  in  th e  p la t in u m  ru n s , e le c t r o d e  in te r fa ce  
d e te r io r a t io n  w a s  o b s e r v e d  t o  o c c u r  if  e x ce ss iv e  to t a l  
ch a rg e  tra n s fe rs  w e re  a p p lie d , th o u g h  th e  m a x im u m  
a c c e p ta b le  ch a rg e  tra n s fe r  (o n e  t o  se v e ra l m ic r o 
c o u lo m b s )  w a s  v e r y  m u c h  lo w e r  th a n  fo r  P t .

A s  n o^ ed  b e fo r e , th e  e le c t r o d e  in te r fa c e  p re p a ra 
t io n  in  th e  tw o  g ra p h ite  ru n s in v o lv e d  fla sh  m e lt in g  
o f  th e  p e lle t  t o  th e  e le c t r o d e  in  b o th , b u t  w ith  
a n  a rg o n  a tm o s p h e r e  in  o n e  ru n  a n d  u n d e r  v a c u u m  in 
th e  o th e r . T h e  q u a lita t iv e  resu lts  in  th e  t w o  ru n s  w ere  
th e  sa m e  in  a ll r e s p e c ts  b u t  on e . I n  th e  ru n  u s in g
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Figure 11. Galvanostatie voltage-time sweeps at 292° 
in run 19 (graphite, interface preparation by melting 
in argon) at 50, 100, and 200 n& (125, 250, and 500 
¿xa/cm2). Peak height increases with current level: 
vertical scale, 100 mv/cm; horizontal scale, 20 msec/cm 
(50 fxa), 10 msec/cm (100 jua), 5 msec/cm (200 ,ua).

v a c u u m  m e lt in g , th e  v o lta g e -r is e  p o r t io n s  o f  th e  g a l- 
v a n o s ta t ic  cu rv e s  w e re  e x tr e m e ly  lin ea r, as seen  in 
F ig u re  10. T h e  ca p a c ita n c e s  d e r iv e d  fr o m  th e  c u rv e  
s lo p e  in  th is  re g io n  w e re  a b o u t  5 0 %  la rg e r  th a n  th o se  
fr o m  th e  g r a p h ica l a n a ly ses  o f  th e  o s c il lo g r a p h ic  p o -  
t e n t io s ta t ic  d a ta , b u t  g a v e  an  e x ce lle n t  m a t c h  to  
v a lu e s  d e r iv e d  f r o m  th e  “ im m e d ia te ”  p o r t io n  o f  th e  
cu rre n t  in te g r a to r  d a ta  (F ig u r e  3 , lin e  6 c ) .  S in ce  th e  
la t te r  v a lu e s  re p re se n t a  s o m e w h a t  c o m p a r a b le  tim e  
sca le  t o  th e  g a lv a n o s ta t ie  ch a rg in g , th is  r e su lt  is 
r e a so n a b le  a n d  is  c o n s is te n t  w ith  th e  r e la t iv e ly  p r o 
t r a c t e d  n a tu re  o f  th e  o v e r -a ll  ch a rg in g  p ro ce s s  w ith  a 
g ra p h ite  e le c tro d e . I n  th e  ru n  u s in g  a rg o n  m e lt in g , 
h o w e v e r , th e  v o lta g e -r is e  p o r t io n s  o f  th e  g a lv a n o s ta t ie  
cu r v e s  s h o w e d  a  g e n era l cu r v a tu r e  a n d , m o r e  im p o r 
ta n t ly , g a v e  c a p a c ita n c e  v a lu e s  e v e n  sm a lle r  th a n  
th o s e  d e r iv e d  fr o m  th e  o s c il lo g r a p h ic  p o te n t io s ta t ic  
d a ta . T h is  re su lt  seem s t o  d e fy  e x p la n a t io n . I t  w a s  
fe lt  t o  re fle c t  s o m e  u n u su a l in te r fa ce  c o n d it io n , p o s s ib ly  
re su lt in g  fr o m  th e  p re se n ce  o f  a d s o r b e d  fu rn a ce  g a s  
m o le cu le s  a t  th e  in te r fa ce . A t  a n y  ra te , in  v ie w  o f  th e  
m o re  re a so n a b le  resu lts  o b ta in e d  in  th e  ru n  w ith  v a c u u m  
m e lt in g , it  w a s  fe lt  th a t  th e  la t te r  ru n  o ffe r e d  resu lts  
o f  g re a te r  p h y s ic a l s ig n ifica n ce .

T h e  g o o d  lin e a r ity  in  th e  v o lta g e -r is e  p o r t io n s  o f  
cu r v e s  f r o m  th e  la t te r  ru n  o ffe rs  a m ea n s  o f  e s t im a tin g  
th e  to t a l  fa ra d a ic  ch a rg e  tra n s fe r  in v o lv e d  in  re a ch in g  
th e  o v e r v o lt a g e  p ea k . I n  v ie w  o f  th e  a p p a r e n t  n u 
c le a te d  n a tu re  o f  th e  e le c t r o d e p o s it io n  p ro ce ss , th is  
e s t im a te  sh o u ld  re la te  t o  th e  a m o u n t  o f  e le c t r o d e p o s ite d  
A g  in v o lv e d  in  re a ch in g  th e  c r it ic a l n u c le a t io n  sta g e , 
a  p ro ce ss  w h ic h  w ill b e  d is cu sse d  p re se n tly . I f  th e  
lin ea r  re g io n  o f  a  c u r v e  is e x tr a p o la te d  t o  a  v o lt a g e  
V  c o r r e s p o n d in g  t o  th e  t im e  t a t  w h ic h  th e  p e a k

o v e r v o lt a g e , F p is r e a ch e d , th e n  V' is th e  v o lt a g e  th e  
ce ll w o u ld  re a ch  a t  t im e  t, w ere  th e re  n o  fa r a d a ic  
c o n tr ib u t io n . S in ce  th e  v o lt a g e  o n ly  re a ch e s  Vp, th e  
fa ra d a ic  c o n tr ib u t io n  m u s t  b e  C {V  — V p) , w h e re  C 
is th e  c a p a c ita n c e  d e r iv e d  fr o m  th e  s lo p e  o f  th e  lin ea r  
p o r t io n . V a lu e s  o b ta in e d  in  th is  m a n n e r  a t  2 9 2 °  w e re  
0 .2 3 , 0 .1 9 , a n d  O .I 6 5  ¿ ¿ c o u lo m b /c m 2 a t  cu r r e n t  le v e ls  
25, 50 , a n d  100 ,ua, r e s p e c t iv e ly , c o r r e s p o n d in g  to  
0 .0 9 6 , 0 .0 7 9 , a n d  0 .0 6 9 %  o f  an  id ea l A g  m o n o la y e r  o r  
t o  a to m ic  c o n c e n tr a t io n s  o f  I . 4 5 , 1 .2 o , a n d  I.O 5  X  1 0 1 2  

c m - 2 . T h e  g e n era l p ic tu r e , th e n , is o f  a n  e x tr e m e ly  
lo c a liz e d  A g  d is ch a rg e  p a tte rn , in  w h ic h  a c t iv a t io n  
e n e r g y  is r e q u ire d  t o  b u ild  u p  a  n u m b e r  o f  m in u te  
n u c le a t io n  s ites  th a t  s e rv e  a s  ce n te rs  fo r  s u b s e q u e n t  
s te a d y -s ta te  d isch a rg e .

Discussion
P e r h a p s  th e  m o s t  in te re s t in g  c h a r a c te r is t ic  o f  s o lid  

e le c t r o ly te  ce lls  su ch  as  th e  a b o v e  is th e ir  e x tr e m e  
e le c t r o c h e m ic a l s im p lic ity . T h e  o n e -c o m p o n e n t  n a tu re  
o f  th e  e le c t r o ly te  a llow s  th e  s t u d y  o f  id e a l p o la r iz e d  
so lid  e le c tro d e s  u n d e r  th e r m o d y n a m ic a l ly  w e ll-d e f in e d  
c o n d it io n s  a n d  in  th e  a b se n ce  o f  s id e  e ffe c ts  d u e  t o  
s o lv e n ts . T h u s , h y d r o ly t ic  o x id e  la y ers , h y d r a t io n  
sh ea th s , a n d  th e  lik e  a re  a b se n t . In  th e  a b o v e  w o r k  
u n d e r  th e se  co n d it io n s , tw o  d is t in c t  ty p e s  o f  e le c t r o d e  
b e h a v io r  w e re  n o n e th e le ss  o b s e r v e d . In  w h a t  fo l lo w s , 
w e  sh a ll co n s id e r  w h a t  fa c to r s  m a y  b e  re sp o n s ib le .

W h e th e r  a  m e ta l e le c t r o d e p o s its  o n  a  b a re  fo re ig n  
su b s tra te  u n ifo r m ly  o r  d e n d r it ic a lly  a t  th e  m o n o la y e r  
le v e l p r e s u m a b ly  d e p e n d s  o n  th e  r e la t iv e  b o n d  stre n g th s  
o f  th e  m e ta l a to m s  w ith  th e m se lv e s  a n d  w ith  a to m s  o f  
th e  e le c t r o d e  m a te r ia l. A lte r n a te ly  s ta te d , th e  r e la t iv e  
su b lim a tio n  e n e r g y  o f  th e  m e ta l a n d  a d s o r p t io n  e n e r g y  
o f  th e  m e ta l a to m s  o n  th e  s u b s tra te  e le c t r o d e  are 
in v o lv e d . R o g e r s , 16 et al, h a v e  co n s id e r e d  a  n u m b e r  
o f  c la sses  o f  e le c t r o d e p o s it io n  b e h a v io r  in  th is  re sp e ct . 
I f  th e  tw o  en erg ies  o r  b o n d  s tre n g th s  a re  c o m p a r a b le , 
e n tr o p y  co n s id e ra t io n s  w ill fa v o r  u n ifo r m  m o n o la y e r  
b u ild u p  as th e  th e o r e t ic a l e le c t r o d e p o s it io n  p o te n t ia l  
is  a p p r o a c h e d . I f  th e  a d s o r p t io n  e n e r g y  o r  b o n d  
s tre n g th  is r e la t iv e ly  sm a ll, a n  o v e r v o lt a g e  w ill b e  
re q u ire d  t o  d isch a rg e  e v e n  a  re la t iv e ly  sm a ll a m o u n t  o f  
th e  m e ta l a n d  s u b s e q u e n t  d is ch a rg e  w ill  b e  o n  th e  m e ta l 
n u c le i th u s fo rm e d .

A  u se fu l c o n c e p t  in  th is  r e s p e c t  is th a t  o f  s u r fa ce  
s o lu b ility . In  th is , th e  d iffe re n ce  b e tw e e n  th e  s u b lim a 
t io n  a n d  a d s o r p t io n  en erg ies  o f  th e  e le c t r o d e p o s it  m e ta l 
b e c o m e s  th e  “ h e a t  o f  s o lu t io n .”  I n  th e  p re se n t s tu d y , 
s ilv e r  a n d  p la t in u m  p ossess  id e n t ic a l c r y s ta l s tru c tu re  
(fa c e -c e n te r e d  c u b ic )  a n d  th e ir  la t t ic e  p a ra m e te rs  d if fe r

(16) J. T .  B y r n e  an d  L .  B .  R oge rs,  J. Electrochem . Soc., 98, 457  
(1951).
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b y  o n ly  4 % .  B e ca u s e  o f  th is  a n d  th e ir  s im ila r  m e ta llic  
n a tu re , o n e  m ig h t  e x p e c t  b o t h  c o m p a r a b le  en erg ies  fo r  
th e  A g - A g  a n d  A g - P t  b o n d s  a n d  a  c a p a b il ity  fo r  
e p ita x ia l d e p o s it io n . I f  th is  w e re  so , th e  re su lt  w o u ld  
b e  a g o o d  su r fa ce  s o lu b i l it y  o n  P t  fo r  A g  a to m s  a t  a n y  
s ig n ifica n t a c t iv it y ,  p o s s ib ly  le a d in g  t o  fu ll m o n o la y e r  
co v e r a g e  a t  u n it  a c t iv it y .  R o g e r s , et al. , 17 fo u n d  
c o m p a r a b le  re su lts  fo r  A g  o n  P t  in  a q u e o u s  so lu tio n s , 
th o u g h  th e  d e ta ile d  re su lts  w e re  m o r e  c o m p lic a te d  a n d  
d ifficu lt ie s  w e re  e n c o u n te r e d  w ith  r e p r o d u c ib il ity  a n d  
p o ss ib le  c o n ta m in a n t  e ffe c ts . S c h o t t k y , 18 on  th e  o th e r  
h a n d , fo u n d  a  n u c le a te d  d e p o s it io n  b e h a v io r  fo r  A g  
o n  P t  in  a q u e o u s  so lu tio n s . In  o u r  o w n  w o r k , it  is 
fe l t  th a t  th e  e le v a te d  te m p e ra tu re s  e m p lo y e d  a n d  th e  
a b se n ce  o f  s o lv e n t  e ffe c ts  m a y  r e m o v e  a  n u m b e r  o f  
e x tra n e o u s  fa c t o r s  s ig n ifica n t fo r  a q u e o u s  s o lu t io n s  a n d  
th u s  y ie ld  a  m o r e  c le a r -c u t  p ic tu r e  o f  th e  in tr in s ic  
d e p o s it io n  b e h a v io r .

In  th e  ca se  o f  g ra p h ite , n o  s ilv e r  g r a p h it ic  c o m p o u n d s  
h a v e  b e e n  r e p o r te d  a n d  c o m p o u n d s  su ch  as  A g 2 C 2 

are u n s ta b le  a t  e le v a te d  te m p e ra tu re s . A c c o r d in g ly , 
w e  m a y  a ssu m e  th a t  th e  A g - C  b o n d  is r e la t iv e ly  w e a k . 
T h u s , w e  w o u ld  e x p e c t  a  v e r y  sm a ll su r fa ce  s o lu b ility , 
e v e n  a t  a Ag =  1. F ig u re  10, in  fa c t , in d ica te s  th is  b y  
th e  lin e a r ity  o f  th e  g a lv a n o s ta t ic  sw e e p  e v e n  w h e re  it  
c rosses  S d.

I t  is o f  in te re s t  t o  p u rsu e  th e  s u r fa ce  so lu b ility  p ic tu r e  
fo r  d e s c r ib in g  th e  p ro ce s s  o f  A g  d is ch a rg e  o n  th e  g r a p h 
ite  su r fa ce . A s  a  g a lv a n o s ta t ic  sw e e p  is ca rr ied  o u t , 
A g +  ion s  a rr iv e  a t  th e  in te r fa c e  a t  a  c o n s ta n t  ra te . A  
fe w  d is ch a rg e  t o  c o r r e s p o n d  t o  th e  A g °  su r fa ce  s o lu b i lit y  
a t e a ch  m o m e n t a r y  a c t iv i t y  d u r in g  th e  sw eep , b u t  
m o s t  g o  t o  in cre a se  th e  d o u b le - la y e r  ch a rg e . W h e n  
aAg e x ce e d s  u n ity , a g g lo m e r a t io n  o r  “ p r e c ip ita t io n ”  o f  
is o la te d  A g °  a to m s  b e c o m e s  a  s p o n ta n e o u s  p ro ce ss . 
T h e  p ro ce s s  is s e lf -c a ta ly z e d , s in ce  a g g lo m e ra t io n  
c re a te s  lo c a l  a c t iv i t y  g ra d ie n ts  o n  th e  g ra p h ite  su r fa ce  
w h ic h  in crea se  w ith  in cre a s in g  a g g lo m e r a te  size . T h e  
la t te r  o c c u r s  b e ca u se  in cre a s in g  s ize  re d u ce s  ctAg in  
a g g lo m e ra te s  as b u lk  fre e  e n e r g y  b e c o m e s  s ig n ifica n t 
c o m p a r e d  w ith  su r fa ce  free  e n e r g y  (i.e., a s  th e  ra t io  
o f  A g - A g  b o n d s  t o  A g - C  b o n d s  in cre a se s ) . A t  th e  
o v e r v o lt a g e  p e a k , th e  a g g lo m e ra t io n  ra te  b e c o m e s  
e q u a l t o  th e  ra te  o f  a r r iv a l o f  n e w  A g +  ion s . A s  
a g g lo m e ra te  g r o w t h  co n t in u e s , a Ag is fu r th e r  r e d u ce d  
to w a r d  th a t  o f  b u lk  A g , re su lt in g  in  th e  o b s e r v e d  
o v e r v o lt a g e  d r o p , b u t  a  s te a d y -s t a te  a c t iv a t io n  o v e r 
v o lt a g e  is s till r e q u ire d  t o  d r iv e  th e  p ro ce s s  o f  d iffu s io n  
t o  a g g lo m e ra te  sites. In cre a s in g  th e  cu rre n t le v e l 
resu lts  in  a  g re a te r  o v e r v o lt a g e  re q u ire m e n t , s in ce

less  t im e  is a v a ila b le  fo r  th e  a g g lo m e r a t io n  p ro ce ss  
d u r in g  a  g iv e n  a m o u n t  o f  ch a rg e  tra n s fe r . T h e  resu lt  
is sm a lle r , m o r e  c lo s e ly  s p a ce d  a g g lo m e ra te s  o f  h ig h e r  
a Ag a t  th e  c r it ica l n u c le a t io n  sta g e . D e c r e a s in g  te m 
p e ra tu re  in crea ses  th e  p e a k  o v e r v o lt a g e  r e q u ire m e n t  b y  
s lo w in g  d o w n  th e  a g g lo m e r a t io n  a n d  s te a d y -s t a te  d if 
fu s io n  ra tes . A  s im ila r  n u c le a t io n  p r o c e s s  in th ree  
d im e n s io n s , th a t  o f  A g  in  A g 2 S, h a s  b e e n  s tu d ie d  b y  
S ch m a lz r ie d  a n d  W a g n e r . 1 9  u s in g  a  s o lid  e le c t r o ly te  
ce ll.

F in a lly , it  is o f  in te re s t  t o  n o te  in  th is  w o r k  th a t  a 
h ig h  d o u b le - la y e r  c a p a c ita n c e , p r e s u m a b ly  in v o lv in g  
a n  a d s o r b e d  c a t io n  la y e r , a n d  th e  te n d e n c y  t o  b u ild  
u p  a  m o n o la y e r  o f  a d s o r b e d  m e ta l a to m s  as 8 d is a p 
p r o a c h e d  a re  a p p a r e n t ly  c o r re la te d . A  n u m b e r  o f  
p r e lim in a r y  resu lts  w ith  e le c t r o d e  m a te r ia ls  o th e r  th a n  
P t  a n d  g ra p h ite  s u p p o r t  th is  c o r r e la t io n . T h is  seem s 
re a so n a b le , s in ce  s im ila r  fa c t o r s  m u st b e  in v o lv e d  in  th e  
a b il ity  o f  a n  e le c t r o d e  m a te r ia l t o  a d s o r b  io n s  o f  a 
m e ta l a n d  a to m s  o f  th e  sa m e  m e ta l. I n  b o t h  cases , 
th e  a d s o r p t io n  sh o u ld  in v o lv e  s o m e  m a n n e r  o f  q u a s i
ch e m ic a l b o n d in g  in  w h ic h  th e re  is a  d e g re e  o f  e le c tro n  
sh a rin g  b e tw e e n  m e ta l ion s  o r  a to m s  a n d  th e  m e ta llic  
su b s tra te . T h e  q u e s t io n , in  fa c t , a rises  as t o  w h e th e r  
a d s o r b e d  ion s  a n d  a to m s  in  th is  in s ta n ce  a re  q u a n tu m - 
m e c h a n ic a lly  d is t in g u ish a b le . I t  is fe lt  th a t  t h e y  are, 
s in ce  th e  e le c t r o ly te  la t t ic e  in  th e  n e ig h b o r h o o d  o f  an  
a d s o r b e d  io n  sh o u ld  b e  e le c t r o s ta t ic a lly  p o la r iz e d , th u s  
p r o v id in g  d if fe re n t  n e a r e s t -n e ig h b o r  co n fig u r a t io n s  fo r  
a d s o r b e d  ion s  a n d  a to m s . W h ile  e le c t r o n  e x ch a n g e  via 
th e  e le c t r o d e  su r fa ce  c o u ld  o c c u r  b e tw e e n  su ch  a to m s  
a n d  ion s  in  c o n s e q u e n c e  o f  th e rm a l la t t ic e  v ib r a t io n s , 
th is  p ro ce s s  w o u ld  b e  fa r  t o o  s lo w  t o  h a v e  th e  n a tu re  o f  a 
q u a n tu m -m e c h a n ic a l r e so n a n ce . N o n e th e le ss , s im ilar  
fa c t o r s  s h o u ld  a p p ly  t o  th e  a b il it y  o f  a  su r fa ce  to  
a d s o r b  io n s  a n d  a to m s  o f  th e  sa m e  m e ta l, su g g e stin g  
a  gen era l c o r r e la t io n  b e tw e e n  la rg e  d o u b le - la y e r  
c a p a c ita n c e  a n d  e le c t r o d e p o s it io n  via m o n o la y e r  
b u ild u p .
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Photochemical Formation of Free Radicals from Hydrogen Sulfide,

Mercaptans, and Cysteine1
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Electron spin resonance studies of H sS, C H 3S H , C 2 H 5S H , L-cysteine, aqueous solutions of 
H 2S, D 2S, C H 3S H , C H 3S D , and L-cysteine, and L-cysteine in aqueous hydrogen peroxide 
ultraviolet irradiated at 77°K  have been made. The primary photochemical process 
established for each of these compounds is cleavage of the sulfur-hydrogen bond to yield 
a hydrogen atom and the corresponding thiyl free radical. For methanethiol in water, 
the free radicals -C H 3 and • C H 2S H  were identified and evidence that • C H 2SIT did not 
come from a primary photochemical process was obtained. Hydroxyl radicals from the 
photolysis of hydrogen peroxide yielded thiyl free radical by abstraction of hydrogen 
atom from the sulfhydryl group of L-cysteine.

Introduction
T h e r e  h a v e  b e e n  a  n u m b e r  o f  esr s tu d ie s  o f  fr e e  r a d i

ca ls  p r o d u c e d  in  m o le c u le s  co n ta in in g  th e  s u lfh y d r y l  
g ro u p  b y  7 , X - ,  a n d  u ltr a v io le t  ir ra d ia t io n . M u c h  o f  
th is  w o r k  h a s  b e e n  s t im u la te d  b y  th e  im p o r ta n c e  o f  
s u lfu r -c o n ta in in g  ra d ica ls  o f  b io lo g ic a l  in terest , p a r 
t ic u la r ly  b e c a u s e  t h e y  m a y  b e  fo r m e d  as a  re su lt  o f  
r a d ia t io n  d a m a g e  in  p ro te in s . T h e  sp e c tr a  o b ta in e d  
h a v e  g e n e ra lly  b e e n  in te rp re te d  o n  th e  b a s is  o f  th e  fo r 
m a t io n  o f  a  th iy l  fre e  ra d ic a l in  th e  p r im a r y  p ro ce ss . 
M e r c a p ta n s  a re  th e  s im p le s t  c o m p o u n d s  c a p a b le  o f  
y ie ld in g  th iy l  fr e e  ra d ic a l o n  ir r a d ia t io n ; h o w e v e r , o f  
th e  s im p le  th io ls , o n ly  b e n z y l  m e r c a p ta n  seem s to  
h a v e  b e e n  s tu d ie d  in  u ltr a v io le t  ir ra d ia tio n  e x p er i
m e n ts . 2 B e ca u s e  o f  th e  b io lo g ic a l  in te re s t  a n d  b e 
ca u se  th e  s y s te m  se e m e d  in h e r e n t ly  o f  p h o to c h e m ic a l  
in te re s t , w e  r e p o r t  h ere  o n  in v e s t ig a t io n s  o f  u lt r a v io le t -  
ir ra d ia te d  s im p le  th io ls , m e th a n e  a n d  e th a n e , a n d  h y 
d r o g e n  su lfid e  w h ic h  is, a lth o u g h  n o t  a  th io l, a n a lo g o u s  
a n d  th e  s im p le s t  m o le c u le  co n ta in in g  th e  s u lfh y d r y l 
g r o u p . E x p e r im e n ts  o n  c y s te in e  a re  a lso  r e p o r te d .

Experimental Section

T h e  e x p e r im e n ta l p r o c e d u r e s  a n d  a p p a ra tu s  w ere  
s im ila r  t o  th o s e  r e p o r te d  in  ea r lie r  w o r k  fr o m  th is  
la b o r a t o r y 3 a n d  fu lle r  d e ta ils  m a y  b e  fo u n d  th ere in . 
T h e  v o la t i le  c o m p o u n d s  w e re  v a c u u m  d is t ille d  in to  4 -

m m  q u a r tz  sa m p le  tu b e s , d eg a ssed  b y  se v e ra l f r e e z e -  
p u m p -t h a w  c y c le s , a n d  sea led  w h ile  fr o z e n  w ith  liq u id  
n itro g e n . I r ra d ia t io n s  w e re  ca rr ied  o u t  a n d  sp e c tr a  
w e re  r e c o r d e d  a t  7 7 ° K  b y  k e e p in g  th e  sa m p le  tu b e  in  a  
V a r ia n  liq u id  n itro g e n  q u a r tz  d e w a r  in sert. A n n e a lin g  
a t  h ig h e r  te m p e ra tu re s  w a s  a cc o m p lis h e d  b y  u s in g  
n itr o g e n  g a s  c o o le d  b y  p a ssa g e  th r o u g h  a  h e a t  e x ch a n g e r  
in  liq u id  n itr o g e n  o r  a t  1 9 5 ° K  b y  u se  o f  so lid  c a r b o n  
d io x id e . T w o  lig h t  so u rce s  w e re  u s e d : a  lo w -p re ssu re  
m e r c u r y  re so n a n ce  a rc  h o u s e d  in  V y c o r  fr o m  w h ic h  
th e  tr a n s m itte d  lig h t  w a s  ch ie fly  2 5 3 7  A  as V y c o r  is  
o p a q u e  t o  1 8 4 9 -A  l ig h t ; a  h ig h -p re ssu re  a rc  w h ic h , in  
c o n ju n c t io n  w ith  a  P y r e x  filter, tra n sm itte d  a b o v e  2 8 0 0  
A . T h e  s p e c tr o m e te r  w a s  a  V a r ia n  4 501  X -b a n d  
in s tru m e n t  w ith  1 0 0 -k c  fie ld  m o d u la t io n . S p e c tr a  
w e re  ta k e n  as first d e r iv a t iv e s . C a lib r a t io n  o f  th e  
s ca n n in g  ra te , g au ss  p e r  m in u te , w a s  m a d e  w ith  p e r -  
o x y la m in e  d isu lfo n a te .

Results and Interpretation
Hydrogen Sulfide. S p e c tra  o b ta in e d  f r o m  th e  u l-

( i;  T h is  in v e s t ig a t io n  w as sup p orte d  b y  P u b l ic  H e a lth  Se rv ice  
R e se a rch  G r a n t  N o . C A -0 5 5 2 8  from  the  N a t io n a l C a n c e r  In s t itu te  
an d  in  p a rt  b y  the  N a t io n a l Science F o u n d a t io n  th ro u g h  G ra n t  N o  
G P -3 6 5 2 .

(2) J. J. W in d le , A .  K .  W ie rsm a , an d  A .  L .  T ap p e l,  J. Chem. Phys 
41, 1996 (1964).

(3) D .  H .  V o lm a n , K .  A .  M a a s ,  a n d  J. W o lste nh o lm e , J. Am. Chem. 
Soc., 87, 3041 (1965).
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Figure 1. Esr spectra of hydrogen sulfide irradiated 
at 2537 A and 77°K  (spectra recorded at 77°K ): a, not 
annealed; b, annealed 2 min at 115°K; c, annealed 11 min 
at 115°K; broken line, comparison spectra (see text).

t r a v io le t  (2 5 3 7  A )  ir ra d ia t io n  o f  h y d r o g e n  su lfid e  fo r  
30  sec  a t 77 ° K  are s h o w n  in  F ig u r e  1. A ft e r  ir ra d ia t io n  
th e  sa m p les  w e re  h e ld  a t  1 1 5 ° K  fo r  th e  p e r io d s  in d i
ca te d , a fte r  w h ic h  t h e y  w e re  c o o le d  to  77 ° K  a n d  th e  
sp e c tr a  r e c o r d e d . F o r  c o m p a r is o n , w e  h a v e  in d ic a te d  
th e  s p e c tru m  o f  u ltr a v io le t - ir r a d ia te d  e le m e n ta ry  
su lfu r  in  F ig u re  l c  a n d  th e  s p e c tr u m  g iv e n  b y  S e rg e e v , 
et al, , 4  5 fo r  u ltr a v io le t - ir r a d ia te d  h y d r o g e n  su lfid e  in  
F ig u re  l b .

T h e  su lfu r  s p e c tr u m  w a s  o b ta in e d  b y  ir ra d ia t in g  
e le m e n ta ry  su lfu r  (A ll ie d  C h e m ic a l C o r p . p r e c ip ita te d  
su lfu r ) a t  77  ° K  a n d  2 5 3 7  A . T h e  sa m p le  w a s  w a rm e d  
to  1 6 5 ° K , w h e re  th e  s ig n a l w a s  s lo w ly  d e c a y in g , a n d  
th e  s p e c tru m  w a s  r e c o r d e d . T h e  s p e c tru m  is  v e r y  
s im ila r  t o  th a t  o b ta in e d  b y  R a d fo r d  a n d  R ic e 6 f o r  su l
fu r  co n d e n s e d  fr o m  th e  h e a te d  v a p o r  o n  c o ld  su rfa ces .

T h e  c o m p a r is o n  h y d r o g e n  su lfid e  s p e c tru m  is  fr o m  
th e  o n ly  r e p o r te d  esr re su lts  o n  h y d r o g e n  su lfid e  o f

w h ich  w e  are  a w a re . T h e  s t u d y 4  w a s  in c id e n ta l to  
w o r k  d ir e c te d  a t  th e  e f fe c t  o f  te m p e r a tu r e  o n  r a d ica l 
s ta b iliz a t io n  a n d , h e n ce , q u ite  fra g m e n ta ry . M o r e 
o v e r , th e  resu lts  a re  c o n ta in e d  in  a  p r e p r in t  o f  an  ora l 
p re s e n ta t io n  a n d  a re  d if ficu lt  t o  e v a lu a te  b e c a u s e  o f  
in su ffic ie n t  in fo r m a tio n . T h e  sa m p le  w a s  a p p a r e n t ly  
ir ra d ia te d  a t 7 7 ° K , b u t  w e  d o  n o t  k n o w  h o w  it  w a s 
tre a te d  s u b se q u e n t ly .

T h e  sp e c tr a  o f  a  sa m p le  p re p a re d  b y  s a tu r a t in g  w a te r  
w ith  h y d r o g e n  su lfid e  a re  sh o w n  in  F ig u r e  2 . T h e  
sa m p le  w a s  ir ra d ia te d  fo r  30  m in  a t  77  ° K  a n d  2 537
A . B o t h  sp e c tr a  w e re  r e c o r d e d  a t  7 7 ° K ,  b u t  F ig u re  
2 b  re p re se n ts  th e  c e n te r  p o r t io n  a fte r  th e  ir ra d ia te d  
sa m p le  w a s  h e ld  a t  1 9 5 ° K  fo r  13 d a y s .

Id e n t ic a l p ro ce d u re s  w e re  ca rr ie d  o u t  w ith  D 2S, 
p re p a re d  b y  th e  r e a c t io n  o f  D 20  w ith  a lu m in u m  s u l
fid e , d is s o lv e d  in  D 2 C'. T h e s e  re su lts  are  sh o w n  in  
F ig u r e  3.

F r o m  th e  resu lts  p re se n te d  i t  m a y  b e  c o n c lu d e d  
th a t  th e  p r im a r y  p h o to c h e m ic a l  p ro ce sse s  fo r  h y 
d r o g e n  su lfid e  is

H 2S +  hv — >  -H  +  H S -  (1 )

as a ll th e  a v a ila b le  p h o to c h e m ic a l  e v id e n c e  in d ic a t e s . 6 

T h a t  h y d r o g e n  a to m s  are fo r m e d  is  c le a r ly  e v id e n t  
in  F ig u re s  2 a n d  3. I n  F ig u r e  3 a  b o t h  I I  ( th e  o u te r  
d o u b le t )  a n d  D  (in n er  t r ip le t )  are  o b v io u s . T h e  p r o 
t o n  s p lit t in g  in  th is  s p e c tr u m  is  50 6  g a u ss  a n d  th e  d e u -  
t e r o n  sp lit t in g s  a re  e a c h  7 6 .8  g au ss , v ir t u a l ly  th e  sa m e  
as th e  fre e  a to m  v a lu e s , 5 0 7  a n d  7 7 .6  gau ss, r e sp e c 
t iv e ly .  T h e s e  re su lts  are  a n a lo g o u s  t o  th o s e  r e p o r te d  
b y  L iv in g s to n , Z e ld e s , a n d  T a y lo r 7 in  th e  y  r a d ia t io n  
o f  s o m e  a q u e o u s  so lu t io n s  o f  in o r g a n ic  o x y g e n  a c id s  
(su lfu r ic , p e r ch lo r ic , a n d  p h o s p h o r ic )  a t  77  ° K .  H y 
d r o g e n  a to m  sp e c tr a  w e re  n o t  o b s e r v e d  in  th e  sp e c tr a  
o b ta in e d  fr o m  p u re  h y d r o g e n  s u lfid e ; th is  is  c o n 
s is te n t w ith  th e  w e ll-k n o w n  o b s e r v a t io n s  th a t  s ta b ili
z a t io n  o f  fr e e  ra d ica ls  is  s tr o n g ly  d e p e n d e n t  o n  th e  
s o lv e n t  m a tr ix  a n d  th a t  h y d r o g e n  a to m  s p e c tr a  c a n n o t  
b e  o b ta in e d  in  ir ra d ia te d  p u re  w a te r  a t  7 7 ° K . 8

F ig u re  l c  in d ica te s  th a t  e le m e n ta ry  su lfu r  is fo r m e d , 
as is  a lso  o b s e r v e d  in  th e  p h o to ly s is  o f  g a se o u s  h y d r o 
g e n  su lfid e . T h e  m e ch a n ism  fo r  th e  fo r m a t io n  o f  su l-

(4) G . B .  Sergeev, V .  S. G o u rm a n ,  V . I.  P a p is so va ,  a n d  E .  I.  Y a k o 
v e n k o  in  “ P re p r in t s  of P a p e rs  R e a d  a t the  F if t h  In te rn a t io n a l S y m 
p o s iu m  on  F ree  R a d ic a ls,  J u ly  6 -7 , 1961,” A lm q v i s t  a n d  W ilk se ll,  
U p p sa la ,  Sw eden, 1961.

(5) H .  E .  R a d fo rd  F .  O. R ice , J. Chem. Phys., 33, 774  (1960).

(6) B .  de B . D a rw e n t  an d  R .  R o b e rts,  Proc. Roy. Soc. (Lon d on )»  
À 2 1 6 , 344  (1953).

(7) R .  L iv in g s to n ,  H .  Zeldes, a n d  E .  H .  T a y lo r,  Discussions Faraday 
Soc., 19, 166 (1955).

(8) L .  H .  P iette, R .  C . R em ke l, an d  H .  E .  W e ave r,  J. Chem. Phys., 
30, 1623 (1959).
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Figure 2. Esr spectra of aqueous hydrogen sulfide 
irradiated at 2537 A and 77°K (spectra recorded at 77°K): 
a, not annealed; b, annealed 13 days at 195°K.

fu r  h a s  b e e n  co n s id e re d  in  d e ta il  b y  D a r w e n t  a n d  
R o b e r t s , 6 w h o  g iv e  a  n u m b e r  o f  e n e r g e t ic a lly  p o ss ib le  
ro u te s , a ll o f  w h ich  in v o lv e  H S  • fre e  ra d ica l.

F ig u re  l b  sh o w s  s tru ctu re s  w h ic h  m a y  b e  a t t r ib u te d  
t o  p r o t o n  sp litt in g s  o f  a  su lfu r  fr e e  ra d ica l, in fe re n t ia lly  
th e  H S  - ra d ica l. T h is  is b o r n e  o u t  b y  th e  e x p e r im e n ts  
in  w a te r  s o lu tio n . F ig u r e  2 b  sh o w s  th e  k in d  o f  s tru c 
tu r e  w h ic h  w o u ld  b e  e x p e c te d  i f  th e  e le m e n ta ry  su lfu r  
ra d ic a l s p e c tru m  w e re  m o d ifie d  b y  c o u p lin g  w ith  a  s in g le  
p r o t o n ; th e  th re e  su lfu r  lines, h a v in g  a n is o tr o p ic  g 
v a lu e s , 5 a re  sp lit  in to  d o u b le ts  w ith  a lm o s t  id e n t ic a l 
sp lit t in g s  o f  9 .5  g au ss . A  c o m p a r is o n  w ith  th e  resu lts  
o b ta in e d  w ith  D 2S in  D 20 ,  w ith  so m e  p r o t o n  c o n ta m i
n a t io n  (F ig u re  3 b )  is  fu r th e r  in d ic a t io n  th a t  th e  
sp lit t in g s  o b s e r v e d  are  d u e  to  p r o t o n  in te ra ct io n s . 
R e c e n t  s tu d ie s  c f  M c D o n a ld 9  o n  g a seou s  -S H  a t  r o o m  
te m p e r a tu r e  y ie ld  5 .4  g a u ss  fo r  th e  p r o to n  co u p lin g  
c o n s ta n t  w h ile  H e n r ik s e n 10 a n d  K u r it a  a n d  G o r d y 11  

r e p o r t  a b o u t  9 -g a u ss  s p lit t in g  a t t r ib u te d  t o  a  p r o t o n  in  
th e  C O O H C H (K H » )C H | S - ra d ica l.

Methane- and Ethanethiol. T h e  p u re  c o m p o u n d s  in  
th e  fr o z e n  sta te  a t  77 ° K  w e re  ir ra d ia te d  a t 2 537  A  
a n d  th e  sp e c tra , F ig u re  4 , w e re  r e c o r d e d  a t  77 ° K  
im m e d ia te ly  a fte r  ir ra d ia tio n . T h e  resu lts  o b ta in e d  
a re  s im ila r  t o  th o s e  r e p o r te d  fo r  o p t ic a l ly  b le a c h e d  y -  
ir ra d ia te d  m e t h y l d isu lf id e , 1 2  w h e re  C H 3S - is  p re 
s u m e d  fo r m e d , a n d  to  th o s e  r e p o r te d  fo r  X - ir r a d ia te d  
cy s te in e  a n d  c y s te a m in e  h y d r o c h lo r id e  a t  7 7 ° K . 10 

F o r  th e  la t te r  th io ls , th e  esr sp e c tr a  h a v e  b e e n  in 

Figure 3. Esr spectra of aqueous (D20 ) hydrogen sulfide 
(D2S) irradiated at 2537 A and 77°K (spectra recorded at 
77°K ): a, not annealed; b, annealed 13 days at 195°K.

te r p r e te d  as  a r is in g  fr o m  R C H 2 S - r a d ica ls  w ith  a n  
a n is o tr o p ic  g fa c t o r  a n d  h y p e r fin e  c o u p lin g  w ith  o n ly  
o n e  o f  th e  p r o to n s  o n  th e  c a r b o n  a to m  a d ja c e n t  t o  
su lfu r . T h e  d o u b le ts  d u e  to  th is  h y p e r fin e  c o u p lin g  
m a y  b e  c le a r ly  seen  in  th e  tw o  lo w e s t  fie ld  lin es , w h e re  
t h e y  a p p e a r  in  th e  sp e c tra  o f  H e n r ik se n , a n d  th e  
c o u p lin g  c o n s ta n t  is  a b o u t  9  gau ss, in  g o o d  a g re e m e n t 
w ith  th e  v a lu e  r e p o r te d  b y  H e n r ik se n  a n d  b y  K u r ita  
a n d  G o r d y . 1 1  T h is  is  a lso  a b o u t  e q u a l t o  th e  c o u p lin g  
c o n s ta n t  w e  h a v e  a ss ign ed  to  th e  p r o t o n  in  th e  -S H  
fr e e  ra d ica l.

F r o m  th e se  re su lts  it  m a y  b e  in fe rre d  th a t  th e  p r i
m a r y  p h o to c h e m ic a l  p ro ce s s  in  b o t h  p u re  so lid  m e th a n e - 
th io l  a n d  e th a n e th io l is

R S H  +  hv — *■ R S -  +  -H  (2 )

T h is  is  an  a g re e m e n t w ith  th e  co n c lu s io n  o f  I n a b a  
a n d  D a r w e n t 1 3  th a t  e q  2  is  p r o b a b ly  th e  o n ly  p r im a r y  
p r o c e s s  o c c u r r in g  in  g a se o u s  m e th a n e th io l.

A  sa tu ra te d  so lu t io n  o f  m e th a n e th io l in  w a te r  fr o z e n  
a t  77  ° K  w a s  a lso  ir ra d ia te d  a t 2 5 3 7  A  a n d  th e  s p e c 
tru m , F ig u r e  5, w a s  r e c o r d e d  a t  7 7 ° K .  T h e  s p e c tr u m

(9) C. C. M c D o n a ld ,  J . Chem. P h y s ., 39 , 2 587  (1965).

(10) T .  H e n rik se n , ibid., 37 , 2189  (1962).

(11) Y .  K u r i t a  a n d  W .  G o rd y ,  ibid., 34, 282  (1961).

(12) F. K .  T ru b y ,  D .  C. W allace, an d  J. E. H esse , ibid., 42, 3845  
(1965).

(13) T . In a b a  an d  B .  de B .  D a rw e n t, J. P h ys. Chem., 64, 1431 
(1960).
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Figure 4. Esr spectra of (a) methanethiol and 
(b) ethanethiol irradiated at 2537 A and 77°K.

o f  fr e e  H  a to m , a  d o u b le t  sp lit  b y  s o m e  50 0  gauss, w a s 
a lso  o b ta in e d  b u t  is  o u ts id e  o f  th e  fie ld  sh o w n .

T h e  lo w -fie ld  p o r t io n  is  v e r y  m u c h  lik e  th e  s p e c tru m  
o b ta in e d  fr o m  th e  ir ra d ia t io n  o f  p u re  m e th a n e th io l, 
F ig u re  4 , w h ic h  w e  h a v e  id e n t ifie d  as th e  C H 3S - 
ra d ica l. T h e  r e m a in d e r  o f  th e  s p e c tr u m  is  a n a lo g o u s  
to  th a t  o b s e r v e d  b y  S u lliv a n  a n d  K o s k i 1 4  15 in  th e  u ltra 
v io le t  ir ra d ia tio n  o f  m e th a n o l a t  7 7 ° K , a  1 : 3 : 3 : 1  
q u a r te t  w ith  2 3 .5 -g a u ss  sp lit t in g s  a t t r ib u te d  to  m e th y l 
ra d ica ls  a n d  a  1 : 2 : 1  t r ip le t  w ith  1 8 -g a u ss  sp litt in g . 
O u r  s p e c tru m  m a y  b e  in te r p r e te d  in  s im ilar  fa s h io n : 
a q u a r te t  (a b o u t  1 : 3 : 3 : 1 ) w ith  a n  a v e r a g e  c o u p lin g  o f  
23 gau ss a n d  a tr ip le t  (p r o b a b ly  1 : 2 : 1 ) w ith  a n  a v e ra g e  
c o u p lin g  o f  19 g a u ss . T h e s e  s p e c tr a  are  a t t r ib u te d  to  
• C H 3 a n d  • C H 2S H , r e s p e c t iv e ly .

E x c e p t  fo r  r a d ic a l -r a d ic a l  c o m b in a t io n , th e  o n ly  
s e c o n d a r y  r e a c t io n  o f  im p o r ta n c e  r e p o r te d  in  th e  s tu d y  
b y  I n a b a  a n d  D a r w e n t 1 3  is

H  • +  C H 3S H  H 2  +  C H 3S • (3 )

T h is  r e a c t io n  c a n n o t  a c c o u n t  fo r  th e  ra d ica ls  o b s e r v e d

Figure 5. Esr spectrum of aqueous methanethiol 
irradiated at 2537 A and 77°K.

in w a te r  so lu t io n . A lth o u g h  it  is  p o s s ib le  th a t  • C H 2S H  
m a y  arise  fr o m  a  p r im a r y  p ro ce s s  in v o lv in g  c le a v a g e  
o f  a  c a r b o n -h y d r o g e n  b o n d , c o n tr a r y  e v id e n c e  w a s  o b 
ta in e d . I r r a d ia t io n  o f  a  4 0 :1  m o le  r a t io  D 20  to  m e th 
a n e th io l s o lu t io n , in  w h ich  th e  th io l  s h o u ld  b e  p re se n t 
a lm o s t  e n t ire ly  as C R -S I ) .  y ie ld e d  th e  esr s p e c tr u m  o f  
D  a to m s  w ith  o n ly  tr a c e s  o f  H  a to m s . T h is  is  u n 
e q u iv o c a l  e v id e n c e  th a t  h y d r o g e n  a to m s  a re  fo r m e d  
o n ly  b y  c le a v a g e  o f  th e  s u l fu r -h y d r o g e n  b o n d . T h e r e 
fo re , i t  m a y  b e  c o n c lu d e d  th a t  th e  r a d ic a l is  p r o d u c e d  
b y  h y d r o g e n  a to m  a b s tr a c t io n

R -  +  C H 3S H  — >  R H  +  -C H 2S H  (4 )

T h is  r e a c t io n  m a y  b e  fa v o r e d  in  th e  w a te r  s y s te m  b e 
ca u se  it  m ig h t  b e  e x p e c te d  th a t  th e  h y d r o g e n  a to m  
b o n d e d  to  su lfu r  w o u ld  b e  sh ie ld e d  b y  s tr o n g  in te r a c 
t io n  w ith  w a te r . I t  m a y  b e  n o te d  th a t  e th a n e th io l 
is  r e p o r te d  to  fo r m  th e  h y d r a te , C 2H 5S H -1 8 H 20 . 16 
T h e  ch a n g e  o f  free  m e t h y l  b e in g  p r o d u c e d  b y  s e c o n d a r y  
re a c t io n s  a p p e a rs  r e m o te , a n d  th e  m o s t  lo g ic a l m e c h 
a n ism  fo r  its  fo r m a t io n  is b y  c le a v a g e  o f  th e  c a r b o n -  
su lfu r  b o n d  in  th e  p r im a r y  p h o to c h e m ic a l  p ro ce s s  
as a n  a lte rn a t iv e  to  r e a c t io n  2  in  fr o z e n  w a te r  s o lu t io n . 
I f  fr e e  m e t h y l ra d ic a l is  fo r m e d  b y  c le a v a g e  o f  th e  
c a r b o n -s u lfu r  b o n d , e q u iv a le n t  a m o u n ts  o f  H S  • 
s h o u ld  b e  fo r m e d . T h e  s p e c tr u m  o f  H S - is  v e r y  s im i
la r  t o  th a t  o f  C H 3S • a n d  it is  th e re fo re  p o s s ib le  th a t  th e  
lo w -fie ld  p o r t io n  o f  F ig u r e  5, w h ic h  w e  h a v e  a t t r ib u te d  
t o  C H 3S •, c o n ta in s  a  c o n tr ib u t io n  fr o m  H S  •. I t  is

(14) P . J. S u l l iv a n  an d  W .  S. K c s k i ,  J. A m . Chem. Soc., 84, 1 (1962)-

(15) E .  E .  R e id , “ O rg a n ic  C h e m is t ry  o f B iv a le n t  S u lfu r ,” V o l. I,
C h e m ica l P u b l is h in g  Co., Inc., N e w  Y o rk ,  N .  Y . ,  1958, p  109.
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a lso  p o s s ib le  th a t  th is  c le a v a g e  o c c u r s  in  p u re  m e th - 
a n e th io l b u t  th a t  m e t h y l ra d ica ls  a re  n o t  o b s e r v e d  
b e c a u s e  su b se q u e n t  h y d r o g e n  a to m  a b s tr a c t io n  a n a lo 
g o u s  to  r e a c t io n  3 is  e x tre m e ly  ra p id .

A  d e ta ile d  a rg u m e n t  fo r  o b s e r v in g  co u p lin g  o f  o n ly  
o n e  p r o t o n  o f  th e  t w o  o n  th e  c a r b o n  a to m  a d ja c e n t  to  
su lfu r  h a s  b e e n  p re se n te d  b y  K u r it a  a n d  G o r d y 11  

fo r  th e  C O O H C H (N H 2 )C H 2 S - ra d ica l. T h e y  assu m e 
th a t  th e  b o n d in g  o r b ita l o f  su lfu r  is an  s p 2 h y b r id  a n d  
th a t  th e  o c c u p ie d  a to m ic  o r b ita ls  o f  th e  v a le n c e  sh ell 
are  th r e e  s p 2 h y b r id s  d ir e c te d  in  a  c o m m o n  p la n e . 
T h e  o r ie n ta t io n  o f  th e  o rb ita ls  is  a ssu m e d  fixed , 
p r o b a b ly  b y  h y d r o g e n  b o n d in g  to  a m in e  g ro u p s  o n  
n e ig h b o r in g  m o le cu le s . T h e  u n p a ire d  e le c tro n  is 
ta k e n  to  b e  in  a  p  o r b ita l p e rp e n d icu la r  to  th e  p la n e  
o f  th e  s p 2 o r b ita ls . I f  fr e e  r o ta t io n  d o e s  n o t  o c c u r  a b o u t  
th e  C - S  b o n d , th is  c o n fig u r a t io n  ca n  le a d  t o  m a jo r  
c o u p lin g  w ith  o n ly  o n e  o f  th e  tw o  p r o to n s . A  sim ilar  
a rg u m e n t  m a y  b e  u s e d  fo r  C H 3 C H 2S - a n d  C H 3S- 
ra d ica ls . I n  th is  ca se  it  is l ik e ly  th a t  h y d r o g e n  b o n d in g  
w o u ld  o c c u r  e ith e r  w ith  h y d r o g e n  a to m s  a tta c h e d  to  
su lfu r  in  n e ig h b o r in g  m o le c u le s  o r  w ith  h y d r o g e n  
a to m s  a t ta c h e d  to  o x y g e n  in  a  w a te r  m a tr ix . O n  th is  
b asis , c o u p lin g  w ith  o n e  o f  th e  p r o to n s  c o u ld  b e  th re e  
o r  fo u r  t im e s  g re a te r  th a n  w ith  th e  o th e r  p r o to n  o r  
p r o to n s . T h e  w e a k e r  c o u p lin g s  w o u ld , th e re fo re , g o  
u n d e t e c te d  as t h e y  w o u ld  a m o u n t  to  o n ly  so m e  2 -3  
gauss.

Cysteine. P u r e  L -cy s te in e  w a s  ir ra d ia te d  a t  2537  
A  a n d  7 7 ° K .  T h e  sp e c tr a  o b ta in e d  are  sh o w n  in  
F ig u r e  6 . T h e s e  resu lts  are  s im ila r  t o  th o s e  o b ta in e d  
b y  H e n r ik s e n 10 in  th e  X - ir r a d ia t io n  o f  L -cy s te in e . 
P r o t o n  co u p lin g  is  o b s e r v e d  a t 1 6 0 ° K , w h e re a s  H e n r ik 
sen  o b ta in e d  p r o t o n  co u p lin g  a t 77  ° K  b u t  n o t  a t 2 95  ° K .

A  0 .3  I  solution of L-cysteine in water frozen at 
77  ° K  was also irradiated at 2537  A  and spectra similar 
to that obtained, with the pure solid were obtained. 
In contrast to the results obtained with methanethiol, 
the spectrum of hydrogen atom was not observed. A s  
the trapping of hydrogen atoms at 77 ° K  seems to be 
quite sensitive to the specific matrix and since solu
tions of sulfuric acid are known to be particularly 
effective,7 experiments were carried out in solutions to 
which sulfuric acid were added. Irradiation of a 0 .3  
M  sulfuric acid solution at 2 537  A  and 77  ° K  did not 
yield a hydrogen atom spectrum; irradiation of a 
solution 0 ,3  I  sulfuric acid and 0 ,3  I  L-cysteine at 
2 5 3 7  A  and 77 ° K  did yield a hydrogen atom spec
trum. Thus, there is good evidence for the produc
tion of both thiyl and hydrogen atom in the primary 
photochemical process in L-cysteine, analogous to the 
results obtained for hydrogen sulfide and methane- 
and ethanethiol.

Figure 6. Esr spectra of L-cysteine irradiated at 2537 A 
and 77°K : a, recorded at 160°K; b, recorded at 293°K.

Figure 7. Esr spectrum of aqueous 
L-cysteine-hydrogen peroxide irradiated at X >  2800 A 
and 77°K. Recorded at 165°K.

A s  h y d r o x y l  fr e e  ra d ica ls  d e r iv e d  fr o m  w a te r  are  
e x p e c te d  t o  b e  in v o lv e d  in  r a d ia t io n  d a m a g e  in  b io 
lo g ic a l sy s te m s , w e  h a v e  ca rr ie d  o u t  e x p e r im e n ts  d i
r e c te d  a t  o b s e r v in g  th e  p r o d u c ts  o f  th e  r e a c t io n  o f  
h y d r o x y l  ra d ica ls  w ith  L -cy s te in e . A  s o lu t io n  o f  0 .3  
M  h y d r o g e n  p e r o x id e  a n d  0 .3  M  L -cy s te in e  fr o z e n  a t 
77  ° K  w a s  ir ra d ia te d  w ith  lig h t  fr o m  a  h ig h -p re ssu re  
m e r c u r y  a rc  th r o u g h  a  P y r e x  filte r . U n d e r  th e se
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co n d it io n s  th e  tra n s m itte d  ra d ia t io n , X >  2 800  A , is  n o t  
a b so rb e d  b y  L -cy s te in e  a n d  is a b s o r b e d  b y  h y d r o g e n  
p e r o x id e  w ith  th e  fo r m a t io n  o f  h y d r o x y l  ra d ica ls . In  
th e  a b s e n c e  o f  cy s te in e , th e  s p e c tr u m  o b ta in e d  is  th a t  
ty p ic a l  o f  ir ra d ia te d  h y d r o g e n  p e r o x id e , d e c a y in g  w ith  
in cre a s in g  te m p e r a tu r e  a n d  d is a p p e a r in g  c o m p le te ly  in  
a  fe w  m in u te s  a t  1 5 0 ° K . I n  th e  p re se n ce  o f  L -cy s te in e , 
a  b r o a d  lin e  w ith  lit t le  e v id e n c e  o f  s tru c tu re  w a s  o b 
ta in e d  a t  7 7 ° K . O n  ra is in g  th e  te m p e r a tu r e  t o  1 6 5 ° K  
th e  s p e c tru m  sh o w n  in  F ig u r e  7 w a s  o b ta in e d . A l 
th o u g h  n o t  id e n t ic a l w ith  th a t  o b ta in e d  fr o m  p u re  
so lid  cy s te in e , th e  s im ila r ity , p a r t ic u la r ly  w h e n  c o m 
p a re d  t o  F ig u r e  6 b , is  g o o d  e v id e n c e  th a t  th iy l  ra d ica l

is  fo r m e d . T h u s , th e  s e c o n d a r y  r e a c t io n  is  th e  a b 
s tr a c t io n  o f  th e  s u lfh v d r y l  h y d r o g e n  a to m  b y  h y d r o x y l  
ra d ica l. T h e s e  re su lts  co n firm  c o n c lu s io n s  re a c h e d  b y  
H e n r ik s e n 16 fr o m  s tu d ie s  o f  X - ir r a d ia t e d  a q u e o u s  so lu 
t io n s  o f  L -cy s te in e . I t  m a y  b e  e m p h a s iz e d  th a t  a 
m a jo r  d if fe re n ce  in  th e se  s tu d ie s  is  th a t  th e  X - ir r a d ia -  
t io n  o f  th io ls  in  w a te r  y ie ld s  b o t h  h y d r o x y l  a n d  th iy l  
ra d ica ls  as p r im a r y  ir r a d ia t io n  p r o d u c ts , w h erea s  
u ltr a v io le t  ir ra d ia t io n  a t  X >  2 8 0 0  A  in  so lu t io n s  w ith  
h y d r o g e n  p e r o x id e  y ie ld s  h y d r o x y l  b u t  n o t  th iy l  
ra d ica ls  as p r im a r y  ir r a d ia t io n  p r o d u c ts .

(16) T .  H e n rik se n , J. Chem. P a ys ., 38, 1926 (1963).
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T h e  7 6 8 -c m -1  a b s o r p t io n  p r o d u c e d  b y  fla sh  p h o to ly s is  o f  c h lo r in e - fo r m ic  a c id  m ix tu re s  
h a s  b e e n  re e x a m in e d  u n d e r  h ig h e r  r e s o lu t io n  a n d  its  k in e t ic  b e h a v io r  h a s  b e e n  s tu d ie d  a s  a  
fu n c t io n  o f  te m p e ra tu re . T h e  a ss ig n m e n t o f  th is  b a n d  as th e  C - C l  s tr e t c h in g  m o t io n  o f  
c h lo r o fo r m ic  a c id  is c o r r o b o r a te d  b y  th e  b a n d  w id th , 17 .5  c m “ 1, a n d  th e  a b s e n c e  o f  fr e 
q u e n c y  s h ift  o n  d e u te ra t io n . T h e  d e c o m p o s it io n  is u n im o le c u la r  o v e r  th e  te m p e r a tu r e  
ra n g e  2 8 8 -3 4 3 ° K  a n d  th e  r a te  c o n s ta n t  e q u a ls  5 X  1 0 1 3  e x p (  — 1 4 ,0 0 0 /S T ) .  T h e  im p lie d  
a c t iv a t io n  e n th a lp y  a n d  e n t r o p y  in d ic a te  th a t  th e  ra te - lim it in g  s te p  is p r o b a b ly  th e  cis- 
trans is o m e r iz a t io n  o f  c h lo r o fo r m ic  a c id . B o n d  le n g th  a n d  e n e r g y  c o n s id e r a t io n s  in d ic a te  
th a t  b r o m o fo r m ic  a c id  w ill b e  s im ila r ly  la b ile .

Introduction

W e s t  a n d  R o l le f s o n 1 s tu d ie d  th e  g a s -p h a se  p h o t o l 
y s is  o f  ch lo r in e  a n d  fo r m ic  a c id  a n d  p o s tu la te d  th e  
fo l lo w in g  m e ch a n is m  t o  e x p la in  th e ir  o b s e r v e d  q u a n tu m  
y ie ld  o f  se v e ra l th o u sa n d .

Cl* — >■ 2C1 (1 )

C l +  H C O O H  — >  H C :  +  C O O H  (2 )

C O O H  +  Cl* — > C 1 C O O H  +  C l (3 )

C 1 C O O H  — ► H C 1 +  C 0 2 (4 )

C O O H  — ► C 0 2 +  H (5 )

H  +  C l2 — >  H C 1 +  C l ( 6 )

2 C l +  M — > C 1 2 (7 )

(1) W .  W e s t  a n d  G . K .  R o lle fso n , J . A m . Chem . Soc., 58, 2140  
(1936).
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H e r r  a n d  P im e n te l2’3 s tu d ie d  th e  r e a c t io n  in te rm e 
d ia te s  o f  th e  a b o v e  r e a c t io n  b y  r a p id -s c a n  in fra re d  
s p e c t r o s c o p y . T h e y  d e te c te d , a t 7 6 8  c m -1 , th e  
a b s o r p t io n  o f  th e  C - C l  s tre tch  o f  th e  C 1 C O O H  m o le 
cu le . T h e  .h a lf-life  o f  th e  u n s ta b le  m o le c u le  a t t e m 
p e ra tu re s  ty p ic a l  o f  th e ir  r e a c t io n  c o n d it io n s  w a s 
e s t im a te d  t o  b e  5 0 -7 0  fisec.

T h e  p re se n t w o rk  fu r th e r  e x p lo res , b y  r a p id -s c a n  
in fra re d  s p e c t r o p h o to m e t r y , th e  k in e t ic s  o f  th e  d e 
c o m p o s it io n  o f  th is  in te rm e d ia te  sp ec ies  in  th e  c h lo 
r in e - fo r m ic  a c id  p h o to c h e m ic a l re a ctio n .

E x p e r im e n ta l S e c t io n

T h e  fo r m ic  a c id  in  th is  s tu d y  w a s  B a k e r  a n d  A d a m s o n  
9 8  t o  1 0 0 % , th e  ch lo r in e  w a s  M a th e s o n  9 9 .5 % , th e  d eu 
te r iu m  o x id e  w a s B io -R a d  9 9 .9 4 % , a n d  th e  ca lc iu m  
su lfa te  w a s  H a m m o n d  in d ic a t in g  C a S 0 4 (D r ie r ite ) .

T h e  sp e c tra l r e g io n  n e a r  80 0  c m -1  w a s  s tu d ie d  a t 
t w o  sp e c tra l s lit  w id th s , 8 o r  9 c m " 1 a n d  4 0  c m " 1, u s in g  
th e  r a p id -s c a n  in fra re d  s p e c tr o m e te r  b u ilt  b y  H e rr  
a n d  P im e n te l2’3 a n d  m o d ifie d  b y  C a r ls o n .4 5 T h e  in 
s tru m e n t  w a s u se d  w ith  a n  N a C l p r ism , N e rn s t  g lo w e r  
so u rce , a n d  a z in c -d o p e d  G e  d e te c to r  a t 2 0 ° K . W it h  
th e  4 0 -c m ” 1 sp e c tra l s lit  w id th , th e  s ca n  ra te  w a s  900  
c m -1 / 100 yusec. F o r  th e  sm a lle r  sp e c tra l s lit  w id th , 
th e  r o ta t in g  L it t r o w  m irro r  w a s  re p la ce d  b y  a  4 0 - l in e /  
m m  g ra tin g . W it h  th is  g ra t in g  a n d  a sca n  ra te  o f  
2 0 0  c m _1/1 0 0  ,usec, th e  9 .4 -c m " -1 in te r fe re n ce  fr in g es  
o f  a n  A g C l  film  w e re  re so lv e d .

F o r  s tu d y  o f  th e  sp e ctra l re g io n  n ea r  1800 c m -1 , 
a  1 0 0 - l in e /m m  r o ta t in g  g ra t in g  a n d  a  m e r c u r y -d o p e d  
G e  d e te c to r  a t 2 0 ° Iv  w e re  s u b s t itu te d . R e s o lu t io n  
o f  w a te r  lin es  in d ic a te d  th a t  th e  sp e c tra l s lit  w id th  
w a s  a b o u t  5 c m -1  a t s ca n  ra tes  o f  1000  c m _1/1 0 0  ^ sec.

F o r  p h o to ly s is , a  b a n k  o f  c o n d e n se rs  (0 .5 , 9 , 17.5 , 
o r  3 2 .5  /i f )  c h a rg e d  t o  v o lt a g e s  in  th e  ra n g e  7 t o  18 k v  
w a s  d is ch a rg e d  th r o u g h  a 5 8 -c m  q u a r tz  fla sh  tu b e  
filled  w ith  2 0  m m  o f  x e n o n . T h e  fla sh  d u r a t io n  (a t  
h a lf-h e ig h t )  w a s  a b o u t  30  yusec fo r  lo w  c a p a c it a n c e  a n d  
60 yusec fo r  th e  h ig h e r  ca p a c ita n c e s . T h r o u g h o u t  th is  
w o rk , a P y r e x  r e a c t io n  ce ll w a s u sed , so  th a t  v e r y  lit t le  
lig h t  o f  w a v e le n g th  less th a n  3 1 0 0  A  w a s  a d m itte d . 
T h e  n u m b e r  o f  p h o to n s  in  th e  e f fe c t iv e  re g io n , 3100  
t o  3 900  A , w a s  a b o u t  4 0  yumoles p e r  1 0 0 0 -jo u le  fla sh .6 
T h e  ce ll a n d  fla sh  tu b e  w e re  o p t ic a l ly  c o u p le d  b y  
w r a p p in g  th e m  to g e th e r  in  a lu m in u m  fo il.

T e m p e r a tu r e  m e a su re m e n t a n d  c o n tr o l  w ere  im p o r 
ta n t  in  th is  e x p e r im e n t. F o r tu n a t e ly , th e  fo r m ic  
a c id  m o n o m e r -d im e r  e q u ilib r iu m  fu rn ish es  te m p e r a 
tu re  in fo r m a t io n  th r o u g h  th e  sp e c tra l in ten s itie s . 
A b o u t  4 0  /¿sec a fte r  e a ch  m e a su re m e n t o f  th e  7 6 8 - 
c m ' 1 b a n d  o f  C 1 C O O H , th e  sp e c tra l sca n  e n c o m 
p a sses  th e  9 1 7 -c m -1  b a n d  o f  fo r m ic  a c id  d im e r  a n d  30

yusec la te r , th e  1 1 0 5 -c m -1  b a n d  o f  fo r m ic  a c id  m o n o m e r . 
W it h  th e  a ssu m p tio n  o f  B e e r ’ s la w , th e  fo l lo w in g  ex 
p ress ion  c a n  b e  d e r iv e d

AH -  RTi In -  
n

w h e re  r ,  =  (D-JM?), D i is th e  o p t ic a l  d e n s ity  o f  th e  
d im e r  b a n d  a t 917  c m -1  a t te m p e r a tu r e  T,, Mi is th e  
o p t ic a l  d e n s ity  o f  th e  m o n o m e r  b a n d  a t 1105  c m -1  a t 
te m p e ra tu re  Ti, a n d  AH is m in u s  th e  h e a t  o f  d is 
s o c ia t io n  p e r  m o le  o f  d im e r  ( =  — 14.5  k c a l /m o le 6).

T h is  te m p e r a tu r e  c a lc u la t io n  a lso  t a c i t ly  assu m es  th a t  
e q u ilib r iu m  is r a p id ly  e s ta b lish e d  w ith in  th e  2 0 -  o r  
3 0 -/ise c  p e r io d  fo l lo w in g  th e  fla sh  a n d  p r e c e d in g  th e  
sp e c tra l sca n . T h is  is u n d o u b t e d ly  so , s in ce  th e  h a lf
t im e  fo r  d is s o c ia t io n  o f  th e  d im e r  a t  3 0 0 ° K  is o f  th e  
o rd e r  o f  1 0 ~ 12 sec if  A f o r  b o n d  ru p tu re  is c lo s e  t o  
A F  o f  d is s o c ia t io n  o f  th e  d im e r  (1 .6 4  k c a l /m o le ) .6 
W e  see, th e n , th a t  T> ca n  b e  e s t im a te d  f r o m  a  re fe r 
e n ce  s p e c tr u m  a t r o o m  te m p e ra tu re , Tt, b e fo r e  th e  
fla sh  a n d  a m e a su re m e n t o f  th e  o p t ic a l  d e n s itie s  a t 
917  a n d  1105 c m " 1 a t  th e  u n k n o w n  te m p e ra tu re .

T h e  a p p lic a b il i ty  o f  th is  te m p e r a tu r e  T2 in  th e  p re s 
e n t w o r k  d e p e n d s  u p o n  o n e  m o r e  fa c to r . T h e  te m p e r a 
tu re  rise a fte r  ce ssa tio n  o f  th e  fla sh  m u st  b e  sm a ll 
e n o u g h  so  th a t  th e  te m p e ra tu re  is e s se n tia lly  c o n s ta n t  
(a n d  e q u a l t o  T») fo r  th e  p e r io d  b e tw e e n  flash  te r m in a 
t io n  a n d  th e  r e c o r d in g  o f  th e  b a n d  a t  76 8  c m - 1 . F o r  
k in e t ic  s tu d ie s  b e lo w  4 0 ° , th e  h e a t in g  th a t  a c c o m 
p a n ie s  th e  fla sh  su fficed  t o  w a rm  th e  ga s  t o  th e  d e
s ired  te m p e ra tu re . V a r ia t io n  o f  fla sh  e n e r g y  a n d  C l2 
p ressu re  p r o v id e d  co n tr o l. F o r  r e a c t io n  te m p e r a 
tu re s  a b o v e  4 5 ° , th e  ce ll w a s  h e a te d  e x te rn a lly  t o  a  
te m p e r a tu r e  10 o r  1 5 ° b e lo w  th e  d e s ire d  te m p e ra tu re . 
T h u s  th e  te m p e ra tu re  rise d u e  t o  fla sh  h e a t in g  a n d  
su b se q u e n t  r e a c t io n s  n e v e r  e x c e e d e d  1 5 ° . S in ce  a  
la rg e  fr a c t io n  o f  th is  rise  m u st  h a v e  o c c u r r e d  d u r in g  
th e  flash , th e  e rro r  in v o lv e d  in  th e  u se  o f  T2 is a t  m o s t  
a  fe w  d egrees .

I n  a  t y p ic a l  k in e t ic  e x p e r im e n t, a  m ix tu re  o f  2 0  m m  
o f  H C O O H , 2 0  m m  o f  C l2, a n d  7 2 0  m m  o f  N 2 w a s  
p h o t o ly z e d  w ith  a  1 3 0 0 -jo u le  fla sh  t o  g iv e  a  10 o r  
1 5 ° te m p e r a tu r e  rise. D o u b l in g  th e  ch lo r in e  p ressu re  
in cre a se d  th e  te m p e ra tu re  rise  t o  4 0 -5 0 ° .  I f  th e  c h lo -

(2) G .  C . P im en te l a n d  K .  C . H e rr,  J. Chim. P h ys., 61 , 1509 (1964).

(3) K .  C . H e r r  a n d  G . C . P im en te l, A p p l. O pt., 4, 25  (1965).

(4) G . A .  C a rlso n , P h .D .  D isse rta t io n , U n iv e r s it y  of C a lifo rn ia , 
B e rke le y , Ca lif., 1966.

(5) B a se d  o n  a c t in o m e try  perfo rm ed  b y  G . A . C a rlson .

(6) G .  C . P im en te l a n d  A .  L .  M c C le l la n ,  “ T h e  H y d ro g e n  B o n d ,”
W .  H .  F re e m a n  an d  Co., S a n  F ran c isco , Calif., 1960.
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r*ne p ressu re  w ere  ra ised  to  2 5 0  m m  a n d  N 2 p ressu re  
d r o p p e d  t o  5 0 0  m m , th e  ce ll w o u ld  e x p lo d e .

T im e  m e a su re m e n t w a s  e n t ir e ly  b a s e d  u p o n  th e  t im e  
sca le  o f  th e  T e k tr o n ix  5 3 5 A  o s c i l lo s c o p e  h o r iz o n ta l 
sw eep . T h e  5 0 -p s e c /c m  a n d  2 0 - /¿ s e c /c m  sw eep  sca les  
w e re  u se d  a n d  e a ch  w a s  c a lib r a te d  t o  ± 1 %  w ith  a 
T e k tr o n ix  R M 1 8 7  t im e  m a rk  g e n e ra to r . T im e  w a s  
m e a su re d  fr o m  th e  b e g in n in g  o f  th e  fla sh  s in ce  th is  
t im e  is w e ll d e fin ed , a n d  fo r  f ir s > o r d e r  k in e tic s , th e  
error  in v o lv e d  a ffe c ts  th e  in te r c e p t  b u t  n o t  th e  s lop e . 
T h e  s lop e , o f  co u rse , fixes th e  ra te  co n s ta n t .

Results
Identification of CICOOH. T h e  7 6 8 -c m -1  C - C l  

s tre tch in g  m o d e  o f  C IC O O H  w a s  s tu d ie d  u n d e r  h ig h e r  
re so lu tio n  th a n  w a s  a v a ila b le  in  th e  ea rlier  w o r k 2 ' 3 

(a b o u t  2 0  c m -1 ) t o  seek  b a n d  c o n to u r  v e r if ic a t io n  o f  
th e  id e n tifica t io n . F ig u r e  1 sh o w s  th is  b a n d  u n d e r  th e  
o p t im u m  c o n d it io n s  th a t  c o u ld  b e  o b ta in e d  in  th is  
w o rk  w ith  a  sp e c tra l s lit  w id th  o f  a b o u t  8  c m - 1  ( t ra ce  
a ) . T r a c e  b  in  F ig u r e  1 c o n tr a s ts  th e  s p e c tr u m  o f  
fo r m ic  a c id  b e fo r e  th e  fla sh  w ith  a  s u p e r im p o s e d  in 
te r fe re n ce  s p e c tr u m  g e n e ra te d  b y  a  p ie c e  o f  A g C l  sh ee t 
p la c e d  in  th e  o p t ic a l  p a th . T h e  9 .4 - c m - 1  sp a c in g s  o f  
th e  fr in g e s  fu rn ish  c a lib r a t io n  m a rk s  a n d  a  q u a lita t iv e  
m ea su re  o f  th e  re so lu t io n . A n  o p t ic a l  d e n s ity  p lo t  o f  
t r a c e  a  sh o w s  th a t  th e  b a n d  w id th  at h a lf-h e ig h t , u n d e r  
th is  re so lu tio n , is a b o u t  17 .5  ±  1 c m -1 . T h e  u n ce r 
t a in t y  is c o n n e c te d  w ith  th e  d if f ic u lty  in  fix in g  th e  / 0 

lin e  a n d  th e  ze ro  tra n sm iss io n  b a se  lin e.
B e ca u s e  o f  th e  ch lo r in e  a to m  m a ss , c h lo r o fo r m ic  a c id  

is a p p r o x im a te ly  a  p r o la te  s y m m e tr ic a l t o p  a n d  th e  ax is  
o f  lea st m o m e n t  o f  in e rtia  is c lo s e  t o  th e  c a r b o n -  
ch lo r in e  b o n d . T h u s  th e  C - C l  s tre tch  is e x p e c te d  
t o  e x h ib it  th e  P Q R  s tru c tu re  o f  a  p a ra lle l b a n d . W it h  
re a so n a b le  b o n d  le n g th s  a n d  a n g les , th e  v a lu e  o f  
y 2{B -f- C) is a b o u t  0 .1 2  c m - 1 . A t  3 0 0 ° K , th e  P R  
p e a k  sp a c in g  is e x p e c te d  t o  b e  n e a r  14 c m - 1 . W it h  an
8 - c m - 1  sp e ctra l s lit  w id th , it  is  u n lik e ly  th a t  su ch  a  fin e  
s tru ctu re  w o u ld  b e  re so lv e d . F u r th e rm o re , th e  m e a s 
u red  b a n d  w id th  o f  17 .5  c m - 1  is r e a s o n a b ly  c lo s e  to  
th e  e x p e c te d  v a lu e , c e r ta in ly  c o n s is te n t  w ith  th e  in te r 
p re ta tio n .

T h e  1 6 0 0 -2 0 0 0 -c m -1  re g io n  w a s  c a r e fu lly  e x a m in e d  
fo r  e v id e n c e  o f  th e  c a r b o n y l s tr e t c h in g  m o t io n  o f  c h lo r o 
fo r m ic  a c id . T h e  H C O O H  p ressu re  w a s  v a r ie d  fr o m
1 . 5  t o  2 0  m m  w ith  a  C l2 p ressu re  o f  2 5  m m  a n d  a n  N 2 

p ressu re  o f  7 0 0  t o  73 0  m m . T h e  sp e c tra l s lit  w id th  
in  th is  re g io n  w a s  5 c m - 1 . N o  tr a c e  c o u ld  b e  fo u n d  o f  
a  c a r b o n y l a b s o r p t io n  o u ts id e  o f  th e  re g io n  o f  th e  
fo r m ic  a c id  b a n d s , 1 6 9 0 -1 8 0 0  c m - 1 . T h e r e  w as, h o w 
ev er, e v id e n c e  th a t  c h lo r o fo r m ic  a c id  m a y  a b s o rb  w ith in  
th is  reg ion , p e rh a p s  n e a r  1800  a n d  1760  c m -1 , th o u g h

y(ctñ ')

Figure 1. Band contour of 768-cm-1 band; spectral 
slit width, 8 cm-1: a, 768-cm-1 band immediately 
after flash; time measured from flash trigger; b, before 
flash, formic acid and interference fringes from AgCl 
sheet; time measured from sweep trigger.

th e  in te rp re ta t io n  is d ifficu lt  if a n y  te m p e r a tu r e  ch a n g e s  
o c c u r  b e ca u se  o f  a t te n d a n t  d is p la c e m e n t  o f  th e  fo r m ic  
a c id  m o n o m e r -d im e r  e q u ilib r iu m .

A s  o n e  fu r th e r  v e r if ic a t io n  o f  id e n t if ica t io n , 18 m m  o f  
9 7 %  H C O O D , 25  m m  o f  C l2, a n d  71 5  m m  o f  N 2 w as 
p h o t o ly z e d  in  th e  u su a l w a y . T h e  tra n s ie n t  sp e c tru m  
w a s  in d is t in g u ish a b le  fr o m  th a t  r e c o r d e d  in  s im ilar  
e x p e r im e n ts  w ith  H C O O H . T h e  a b se n ce  o f  a  n o t ic e 
a b le  fr e q u e n c y  sh ift  is c o n s is te n t  w ith  th e  a ss ig n m e n t 
o f  th e  7 6 8 -c m -1  tra n s ie n t  t o  a  C - C l  s tr e t c h in g  m o t io n  
o f  c h lo r o fo r m ic  a c id  a n d  it  e lim in a te s  th e  p o s s ib ility  
th a t  th e  m o t io n  is c o n n e c te d  w ith  a  h y d r o g e n  b e n d in g  
m o t io n  in  su ch  a  sp e c ie s  as c a r b o x y l  ra d ica l.

Choice of Conditions for Kinetic Studies. R e p r o d u c i 
b i l i t y  w as, a t first, q u ite  a  p r o b le m . I t  w a s  d is c o v e r e d  
e a r ly  th a t  u n less a ir  w a s  e x c lu d e d  a n d  th e  sa m p le  w a s  
c a r e fu lly  d r ie d  w ith  a n h y d r o u s  C a S 0 4 as th e  ce ll w as 
filled , th e  tra n s ie n t  a b s o r p t io n  in te n s ity  w a s  v a r ia b le . 
F u r th e rm o re , a fte r  a  r e p la ce m e n t  o f  a s e c t io n  o f  v a c u u m  
lin e  o r  c le a n in g  o f  th e  p h o to ly s is  ce ll, th e  tra n s ie n t  w a s  
d im in ish e d  o r  lo s t  u n t il sev era l e x p e r im e n ts  h a d  b e e n  
p e r fo rm e d , a fte r  w h ich  th e  tra n s ie n t  w a s  a g a in  re
p ro d u c ib le .

T h e  e ffe c t  o f  fla sh  e n e rg y  o n  in te n s ity  o f  th e  7 6 8 - 
c m - 1  tra n s ie n t  w a s  in v e s t ig a te d  f o r  t w o  ty p e s  o f  m ix 
tu res , ch lo r in e  in  sm a ll e x cess  (1 4  m m  o f  H C O O H ,
2 3 .8  m m  o f  C l2, a n d  72 2  m m  o f  N 2) a n d  ch lo r in e  in 
la rg e  e x cess  (1 3  m m  o f  H C O O H , 195 m m  o f  C l2, a n d  
55 0  m m  o f  N 2). I n  th e  la t te r  ca se , th e  in te n s ity  o f  
th e  7 6 8 -c m -1  b a n d  w a s  fo u n d  t o  in crea se  t o  a m a x i
m u m  a t  a b o u t  5 0 0  jo u le s  a n d  th e n  d e cre a se  a t  h ig h er
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fla sh  en erg ies , d im in ish in g  b y  a b o u t  3 0 %  a t  a  flash  
e n e r g y  o f  1 150  jo u le s . A t  still h ig h e r  flash  en erg ies, 
c e ll d e s tr u c t io n  is l ik e ly  t o  o c cu r . T h e  tra n s ie n t  ca n  
b e  d e te c te d  o n ly  fo r  o n e  o r  tw o  flashes o f  a g iv e n  m ix 
tu re , in d ic a t in g  th a t  th e  ch a in s  fu rn ish e d  b y  re a c t io n s  
2  a n d  3 are  lo n g  e n o u g h  t o  c o n su m e  th e  fo r m ic  a cid . 
T h u s  th e  h ig h  ch lo r in e  m ix tu re s  are  q u ite  u n s u ite d  
t o  k in e t ic  s tu d ie s : th e  a m o u n t  o f  tra n s ie n t  d e p e n d s  
s e n s it iv e ly  u p o n  flash  in te n s ity , th e re  is a  la rg e  te m p e ra 
tu re  rise, a n d  th e  m ix tu re  m u st b e  re p la ce d  a fte r  ea ch  
flash .

F o r  ch lo r in e  in  sm a ll ex cess  (C k /H C O O H  =  1 .7 ) 
th e  tra n s ie n t  in te n s ity  w a s  c o n s ta n t  a n d  re p r o d u c ib le  
w ith in  5 %  o v e r  th e  fla sh  e n e r g y  ra n g e  40 0  t o  1200 
jo u le s . F u r th e rm o re , th e  a m o u n t  o f  h e a t in g  w a s  sm all 
a n d  r e a s o n a b ly  c o n s ta n t  o v e r  th is  fla sh  ra n ge , a b o u t  
1 0 ° . M o s t  im p o r ta n t , it  w a s  p o ss ib le  t o  fla sh  a  g iv e n  
sa m p le  f iv e  o r  six  t im e s  a n d  o b ta in  th e  sa m e  o p t ic a l 
d e n s ity  o f  th e  7 6 3 -c m -1  tra n s ie n t  re p e t it io u s ly  if  d e la y  
t im e  w a s  h e ld  c o n s ta n t . T h e  sm a ll te m p e ra tu re  rise 
a n d  th e  re p e a te d  a p p e a ra n ce  o f  th e  tra n s ie n t  a t  c o n 
s ta n t  in te n s ity  sh o w  th a t  th e  ch a in s  c a n n o t  b e  lo n g  
e n o u g h  t o  c o n su m e  a  la rg e  fr a c t io n  o f  th e  fo r m ic  a cid . 
F u r th e rm o re , th e  a m o u n t  o f  tra n s ie n t  p r o d u c e d  b y  th e  
fla sh  m u st b e  re la t iv e ly  in d e p e n d e n t  o f  th e  m o re  im 
p o r ta n t  e x p e r im e n ta l v a r ia b le s : th e  fla sh  e n e rg y , th e  
fo r m ic  a c id  p ressu re , a n d  th e  ch lo r in e  pressu re. In  
v ie w  o f  th e se  fa v o r a b le  fea tu res , all k in e t ic  s tu d ie s  w ere  
c o n d u c t e d  w ith  ch lo r in e  in  sm all e x cess  a n d  w ith  flash  
en erg ies  n e a r  1 0 0 0  jo u le s .

Kinetic Study. F ig u re  2  sh o w s  th e  o p t ic a l d e n s i t y -  
d e la y  t im e  d a ta  r e c o r d e d  in  a  ty p ic a l  k in e t ic  s t u d y

Figure 2. Plot of log OD (768 cm-1) vs. time 
(T, 308°K); time measured from flash trigger 
to time of scan through 768 cm-1.

o f  a  lo w -e x ce s s  C l2  m ix tu re . T h e  f iv e  d a ta  p o in ts  
w ere  o b ta in e d  fr o m  a  s in g le  fillin g  o f  th e  sa m p le  ce ll 
a n d  w ith  d e la y  t im e s  v a r ie d  n o n s y s te m a t ic a lly : 49 , 
170, 7 5 , 100, a n d  135 nsec. T h e  lin e a r ity  o f  th e  p lo t  
in d ica te s  th a t  th e  7 6 8 -c m _1 b a n d  is lo s t  in  a  f ir s t -o rd e r  
p ro ce ss , p r e s u m a b ly  r e a c t io n  4. T h e  s lo p e  g iv e s  th e  
ra te  co n s ta n t  1.1 ±  0 .5  X  10 4 s e c -1 , a n d  th e  fo r m ic  
a c id  b a n d s  in d ic a te  th a t  th e  re a c t io n  te m p e r a tu r e  w a s  
3 08  ±  2 ° K .

S im ila r  k in e t ic  s tu d ies  w ere  c o n d u c t e d  a t  n in e  
te m p e ra tu re s  in  th e  ra n g e  2 8 8  t o  3 4 3 ° K . T h e  d a ta , 
c o l le c te d  in  T a b le  I , p r o v id e  a  b a s is  fo r  a  p lo t  o f  lo g  
k — lo g  T vs. T~1, as sh o w n  in  F ig u r e  3. T h e  le a s t -  
sq u a res  s tra ig h t lin e  sh o w n  h as a  s lo p e  o f  — 3 .0  ±  0 .4  X  
1 0 3. T h is  lin e  g iv e s  an  a c t iv a t io n  e n th a lp y , AH *  =
13 .8  ±  1 .6  k c a l /m o le  ( 2 <x) a n d  a c t iv a t io n  e n tr o p y

Table I :  Kinetic Data: Decomposition of Chloroformic Acid

Temp,
°K

Delay
time,
/¿sec

Log OD 
transient Log k

343 ±  2° 48 ±  2 - 0 . 3 9  ±  0 .1 5 .0 4  =b 0 .2
71 =b 2 - 0 . 9 4  =b 0 .0 8
83 =b 2 - 1 . 4 0  zb 0 .0 8

110 ±  2 - 3 . 0 0  +  0 .8 , - 3 . 0

338 ±  2° 68 ±  2 - 0 . 7 8  zb 0 .1 4 .8 6  =b 0 .2
95 zb 2 - 1 . 0 1  dz 0 .0 8

130 ±  2 - 2 . 7 3  dz 0 .4

323 dz 2° 60 =b 2 - 1 . 0 6  dz 0 .1 4 .6 1  dz 0 .1 5
109 ±  2 - 1 . 1 7  dz 0 .0 8
140 ±  2 - 2 . 1 1  dz 0 .2

318 dz 2° 70 ±  2 - 0 . 7 9  zb 0 .1 4 .3 2  zb 0 .1 5
103 =b 2 - 1 . 0 0  zb 0 .0 8
131 ±  2 - 1 . 2 4  zb 0 .1

311 dz 2° 70  ±  2 - 0 . 7 8  zb 0 .1 4 .1 5  dz 0 .1 5
109 ±  2 - 0 . 8 0  d= 0 .0 8
135 ±  2 - 0 . 9 5  zb 0 .0 8

308 ±  2° 49 ±  2 - 0 . 7 2  zb 0 .1 4 .0 4  d= 0 .1 5
75 ±  2 - 0 . 8 2  zb 0 .0 8

100 ±  2 - 0 . 9 1  zb 0 .0 8
135 db 2 - 1 . 1 4  zb 0 .0 8
170 db 2 - 1 . 3 1  dz 0 .0 8

295 =b 2° 85 ±  2 - 0 . 7 5  dz 0 .1 3 .7 2  =b 0 .1 5
149 ±  2 - 0 . 8 4  dz 0 .0 8
200 ±  2 - 0 . 9 5  dz 0 .0 8

293 ±  2° 80 ±  2 - 0 . 6 9  zb 0 .1 3 .3 8  dz 0 .1 5
164 =b 2 - 0 . 8 8  zb 0 .0 8
240 =b 2 - 0 . 9 5  d= 0 .0 8

288 ±  2° 105 ±  2 - 0 . 6 3  d= 0 .1 3 .2 5  dz 0 .1 5
170 ±  2 - 0 . 6 7  dz 0 .1
248 ±  2 - 0 . 7 2  d= 0 .0 8
372 d= 2 - 0 . 8 4  d= 0 .0 8
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Figure 3. Temperature dependence 
of C1COOH decay constant.

A S 1*1 =  5 ±  5 c a l /m o le  d e g  (2a). T h e s e  resu lts  c o r -  
r e s p o n d  t o  a  fr e q u e n c y  fa c t o r , A  =  5 X  1 0 13.

T h e  u n c e r ta in ty  in  th e  a c t iv a t io n  e n e r g y  is ra th e r  
la rg e , a s is a p p r o p r ia te  t o  th e  s c a t te r  o f  th e  d a ta  in  
so m e  o f  th e  d e te rm in a t io n s  o f  k. H o w e v e r , a  m o r e  
s in ister  e x p e r im e n ta l e r ro r  lies , p e rh a p s , in  th e  te m 
p e ra tu re  m e a su re m e n t. T h e  d e c o m p o s it io n  o f  C I- 
C O O H  is u n d o u b t e d ly  e x o th e r m ic , p r o b a b ly  b y  10 
o r  12 k c a l /m o le .  I t  is im p lie d  th a t  th e re  m ig h t  b e  a  
2 o r  3 °  te m p e r a tu r e  r ise  d u r in g  th e  t im e  o f  s t u d y  a n d , 
in d e e d , th e re  w a s  e v id e n c e  f r o m  th e  fo r m ic  a c id  
d im e r iz a t io n  th a t  th is  w a s  p r o b a b ly  so . S u c h  an  e ffe c t  
w o u ld , o f  co u rse , ca u se  a  d e v ia t io n  fr o m  lin e a r ity  in  
th e  p lo t s  su ch  as F ig u r e  2 , a n d  it  w o u ld  te n d  t o  g iv e  
a  k th a t  is t o o  la rg e . O n  th e  o th e r  h a n d , th e re  is a 
t e n d e n c y  fo r  th e  im p lie d  e r ro r  t o  b e  a b o u t  th e  sa m e  
a t v a r io u s  te m p e ra tu re s  s in ce  th e  o p t ic a l  d e n s ity  ra n g e  
is  a b o u t  th e  sa m e. H e n c e , th e  te m p e r a tu r e  d e p e n d e n c e  
( le a d in g  t o  A H *)  is m o r e  re lia b le  th a n  th e  a b s o lu te  
v a lu e s  o f  k (w h ich  le a d  t o  A<S* *  o r  t o  A). I n  a n y  e v e n t , 
th e  im p lie d  c u r v a tu r e  is n o t  in  e v id e n c e  in  F ig u r e  2 , 
so  it  m u s t  b e  sm a lle r  th a n  th e  u n c e r ta in ty  in tr o d u c e d  
in  th e  p h o t o m e t r y .

Discussion
T h e  lo w  v a lu e  o f  AH *  ru les o u t  b o n d  ru p tu re  m e c h 

an ism s. A  b im o le c u la r  p ro ce s s  is  ru le d  o u t , o f  cou rse , 
b y  th e  lin ea r  p lo t  s h o w n  in  F ig u r e  2 . A n  in tra m o le cu 
la r  m e ch a n ism  is  su g g ested . A n  o b v io u s  p ro ce s s  is 
th e  t w o -s te p  m e ch a n ism , (4 a ) a n d  (4 b ) . T h e  b a rr ie r  
t o  r o ta t io n  h a s  b e e n  m e a su re d  fo r  fo r m ic  a c id  b y

CL
1 1  1 \1

X  /
A > o f  \ ) / - H

z l  / x
activatedcis com plex

Cl

Cl

A  H (4a)
O' N0 ' 

trans

. V
HCI +  C 0 2 (4b)

trans

L e rn e r  a n d  D a i le y , 7  w h o  fo u n d  17 k c a l /m o le .  O u r  
v a lu e  fo r  AH *  is su ffic ie n t ly  c lo s e  t o  th is  v a lu e  t o  su g 
g est th a t  reaction 4 a is the rate-determining step a n d  
th a t  r e a c t io n  4 b  is r a p id  in  c o m p a r is o n . F u r th e rm o re , 
th e  p o s it iv e  v a lu e  o f  AS *  c a n  b e  a s s o c ia te d  w ith  th e  
b e n d in g  m o d e  o f  th e  O H  g r o u p  w h ic h , in  th e  a c t iv a te d  
c o m p le x , is  n o  lo n g e r  re s tra in e d . T h e  rea so n a b le n e ss  
o f  th is  d e d u c t io n  c a n  b e  te s te d  b y  e x a m in in g  th e  
p r o b a b le  in te r a to m ic  d is ta n ce s  in  th e  ¿rcm s-C IC O O H  
as w e ll as in  th e  s ta b le  c o u n te r p a r ts  H C O O H  a n d  
F C O O H  a n d  th e  as y e t  u n k n o w n  c o u n te r p a r t , B r -  
C O O H . T h e s e  d is ta n ce s  c a n  b e  c o m p a r e d  t o  th o s e  in  
th e  p r o d u c t  m o le cu le , H X ,  w h ic h  m u st b e  fo r m e d . 
T a b le  I I  sh o w s  th e se  c a lc u la te d  d is ta n ce s  u s in g  c o n -

Table I I  : Calculated X  • • • H Distances in irans-XCOOH

X
„ calcd rX- • -Hi

A
mx.

A
Discrepancy,

A

H 1.86 0.74 1.12
F 2.00 0.92 1.08
Cl 2.24 1.28 0.96
Br 2.47 1.41 1.06

v e n t io n a l C - X  b o n d  le n g th s , th e  fo r m ic  a c id  C - 0  
d is ta n ce , a n d  h y p o th e t ic a l  b o n d  a n g les  ( Z X - C - 0  =  
1 2 0 ° , Z C - O - H  =  9 0 ° ) .  T h e  la s t c o lu m n  sh o w s  th a t  
th e  b o n d  le n g th  d is c r e p a n c y  is a  m in im u m  fo r  X  =  C l.

A n o t h e r  q u a n t ity  o f  im p o r ta n c e  is th e  t r e n d  in  th e  
e n e r g y  n e e d e d  t o  ru p tu re  a  C - X  b o n d  m in u s  th e  
e n e r g y  re lea sed  in  fo r m a t io n  o f  a n  H - X  b o n d . O f

(7) R .  S . L e rn e r  a n d  B .  P .  D a ile y ,  J. Chem. P h ys., 26 , 680  (1957).
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c o u rs e  th e re  a re  o th e r  e n e r g y  c o n tr ib u t io n s  t o  th e  
o v e r -a ll  p ro ce ss , b u t  t h e y  m a y  b e  r e la t iv e ly  co n s ta n t  
as X  va r ies . T a b le  I I I  sh o w s  th e se  b o n d  en erg ies  
a n d , a g a in , th e  d iffe re n ce . F o r  c o n s is te n c y , t h e  C - X  
b o n d  e n e r g y  in  C F 3X  m o le cu le s  is lis te d  in  th e  s e c o n d  
c o lu m n . 8

Table I I I  : Bond Energy Differences between 
C -X  and H -X  Bonds (kcal/mole)

X
Dc(C-X) 
in FaCX Do (H -X )

Do(C-X) - 
Do(H-X)

H 103 103 0
F 121 134 - 1 3
Cl 83 102 - 1 9
Br 65 87 -2 2

B o t h  T a b le s  I I  a n d  I I I  p r o v id e  a  b a s is  fo r  u n d e r 
s ta n d in g  th e  ease  o f  d e c o m p o s it io n  o f  C 1 C O O H  rela 
t iv e  t o  F C O O H  a n d  H C O O H . F o r  c h lo r in e , th e  X  •• • 
H  d is ta n ce  d is c r e p a n c y  is sm a lle s t, fa c i lit a t in g  th e  h y 
d ro g e n  a to m  tra n sfe r . A t  th e  sa m e  t im e , th e  b o n d  
e n e r g y  d is c r e p a n c y  c o n tr ib u te s  m o s t  t o  e x o th e r m ic ity . 
U s in g  th e se  q u a n t it ie s  as g u id es , w e  see  th a t  th e  
b r o m in e  c o u n te r p a r t  is su ffic ie n t ly  lik e  C 1 C O O H  th a t

its  d e c o m p o s it io n  s h o u ld  b e  s im ilar . I n  p a r t icu la r , 
i f  th e  cis-trans is o m e r iz a t io n  is th e  ra te -d e te r m in in g  
s te p  fo r  C 1 C O O H , it  w ill p r o b a b ly  a lso  b e  so  f o r  B r -  
C O O H . I t  is  im p lie d  th a t  B r C O O H  s h o u ld  a lso  h a v e  
o n ly  tra n s ie n t  e x is te n ce  u n d e r  n o rm a l c o n d it io n s .

Conclusions
T h is  s t u d y  c o n firm s  th e  ea rlier  id e n t if ic a t io n  o f  c h lo -  

r o fo r m ic  a c id 2 , 3  as a  tra n s ie n t  in te rm e d ia te  in  th e  p h o t o -  
ly t ic  r e a c t io n  b e tw e e n  ch lo r in e  a n d  fo r m ic  a c id . 
H e n ce , it  v er ifie s  fu r th e r  th e  r e a c t io n  m e c h a n is m  o f  
W e s t  a n d  R o l le f s o n . 1 T h e  e n e rg y  o f  a c t iv a t io n  p r o 
v id e s  a  b a s is  f o r  c o n c lu d in g  th a t  th e  u n im o le c u la r  d e 
c o m p o s it io n  is  p r o b a b ly  ra te - lim ite d  b y  th e  cis-trans 
is o m e r iz a t io n  a r o u n d  th e  C - 0  b o n d .

I n  a d d it io n  t o  th e  sp e c if ic  resu lt, w e  n o te  th a t  th is  
s tu d y  p r o v id e s  a n  e n co u r a g in g  p r o t o t y p e  in  th e  u se  
o f  r a p id -s c a n  in fra re d  s p e c t r o s c o p y . T h e  v e r s a t i lity  
o f  th e  in fra re d  te c h n iq u e  n o w  is a v a ila b le  f o r  th e  d ir e c t  
d e te c t io n  a n d  k in e t ic  s tu d y  o f  r e a c t io n  in te rm e d ia te s .
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D o u b le  ir ra d ia t io n  (s p in -t ic k lin g ) e x p e r im e n ts  o n  th e  A B X  p o r t io n s  o f  th e  n m r  sp e ctra  
fr o m  l ,4 -d ip h e n y l-2 -a z e t id in o n e , s ty r e n e  c a r b o n a te , a n d  th e  v in y l  c h lo r id e  D ie ls -A ld e r  
a d d u c t  o f  h e x a c h lo r o c y c lo p e n ta d ie n e  a re  d e s cr ib e d . T h e  g e m in a l a n d  v ic in a l H - H  c o u p lin g  
c o n s ta n ts  a re  sh o w n  t o  h a v e  o p p o s it e  s ig n s  in  a ll th re e  m o le cu le s . T h e s e  re su lts  a re  in  
a c c o r d  w ith  r e c e n t  th e o r e t ic a l p r e d ic t io n s .

E x a c t  c o m p u te r  a n a ly s e s 1-7 o f  c a r e fu lly  ca lib ra te d  
n m r sp e c tra  fo r  s y s te m s  o f  th re e  o r  m o r e  sp in s  h a v e  
s h o w n  th a t  g e m in a l a n d  v ic in a l  H - H  c o u p lin g s  m a y  
h a v e  e ith e r  th e  sa m e  o r  o p p o s it e  sign s. I n  r e ce n t  
y e a rs  th e se  co n c lu s io n s  h a v e  b e e n  v e r if ie d  b y  d o u b le 
re s o n a n ce  e x p e r im e n ts .8-13 T h u s , 1 2J hh c o u p lin g s  a cro ss  
s p 3 4 5 6 7 8 * h y b r id iz e d  c a r b o n s  in  s a tu ra te d  s y s te m s  a re  u s u a lly  
fo u n d  t o  b e  n e g a t iv e ,1 -4 -7-10' 12' 13 w h erea s  fo r  s p 2 
h y b r id iz e d  s y s te m s  V hh m a y  b e  e ith e r  p o s it iv e  o r  
n e g a t iv e  d e p e n d in g  o n  th e  n a tu re  o f  s u b s t itu e n ts  
a t ta c h e d  t o  th e  s y s t e m .14 S im ila r ily , th e  s ig n  o f  2. / hh 
in  th r e e -m e m b e r e d  h e te r o c y c lic  s y s te m s 6,6’11' 13 d e 
p e n d s  o n  th e  h e te r o a to m  (e.g., 2Jim in  s ty r e n e  o x id e  is 
+ 5 .6 6  H z  w h ile  2/ Hh in  s ty re n e  su lfid e  is  — 1.38  H z ) .15 
T h is  p r o b le m  is o f  c o n t in u in g  s ig n ifica n ce , b o t h  f r o m  
th e  p r a c t ic a l a s p e c t  o f  s p e c tr a l a n a ly s is  a n d  f r o m  th e  
th e o r e t ic a l v ie w p o in t  o f  e lu c id a t in g  th e  q u a n tu m  
m e c h a n ic a l o r ig in  a n d  m e c h a n is m (s )  o f  s p in -s p in  
c o u p lin g .

R e c e n t ly , w h ile  in v e s t ig a t in g  th e  s o lv e n t  d e p e n d e n ce  
o f  H - H  c o u p lin g s  in  sm a ll r in g  c o m p o u n d s , th e  re la 
t iv e  s ig n  o f  th e  g e m in a l H - H  c o u p lin g  c o n s ta n t  in  
th ese  sy s te m s  b e c a m e  o f  c r it ica l im p o r ta n c e .15 In  
o rd e r  t o  o b ta in  fu r th e r  in fo r m a t io n  c o n c e r n in g  th e  sign  
o f  V hh in  sa tu ra te d  r in g  sy s te m s , sp in -t ic k lin g  ex 
p e r im e n ts  w e re  ca rr ie d  o u t  o n  th e  A B X  s y s te m  in  fo u r -  
a n d  fiv e -m e m b e r e d  sa tu ra te d  r in g  c o m p o u n d s . W e  
re p o r t  h ere  th e  re la t iv e  s ign s o f  th e  H - H  co u p lin g  c o n 
s ta n ts  in  l ,4 -d ip h e n y l-2 -a z e t id in o n e  ( I ) ,  s ty r e n e  ca r 
b o n a te  ( I I ) ,  a n d  th e  v in y l  c h lo r id e  D ie ls -A ld e r  a d d u c t  
o f  h e x a c h lo r o c y c lo p e n ta d ie n e  ( I I I ) .

(1) R .  R .  F ra se r, R .  V .  Lem ieux, a n d  J. D .  S te ven s, J . A m . Chem. 
Soc., 83, 3901 (1961).

(2) F .  K a p la n  a n d  J. D .  R ob e rts, ib id ., 83, 447 4  (1961).

(3) K .  L .  S e rv is  an d  J. D .  R ob e rts, J . P h ys . Chem ., 67 , 2 88 5  (1963).

(4) R .  R .  F ra se r, Can. J . Chem., 40 , 1483 (1962).

(5) C . A .  R e i l ly  an d  J. D .  Sw alen, J . Chem. P h ys ., 32 , 1378 (1960 ).

(6) C . A .  R e i l ly  a n d  J. D .  Sw a len, ibid., 35, 1522 (1961).

(7) H .  F inego ld , P roc. Chem. Soc., 2 13  (1962).

(8) R .  F reem an , K .  A . M c L a u g h la n ,  J. I.  M u sh e r ,  a n d  K .  G . R .
Paeh ler, M ol. P h ys ., 5, 321 (1962).
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Experimental Section
P r o c e d u r e s  d e s c r ib e d  in  th e  lite ra tu re  w e re  u sed  t o  

p re p a re  l ,4 -d ip h e n y l-2 -a z e t id in o n e  ( I ) 9 10 11 12 13 14 15 16 a n d  s ty re n e  
c a r b o n a te  ( I I ) . 17 T h e  v in y l  c h lo r id e  D ie ls -A ld e r  
a d d u c t  o f  h e x a c h lo r o c y c lo p e n ta d ie n e  ( I I I )  w a s  a  g ift  
f r o m  D r . P . E . H o c h . S a m p le s  w e re  p re p a re d  as 10 
m o le  %  s o lu t io n s  in  d -c h lo r o fo r m  c o n ta in in g  a b o u t  
4 %  T M S  as  a n  in te rn a l s ta n d a rd  a n d  lo c k  s ig n a l.

S p e c tr a  w e re  o b ta in e d  w ith  a  V a r ia n  H A -6 0 -I L  
s p e c t r o m e te r  o p e r a t in g  in  th e  fr e q u e n c y -s w e e p  m o d e . 
A  H e w le t t -P a c k a r d  2 0 1 C R  fr e q u e n c y  o s c i l la t o r  m o n i
to r e d  b y  a  H e w le t t -P a c k a r d  5 2 1 C R  fr e q u e n c y  c o u n te r  
w a s  e m p lo y e d  t o  p r o v id e  th e  w e a k  p e r tu r b in g  r a d io 
fr e q u e n c y  fie ld  a p p lie d  t o  a  p a r t icu la r  tra n s it io n .

Results and Discussion
F re e m a n  a n d  A n d e r s o n 9 h a v e  d e s c r ib e d  th e  e ffe c t  

o f  a  w e a k  p e r tu r b in g  r a d io fr e q u e n c y  fie ld  w h e n  a p p lie d  
t o  in d iv id u a l lin es  in  a n  n m r  s p e c tr u m . W h e n  th e  
p e r tu r b in g  r a d io fr e q u e n c y  fie ld  is  s e t  a t th e  fr e q u e n c y  
o f  a  p a r t icu la r  r e s o n a n c e  lin e  a n d  th e  m a g n itu d e  o f  th is  
fie ld  is  a b o u t  e q u a l t o  th e  lin e  w id th  in  H z , tra n s it io n s  
w h ic h  sh a re  a  c o m m o n  e n e rg y  le v e l w ith  th e  ir ra d ia te d  
lin e  (a n d  o n ly  th o s e  tra n s it io n s ) w ill b e  sp lit  in to  
d o u b le ts . F r o m  re su lts  o b ta in e d  b y  irra d ia tin g , in  
tu rn , s e v e ra l lin es  in  th e  s p e c tr u m , it  is  th e n  p o ss ib le  
t o  t r a c e  o u t  th e  e n e r g y  le v e l d ia g r a m  o f  a  n u c le a r  sp in  
s y s te m  a n d , i f  th e  s p e c tr u m  is c lo s e  t o  firs t  o rd e r , t o  
d e te r m in e  th e  r e la t iv e  s ig n s  o f  th e  c o u p lin g  c o n s ta n ts .

F ig u re  1 A  s h o w s  th e  A B X  p o r t io n  o f  th e  n m r  sp e c 
t r u m  o f  l ,4 -d ip h e n y l-2 -a z e t id in o n e  ( I ) .  T h e  resu lts  
o f  an  e x p e r im e n t  in  w h ic h  lin e  12 w a s  ir ra d ia te d  are  
sh o w n  in  F ig u r e  I B .  C h a n g e s  in  th e  s p e c tr u m  sh o w  
th a t  lin e  1 a n d  2  o f  th e  A  re g io n  h a v e  th e  sa m e  X  sp in  
s ta te  as  d o  lin es  5  a n d  6  o f  th e  B  re g io n . T h e  resu lts  
s h o w  J a b  (gem) t o  b e  d iffe re n t in  s ig n  f r o m  . / AX (trans) 
a n d  J b x  ( c f s ) .18 A  s im ila r  e x p e r im e n t in  w h ich  lin e  
9 o f  th e  X  re g io n  w a s  ir ra d ia te d  (F ig u re  1 C ) is  c o n s is t 
e n t  w ith  th e  g e m in a l c o u p lin g  c o n s ta n t  b e in g  o p p o s ite  
in  s ig n  t o  th e  t w o  v ic in a l c o u p lin g  co n s ta n ts . T h e  n m r 
s p e c tr a  o f  I I  a n d  I I I  a re  s im ila r  t o  th e  o n e  s h o w n  in  
F ig u re  1 A  fo r  I . E x p e r im e n ts , s im ila r  t o  th e  a b o v e , 
ca rr ie d  o u t  o n  I I  a n d  I I I  g iv e  id e n t ic a l resu lts .

T h e  c h e m ic a l sh ifts  a n d  c o u p lin g  co n s ta n ts  o b ta in e d  
fr o m  e x a c t  c o m p u te r  a n a ly s is 19 o f  th e  n m r  sp e c tr a  o f  I , 
I I ,  a n d  I I I  a re  g iv e n  in  T a b le  I . M a k in g  th e  u su a l 
a s s u m p t io n  th a t  v ic in a l H - H  c o u p lin g s  a re  p o s it iv e ,20’21 
th e  a b s o lu te  s ig n  o f  th e  g e m in a l H - H  c o u p lin g  c o n 
s ta n ts  is g iv e n  as n e g a t iv e .

T h e  sign  o f  th e  g e m in a l H - H  c o u p lin g  c o n s ta n t  in  
I I I  h a s  b e e n  su g g e s te d  earlier  t o  b e  n e g a t iv e 22 a n d  is 
v e r if ie d  h ere . S in ce  i t  is  h ig h ly  u n lik e ly  th a t  ch a n g in g  
/3 s u b s t itu e n ts  in  th e  h e x a c h lo r o b ic y c lo h e p te n e  s y s te m

Figure 1. The A B X  portion of the 60-MHz spectra of 
l,4-diphenyl-2-azetidinone ( I) :  A, normal spectrum;
B, line 12 irradiated; C, line 9 irradiated.

w o u ld  ca u se  2J Hh t o  ch a n g e  b y  a  fa c t o r  o f  2, it  fo l lo w s  
th a t  th e  s ig n  o f  2/ hh in  th e  re m a in d e r  o f  th e se  a d d u c ts  
s tu d ie d  p r e v io u s ly 23 is a ls o  n e g a t iv e . F o r  I  a n d  I I ,  
c o m p u te r  a n a ly se s  w ith  b o t h  a  p o s it iv e  a n d  a  n e g a t iv e

(9) R .  F re e m a n  an d  W .  A .  A nd e rson , J. Chem. Phys., 37, 2053  
(1963).

(10) R .  F re e m a n  an d  N .  S. B ha cca , ibid., 38, 1088 (1963).

(11) D . D . E l le m a n  an d  S. L .  M a n a tt ,  ./. Mol. Spectry., 9, 477  
(1962).

(12) K .  A .  M c L a u g h la n  an d  D . H .  W h iffen , Proc. Chem. Soc. (L o n 
don). 144 (1962).

(13) S. L .  M a n a tt ,  D . D . E lle m an , an d  S. J. B ro is ,  J. Am. Chem. 
Soc., 87, 222 0  (1965).

(14) C . N .  B a n w e ll a n d  N .  She p pa rd , Discussions Faraday Soc., 34, 
115 (1962), a n d  references con ta ined  therein.

(15) B o t h  co u p lin g s  are so lve n t  dependent. S. L .  S m ith  an d  R .  H .  
C ox , J. Chem. Phys., 45, 2848  (1966).

(16) H .  G ilm a n  an d  M .  Speeter, J. Am. Chem. Soc., 65, 2255  (1943).

(17) L .  R .  M o r r i s  a n d  D . J. H u b b a rd ,  J . Org. Chem., 27, 1451 
(1962).

(18) A  m ne m o n ic  m ethod  fo r e stab lish in g  the  re la tive  s ig n s  of 
c o u p lin g  constan ts  from  doub le -re sonance  d a ta  h a s  recently  been 
g iven. E .  F .  F r ie d m a n  a n d  H .  S. G u to w sk y ,  J. Chem. Phys., 45, 
3158  (1966).

(19) J. D .  Sw a le n  an d  C . A .  R e illy ,  ibid., 37, 21 (1962).

(20) M .  K a rp lu s ,  J. Am. Chem. Soc., 84, 2458  (1962).

(21) P .  C .  L a u te rb u r  a n d  R .  J. K u r la n d ,  ibid., 84, 3405  (1962).

(22) A .  A .  B o th n e r -B y ,  p riva te  co m m u n ica tion  reported  in  ref 23.

(23) K .  L .  W illia m so n ,  J. Am. Chem. Soc., 85, 516  (1963).
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Table I : Calculated Chemical Shifts and 
Coupling Constants at 60 MHz“

Com
pound

Jab
(gem)

Jax
(trans)

J BX
(CIS) -a 6 KB6 rXb

I -1 5 .1 6 2.73 5.66 174.17 210.70 298.41
I I -8 .6 4 7.78 8.07 258.22 286.35 339.26

I I I e -1 3 .3 2 3.16 8.20 130.23 179.78 278.89

“ Calculated probable errors are <  ±0.06 Hz in all cases. 
“ In  Hz downfield from internal TMS. '  Results from 5 mole % 
solution in cyclohexane.

sign  fo r  2J hh d id  n o t  a llo w  a  d is t in c t io n  b e tw e e n  th e  
t w o  sign s t o  b e  m a d e . T h e  re su lts  o b ta in e d  fo r  I  
are  in  a g re e m e n t w ith  th o s e  o b ta in e d  fo r  th e  s im ilar  
c o m p o u n d  2 ,2 -d ib r o m o c y c lo b u t a n o n e .3 C o m p o u n d s  
s im ilar  t o  I I  h a v e  a ls o  b e e n  e x a m in e d 1 w h e re  th e  sign  
o f  2. /hh w a s  fo u n d  t o  b e  n e g a t iv e .

I t  a p p ea rs , f r o m  th e se  re su lts  a n d  o th e rs  f r o m  th e  
lite ra tu re , th a t  th e  s ig n  o f  g e m in a i H - H  c o u p lin g  c o n 
s ta n ts  in  fo u r -  a n d  fiv e -m e m b e r e d  s a tu ra te d  r in g  s y s 

te m s  is  n e g a t iv e . O n e  e x c e p t io n  a p p e a rs  t o  b e  2/ Hh 
fo r  th e  C 2 m e th y le n e  g r o u p  o f  1 ,3 -d io x o la n e s  w h e re  it  
h a s  b e e n  su g g e s te d  fr o m  th e  s o lv e n t  d e p e n d e n ce  o f  
V h h  th a t  th is  c o u p lin g  is p r o b a b ly  p o s i t iv e .16 T h is  
t y p e  o f  d e v ia t io n  h a s  b e e n  d is cu sse d  p r e v io u s ly  in  re la 
t io n  t o  th e  c o n tr ib u t io n s  o f  th e  t w o  n e ig h b o r in g  o x y 
g en s  t o  th e  c o u p lin g  c o n s t a n t .24’ 25 B o t h  th e  m a g n i
tu d e  a n d  th e  sign  o f  th e  g e m in a l co u p lin g s  fo u n d  in  
th is  in v e s t ig a t io n  a re  in  c o m p le te  a c c o r d  w ith  th e  M O  
t h e o r y  fo r  tre n d s  in  g e m in a l H - H  c o u p lin g  c o n s ta n ts 24 
ca u se d  b y  s u b s t itu e n ts  a n d  ch a n g in g  h y b r id iz a t io n .

Acknowledgment. T h e  a u th o r s  w ish  t o  th a n k  D r .
P . E . H o c h  o f  th e  H o o k e r  C h e m ic a l C o . fo r  th e  d o n a 
t io n  o f  th e  D ie ls -A ld e r  a d d u c t  o f  h e x a c h lo r o c y c lo -  
p e n ta d ie n e .

(24) J. A .  P op le  an d  A .  A . B o th n e r -B y ,  J . Chem. P h ys ., 42, 1339 
(1965).

(25) A .  A .  B o t h n e r -B y  in  “ A d v a n c e s  in  M a g n e t ic  R e so n an ce ,” 
V o l.  I,  J. 8. W a u g h ,  Ed .,  A ca d e m ic  P ress, Inc., N e w  Y o rk ,  N .  Y . ,  
1965, p  195.
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T h e  c a t io n  p o s it io n s  in  d e h y d r a t e d  s y n th e t ic  fa u ja s ite  (z e o lite  1 3 Y , w ith  a  u n it  c e ll c o n 
te n t  a p p r o x im a te ly  re p re se n te d  b y  N a57Sii35Al570 384, F d 3 m , a 0 =  2 4 .71  ±  0 .0 2  A )  a n d  th e  
a n a lo g o u s  K -  a n d  A g -e x c h a n g e  c o m p o u n d s  ( K 57Sii35Al570384, a 0 =  2 4 .8 0  ±  0 .0 2  A ;  A g 57S ii35-  
A I 57O 3 8 4, «o =  2 4 .8 5  ±  0 .0 3  A )  w e re  d e te r m in e d  w ith  X - r a y  p o w d e r  d if fr a c t io n  d a ta  b y  
m e a n s  o f  th r e e -d im e n s io n a l F o u r ie r  s y n th e se s  a n d  th e  s tru c tu re s  w ere  re fin e d  b y  le a s t  
sq u a res . T h e  c a t io n s  N a + , K + ,  a n d  A g + w e re  fo u n d  t o  o c c u p y  th re e  d if fe r e n t  k in d s  o f  
s ites  ( I ,  I I ,  I I I )  o n  th e  th r e e fo ld  s y m m e tr y  a x es  o f  th e  fa u ja s ite  fr a m e w o r k  s tru c tu re . 
T h e s e  s ite s  are a s s o c ia te d  w ith  t w o  se ts  o f  te t r a h e d r a lly  a rra n g e d  (S i, A 1 )60 6 r in g s  w h ic h  
w ith  a d d it io n a l o x y g e n  a to m s  d e fin e  th e  “ so d a lite  u n it .”  S ite  I  a p p ro a ch e s , f r o m  o u ts id e  
o f  th e  s o d a lite  u n it , th e  ce n te r  o f  th e  s ix -m e m b e re d  r in g  th a t  fa c e s  th e  la rg e  a b s o r p t io n  
c a v it y  o f  th e  s tr u c tu r e ; s ite  I I ,  f r o m  in s id e  o f  th e  so d a lite  u n it , a p p r o a c h e s  th e  s e c o n d  s ix -  
m e m b e r e d  r in g  w h ic h  fa c e s  th e  c e n te r  o f  s y m m e tr y . S ite  I I I  is a t  th e  c e n te r  o f  s y m m e tr y . 
A  c a t io n  in  s ite  I  o r  I I  h a s  th re e  n e a rest o x y g e n  n e ig h b o r s  fo r m in g  a  re g u la r  t r ia n g le ; 
in  s ite  I I I  it  is  s u rro u n d e d  b y  six  e q u id is ta n t  o x y g e n s  fo r m in g  a m o d e r a te ly  d is to r te d  
o c ta h e d r o n . I n  a ll cases , s ite  I I  h a s  th e  sm a lle s t  o c c u p a n c y  fa c to r . T h e  o c c u p a n c y  
fa c t o r  is  c lo se  t o  u n ity  fo r  s ite  I  w ith  N a +  a n d  K +  a n d  fo r  s ite  I I I  w ith  A g + . F o r  s ite  I ,  
th e  d is ta n ce s  N a - 0  2 .3 3  A , K - 0  2 .7 2  A , a n d  A g - 0  2 .3 2  A  w ere  o b s e r v e d .

Introduction

T h e  d e h y d r a te d  fo rm s  o f  s y n th e t ic  z e o lite s , w e ll 
k n o w n  as  “ m o le cu la r  s ie v e s ,”  h a v e  a t t r a c te d  m u c h  
a t te n t io n  in  r e c e n t  y e a rs  b e ca u se  o f  th e ir  u n iq u e  
p h y s ic o c h e m ic a l p ro p e r t ie s , su ch  a s  th e ir  c a p a c it y  
fo r  s e le c t iv e  a b s o r p t io n  a n d  ca ta ly s is  d u e  t o  th e  p res 
e n ce  o f  in te r c o n n e c t in g  ch a n n e ls  a n d  c a v it ie s  o f  d e fin ite  
sh a p e  a n d  u n ifo r m  size.

T h e  c r y s ta l s tru c tu re  o f  z e o lite  X  (n e a r -fa u ja s ite )  
in its  h y d r a te d  fo r m  w a s  d e te r m in e d  b y  B ro u ssa rd  
a n d  S h o e m a k e r 2“  fr o m  p o w d e r  d a ta  a n d  w a s  fo u n d  to  
b e  a lm o s t  id e n t ica l w ith  th a t  o f  th e  n a tu r a lly  o c c u r r in g  
m in e ra l fa u ja s ite .2b'3 Z e o lite  Y ,  o r  “ s y n th e t ic  fa u ja 
s ite ” 4 is a  s o d iu m  a lu m in o s ilica te  w h ic h  h a s  esse n tia lly  
th e  sa m e  fr a m e w o r k  s tru c tu re  as z e o lite  X  b u t  d iffe rs  
in  its  S i :A l  r a t io  w h ic h  v a r ie s  fr o m  2 .2  t o  3 .0  as in

n a tu ra l fa u ja s ite  w h ile  th e  sa m e  r a t io  is n e a r  1 .5  in  
z e o lite  X .  A s  r e p e a te d ly  m e n t io n e d  e lsew h ere , th e  
fa u ja s ite  fr a m e w o r k  s tru c tu re  m a y  b e  d e s c r ib e d  as  a  
d ia m o n d  a rra y  o f  c u b o c ta h e d r a l a lu m in o s ilica te  u n its  
c o m p o s e d  o f  24  (S i, A l)  a to m s  a n d  3 6  o x y g e n  a to m s . 
T h is  s tru c tu ra l u n it  is u su a lly  re fe rre d  t o  a s  th e  “ s o d a 
lite  u n it ”  b e ca u se  o f  its  o c c u r r e n c e  in  th e  m in e ra l 
s o d a lite . I t  m a y  b e  e n v is io n e d  as  a n  a rr a n g e m e n t  o f  
t w o  se ts  o f  te tr a h e d r a lly  p o s it io n e d  r in g s  e a ch  c o n ta in 
in g  s ix  lin k e d  (S i, A 1 )0 4 te tra h e d ra . E a c h  s o d a lite

(1) A u t h o r  to  w h o m  corre spondence an d  rep r in t  requests s h o u ld  be 
sent

(2) (a) L .  B ro u ssa rd  an d  D .  P .  Shoem ake r, J . A m . Chem . Soc., 82 , 
1041 (1960); (b) G . Berge rhoff, W . H .  B a u r,  an d  W . N o w a c k i,  
N eues Jahrb. M ineral. M annish., 193 (1958).

(3) W .  H .  B a u r ,  A m . M ineralogist, 49, 697 (1964).

(4) D .  W .  B reck , B e lg ia n  P a te n t  N o .  577642, 1959.
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u n it  is c o n n e c te d  a t  th e  (S i, A 1 )0  r in g s  o f  o n e  su ch  se t 
t o  e a ch  o f  fo u r  o th e r  so d a lite  u n its  b y  s ix  “ b r id g e ”  
o x y g e n  a to m s  0 ( 1 ) ,  so  th a t  th e  12 o x y g e n  a to m s  in  th e  
t w o  r in g s  d e fin e  a  d is to r te d  h e x a g o n a l p r ism . T h e  
d e fo r m a t io n  is su ch  th a t  th e  s ix  o x y g e n s  c lo se s t  t o  
th e  c e n te r  o f  th e  p r ism  (a t  a  c e n te r  o f  s y m m e tr y )  
fo r m  a n  o c ta h e d r o n , w h ic h  m a y  b e  n e a r ly  re g u la r  o r  
m o d e r a te ly  d is to r te d . T h e r e  a re , p e r  u n it  ce ll, e ig h t  
la rg e  a b s o r p t io n  ca g e s  w ith  a b o u t  13 .7  A  free  d ia m e te r  
(w h ich  h a v e  b e e n  r e p e a te d ly  re fe rre d  t o  in  th e  lite ra 
tu re  as “ su p e rca g e s ” ) ,  e ig h t  s o d a lite  u n its , a n d  16 
h e x a g o n a l p r ism s. T h e  “ su p e rca g e s ”  m e e t  a t  w in d o w s  
w ith  a p p r o x im a t e ly  7 .5  A  free  d ia m e te r  fo r m e d  b y  (S i, 
A l ) i20 i2  r in g s  sh a red  b e tw e e n  th e m .

T h e  s o d iu m  io n s  in  z e o lite s  X  a n d  Y  h a v e  b e e n  s u c 
ce ss fu lly  e x ch a n g e d  b y  v a r io u s  u n i-, d i- , a n d  tr iv a le n t  
ca tio n s  a n d  e x ch a n g e  e q u ilib r ia  h a v e  b e e n  e x te n s iv e ly  
s tu d ie d .5-10 T h e  a b s o r p t iv e  a n d  c a ta ly t ic  p r o p e r t ie s  
o f  d e h y d r a te d  n e a r -fa u ja s ite s  a n d  fa u ja s ite s  a re  k n o w n  
t o  b e  s tr o n g ly  in flu e n ce d  b y  th e  t y p e  o f  ca t io n s  w h ic h  
are  p re se n t in  th e  s tru c tu re . F r ile tte , W e is z , a n d  
G o ld e n 11 r e p o r t  th a t  th e  c a ta ly t ic  c r a c k in g  o f  h y d r o 
ca rb o n s  o n  a  n e a r -fa u ja s ite  c a ta ly s t  fo l lo w s  d if fe re n t  
m e ch a n ism s  w ith  th e  s o d iu m  a n d  ca lc iu m  fo rm s . 
C a rte r , Y a te s , L u cch e s i, E l l io t t ,  a n d  K e v a r k ia n 12 
s tu d ie d  th e  a d s o r p t io n  o f  e th y le n e  o n  a  series o f  c a t io n -  
e x ch a n g e d  fa u ja s ite s  b y  in fra re d  s p e c t r o s c o p y  a n d  
c a lo r im e tr y  a n d  o b s e r v e d  th a t  th e  sp e c tra l fe a tu re s  
a t t r ib u ta b le  t o  th e  a d s o r b e d  h y d r o c a r b o n  as  w e ll as 
th e  th e r m o d y n a m ic  q u a n t it ie s  d e s c r ib in g  th e  a d s o r p 
t io n  eq u ilib r ia  a re  g r e a t ly  in flu e n ce d  b y  th e  c h o ic e  o f  
ca t io n .

T h e  p r o b le m  o f  c a t io n  b o n d in g  in  th e  h y d r a te d  
fa u ja s ite s  w ill n o t  b e  d iscu sse d  in  th is  p a p e r  a n d  th e  
resu lts  o f  th is  s t u d y  sh o u ld  n o t  b e  re g a rd e d  as a p p lica b le  
t o  th ese  cases.

E x p e r im e n ta l S e c t io n

A  sa m p le  o f  z e o lite  Y  p o w d e r  w a s  k in d ly  fu rn ish e d  
b y  D rs . P . E b e r ly  a n d  H . E . R o b s o n  o f  E s s o  R e s e a rch  
L a b o ra to r ie s . T w o  in d e p e n d e n t  c h e m ica l a n a ly ses  
o f  th e  sa m p le  co n firm e d  th e  c o m p o s it io n  a s  N a 57-  
S ii35A I 5 7O 3 8 4 *7 iH 2 0  (w r it te n  in  te rm s  o f  o n e  u n it  c e ll) , 
w ith  error  lim its  o f  a p p r o x im a t e ly  ± 0 . 5  in  th e  n u m b e r  
o f  N a  o r  A1 ( =  192  — S i). T h e  n u m b e r  n in  th e  fu lly  
h y d r a te d  fo r m  is  a p p r o x im a te ly  260 . A  D e b y e -  
S ch errer  d ia g ra m  s h o w e d  ra th e r  sh a rp  lin es in  th e  b a c k  
re fle c t io n  r e g io n ; n o  a d d it io n a l lin es co r r e s p o n d in g  to  
cry s ta llin e  im p u r it ie s  c o u ld  b e  d e te c te d .

T h e  p o ta s s iu m  fo r m  o f  th e  z e o lite  w a s  p re p a re d  b y  
ca t io n  e x ch a n g e  e m p lo y in g  1 N  K O H  so lu t io n  in  a  b a tc h  
p r o ce d u re  w h ic h  w a s  re p e a te d  u n t il n o  fu r th e r  ch a n g e  in  
th e  p o w d e r  lin e  in ten s itie s  c o u ld  b e  o b s e r v e d . C o m 

p le te  r e p la c e m e n t  o f  s o d iu m  b y  p o ta s s iu m  h a s  b een  
r e p o r te d  b y  se v e ra l w o r k e r s .5’6'9' 10 T h e  D e b y e -  
S ch e rre r  p h o to g r a p h  d id  n o t  re v e a l a n y  d e c o m p o s i
t io n  o f  th e  la t t ic e  o r  th e  fo r m a t io n  o f  a n o th e r  c ry s ta l
lin e  p h ase .

T h e  p re p a ra t io n  o f  th e  s ilv e r  z e o lite  w a s  a c c o m 
p lish e d  w ith  s ilv e r  a c e ta te  s o lu t io n s  (p H  n e a r  6 ) a fte r  
p r e v io u s  a t te m p ts  w ith  th e  m o r e  a c id ic  s ilv e r  n itra te  
so lu t io n s  h a d  b e e n  fo u n d  t o  p r o d u c e  c o n s id e ra b le  
d e c o m p o s it io n . L ig h t  w a s  e x c lu d e d  as m u c h  as p o s 
s ib le . A  ch e m ic a l a n a ly s is  c o n fir m e d  c o m p le te  r e p la ce 
m e n t  o f  N a +  b y  A g + .

S p e c im e n s  fo r  D e b y e -S c h e r r e r  p o w d e r  p h o to g r a p h y  
w e re  p re p a re d  w ith  th e  a p p a ra tu s  a n d  th e  p ro c e d u r e  
d e s cr ib e d  b y  S e ff a n d  S h o e m a k e r .18 T h e  d e h y d r a t io n  
o f  th e  sa m p les  w a s  ca rr ie d  o u t  a t  3 5 0 °  t o  a  p ressu re  o f  
a p p r o x im a t e ly  1 0 -5  to r r . T h e  d if fr a c t io n  p h o to g r a p h s  
re v e a le d  s ig n ifica n t ch a n g e s  in  th e  lin e  in te n s it ie s  u p o n  
d e h y d r a t io n , p a r t ic u la r ly  in  th e  ca se  o f  th e  s ilv e r  
z e o lite . N o  s tru c tu ra l d a m a g e  d u e  t o  d e h y d r a t io n  
w a s  o b s e rv e d .

T h e  ca m e ra  u se d  w a s  a  s ta n d a rd  1 1 4 .6 -m m  D e b y e -  
S ch errer  p o w d e r  X - r a y  d if fr a c t io n  ca m e ra  (S tra u m a n is  
a r ra n g e m e n t). A  le a s t -sq u a re s  p r o g r a m  in c o r p o r a t in g  
th e  N e l s o n -R i le y  e x tr a p o la t io n  p r o c e d u r e  w a s  u sed  
fo r  re fin in g  th e  la t t ic e  p a ra m e te rs . T h e  v a lu e s  o b 
ta in e d  a re  (a t  r o o m  t e m p e r a t u r e ) : N a  z e o lite , a0  =  
2 4 .71  ±  0 .0 2  A ;  K  z e o lite , a0 =  2 4 .8 0  ±  0 .0 2  A ;  A g  
z e o lite , a0  =  2 4 .8 5  ±  0 .0 3  A  (X fo r  C u  K a  =  1 .5 4 1 8  A ) .

S tru c tu re  D e te r m in a t io n , R e fin e m e n t , a n d  D is c u s s io n

T h e  te ch n iq u e s  e m p lo y e d  w e re  th o s e  d e v e lo p e d  a n d  
a p p lie d  b y  B ro u ssa rd  a n d  S h o e m a k e r 2“  a n d  p a r t ic u 
la r ly  b y  S e ff a n d  S h o e m a k e r 13 fo r  th re e -d im e n s io n a l 
s tru c tu re  a n a ly s is  b a se d  o n  p o w d e r  X - r a y  d if fr a c t io n  
d a ta . T h e  p r o g r a m  M I F R 2 A ,  a  m o d if ic a t io n  o f  
E R F R 2 ,14 w a s  e m p lo y e d  t o  p re p a re  th e  F o u r ie r  m a p s . 5 6 7 8 9 10 11 12 13 14

(5) R .  M .  B a rre r, W .  G ru se r, W .  F .  G ru tte r, Helv. Chim. Acta, 
39, 518 (1956).

(6) L .  L .  A m e s, Jr., Am. Mineralogist, 49, 127 (1964).

(7) L .  L .  A m e s, Jr., ibid., 49, 1099 (1964).

(8) L .  L .  A m e s, Jr., J. Inorg. Nucl. Chem., 27, 885  (1965).

(9) R .  M .  B a rre r, L .  V .  C .  Rees, an d  M .  Sh am su zzo h a , ibid., 28, 628 
(1966).

(10) H .  3. Sh e rry ,  / . Phys. Chem., 70, 1158 (1966).

(11) V .  J. F rile tte , P . B ,  W e isz, a n d  R .  L .  G o ld en , J. Catalysis, 1, 
301 (1962).

(12) J. L .  C arte r, D .  J. C . Y a te s,  P .  J. Lueehesi, J. J. E llio t t ,  and  
V .  K e v a rk ia n ,  / . Phys. Chem., 70, 1126  (1966).

(13) K .  Seff a n d  D .  P .  Shoem ake r, Acta Cryst., 22, 162 (1967).

(14) W .  G . S ly , D .  P .  Shoem ake r, a n d  J. H .  v a n  der H e n de , E R F R 2  
F o u r ie r  S u m m a t io n  P ro g ram , C B R L - 2 2 M - 6 2 ,  E s s o  R e se a rch  an d  
E n g in e e r in g  Co., 1962.
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Table I : Atomic Parameters (Origin at 3m)

Occupancy
Atom Position Structure X V Z B, A> factor

(Si, Al) 192(1) I 0.1285 0.9453 0.0368 4.29 1.0
I I 0.1262 0.9434 0.0359 2 . 6 8 1.0
I I I 0.1238 0.9470 0.0365 1.48 1.0

0 (1 ) 96(h) I 0.1035 0.8965 0 . 0 0 0 0 10.09 1.0
I I 0.1063 0.8937 0 . 0 0 0 0 6.46 1.0
I I I 0.1025 0.8975 0 . 0 0 0 0 3.69 1.0

0 (2 ) 96(g) I 0.2569 0.2569 0.1418 4.89 1.0
I I 0.2510 0.2510 0.1379 5.48 1.0
I I I 0.2532 0.2532 0.1420 3.82 1.0

0(3) 96(g) I 0.1798 0.1798 0.9637 4.22 1.0
I I 0.1749 0.1749 0.9685 5.07 1.0
I I I 0.1801 0.1801 0.9603 4.47 1.0

0(4) 96(g) I 0.1802 0.1802 0.3232 3.98 1.0
I I 0.1835 0.1835 0.3227 1.32 1.0
I I I 0.1719 0.1719 0.3151 7.34 1.0

M (l) 32(e) I 0.2235 0.2235 0.2235 4.43 0.947
I I 0.2501 0.2501 0.2501 5.13 0.938
I I I 0.2285 0.2285 0.2285 6.94 0.885

M(2) 32(e) I 0.0609 0.0609 0.0609 18.70 0.612
I I 0.0748 0.0748 0.0748 6 . 0 0 0.444
I I I 0.0752 0.0752 0.0752 6.42 0.333

M (3) 16(c) I 0.0 0.0 0.0 2.76 0.484
I I 0 . 0 0.0 0.0 3.15 0.751
I I I 0.0 0.0 0.0 6.61 1.000

F o r  th e  first F o u r ie r  m a p s  o n ly  d if fr a c t io n  lin es w ith  
N  140, w h ere

N =  h2 +  k2 +  P (1 )

w e re  in c lu d e d  a n d  th e  F o u r ie r  co e ff ic ie n ts  w e re  c o m 
p u te d  w ith  s ig n s  a n d  in te n s ity  ra t io s  fo r  th e  e m p t y  
fr a m e w o r k  as a p p r o x im a t e ly  d e fin e d  b y  th e  c o o r d in a te s  
g iv e n  b y  B ro u ssa rd  a n d  S h o e m a k e r .2“  T h e  p o s it io n s  
in d ic a te d  b y  a d d it io n a l e le c tr o n  d e n s ity  m a x im a  w ere  
s u b je c te d  t o  a  le a s t -sq u a re s  a n a ly s is  in  th e  co u rse  o f  
w h ic h  t h e y  e ith e r  s h o w e d  c o n v e r g e n t  b e h a v io r  o r  else 
te n d e d  t o  d isa p p e a r  fr o m  th e  s tru ctu re . T h e s e  lea s t- 
sq u a res  a n a ly se s  w e re  ca rr ie d  o u t  b y  m ea n s  o f  th e  
f o r t r a n  I I  p r o g r a m  L S P O W  1, a  p r o g r a m  fo r  s tru c 
tu re  re fin e m e n t w ith  p o w d e r  d a ta  fo r  a n y  c u b ic  s p a c e  
g r o u p  fo r  w h ic h  c o r r e s p o n d in g  s u b ro u tin e s  h a v e  
b e e n  w r itte n . I t  c o n s t itu te s  a  g e n e ra liz a t io n  o f  L S 
P O W .13 S in c e  f o r  la r g e  N, p a ir s  o f  lin e s  d if fe r in g  o n ly  
b y  1 in  IV w e re  fr e q u e n t ly  u n r e s o lv e d , in  e a c h  c y c le  th e  
t o t a l  o b s e r v e d  in te n s ity  fo r  e a c h  s u c h  p a ir  w a s  a p p o r 
t io n e d  b e tw e e n  th e  t w o  lin e s  in  th e  r a t io  o f  th e  
c a lc u la te d  in te n s it ie s  f r o m  th e  p r e v io u s  c y c le .  A  n ew  
F o u r ie r  m a p  w a s  g e n e ra te d  t o  c h e c k  th e  c o n v e r g e n c e  
o f  th e  p r o c e d u r e  a n d  t o  d e te c t  n e w  c a t io n  p o s i

t io n s . T h e  s tru c tu re  a rr iv e d  a t  in  th is  w a y  w a s  th e n  
re fin ed  w ith  th e  in te n s ity  d a ta  fo r  a ll lin es  a c tu a lly  
o b s e rv e d . D if fe r e n t  c o m b in a t io n s  o f  v a r ia b le s  w e re  
s im u lta n e o u s ly  v a r ie d  in  s u b s e q u e n t  ru n s  e a ch  
c o m p o s e d  o f  fo u r  t o  e ig h t  c y c le s  o f  fu ll m a tr ix  re fin e 
m e n t. A s  a  ru le , p o s it io n a l p a ra m e te rs  to g e th e r  w ith  
o c c u p a n c y  fa c t o r s  a n d  te m p e ra tu re  fa c t o r s  w e re  
v a r ie d  a lte r n a t iv e ly . A lth o u g h  th e  c o r re la t io n  b e tw e e n  
o c c u p a n c y  a n d  te m p e ra tu re  fa c t o r s  is v e r y  c lo s e  a n d  
th ese  v a r ia b le s  c a n n o t  b e  re fin ed  to g e th e r  in th e  sa m e  
c y c le , s lo w  c o n v e r g e n c e  w a s  a c h ie v e d  in  th is  w a y . T h e  
v e r y  in ten se  (1 1 1 ) re fle c t io n  w a s  fo u n d  t o  b e  m u c h  
w e a k e r  th a n  c a lcu la te d  in  a ll th re e  ca ses , p o s s ib ly  
o w in g  t o  s e c o n d a r y  e x t in c t io n , a n d  th e re fo re  w a s  a l
w a y s  o m it te d  fr o m  th e  re fin e m e n t . A n  a b s o r p t io n  
c o r r e c t io n  c o r r e s p o n d in g  t o  ¡xR =  0 .4  w a s  a p p lie d  in  a ll 
ca ses  a n d  n o  fu r th e r  a t te m p ts  w e re  m a d e  t o  o p t im iz e  
th is  p a ra m e te r . T h e  a to m ic  fo r m  fa c t o r s  w e re  ta k e n  
fr o m  In te r n a t io n a l T a b le s , V o l . I l l ,  1 9 6 2 ; fo r  th e  
fr a m e w o r k  a to m s  th e  io n ic  ch a rg e s  w e re  ta k e n  t o  b e  
o n e -h a lf  o f  th e  n o m in a l v a lu e s  a n d  a p p r o p r ia te  a v e ra g e s  
w e re  ta k en . F o r  th e  e x ch a n g e a b le  ca t io n s , h o w e v e r , 
th e  fo r m  fa c to r s  w e re  b a se d  o n  th e ir  th e o r e t ic a l ch a rg e , 
+  1. N o  d isp e rs io n  c o r r e c t io n s  w e re  in c lu d e d ; th e
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Table I I : Interatomic Distances and Bond Angles

Structure
I

Structure
II

Structure
III

(a) (Si, Al)—O4 tetrahedron
(Si, A l)-O (l) 1.63 A 1.60 A 1.62 A
(Si, Al)-0(2) 1.63 A 1.68 A 1.65 A
(Si, A l)-0(3) 1.70 A 1.71 A 1.61 A
(Si, Al)-0(4) 1.58 A 1.66 A 1.61 A

Mean value 1.635 A 1.662 A 1.623 A

(Si, A I)~ 0 (lH S i, Al) 150° 142° 144°
(Si, A l)-0(2M Si, Al) 156° 150° 145°
(Si, A l)-0 (3 H S i, Al) 141° 135° 145°
(Si, Al)-0(4)-(Si, Al) 138° 136° 157°

Mean value 146.2° 140.8° 147.8°

0 ( l ) - 0 (2 ) 2 .5 7A 2.73 A 2.66 A
0 (l)-0 (3 ) 2.57 A 2.74 A 2.47A
0(1)~0(4) 2.67 A 2.66 A 2.76 A
0(2)-0(3) 2.71 A 2.56A 2.71 A
0(2H >(4) 2 . 6 8  A 2.69 A 2.65 A
0(3H >(4) 2.80 A 2.88 A 2.62 A

Mean value 2.667 A 2.710 A 2.645 A

O dM Si, Al)-0(2) 104° 113° 109°
0(1)—(Si, A l)-0(3) 1 0 1 ° 1 1 2 ° 1 0 0 °
O d M Si, A1M>(4) 1 1 2 ° 109° 117°
0 (2 H S i, A l)-0(3) 109° 98° 113°
0(2M Si, A1K>(4) 113° 107° 109°
0(3)—(Si, A l)-0(4) 117° 117° 109°

Mean value 109.3° 109.3° 109.5°

(b) Cation coordination
M (l)-0 (2 ) 2.33 A 2.78 A 2.32 A
M (l)-0 (4 ) 2.89 A 2.95 A 2.93 A
M (2K >(3) 2.44 A 2.64 A 2.86 A
M (2)-0 (2 ) 3.10 A 3.08 A 3.22 A
M (3)-0(3) 2.71 A 2.75 A 2.65 A
M (3)-0(2) 3.51 A 3.42 A 3.53 A
M (3 )-0 (l) 3.62 A 3.73 A 3.60 A
M (2)-M (2) 4.48 A 3.52 A 3.50 A
M (2)-M (3) 2.61 A 3.21 A 3.24 A

fu n c t io n  m in im iz e d  in  th e  re fin e m e n t , th e  w e ig h t in g  
s ch e m e  (e x c e p t  th a t  u n o b s e r v e d  r e fle c t io n s  w e re  
o m it te d ) , a n d  th e  R in d e x  fo r  in ten s itie s  w e re  th e  
sa m e  e m p lo y e d  b y  S e ff a n d  S h o e m a k e r .13 T h e  R 
in d ice s  in  th is  p a p e r  a re  b a s e d  o n  a ll in ten s itie s  N  
iVmax w ith  u n o b s e r v e d  re fle c t io n s  se t  e q u a l t o  7 m;n/ 2  
a n d  th e  (1 1 1 ) r e fle c t io n  e x c lu d e d . S ta n d a rd  d e v ia t io n s  
w e re  c o m p u te d  in  th e  c o n v e n t io n a l w a y  fr o m  th e  re 
s id u a ls ; h o w e v e r , e x a m in a t io n  o f  th e  c a lcu la te d  in ter
a to m ic  d is ta n ce s  su g g ests  th a t  th e se  s ta n d a rd  d e v ia 
tio n s  are  u n re a lis t ica lly  sm a ll a n d  a c c o r d in g ly  then- 
v a lu es  a re  n o t  g iv e n . B o n d  d is ta n ce s  a n d  a n g les  w e re  
c o m p u te d  e m p lo y in g  a  s p e c ia l f o r t r a n  I I  p ro g ra m  
w ritte n  b y  G . R . E .

Figure 1. Schematic diagram of cages in synthetic 
faujasites showing cation positions. Center line is a threefold 
rotation axis (3m) of the structure. Heavy solid line 
represents boundary of cavities, as defined by oxygen ionic 
radii. Roman numerals identify cation positions (see text).

Dehydrated, Sodium Faujasite (Structure I). T h e  
p a ra m e te rs , in te ra to m ic  d is ta n ce s  a n d  a n g les , a n d  
o b s e r v e d  a n d  ca lc u la te d  in ten s itie s  a re  p re se n te d  in  
T a b le s  I ,  I I ,  a n d  I I I ,  r e s p e c t iv e ly . A  fin a l in te n s ity  
R in d e x  o f  0 .1 9  w a s  a tta in e d . T h is  v a lu e  w a s  c o m 
p u te d  u s in g  a ll in ten s itie s  w ith  3 <  N  iS 384 .

T h e  N a +  ion s  w e re  fo u n d  t o  o c c u p y  th ree  d iffe re n t 
s ites  o n  th e  th r e e fo ld  a x is  o f  th e  fa u ja s ite  s tru ctu re . 
T h e s e  sites a re  a s so c ia te d  w ith  th e  (S i, A 1)60 6 rin gs  
( “ s ix  r in g s ” ) o f  th e  so d a lite  u n it . T h e  a to m s  o f  su ch  
a  r in g  lie  in  th ree  c lo s e ly  s p a ce d  p a ra lle l p la n es , o n e  
fo r  s ix  (S i, A l )  a to m s  a n d  t w o  fo r  g r o u p s  o f  th ree  
o x y g e n  a to m s . A  m e d ia n  p la n e  h a lfw a y  b e tw e e n  th e  
t w o  o x y g e n  p la n es  w ill b e  u sed  as  a  re fe re n ce  p la n e  in  
th e  d iscu ss io n  o f  th e  c a t io n  p o s it io n s .

S ite  I  a p p ro a ch e s , f r o m  o u ts id e  o f  th e  s o d a lite  u n it , 
th e  c e n te r  o f  th e  s ix -m e m b e r e d  r in g  w h ic h  fa ce s  th e  
s u p e rca g e  o f  th e  fa u ja s ite  s tr u c tu r e  (re fe rre d  t o  as 
“ r in g  A ” ) ;  th e  c a t io n  lies  a lm o s t  e x a c t ly  in  th e  re fe r 
e n ce  p la n e  (see  F ig u re  1 ). T h e r e  a re  3 0 .0  ±  0 .5  
c a t io n s  p e r  u n it  c e ll a t  th is  s ite  ( fo r  o c c u p a n c y  fa c to r s , 
see  c o r r e s p o n d in g  c o lu m n  in  T a b le  I ) .  E a c h  c a t io n  
h as th ree  n ea rest o x y g e n  n e ig h b o r s  [ 0 ( 2 ) ]  a t  2 .3 3  A  
a n d  th ree  fu rth e r  on es  [ 0 ( 4 ) ]  a t  2 .8 9  A . S ite  I I  a p 
p ro a ch e s , fr o m  in s id e  o f  th e  so d a lite  u n it , th e  s ix  r in g  
th a t  fo r m s  th e  b a se  o f  th e  p s e u d o h e x a g o n a l p r ism  
a ro u n d  th e  c e n te r  o f  s y m m e tr y  ( “ r in g  B ” ) .  T h e  re fe r 
e n c e  p la n e  t o  c a t io n  d is ta n c e  in  th is  ca se  is 0 .9 1  A ;  
th e re  a re  19 .5  ±  0 .5  c a t io n s  in  th is  p o s it io n . E a c h  is 
c o o r d in a te d  b y  th re e  0 ( 3 )  a to m s  a t a d is ta n c e  o f  2 .4 4  
A  a n d  th ree  0 ( 2 )  a to m s  a t  a  d is ta n c e  o f  3 .1 0  A . S ite  
I I I  is a t  th e  c e n te r  o f  s y m m e tr y , f la n k e d  b y  t w o  r in g  
B  p la n e s  a t  1 .70  A  d is ta n ce . T h e r e  a re  7 .5  ±  0 .5  
c a t io n s  a t  th is  s ite  w h ic h  are s u rro u n d e d  b y  s ix  0 ( 3 )  
a to m s  fo r m in g  a  s lig h t ly  d is to r te d  o c ta h e d r o n , th e  N a -
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Table I I I :  Calculated and Observed Intensities ( X 10 4)c

N
—Structure I---- n

Ic Io
/—-Structure II--- *

Ic io
✓— Structure III-—% 

Ic Io A'
------Structure I——>

Ic Io
,— Structure II-—* 

Ic Io
.•— 'Structure III--- *

Ic Io

3 1988 6216 2129 8096 4510 18986 187 469 497 534 373 1542 1674
8 624 637 492 564 182 151 192 42 75 357 291 439 385

11 743 647 743 779 1265 1000 195 610 576 746 729 1314 1448
12 29 31 91 128 63 45 196 7 32“ 71 64“ 83 162“
16 15 62 121 136 1216 1165 200 1087 1299 1661 1886 4210 4495
19 1528 1750 881 630 1070 1063 203 19 33“ 181 67“ 291 170“
24 28 3“ 69 57 7 16“ 204 192 156 156 67“ 1080 850
27 262 369 349 516 332 491 208 78 34“ 570 506 494 484
32 528 492 104 150 441 585 211 1242 1549 1570 1613 886 830
35 178 147 172 181 1396 1676 212 25 35“ 364 447 247 179“
36 48 79 182 186 15 25“ 216 76 167 142 72“ 892 658
40 100 83 128 208 14 27“ 219 173 170 393 473 934 667
43 2076 2047 2077 2527 1145 1542 224 300 335 15 75“ 2 191“
44 2 6° 194 205 194 137 227 221 153 484 254 1837 1632
48 23 30 122 133 608 813 228 246 179 55 77“ 145 195“
51 117 88 253 152 1138 1163 232 83 39“ 9 78“ 617 455
56 1458 1663 1435 1744 2592 2942 235 269 183 340 480 303 203“
59 44 65 257 189 1020 708 236 873 598 277 194 2022 1603
64 43 74 77 41 267 405 243 1793 1805 2322 2504 4097 5270
67 206 304 675 629 8 48“ 244 48 42“ 31 83“ 897 1213
68 0 9“ 1 19“ 492 562 248 80 103 269 349 5 216“
72 546 706 1147 1315 951 879 251 561 566 981 679 2515 2395
75 2634 2602 2436 2474 5044 5011 256 269 130 1163 793 368 513
76 0 11“ 96 46 368 357 259 573 400 636 580 347 228“
80 785 922 2855 2835 5786 5380 260 75 45“ 47 90“ 42 229“
83 219 122 641 431 2216 2012 264 184 110 319 309 391 691
84 393 235 270 185 1597 1210 267 649 845 1126 824 845 788
88 1862 1419 1078 1367 3512 3787 268 0 47“ 57 94“ 1356 1333
91 627 768 1246 1660 5297 5273 272 666 628 2877 3126 2410 2474
96 233 436 1457 1762 2661 3664 275 560 558 394 459 1295 2507
99 190 222 165 91 756 909 276 38 48“ 253 300 11 247“

104 99 234 111 109 68 261 280 821 785 1131 776 1759 1171
107 35 32 72 75 1971 1739 283 144 121 293 277 554 254“
108 899 861 509 512 812 977 288 858 926 1514 1473 2884 2651
115 33 17“ 81 34“ 480 351 291 217 152 627 1126 2230 2865
116 51 42 310 271 129 210 292 1 52“ 3 104“ 243 264“
120 12 18“ 0 36 153 91“ 296 1143 1560 1060 1029 2505 2195
123 619 765 182 330 716 957 299 152 129 238 260 1472 1416
128 844 912 2325 3346 2580 3199 300 46 53“ 76 107“ 228 273“
131 706 834 427 350 5110 4613 304 4 54“ 106 109“ 15 277“
132 116 107 163 40“ 1140 1222 307 88 55“ 38 110“ 243 280“
136 15 21“ 123 94 162 105“ 308 25 55“ 14 111“ 340 281“
139 792 1278 482 585 1009 1394 312 6 56“ 82 112“ 288 286“
140 25 21“ 902 817 288 335 315 65 56“ 105 114“ 565 289“
144 520 574 2 44“ 3 113“ 320 98 58“ 13 116° 15 294“
147 20 23“ 148 110 79 115“ 323 236 226 390 449 766 603
152 6 23“ 143 206 709 1479 324 309 296 261 359 1793 2035
155 135 112 198 48“ 14 123“ 328 1854 2441 2571 3152 3959 3525
160 16 25“ 253 158 78 127“ 331 263 202 377 327 1970 2588
163 132 184 343 287 1613 1429 332 4 60“ 410 362 791 983
164 917 768 692 453 2948 2589 336 126 148 58 122“ 118 311“
168 862 833 980 818 95 135“ 339 1048 1051 1742 1673 2969 2476
171 194 126 275 351 1153 1236 344 926 851 1010 1204 1064 674
172 4 27“ 38 55“ 78 139“ 347 87 154 324 309 907 828
176 1 28“ 314 441 411 395 352 26 64“ 0 129“ 0 328“
179 660 657 715 711 1883 1809 355 417 344 518 609 981 919
180 221 241 125 58“ 2 147“ 356 49 65“ 116 131“ 192 333“
184 33 29“ 295 144 173 151“ 360 446 307 891 660 1952 1573
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Table I I I  (continued')

/•-----Structure I----- . ,---Structure II-—- ,----Structure III----,
N 10 io Ic Io Ic io

363 1284 1912 1543 2126 2875 3731
364 19 67° 7 134“ 491 1084
371 313 440 735 829 344 348“
372 39 68“ 37 137“ 3 349“
376 61 69“ 210 139“ 118 353“
379 842 864 738 795 1270 1664
384 418 351 2011 2259
388 26 144“
392 856 824

“ Unobserved intensities, taken ES /min/2. 5 Not included
in the computation of the R  factor. c The Lorentz polarization 
factor was omitted from the calculated intensities and divided
out of the observed ones.

( 3 ) - 0 ( 3 )  d is ta n ce  b e in g  2 .7 7  A . T h e  to t a l  n u m b e r  o f  
ca t io n s  c o m p u te d  fr o m  th e  o c c u p a n c y  fa c to r s  agrees  
w ith  th e  fig u re  g iv e n  b y  ch e m ic a l a n a ly s is  w ith in  lim its  
o f  error . F ig u re  2 sh o w s  a  so d a lite  u n it  w ith  as
s o c ia te d  N a +  ca tio n s . T h e  a p p a r e n t  te m p e ra tu re  
fa c to r s  e n co u n te r e d  in  th is  w o r k  a re  h ig h er  th a n  in 
o th e r  te c to s ilica te s  a n d  c lo se r  t o  v a lu e s  fa m ilia r  fr o m  
o rg a n ic  c o m p o u n d s . R e a s o n s  fo r  th is  b e h a v io r  h a v e  
b een  d iscu ssed  p r e v io u s ly .13 T h e  a p p a r e n t  te m p e ra 
tu re  fa c t o r  a s s o c ia te d  w ith  N a (2 )  is u n u su a lly  h ig h , 
w ith  a  v a lu e  o f  18 .7  A . 2 M o r e o v e r , th e  s o d iu m  p e a k 'in  
th e  e le c tro n  d e n s ity  m a p  is m o re  e lo n g a te d  in  th e  d i
r e c t io n  o f  th e  3 ax is  th a n  w o u ld  b e  e x p e c te d  fr o m  o rd i
n a r y  a n is o tr o p ic  th e rm a l m o t io n . T h is  e ffe c t  is q u ite  
p o s s ib ly  d u e  t o  a  p o s it io n a l d iso rd e r  a lo n g  th is  ax is , 
s in ce  a  sm a ll p r o p o r t io n  o f  th e  c a t io n  o c c u p y in g  th is  
k in d  o f  s ite  m a y  h a v e  as  n ea r  n e ig h b o rs  o th e r  ca t io n s  
on  th e  o p p o s ite  s id e  o f  r in g  B , th u s  e x p e r ie n c in g  a  c o n 
s id e ra b le  e le c t r o s ta t ic  re p u ls io n  ( N a ( 2 ) - N a ( 3 )  =  2.61 
A )  w h ic h  s ta b iliz e s  th e  c a t io n  in  a  p o s it io n  c lo se r  t o  
th e  c e n te r  o f  th e  so d a lite  u n it . T h e r e fo r e , th e  c o 
o rd in a te  0 .0 6 0 9  sh o u ld  b e  co n s id e re d  a n  a v e ra g e d  
v a lu e  c o n n e c te d  w ith  tw o  o r  m o re  a c tu a l p o s it io n s .

T h e  N a ( l ) - 0 ( 2 )  a n d  N a ( 2 ) - 0 ( 3 )  d is ta n ce s  a gree  
w ith  v a lu e s  fo u n d  in  o th e r  te c to s ilica te s . T h e  re la 
t iv e ly  lo n g  N a ( 3 ) - 0 ( 3 )  d is ta n ce s  a re  fix e d  b y  th e  
a lu m in o s ilica te  fra m e w o rk .

Dehydrated Potassium Faujasite (Structure II). T h e  
fin a l R in d e x  as d e fin e d  p r e v io u s ly  a n d  c o m p u te d  in 
c lu d in g  in ten s itie s  w ith  3 <  N  ^  3 92  is 0 .2 2 . R e su lts  
are  g iv e n  in  T a b le s  I , I I ,  a n d  I I I .  T h e  sa m e  c a t io n  
a rra n g e m e n t as  in  th e  s o d iu m  z e o lite  w a s  fo u n d  b u t  
w ith  la rg er  b o n d  d is ta n ce s  a n d  s o m e w h a t  d iffe re n t 
o c c u p a n c y  fa c to rs . T h e  n u m b e r  o f  ca t io n s  lo c a te d  
co r re s p o n d s  w e ll t o  th e  fig u re  a rr iv e d  a t  b y  ch e m ica l

Figure 2. The structure of one sodalite unit with adjacent 
distorted prisms, showing the aluminosilicate framework 
(solid and dashed lines), cations (circles, variously shaded 
according to type of position), nearest cation-oxygen 
distances (dash-dot lines), and threefold symmetry axes.

a n a ly s is . S ite  I  is o c c u p ie d  b y  3 0 .0  ±  0 .3  K +  ion s 
su rro u n d e d  b y  th ree  0 ( 2 )  a n d  th re e  0 ( 4 )  a to m s  a t  
re s p e c t iv e  d is ta n ce s  o f  2 .7 8  a n d  2 .9 5  A . T h e  d is ta n ce  
o f  th e  c a t io n  fr o m  th e  r in g  A  re fe re n ce  p la n e  is 1 .22  A . 
In  s ite  I I ,  14 .2  ±  0 .3  ca t io n s  are  fo u n d  w ith  th ree  0 ( 3 )  
a t  2 .6 4  A  a n d  th ree  a d d it io n a l 0 ( 2 )  a to m s  a t  3 .0 8  A . 
T h e  ca t io n  is re ce sse d  fr o m  th e  r in g  p la n e  B  to w a r d  
th e  c e n te r  o f  th e  so d a lite  u n it  1 .39  A  a lo n g  th e  th r e e fo ld  
ax is . S h e  I I I  a t  th e  c e n te r  o f  a  m o d e r a te ly  d is to r te d  
o c ta h e d r o n  c o m p o s e d  o f  s ix  0 ( 3 )  a to m s  a t  a  d is ta n ce  
o f  2 .7 5  A  fr o m  th e  c e n te r  o f  s y m m e tr y  c o n ta in s  12 .0  
±  0 .3  ca tio n s . I n  th is  ca se  th e  r in g  B  p la n e  t o  c a t io n  
d is ta n ce  is 1 .82  A . T h e  v a lu e s  p r e d ic te d  fr o m  io n ic  
ra d ii in  G o ld s c h m id t ’ s a n d  P a u lin g ’s s y s te m s  fo r  K + -  
0 2~ d is ta n ce s  are , r e s p e c t iv e ly , 2 .6 5  a n d  2 .7 3  A . T h e  
o b s e r v e d  v a lu e s  a re  in re a so n a b le  a g re e m e n t  w ith  
th o se  th e o r e t ic a l d is ta n ce s , p a r t ic u la r ly  th e  fo r m e r  on e .

Dehydrated Silver Faujasite (Structure III). I n 
c lu d in g  in ten s itie s  3 <  N  ^  379 , th e  R in d e x  0 .1 9  w a s  
a tta in e d . T h e  A g + ion s  w e re  fo u n d  to  o c c u p y  p o s i
t io n s 15 o n  th e  th r e e fo ld  a x es  a n a lo g o u s  t o  th e  p r e v io u s  
cases . T h e  o c c u p a n c y  fa c t o r s  in d ic a te  a  to t a l  n u m b e r  
o f  55  s ilv e r  ca t io n s  in  th e  s tr u c tu r e ; w ith in  re a so n a b le  
lim its  a ll c a t io n s  w e re  lo c a te d . T h e  n u m e r ica l d a ta  
a re  p re se n te d  in  T a b le s  I , I I ,  a n d  I I I .

T h e r e  a re  16 ±  0 .6  c a t io n s  a t  s ite  I I I ,  10 .7  ±  0 .6  
a t  s ite  I I ,  a n d  2 8 .3  ±  0 .6  a t  s ite  I . R e g a r d in g  th e  
s ites  I I  a n d  I I I  th e  tre n d s  ch a r a c te r iz in g  th e  tra n s it io n  
fr o m  N a  t o  K  are a g a in  o b s e r v e d ; th e  o c c u p a n c y  fa c t o r

(15) The Ag + positions found were roughly the same as those found 
previously on a Fourier line (xxx) in unpublished work on a similar 
material by L. Broussard and D. P. Shoemaker, Esso Research 
Laboratories, Baton Rouge, La.
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o f  s ite  I I I  in crea ses  t o  u n ity  w h ile  th a t  fo r  s ite  I I  d e 
crea ses  fu rth e r . T h e r e  a re  a lso  s o m e w h a t  few er  
c a t io n s  a t  s ite  I . S ite  I I  h as th ree  0 ( 3 )  n e ig h b o rs  
a t  2 .8 6  A  a n d  th ree  m o re  o x y g e n s  [ 0 ( 2 ) ]  a t  3 .2 2  A ;  
th e  c a t io n  is p o s it io n e d  in s id e  o f  th e  s o d a lite  u n it  a t 
1 .55  A  fr o m  th e  r in g  B  re fe re n ce  p la n e . S ite  I  h as 
th re e  lig a n d s  0 ( 2 )  a t  2 .3 2  A  a n d  th re e  a d d it io n a l lig a n d s  
0 ( 4 )  a t  2 .9 3  A ;  its  d is p la ce m e n t  fr o m  r in g  A  to w a r d  
th e  ce n te r  o f  th e  su p e rca g e  is o n ly  0 .4 6  A . T h e  0 ( 3 )  
lig a n d s  o f  th e  d is to r te d  o c ta h e d r o n  a re  c o n n e c te d  w ith  
s ite  I I I  a t  a  d is ta n ce  o f  2 .6 5  A  fr o m  th e  c e n te r  o f  s y m 
m e tr y . T h e  d is ta n ce  fr o m  r in g  B  p la n e  t o  s ite  I I I  
is 1 .69  A .

T h e  su m  o f  th e  A g +  a n d  0 2~ ra d ii is 2 .4 5  A  if  G o ld 
s c h m id t  io n ic  r a d ii a re  e m p lo y e d  o r  2 .6 6  A  if  P a u lin g  
io n ic  r a d ii a re  u sed . T h e  c r y s ta l  s tru c tu re s  o f  se v e ra l 
o x y g e n -c o n ta in in g  s ilv e r  sa lts  h a v e  b e e n  d e te r m in e d ; 
th e  sm a lle s t a p p r o a c h  d is ta n ce s  o f  A g  t o  0  r e p o r te d  
v a r y  b e tw e e n  2 .23  A  in  s ilv e r  te t r a b o r a te  A g 20  • 4 B 20 316a 
o r  2 .3 7  A  in  s ilv e r  p o ly p h o s p h a t e  ( A g P 0 3V 6b a n d  a p 
p r o x im a t e ly  2 .5  A , e.g., 2 .4 8  A  in  A g N 0 3. 16 17 I n  A g 20 ,  
th e re  is a  lin ea r O - A g - O  a rra n g e m e n t w ith  o n ly  2 .0 5  
A  fo r  th e  A g - 0  d is ta n ce . T h e s e  d a ta  su g g e st  v a r y in g  
d eg rees  o f  c o v a le n c y  in  th e  A g - 0  b o n d . I t  a p p e a rs  
ju s t i f ie d  t o  a ssu m e  s o m e  d e g ree  o f  c o v a le n t  b o n d in g  fo r  
s ite  I  w ith  its  c o m p a r a t iv e ly  sh o r t  A g - 0  d is ta n ce s  
(2 .3 2  A ) .  T h e  r e m a r k a b ly  lo n g  re cess ion  o f  A g (2 )  
t o w a r d  th e  in te r io r  o f  th e  so d a lite  u n it  w h ic h  g iv e s  
r ise  t o  an  A g - 0  d is ta n ce  o f  2 .8 6  A  is  p r o b a b ly  d u e  to  
th e  e le c t r o s ta t ic  r e p u ls io n  fr o m  th e  A g + io n  a t  th e  ce n te r  
o f  s y m m e tr y  a t  a  d is ta n ce  o f  3 .2 4  A .

Aluminosilicate Framework. S m ith  a n d  B a i le y 18 
su m m a rize  th e  resu lts  o f  th e  s tru c tu ra l in v e s t ig a t io n s  
o f  th e  fr a m e w o r k  s ilica tes , p r e d o m in a n t ly  fe ld sp a rs , 
a n d  fin d  a  lin ea r re la t io n sh ip  b e tw e e n  th e  p e rce n ta g e  
o f  A1 in  a  p a r t ic u la r  te t r a h e d r a l (S i, A 1 ) 0 4 s ite  a n d  
th e  m e a n  (S i, A l ) - 0  d is ta n c e  a v e r a g e d  f o r  th e  sa m e  
(S i, A 1 )0 4 te tra h e d ro n . F u r th e rm o re , c o n s id e ra b le  d if 
fe re n ce s  u p  t o  a p p r o x im a te ly  0 .1  A  o c c u r  b e tw e e n  
d if fe re n t  (S i, A l ) - 0  b o n d in g  le n g th s  o f  a  p a r ticu la r  
te tra h e d ro n . T h e  0 - ( S i ,  A l ) - 0  a n d  p a r t ic u la r ly  th e  
(S i, A l ) - 0 - ( S i ,  A l)  a n g les  are  m o re  fle x ib le ; fo r  th e  
la tte r , v a lu e s  b e tw e e n  120 a n d  1 8 0 ° h a v e  b e e n  o b s e rv e d . 
T h e  d is ta n ce  ru les m a y  b e  co n s id e re d  v a lid  fo r  th e  N a  
a n d  K  z e o lite s ; th ere  is s o m e  d o u b t  a b o u t  th e ir  a p 
p lic a b il i t y  t o  th e  A g  z e o lite  as so m e  d e g ree  o f  c o v a le n t  
c a t io n  b o n d in g  a p p e a rs  t o  b e  in v o lv e d .

T h e  m e a n  (S i, A l ) - 0  d is ta n ce  fo r  th e  s tru ctu re s  I  
a n d  I I ,  1 .648  A , c o m p a re s  fa v o r a b ly  w ith  1 .652  A  
fo r  fe ld sp a rs  w ith  th e  sa m e  S i : A l  ra tio . I t  a lso  agrees  
w ith  th e  v a lu e  (1 .6 4 7  A )  fo u n d  b y  B a u r 3 fo r  th e  h y 
d ra te d  N a  z e o lite . T h e  d iffe re n ce  b e tw e e n  1 .635  A  
fo r  th e  te tra h e d ra l a v e ra g e  fo r  s tru c tu re  I  a n d  1 .662

fo r  s tru c tu re  I I  h a s  n o  r e a d y  e x p la n a t io n  in  p h y s ic a l  
te rm s  a n d  p e rh a p s  g iv e s  a  b e t te r  m e a su re  o f  th e  u n 
ce rta in t ie s  in  th e  b o n d  d is ta n ce s  th a n  d o  th e  le a s t - 
sq u a res  e s t im a te s . T h e  d iffe re n ce s  b e tw e e n  th e  e x 
tre m e  (S i, A l ) - 0  d is ta n ce s , w h ic h  a re  0 .1 2  in  s tru c tu re  
I  a n d  0 .11  in  s tru c tu re  I I ,  d o  n o t  v io la te  th e  ru les  se t  
fo r t h  a b o v e . T h e  m e a n  a n g le  (S i, A l ) - 0 - ( S i ,  A l )  is 
1 4 3 .5 ° , w h ic h  is c lo se  t o  th e  gen era l a v e ra g e  o f  1 4 1 ° .19 
T h e  m a x im u m  d e v ia t io n s  fr o m  th e  m e a n  fo r  th is  a n g le  
a n d  th e  0 - ( S i ,  A l ) - 0  a n g le  a re  a lso  w ith in  u su a l 
b o u n d a r ie s . I n  th e  ca se  o f  s tru c tu re  I I I ,  a  la rg e r  u n 
c e r ta in t y  is p r o b a b le  in  S i - 0  d is ta n ce s  s in ce  th e  p h o t o 
g ra p h s  a re  s o m e w h a t  in fe r io r  t o  th o se  o f  th e  o th e r  
m a te r ia ls  a n d  s in ce  th e  c a t io n  m a k e s  a  m u c h  la rg er  
c o n tr ib u t io n  t o  th e  s tru c tu re  fa c to rs .

Other Results on Cation Positions in Related Zeolites. 
S tru c tu re  d e te rm in a tio n s  o f  d e h y d r a te d  s y n th e t ic  
z e o lite  t y p e  “A ” a n d  d e h y d r a te d  n a tu ra l c h a b a z ite  
re v e a l a  s im ila r  p a tte rn  o f  c a t io n  co m p le x in g .

T h e  s tru c tu re  o f  d e h y d r a te d  z e o lite  5 A  (C a 4N a 4 
A l12S ii20 4l) w a s  in v e s t ig a te d  b y  S e ff a n d  S h o e m a k e r .13 
T h e  C a 2+ io n  a p p a r e n t ly  p re fe rs  a  p o s it io n  n e a r  th e  
m id d le  o f  th e  o x y g e n  p la n e  a s s o c ia te d  w ith  th e  s ix - 
m e m b e r e d  r in g , w ith  th ree  o x y g e n  n e ig h b o r s  a t  a  d is 
ta n c e  o f  2 .3 2  A  a n d  th ree  fu rth e r  o n e s  a t  2 .84  A , w h ile  
th e  N a +  c a t io n  is a p p a r e n t ly  re ce sse d  in to  th e  s o d a lite  
u n it  0 .3 7  A  a lo n g  th e  th r e e fo ld  a x is  h a v in g  o x y g e n  
n e ig h b o rs  a t  2 .3 3  a n d  2 .8 6  A . T h is  in te r p r e ta t io n  is 
n o t , h o w e v e r , e n t ire ly  c le a r -cu t , a s th e  a p p a r e n t  re so lu 
t io n  o f  th e  t w o  c a t io n s  m a y  b e  in  p a r t  a  re su lt  o f  a n iso 
tr o p ic  th e rm a l m o t io n .

T h e  fr a m e w o r k  o f  ca lc iu m  c h a b a z ite  m a y  b e  ch a r 
a c te r iz e d  as  a  rh o m b o h e d r a l a rra n g e m e n t o f  d o u b le  
s ix -m e m b e re d  r in g s  (p s e u d o h e x a g o n a l p r ism s) w h ic h  
a re  s im ila r  t o  th o s e  fo u n d  in  th e  fa u ja s ite  s tru c tu re  a n d  
in te r c o n n e c te d  b y  fo u r -m e m b e r e d  r in g s . A c c o r d in g  
t o  S m it h ,20 0 .6  C a +  ion s  o u t  o f  1 .95  in  th e  u n it  c e ll 
o c c u p y  th e  ce n te rs  o f  th e  d is to r te d  p s e u d o h e x a g o n a l 
p r ism s (c o r r e s p o n d in g  t o  s ite  I I I  in  th is  p a p e r ) , su r
r o u n d e d  b y  a  s lig h t ly  d is to r te d  o x y g e n  o c ta h e d r o n  a t  a  
d is ta n ce  o f  2 .3 8  A ;  0 .7  C a 2+ are a p p a r e n t ly  lo c a t e d  o n  
th e  3 ax is  c lo s e  t o  th e  c e n te r  o f  th e  s ix -m e m b e r e d  r in g s  
w ith  a  3  +  3 o x y g e n  c o o r d in a t io n  a t  d is ta n ce s  o f  2 .3 7  
a n d  2 .8 4  A , r e s p e c t iv e ly  (th is  p o s it io n  c o r r e s p o n d s  t o  
site  I I ) .  T h e  re s t  o f  th e  c a t io n s  a re  b e lie v e d  t o  o c c u p y

(16) (a) J. K r o g h -M o e ,  Acta Cryst., 18, 77 (1965 ); (b) K .  H .  Jo st, 
ibid., 14, 779  (1961).

(17) P . F .  L in d le y  an d  P . W o o d w a rd , J. Chem. Soc., 123 (1966).

(18) J. V .  S m ith  an d  S. W . B a ile y ,  Acta Cryst., 16, 801  (1963).

(19) F .  L ieb au , ibid., 14, 1103 (1961).

(20) J. V .  Sm ith , ibid., 15, 835  (1962).
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a  p o s it io n  o f  lo w e r  s y m m e t r y ;  h o w e v e r  th is  h a s  n o t  
been  firm ly  esta b lish ed .
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P r e s s u r e -te m p e r a tu r e  re la t io n s  a t  c o n s ta n t  d e n s ity  h a v e  b e e n  m e a su re d  a t  1 2 6 0 ~ 1 4 3 0 °K  
fo r  b in a r y  m ix tu re s  o f  K C l - P b C L  a n d  R b C l - P b C l 2 u s in g  a  liq u id  g o ld  is o te n s o s c o p e . T h e  
la rg e  d e v ia t io n s  fr o m  id ea l g a s  b e h a v io r  are c o n s is te n t  w ith  th e  p re se n ce  o f  th e  a s s o c ia te d  
v a p o r  sp e c ie s  K 2C12, R b 2C l2, K P b C L , a n d  R b P b C L . T h e  a s s o c ia t io n  co n s ta n ts , K  (liters  
p e r  m o le ) ,  f o r  K P b C L  a n d  R b P b C L  are c a lcu la te d  fr o m  th e  d a ta . T h e  m a g n itu d e  o f  th e  
a s s o c ia t io n  co n s ta n ts  is th e  sa m e  as th a t  o f  th e  d im e r iz a t io n  co n s ta n ts  fo r  th e  a lk a li 
h a lid e s ; h o w e v e r , u n lik e  th e  ca se  o f  th e  d im e r iz a t io n  co n s ta n t , th e  v a lu e s  fo r  th e  a s s o c ia t io n  
c o n s ta n t  in cre a se  w ith  in cre a s in g  a lk a li c a t io n  ra d iu s . F o r  e x a m p le , a t  1 3 0 0 ° K , th e  v a lu e s  
fo r  lo g  K  a re  3 .4 5  a n d  3 .6 6  fo r  K P b C L  a n d  R b P b C L , re s p e c t iv e ly .

Introduction
S in g le  c o m p o n e n t  a lk a li h a lid e  v a p o r s  h a v e  b e e n  

co m p r e h e n s iv e ly  a n d  q u a n t ita t iv e ly  in v e s t ig a te d ,1-3 a n d  
th e  d a ta  o n  a lk a li h a lid e  d im e rs  h a v e  b e e n  u se fu l in 
d e v e lo p in g  th e o r ie s  o f  th e se  s y s te m s .1 2 3’ 4 5

T h e r e  h a v e  b e e n  m a n y  in v e s t ig a t io n s  o f  v a p o r  c o m 
p o u n d s  in  b in a r y  m ix tu re s  co n ta in in g  a n  a lk a li h a lid e : 
m o le cu la r  b e a m  e x p e r im e n ts ,6 m a ss  s p e c t r o m e tr y ,6-10 
e le c tro n ic  a b s o r p t io n  s p e c t r a ,11 a n d  c o m b in e d  v a p o r  
“ p ressu re ”  t e c h n iq u e s ;7 8 9 *-12 h o w e v e r , n o  u n ifie d  q u a n 
t i ta t iv e  w o r k  h a s  b e e n  d o n e . S u ch  w o rk , in  w h ich  
o n e  in v e s t ig a te s  s y s te m a t ic a lly  th e  in flu e n ce  o f  v a r io u s  
io n ic  p a ra m e te rs  o n  a s s o c ia t io n  co n s ta n ts , is n e ce ssa ry  
fo r  th e  u lt im a te  d e v e lo p m e n t  o f  a  th e o r e t ic a l u n d e r 
s ta n d in g  o f  th e se  v a p o r s . Q u a n t ita t iv e  d a ta  fo r  th e  
e q u a tio n  o f  s ta te  o f  b in a r y  sa lt v a p o r s  are  a lso  re q u ire d

fo r  e v a lu a t io n  o f  th e r m o d y n a m ic  fu n c t io n s  o f  liq u id  
o r  s o lid  m ix tu re s  fr o m  v a p o r  p ressu re  m e a su re m e n ts .

(1) S. H .  B a u e r  a n d  R .  F .  P orte r, “ M o lt e n  S a lt  C h e m is t ry ,” M .  
B lan d e r, Ed ., In te rsc ience  P ub lishe rs , Inc., N e w  Y o rk ,  N .  Y . ,  1964, 
p  607.

(2) S. D a tz ,  W .  T .  Sm ith , Jr., a n d  E .  H .  T a y lo r,  /. Chem. P h ys ., 34, 
558  (1961).

(3) K .  H a g e m a rk ,  M .  B lan d e r, an d  E .  B .  L u c h s in ge r,  J . P hys. Chem ., 
70, 276  (1966).

(4) M .  B la n d e r,  J . Chem. P h ys ., 41, 170 (1964).

(5) V .  S. R a o  an d  P . K u sc h ,  ibid., 34, 832  (1961).
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S y ste m s,” O R N L - 2 3 2 3 ,  Office o f T e c h n ic a l Serv ice s, U . S. D e p a r t 
m en t of Com m erce, W a sh in g to n  25, D .  C., 1957.
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I n  th e  p re se n t w o rk , m e a su re m e n ts  o f  th e  p r e s s u r e -  
te m p e ra tu re  re la t io n s  a t  c o n s ta n t  d e n s ity  w e re  m a d e  fo r  
th e  b in a r y  gas m ix tu re s  K C l - P b C l 2 a n d  R b C l - P b C l 2. 
T h e  la rg e  d e v ia t io n s  fr o m  id e a l g a s  b e h a v io r  a re  a c 
c o u n te d  fo r  b y  a ssu m in g  th e  p re se n ce  o f  th e  a sso c ia te d  
v a p o r  sp e c ie s  K 2 C12, R b 2 C l2, K P b C l3, a n d  R b P b C U . 
A s s o c ia t io n  co n s ta n ts  fo r  th e  la t te r  t w o  sp e c ie s  are  
d e d u c e d  fr o m  o u r  d a ta . P r e v io u s ly  th e  d im e r iz a t io n  
c o n s ta n ts  fo r  K C 1  a n d  R b C l  h a v e  b e e n  o b t a in e d . 2  

P b C l 2  h a s  b e e n  sh o w n  b y  m a ss  s p e c t r o m e tr y  t o  b e  
m o n o m e r ic  in  th e  v a p o r . 1 3  Q u a lita t iv e  o b s e r v a t io n s  
o f  1 : 1  c o m p o u n d s  b e tw e e n  a lk a li ch lo r id e s  a n d  P b C l 2 

h a v e  b e e n  r e p o r t e d . 10

Experimental Method
O u r e x p e r im e n ta l m e t h o d  is a  m o d if ic a t io n 3  o f  th e  

te c h n iq u e  u se d  b y  D a t z ,  et al. , 2  in  w h ich  th e  p ressu res  
o f  w e ig h e d  a m o u n ts  o f  c o m p le te ly  v a p o r iz e d  sa lts  
a re  m e a su re d  a t se v e ra l te m p e ra tu re s  in  a  v e s s e l o f  
k n o w n  v o lu m e . T h e  m e t h o d  h a s  th e  a d v a n ta g e  th a t  
th e  p a r t ia l p ressu res  o f  b o th  c o m p o n e n ts  m a y  b e  in d e 
p e n d e n t ly  v a r ie d . T h is  a llow s  o n e  t o  m a k e  a n  in d e 
p e n d e n t  c h e c k  o f  th e  s to ic h io m e tr y  o f  th e  a s s o c ia te d  
v a p o r  sp e c ie s  a n d  to  o b ta in  a b s o lu te  v a lu e s  o f  th e  as
s o c ia t io n  co n s ta n ts .

A  d e ta i le d  d e s c r ip t io n  o f  th e  a p p a ra tu s  is  g iv e n  in  a  
p r e v io u s  p a p e r ; 3  th u s , o n ly  th e  p r in c ip a l fe a tu re s  w ill 
b e  d e s c r ib e d . A  fu s e d  s ilica  v e s s e l o f  k n o w n  v o lu m e  
is  c o n n e c te d  t o  o n e  s id e  o f  a  U - t u b e  filled  w ith  liq u id  
g o ld . A r g o n  p ressu re  o n  th e  o th e r  s id e  o f  th e  U -t u b e  
is  c o n tr o lle d  so  th a t  it  e q u a liz e s  th e  p re ssu re  e x e rte d  
b y  th e  io n ic  sa lt  v a p o r  in  th e  s il ica  v e sse l. T h is  e q u a li
z a t io n  is  in d ic a te d  b y  th e  g o ld  le v e ls  b e in g  e q u a l o n  
b o t h  s id es  o f  th e  U -tu b e . T h e  co m p e n s a t in g  A r  
p ressu re  is  d e te rm in e d  b y  a  H g  m a n o m e te r . A  ca th e - 
to m e te r  is u se d  t o  o b s e r v e  th e  le v e ls  in  th e  U -t u b e  c o n 
ta in in g  th e  g o ld  a n d  in  th e  m e r c u r y  m a n o m e te r . T h e  
u p p e r  te m p e ra tu re  lim it  o f  th e  m e a su re m e n ts  is a b o u t  
1 1 5 0 ° , th e  s o fte n in g  p o in t  o f  th e  s ilica . B e c a u s e  w e  
are  in te re s te d  o n ly  in  u n s a tu ra te d  v a p o r s , th e  lo w e r  
te m p e ra tu re  lim it  is d e p e n d e n t  o n  th e  a m o u n t  o f  sa lt 
in tr o d u c e d  in to  th e  v e sse l. T h e  m o r e  sa lt  th a t  is 
a d d e d , th e  h ig h e r  is th e  te m p e ra tu re  n e ce ssa ry  to  e v a p o 
ra te  th e  sa lt  c o m p le te ly  a n d  th e  n a rro w e r  is  th e  te m 
p e ra tu re  ra n g e  o f  th e  m e a su re m e n ts . T h e  m a ter ia ls  
P b C l 2 a n d  K C 1  w e re  B a k e r  A n a ly z e d  re a g e n ts  a n d  th e  
R b C l ,  f r o m  A lfa  In o r g a n ic s , In c .,  w a s  9 9 .9 %  p u re . 
T h e  sa lts  w e re  u sed  w ith o u t  fu r th e r  p u r ifica t io n .

Thermodynamic Calculations
T h e  to t a l  p ressu re , p, o f  a  ga s  m ix tu re  is g iv e n  b y  th e  

su m  o f  th e  p a rtia l pressu res , p„ o f  a ll th e  g a s  sp ecies , i. 
A s  w ill b e  sh o w n  la ter , o u r  d a ta  are  co n s is te n t  w ith  th e

p re s e n ce  o f  th e  sp e c ie s  M C I , M 2 C12, P b C l2, a n d  M P b  
C I 3 , w h e re  M  =  K  o r  R b ,  so  th a t

V  —  S p i  =  P mCI +  P m 2C1s +  PPbClj +  PMPbCli ( 1 )  

T h e  p a r t ia l p re ssu re  o f  sp e c ie s  i c a n  b e  c a lc u la te d  fr o m

Pi =
UjR*T

V (2 )

w h e re  m is  th e  n u m b e r  o f  m o le s  o f  sp e c ie s  i p re s e n t  in  
th e  v a p o r , R* =  6 2 .3 6 0  1. m m  m o le - 1  d e g - 1 , a n d  V  is 
th e  v o lu m e  o f  th e  v e sse l. F u r th e r , th e  rq v a lu e s  are  
re la te d  to  th e  r e s p e c t iv e  w e ig h ts  o f  m a te r ia l b y

, IFpbcij /r>x
WPbCli T  W-MPbClj — — r (3 ;

M  p i . c i .

Mmci +  2nMjCh +  M̂Pbcu = t z —  (4)
•iUMCl

TFmci a n d  M Mci (o r  W pbch a n d  M Pbc i,)  a re  th e  a c t u a l  
w e ig h ts  a n d  th e  m o le c u la r  w e ig h ts , r e s p e c t iv e ly , o f  
a lk a li c h lo r id e  (o r  le a d  c h lo r id e ) . T h e  d im e r iz a t io n  
c o n s ta n ts  (lite rs  p e r  m o le )  fo r  a lk a li h a lid e s  a re  g iv e n  
b y

K 2  =  R*T
P m ,c i, 

P 2m c i
(5)

a n d  h a v e  b e e n  m e a su re d  p r e v io u s ly . 2 T h e  a s s o c ia t io n  
co n s ta n ts , K, f o r  th e  v a p o r  p h a se  r e a c t io n

M C I  +  P b C l 2  ^  M P b C ls  (A )

a re  g iv e n  b y

K  =  R *T . ? MPbC1' (6 )
PMClPPbCh

K  m a y  b e  c a lc u la te d  fr o m  e q  1 -6  w ith  th e  a id  o f  th e  
m e a su re d  p a ra m e te rs  p , V, JFm ci, IFpi,ch, a n d  th e  
k n o w n  v a lu e s  o f  th e  d im e r iz a t io n  c o n s ta n t , K 2. I f  w e  
s u b tr a c t  e q  3 f r o m  e q  1 w e  o b ta in

W PbCi2R*T
P T} ~  P mci +  PMiCL =

A / PbCl, V

k 2
P m c i +  P m c i2 ( 7 )

T h is  q u a d ra t ic  e q u a t io n  ca n  b e  s o lv e d  fo r  p Mc i  a n d  
PMjCh w h e n  A 2  is  k n o w n . K n o w in g  p Mc i a n d  p M!c i 2,

(10) H .  B lo o m  an d  J. W . H a st ie , A ustralian J . Chem ., 19, 1003 
(1966).

(11) D .  M .  G ru e n  an d  C . W . D eco ck , J. Chem . P h ys., 43 , 3395  
(1965).

(12) E .  E .  S ch r ie r  an d  H .  M .  C la rk ,  J . P h ys. Chem., 67, 1259 (1963).

(13) A . B üch le r, J. L .  Stauffer, a n d  W . K le m pe re r, J. A m . Chem. 
Soc., 86, 4544  (1964).

The Journal of Physical Chemistry



Association in Vapors of Ionic Salts 1821

Figure 1. Experimental data for vapor mixtures 
of KCl-PbCh shown as p (mm) vs. T  (°K).
The line corresponds to pidel1.

w e  m a y  ca lc u la te  pMPbci, f r o m  e q  2 a n d  4 . F r o m  th is  
v a lu e  o f  pMPbcu a n d  e q  2  a n d  3  w e  m a y  ca lcu la te  ppbcij 
a n d  c o n s e q u e n t ly  th e  a s s o c ia t io n  c o n s ta n t , K, fo r  
r e a c t io n  A .

T h e  a ssu m p tio n  th a t  th e  o n ly  s ig n ifica n t sp e c ie s  
fo r m e d  b e tw e e n  P b C l2 a n d  th e  a lk a li h a lid e  is th e  1 :1  
c o m p o u n d  ca n  b e  te s te d  b y  v a r y in g  th e  p a r t ia l p ressu res  
(a n d  th e  r a t io s ) o f  th e  tw o  sa lts  in  th e  b in a r y  m ix tu res . 
T h e  c o n s ta n c y  o f  th e  a p p a re n t  a sso c ia t io n  co n s ta n ts  
is e v id e n c e  th a t  th e  a ssu m p tio n  is  c o r r e c t . T h e  as
s u m p t io n  is a lso  c o n s is te n t  w ith  m a ss  s p e c tr o m e tr ic  
o b s e r v a t io n s .10

R e s u lts

T h e  e x p e r im e n ta l d a ta  are  s h o w n  in  F ig u re s  1 a n d  2, 
w h ere  th e  o b s e r v e d  p re ssu re  is  p lo t te d  as a  fu n c t io n  o f  
te m p e ra tu re  fo r  seven , series o f  m e a su re m e n ts . In  
ea ch  series, se v e ra l m e a su re m e n ts  w e re  m a d e  in  an  
a sce n d in g  a n d  se v e ra l in  a d e s c e n d in g  se t o f  te m p e r a 
tu re s  w ith  a p p r o x im a te ly  3 h r  b e in g  a llo w e d  a t  e a ch  
te m p e ra tu re  fo r  th e  a tta in m e n t  o f  e q u ilib r iu m . F o r  th e  
b in a r y  s y s te m  K C l - P b C l 2, th re e  series  o f  m e a su re m e n ts  
w ere  m a d e  a t a  to t a l  d e n s ity , p, o f  4 .6 1  X  1 0 -4  m o le /1 . 
w ith  th e  in d iv id u a l series  c o n ta in in g  7 5 .0 , 5 3 .3 , a n d
33 .9  m o le  %  P b C l2. F o u r  series o f  m e a su re m e n ts  
w ere  ca rr ied  o u t  in  th e  R b C l - P b C l 2 sy s te m , o n e  w ith  a

Figure 2. Experimental data for vapor mixtures of RbCl-PbCh 
shown as p (mm) vs. T  (°K). The two lines correspond 
to p‘dw>1 for the vapor mixtures of densities p =  5.41 X 10 
mole l.-1 and p =  4.18 X 10~4 mole l. -1, respectively.

d e n s ity  o f  5 .4 1  X  1 0 “ 4 m o le /1 . a n d  6 6 .4  m o le  %  P b C l2 
a n d  th ree  w ith  a d e n s ity  o f  4 .1 8  X  1 0 -4  m o le /1 . w ith  
6 6 .7 , 5 4 .1 , a n d  3 3 .3  m o le  %  P b C l2. T h e  id e a l t o t a l  
p ressu re , g iv e n  b y

p ideal =  PRT  (8 )

is  sh o w n  as a  so lid  lin e  in  th e  fig u res , w h e re  p is  th e  id ea l 
d e n s ity . T h e  n e g a t iv e  d e v ia t io n s  f r o m  id e a l g a s  b e 
h a v io r  a re  o f  th e  o r d e r  o f  4 - 6  m m . B e c a u s e  o f  th e  
c o n tr ib u t io n  o f  th e  a lk a li c h lo r id e  d im e r , th e  n e g a t iv e  
d e v ia t io n s  are  g re a te r  fo r  m ix tu re s  w h ic h  are  lo w e r  in  
th e  p e r c e n ta g e  o f  P b C l2 (a n d  h ig h e r  in  th e  p a r t ia l 
p ressu re  o f  th e  a lk a li c h lo r id e ) . A l l  th e  d e v ia t io n s  
fr o m  id e a l gas b e h a v io r  c a n n o t  b e  a c c o u n t e d  fo r  b y  th e  
d im e r  a n d  o n e  m u s t  p o s tu la te  a  c o m p o u n d  b e tw e e n  
th e  a lk a li ch lo r id e  a n d  P b C l2. I f  w e  a ssu m e  th e  s im p le s t  
c o m p o u n d , M P b C l3, w e  m a y  c a lc u la te  v a lu e s  o f  th e  
p a rtia l p ressu res  o f  a ll th e  sp e c ie s  a n d  th e  a s s o c ia t io n  
c o n s ta n ts  (K ) fo r  r e a c t io n  A . T h e s e  d a ta  a re  g iv e n  
in  T a b le  I  a n d  a  p lo t  o f  th e  lo g  o f  th e  a s s o c ia t io n  c o n 
s ta n ts  (K) vs. T~l is  g iv e n  in  F ig u re s  3 a n d  4 . T h e

Volume 71, Number 6 May 1967



1822 K. Hagemark, D. Hengstenberg, and M. Blander

Table I : Experimental Data, Calculated Partial Pressures of Vapor Species, and Equilibrium Constants for the Compound KPbCU

Run,
p = 4.61 X 10-* T, pidealmole/1. °K Pobsd Pkci PK2Cli PPbCl2 PKPbCl* Log K

1336 32.47 38.44 9.67 2.31 16.83 3.66 3.27
1403 35.70 40.37 12.46 1.74 18.58 2.93 3.04

53.3%  PbClj
1398 35.32 40.23 12.13 1.74 18.27 3.17 3.09
1366 33.75 39.30 10.80 2.00 17.40 3.55 3.21
1420 36.42 40.86 13.06 1.58 18.92 2.86 3.01
1352 33.15 38.90 10.28 2.14 17.12 3.61 3.24

1314 33.68 37.83 4.62 0.69 24.91 3.46 3.39
1389 36.60 39.98 6.12 0.49 27.10 2.89 3.18
1430 38.28 41.16 7.00 0.41 28.40 2.47 3.05

75.0%  PbCh 1349 35.13 38.83 5.39 0.61 26.03 3.09 3.26
1369 35.89 39.41 5.78 0.55 26.59 2.97 3.22
1295 32.91 37.28 4.21 0.74 24.33 3.63 3.46
1271 32.01 36.59 3.76 0.81 23.67 3.77 3.53

1361 32.22 39.14 14.92 4.05 10.38 2.87 3.20
1401 34.47 40.29 17.38 3.46 11.28 2.36 3.02
1327 29.89 38.16 12.59 4.38 9.03 3.89 3.45

33.9%  PbCU 1342 30.84 38.59 13.56 4.22 9.53 3.53 3.36
1354 31.34 38.93 14.18 3.98 9.57 3.61 3.35
1387 33.26 39.88 16.23 3.54 10.42 3.08 3.20
1421 35.07 40.86 18.20 3.03 11.07 2.76 3.08

Table I I :  Experimental Data, Calculated Partial Pressures of Vapor Species, and 
Equilibrium Constants for the Compound RbPbCh

Run ■ K Pobsd pideal PRbCl PRbsCIl PPbCIl PRbPbClj K

1337 28.63 34.85 8.92 0.85 13.49 5.37 3.57
p =  4.18 X  IO-4 mole l.-1 1379 30.87 35.95 10.67 0.75 15.12 4.33 3.36

54.1% PbCl, 1428 33.03 37.22 12.31 0.58 16.54 3.60 3.20
1402 32.32 36.55 11.82 0.71 16.25 3.53 3.21
1362 29.88 35.50 9.89 0.78 14.36 4.85 3.46

p =  4.18 X  10~4 mole l._I 1416 32.12 36.91 18.37 1.48 8.96 3.31 3.25
33.3%  PbCh 1382 30.60 36.02 16.82 1.80 8.36 3.62 3.35

1344 28.65 35.03 14.84 2.16 7.43 4.22 3.51

p =  4.18 X  10-4 mole l.-1 1358 31.21 35.42 7.14 0.42 19.86 3.79 3.36
66.7% PbClj 1389 32.50 36.22 7.94 0.37 20.84 3.35 3.24

1340 30.32 34.95 6.54 0.44 19.15 4.19 3.45

1370 39.82 46.18 8.62 0.54 24.84 5.82 3.37
p =  5.41 X  10-4 mole l.~* 1411 41.73 47.56 9.71 0.44 26.19 5.39 3.27

66.4% PbClj 1361 38.73 45.87 7.78 0.49 23.81 6.65 3.48
1386 40.42 46.72 8.92 0.48 25.20 5.82 3.35

p r e c is io n  o f  th e  a s s o c ia t io n  c o n s ta n ts  is lo w e r e d  b y  th e  
u n ce r ta in t ie s  in  c a lc u la t in g  a n d  c o r r e c t in g  fo r  th e  
a m o u n t  o f  a lk a li h a lid e  d im e r . W it h in  th e  u n 
ce r ta in t ie s  in  th e  d a ta , th e  a s s o c ia t io n  co n s ta n ts  are 
in d e p e n d e n t  o f  th e  p a r t ia l p ressu re  o f  ea ch  o f  th e  c o m 
p o n e n ts . T h u s , if  c o m p o u n d s  o th e r  th a n  M P b C la  
a re  p re se n t, th e  a m o u n ts  a re  r e la t iv e ly  in s ig n ifica n t.

F o r  e x a m p le , th e  p re se n ce  o f  a  s ig n ifica n t a m o u n t  o f  
M 2P b C l4 w o u ld  le a d  t o  a p p a re n t  v a lu e s  o f  K  w h ic h  
w o u ld  in cre a se  w ith  th e  p a rtia l p ressu re  o f  th e  a lk a li 
h a lid e  m o n o m e r .

A  le a s t -sq u a re s  t r e a tm e n t  o f  th e  d a ta  le a d s  t o  th e  tw o  
e q u a tio n s  lo g  K  =  - 1 . 3 9 9  +  6 3 1 0 /T  fo r  th e  K C 1 -  
P b C l2 s y s te m  a n d  lo g  K  =  — 1.559  +  6 7 8 2 /T  fo r  th e
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Figure 3. The calculated association constants 
for the equilibrium KC1 +  PbCl2 =  KPbCl3.

R b C l-P b C U  s y s te m , w h ic h  re p re se n t  th e  d a ta  w ith  a  
s ta n d a rd  d e v ia t io n  o f  5  X  10 ~ 2. F r o m  th e se  e q u a tio n s  
w e  ca n  ca lc u la te  th e  e n erg ies  (A E) a n d  th e  e n tro p ie s  
o f  a s s o c ia t io n  (ASP) o f  — 29  k c a l /m o le  a n d  — 17.7  eu  
fo r  K P b C l3 a n d  — 31 k c a l /m o le  a n d  — 18.4  eu  fo r  R b -  
P b C l3. T h e  s ta n d a rd  s ta te s  fo r  th e  e n tro p ie s  a re  1 
a tm . H o w e v e r , th e  s ca tte r  d is p la y e d  b y  th e  d a ta  
le a d s  t o  la rg e  u n ce r ta in t ie s  in  th e  v a lu e s  fo r  th e  e n e rg y  
a n d  e n tr o p y  o f  a sso c ia t io n . A t  1 3 0 0 °K , th e  v a lu e  
o f  lo g  K  fo r  th e  fo r m a t io n  o f  K P b C l3 is  3 .4 5  a n d  fo r  
R b P b C h , 3 .6 6 . T h u s , th e se  a s s o c ia t io n  co n s ta n ts  
are  o f  th e  sa m e  m a g n itu d e  as th e  d im e r iz a tio n  co n s ta n t  
fo r  a lk a li h a lid e s , b u t  th e  a s s o c ia t io n  co n s ta n ts  are  
la rg er  th e  la rg er  th e  a lk a li c a t io n  ra d iu s . (T h e  d im e r iz a 
t io n  co n s ta n ts  fo r  th e  a lk a li h a lid e s  d e cre a se d  w ith  in 
cre a s in g  a lk a li c a t io n  ra d iu s .)  (S e e  T a b le  I I . )

T h e  a p p a re n t  e n tro p ie s  o f  a s s o c ia t io n  are  c o n s id e r -

3.8

P b C I2 +  RbCl = RbPb C 13

3.6 -
o

/a =4.18 IO~4mole/.£

y
0 5 4 .1 %  Pb C!2

3.4 1

% <
N

>
 

V A 0 33.3 %  Pb Cl2 
A 6 6 . 7 % P b C I2

log K y
[■£ mole1) 

3.2

<0

p -  5.41 I0 “4 mole/^

V 6 6 . 4 %  P b C I2

3.0 --------------1__________ __ !__________1__________1___________________I_________I_________I_________I_________I_________
7.0 7.2 7.4 7.6 7.8 8.0 8.2

I04/ T C K )

Figure 4. The calculated association constants 
for the equilibrium RbCl +  PbCl2 =  RbPbCl3.

a b ly  less n e g a t iv e  th a n  th e  e n tro p ie s  o f  d im e r iz a t io n  
o f  a lk a li h a lid es . C o n s is te n t  w ith  th e  p re se n t  e n tr o p y  
v a lu e s  a re  th e  r e p o r te d  v a lu e s  o f  th e  e n tro p ie s  o f  d im e r i
z a t io n  o f  T 1F  a n d  T 1C 1.1* T h e s e  la t te r  e n tro p ie s  a p 
p e a r  to  b e  co n s is te n t  w ith  lin ea r m o le c u le s  o f  T12X 2 
a n d  o n e  m ig h t  p o s tu la te  th a t  a  lin ea r  a rra n g e m e n t 
M - C l - P b  ex ists . H o w e v e r , su ch  s p e c u la t io n  is  u n 
w a rra n te d  w ith o u t  m o re  p re c ise  th e r m o d y n a m ic  d a ta  
a n d  so m e  s tru ctu ra l s tu d ie s  as w ith  e le c tro n  d if fr a c t io n  
o r  a b s o r p t io n  sp e ctra . W e  p la n  fu r th e r  s tu d ie s  o f  
s im ilar  m ix tu re s  as w e ll as o f  m ix tu re s  o f  t w o  a lk a li 
h a lid es .

Acknowledgments. T h e  a u th o rs  w ish  t o  th a n k  M r . 
E rn e s t  E ise l, w h o  c o n s tr u c te d  th e  fu se d  s ilica  a p p a ra tu s .

(14) F .  J. K e n e sh e a  an d  D .  C ub io cc io tti,  J . P hys. Chem., 69 , 3910  
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P o te n t io m e tr ie  t i t r a t io n  cu rv e s  h a v e  b een  o b ta in e d  fo r  m ice lla r  s o lu t io n s  o f  a m p h o te r ic  
s u r fa c ta n ts , N -d o d e c y l-i8 -a m in o p r o p io n ic  a c id  (D A P A )  a n d  N -d o d e c y l - /3 - im in o d ip r o p io n ic  
a c id  ( D I P A ) ,  in  th e  p re se n ce  o f  0 .1 0  M  s o d iu m  c h lo r id e . T h e  p o te n t io m e tr ic  e q u a t io n  
fo r  s u r fa c ta n t  m ice lle s , p r o p o s e d  in  th e  p r e v io u s  p a p e r , h a s  b e e n  d e v e lo p e d  t o  d e s c r ib e  
th e  e le c t r o c h e m ic a l b e h a v io r  o f  th e se  a m p h o te r ic  su r fa c ta n ts . T h e  s u r fa ce  p o te n t ia l ,  
e v a lu a te d  fr o m  th e  t it r a t io n  cu rv e s , o f  th e  D A P A  m ice lle  is h ig h e r  th a n  th a t  o f  th e  D I P A  
m ice lle , a n d  th e ir  p o te n t io m e tr ic  b e h a v io r  w a s  d iscu sse d  o n  th e  b a s is  o f  a  G o u y -C h a p m a n  
m o d e l fo r  a u n ifo r m ly  c h a r g e d  p la n e . T h e  d if fe re n t  p o te n t io m e tr ic  b e h a v io r  b e tw e e n  
D A P A  a n d  D I P A  m ice lle s  m a y  b e  a c c o u n t e d  fo r  b y  d if fe re n t  s tr u c tu r a l fe a tu re s  o f  th e  
m ice lle s , p r o b a b ly  th e  D I P A  m ice lle  h a v in g  a  lo o s e r  s tru ctu re .

Introduction
In  th e  p re v io u s  p a p e r 1 th e  gen era l p o te n t io m e tr ic  

t i t r a t io n  e q u a t io n  fo r  p o ly e le c t r o ly t e s 2'3 h as  b e e n  
su c c e s s fu lly  a p p lie d  t o  th e  in te rp re ta t io n  o f  p o te n t io 
m e tr ic  t i t r a t io n  d a ta  o f  a  n o n io n ic -c a t io n ic  su r fa c ta n t , 
d im e th y ld o d e c y la m in e  o x id e  (C i2H 25N ( C H 3) 2O H + +± 
C 12H 25N ( C H 3) 20  +  H + ) ,  b y  ta k in g  in to  a c c o u n t  th e  
m ice lle s  fo r m e d  in  th e  so lu t io n  a b o v e  its  c r it ica l m ice lle  
c o n c e n tr a t io n  (c m e ) . A n  e x p ress ion  f o r  th e  p o t e n t io 
m e tr ic  b e h a v io r  o f  th e  m ice lle  o f  th is  s u r fa c ta n t  ca n  
b e  w r it te n 1

p H  +  lo g
ßm

I — ßm
=  p K o ,»

0.434
k T  V d f )

(1 )

w h e re  pK0,u is th e  n e g a t iv e  lo g a r ith m  o f  th e  in tr in s ic  
d is s o c ia t io n  c o n s ta n t  o f  th e  m ice lle  a n d  Gei is th e  e le c 
t r o s t a t ic  fre e  e n e rg y  o f  th e  m ice lle  ca r r y in g  f  p o s it iv e  
ch a rg es . H ere , th e  /3m in  e q  1 ca n  b e  e x p ressed  a s 1

/3m =  03 — xpm)/ (1  — x); x =  c0/c  (2 )

w h e re  /3 is th e  o b s e r v e d  d e g ree  o f  io n iz a t io n  o f  th e  su r
fa c ta n t , /3m a n d  /3m a re  th e  d eg rees  o f  io n iz a t io n  o f  th e  
m o n o m e r  a n d  o f  th e  m ice lle , r e s p e c t iv e ly , c is th e  to t a l  
c o n c e n tr a t io n  o f  th e  su r fa c ta n t , a n d  c0 is th e  m o n o m e r  
c o n c e n tr a t io n  w h ic h  ca n  b e  a ssu m ed  t o  b e  n e a r ly  
e q u a l t o  th e  c m c .4 *'6 F o r  su ffic ie n t ly  c o n c e n tr a te d  
so lu t io n s  w h e re  c  is v e r y  la rg e  c o m p a r e d  t o  c0, x a p 
p ro a ch e s  ze ro  a n d  th e n  /3m a lso  a p p r o a c h e s  /3, as d e 
s c r ib e d  in  e q  2. T h u s , w h e n  w e  c h o o s e  a  s o lu t io n  o f

su ch  h ig h  c o n c e n tr a t io n s  as a  te s t  s o lu t io n , th e  e x 
p e r im e n ta lly  m e a su ra b le  /3 ca n  b e  u sed  as /3m .

T h e  p u rp o s e  o f  th e  p re se n t p a p e r  is  t o  e x te n d  th e  
a b o v e  p o te n t io m e tr ic  e q u a t io n  fo r  m ice lle s  t o  th e  in 
te r p r e ta t io n  o f  th e  e le c t r o c h e m ic a l b e h a v io r  o f  a m 
p h o te r ic  su r fa c ta n ts . T h e  m ice lle s  o f  a m p h o te r ic  
su r fa c ta n ts  c o m p o s e d  o f  a c id ic  a n d  b a s ic  g r o u p s  a re  o f  
in te re s t  as a  m o d e l o f  a m p h o te r ic  c o llo id s . T h e  e le c t r o 
c h e m ica l b e h a v io r  o f  th e se  m ice lle s  re se m b le s  th a t  o f  
p ro te in s , w h ile  th e ir  c h e m ica l s tr u c tu r e  re la tes  th e m  
t o  th e  c o m m o n  s u r fa cta n ts .

T h e  a m p h o te r ic  s u r fa c ta n ts  s tu d ie d  are  N -d o d e c y l -  
/3 -a m in o p ro p io n ic  a c id  (a b b r e v ia te d  as D A P A )  a n d  
N -d o d e c y l- /3 - im in o d ip r o p io n ic  a c id  (a b b r e v ia te d  as 
D I P A )  w h ic h  ca n  e x is t  in  b o t h  a n io n ic  a n d  c a t io n ic  
fo r m s  d e p e n d in g  u p o n  th e  p H  o f  th e  s o lu t io n s . W it h  
D A P A ,  th e se  tw o  fo rm s  are re la te d  b y  th e  e q u il ib r iu m  
(w h e re  R  =  C i2H 25)

C H 2C H 2C O O H  

R — N + — H 2 "k *"
c h 2c h 2c o o -  c h 2c h 2c o o -  

r - n + - h 2 h+ R - N - H

(1) F .  T o k iw a  an d  K .  O h k i,  J . P h ys. Chem ., 70, 3 437  (1966).

(2) A .  K a t c h a ls k y  an d  J. G illis , R ec. Trav. C him ., 68, 8 7 9  (1949).

(3) R .  A rn o ld  an d  J. T h .  G . O verbeek, ibid., 69, 192 (1950).

(4) E .  H u tc h in so n ,  Z . P h ysik . Chem. (F ra n k fu rt ) ,  21 , 3 8  (1 9 5 9 );
E .  H u tc h in so n ,  V .  E .  Sheaffer, and  F .  T o k iw a ,  J . P h y s . C hem ., 68,
2818 (1964).
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W it h  D I P A ,  th e  e q u il ib r iu m  is 

C H 2C H 2C O O H  i

R - N + - H  R - :
H +

C H 2 C H 2 C O O H

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

- H  r - :
H +

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

E x p re ss in g  th e  d e g re e  o f  io n iz a t io n  o f  th e  c a r b o x y l  
g ro u p  as a a n d  th a t  o f  th e  a m in o  (o r  im in o ) g r o u p  as 
/3, w e  m a y  w r ite  th e  fo r m s  o f  th e  p o te n t io m e tr ic  eq u a 
t io n s  fo r  th e  m ice lle s  o f  th e se  s u r fa c ta n ts  as

p H  -  lo g  — — —  =  p A (a)o,M +  
1 — a M

(4 )

w h e re  p A (a)0lM a n d p A (b)0,M a re  th e  in tr in s ic  d is s o c ia t io n  
co n s ta n ts  o f  th e  a c id ic  a n d  o f  th e  b a s ic  g ro u p , resp ec
t iv e ly , a n d  th e  s u b s c r ip t , M , re fers  t o  th e  m ice lles . 
T h e  s ta te  o f  io n iz a t io n  o f  th e  a m p h o te r ic  m ice lle s  is 
g iv e n  b y  th e  n u m b e r  o f  p o s it iv e  ( f )  a n d  n e g a t iv e  (v) 
io n iz e d  g ro u p s  ca rr ie d  b y  e a ch  m ice lle , a n d  th e  n e t 
ch a rg e  ( f  — v) s u b s ta n tia lly  c o n tr ib u te s  t o  th e  e le c tro 
s ta t ic  free  e n e r g y  o f  th e  m ice lle .

E x p e r im e n ta l S e c t io n

Materials. N -D o d e c y l -d -a m in o p r o p io n ic  a c id  (D A -  
P A )  w a s  p re p a re d  b y  th e  r e a c t io n  o f  d o d e c y l  a m in e  
w ith  d -p r o p io la c to n e  in  a c e to n itr ile  a t  2 5 -3 0 °  fo r  4  
hr, a c c o r d in g  t o  G re s h a m , et al.B (T h e  d o d e c y la m in e  
u sed  w a s  sh o w n  to  b e  m o r e  th a n  9 9 .5 %  p u re  b y  gas 
c h r o m a to g r a p h y .)  T h e  c r u d e  p r o d u c t  w a s  p u r ifie d  
b y  re p e a te d  re c r y s ta lliz a t io n  fr o m  a  m ix tu re  o f  a c e to n e  
a n d  w a te r  a n d  th e n  d r ie d  u n d e r  v a c u u m . T h in  la y e r  
c h r o m a to g r a p h y  s h o w e d  th a t  th e  p u r ifie d  sa m p le  w a s  
free  o f  th e  u n r e a c te d  a m in e  b u t  c o n ta in e d  a  v e r y  sm a ll 
a m o u n t  o f  N -d o d e e y l- /3 - im in o d ip r o p io n ic  a c id  (less 
th a n  1 .0 %  b y  m a ss  s p e c t r o s c o p y ) .

N -D o d e c y l- /3 - im in o d ip r o p io n ic  a c id  ( D I P A )  w a s  
p re p a re d  b y  th e  r e a c t io n  o f  th e  d o d e c y la m in e  w ith  
m e t h y l  a c r y la te  in  m e th a n o l a t  7 0 -7 5 °  fo r  15 hr, 
fo l lo w e d  b y  sa p o n ific a t io n  o f  th e  m e t h y l e s te r  o f  D I P A  
w ith  s o d iu m  h y d r o x id e .7 T h e  p r o d u c t  o b ta in e d  w a s

i h 2c h 2c o o -

I
VT+-H

I
:j h 2c i i 2c o o h

in  th e  fo r m  o f  th e  s o d iu m  sa lt  o f  D I P A .  I t  w a s  re 
p e a t e d ly  r e c ry s ta lliz e d  fr o m  a  m ix tu re  o f  a c e to n e  a n d  
w a te r  a n d  th e n  d r ie d  u n d e r  v a c u u m . T h e  p re se n ce  o f  
D A P A  c o u ld  n o t  b e  d e te c te d  b y  th in  la y e r  c h r o m a to g 
r a p h y  a n d  m a ss s p e c t r o s c o p y .

Preparation of Solutions. S t o c k  s o lu t io n s  w e re  p r e 
p a re d  o n  a  w e ig h t  p e r  v o lu m e  b a s is  a n d  d ilu te d  v o lu -  
m e tr ic a lly  t o  th e  d e s ire d  c o n c e n tr a t io n s . G la ss -re 
d is t ille d  w a te r  w a s  u sed  t o  m a k e  u p  a ll s o lu t io n s .

pH Measurements. A  P o te n t io g r a p h  E -3 3 6  p H  m e - 
~er (M e t r o h m  H e r isa u  C c . ) ,  a c c u r a te  to  0 .0 1  p H  u n it, 
w a s  u sed  w ith  B e c k m a n  s ta n d a r d  b u ffe rs . T h e  t i
tr a t io n s  w e re  ca rr ied  o u t  in  a n  a tm o s p h e r e  o f  p u r ifie d  
n itro g e n  a t  2 5 ° , u s in g  s ta n d a r d iz e d  h y d r o c h lo r ic  a c id  
a n d  s o d iu m  h y d r o x id e  so lu t io n s  c o n ta in in g  s o d iu m  
ch lo r id e  o f  a  c o n c e n tr a t io n  e q u a l t o  th a t  in  th e  sa m p le  
so lu tio n s , th e  p r o c e d u r e  d e s cr ib e d  in  th e  p r e v io u s  
p a p e r  b e in g  e m p lo y e d .1 T h e  c o n c e n tr a t io n  o f  free  
a c id  is d e d u c e d  fr o m  th e  m e a su re d  p H  a ssu m in g  th a t  
th e  a c t iv it y  co e ff ic ie n t  o f  h y d r o g e n  io n  in  th e  s u r fa c ta n t  
s o lu t io n  is th e  sa m e  as th a t  in  a  co r r e s p o n d in g  h y d r o 
ch lo r ic  a c id  o r  s o d iu m  h y d r o x id e  s o lu t io n  co n ta in in g  
n o  su r fa c ta n t .

T h e  fo r w a r d  t i t r a t io n  cu rv e , i.e., f r o m  th e  a c id  to  
th e  a lk a lin e  s id e , w a s  c o m p a r e d  w ith  th e  b a c k w a r d  
c u r v e  t o  c h e c k  th e  t i t r a t io n  p ro ce ss . T h e y  w e re  a l
m o s t  c o in c id e n t  w ith  e a ch  o th e r . I n  th e  p re se n t 
e x p e r im e n t, th e  t i t r a t io n  o n  th e  a c id  s id e  o f  th e  p H  
w h ic h  th e  sa m p le  s o lu t io n  e x h ib ite d  w a s  ca rr ie d  o u t  b y  
u s in g  th e  a c id  t ite r , a n d  th e  t i t r a t io n  o n  th e  a lk a lin e  
s id e  w a s  d o n e  b y  th e  a lk a lin e  t ite r  t o  m in im iz e  a  ch a n g e  
in  s u r fa c ta n t  co n c e n tr a t io n  d u r in g  th e  co u rse  o f  th e  
t it r a t io n . W it h  D A P A , th e  s o lu t io n  w a s  v is c o u s  a n d  
tu r b id  in  th e  re g io n  o f  p H  3 .0 -4 .5 .  W it h  D I P A ,  th e  
s o lu t io n  w a s  a lso  in  th e  s im ila r  s ta te  in  th e  re g io n  o f  
p H  2 .3 -4 .2 .

Determination of Critical Micelle Concentrations. 
T h e  c m c  v a lu e s  o f  D A P A  a n d  D I P A  a t  d iffe re n t 
p H  w e re  d e te rm in e d  b y  th e  s o lu b iliz a t io n  m e th o d  
d e scr ib e d  e lsew h ere .8

R e s u lt s

F ig u re  1 sh o w s  th e  m o d if ie d  p o te n t io m e tr ic  t it r a 
t io n  cu rv e s  fo r  th e  c a r b o x y l  g r o u p  o f  D A P A ,  p H  — 
lo g  [ « / ( l  — a )  ] vs. a, a t  d iffe re n t c o n c e n tr a t io n s  in  
0 .1 0  M  N a C l s o lu t io n . W h ile  th e  q u a n t it ie s  o f  p H  — 5 6 7 8

(5 ) K .  Sh in o d a , “ C o llo id a l Su r fa c ta n t s ,” A ca d e m ic  P re s s  In c ., N e w  
Y o r k ,  N .  Y ,  1963, p  25.

(6) T .  L .  G re sham , J. E .  Jan se n  F .  W . S h a ve r,  R .  A .  B a n k e rt ,  and  
F .  T .  F ie d o rek , J . A m . Chem . S ee ., 73 , 3168  (1951).

(7) E .  H .  R id d le , “ M o n o m e r ic  A c r y l ic  E s te r s ,”  R e in h o ld  P u b l is h in g  
C o rp ., N e w  Y o rk ,  N .  Y . ,  1954, p  153.

(8) F .  T o k iw a ,  B ull. Chem. Soc. Japan , 36, 222  (1963).
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Figure 1. The modified potentiometric titration curves for 
the carboxyl group of DAPA at different concentrations in 
0.10 M  NaCl solution. The part indicated by a broken line 
denotes the region where the solution was turbid and viscous.

lo g  [ a / ( l  — a) ] are  p r a c t ic a lly  in d e p e n d e n t  o f  a b e lo w  
th e  c m c , t h e y  are  m a r k e d ly  d e p e n d e n t  o n  a a t  c o n c e n 
tra t io n s  h ig h e r  th a n  th e  c m c . T h e  c m c  o f  D A P A  in  
0 .1 0  M  N a C l  s o lu t io n  lies  a t  (0 .3 -3 .5 )  X  1 0 ~ 3 M  in  th e  
ra n g e  o f  p H  2 .3 -1 1 .0 , a lth o u g h  it  ch a n g e s  w ith  p H .

A t  h ig h  c o n c e n tr a t io n s  w h e re  c is v e r y  la rg e  c o m 
p a re d  t o  Co, i.e., x ( =  c0 /c ) is n e a r  ze ro , a »  a p p ro a ch e s  
a s in ce  a M =  (a  — xam) /( l  — x). I n  fa c t , th e  p H  — 
lo g  [a/ (1 — a)} vs. a cu r v e s  a t  c o n c e n tr a t io n s  h ig h e r  
th a n  0 .0 3 -0 .0 5  M  c o n v e r g e s  t o  a  s in g le  cu r v e . T h e  
c u r v e  a t  su ch  h ig h  c o n c e n tr a t io n s  th u s  rep resen ts  th e  
p H  — lo g  [ « m / ( 1  — a M) ] vs. c*m re la t io n  f o r  th e  m ice lle , 
w h ic h  is s h o w n  b y  a  th ic k  lin e  in  F ig u re  1.

F ig u re  2 sh o w s  th e  t it r a t io n  cu rv e s  fo r  th e  a m in o  
g ro u p  o f  D A P A  a t  d iffe re n t c o n c e n tr a t io n s . T h e  th ic k  
lin e  a lso  rep resen ts  th e  p H  +  lo g  [0M/ (1 — 0 M) ] vs. /3m 
c u r v e  fo r  th e  m ice lle .

F ig u re  3 sh o w s  th e  t it r a t io n  cu rv e s  f o r  th e  s e c o n d  
c a r b o x y l  g ro u p  o f  D I P A ,  w h e re  a is th e  d e g re e  o f  io n i
z a t io n  o f  th e  s e c o n d  c a r b o x y l  g r o u p . U n fo r tu n a te ly , 
th e  cu rv e s  fo r  th e  first c a r b o x y l  g r o u p  c o u ld  n o t  b e  
o b ta in e d  b e c a u s e  o f  fo r m a t io n  o f  in so lu b le  m a te r ia l 
a n d  h ig h  v is c o s i t y  in  th e  re g io n  o f  in te re s t . T h e  c m c  
v a lu e s  o f  D I P A  in  0 .1 0  M  N a C l s o lu t io n  w e re  fo u n d  to  
b e  (0 .7 -1 .8 )  X  1 0 ~ 3 M  in  th e  ra n g e  o f  p H  4 .8 -1 1 .0 .

F ig u re  4  sh o w s  th e  t it r a t io n  cu rv e s  fo r  th e  im in o  
g r o u p  o f  D I P A .  V a r ia t io n  o f  p H  +  lo g  [ 0 / ( 1  — 0 ) ]  
w ith  0  is ra th e r  sm a ll e v e n  a t  h ig h  co n c e n tr a t io n s .

Discussion
T h e  e le c t r o s ta t ic  p o te n t ia l a t  th e  su r fa ce  o f  th e  a m 

p h o te r ic  m ice lle  ca rry in g  ( f  — v) ch a rg es  is re la te d  to  
th e  e le c t r o s ta t ic  fr e e  e n e rg y  o f  th e  m ice lle  w h ic h  is es-

Figure 2. The titration curves for the amino group of 
DAPA at different concentrations in 0.10 M  NaCl solution.

Figure 3. The titration curves for the second 
carboxyl group of D IP A  at different concentrations 
in 0.10 M  NaCl solutions.

s e n t ia lly  g o v e r n e d  b y  th e  d eg rees  o f  io n iz a t io n  o f  th e  
a c id ic  a n d  b a s ic  g r o u p s .9'10 I n  th e  first in s ta n ce , 
le t  u s  co n s id e r  th e  su r fa ce  p o te n t ia l o f  th e  D A P A  m ice lle  
o n  th e  a c id  s id e  o f  th e  is o e le c tr ic  p o in t . S in c e  th e  
la s t te r m  o f  e q  3 , d (?e i(f , v)/dv, rep resen ts  th e  e le c t r ic a l 
w o r k  n e ce ssa ry  t o  r e m o v e  a  h y d r o g e n  io n  f r o m  th e  
m ice lle  w ith  ( f  — v) ch a rg es , e q  3 ca n  b e  re w r itte n

p H  — lo g  -  =  pK K 0 ,M ------- V~rrt 0 m )
1 — aM KT

(5 )

(9) A .  K a t c h a ls k y  a n d  I.  R .  M ille r ,  J . P olym er S ci.t 13, 57  (1954).

(10) A .  K a t c h a ls k y ,  N .  S h a v it ,  an d  H .  E ise nb e rg , ibid., 13, 69  
(1954).
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Figure 4. The titration curves for the imino group of 
D IPA at different concentrations in 0.10 M  NaCl solution.

w h ere  tf/ 0  is  th e  e le c t r o s ta t ic  p o te n t ia l  a t  th e  su r fa ce  
o f  th e  m ice lle  a n d  e is  th e  e le m e n ta ry  ch a rg e . I n  th e  
p re se n t case , p A (a)0 ,M a n d  p A (b)0 lM a re  se p a ra te  e n o u g h  
t o  c o n s id e r  th e  io n iz a t io n  o f  th e  c a r b o x y l  g r o u p  a n d  
o f  th e  a m in o  g r o u p  t o  b e  in d e p e n d e n t  o f  e a ch  o th e r . 
N a m e ly , u n d e r  th e  c o n d it io n  w h e re  th e  io n iz a t io n  o f  
th e  c a r b o x y l  g ro u p  ta k e s  p la ce , it  rem a in s  th a t  /3m =  
1 a n d  th e n  th e  p o te n t ia l  in  e q  5 is r e d u c e d  to

Pm ) =  ^ o,<5m- i ( « m) (6)

A s  is  e a s ily  u n d e r s to o d  fr o m  e q  5 a n d  6 , a  d iffe re n ce  
b e tw e e n  th e  q u a n t it ie s  o f  p H  — lo g  [a M/ ( l  — a M) ]  a t 
a M =  1 a n d  a t  a  ce r ta in  <*m c o r re s p o n d s  to  0 .4 3 4  (e ^ o / 
kT). U s in g  F ig u re  1, th e  su r fa ce  p o te n t ia l  a t  e a ch  
« m ca n  b e  o b ta in e d  fr o m  th is  d if fe r e n c e .1

F r o m  a  s im ila r  c o n s id e ra t io n , w e  o b ta in  th e  fo l lo w 
in g  e x p re ss io n  f o r  e v a lu a t in g  th e  su r fa ce  p o te n t ia l 
o f  th e  D A P A  m ice lle  o n  th e  a lk a lin e  s id e— th e  e le c 
t r ica l w o r k  in  th is  ca se , h o w e v e r , is th e  o n e  re q u ire d  
in  c o m b in in g  a  h y d r o g e n  io n  w ith  th e  m ice lle  ca r r y in g  
(X — v) ch a rges .

p H  +  lo g  =  PK (b )° 'M ~  ^ T # O . « m - i (0 m )

(7)
T h e  su r fa ce  p o te n t ia l  a t  e a c h  /3M ca n  b e  e v a lu a te d  fr o m  
th e  p H  +  lo g  [/3m / ( 1  —  /3m ) ]  v s . /3m  c u r v e  s h o w n  in  
F ig u re  2. C o m b in in g  th e  su r fa ce  p o te n t ia l  th u s  o b 
ta in e d  o n  th e  a c id ic  s id e  w ith  th a t  o n  th e  b a s ic  s id e , w e  
c a n  c o n s tr u c t  F ig u re  5  in  w h ic h  \p0 is p lo t te d  a g a in s t  p, 
w h e re  p =  — Pm - F o r  re fe re n ce , th e  \po vs. p H
c u rv e  fo r  th e  D A P A  m ice lle  is il lu s tra te d  in  F ig u re  6, 
to g e th e r  w ith  th e  c u r v e  fo r  th e  D I P A  m ice lle , t o  sh o w  
h o w  th e  su r fa ce  p o te n t ia l  d e p e n d s  o n  p H .

O n  th e  o th e r  h a n d , th e  c o n s tr u c t io n  o f  th e  su rfa ce  
p o te n t ia l c u r v e  f o r  th e  D I P A  m ice lle  is s o m e w h a t  c o m -

Figure 5. The tpt, vs. p curves for the micelles 
of DAPA and DIPA, where p is (an — /3m) 
for DAPA and (au +  <*'m — /3m) for DIPA.

Figure 6. The dependence of on pH for the 
micelles of DAPA and DIPA.

\ /-COO" \ l -C  00" \ /-C 0 0 '\
-C00H -coo; -COO'

/ l  $NH+ / \ ?NH+/ \ ?N /

Figure 7. The schematic titration behavior of the D IP A  micelle.

p lic a te d . F o r  th e  sa k e  o f  u n d e rs ta n d in g , th e  t itr a t io n  
b e h a v io r  o f  th e  D I P A  m ice lle  is s c h e m a t ic a lly  s h o w n  in  
F ig u re  7 . I n  th e  re g io n  in d ic a te d  b y  a  b r o k e n  lin e  in  
F ig u re  7, th e  o b s e r v e d  p H  v a lu e s  w e re  u n re lia b le  b e 
ca u se  o f  th e  re a so n  a lre a d y  d e scr ib e d , a n d  th e re fo re  
th e  p o te n t ia l o n  th e  a c id  s id e  o f  th e  is o e le c tr ic  p o in t  
c o u ld  n o t  b e  e s t im a te d .

N o w  le t  u s tu rn  o u r  a t t e n t io n  t o  th e  su r fa ce  p o te n t ia l 
o f  th e  D I P A  m ice lle  o n  th e  a lk a lin e  s id e . I n  o r d e r  to
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e v a lu a te  th e  p o te n t ia l, th e  p o in t  w h e re  a *  =  1, 
a ’ m =  1, a n d  (3m =  1 w a s  ta k e n  as an  a rb itra ry  b a se  
p o in t  o f  th e  p o te n t ia l ( in d ic a te d  b y  a n  a rro w  in  F ig u re
7 ) , b e ca u se  it  is in a d e q u a te  in  th e  p re se n t ca se  t o  ta k e  
th e  is o e le c tr ic  p o in t  (\p0  =  0 ) as a  b a se  p o in t . S in ce  
th e  io n iz a t io n s  o f  th e  s e c o n d  c a r b o x y l  g r o u p  a n d  o f  
th e  im in o  g r o u p  ta k e  p la c e  in d e p e n d e n t ly  o f  e a ch  o th e r , 
as in  th e  ca se  o f  D A P  A , th e  p o te n t io m e tr ic  e q u a t io n  
fo r  th e  s e c o n d  c a r b o x y l  g ro u p  o f  th e  D I P A  m ice lle  m a y  
b e  w r it te n  in  th e  fo r m

p H  -  lo g
a  m

1 -  a't

0 .4 3 4
p X ( a ) o,M -------- r i T e^ o ( a M i  <x ' m , /3m ) =

vK(a'\

kT

0 .4 3 4

kT

t o a t  th e  su r fa ce  a n d  th e  ch a rg e  d e n s ity  a a re  re la te d  
b y  th e  e x p re s s io n 11-12 13

2 kT . . .  <r
* • -  — sm h  vmsmm

w h e re  D is th e  d ie le c tr ic  c o n s ta n t  a n d  N 0  is th e  b u lk  
c o n c e n tr a t io n  o f  io n ic  sp ec ies  w h ic h  ca n  b e  a ssu m ed  
t o  b e  c o n s ta n t  in  th e  p re se n t case . T h e  ch a rg e  d e n s ity  
o n  th e  m ice lla r  su r fa ce  is g iv e n  b y

<7 =  —ntp/A =  — ep/(A/n) (1 1 )

w h e re  n is th e  n u m b e r  o f  s u r fa c ta n t  m o le c u le s  p e r  
m ice lle , A  is th e  su r fa ce  a rea  o f  th e  m ice lle , a n d  th e r e 
fo r e  A /n  rep resen ts  th e  su r fa ce  a rea  o c c u p ie d  b y  o n e  
m o le c u le . P u t t in g  A /n  =  s, th e n  e q  11 is

a  =  — ep / s (1 2 )

S u b s t itu t in g  th is  e x p ress ion  in to  e q  10, w e  o b ta in

P K (a')
0,M

0 .4 3 4

kT i ( ’/ 'o ( “ M , C i 'w , ) aM = l.a'M = 1,/3m = 1 +
2kT , n

to =  ------ s m h -1  B -
€ s

( 1 3 ) 1

t o . r e l ( « 7m ) )  — p A ( a 'b p . M --------¿ t o  M .) ( 8 )

w h e re  to,re\ is th e  p o te n t ia l r e la t iv e  t o  th a t  a t  th e  b a se  
p o in t , p A (a )b P ,M is th e  io n iz a t io n  co n s ta n t  o f  th e  m ice lle  
a t  th e  b a se  p o in t , a n d  th e  s u p e rs cr ip t  a ' re fe rs  t o  th e  
s e c o n d  c a r b o x y l  g r o u p . S im ila r ly , th e  e q u a t io n  fo r  
th e  im in o  g r o u p  o f  th e  m ice lle  is g iv e n  b y

PH  +  lo g  =  p A (b)bp,M -  0- f - % c , e l ( d M )  (9 )

p A (b)bp,M =  p A (b)o,M -

w h e re  B =  — t / y / 2 N 0 D kT/ir. T h e  p o te n t ia l  to d e 
p e n d s  o n  b o th  p a n d  s. T h e  t o t a l  c h a n g e  in  to w h e n  
p a n d  s a re  v a r ie d  is

A* ‘ =  (^").4p + (^ ‘),as
w h ere

/dto\  2  kT 1

U pA * V(s/BY  +  p2
fdto\ _  _ 2 k T  1

\£>S/P 6 V ( s 2/ B py  +  s2

(1 4 )

(1 5 )

(1 6 )

ĵ rjl ^ t'̂ ( ( i M ,  OL M, /^m )  a M  =  1 , a 7M  = 1,Pm =  1

A c c o r d in g  t o  e q  8  a n d  9, th e  su r fa ce  p o te n t ia l a t  ea ch  
a ' w i  a n d  /3m  ca n  b e  o b ta in e d  fr o m  F ig u re s  3 a n d  4 , 
r e s p e c t iv e ly . H ere , it  sh o u ld  b e  re m e m b e re d  th a t  th e  
p o te n t ia l th u s  o b ta in e d  is th e  o n e  b e tw e e n  a t  th e  b a se  
p o in t  a n d  a t a  ce r ta in  t / M (o r  /3M) ;  th a t  is, it  is n o t  
“ a b s o lu te ”  b u t  “ r e la t iv e ”  p o te n t ia l. A n  e x tra p o la 
t io n  to  th e  p o in t  w h e re  to =  0 , i.e., t o  th e  p o in t  w h ere  
a n  =  1, a ' i i  =  0 , a n d  /3m  =  1, is re q u ire d  t o  o b ta in  
th e  a b s o lu te  p o te n t ia l. I n  F ig u re  5 th e  to o f  th e  D I P A  
m ice lle  is p lo t te d  a g a in st  p, w h e re  p rep resen ts  th e  v a lu e  
o f  (a j i  +  a'u — /3m ).

A  ch a ra c te r is t ic  fe a tu re  o f  th e  s u r fa ce  p o te n t ia l 
cu rv e s  sh o w n  in  F ig u re  5, e sp e c ia lly , o f  th e  c u rv e  
f o r  D I P A ,  is a  d e cre a se  in  th e  s lo p e  w ith  in cre a s in g  
m a g n itu d e  o f  p a t  h ig h  ch a rg es . I f  w e  assu m e a  u n i
fo r m ly  ch a rg e d  p la n e  fo r  th e  m ice lle , th e  p o te n t ia l

F r o m  eq  15 i t  ca n  b e  seen  th a t  th e  s lo p e , d ^ 0/d p ,  
d ecre a se s  as th e  m a g n itu d e  o f  p in crea ses  a t  a  c o n s ta n t  
v a lu e  o f  s. T h e  v a lu e  o f  s te n d s  in  g e n e ra l t o  in cre a se  
w ith  in cre a s in g  |p| o w in g  to  th e  e le c t r ic a l r e p u ls io n  b e 
tw e e n  c h a rg e d  g r o u p s ; th is  e f fe c t  resu lts  in  lo w e r in g  
th e  p o te n t ia l a c c o r d in g  to  e q  16. T h u s , e q  1 4 -1 6  
e x p la in  th e  ch a ra c te r is t ic  fe a tu re  o f  th e  to vs. p c u r v e s  
s h o w n  in  F ig u re  5.

A s  seen  in  F ig u re  5, th e  su r fa ce  p o te n t ia l o f  th e  D I P A  
m ice lle  is r e la t iv e ly  lo w  as co m p a r e d  w ith  th a t  o f  th e  
D A P A  m ice lle . I t  is e x p e c te d  fr o m  e q  16 th a t  th e  
m ice lle  w ith  a  lo o se r  s tru c tu re  w ill h a v e  lo w e r  p o t e n 

(11) E. J. W. Verwey and J. Th. G. Overbeek, “ Theory of the Sta
bility of Lyophobic Colloids,”  Elsevier Publishing Co., Inc., New 
York, N. Y., 1948, pp 22-50.
(12) D. J. Shaw, “ Introduction to Colloid and Surface Chemistry,”  
Butterworth and Co. Ltd., London, 1966, pp 117-125.
(13) At low charge where p <£. s/B , eq 13 is reduced to = 
(2 k T /1) (B/s) p. The linear portion of the curves shown in Figure 5 
may be explained by this expression assuming that s is unchanged.
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tia l, b e ca u se  th e  lo o s e r  th e  m ice lla r  s tru c tu re , th e  la rg er  
th e  v a lu e  o f  s. T h e  d iffe re n t p o te n t io m e tr ic  b e h a v io r  
b e tw e e n  D A P A  a n d  D I P A  m ice lle s  m a y  b e  a c c o u n te d  
fo r  b y  d if fe re n t  m ice lla r  s tru c tu re , p r o b a b ly  th e  D I P A  
m ice lle  h a v in g  a  lo o s e r  s tru ctu re .
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A n  a p p a ra tu s  fo r  d e te rm in in g  th e  s o lu b i l it y  o f  g a ses  in  liq u id s  w ith  e n h a n c e d  sp e e d  a n d  
p re c is io n  h a s  y ie ld e d  fig u res  fo r  th e  s o lu b i l it y  in  (C H 3) 2S O  a t 1 a tm  a n d  2 5 °  o f  H e , N e , 
A r , K r , X e ,  H 2, D 2, N 2, 0 2, C 0 2, a n d  C H 4 a n d  fo r  b o t h  s o lu b i l it y  a n d  e n t r o p y  o f  s o lu t io n  
in  c -C 6H i 2  o f  N e , A r , K r , X e ,  H 2, N 2, C 0 2, C 2 H 6, a n d  c -C 3H 6. T h e  la t te r  re su lts  fa ll c lo s e ly  
o n  a  s tra ig h t lin e  w h en  th e  p a rtia l m o la l e n t r o p y  o f  s o lu t io n , s 2 — s 2g (1 a tm , 2 5 ° )  is  p lo t te d  
a g a in st  — R In x2 ( z 2 =  m o le  fr a c t io n  o f  th e  g a s ). T h e  th e o r e t ic a l s ig n ifica n ce  o f  th ese  
re su lts  w ill b e  d is cu sse d  in  a  la te r  p a p e r  b y  J . H . H ild e b r a n d .

In tr o d u c t io n

T h e  w o r k  h e re  r e p o r te d  w a s  u n d e rta k e n , firs t , t o  
o b ta in  fig u res  o f  su ffic ie n t  p re c is io n  t o  s e rv e  fo r  th e o 
re tica l s tu d y  o f  th e  s o lu b ility  a n d  e n t r o p y  o f  so lu tio n  
o f  a series o f  ga ses  in  a  s in g le , r e p re s e n ta t iv e , n o n p o la r  
liq u id  a n d , s e co n d , t o  se cu re  d a ta  fo r  th e  s o lu b i lit y  o f  
gases in  d im e th y ls u lfo x id e , n e e d e d  in  c o n n e c t io n  w ith  
a  s tu d y  o f  d if fu s io n  in  a  liq u id  h a v in g  h ig h  co h e s io n .

A p p a ra tu s  a n d  M a te r ia ls

W e  d e s ig n e d  fo r  o u r  p u r p o s e  a  n e w  a p p a ra tu s  c a p a b le  
o f  m o re  sp e e d  a n d  a c c u r a c y  th a n  a n y  w e  h a v e  u sed  
b e fo re . I t s  d e s ig n  a n d  o p e r a t io n  are  fu lly  d e s cr ib e d  
e lse w h e re . 1 I t s  p r in c ip a l fe a tu re s  are  sh o w n  in  F ig u re  
1 . A  b u lb  o f  ~ 2 5 0 - c c  c a p a c it y , A , in to  w h ic h  d e 
ga ssed  s o lv e n t  is in t r o d u c e d  a n d  a c c u r a te ly  m ea su red , 
is c o n n e c te d  w ith  b u lb  B  o f  ~  1 0 0 -c c  c a p a c it y  in to  w h ic h  
a  m e a su re d  a m o u n t  o f  ga s  is in tr o d u c e d . A  m a n o m e te r  
c o n n e c te d  a t  D  m ea su res  th e  to t a l  p re ssu re  o f  g a s  p lu s

s o lv e n t  v a p o r  in  B . A  g la ss -e n c lo se d  p u m p  in  th e  s id e  
a rm , C , o p e r a te d  m a g n e t ic a lly , p u m p s  s lu g s  o f  s o lv e n t  
in to  th e  u p p e r  b u lb , w h e re  it  ru n s  d o w n  th e  w a lls  w ith 
o u t  sp la sh in g  a n d  e x p o se s  fresh  su r fa ce s  o f  th e  s o lv e n t . 
T h e  p ressu re  fa lls  t o  an  e q u il ib r iu m  v a lu e  fr o m  w h ich  
th e  a m o u n t  o f  ga s  th a t  h as b e e n  d is s o lv e d  a n d  h e n ce  
th a t  w h ic h  w o u ld  b e  d is s o lv e d  a t  1  a tm  p a rtia l p re s 
su re  ca n  b e  ca lcu la te d . M o r e  g a s  ca n  b e  a d d e d  a n d  
e q u il ib r a te d  as a  c h e c k  o n  th e  a tta in m e n t  o f  e q u ilib r iu m  
a n d , in  th e  ca se  o f  a  v e r y  s o lu b le  gas, a s  a  c h e c k  o n  th e  
a p p lic a b il i ty  o f  H e n r y ’ s la w . T h e  te m p e r a tu r e  is  th e n  
c h a n g e d  a n d  th e  s y s te m  re e q u il ib r a te d . T h e  re la t io n  
b e tw e e n  lo g  :c2 (x-> =  m o le  fr a c t io n  o f  th e  so lu te ) a n d  
lo g  T is s t r ic t ly  lin ea r a n d  fr o m  th e  s tra ig h t lin es  w e  
o b ta in  v a lu e s  fo r  th e  p a r tia l m o la l e n tr o p y  o f  so lu tio n , 
s 2  — s 2g ( 1  a tm ) = R (A  lo g  x 2/ A  lo g  T ) p .

(1) J. Dymond and J. H. Hildebrand, Ind . Eng. Chem. F undam en
tals, 6, 130 (1967).
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Figure 1. Central part of the solubility apparatus.

T h e  c y c lo h e x a n e  w a s M a th e s o n  C o le m a n  a n d  B e ll 
C h r o m a to q u a lit y  re a g e n t. I t  w a s  d r ie d  o v e r  D r ie r ite  
a n d  a  fr a c t io n  fr o z e n  o u t . I t  m e lte d  a t  6 .4 5 ° . T h e  
d im e th y ls u lfo x id e  w a s  M a th e s o n  C o le m a n  a n d  B e ll 
S p e c t r o q u a lit y  re a g e n t. I t  w a s  d r ie d  b y  p a ss in g  
th ro u g h  a  c o lu m n  o f  M o le c u la r  S ie v e , T y p e  4 A , a n d  a 
fr a c t io n  fr o z e n  o u t . T h e  m e lt in g  p o in t  w a s  1 8 .3 7 ° . 
T h e  C 0 2 w a s  f r o m  W e s te r n  G a s , I n c . ;  th e  N 2  f r o m  
G e n e ra l D y n a m ic s  C o r p . ;  A r  f r o m  L in d e  A r g o n ; N e , 
K r ,  X e ,  a n d  c -C 3H 6  f r o m  th e  M a th e s o n  C o . ;  C H 4 

a n d  C 2H 6  (R e s e a r c h  g ra d e ) f r o m  P h ill ip s  P e tr o le u m  
C o . ;  D 2  f r o m  B io -R a d  L a b s ; a n d  H e , H 2, a n d  0 2 

fr o m  th e  S tu a r t  O x y g e n  C o . T h e s e  g a ses  w e re  d r ie d  
a n d  p a sse d  d ir e c t ly  in to  th e  a p p a ra tu s .

R e s u lt s

T h e  e x p e r im e n ta l fig u res  fo r  th e  m o le  fr a c t io n  o f  
th e  gases  in  c y c lo h e x a n e  sa tu ra te d  a t  1  a tm  p a r tia l

Figure 2. Relation between the solubility of gases in 
cyclohexane at 25° and 1 atm partial pressure and 
their entropy of solution obtained from the linear 
relation R (A log x2/A  log T)  saturated at constant pressure.

p ressu re  a n d  a t  th e  te m p e ra tu re s  s ta te d  a re  g iv e n  in  
T a b le  I ,  to g e th e r  w ith  v a lu e s  in te r p o la te d  t o  2 5 °  a n d  
e n tro p ie s  o f  s o lu t io n  ca lc u la te d  fr o m  th e  lo g  x2 vs. lo g  
T s lop es . M a x im u m  d e v ia t io n s  fr o m  th e s e  lin e s  a re  
less th a n  0 .5 %  in  x2. H e n r y ’ s la w  w a s  fo u n d  t o  b e  
o b e y e d  e v e n  b y  c -C 3H 6  in  c -C 6H i 2 a t  a  m o le  fr a c t io n  o f  
a p p r o x im a te ly  0 .2 . R e s u lt s  fo r  th e  s o lu b i l it y  o f  g a ses  
in  d im e th y ls u lfo x id e  are  g iv e n  in  T a b le  I I .

W e  r e d e te rm in e d  th e  fig u res  fo r  C F 4  in  c -C 6H i 2  in  
th e  ra n g e  1 7 -3 4 °  a n d  co n firm e d  th e  v a lu e s  fo u n d  b y  
A r c h e r  a n d  H i ld e b r a n d : 2 1 0 4:r2 (2 5 ° )  =  1 0 .34  a n d  s 2  — 
s 2g =  0 .5 0 ; t h e y  a lso  fo u n d  fo r  S F 6 1 0 4 .t 2 ( 2 5 ° )  =
5 3 .9  a n d  s 2 — s 2g =  — 4 .9 . O u r  v a lu e  fo r  N 2, 1 0 4x 2 

(2 5 ° )  =  7 .6 8 , a n d  fo r  C 0 2, 7 7 .1 , d if fe r  b u t  l i t t le  fr o m  
th e  fig u res  o b ta in e d  earlier  b y  G ja ld b a e k  a n d  H i ld e 
b r a n d , 3 7 .5 5  a n d  7 7 .2 , r e s p e c t iv e ly . F ig u re s  fo r  th e  
s o lu b i l it y  o f  th e  ra re  g a ses  in  c -C 6H 12 h a v e  a lso  b e e n  
d e te r m in e d  b y  C le v e r , B a t t in o , S a y lo r , a n d  G r o s s 4 

as fo l lo w s  fo r  1 0 4x 2 ( 2 5 ° ) :  H e  1 .21 , (s 2  — s 2g =  8 .1 ) ,  
N e  1 .8 0 , A r  14 .9 , K r  4 6 .7 , X e  192 . In  F ig u r e  2 w e

(2) G. Archer and J. H. Hildebrand, J . P h y s . Chem ., 6 7 ,1830 (1963)
(3) G. C. Gjaldbaek and J. H. Hildebrand, J . A m . Chem. Soc., 71 , 
3147 (1949).
(4) H. L. Clever, R. Battine, J. H. Saylor, and P. M. Gross, J. 
P hys. Chem., 61 , 1078 (1957); 62, 89, 375 (1958).
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Table I : Solubility and Entropy of Solution of Gases in Cyclohexane at 1 Atm Partial Pressure“

25.00 82 — 82*
Ne 19.82 26.40 31.60 37.35

1.79 1.93 2.04 2.20 1.90 6.8
Ar 17.80 25.12 31.05 36.30

15.25 15.20 15.20 15.30 15.20 0
Kr 20.35 25.00 31.60 36.20

48.5 47.3 45.7 44.7 47.3 -3 .1
Xe 19.17 24.86 33.00 36.05

228.0 210.0 188.5 181.5 210.0 -8 .2
h 2 20.80 25.01 31.62 36.38

4.02 4.14 4.34 4.47 4.14 4.2
n 2 17.85 25.45 30.70 33.37

7.52 7.70 7.87 7.89 7.68 2.0
C02 20.24 26.60 31.08 37.40

80.2 75.8 73.1 69.4 77.1 -5 .2
C2IÏ6 19.20 25.45 31.20 34.80

258.0 234.0 215.0 205.5 236.0 - 8 .7
c-C3H6 15.50 20.50 25.00 28.72

1760 1550 1400 1275 1395 -1 4 .4

“ The numbers on the first row are °C; the second, 104z2, where x2 is the mole fraction of gas.

Table I I : Solubility of Gases, 104x2 in Dimethylsulfoxide at 25° and 1 Atm Partial Pressure

He 0.284 d 2 0.799 o 2 1.57 Xe 17.0
Ne 0.368 n 2 0.833 c h 4 3.86 C2H6 17.8
h 2 0.761 Ar 1.54 Kr 4.46 C 02 90.8

h a v e  p lo t t e d  e n tr o p y  o f  s o lu t io n  in  c-C 6H i2  a g a in st th e  
s o lu b ility  as —R In x-t. T h e  o p e n  c ir c le s  re p re se n t 
o u r  d a ta , th e  so lid  c ir c le s  th o s e  o f  o th e rs  re fe rre d  to  
a b o v e  p lu s  a  p o in t  fo r  C 1 I 4  b y  L a n n u n g  a n d  G ja ld -  
b a e k , 5 6 10 4t 2  (2 5 ° )  =  3 2 .7  a n d  s 2  -  2 s g =  - 2 . 0 .

T h is  m e t h o d  o f  p lo t t in g  w a s  first u sed  b y  J o lle y  a n d  
H ild e b r a n d 6  a n d  s in ce  fo l lo w e d  in  s u b s e q u e n t  p a p ers  
fr o m  th is  la b o r a to r y .

W e  m a k e  th e  fo l lo w in g  co m m e n ts  o n  th e  re la t io n s  
sh o w n  in  F ig u re  2 .

(1 ) T h e s e  resu lts  fo r  so lu t io n s  o f  ga ses  in  C 6H 12 

are m o re  c o m p r e h e n s iv e  a n d  re lia b le  th a n  th o s e  fo r  a n y  
o th e r  s o lv e n t . W e  b e lie v e  th e  v a lu e s  o f  m o le  fr a c t io n  
to  b e  a c cu ra te  t o  w e ll w ith in  1 % .

( 2 ) T h e  s tr ic t ly  lin ea r  re la t io n s h ip  o ffe rs  a  c h e c k  
u p o n  th e  a c c u r a c y  o f  m e a su re m e n ts  a n d  a lso  a  m ea n s  
o f  p r e d ic t in g  te m p e ra tu re  co e ff ic ie n ts  fr o m  a s in g le  
d e te r m in a t io n  o f  s o lu b ility .

(3 ) H 2, C F 4, a n d  S F 6 c o n fo r m  ra th e r  w e ll t o  th is  
r e la t io n sh ip , a lth o u g h  t h e y  d e v ia te  s tr o n g ly  fr o m  re la 

t io n s  b a se d  u p o n  th e  g e o m e tr ic  m e a n  fo r  th e  a t t r a c t iv e  
p o te n t ia l e n e r g y  o f  m o le cu le s  o f  d if fe r e n t  sp e c ie s .

(4 ) S in ce  th e  G ib b s  fre e  e n e r g y  A F =  0 , th e  e n 
t r o p y  o f  s o lu t io n  ca n  b e  u se d  t o  c a lc u la te  th e  h e a t  
a n d  th e  e n e r g y  o f  so lu t io n .

(5 ) E x t r a p o la t io n  t o  x 2 =  1 g iv e s  s 2 — s 2g (1 a tm ) =  
— 20 .9  c a l /d e g ,  w h ich  ca n  b e  in te rp re te d  as th e  e n tr o p y  
o f  c o n d e n s in g  C 6H 12 v a p o r  fr o m  a  h y p o t h e t ic a l  p ressu re  
o f  1  a tm . T h e  e n tr o p y  o f  c o n d e n s in g  it  f r o m  its  v a p o r  
p ressu re  a t  2 5 ° , 9 6 .6  m m , is  — 2 6 .5  c a l /d e g .  T h e  loss  
in  e n tr o p y  in  c h a n g in g  fr o m  9 6 .6  t o  7 6 0  m m  is  4 .1  c a l /  
d e g , g iv in g  — 22 .4  c a l /d e g .

Acknowledgment. W e  e x p ress  o u r  a p p r e c ia t io n  t o  
th e  N a t io n a l S c ie n ce  F o u n d a t io n  fo r  th e  s u p p o r t  o f  
th is  w o r k  u n d e r  a  c o n tr a c t  a d m in is te re d  b y  D r . J . H . 
H ild e b r a n d .
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(1960).
(6) J. E. Jolly and J. H. Hildebrand, J. A m . Chem . Soc., 80, 1050 
(1958).
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The Photolysis of Nitrogen Dioxide in the Presence of 

Nitric Acid at 3 6 6 0  A and 2 5 01

b y  S ig m u n d  J a ffe  a n d  H a d le y  W .  F o rd

Jet P ropu lsion  Laboratory, C aliforn ia  Institute o f  Technology, Pasadena, Californ ia  
(.Received D ecem ber 14 , 1966)

N itr o g e n  d io x id e  w a s  ir ra d ia te d  a t 3 6 6 0  A  in  th e  p re se n ce  o f  H N 0 3. B o t h  N 0 2  a n d  H N 0 3 

w ere  d e c o m p o s e d . T h e  p r o p o s e d  m e ch a n is m  fo r  H N O 3 d e c o m p o s it io n  is  0  +  H N 0 3 —► 
O H  +  N 0 3 fo l lo w e d  b y  O H  +  H N 0 3 —► H 20  +  N 0 3. T h e  s p e c if ic  ra te  c o n s ta n t  fo r  th e  
0  +  H N 0 3 r e a c t io n  is e s t im a te d  to  b e  ~ 1 0 10 1. m o le - 1  s e c - 1 . Q u a n tu m  y ie ld s  are  re 
p o r te d  as a  fu n c t io n  o f  N 0 2, H N O 3 , a n d  N O  p ressu res .

In tro d u c t io n

T h is  w o r k  w a s  p e r fo r m e d  as  p a r t  o f  a  c o n t in u in g  
s t u d y  o f  th e  p h o to c h e m is t r y  o f  N 0 2. I ts  sp e c if ic  
p u r p o s e  w a s  t o  d e te rm in e  th e  m e ch a n ism  o f  n itr ic  a c id  
d e c o m p o s it io n  w h ich  resu lts  fr o m  ir ra d ia tio n  in  th e  
p re se n ce  o f  N 0 2.

N it r ic  a c id  sh o w s  c o n t in u o u s  a b s o r p t io n  b e lo w  3 300  
A  in d ic a t in g  d is s o c ia t io n  w ith  a  p r im a ry  y ie ld  o f  u n ity . 
T h e  p ro ce ss  th a t  a p p e a rs  to  b e  e n e r g e t ic a lly  p o ss ib le  
in  so la r  r a d ia t io n 2 is

H N O 3 +  hv — >  O H  +  N 0 2  ( -  53  k ca l)

H o w e v e r , in  th e  p resen ce  o f  N 0 2, d e c o m p o s it io n  ta k es  
p la ce  a b o v e  3 3 0 0  A . D is s o c ia t io n  m u st, th e re fo re , 
re su lt  fr o m  s e c o n d a r y  re a c t io n s  w ith  th e  p r o d u c ts  o f  
N 0 2  p h o to ly s is .

I t  is  w e ll e s ta b lis h e d 3 - 6  th a t  th e  p r im a r y  p r o c e s s  in  
th e  p h o to ly s is  o f  N 0 2 a t  3 6 6 0  A  is

N 0 2 +  hv — >  N O ( V )  +  0 ( 3 4 5P )

T h u s , d e c o m p o s it io n  o f  H N 0 3 c o u ld  re su lt  fr o m  re
a c t io n  w ith  o x y g e n  a to m s

O  +  H N O s  — >  O H  +  N 0 3

S u c h  r e a c t io n s  o f  O  a to m s  a n d  O H  ra d ica ls  are  o f  
s p e c ia l in te re s t  in  th e  p h o to c h e m is t r y  o f  a ir  p o llu t io n .

E x p e r im e n ta l S e c t io n

T h e  a p p a ra tu s  a n d  p r o c e d u r e s  u s e d  in  th is  w o r k  w e re  
th e  sa m e  as th o s e  r e p o r te d  e a r lie r .6a A  1 0 -cm  lo n g  
q u a r tz  c e ll c o n ta in in g  th e  gas sa m p le s  w a s  ir ra d ia te d

w ith  m o n o c h r o m a t ic  lig h t  d e r iv e d  fr o m  a  h ig h -p re ssu re  
m e r c u r y  a rc . T h e  in itia l a n d  fin a l N 0 2 p re ssu re s  w e re  
d e te r m in e d  a t  4 3 5 0  A  w ith  a  C a r y  M o d e l  11 s p e c t r o 
p h o to m e te r . S p e c tr a  o f  p u r e  H N 0 3, p u r e  N 0 2, 
a n d  th e  p r o d u c t s  o f  p h o to ly s is  s h o w e d  th a t  N 0 2  w a s  
th e  o n ly  sp e c ie s  a b s o r b in g  a p p r e c ia b ly  a t  4 3 5 0  A . 
T h e  in it ia l p re ssu re  o f  H N 0 3 w a s  m e a s u re d  w ith  a 
s ta in less  s te e l W a lla c e  a n d  T ie r n a n  B o u r d o n  g a u g e . 
T h e  u se  o f  th e  s ta in less  s te e l g a u g e  a n d  K e l -F  s t o p c o c k  
g rea se  w a s  n e c e s s a r y  b e ca u se  H N 0 3 r e a c ts  w ith  m o s t  
s t o p c o c k  g rea ses  a n d  m a n o m e te r  o ils .

T h e  N 0 2 p re ssu re  w a s  fo l lo w e d  as a fu n c t io n  o f  t im e  
b y  a  c o n t in u o u s  r e c o r d  o f  th e  o u p u t  o f  a  s o lid -s ta t e  
p h o to c e ll .  T h e  p h o t o c e l l  h a d  a  w in d o w  m e a su r in g
1.5  in . sq u a re  a n d , w h e n  p la c e d  a t  th e  e n d  o f  th e  q u a r tz  
ce ll, a b s o r b e d  th e  tr a n s m itte d  lig h t  w h ic h  w a s  fo c u s e d  
o n  it . T h e  in te n s ity  o f  th e  in c id e n t  a n d  tr a n s m itte d  
lig h t  w a s  d e te rm in e d  b y  th e  p h o to ly s is  o f  p u r e  N 0 2 

fo r  w h ic h  th e  q u a n tu m  y ie ld s  h a v e  b e e n  e s ta b lis h e d . 
T h e  N 0 2 p re ssu re  w a s  ca lc u la te d  fr o m  th e  m e a s u re 
m e n t  o f  th e  lig h t  a b s o r b e d  u s in g  th e  e x t in c t io n  c o e f 

(1) This paper presents results of one phase of research carried out 
at the Jet Propulsion Laboratory, California Institute of Technology, 
under Contract No. NAS 7-100, sponsored by the National Aero
nautics and Space Administration.
(2) P. A. Leighton, “ Photochemistry of Air Pollution,”  Academic 
Press Inc., New York, N. Y., 1961, pp 62-64.
(3) H. W. Ford, Can. J . Chem., 38, 1780 (1960).
(4) F. E. Blacet, T. C. Hall, and P. A. Leighton, J . A m . Chem. Soc., 
84, 4011 (1962).
(5) (a) H. W. Ford and S. Jaffe, J. Chem. P h ys., 38, 2935 (1963); 
(b) J. N. Pitts, Jr., J. H. Sharp, and S. I. Chan, ib id ., 40, 3655 
(1964).
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f ic ie n t  8 .1 5  X  1 0 -3  m m -1  c m -1  a t  3 6 6 0  A , r e p o r te d  
b y  H o lm e s  a n d  D a n ie ls .6 C o r r e c t io n s  w e re  m a d e  fo r  
th e  a b s o r p t io n  o f  l ig h t  b y  N 20 4 u s in g  3 .21  X  1 0 ~ 3 
m m “ 1 c m -1  fo r  th e  e x t in c t io n  c o e f f ic ie n t .0

T h e  fin a l p re ssu re  o f  N O  w a s  d e te r m in e d  b y  th e  a d d i
t io n  o f  e x ce s s  0 2 t o  th e  p h o to ly s is  c e ll a t  th e  en d  o f  a 
ru n . N O  w a s  c o n v e r t e d  t o  N 0 2 b y  th e  r e a c t io n

2 N O  +  0 2 — >  2 N 0 2

T h e  H N O 3 u s e d  in  th is  w o r k  w a s  p r e p a r e d  b y  th e  
r e a c t io n  o f  B a k e r ’ s A n a ly z e d  a n h y d r o u s  K N 0 3 w ith  
p u re  H 2S 0 4. T h e  a c id , d is t ille d  u n d e r  v a c u u m  a t 
r o o m  te m p e ra tu re , w a s  9 9 .8 %  p u re  a n d  w a s  co lo r le ss . 
W h e n  s to r e d  in  th e  d a rk  a t  — 1 0 ° , th e  H N 0 3 d id  n o t  
d e c o m p o s e . S m a ll sa m p le s  w e re  s to r e d  a t  — 196° 
fo r  u se  in  th e  p r e s e n t  w o r k .

R e s u lts

A  series  o f  p r e lim in a r y  e x p e r im e n ts  w e re  ca rr ied  
o u t  w ith  c o m b in a t io n s  o f  H N 0 3, H N 0 3 +  N 0 2, H N 0 3 
+  N 0 2 +  0 2, H N 0 3 +  N 0 2 +  N O , a n d  H N 0 3 +  
N O . T h e s e  sa m p le s  w e re  a llo w e d  t o  s ta n d  in  th e  d a rk  
(u p  t o  15 h r ) e x c e p t  fo r  th e  p e r io d ic  d e te rm in a t io n  
o f  th e  N 0 2 c o n c e n tr a t io n  b y  m e a n s  o f  th e  C a r y  s p e c t r o 
p h o to m e te r . N o  r e a c t io n s  w e re  o b s e r v e d  e x c e p t  in  
th e  ca se  o f  m ix tu re s  co n ta in in g  N O , w h e re  a  re la t iv e ly  
s lo w  co n v e r s io n  t o  N 0 2 w a s  d e te c te d .

A s s u m in g  th e  s im p le  m e ch a n ism

H N 0 3 +  N O  — ► N O , +  H N 0 2 

H N 0 2 +  H N 0 2 — ► H 20  +  N O  +  N 0 2

a  s e c o n d -o r d e r  ra te  c o n s ta n t  fo r  th e  H N 0 3 +  N O  re 
a c t io n  e q u a l t o  1 X  1 0 2 1. m o le -1  s e c -1  w a s  o b ta in e d . 
T h is  v a lu e  is  m u c h  t o o  sm a ll t o  in flu e n ce  th e  re su lts  
o f  th e  p h o to c h e m ic a l ly  in d u c e d  r e a c t io n s .

M ix tu r e s  o f  N 0 2, H N 0 3, a n d  N 2 w e re  p h o t o ly z e d  a t 
3 6 6 0  A  a n d  2 5 °  t o  d e te r m in e  th e  d e p e n d e n c e  o f  th e  
q u a n tu m  y ie ld  o n  th e  p re ssu re s  o f  N 0 2 a n d  H N 0 3. 
T h e  resu lts  o f  a  t y p ic a l  e x p e r im e n t  are  sh o w n  in  F ig u re  
1. I t  ca n  b e  seen  th a t  th e re  is a n  in it ia l p e r io d  d u r in g  
w h ich  th e  ra te  o f  d is s o c ia t io n  o f  N 0 2 is g re a te r  th a n  th e  
ra te  o f  fo r m a t io n  o f  N 0 2. H o w e v e r , w h e n  th e  N O  
p ressu re  b u ild s  u p  s u ffic ie n tly , th e  fo r m a t io n  o f  N 0 2, 
p r e s u m a b ly  b y  th e  r e a c t io n

N O  +  N O s — >  2 N 0 2

p re d o m in a te s  a n d  th e  N 0 2 p ressu re  in crea ses . T h e  
N 0 2 p ressu re  c o n t in u e s  t o  in crea se  u n t il  it  re a ch e s  a 
m a x im u m . I t  is  a ssu m e d  th a t  th e  H N 0 3 is a lm o s t  
c o m p le te ly  d is s o c ia te d  a t th is  p o in t  a n d  th a t  fu rth e r  
p h o to ly s is  re su lts  in  th e  d is s o c ia t io n  o f  N 0 2 in  th e  p re s 
e n ce  o f  N O , 0 2, N 2, H 20 ,  a n d  sm a ll q u a n t it ie s  o f  H N 0 3 
a n d  p e rh a p s  H N 0 2. T h e  ra t io  o f  ( N 0 2) t o  ( H N 0 3)

Figure 1. N O 2 pressure as a  fu n ction  o f tim e.

Figure 2. N 0 2, N O , and H N O 3 pressures as a  fun ction  of 
tim e (N O  calcu lated from  0 2 titration ).

w a s a b o u t  20  a t  th e  m a x im a  in  cu r v e s  su ch  as th a t  in  
F ig u re  1. T h e  d is s o c ia t io n  a p p r o a c h e s  a  s te a d y  sta te  
w h en  th e  r e c o m b in a t io n  re a c t io n s  su ch  as

2 N O  +  0 2 — >  2 N 0 2 

O  T  N O  T  M  — >• N 0 2 -(- M  

are as fa s t  as th e  d is s o c ia t io n  r e a c t io n s  

N 0 2 +  hv — *■ N O  +  O  

0  +  N 0 2 — >  N O  +  0 2

S e p a ra te  sa m p le s  o f  N 0 2 +  H N 0 3 w e re  t i t r a te d  w ith  
0 2 a fte r  a  s h o r t  p e r io d  o f  p h o t o ly s is , a t  th e  m a x im u m , 
a n d  a fte r  th e  s y s te m  a p p r o a c h e d  th e  fin a l s te a d y  
s ta te . T y p ic a l  re su lts  are  s h o w n  in  F ig u re s  2 a n d  3. 
T h e  q u a n t ity  o f  N O  p r o d u c e d  a t  th e s e  p o in ts  su g g e sts  
th a t  N O  b u ild s  u p  s lo w ly  a t  first, r e a ch e s  a s te a d y  s ta te  
w h e n  th e  N 0 2 p r o d u c t io n  b e c o m e s  lin ea r , a n d  th e n  
b u ild s  u p  t o  th e  fin a l s te a d y  s ta te  a fte r  th e  m a x im u m  
in  N 0 2 is p a sse d . W h e n  N O  w a s  a d d e d  t o  th e  s y s te m  
b e fo r e  p h o to ly s is , n o  in it ia l d e cre a se  in  N 0 2 p ressu re  
w a s  o b s e r v e d . T h e  N 0 2 p ressu re  b u ilt  u p  s te a d ily  
a s  sh o w n  in  F ig u re  4 . I t  a p p e a rs  t h a t  th e  N O  +  N 0 3 
r e a c t io n  is r a p id  u n d e r  th e se  c o n d it io n s .

(6) H. H. Holmes and F. Daniels, J. A m . Chem. Soc., 56, 630 (1934).
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TIME IN MINUTES

Figure 3. N 02, NO, and HNOa pressures as a function of 
of time (NO calculated from 0 2 titration).

Figure 4. N 02 pressure as a function of time 
with added NO (0.55 mm).

Figure 5.

T h e  p re se n ce  o f  O H  ra d ica ls  w a s  q u a lita t iv e ly  e s ta b 
lish e d  b y  th e  a d d it io n  o f  1 a tm  o f  C O  t o  th e  sy s te m . 
T h e  r e a c t io n

O H  +  C O C 0 2 +  H

as d e s c r ib e d  b y  U n g  a n d  B a c k 7  w a s  a ssu m e d  t o  h a v e  
ta k e n  p la c e  t o  s o m e  e x te n t  as e v id e n c e d  b y  th e  a p 
p e a ra n ce  o f  a  m a ss  4 4  p e a k  in  th e  m a ss  s p e c tr o g r a m  o f  
th e  p r o d u c ts  o f  th e  p h o to ly s is . C O  d o e s  n o t  r e a c t  
r e a d ily  w ith  0  a to m s  n o r  d o e s  C O  a ffe c t  th e  ra te  o f  
n o r m a l N 0 2 p h o to ly s is  a n y  m o r e  th a n  N 2  o r  C 0 2 

d o e s . 8  T h e  O H  r a d ica l is a ssu m e d  t o  re su lt  f r o m  th e  
r e a c t io n

0  +  H N 0 3 — >  O H  +  N 0 3

C o r r e la t io n  o f  th e  q u a n tu m  y ie ld s  w ith  th e  c o n c e n 
tra t io n s  o f  N 0 2, H N O 3 , a n d  N O  r e v e a le d  t h a t 't h e  d a ta  
c o u ld  b e  p r e s e n te d  as a  fu n c t io n  o f  th e  p r o d u c t , 
( N 0 ) ( H N 0 3) .  T a b le  I  su m m a rizes  th e s e  d a ta  a n d  
t h e y  a re  s h o w n  in  F ig u re  5.

Table I : Quantum Yields as a Function 
of (NO)(HNOa) at 3660 A

la,

$
NO,
mm

NOa,
mm

HNOa,
mm

(NO)-
(HNOj),

mm2

einsteins 
1.-1 sec -1 

X 108

-2 .2 0.02 1.66 4.93 0 . 1 0 1.09
-1 .5 0.04 6.58 0.86 0.03 3.07
-1 .5 0.04 4.32 1.77 0.07 2.53
- 1 .4 0.47 4.38 1.40 0.07 2.70

0 0.87 4.98 0.24 0.21 2.70
0 0.17 4.01 1.90 0.32 2.42
0.13 0.48 6.28 0.73 0.33 2.94
0.46 0.47 4.32 1.04 0.49 2.68
0.79 0.85 1.70 1.01 0.86 1.91
1.21 0.51 1.03 2.02 1.03 1.24
1.76 0.70 4.26 1.66 1.16 2.27
1.88 0.62 3.84 2.16 1.34 2.12
2.03 0.54 3.42 2.66 1.44 1.97
2.30 0.47 2.86 3.49 1.64 1.73
2.56 0.39 2.48 3.75 1.46 1.56

E x p e r im e n ts  w e re  c o n d u c t e d  w ith  v a r y in g  p re ssu re s  
o f  n itr o g e n  fr o m  a b o u t  100 t o  7 0 0  m m . T h e  v a r ia 
t io n  in  to t a l  p ressu re  d id  n o t  s e e m  t o  a f fe c t  th e  c o r 
re la t io n  o f  q u a n tu m  y ie ld s  w ith  th e  p r o d u c t , ( N O ) -  
( H N 0 3) .

T h e  q u a n tu m  y ie ld s  a p p r o a c h e d  — 2 a t  th e  b e g in n in g  
o f  th e  p r o c e s s  w h e n  (N O ) w a s  sm a ll a n d  t h e y  n e v e r  
e x c e e d e d  + 3  in  th is  s tu d y . T h e  q u a n tu m  y ie ld s  
c o u ld  a g a in  a p p r o a c h  — 2 a t  th e  e n d  o f  th e  p h o to ly s is  
w h e n  (H N O 3) is a p p r o a c h in g  z e ro . T h e  lim its  o f  — 2 
a t  th e  b e g in n in g  a n d  e n d  o f  th e  p r o c e s s  are  co n s is te n t  
w ith  th e  q u a n tu m  y ie ld s  fo r  th e  p h o to ly s is  o f  p u r e  N 0 2.

(7) A. M. Ung and R. A. Back, Can. J . Chem., 42, 753 (1964).
(8) H. W. Ford and S. Jaffe, unpublished work.
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D is c u s s io n

A  m e ch a n ism  th a t  is c o n s is te n t  w ith  th e  d a ta  d u r in g  
th e  e a r ly  s ta g es  o f  p h o to ly s is  is

N 0 2 hv ' - >  N O  +  O a )

0  +  n o 2 — ->  N O  +  0 2 (2 )

O  +  H N 0 3 — ► O H  +  NOa (3 )

O H  +  H N 0 3 - H 20  +  n o 3 (4 )

N O  +  N O s — >  2 N 0 2 (5 )

N 0 2 +  N 0 3 — > N O  -f- N O 2  O 2 (6 )

2 N O  +  0 2 — >  2 N 0 2 (7 )

T h e  q u a n tu m  y ie ld  e x p re ss io n  fo r  N 0 2 p r o d u c t io n  
th a t  resu lts  fr o m  th is  m e ch a n ism , a ssu m in g  s te a d y  sta te  
fo r  0 ,  O H , a n d  N 0 3, is

_  f e ( N 0 2)

f e ( N 0 2) +  fc3( H N 0 3) +

4/c6(N 0 ) f c 3( H N 0 3)

[ f e ( N 0 2) +  fc3( H N 0 3)] [ fc 6( N 0 )  +  /c6(N02) ] +
¿ 7( N 0 ) 2( 0 2) /TX

A t  th e  b e g in n in g  o f  th e  p h o to ly s is , w h e n  th e  N O  
p ressu re  is v e r y  lo w , th e  th ird  a n d  fo u r th  te rm s  in  
e q  I  w ill v a n is h  a n d  th e  s lo p e  o f  ( N 0 2) vs. t im e  w ill b e  
n e g a t iv e . A s  th e  p h o to ly s is  p r o c e e d s , th e  N O  
p ressu re  w ill in cre a se  a n d  th e  th ird  te r m  w ill b e c o m e  
m o s t  im p o r ta n t . I t  w ill e v e n tu a lly  b e  n u m e r ic a lly  
la rg e r  th a n  th e  firs t  t w o  te rm s  a n d  th e  s lo p e  o f  th e  
c u r v e  w ill b e c o m e  p o s it iv e . A f t e r  s o m e  t im e , th e  
( H N 0 3) w ill d e cre a se  t o  th e  p o in t  w h e re  th e  c u r v e  w ill 
r e a ch  a  m a x im u m  a fte r  w h ic h  th e  s lo p e  w ill b e  n e g a 
t iv e  o n c e  a g a in . T h e  q u a n tu m  y ie ld  c o u ld  a p p r o a c h  
— 2 w h e n  ( H N 0 3) is  v e r y  sm a ll, s in ce  th e  s e c o n d  te r m  
w ill a p p r o a c h  — 1. H o w e v e r , N 0 2 re g e n e ra t in g  re 
a c t io n s , su ch  as e q  7 , w ill  p r e v e n t  th e  q u a n tu m  y ie ld  
fr o m  a c tu a lly  r e a ch in g  th e  lim it  o f  — 2.

B y  u s in g  th e  d a ta  in  T a b le  I , th e  ra te  c o n s ta n ts  in  
T a b le  I I ,  a n d  e q  I ,  o n e  o b ta in s  an  a v e ra g e  v a lu e  o f  k3 

e q u a l t o  ~ 1 0 101. m o le -1  s e c - 1 . A  ra te  c o n s ta n t  o f  a t 
lea st th is  v a lu e  w o u ld  b e  n e c e s s a r y  so  th a t  H N 0 3 
m o le cu le s  c o u ld  c o m p e te  w ith  N 0 2 m o le c u le s  fo r  re 
a c t io n  w ith  0  a to m s . O n e  c o u ld  c o n c lu d e  th a t  re a c 
t io n  3 is a t  le a s t  as fa s t  as

0  +  N 0 2 — ► NC'a*

fo r  w h ich  K le in  a n d  H e r r o n 9 h a v e  r e p o r te d  a ra te  c o n 
s ta n t e q u a l t o  9 .6  X  1 0 91. m o le -1  s e c - 1 .

In  o rd e r  fo r  e q  I  t o  re p re se n t th e  o b s e r v e d  b e h a v io r

Table I I : Rate Constants Used in the Calculation of fa

Con-
stant Value Ref

k 2 3,3 X 10° 1. mole-1 sec-1 a
h 5,6 X 109 1. mole-1 sec-1 h
fa 2.5 X  10s 1. mole-1 sec-1 h
fa 1.48 X  104 1.2 mole-2 sec-1 1, p 185
fa 1.8 X  1091. mole-1 sec-1 1, p 188
k<j 0.24 see-1 1, p 188

“ F. S. Klein and J. T. Herron, J. Chem. Phys., 41, 1285 
(1964). 6 C. Schott and N. Davidson, J. Am. Chem. Soc., 80, 
1841 (1948).

m o r e  c lo s e ly , i t  w o u ld  re q u ire  th a t  A6( N 0 2) b e  o f  th e  
sa m e  m a g n itu d e  as fc5(N O ) . T h is  is  tru e  in  th e  e a r ly  
s ta g e s  o f  p h o to ly s is  w h e n  (N O ) is  lo w . H o w e v e r , i f  
(N O ) b u ild s  u p  as sh o w n  in  F ig u re  2, w o u ld  h a v e  to  
b e  a  fe w  o rd e rs  o f  m a g n itu d e  la rg e r  th a n  th e  v a lu e  
g iv e n  in  T a b le  I I .  I f  r e a c t io n  6 in v o lv e d  a n  e x c ite d  
o r  m e ta s ta b le  N 0 3, su ch  as O O N O , th e  ra te  c o n s ta n t , 
k:„ c o u ld  b e  as la rg e  as 108 1. m o le -1  s e c - 1 . (T h e  p re 
e x p o n e n t ia l fa c t o r 3 fo r  th e  e q u iv a le n t  th e rm a l re a c t io n  
is 4  X  1 0 91. m o le -1  s e c - 1 .)

T h e r e  are  se v e ra l r e a c t io n s  th a t  m a y  b e c o m e  s ig 
n if ica n t  in  th e  la te r  s ta g es  o f  p h o to ly s is . A ft e r  th e  
m a x im u m  in  ( N 0 2) is p a sse d , th e  s y s te m  a p p r o a c h e s  a  
s te a d y  s ta te  in  a ll c o m p o n e n ts . N it r ic  a c id  m a y  b e  
fo r m e d  b y  th e  p r o c e s s

N 0 2 +  N 0 3 — >• N 20 5 (8 )

N 20 6 — ► N 0 2 +  N 0 3 (9 )

N 20 5 +  H 20  — >  2 H N 0 3 (1 0 )

A  ca lc u la t io n  w a s  m a d e  u n d e r  s te a d y -s t a te  c o n d it io n s , 
a ssu m in g  v a r io u s  v a lu e s  fo r  kVi. In te r p o la t io n  o f  th e se  
resu lts  w h e re  th e  q u a n tu m  e ff ic ie n c y  fo r  d is s o c ia t io n  
o f  N 0 2 is  e q u a l t o  th a t  fo r  r e fo r m a t io n  o f  N 0 2 y ie ld e d  
kw a p p r o x im a te ly  e q u a l t o  1 0 3 1. m o le -1  s e c - 1 . A n 
o th e r  p o s s ib le  r e a c t io n  fo r  th e  fo r m a t io n  o f  H N 0 3 is

N 0 2 +  O H  +  M  — >  H N 0 3 +  M  (1 1 )

T h is  re a c t io n  is s im ilar  t o  th a t  p r o p o s e d  b y  J o h n s to n , 
et al. , 1 0 ’ 1 1  f o r  th e  th e rm a l d is s o c ia t io n  o f  H N 0 3. 
H o w e v e r , n o  e s t im a te  o f  th e  v a lu e  o f  kn h as b e e n  m a d e .

I t  a p p e a rs  a t th is  t im e  th a t  r e a c t io n s  1 -7  d e s cr ib e  
th e  s y s te m  e a r ly  in  th e  p r o c e s s  a n d  u p  t o  th e  m a x im u m

(9) See footnote a  of Table II.
(10) H. S. Johnston, L. Toering, and R. J. Thompson, J . P hys. 
Chem., 57, 390 (1953).
(11) H. S. Johnston, L. Toering, Yu-Sheng Tao, and G. H. Messerley, 
J . A m . Chem Soc., 73, 2319 (1951).
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in  N 0 2 p ressu re . H o w e v e r , it  is  n e ce s s a ry  t o  co n s id e r  F u r th e r  in v e s t ig a t io n  o f  th is  s y s te m  a t  lo w  p a r t ia l
r e a c t io n s  8 -1 0  t o  e x p la in  th e  b e h a v io r  a t  th e  e n d  o f  th e  p ressu res  o f  N 0 2 a n d  H N 0 3 sh o u ld  p r o v e  o f  in te re s t
p r o c e s s  w h e n  ( N 0 2) is  a p p r o a c h in g  a  fin a l s te a d y  s ta te . in  a tm o s p h e r ic  p h o to c h e m is t r y .

Complex Formation in the Gas-Phase Reaction of Hydrogen

Bromide with Di-t-butyl Peroxide

b y  L e s lie  B a tt  a n d  F ra n k  R .  C ru ick s h a n k

D epartm ent o f  Chem istry, U niversity o f  Aberdeen, Old A berdeen , Scotland  

A ccepted  and Transm itted by the F araday Society  ( August 10, 1966)

A  m e ch a n ism  fo r  th e  d e c o m p o s it io n  o f  d i- /,-b u ty l p e r o x id e  (d t B P )  in  th e  p re se n ce  o f  H B r , 
1 4 0 ° a n d  100 m m , is d t B P  2 f-B u O  (1 ) , ¿ -B u O  +  H B r  -*■ f -B u O H  +  B r  (2 ) ,  ¿ -B u O  —► 
M e 2C O  +  M e  (3 ) ,  M e  +  H B r  -*■ C H 4 +  B r  (4 ) ,  M e  +  B r 2 - *  M e B r  +  B r  (5 ) ,  M e  +  M e  -► 
C 2H 6 (6 ) ,  B r  +  B r  +  M  ^  B r 2 +  M  (7 ) ,  M e  +  B r  +  (M ? )  —  M e B r  +  ( M ? )  (8 ) .  H e r e  
r e a c t io n  7 is th e  m a in  te r m in a t io n  p r o c e s s  w ith  re a c t io n s  6 a n d  8 p la y in g  m in o r  ro le s , in  
c o n tr a s t  t o  th e  n o rm a l d e c o m p o s it io n  o f  d t B P  w h e re  r e a c t io n  6  is  th e  m a in  te r m in a t io n  
p ro ce ss . F o r m a t io n  o f  is o b u te n e  o x id e  ( I B O )  in d ica te s  a  c a ta ly z e d  d e c o m p o s it io n  o f  
d t B P  a c c o r d in g  to  B r  +  d t B P  -*■ d t B P _ H +  H B r  (9 ) ,  d t B P _ H I B O  +  ¿ -B u O  (1 0 ) . 
A lte r n a t iv e ly , c o m p le x  fo r m a t io n  o c c u r s  b e tw e e n  d t B P  a n d  B r 2 o r  H B r , I B O  b e in g  su b se 
q u e n t ly  p r o d u c e d  as  a  resu lt  o f  th is . T h e  v a r ia t io n  o f  p ressu re  w ith  t im e  a n d  th e  v e r y  lo w  
e x p e r im e n ta l v a lu e  o f  h  p r o v id e  so m e  e v id e n c e  fo r  c o m p le x  fo r m a t io n . T h e  fo l lo w in g  
A rrh e n iu s  p a ra m e te rs  h a v e  b e e n  e s t im a te d . E 2 =  1 5 .5 -1 7 .5  k c a l /m o le  (a ssu m in g  A-> =
1 0 13.5 s e c - 1 , A 3 =  1 0 9 l . /m o le  se c , E 2  =  0 - 2  k c a l /m o le ) ;  A 4 =  108-95 l . /m o le  se c , E 4 =
2 .9  k c a l /m o le ,  Eb -  0 .9  k c a l /m o le ;  E 9 =  17 k c a l /m o le ,  E-% =  5 k c a l /m o le .

In tr o d u c t io n E x p e r im e n ta l S e c t io n

D ¡-¿ -b u ty l p e r o x id e  is a  v e r y  c o n v e n ie n t  th e rm a l 
s o u rce  o f  ¿ -b u to x y  ra d ica ls  (¿ -B u O ) in  th e  g a s  p h a se  
o v e r  th e  te m p e ra tu re  ra n g e  1 2 0 -1 8 0 °  ( fo r  a  s ta t ic  
s y s te m ). T h is  a llo w s  a  s t u d y  to  b e  m a d e  o f  th e  p re s 
su re -d e p e n d e n t  d e c o m p o s it io n  o f  ¿ -B u O ,1 p r o v id e d  
th a t  a n  e ffic ien t r a d ica l t ra p  is  u sed  t o  m e a su re  its  c o n 
c e n tra t io n . R a le y ,  R u s t , a n d  V a u g h a n  h a v e  sh o w n  
th a t  H B r  d o e s  n o t  c a ta ly z e  th e  d e c o m p o s it io n  o f  
d t B P 2 a n d  th e re fo re  seem s t o  b e  a  su ita b le  ra d ica l 
t ra p  fo r  s tu d y in g  th e  d e c o m p o s it io n  o f  ¿ -B u O .

T h e  d t B P  w a s p u r ifie d  as b e fo r e .1 T h e  H B r  (M a t h e -  
s o n ) w a s  d r ie d  b y  p a ss in g  it  th r o u g h  a  D r y  I c e -a c e t o n e  
tra p  se v e ra l t im e s , w h ic h  a lso  r e m o v e d  tr a c e s  o f  b r o 
m id e , b u lb - t o -b u lb  d is t ille d , a n d  s to r e d  in  a  3-1. b u lb  
a t  — 8 0 °  in  th e  d a rk .

T h e  a p p a ra tu s  a n d  essen tia l e x p e r im e n ta l te c h n iq u e  
h a v e  b e e n  d e s c r ib e d  in  d e ta il e ls e w h e re .3 A u r a m in e

(1) L. Batt and S. W. Benson, J. Chem. P h ys ., 36, 895 (1962).
(2) J. H. Raley, F. F. Rust, and W. E. Vaughan, J. A m . Chem. Soc.,
70, 2767 (1948).
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Table I : Products Formed in the Decomposition of dtBP in the Presence of HBr at 140°.
All Quantities Expressed in /imoles

Length
of run, Initial Final Initial Final

Run min dtBP dtBP CH. C2H6 CHjBr MejCO i-BuOH I-BuOBr IBO Br2 HBr HBr

2
3

13.3
25.9

1204
1283

1157
1203

62.2
71.5

0.1 —  1
99.8

~ 3
16.2

65
129.2

34 ~ 2  
<1

20 7 
2.1

—34
— 10

87
36.7

12.4
0

w a s  u se d  t o  a b s o r b  th e  H B r 3 4 p r io r  t o  co n d e n s a t io n  
o f  th e  p r o d u c ts  a n d  th e  p re s e n ce  o f  Z -B u O B r w a s  in 
fe rre d  fr o m  th e  g re e n  c o lo r a t io n  p r o d u c e d  o n  p a ss in g  
th e  p r o d u c ts  a n d  u n d e c o m p o s e d  re a c ta n ts  fr o m  th e  
re a c t io n  v e s s e l th r o u g h  th e  a u ra m in e .5

R e s u lts  a n d  D is c u s s io n

T h r e e  ru n s  w e re  ca rr ie d  o u t  a t 1 4 0 °  a n d  a  to t a l  
p ressu re  o f  100  m m . T h e  p r o d u c ts  a n d  th e  d e ta ils  
o f  ih e  in d iv id u a l c o n c e n tr a t io n s  o f  d t B P  a n d  H B r  are  
sh o w n  fo r  t w o  o f  th e  ru n s  in  T a b le  I .  I n  c o n tra s t  t o  
T ip p e r , et al.,6 n o  Z -B u B r w a s  fo u n d . I t s  fo r m a t io n  is 
p r o b a b ly  d u e  t o  a  co n d e n s e d  p h a se  r e a c t io n  b e tw e e n  
H B r  a n d  Z -B u O H .

A  m e ch a n ism  fo r  th e  fo r m a t io n  o f  th e  p r o d u c ts  o f  
th e  r e a c t io n  o th e r  th a n  is o b u ty le n e  o x id e  ( I B O )  is

d t B P  — ^  2Z-BUÒ (1 )

Z-B uÓ  +  H B r  — >  Z -B u O H  +  B r  (2 )

Z-B uÒ  +  M  — *■ M e 2C O  +  M e  +  M  (3 ) 

M e  +  H B r  — ^  C H 4 +  B r  (4 )

M e  +  B r 2 — >  M e B r  +  B r  (5 )

M e  +  M e  — >  C 2H 6 (6 )

B r  +  B r  +  M  — >- B r 2 +  M  (7 )

M e  +  B r  — >  M e B r  (8 )

T h e  h ig h  y ie ld  o f  C H 4 co m p a r e d  t o  C 2H 6 (see  T a b le  I , 
ru n  2 ) d e m o n s tr a te s  th e  h ig h  e ff ic ie n c y  o f  H B r  as a 
ra d ic a l tr a p . T h e  h ig h  y ie ld  o f  C 2H 6 in  ru n  3 is  d u e  
t o  th e  d is a p p e a ra n ce  o f  H B r  b e fo r e  th e  e n d  o f  th e  ru n . 
U s in g  a  v a lu e  o f  0 .5  p m o le  fo r  C 2H 6 a n d  an  a v e ra g e  
v a lu e  o f  H B r  o f  37  jum ole, th e  re la t io n sh ip  RcnJ 
Rl/ c ,h , =  fc4( H B r ) / / c 6‘ / !  p r o d u c e s  a  v a lu e  fo r  fc4 o f
2 .6  X  107 l . /m o le  se c  a t  1 4 0 ° , a ssu m in g  S h e p p ’ s v a lu e  
fo r  fc6.7 T h e  s ta n d a rd  e n t r o p y  c h a n g e  c o m p u te d  
fr o m  lis te d  s ta n d a rd  e n tro p ie s 8' 9 is 8 .0  eu  fo r  th e  e q u i
lib r iu m  B r  +  C H 4 <=> M e  +  H B r . A - 4 h a s  b e e n  
m ea su red  t o  b e  1 0 10J l . /m o le  s e c lc a n d  h e n c e  A 4 is 
108-95 l . /m o le  se c . T h u s  o u r  d a ta  p r o d u c e  a  v a lu e  fo r  
U 4 o f  2 .9  k c a l /m o le  w h ich  is  in  r e a so n a b le  a g re e m e n t 
w ith  4 .5  k c a l /m o le  fo u n d  b y  O ’ N e a l11 a n d  w ith  1.7

k c a l /m o le  c o m p u te d  fr o m  th e  re su lts  in  r e f  10. T h is  
la t te r  v a lu e  assu m es  a  s ta n d a rd  h e a t  o f  r e a c t io n  fo r  
r e a c t io n  4  o f  16 .6  k c a l /m o le  d e r iv e d  f r o m  lis te d  s ta n d a rd  
h e a ts  o f  fo r m a t io n .8,9’ 12 E-a — U 4 h a s  b e e n  m e a su re d  
t o  b e  2 k c a l /m o le 13 w h ic h  a llow s  u s  t o  g iv e  a  v a lu e  fo r  
E& o f  0 .9  k c a l /m o le .  F r o m  th e  e x p re ss io n  Rm,:bt/  
Rea, =  ¿ 5 (B r 2) / k 4(H B r ) ,  w e  fin d  a n  im p o s s ib ly  lo w  
v a lu e  fo r  k6  o f  106 l . /m o le  se c  c o m p a r e d  t o  a lite ra tu re  
v a lu e  o f  1 .9  X  108 l . /m o le  s e c .13 T h is  su g g e sts  a  
m u c h  lo w e r  v a lu e  fo r  (B r 2) th a n  is  e s t im a te d  (see  
b e lo w ).

I n  th e  p re se n t sy s te m , th e  m a in  te r m in a t io n  p ro ce s s  
is r e a c t io n  7. H e n c e  th e  b r o m in e  a to m  s t e a d y -s t a te  
c o n c e n tr a t io n  is g iv e n  b y  (B r )ss =  [(fc i//c7) ( d t B P / M )  ] 1/! 
=  [fci/ft7] I/2. T a k in g  a v a lu e  o f  ki f r o m  r e f  1 a n d  a s 
su m in g  /1 7 =  1 0 10 l . 2/ m o l e 2 s e c ,14 15 H i =  — 2 k c a l /m o l e ,16 
(B r )as tu rn s  o u t  t o  b e  2 X  1 0 -8  m o l e / l . 15a I f  I B O  is 
fo r m e d  via th e  r o u te  s h o w n  in  e q  9  a n d  10

(3) L. Batt and F. R. Cruickshank, J. Phys. Chem., 70, 723 (1966).
(4) L. Batt and F. R. Cruickshank, Talenta, in press.
(5) H. E. O’Neal and S. W. Benson, J. Chem. Phys., 36, 2196 (1962).
(6) A. Hardacre, G. Skirrow, and C. F. H. Tipper, Combust. Flame, 
9 , 53 (1965).
(7) A. Shepp, J. Chem. Phys., 24, 939 (1956).
(8) S. W. Benson, “ The Foundation of Chemical Kinetics,” McGraw- 
Hill Book Co., Inc., New York, N. Y., 1960, p 663.
(9) F. D. Rossini, et al., “ Selected Values of Chemical Thermo
dynamic Properties,” National Bureau of Standards Circular 500, 
U. S. Government Printing Office, Washington, D. C., 1952, p 100.
(10) G. B. Kistiakowsky and E. R. Van Artsdalen, J. Chem. Phys., 
12, 469 (1944).
(11) H. E. O’Neal, private communication.
(12) D. M. Golden, R. Walsh, and S. W. Benson, J. Am. Chem. 
Soc., 87, 4053 (1965).
(13) A. F. Trotman-Dickenson, “ Gas Kinetics,” Butterworth and 
Co. Ltd., London, 1955, p 191.
(14) See ref 8, p 310.
(15) G. C. Fettis and J. H. Kncx, Progr. Reaction Kinetics, 2, 28 
(1964).
(15a) Note Added in Proof. C. W. Larson and H. E. O'Neal, 
J. Phys. Chem., 70, 2475 (1966), estimate ks as 10n l./mole sec. In 
this case, termination by Me and Br is as important as Br and Br, 
but (Br)s„ is essentially the same. However, with the relatively few 
effective degrees of freedom contributing to the decomposition (<~6), 
reaction 8 may well be pressure dependent under our conditions 
(100 mm, 140°). A falloff in the value of k> cited above by 10-100 
will leave reaction 7 as the main terminating step.
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B r  +  d t B P  — >  H B r  +  d t B P _ H (9 )

d t B P _ H — >  I B O  +  i-B u Ô  (1 0 )

a ssu m in g  d t B P _ H a lw a y s  d e c o m p o s e s , th e n  Rĉ  in/  
Runi =  ( f c s A X B r )  =  y ie ld  ( I B O )  /  y ie ld  (M e 2C O  +  
¿ -B u O H  — I B O ) / 2  =  2 1 /3 9 , w h e n c e  fc9 is 1 .6  X  1 0 3 
l . /m o le  se c . T h e  v a lid it y  o f  th e  m a ss b a la n c e  r e la t io n 
sh ip  y ie ld (C H 4) +  y ie ld (¿ -B u O H ) -  y ie ld ( I B O )  =  
A H B r , see  T a b le  I ,  ru n  2, is  in  lin e  w ith  su ch  a  m e c h 
a n ism . A s s u m in g  A 9 is 1 0 u  l . /m o le  sec , E a tu rn s  o u t  t o  
b e  ~ 1 7  k c a l /m o le .  T h e  e n d o th e r m ic ity  fo r  r e a c t io n  9 
is  o f  th e  o rd e r  o f  12 k ca l, th u s  p r e d ic t in g  a  v a lu e  fo r  
E -  9 o f  ~ 5  k c a l /m o le .  H o w e v e r , th e re  is a  v e r y  u n 
u su a l v a r ia t io n  in  p ressu re  w ith  t im e  d u r in g  th e  r e a c 
t io n . F ig u re  1 sh o w s  th a t  th ere  is a  m a rk e d  d r o p  in  
th e  p ressu re  in it ia lly . T h é  e x te n t  o f  th is  p ressu re  d ro p  
v a r ie s  d ir e c t ly  w ith  th e  in itia l H B r  c o n c e n tr a t io n . 
S e p a ra te  e x p e r im e n ts  sh o w  th a t  th is  is  n o t  d u e  t o  a b 
s o r p t io n  o f  d t B P , H B r , o r  B r 2 in  th e  ta p  grease . C o m 
p le x  fo r m a t io n  o c c u r s  b e tw e e n  d im e th y l  e th e r  a n d  H C 1 16 
a n d  i -P r ( )H  a n d  I 2.17 T h e  o b s e r v e d  fa ll in  p re ssu re  
m a y  w e ll b e  d u e  to  s im ilar  c o m p le x  fo r m a t io n s  b e tw e e n  
d t B P  a n d  H B r  a n d  d t B P  a n d  B r 2. I t  is p o s s ib le  th a t  
th e se  co m p le x e s  m a y  d e c o m p o s e  a t  a  la te r  s ta g e  to  
fo r m  ¿ -B u O H  a n d  f -B u O B r  o r  2 L B u O B r , r e s p e c t iv e ly , 
th e  la tte r  c o m p o u n d  th e n  d e c o m p o s in g  u n im o le cu la r ly  
t o  fo r m  I B O  a n d  H B r , e.g.

d t B P  +  B r 2 (d t B P B r 2) ( I D

(d t B P B r 2) - —>■ 2 f-B u O B r (1 2 )

L B u O B r  — s► I B O  +  H B r (1 3 )

T h e  e r ro n e o u s ly  lo w  v a lu e  fo r  lcb su g g ests  th a t  th is  
c o m p le x  fo r m a t io n  is  m o r e  m a rk e d  fo r  B r 2 a n d  d t B P  
th a n  fo r  H B r  a n d  d t B P . S in ce  f -B u O H  c o u ld  b e  p r o -

Figure 1. Pressure vs. time plot for dtBP +  HBr at 140°.

d u c e d  b y  th e se  r e a c t io n s , it  is p o ss ib le  th a t  th is  w ill 
o b s c u r e  th e  k in e t ic s  o f  th e  d e c o m p o s it io n  o f  f -B u Q . 
S p u r io u s  p r o d u c t io n  o f  f -B u O H  m a y  a lso  o c c u r  in  t h e  
H C l - d t B P  s y s te m ,18 ca u s in g  th e  o b s e r v e d  s c a t t e r  in  
th e  r e le v a n t  g r a p h ica l p lo t s  th ere in .

I t  is c o n c lu d e d  th a t  a lth o u g h  H B r  is  a  v e r y  e ff ic ie n t  
ra d ic a l tra p , th e  c o m p lic a te d  s id e  r e a c t io n s  m a k e  it  
d if ficu lt  t o  c o m e  to  a n y  w o r th w h ile  co n c lu s io n s  a b o u t  
th e  d e c o m p o s it io n  o f  i -B u () .  T h e  u se  o f  H I  as a  r a d i
ca l t r a p  is a lso  e x c lu d e d  s in ce  it  r e a c ts  h e te r o g e n e o u s ly  
w ith  d t B P i19

Acknowledgments. F . R .  C . g r a te fu lly  a ck n o w le d g e s  
th e  r e c e ip t  o f  a  C a rn e g ie  S ch o la rsh ip  fr o m  th e  C a rn e g ie  
T r u s t  fo r  th e  U n iv e rs it ie s  o f  S c o t la n d . W e  a re  g ra te fu l 
t o  D r . J. H . K n o x  fo r  h e lp fu l d iscu ss io n s .

(16) K. P. Lawley and L. E. Sutton, Trans. F araday Soc., 59, 2630 
(1963).
(17) R. Walsh and S. W. Benson, J . A m . Chem . Soc., 88, 3480 
(1966).
(18) M. Flowers, L. Batt, and S. W. Benson, J . Chem. P h ys ., 37, 
2662 (1962).
(19) L. Batt, S. W. Benson, and H. Hershenson, unpublished 
results.

The Journal of Physical Chemistry



Triplet-State Y ield of Fluorobenzene 1839

Triplet-State Yield of Fluorobenzene by the Sensitization of the 

Isomerization of cis-Butene-2

b y  D a v id  P h ill ip s 1

D epartm ent o f  C hem istry, The U niversity  o f  T exa s , A u stin , Texas 78712 {R eceived A ugust 1 9 , 1966)

T r ip le t -s ta t e  y ie ld s  fo r  f lu o ro b e n z e n e  e x c it e d  a t 2 650 , 2 5 3 7 , a n d  2 4 8 0  A , r e s p e c t iv e ly , h a v e  
b e e n  d e te rm in e d . T h e  p lo ts  a ll lie  o n  th e  sa m e  s m o o t h  c u r v e  o f  q u a n tu m  y ie ld  vs. cis- 
b u te n e -2  p ressu re , th u s  in d ic a t in g  th a t  a  c o m m o n  le v e l is r e a c h e d  b e fo r e  c r o s s o v e r  fr o m  
e x c ite d  s in g le t t o  t r ip le t  s ta te . T h e  a s y m p t o t ic  v a lu e  fo r  th e  tr ip le t  y ie ld  is  0 .8 6  a t h ig h  
p ressu res  o f  c fs -b u te n e -2 . T h e  su m  o f  tr ip le t  s ta te  a n d  flu o re s c e n t  y ie ld s  is a b o u t  1 .05  ±  
0 .0 9 . C o m p a r is o n  w ith  o th e r  resu lts  is  m a d e .

U n g e r 2 h as in v e s t ig a te d  th e  flu o re s c e n ce  a n d  tr ip le t -  
s ta te  y ie ld s  o f  f lu o r o b e n z e n e  u s in g  th e  b ia c e t y l  sen si
t iz a t io n  te c h n iq u e  o f  Is h ik a w a  a n d  N o y e s 3 t o  d e 
te rm in e  th e  tr ip le t -s ta te  y ie ld  q u a n t ita t iv e ly  u n d e r  a  
v a r ie t y  o f  c o n d it io n s . T h e  C u n d a ll  t e c h n iq u e 4 5'6 o f  th e  
se n s it iz a tio n  b y  a  t r ip le t  m o le c u le  o f  th e  cis-trans 
is o m e r iz a tio n  o f  b u te n e -2  w a s  a lso  u se d  q u a n t ita t iv e ly  
to  d e m o n s tr a te  th e  p re s e n ce  o f  tr ip le t -s ta te  f lu o r o 
b e n z e n e , a n d  th e  a u th o r  in d ic a te d  th a t  o n e  e x p e r im e n t 
g a v e  a  v a lu e  fo r  th e  t r ip le t -s ta te  y ie ld  in  a g re e m e n t 
w ith  th a t  fo u n d  b y  th e  b ia c e t y l  s e n s it iz a tio n  te ch n iq u e , 
a lth o u g h  th e  e x p e r im e n ta l c o n d it io n s  a n d  m e t h o d  o f  
ca lc u la t io n  w e re  n o t  s t a t e d .2

S ta n d a rd  p r o c e d u r e  fo r  th e  m e a su re m e n t o f  em is 
s io n  y ie ld s  in  th e  v a p o r  p h a se  is  th e  u se  o f  a  T -s h a p e d  
c e ll w ith  a  p h o t o t u b e  a t o n e  e n d  o f  th e  ce ll a lo n g  
its  ax is  t o  m ea su re  th e  lig h t  a b s o r b e d  b y  m a te r ia l in  
th e  ce ll, a n d  a  p h o to m u lt ip lie r  tu b e  s ca n n in g  th e  T -  
p ie c e  fo r  e m it te d  lig h t . A b s o lu te  e m iss io n  y ie ld s  are 
d e te r m in e d  b y  c a lib r a t io n  o f  th e  s y s te m  w ith  a  c o m 
p o u n d  o f  k n o w n  em iss io n  y ie ld . T h is  a rra n g e m e n t 
c a n  b e  th e  s o u r c e  o f  e x tre m e  e rro r  w h e n  a b s o r p t io n  o f  
in c id e n t  r a d ia t io n  b y  th e  m a te r ia -  is h ig h . I t  ca n  b e  
sh o w n  e a s ily  th a t  in cre a se  in  p re ssu re  o f  a b s o r b in g  
m a te r ia l w ith  c o n s e q u e n t , in cre a se  in  o p t ic a l  d e n s ity  
w ill ca u se  a n  in cre a s in g ly  a p p r e c ia b le  fr a c t io n  o f  th e  
in c id e n t  l ig h t  t o  b e  a b s o r b e d  in  a  re g io n  o f  th e  ce ll 
w h ic h  is n o t  s ca n n e d  b y  th e  p h o to m u lt ip lie r . T h is  
le a d s  to  a r t i f ic ia lly  lo w  e m iss io n  y ie ld s , a n d  is s o m e 
t im e s  g iv e n  th e  n a m e  “ r o u n d  th e  c o rn e r  e f fe c t .”  
In te r p r e ta t io n  o f  th e  e f fe c t  o f  p ressu re  u p o n  em iss ion

y ie ld s  m u st th u s  b e  t r e a te d  w ith  c a u t io n , e sp e c ia lly  
i f  th e  m a te r ia l u n d e r  in v e s t ig a t io n  h a s  a  d is c r e te  a b 
s o r p t io n  s p e c tru m  w ith  u n r e s o lv e d  ro ta t io n  lin es  as is 
th e  ca se  in  b e n z e n e  a n d  flu o ro b e n z e n e .

S in ce  U n g e r 2 u sed  e m iss io n  te ch n iq u e s  t o  m ea su re  
q u a n t ita t iv e ly  b o t h  th e  flu o r e s c e n c e  a n d  tr ip le t -s ta te  
y ie ld s  o f  f lu o ro b e n z e n e , it  w a s  co n s id e r e d  w o r th w h ile  
t o  rem ea su re  th e  tr ip le t -s ta te  y ie ld  u s in g  th e  te c h n iq u e  
o f  C u n d a ll4'6 in  a  q u a n t ita t iv e  m a n n e r  as th is  m e t h o d  
g iv e s  resu lts  w h ich  are  in d e p e n d e n t  o f  th e  g e o m e tr y  o f  
th e  sy s te m .

E x p e r im e n ta l S e c t io n

T h e  v a c u u m  s y s te m ,6'7 a n a ly t ic a l s y s te m ,7 a n d  te c h 
n iq u e s  u se d 7 h a v e  a ll b e e n  d e s c r ib e d  p r e v io u s ly .

Fluorobenzene. T h e  fl u o r o b e n z e n e  u se d  w a s  E a s tm a n  
W h ite  L a b e l. I t  w a s  d is t ille d  o n  th e  v a c u u m  lin e  a n d  
th e  m id d le  th ird  w a s  re ta in e d . T h is  fr a c t io n  w a s  
s h o w n  to  b e  p u re  b y  v p c  an a lysis .

Benzene. M a th e s o n  C o le m a n  a n d  B e ll  c h r o m a to -

(1) Department of Chemistry, The University, Southampton, 
United Kingdom.
(2) I. Unger, J. P h ys. Chem., 69 , 4284 (1965).
(3) (a) H. Ishikawa and W. A. Noyes, Jr., J . A m . Chem. Soc., 84, 
1502 (1962) ; (b) H. Ishikawa and W. A, Noyes, Jr., J. Chem . P h ys ., 
37, 583 (1962).
(4) R. B. Cundall, F. G. Fletcher, and C. C. Milne, Trans. Faraday  
Soc., 60 , 1146 (1964).
(5) R. B. Cundall and A. S. Davis, ibid., 62 , 1151 (1966).
(6) D. Phillips, J. P h ys. Chem ., 70 , 1235 (1966).
(7) D. Phillips, unpublished results.
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Qmo =  0 .0 3 9  +  3 .1 5 [M ]

w h e re  [M  ] is  th e  c o n c e n tr a t io n  o f  m -b u t .e n e -2  in  m o le s  

l . - 1.
I n  co n tra s t , th e  e m iss io n  f r o m  4  to r r  o f  flu o r o b e n z e n e  

a t  2 537  A  w a s  n o t  a lte re d  b y  th e  a d d it io n  o f  u p  t o  4 0 0  
to r r  o f  m -b u t e n e -2 .

A t  2 300  A , th e  e m iss io n  f r o m  53 to r r  o f  f lu o r o b e n z e n e  
w a s  v e r y  sm a ll b u t  d e te c ta b le ; th e  y ie ld  w a s  o f  th e  
o rd e r  o f  0 .0 1 .

A ll  y ie ld s  q u o te d  a b o v e  w e re  o b ta in e d  w ith  re fe re n ce  
t o  th e  e m iss io n  fr o m  11 to r r  o f  b e n z e n e . T h e  a b s o lu te  
f lu o re sce n ce  y ie ld  fo r  b e n z e n e  w a s  ta k e n  as 0 .1 8 .8

Figure 1. Effect of a‘s-butene-2 pressure on triplet-state 
yield of fluorobenzene at 25°: •, 2650 A, CeH5F  pressure 
4 torr; ▼ , 2540 A, C 6H 5F  pressure 3 torr; A, 2480 A, C6H 6F 
pressure 6 torr; O, 2380 A, C6H 5F pressure 15 torr.

q u a lit y  b e n z e n e  w a s  u sed  w ith o u t  a n y  a t t e m p t  a t 
p u r if ica t io n .

cis-Butene-2. P h illip s  resea rch  g ra d e  m -b u t e n e -2  
w a s  u se d  w h ic h  c o n ta in e d  a s in g le  im p u r ity  o f  0 .0 7 4 %  
¿ro n s -b u te n e -2 .

R e s u lt s

T h e  tr ip le t -s ta te  y ie ld  fo r  f lu o ro b e n z e n e  e x c it e d  a t  
v a r io u s  w a v e le n g th s  as a  fu n c t io n  o f  m -b u t e n e -2  
p ressu re  is sh o w n  in  F ig u re  1. A b s o lu te  y ie ld s  w ere  
d e te r m in e d  b y  co m p a r is o n  w ith  th e  b e n z e n e -se n s it iz e d  
is o m e r iz a t io n  o f  m -b u t e n e -2 .  T h e  q u a n tu m  y ie ld  fo r  
b e n z e n e  t r ip le t -s ta te  fo r m a t io n  a t  2 537  A  w a s  ta k e n  as 
0 .6 3 .6

T h e  flu o re sc e n ce  y ie ld s  o f  f lu o ro b e n z e n e  a t 2 5 °  
a n d  v a r io u s  w a v e le n g th s  w e re  n o te d  fo r  co m p a r is o n  
w ith  p r e v io u s ly  o b ta in e d  v a lu e s .2 A t  2537  ±  8 A , 
2 t o r r  o f  f lu o ro b e n z e n e  g a v e  a n  em iss io n  y ie ld  o f  0 .1 8 0 . 
A t  2 537  ±  8 A  105 to r r  o f  f lu o ro b e n z e n e  g a v e  an  
em iss io n  y ie ld  o f  0 .1 9 . S in ce  th e se  w a v e le n g th s  co r 
r e s p o n d  t o  re g io n s  o f  h ig h  a b s o r p t io n  b y  th e  f lu o r o 
b e n z e n e , th e  v a r ia t io n  o f  flu o re sc e n ce  y ie ld  w ith  f lu o r o 
b e n z e n e  p ressu re  w a s  d e te rm in e d  a t  a  w a v e le n g th  
w h ere  th e  a b s o r p t io n  w a s  sm a ller . A t  2 7 0 0  ±  8  A , 
a n  in cre a se  in  p ressu re  o f  f lu o ro b e n z e n e  ca u se d  an  
a p p a re n t d e cre a se  in  flu o re sc e n t  y ie ld , th e  e q u a tio n  
b e in g

w h e re  [M ]  is c o n c e n tr a t io n  o f  f lu o ro b e n z e n e  in  m o les  
l . “ 1.

A t  2 380  A , 15 to r r  o f  f lu o ro b e n z e n e  g a v e  d e te c ta b le  
em iss ion , w h ic h  in cre a se d  lin e a r ly  w ith  a n  in crea se  in  
m -b u t e n e - 2  a d d e d  g a s  p ressu re  u p  t o  50 0  to r r  a c c o r d in g  
t o  th e  e q u a tio n

D is c u s s io n

T h e r e  are  se v e ra l c o n c lu s io n s  t o  b e  d ra w n  fr o m  
F ig u re  1.

(a ) T h e  tr ip le t -s ta te  y ie ld s  a t  2650 , 2 537 , a n d  2 480  
A  a ll lie  o n  th e  sa m e  cu rv e , in d ic a t in g  th a t  a  c o m m o n  
le v e l is r e a ch e d  b e fo r e  in te rsy s te m  c r o s s o v e r  o c cu rs . 
T h is  is p r o b a b ly  th e  e q u ilib ra te d  v ib r a t io n a l le v e l o f  
th e  e x c it e d  s in g le t s ta te  o f  flu o ro b e n z e n e . T h is  is 
b o r n e  o u t  b y  th e  fa c t  th a t  th e  f lu o re sc e n ce  y ie ld  o f  
f lu o ro b e n z e n e  is in d e p e n d e n t  o f  th e  a d d it io n  o f  la rg e  
pressu res  o f  m -b u t e n e -2 .

(b )  A  h ig h  p ressu re  o f  m -b u t e n e -2  is r e q u ire d  to  
ca p tu re  a ll o f  th e  f lu o ro b e n z e n e  tr ip le ts . C o m p a r is o n  
w ith  th e  b e n z e n e  s y s te m 6 w o u ld  in d ic a te  th a t  th e  li fe 
t im e  o f  th e  f lu o ro b e n z e n e  tr ip le t  is a p p r o x im a t e ly  o n e - 
t e n th  o f  th a t  o f  b e n zen e , i.e., o f  th e  o rd e r  o f  1 0 -6  sec .

(c )  A t  2 3 8 0  A  a n d  a b o v e  100 to r r  o f  m -b u t e n e -2 ,  
th e  t r ip le t -s ta te  y ie ld  o f  flu o ro b e n z e n e , $ t , in crea ses  
w ith  in cre a s in g  m -b u t e n e - 2  p ressu re . T h e  flu o re sc e n ce  
y ie ld  Qt a t  th is  w a v e le n g th  a lso  in crea ses  w ith  in 
cre a s in g  m - b u t e n e -2  p ressu re . C le a r ly , a t  2 380  A  
th e re  is s o m e  p r o c e s s  o c c u r r in g  w h ic h  c o m p e te s  e f 
f e c t iv e ly  w ith  co llis io n a l lo ss  o f  v ib r a t io n a l  e n e rg y . 
H o w e v e r , th e  ra t io  Qt/F t re m a in s  c o n s ta n t  a n d  a p 
p r o x im a t e ly  e q u a l t o  th a t  m ea su red  a t  lo n g e r  w a v e 
le n g th s . I t  is th u s  u n lik e ly  th a t  th e  c o m p e t in g  p ro ce s s  
is in te rs y s te m  cro ss in g . I t  m a y  w e ll b e  a n  is o m e r iz a 
t io n  s te p  o f  th e  t y p e  o b s e r v e d  r e c e n t ly  in  s u b s t itu te d  
b e n z e n e s .9,10

(d )  T h e  a s y m p t o t ic  v a lu e  o f  th e  flu o r o b e n z e n e  
tr ip le t  a t  th e  lo n g e r  w a v e le n g th s  is 0 .8 6 . A  re a lis t ic  
e s t im a te  o f  e rrors , in c lu d in g  th a t  d u e  t o  th e  fa c t  th a t  
re su lts  are  d e p e n d e n t  u p o n  C u n d a ll ’ s fig u re 6 o f  0 .6 3  ±  
0 .0 1  fo r  th e  b e n z e n e  tr ip le t  y ie ld , w o u ld  p u t  th e  v a lu e  
a t  0 .8 6  ±  0 .0 4 .

(8; W. A. Noyes, Jr., W. A. Mulae, and D. A. Harter, J . Chem. 
P h ys., 44, 2100 (1966).
(9) L. Kaplan, K. E. Wilzbach, W. G. Brown, and S. S. Young, J. 
A m . Chem. Soc., 87, 675 (1965).
(10) K. E. Wilzbach and L. Kaplan, ibid.. 87, 4004 (1965).
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In te r p r e ta t io n  o f  th e  resu lts  o n  f lu o re sc e n ce  y ie ld s  
p re se n ts  s o m e  d if f ic u lty . A t  b o t h  2 537  a n d  2 7 0 0  A , 
th e  a p p a re n t  flu o re sc e n ce  y ie ld  o f  flu o r o b e n z e n e  v a r ie d  
w ith  p ressu re  o f  flu o r o b e n z e n e . H o w e v e r , th e  flu o re s 
ce n ce  y ie ld  o f  b e n z e n e  a t  p ressu res  b e tw e e n  8 a n d  14 
to r r  a lso  s h o w e d  a  m a rk e d  v a r ia t io n  w ith  p ressu re , a n d  
in  th is  p ressu re  re g io n  N o y e s , et al., h a v e  s h o w n 8 
th a t  a b s o lu te  m e a su re m e n ts  o f  th e  b e n z e n e  flu o re sc e n ce  
y ie ld  w e re  in d e p e n d e n t  o f  p ressu re . C le a r ly , in  th e  
p resen t s y s te m  g e o m e tr ic a l e ffe c ts  a re  p la y in g  a v e r y  
im p o r ta n t  p a rt .

A c c o r d in g ly , th e  f lu o ro b e n z e n e  flu o re sc e n ce  y ie ld  a t 
2537  A  r e p o r te d  ea rlier  w a s  o b ta in e d  b y  u s in g  a  p re s 
sure o f  f lu o ro b e n z e n e  w h ic h  g a v e  th e  sa m e  o p t ic a l  d e n 
s ity  as 11 to r r  o f  b e n z e n e  a n d  a ssu m in g  th e  N o y e s  
figu re  fo r  th e  a b s o lu te  b e n z e n e  y ie ld  o f  0 .1 8  ±  0 .0 4 . 
T h u s  (a ssu m in g  th e  flu o re sc e n ce  y ie ld  t o  b e  th e  sa m e) 
u n d e r  th e  c o n d it io n s  a t  w h ic h  th e  tr ip le t -s ta te  y ie ld  o f  
f lu o ro b e n z e n e  w a s  m e a su re d , th e  su m  o f  th e  tr ip le t  a n d  
flu o re sce n ce  y ie ld s  is 1 .05  ±  0 .0 9 . B e ca u s e  o f  th e  
“ ro u n d  th e  c o r n e r ”  e ffe c t , w e  m a y  s a y  n o th in g  a b o u t  th e  
s e lf -q u e n ch in g  o f  th e  f lu o re b e n z e n e  s in g le t s ta te  e x c e p t  
th a t  i f  it  is n o t  n e g lig ib le , th e n  th e  c o m b in e d  su m  a b o v e  
m u s t  b e  a d ju s te d  t o  a  h ig h e r  v a lu e .

W e  m a y  n o w  c o m p a r e  th e  p re se n t resu lts  w ith  th o s e  
o b ta in e d  b y  U n g e r .2 T h e  m a x im u m  se n s it iz e d  e m is 
s io n  y ie ld  fr o m  b ia c e t y l  a t  2 537  A  o b ta in e d  w a s  0 .1 3 6 2 
at 3 to r r  o f  flu o r o b e n z e n e  a n d  4 .5  to r r  o f  b ia c e t y l .  
D iv is io n  o f  th is  fig u re  b y  th e  e m is s io n  y ie ld  o f  b ia c e t y l  
o f  0 .1 4 5  ±  0 .0 3 11 g iv e s  a  t r ip le t -s ta te  y ie ld  o f  0 .9 0  ±  
0 .1 8 . U n d e r  th e  c o n d it io n s  a t  w h ic h  m a x im u m  sen si
t iz a t io n  o c cu rre d , th e  f lu o re sc e n ce  y ie ld  o f  f lu o r o b e n 
zen e  w a s  r e p o r te d  as 0 .1 7  ( fr o m  U n g e r ’ s e q  3 ) . T h u s , 
th e  c o m b in e d  y ie ld s  o f  tr ip le t  s ta te  a n d  flu o re sc e n ce  is
1 .06  ±  0 .2 1 . H o w e v e r , th e  f lu o re sc e n ce  y ie ld  fr o m  th e  
sa m e  p ressu re  o f  f lu o ro b e n z e n e  in  th e  a b se n ce  o f  b ia c e t y l  
w a s  0 .2 1 9  ( fr o m  U n g e r ’ s e q  2 ) .  C le a r ly , in  U n g e r ’ s 
ex p e r im e n ts , a  s ig n ifica n t a m o u n t  o f  e n e r g y  tra n s fe r  
fr o m  s in g le t  flu o r o b e n z e n e  m o le cu le s  t o  b ia c e t y l  h a d  
o c cu rre d . I t  ca n  e a s ily  b e  sh o w n  th a t  a n y  su ch  p ro ce s s  
w h ich  d e p le te s  th e  c o n c e n tr a t io n  o f  f lu o ro b e n z e n e  
s in g le t m o le cu le s  w ill lo w e r  th e  v a lu e  o f  b o t h  flu o re s 
ce n ce  a n d  tr ip le t -s ta te  y ie ld s  i f  in te r s y s te m  cro ss in g  
o c cu rs  fr o m  th e  sa m e  s ta te  as flu o re sc e n ce , as is th e  
ca se  h ere . T h u s  th e  y ie ld  o f  0 .9 0  ±  0 .1 8  fo u n d  b y  
U n g e r  m u st a lso  b e  m u lt ip lie d  b y  0 .2 1 9 /0 .1 7  t o  g iv e  
th e  th e o r e t ic a l tr ip le t  s ta te  y ie ld  in  th e  a b se n ce  o f  
b ia c e t y l .  T h is  fig u re  is 1 .16  ±  0 .2 5 . T h u s  th e  c o m 
b in e d  su m  o f  f lu o re sc e n ce  a n d  tr ip le t  y ie ld  in  th e  a b 
se n ce  o f  a n y  q u e n c h in g  o f  th e  tr ip le t  s ta te  o f  f lu o r o 
b e n z e n e  b y  b ia c e t y l  is n o w  1.38  ±  0 .2 9 . E v e n  c o n 
s id er in g  th e  e rro rs  o f  2 0 %  in h e re n t in  th e  m ea su re 
m en ts , th is  fig u re  is  m u c h  t o o  g re a t  t o  b e  a c c e p ta b le .

P a r t  o f  th e  re a so n  fo r  th is  h ig h  v a lu e  u n d o u b te d ly  
lies  in  U n g e r ’ s a c c e p ta n c e  o f  I s h ik a w a ’ s v a lu e 3b fo r  
th e  f lu o re sc e n ce  y ie ld  o f  b e n z e n e , u p o n  w h ic h  U n g e r ’ s 
d a ta  d e p e n d . B e ca u se  o f  p o s s ib le  e rrors  d u e  t o  g e o m 
e tr y , w e  s h o u ld  o n ly  co m p a r e  resu lts  o b ta in e d  a t  s im i
la r  p ressu res . A t  11 to r r  o f  b e n z e n e , Is h ik a w a  o b 
ta in e d  a  v a lu e  o f  0 .2 3 4  fo r  th e  b e n z e n e  f lu o re sc e n ce  
y ie ld . A t  a  s im ilar  p ressu re , P o o le  o b ta in e d  a  v a lu e  
o f  0 .1 7 .12 B o t h  o f  th e se  v a lu e s  w e re  d e te r m in e d  
u s in g  b ia c e t y l  as a  s ta n d a rd . T h e  v a lu e  a t  th is  
p ressu re  d e te rm in e d  b y  N o y e s , et al.,s in  a n  a b s o lu te  
m a n n e r  w a s  0 .1 8 . N o y e s  et al., h a v e  a lre a d y  s h o w n 8 
th a t  i f  w e  a ssu m e  Is h ik a w a ’ s v a lu e  fo r  th e  flu o re sc e n ce  
y ie ld  o f  b e n z e n e  is t o o  h ig h , a n d  c o r r e c t  th e  v a lu e  t o  
0 .1 8 , th e  re su lt in g  tr ip le t -s ta te  y ie ld  fo r  b e n z e n e  b y  
th e  b ia c e t y l  se n s it iz a tio n  te c h n iq u e  b e c o m e s  0 .6 3 , in  
e x a c t  a g re e m e n t w ith  th e  v a lu e  o b ta in e d  b y  C u n d a ll , 
et al. 5

I f  w e  a c c e p t  th a t  th is  is  n o t  a n  u n r e a s o n a b le  c o r r e c 
t io n , w e  m u st a lso  a p p ly  i t  t o  th e  d a ta  o b ta in e d  b y  
U n g e r . U p o n  m u lt ip lic a t io n  b y  th e  fa c t o r  0 .1 8 /  
0 .2 3 4 , th e  flu o re sc e n ce  a n d  tr ip le t -s ta te  y ie ld s  m e a s 
u re d  b y  U n g e r  b e c o m e  0 .1 2  ±  0 .0 2  a n d  0 .6 9  ±  0 .1 4 , 
r e s p e c t iv e ly , a n d  th e  v a lu e s  in  th e  a b se n ce  o f  b ia c e t y l  
q u e n ch in g  o f  th e  f lu o ro b e n z e n e  s in g le t  0 .1 7  ±  0 .0 3  
a n d  0 .9 5  ±  0 .1 9 . T h e  su m  o f  flu o re s c e n ce  a n d  t r ip le t -  
s ta te  y ie ld s  is  n o w  1 .1 2  ±  0 .2 2 , w h ic h  is u n it y  w ith in  
th e  a u th o r ’ s s ta te d  e rror , a n d  c o r r e s p o n d s  q u ite  c lo s e ly  
t o  th e  v a lu e s  o b ta in e d  in  th e  p re se n t w o rk .

T h e  a b o v e  d e m o n stra te s  th e  d if f ic u lty  in  th e  d e 
te rm in a t io n  o f  e m iss io n  y ie ld s  b y  a n y  m e th o d . W h ile  
it  is  n o t  su g g e s te d  th a t  th e  em iss io n  y ie ld s  fo r  f lu o r o 
b e n z e n e  d e te rm in e d  in  th e  p re se n t w o r k  re p re se n t a n y  
im p r o v e m e n t  o v e r  p r e v io u s ly  d e te rm in e d  v a lu e s , i t  is 
fe l t  th a t  th e  tr ip le t  y ie ld  f r o m  th e  p re se n t w o r k  is 
m o re  re lia b le . H o w e v e r , a t th e  w a v e le n g th s  w h e re  
a n  is o m e r iz a t io n  m a y  b e  im p o r ta n t , u se  o f  C u n d a ll ’ s 
te c h n iq u e  m a y  le a d  t o  e rrors  d u e  t o  th e  p o s s ib i l i ty  o f  
c o m p o u n d  fo r m a t io n  w ith  th e  o le fin  p r e s e n t .13 A t  
lo n g e r  w a v e le n g th s , th e  p re se n t s y s te m  se e m s  t o  b e  
u n c o m p lic a t e d  b y  su ch  re a c tio n s .
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o f  th is  w o rk , a n d  o n e  o f  th e  re fe rees  fo r  p o in t in g  o u t  
so m e  errors  in  th e  o r ig in a l m a n u s cr ip t . F in a n c ia l 
s u p p o r t  fr o m  th e  U . S. A ir  F o r c e  O ffice  o f  S c ie n t if ic  
R e s e a r c h  G r a n t  N o . 7 7 8 -6 5  is g r a te fu lly  a ck n o w le d g e d .

(11) G. M. Almy and P. R. Gillette, J. Chem. P h ys., 11, 188 (1943).
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Proton Exchange of Phenol in Aqueous Acid1
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T h is  p a p e r  r e p o r ts  n m r  m e a su re m e n ts  o f  th e  ra te  o f  O H -p r o t o n  tra n s fe r  b e tw e e n  p h e n o l 
a n d  w a te r  a t  — 1, 25 , a n d  5 0 ° . T w o  k in e t ic  p ro ce sse s  are  r e co g n iz e d , o n e  c a ta ly z e d  b y  
h y d r o g e n  io n  a n d  th e  o th e r  b y  p h e n o x id e  io n . F o r  th e  H + -c a t a ly z e d  p ro ce s s , k =  1 .5  X  
107 s e c -1  M ~ l a t  2 5 ° , A H *  =  5 .5 5  h ea l, a n d  A S *  =  — 6 .8  g ib b s . T h is  ra te  is  t o o  h ig h  
t o  b e  a c c o u n t e d  fo r  b y  th e  r e v e rs ib le  p r o to n -tr a n s fe r  r e a c t io n  P h O H  +  H 30 +  =  P h O H 2+  +  
H 20  a n d  a  c o n c e r te d  te r m o le c u la r  m e c h a n is m  in v o lv in g  o n e  m o le cu le  e a ch  o f  H 30 + ,  P h O H , 
a n d  H 20  is  in d ic a te d . F o r  th e  p h e n o x id e -c a ta ly z e d  p ro ce ss , fc2 =  5 .7  X  103 s e c -1  M ~ l 
a t 2 5 ° , A H *  =  3 .2  k ca l, a n d  A S *  =  — 7 .4  g ib b s . O u r  d a ta  in  c o m b in a t io n  w ith  p r e v io u s  
m e a su re m e n ts  b y  L u z  a n d  M e ib o o m 2 s h o w  th a t  th is  r e a c t io n  in v o lv e s  o n e  m o le c u le  e a ch  
o f  P h O H , H O H , a n d  P h O ~ . T h e  li fe t im e  o f  th e  P h O - - H O H  h y d r o g e n -b o n d e d  c o m p le x  
is  e s t im a te d  t o  b e  less  th a n  3 X  1 0 -9  se c  in  w a te r  a t  2 5 °  o n  th e  b a s is  o f  th e  k in e t ic  d a ta .

W e  w ish  t o  r e p o r t  a  k in e t ic  s t u d y  o f  O H -p r o t o n  ex 
c h a n g e  b e tw e e n  p h e n o l a n d  w a te r  in  a q u e o u s  s o lu t io n . 
R a te s  w e re  m e a su re d  b y  n u c le a r  m a g n e t ic  re so n a n ce  
(n m r ) te ch n iq u e s  a t  — 1, 25 , a n d  5 0 ° , a t  p H  v a lu e s  
ra n g in g  f r o m  5 .8  t o  2 .2 , a n d  a t  p h e n o l c o n c e n tr a t io n s  
ra n g in g  f r o m  0 .2 5  t o  0 .5  M. U n d e r  th e se  c o n d i
t io n s  th e  k in e t ic  d a ta  a re  c o n s is te n t  w ith  th e  r a te  la w , 
e q  1.

ra te  o f  e x ch a n g e  =

fc [P h O H ][H + ]  +  h  [P h O H ] [P h O ~ ]  (1 )

A v e r a g e  ra te  co n s ta n ts , k a n d  /c2, a n d  a v e ra g e  a c t iv a 
t io n  p a ra m e te rs , A H *  a n d  A S * ,  a re  lis te d  in  T a b le  I . 
T h e  resu lts  a re  n o t e w o r t h y  b e ca u se  t h e y  h e lp  t o  d e fin e  
th e  r e a c t io n  m e ch a n is m  fo r  b o th  p ro ce sse s  as  fo llo w s .

Acid-Catalyzed Reaction. I n  p r in c ip le , th e  a c id -  
c a ta ly z e d  r e a c t io n  c a n  p r o c e e d  e ith e r  b y  a  tw o -s te p  
m e ch a n ism , su ch  as  e q  l a  fo l lo w e d  b y  e q  l b ,  o r  b y  a  
c o n c e r te d  m e ch a n is m  su ch  as  e q  2 .3

H 1

P h O H  +  H 7O H 2+  P h O H +  +  O H 2 ( l a )  

H 1 H 1

P h O H +  +  O H 2 P h O  +  H O H 2+ ( l b )

E 2O H +  +  O H  +  O H 2 

P h

H 20  +  H O  +  H O H 2+  (2 )

I
P h

H o w e v e r , w e  sh a ll sh o w  th a t  th e  e x p e r im e n ta l ra te  c o n 
s ta n t  fo r  th e  a c id -c a ta ly z e d  r e a c t io n  is a t  le a s t  a  h u n 
d re d  t im e s  g re a te r  th a n  th e  maximum t o  b e  e x p e c te d  
fe r  a n y  t w o -s te p  m e ch a n is m  (e q  1) in  w h ic h  P h O H 2+ 
is a  r e a c t io n  in te rm e d ia te . T h e  io n iz a t io n  o f  p h e n o l 
as a  b a se  h a s  b e e n  m e a su re d  s p e c t r o p h o to m e t r ia lly  
in  su lfu r ic  a c id -w a t e r  m ix tu r e s 4 a n d  th e  re su lts  h a v e  
b e e n  in te rp re te d  w ith  th e  a id  o f  th e  H a m m e t t  a c id i t y  
fu n c t io n 6 t o  g iv e  a  fa ir ly  a c c u r a te  e s t im a te  o f  th e  
e q u ilib r iu m  c o n s ta n t  in  d ilu te  a q u e o u s  s o lu t io n , e q  3.

K  =  [P h 0 H 2+ ] / [ P h 0 H ] [ H 30 + ]  =

1.8  X  1 0 - 7 a t  1 8 °  (3 )

(1) Work supported by the Petroleum Research Fund of the Ameri
can Chemical Society. Grateful acknowledgment is made to the 
donors of that fund.
(2) Z. Luz and S. Meiboom, J . A m . Chem. Soc., 86, 4766 (1964).
(3) See, for example, E. Grunwald and C. F. Jumper, ibid., 85, 2051 
(1963).
(4) E. M. Arnett and C. Y. Wu, ibid., 82, 5660 (1960)-
(5) L. P. Hammett, "Physical Organic Chemistry,” McGraw-Hill
Book Co., Inc., New York, N. Y., 1940, Chapter 9.
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Table I : Kinetic Analysis of Nmr Data for OH-Proton 
Exchange of Phenol in Dilute Aqueous Acid

-̂----------Temperature, °C----
-1.0 25.0 50.5

Acid-Catalyzed Reaction 
k X  106 7, sec”1 M ~ l 0.71 1.46 4.4i
AH*, kcal 5.55
AS *, gibbs - 6 .8

Phenoxide-Catalyzed Reaction 
fa X  IO“8, sec-1 Af-> 4.0 5.7 12.4
A Ht *, kcal“ 3.20
AS2 *, gibbs“ - 7 . 4

Auxiliary Data
5, at 56.4 MHz, rad/sec 1558 1725 1885e
pKAl 10.44 10.02 9.71
S,d Debye-Hiickel 0.486 0.506 0.535

limiting slope

“ Luz and Meiboom2 report A H *  —  4.2 kcal, AS^ =  —5.0 
gibbs; see also Figure 1. b D. T. Y. Chen and K. J. Laidler, 
Trans. Faraday Soc., 5 8 , 480 (1962). c Extrapolated from data 
at lower temperatures. d —log y =  S\Z'y.; y mean ionic activity 
coefficient of H + and PhO"; n ionic strength.

I n  te rm s  o f  e q  1, K  =  fc+//c _ . S in ce  K  is sm a ll, re a c 
t io n  l a  is r a te -d e te r m in in g  a n d  th e  ra te  co n s ta n t , 
fa, a s so c ia te d  w ith  th e  c y c le  l a  fo l lo w e d  b y  l b  is g iv e n  
b y  e q  4.

fa =  V ,  k+ =  V * K fc -  (4 )

T o  e s t im a te  th e  u p p e r  lim it  t o  h  w e  e s t im a te  th e  u p p e r  
lim it  t o  /c_ b y  a ssu m in g  th a t  p r o t o n  tra n s fe r  fr o m  
P h O H 2+  t o  a n  adjacent w a te r  m o le c u le  is u ltra fa s t . 
I n  th a t  ca se , is ju s t  e q u a l t o  th e  ra te  c o n s ta n t  fo r  
th e  d is s o c ia t io n  o f  th e  c o n ju g a te  e n c o u n te r  co m p le x , 
P h O H -H O H 2+ - >  P h O H  +  H 30 + .  A  co n s e r v a t iv e  
u p p e r  l im it  fo r  th e  r a te  c o n s ta n t  o f  th e  la t te r  p ro ce ss  
is 1 0 12 s e c - 1 .6 H e n c e  w e  o b ta in  th e  lim its , k~ < 1 0 12 
s e c -1  a n d , b e c a u s e  o f  e q  3 a n d  4 , fa < 1 0 6 s e c -1  M ~ l. 
B y  co n tr a s t , th e  e x p e r im e n ta l ra te  c o n s ta n t  fa in te r p o 
la te d  a t  1 8 ° , is 1.3 X  IIP s e c -1  M ~ l.

T h a t  th e  a c id -c a ta ly z e d  r e a c t io n  a c tu a lly  p ro ce e d s  
b y  a  c o n c e r te d  termolecular m e ch a n ism , as in  e q  2, is  
su g g e ste d  b y  th e  c lo s e  a n a lo g y  o f  th e  k in e tic  p a ra m e te rs  
a sso c ia te d  w ith  it  a n d  th o s e  o b ta in e d  in  s y m m e tr ic a l 
p r o to n -e x c h a n g e  p ro ce sse s  th a t  a re  k n o w n  t o  b e  
te r m o le c u la r .3’7

Phenoxide-Catalyzed Reaction. A  k in e tic  te r m  fo r  
O H -p r o t o n  e x ch a n g e  o f  th e  fo r m  fa*[P h O H ] [P h O - ] 
w a s  first d e m o n s tr a te d  b y  L u z  a n d  M e ib o o m 2 in  th e ir  
n m r  m e a su re m e n ts  o n  p h e n o l -p h e n o x id e  b u ffe rs  in  
th e  p H  ra n g e  8 .2 -9 .3 .  T h e s e  a u th o rs  u se d  w a te r  en 
r ic h e d  in  H 20 17 a n d  m e a su re d  th e  ra te  o f  p r o to n  e x 

ch a n g e  between water molecules. U n d e r  th e  c o n d i
tio n s  o f  th e ir  m e a su re m e n ts  th e  p h e n o l -p h e n o x id e  
c o u p le  a c ts  as  a  c a ta ly t ic  ca rr ie r  o f  p r o to n s  f r o m  o n e  
w a te r  m o le c u le  t o  a n o th e r . O n  th e  o th e r  h a n d , th e  
p re se n t e x p e r im e n ts  e v a lu a te  th e  ra te  o f  p r o t o n  e x 
ch a n g e , n o t  b e tw e e n  d if fe re n t  w a te r  m o le cu le s , b u t  
b e tw e e n  m o le cu le s  o f  w a te r  a n d  m o le cu le s  o f  p h e n o l. 
B o t h  e x p e r im e n ts  re q u ire  th a t  th e  r e a c t io n  b e  o f  th e  
t y p e  s h o w n  in  e q  5, b u t  n e ith e r  e x p e r im e n t  ta k e n  b y

P h O H  +  /O H \  +  O P h -  

\ H  in

P h O -  +  /H O \  +  H O P h  (5 )

itse lf  ca n  e v a lu a te  th e  n u m b e r , n, o f  w a te r  m o le cu le s  
th a t  p a r t ic ip a te . H o w e v e r , th e  tw o  e x p e r im e n ts  
ta k e n  in  c o m b in a t io n  d o  e v a lu a te  n, a s  e x p la in e d  
p r e v io u s ly .7 ,s T h e  re le v a n t  e q u a t io n  is e q  6

n =  fa*/fa (6 )

w h ere  fa* is th e  ra te  c o n s ta n t  o b ta in e d  in  th e  L u z -  
M e ib o o m  e x p e r im e n t a n d  fa is  th a t  o b ta in e d  in  o u r  ex 
p e r im e n t . T h e  re q u ire d  c o m p a r is o n  is m a d e  in  th e  
u p p e r  p a r t  o f  F ig u re  1. I t  is c le a r  th a t  in th e  te m p e r a 
tu re  ra n g e  in  w h ic h  th e  m e a su re m e n ts  o v e r la p , th e  t w o  
ra te  c o n s ta n ts  a re  e q u a l w ith in  th e ir  e x p e r im e n ta l 
error . T h u s  n — 1, th a t  is, r e a c t io n  5 in v o lv e s  o n e  
w a te r  m o le cu le  a n d  is te rm o le cu la r .

K n o w le d g e  o f  th e  ra te  c o n s ta n t  a n d  o f  th e  p a r t ic ip a 
t io n  b y  a  w a te r  m o le c u le  in  r e a c t io n  5 e n a b les  us t o  
s e t  lo w e r  lim its  t o  th e  ra te  o f  e x ch a n g e  o f  w a te r  m o le 
cu les  b e tw e e n  b u lk  w a te r  a n d  h y d r o g e n -b o n d e d  s ites 
in  th e  s o lv a t io n  sh ells  o f  p h e n o l a n d  p h e n o x id e . In  
o rd e r  t o  o b ta in  p re c ise  s e c o n d -o r d e r  k in e t ic s , it  is 
n e ce ssa ry  th a t  th e  e q u il ib r iu m  b e tw e e n  w a te r  m o le 
cu les  in  th e  b u lk  s o lv e n t  a n d  w a te r  m o le cu le s  in  th e  
s o lv a t io n  c o m p le x e s , P h O H -O H 2 a n d  P h O ~ -H O H , 
b e  e s ta b lish e d  r a p id ly  re la t iv e  t o  th e  t im e  re q u ire d  
fo r  p r o to n  tra n s fe r .7 U s in g  a  k in e tic  s ch e m e  s im ila r  
t o  th a t  d e r iv e d  p r e v io u s ly  fo r  e s t im a tin g  th e  life t im e s  
o f  R 3 N - H O H  h y d r o g e n -b o n d e d  co m p le x e s 7 a n d  c o n 
c lu d in g  fr o m  th e  d a ta  o f  L u z  a n d  M e ib o o m 2 (w h ich  
a re  m o r e  p re c ise  th a n  o u rs ) th a t  p o ss ib le  d e v ia t io n s  
f r o m  s tr ic t  s e c o n d -o r d e r  k in e t ic s  a re  less th a n  3 0 %  
as [P h O H ] is in cre a se d  to  0 .3  M  a n d  [P h O - ] is in -

(6) The Debye-Eigen model of diffusion-controlled rate processes 
predicts a rate constant of 1011 sec-1, M. Eigen, Z . P h ysik . Chem. 
(Frankfurt), 1, 176 (1954). For further discussion, see ref 3.
(7) See, for example, E. Grunwald and M. Cocivera, D iscussions  
Faraday Soc., 39, 105 (1965).
(8) Z. Luz and S. Meiboom, J . Chem. P h ys ., 39, 366 (1963).
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Figure 1. Arrhenius plots of kinetic data: O, present 
work; □ , data of Luz and Meiboom.2

c re a se d  t o  0 .0 0 5  M , w e  o b ta in  th e  fo l lo w in g  upper 
limit t o  th e  m ea n  life t im e , X, o f  a  w a te r  m o le cu le  in  
th e  s o lv a t io n  sh ell o f  p h e n o x id e  io n  (e q  7 ) . 9

P h O --H O H  +  H O H  (a q )  —  P h O - - H O H  +  HOH (a q )

X <  3 X  1 0 - 9 se c  a t  2 5 °  (7 )

E x p e r im e n ta l S e c t io n

Materials. P h e n o l (M a ll in c k r o d t  A n a ly t ic a l  rea 
g e n t )  w a s  d is t ille d  tw ic e  a t  r e d u c e d  p ressu re  a n d  w a s  
s o lid  a t  r o o m  te m p e ra tu re . W a te r  w a s  d o u b ly  d is 
tille d . H y d r o c h lo r ic  a c id  w a s  o f  r e a g e n t g ra d e . R e 
a c t io n  m ix tu re s  w e re  p re p a re d  b y  s ta n d a rd  q u a n t ita 
t iv e  te c h n iq u e s ; th e ir  p H  w a s  m o n ito r e d  w ith  a  ca li
b ra te d  B e c k m a n  p H  m eter .

Rate Measurements. R a te s  o f  O H -p r o t o n  e x ch a n g e  
w ere  d e r iv e d  fr o m  m e a su re m e n ts  o f  T\ a n d  7 Y  o f  th e  
d o m in a n t  n m r  lin e  in  th e  w a t e r -p h e n o l  O H -p r o t o n  
s y s te m  b y  s p in -e c h o  te c h n iq u e s .10 T h e  m e t h o d  is 
s im ila r  t o  o n e  d e s c r ib e d  in  a  p r e v io u s  p a p e r  o n  n e o 
p e n ty l  a lc o h o l in  a c e t ic  a c id .11 A s  a  m ea su re  o f  e x 
c h a n g e  b ro a d e n in g  w e  u sed  th e  q u a n t ity  A, d e fin e d  in  
e q 8 .

A =  (1/7Y) -  (1 /TO (8)

T o  re la te  A  t o  th e  O H -p r o t o n  e x ch a n g e  ra te , R, w e  
in tr o d u c e  t w o  p a ra m e te rs , p a n d  r , a c c o r d in g  t o  e q  9 
a n d  10.

V =  [P h O H ] / ( [ P h O H  +  2 [H * 0 ] )  (9 )

t  =  2 [H aO  ]p/R  (1 0 )

T h e  d e s ire d  re la t io n sh ip  th e n  b e c o m e s  e q  11, w h e re  S 
is th e  d iffe re n ce  in  re so n a n ce  fr e q u e n c y  (in  ra d ia n s

Figure 2. Plot of A/p vs. pH for dominant nmr line in 
the phenol-water OH-proton system at —1°. A and p 
are defined in eq 8 and 9. The smooth curve is calculated 
from eq 1 and 11, using rate constants in Table I  and 
assuming that [PhOH] is constant at 0.42 M. For a 
previously reported similar relationship with a double 
maximum, see Figures 3 and 5 in ref 12.

p e r  s e c o n d ) a t  th e  g iv e n  v a lu e  o f  th e  m a g n e t ic  fie ld  
b e tw e e n  th e  p h e n o l a n d  w a te r  O H -p r o t o n s .12

A  _  52r

p _  1 +  S2t 2
(ID

A c c o r d in g  t o  e q  11, A/p  a p p r o a c h e s  ze ro  as St a p 
p ro a ch e s  e ith e r  ze ro  o r  in fin ity  a n d  it  a tta in s  a  m a x i
m u m  v a lu e  o f  5 /2  w h e n  St =  1. A c c o r d in g  t o  th e  ra te  
la w  (e q  1 ), R a n d  h e n ce  1 / r  g o e s  th r o u g h  a  m in im u m  
w h e n  [H + ]  =  fc2[P h O _ ]/fc . I f  St > 1  a t th is  ra te  m in i
m u m , th e n  th e  p lo t  o f  th e  e x p e r im e n ta l A/p vs. p H  
w ill  lo o k  lik e  F ig u re  2, w h ic h  sh o w s  o u r  d a ta  a t  — 1 ° . 
T h e  ce n tra l m in im u m  in  A/p  re fle cts  th e  m in im u m  in 
th e  ra te . T h e  t w o  m a x im a  c o r r e s p o n d  t o  ra te s  a t  
w h ic h  St =  1 a n d  p e rm it  e v a lu a t io n  o f  5, w h ic h  is e q u a l

(9) An upper limit to the mean lifetime, X', of the PI1OH-OH2 

complex is found similarly to be less than 10 ~7 sec. However, this 
limit is almost certainly far above the true value of X' and should 
not be compared with that obtained for X in eq 7. To obtain X one 
increases [PhOH]; to obtain X' one increases [PhO- ]. While 
[PhOH] was moderately high in some experiments, [PhO- ] was very 
small in all experiments.
(10) S. Meiboom and D. Gill, Rev. S ci. In s tr ., 29, 688 (1958). In 
agreement with previous practice11 we use the symbol TV rather 
than Ti to indicate that there is a contribution from proton exchange.
(11) M. Cocivera and E. Grunwald, J. A m . Chem . Soc., 87, 2551 
(1965).
(12) A general treatment of exchange broadening of the dominant nmr 
line in a system consisting of one intense and a number of weak nmr 
lines has been given by S. Meiboom, J . Chem. P h ys ., 34, 375 (1961).
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to  2 ( A / p ) max. G iv e n  8 , w e  h a v e  a ll th e  in fo r m a t io n  w e  
n e e d  t o  d e d u c e  th e  ra te s  o f  O H -p r o t o n  e x ch a n g e . 
T h e  s m o o t h  c u r v e  in  F ig u r e  2 is c a lc u la te d  o n  th e  b a sis  
o f  e q  1, 9 , 10, a n d  11, a ssu m in g  th a t  [P h O H ] is c o n 
s ta n t a t  0 .4 2  M. A c tu a l  v a lu e s  o f  [P h O H ] a re  n o t  
co n s ta n t , b u t  m o s t  o f  th e  e x p e r im e n ta l p o in ts  in  F ig u re  
2 re p re se n t a q u e o u s  so lu t io n s  w h o s e  p h e n o l c o n c e n tr a 
t io n s  are  w ith in  2 5 %  o f  th is  v a lu e .

In  ca lcu la t in g  [P h O - ] fr o m  [P h O H ] a n d  th e  p H , 
w e  u sed  K A v a lu e s  fo r  p h e n o l as  r e p o r te d  b y  C h e n  
a n d  L a id le r 13 a n d  e s t im a te d  a c t iv i t y  co e ff ic ie n ts  fr o m  
th e  D e b y e -H u c k e l  lim it in g  la w  (see  T a b le  I ) .

A t  2 5 °  th e  t w o  m a x im a  in  th e  p lo t  o f  A/p vs. p H

are b a r e ly  re so lv e d , th a t  is, 8 t a t  th e  ra te  m in im u m  is 
o n ly  s lig h t ly  g re a te r  th a n  on e . A t  5 0 °  th e  p lo t  sh o w s  
o n ly  o n e  m a x im u m , th a t  is 8 r is sm a lle r  th a n  o n e  a t a ll 
v a lu e s  o f  p H . T h e  re q u ire d  v a lu e  o f  5 fo r  ra te  ca lc u 
la t io n s  o f  5 0 °  w a s  o b ta in e d  b y  lin ea r  e x tr a p o la t io n  o f  
th e  v a lu e s  a t  — 1 a n d  2 5 ° . T h e  o b s e r v e d  d e p e n d e n ce  
o f  5 o n  th e  te m p e ra tu re  is a n a lo g o u s  t o  s im ila r  o b s e r v a 
t io n s  in  m e t h a n o l14 a n d  ca n  b e  sa id  t o  re su lt  f r o m  a 
ch a n g e  in  th e  h y d r o g e n -b o n d e d  s o lv e n t  s tru ctu re .

(13) See footnote b of Table I.
(14) Examples are given by E. Gmnwald, C. F. Jumper, and S. 
Meiboom, J. A m . Chem. Soc., 85, 524 (1963); M. Cocivera, E. Grun- 
wald, and C. F. Jumper, J . P h y t . Chem ., 58, 3234 (1964).
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R a te s  o f  p r o to n  e x ch a n g e  h a v e  b e e n  m e a su re d  b e tw e e n  — 0 .7  a n d  5 0 °  b y  n u c le a r  m a g n e t ic  
re so n a n ce  m e th o d s  fo r  s o lu t io n s  o f  t r im e th y la m m o n iu m  io n  (B H + )  in  m e th a n o l o v e r  a 
w id e  p H  ra n g e  a n d  are c o m p a r e d  w ith  a n a lo g o u s  p r e v io u s  m e a su re m e n ts  in  w a te r . K in e t ic  
a n a ly s is  y ie ld s  th e  fo l lo w in g  ra te  a n d  e q u ilib r iu m  co n s ta n ts  fo r  m e th a n o l (n u m b e rs  in  
p a re n th e se s  fo r  w a te r )  a t  2 5 ° :  fo r  a c id  d is s o c ia t io n  o f  B H + , e q u il ib r iu m  c o n s ta n t  K A =
1 .20  (1 .5 7 ) X  1 0 -10, AHa° =  11 .6  (8 .8 ) k ca l, ASa° =  — 6.5  ( — 15 .2 ) g ib b s ;  fo r w a r d  r a te  
c o n s ta n t  fca =  0 .7  (4 .7 ) s e c - 1 , / i act =  13 (1 1 .3 ) k c a l ; re v e rse  ra te  c o n s ta n t  fc_a =  0 .6  
(3 .0 ) X  1 0 10 s e c -1  M ~ l, E act =  2 (1 .4 ) k ca l. F o r  th e  s y m m e tr ic a l te r m o le c u la r  p r o t o n  
e x ch a n g e , B  +  H O C H 3 +  H B + —*■ B H +  +  O H - C H 3 +  B , th e  ra te  c o n s ta n t  k2 =  3 .2 5  
(3 .4 ) X  108 s e c -1  M ~ l, Eact =  2 .9  (3 .3 )  k c a l. F o r  p r o t o n  e x ch a n g e  b e tw e e n  m e t h a n o l 
a n d  m e th o x id e  io n , th e  p se u d o -fir s t -o r d e r  ra te  c o n s ta n t  fcMeo -  =  1 -84 X  1 0 10 11 s e c -1 , E act ~  
2  k ca l.

T h e r m o d y n a m ic  a n d  k in e t ic  a sp e c ts  o f  p r o to n  
tra n s fe r  h a v e  b e e n  s tu d ie d  e x te n s iv e ly  fo r  s o lu tio n s  o f  
tr im e th y la m m o n iu m  ion  in  w a t e r .2-7 T h e  p resen t 
s t u d y  p r o v id e s  c o m p a r a b le  d a ta  fo r  s o lu t io n s  o f  tr i
m e t h y la m m o n iu m  io n  in  m e th a n o l. A ll  o f  th e  re 
a c t io n s  co n s id e r e d  h ere  in v o lv e  a t  le a s t  o n e  m o le c u le  
o f  m e th a n o l as a re a c ta n t .

A  c o m p a r is o n  o f  th e  s o lv e n ts  w a te r  a n d  m e th a n o l 
is o f  in te re s t  b e ca u se  th e  c r y s ta l s tru c tu re s  o f  th e  
r e s p e c t iv e  so lid s8 su g g e st  th a t  th e  h y d r o g e n -b o n d e d  
a g g re g a te s  th a t  ex is t  in  w a te r  are  th re e -d im e n s io n a l 
“ ic e b e r g s ,” 9 w h erea s  th o s e  th a t  e x is t  in  m e th a n o l 
are  lin ea r p o ly m e rs . T h is  d iffe re n ce  resu lts  o f  co u rse  
fr o m  th e  p re se n ce  o f  t w o  H  b o n d  d o n o r  s ites  in  th e  
w a te r  m o le c u le  b u t  o n ly  o n e  in  th e  m e th a n o l m o le cu le .

In  th e  p re se n t s tu d y , ra te  a n d  e q u ilib r iu m  co n s ta n ts  
fo r  p r o t o n  tra n s fe r  o f  tr im e th y la m m o n iu m  io n  in  
m e th a n o l tu r n  o u t  t o  b e  r e m a r k a b ly  s im ila r  t o  v a lu es  
o b ta in e d  fo r  th e  a n a lo g o u s  r e a c t io n s  in  w a te r . I t  
a p p e a rs  th a t  th e  su g g e ste d  ch a n g e  in  h y d r o g e n -b o n d e d  
s o lv e n t  s tru c tu re  d o e s  n o t  p r o d u c e  a n y  d ra s t ic  e ffe c ts .

R e s u lt s

O u r  w o r k  d ea ls  p r im a r ily  w ith  a c id  d is s o c ia t io n

(e q  1, e q u ilib r iu m  c o n s ta n t  K A) a n d  s y m m e tr ic a l p r o 
to n  e x ch a n g e  (e q  2 ) . 10,11 V a lu e s  o f  K A, fra, a n d  /c2 w e re

(C H 3) 3N H +  +  c h 3o h  ^
k- a

(C H 3) 3N  +  C H 3O H 2+ (1 )

(1) To whom all correspondence should be addressed at Chemistry 
Department, Brandeis University, Waltham, Mass. 02154.
(2) D. H. Everett and W. F. K. Wynne-Jones, P roc. R oy . Soc. 
(London), A177, 499 (1941).
(3) A. Loewenstein and S. Meiboom, J. Chem. P h ys., 27, 1067 
(1957).
(4) A. Loewenstein, J. P h ys. Chem., 67, 1728 (1963).
(5) Z. Luz and S. Meiboom, J . Chem. P h ys., 39, 366 (1963).
(6) E. Grunwald, J. P h ys . Chem., 67, 2208, 2211 (1963).
(7) M. Eigen and G. Schwarz, data cited by M. Eigen and L. De 
Maeyer in "Technique of Organic Chemistry,” Vol. VIII, Part II, 
2nd ed, Interscience Publishers, Inc., New York, N. Y., 1963, p 1035_
(8) L. Pauling, “ Nature of the Chemical Bond,” 3rd ed, Cornell 
University Press, Ithaca, N. Y., 1960, pp 464, 473.
(9) H. S. Frank, J . Chem. P h ys ., 13, 493 (1945); H. S. Frank and 
M. W. Evans, ib id ., 13, 507 (1945).
(10) On the basis of data in methanol at — 80°u and in water at 
25° (ref 5) it is fairly certain that reaction 2 does not involve more 
than one molecule of methanol.
(11) E. Grunwald, unpublished research.
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(C H 3) 3N H +  +  O H  +  N ( C H 3) 3 — >

I
c h 3

(C H s) 3N  +  H O  +  H N ( C H 3) 3+ (2 ) 

c h 3

d e r iv e d  fr o m  m e a su re m e n ts  o f  p r o to n -e x c h a n g e  ra tes  
b y  th e  n u c le a r  m a g n e t ic  r e so n a n ce  (n m r ) m e th o d . 
M e a s u re d  w e re  (1 ) Ä n h , th e  ra te  o f  e x ch a n g e  o f  th e  N H  
p r o to n s  o f  t r im e th y la m m o n iu m  ion , a n d  (2 ) Ron, 
th e  ra te  o f  e x ch a n g e  o f  th e  O H  p r o to n s  o f  m e th a n o l. 
T h e s e  ra tes  w e re  d e r iv e d  fr o m  th e  C H 3 p r o to n  re so n a n ce  
s p e c tr a  o f  s o lu te  a n d  s o lv e n t , r e s p e c t iv e ly , a c c o r d in g  
t o  e s ta b lish e d  m e t h o d s .6,12 R a t e  c o n s ta n ts  w ere  
d e r iv e d  fr o m  th e  ra tes  b y  u su a l m e th o d s  o f  k in e tic  
a n a ly s is ; e q u il ib r iu m  co n s ta n ts , K a, w e re  o b ta in e d , 
as d e scr ib e d  p r e v io u s ly ,12 fr o m  th e  ra te s  Ron in  b u ffe re d  
so lu tio n s , a n a ly s is  o f  w h ic h  p e rm its  a  d ir e c t  d e te rm i
n a t io n  o f  th e  h y d r o g e n  io n  c o n c e n tr a t io n  in  e q u i
lib r iu m  w ith  th e  g iv e n  b u ffe r  ra tio .

Results Based on Ron- W e  r e p o r t  a  k in e tic  a n a ly s is  
o f  d a ta  o b ta in e d  a t 2 5 .0  a n d  a t  — 0 .7 °  in  b u ffe re d  so lu 
t io n s  co n ta in in g  b o t h  t r im e th y la m m o n iu m  io n  ( B H +) 
a n d  tr im e th y la m in e . T h e  w o r k  a t 2 5 .0 °  in v o lv e d  24 
in d e p e n d e n t ly  p re p a re d  s o lu t io n s ; th a t  a t — 0.7  
in v o lv e d  26 . T h e  b u ffe r  r a t io  [ B H + ] / [ B ]  ra n g e d  fr o m  
20 0  t o  1, [B H + ]  r a n g e d  fr o m  0 .0 3  to  0 .0 0 1  M, a n d  
[B ] ra n g e d  fr o m  0 .0 0 3  t o  1 X  1 0 -4  M . T h e  d a ta  a t 
b o th  te m p e ra tu re s  c o n fo r m  t o  e q  3. In  eq  3 a n d

Ron — fcMeOHü + [M e O H 2+ ] +

kueO- [M e O ~ ]  +  f c [ B H + ] [ B ]  (3 )

th r o u g h o u t  th is  p a p e r , q u a n t it ie s  in  b r a c k e ts  d e n o te  
m o la r  c o n c e n tr a t io n s .

T h e  te r m  fc2[B H  + ] [ B ]  c a n  b e  a ss ig n ed  t o  r e a c t io n  2. 
R e a c t io n  1 is t o o  s lo w  to  c o n tr ib u te  d ir e c t ly  a n d  m e a su r
a b ly  to  Ron u n d e r  th e se  c o n d it io n s , b u t  its  e f fe c t  ca n  
b e  fe lt  in d ir e c t ly  th ro u g h  c o n tr ib u t io n s  to  Ron f r o m  
k in e tic  te rm s  p r o p o r t io n a l  t o  th e  h y d r o g e n  io n  a n d  
m e th o x id e  io n  c o n c e n tr a t io n s . T o  exp ress  th e  (u n 
k n o w n ) h y d r o g e n  io n  a n d  m e th o x id e  io n  c o n c e n tr a t io n s  
in te rm s  o f  th e  (k n o w n ) b u ffe r  ra tio s , w e  sh a ll use th e  
D e b y e -H i i c k e l  t h e o r y 13 in  th e  fo r m  o f  e q  4  t o  o b ta in  
th e  re q u ire d  a c t iv it y  co e ff ic ie n ts . In  e q  4 , 2  is th e

1 .826  X  W D ~ 3/lT - 3/’z W ß
l ° g  Uz 1 +  252D~l/,T ~ l/,y /ß

e le c tr ic  ch a rg e  ( + 1 , 0 ,  — 1) o f  th e  g iv e n  so lu te , D is th e  
d ie le c tr ic  c o n s ta n t , T th e  te m p e ra tu re , a n d  m th e  io n ic  
s tren g th . T h e  n u m e r ica l c o e ff ic ie n t  in  th e  d e n o m i
n a to r  is ch o se n  so  as t o  m a k e  th e  " d is ta n c e  o f  c lo se s t

a p p r o a c h ”  o f  th e  ion s  5 A . O n  th is  basis , th e r m o d y 
n a m ic  ex p ress ion s  fo r  K a a n d  fo r  K B o f  th e  c o n ju g a te  
b a se  re d u ce  to  e q  5.

K a =  [ B ] [ M e O H ,+ ] / [ B H + ]  (5 a )

K B Rautop otoIysis/RA (5 b )

=  [B H + ] [M e O  -  ]y+y-/ [B  ] (5 c )

T h u s  e q  3  ca n  b e  re w r itte n  in  th e  fo r m  o f  e q  6, w h ere  
k =  kueon2 *KA, k1 =  kMeo-Kn, a n d  y2 =  y + y -

Ron =  f c [ B H + ] / [ B ]  +

kly~2[ B ] / [ B H + ]  +  f c [ B H + ] [ B ]  (6 )

E q u a t io n  6 w a s  a c tu a lly  f it te d  to  th e  d a ta , e a ch  e x p e r i
m e n ta l p o in t  b e in g  g iv e n  a s ta t is t ica l w e ig h t  in  in v erse  
p r o p o r t io n  t o  th e  m ea su re  o f  its  p re c is io n . R e s u lts  are 
lis ted  in  T a b le  I .

Table I : Kinetic and Equilibrium Constants for 
Proton Transfer in Methanol Solutions of 
Trimethylamine and Its Conjugate Acid

A H °
Con- ✓------------ Temperature-------------- or -Eact.

stant° 25.0° - 0 .7 ° kcal Notes

k 10.5 1.2 b
k1 1760 1370 b
fe 3.25 X  109 2.06 X 108 2.9 b

k:JleOHî + 8.8 X 101» 6.3 X 1010 2.1 Ref 12
K a 1.20 X 10->° 1.9 X  IO "11 11.6 k/kileOHî +
^autoprotolysis 1.15 X 10"17 1.90 X IO” 18 11.3 Ref 14; c
K b 0.96 X IO“7 1.0 X i o - 7 - 0 . 3 Eq 5b
k MeO- 1.84 X 1010 1.4 X 1010 2 fcV K s ; d

0 All constants are based on the second as the unit of time and 
the mole per liter as the unit of solute concentration. b Kinetic 
constants in eq 6. Star.darc errors are: k1 and fo, less than
10%; k, less than 10% at 2f °, about 30% at —0.7°. 0 Data
of ref 14 were converted to hie c scale and are given as a func
tion of temperature by the empirical equation, log KautoprotoiysU = 
( — 2.03 — 3716/(!r — 2.76 X 10“5Z'2). d Reference 12 reports
1.85 X 1010 for fcMeo- at 25°.

T o  d e r iv e  K A f r o m  k, w e  u sed  th e  p r e v io u s ly  re 
p o r t e d 12 v a lu e s  o f  kueon2+; t o  d e r iv e  K B, w e  u se d  K A 
a n d  v a lu e s  o f  A-autoprotoiysis b a se d  o n  th e  w n rk  o f  
K o s k ik a l l i o ;14 t o  d er iv e  fcMeo-, w e  u sed  K B a n d  kl. 
T h e  v a lu e  fo r  kueo- o b ta in e d  a t  2 5 °  is d ir e c t ly  c o m -

(12) E. Grunwald, C. F. Jumper, and S. Meiboom, J . A m . Chem. 
Soc., 84, 4664 (1962).
(13) H. S. Harned and B. B. Owen, “ The Physical Chemistry of 
Electrolytic Solutions," Reinhold Publishing Corp., New York, 
N. Y „ 1943.
(14) J. Koskikallio, Suom en K em istilehti, B30, 111, 157 (1957).
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Table I I :  Rates of NH Proton Exchange of Trimethylammonium Ion in Methanol

Temp, ------------- Constants in eq 7-------------■> ------------kiKh. (predicted)®-
°c [BHC1] [HC1] Rnh/[BHC1] h kiKA B = 0 ß = 0.6

25 0.530 0.0363 0.76 0.039
0.555 0.216 0.46 0.40 0.025 0.026

50 0.514 0.0352 4.50 0.21
0.538 0.209 2.54 2.1 0.16 0.14

0 0.11 0.51 (0.057) c . o s e 5 0.00066
0.11 0.51 0.011 (Proton-deuteron exchange)0

“ kiKa at zero ionic strength was calculated from the data in Table I.  Variation with ionic strength was assumed to follow the 
relationship S log (kiKA) =  BSy. For B  we used the value B =  —0.3 obtained for reaction 2 in water.6 b Obtained by extrapolation 
from the data at 25 and 50°, using the Arrhenius equation. " Results reported in ref 17 for (CH3)3ND + in HCl-containing C H 3OH.

Table I I I : Acid Dissociation of Trimethylammonium Ion in Methanol

Temp, K.a k j Ea,°
k- ad,
sec“1 P<r,e

°C ß = 0.6 ß = o M A

50 2.1 4 4.7 X 10“ 10 0.8 X 10>°
25 0.4q 0.7 1.20 X 10-10 0.6 X  1010 1.5

“ hi, Table I I .  b 5 log =  -0.45m- 0 Table I. Value at 50° is calculated from data at lower temperatures. d (m =  0 ) / K a -

e Equation 8. In  methanol at 25°, d Meom+ =  3.8 X 10—5, db 1.5 X  10 ~6 cm2/sec.

p a r a b le  w ith  th e  v a lu e  1 .85  X  1 0 10 s e c -1  r e p o r te d  p r e 
v io u s ly 12 o n  th e  b a sis  o f  n m r  k in e tic  d a ta  fo r  b e n z o ic  
a c id -b e n z o a t e  b u ffe rs  in  m e th a n o l a t 2 5 ° . T h e  a g ree 
m e n t  is v e r y  g o o d .

T a b le  I  a lso  lis ts  v a lu e s  fo r  AH° a n d  E act d e r iv e d  
fr o m  th e  re s p e c t iv e  te m p e ra tu re  co e ff ic ie n ts  b e tw e e n  
25  a n d  — 0 .7 ° . T h e  a c c u r a c y  o f  A H A° , A H b ° ,  a n d  o f  
¿ /act fo r  fcMeo- is p o o r  o w in g  t o  th e  3 0 %  s ta n d a rd  error  
o f  k a t  — 0 .7 ° .  H o w e v e r , th e  v a lu e s  o b ta in e d  are  
p la u s ib le .

Results Based on K n h - N H  p r o to n  e x ch a n g e  o f  tr i
m e t h y la m m o n iu m  io n  in  m e th a n o l w a s  m ea su red  
a t  25  a n d  a t  5 0 °  in  th e  p re se n ce  o f  e x cess  H C 1. R e 
su lts  are  lis te d  in  T a b le  I I .  T h e  ra tes  a re  re la t iv e ly  
s lo w  u n d e r  th e se  c o n d it io n s  a n d , a t 2 5 ° , a re  n ea r  th e  
lo w e r  lim it  o f  ra.te m e a s u ra b ility  b y  th e  n m r  m e th o d . 
N e v e r th e le ss , th e  d a ta  es ta b lish  se v e ra l p o in ts  o f  
in terest .

(1 ) R e a c t io n  2 is not th e  d o m in a n t  r e a c t io n  u n d e r  
th ese  c o n d it io n s : fo r  a  s ix fo ld  v a r ia t io n  in  [ B H + ] /  
[M e O H 2+ ], I2n h / [ B H  + ] ch a n g e s  b y  less th a n  a fa c t o r  
o f  2 a t  b o t h  te m p e ra tu re s . I f  r e a c t io n  2 h a d  b een  
d o m in a n t , I? n h / [ B H + ]  w o u ld  h a v e  b e e n  e q u a l t o  fc2-  
K a [B H + ] /  [M e O H 2+ ].

(2 ) I f  th e  v a lu e s  o f  i2NH/ [ B H + ]  are  f it te d  to  a 
m ix e d  ra te  la w , as in  e q  7 , th e  v a lu e s  in fe rre d  fo r  k2K A 
a re  p la u s ib le  o n  th e  b a sis  o f  d a ta  lis te d  in  T a b le  I . T h e

£ n h / [ B H + ]  =  h  +  fc2K A [ B H + ] / [ M e O H 2+ ] (7 )

resu lts  o f  th is  a n a ly s is  are  s h o w n  in  T a b le  I I .  T h e  
a g re e m e n t b e tw e e n  v a lu e s  o f  h K A as c a lc u la te d  fr o m  
R n h / [ B H + ]  a n d  th o s e  b a se d  o n  T a b le  I  b e c o m e s  a l
m o s t  e x a c t  i f  i t  is a ssu m ed  th a t  sa lt  e ffe c ts  o n  k2K A are 
th e  sa m e  as in  a q u e o u s  s o lu t io n .6

(3 ) V a lu e s  o f  ky are o f  th e  c o r r e c t  m a g n itu d e  fo r  a 
m e ch a n is m  o f  p r o t o n  e x ch a n g e  in  w h ic h  a c id  d is s o c ia 
t io n  (e q  1) is th e  r a te -d e te rm in in g  s t e p ; th a t  is, ki =  fca 
a n d  k y / K A =  fc_a- S in ce  K \  is sm a ll w e  w o u ld  e x p e c t  
fc_a t o  b e  in  th e  ra n g e  o f  ra te  c o n s ta n ts  fo r  d if fu s io n - 
c o n tr o lle d  r e a c t io n s , as h as in  fa c t  b een  fo u n d  fo r  th e  
a n a lo g o u s  r e a c t io n  o f  tr im e th y la m in e  w ith  h y d r o n iu m  
io n  in  w a te r .6 T h is  in te rp re ta t io n  o f  ky is te s te d  in  
T a b le  I I I .  F irs t , an  a t te m p t  is m a d e  t o  c o r r e c t  ky 
t o  ze ro  io n ic  s tre n g th  b y  a ssu m in g  th a t  th e  s a lt  e ffe c t  
is e q u a l t o  th e  k n o w n  sa lt  e ffe c t  o n  k& f o r  p -to lu id in iu m  
io n  in  m e t h a n o l .15 T h e  v a lu e s  o f  ky (ix =  0) / K A 
are th e n  c o m p a r e d  w ith  p r e d ic t io n s  fo r  a  d if fu s io n - 
c o n tr o lle d  sp e c if ic  r e a c t io n  ra te  b a se d  o n  e q  8 ,16 in  
w h ic h  d  d e n o te s  th e  p h e n o m e n o lo g ic a l d if fu s io n  c o e f -

(15) M. Coeivera, E. Grunwald, and C. F. Jumper, J . P h ys . Chem. 
68, 3234 (1964).
(16) Equation 8 is a specialized version of the well-known Debye 
theory, P. Debye, Trans. Electrochem. Soc., 82, 265 (1942); M. 
Eigen, Z . P h ysik . Chem. (Frankfurt), 1, 176 (1954).
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Table IV : Comparison of Proton Transfer Data for Trimethylammonium Ion in Water and Methanol

(Symbol)0 Water
Value at 25°-------------------

Methanol
AH° or E&ct, kcal-

Water Methanol

fe, sec-1 M _1 
K a

fca, sec-1 
k-a, sec-1 M ~ l 
Pa for k-a 
ks, sec-1 c

3.4 X 108 
1.57 X IO“ 10 
4.7
3.0 X  10'» 
3.2 A
1.1 X 10'»

3.25 X  108 
1.20 X 10-'°
0.7
0.6 X  10'»
1.5 A

(1.5 ±  1.0) X  10'»

3.3 at 50° 
8.82 at 25°6
11.3 at 50° 
1.4 at 50°

2.3 at 50°

2.9 at 12° 
11.6 at 12°6 
13 at 38°
2 at 38°

° Symbols as defined in text. Data taken from Tables I —I I I  and from ref 2 and 6. b AS0 = —15.2 gibbs in water at 25°; AS° =
6.5 gibbs in methanol at 12°. “ ks is the rate constant for displacement of a solvent molecule from the HOH -B or CH3OH ■ B hydro
gen-bonded complex in the given solvent.

fic ie n t , a th e  e n c o u n te r  d ia m e te r , P  th e  p r o b a b i l i t y  o f  
r e a c t io n  p e r  e n c o u n te r , a n d  N 0  A v o g a d r o ’s n u m b e r . T o

)c_a =  4:7tN qP  d(D]yieOHa+ +  Db ) /1 0 0 0  (8 )

o b ta in  e x a c t  a g re e m e n t  b e tw e e n  fc_a a n d  h  (/* =  0 ) / K A, 
Pc  m u st  b e  ta k e n  as 1 .5  A , a b o u t  h a lf  as la rg e  as th e  
v a lu e  o b ta in e d  in  a  s im ila r  a n a ly s is  in  w a t e r ,6 a n d  o f  
r e a so n a b le  m a g n itu d e . F u r th e rm o re , th e  fo r m a l a c t i
v a t io n  e n e r g y  o f  ki (n =  0 ) / K A is a b o u t  2  k ca l— a 
re a so n a b le  v a lu e  fo r  a  d if fu s io n -c o n tr o lle d  r e a c t io n  in 
m e th a n o l. (T h e  a c t iv a t io n  en erg ies  fo r  v is c o u s  flo w  
a n d  fo r  s e lf -d if fu s io n  o f  m e th a n o l are  a lso  a b o u t  2 k ca l.)

(4 ) E x t r a p o la t io n  o f  th e  d a ta  in  T a b le  I I  t o  0 °  
e n a b les  us t o  o b ta in  a  r o u g h  e s t im a te  o f  th e  d e u te r iu m  
k in e tic  is o t o p e  e ffe c t  o n  h  =  k H b y  c o m p a r is o n  o f  o u r  
resu lts  fo r  p r o t o n -p r o t o n  e x ch a n g e  w ith  a p r e v io u s ly  
r e p o r te d 17 re su lt  fo r  p r o t o n -d e u t e r o n  e x ch a n g e . T h is  
c o m p a r is o n  is m a d e  in  th e  la s t t w o  ro w s  o f  T a b le  I I ;  
th e  co n c e n tr a t io n s  are  th o s e  u sed  in  th e  p r e v io u s  w o r k 17 
a n d  are su ch  th a t  r e a c t io n  2 is r e la t iv e ly  n e g lig ib le . 
k ™ +/ k ™ + is th u s  e s t im a te d  t o  b e  a b o u t  5 .18

th a t  th e  r e a c t iv e  e n c o u n te r  c o m p le x  m u s t  b e  fo r m u 
la te d  as B -  (H O C H 3) n -H 2O C H 3 + , w ith  i i  )  1 a n d  p r o b 
a b ly ? !  =  l . 17

L e t  us su p p o se  th a t  ?i =  1 a n d  th a t  th e  h y d r o g e n -  
b o n d e d  s o lv e n t  a g g reg a tes  are  lin ea r  in  m e th a n o l an d  
te tra h e d ra l in  w a te r . T h e n  e q  9  sh o w s  th a t  in  w a te r  
th e re  are  t w o  s ites  ( in d ic a te d  b y  a rro w s ) a t  w h ic h  th e  
a d d it io n  o f  a  p r o t o n  w ill le a d  t o  r e a c t io n , w h e re a s  in  
m e th a n o l th e re  is o n ly  o n e  su ch  s ite . H e n c e  w e  p re 
d ic t  th a t  th e  p a ra m e te r  Pa in  e q  8  w ill b e  tw ic e  as g re a t  
fo r  r e a c t io n  in  w a te r  as fo r  r e a c t io n  in  m e th a n o l. T h e  
a c tu a l v a lu e s  o f  Per are  3 .2  A  in  w a te r  a n d  1 .5  A  in  
m e th a n o l, w ith in  e x p e r im e n ta l e rro r  o f  th e  p r e d ic te d  
2 :1  ra tio .

H O H

B -  H O - H O H ; 
H

{ + H +  + H H

C H 3

B - H O '- H O C H s (9)

D is c u s s io n

D a t a  fo r  v a r io u s  p r o to n  tra n s fe r  re a c t io n s  b e tw e e n  
tr im e th y la m m o n iu m  io n  a n d  w a te r  o r  m e th a n o l are 
c o m p a r e d  in  T a b le  I V . T h e  t w o  s o lv e n ts  are re m a rk 
a b ly  s im ila r  w ith  re s p e c t  t o  m o s t  o f  th e  q u a n t it ie s  
ta b u la te d . O f  th e  sm a ll d iffe re n ce s  th a t  d o  ex ist , 
th ere  are  t w o  th a t  a p p e a r  t o  th e  a u th o r  to  re fle c t  p e r 
h a p s  a  d if fe re n ce  in  th e  h y d r o g e n -b o n d e d  s o lv e n t  
s tru ctu re .

(1 ) T h e  r e a c t io n  o f  th e  s o lv a te d  h y d r o g e n  io n  ( ly o n -  
iu m  io n ) w ith  tr im e th y la m in e  is, a c c o r d in g  to  a ll a v a il
a b le  e v id e n c e , d iffu s io n  co n tr o lle d . M o r e o v e r , in  w a te r  
it  h as  b e e n  s h o w n  th a t  th e  r e a c t iv e  e n c o u n te r  c o m p le x  
m u st b e  fo r m u la te d  as B - ( H 20 ) rt- H 0 H 2+ , w ith  n ^  1 
a n d  p r o b a b ly  n =  l . 19 In  m e th a n o l, d a ta  e x is t  fo r  
p r o to n  tra n s fe r  in v o lv in g  tr ie th y la m m o n iu m  io n 17’20 
w h ic h  ca n  b e  a n a ly z e d  in  m u c h  th e  sa m e  w a y  t o  sh o w

O H 2

(2 ) T h e  s ig n ifica n t d iffe re n ce  b e tw e e n  AH°  a n d  
&S° f o r  a c id  d is s o c ia t io n  in  m e th a n o l a n d  w a te r  c o u ld  
b e  a t t r ib u te d  la rg e ly  t o  th e  g re a te r  a lig n m e n t  o f  s o l
v e n t  m o le cu le s  a ro u n d  th e  h y d r o g e n  io n  in  w a te r  th a n

(17) C. G. Swain, J. T. McKnight, and V. P. Kreiter, J . A m . Chem. 
Soc., 79, 1088 (1957).
(18) This estimate may be too high. Previous work for MeiNH+ 
in water6 and for Et3NH + in methanol'7 has shown that proton 
exchange due to reversible acid dissociation is not simply a first- 
order reaction but conforms to the rate law, 72/(BH+] = k„/( 1 +  
Q[H + ]). For MesNH+ in methanol the kinetic constant Q  is 
probably in the range 0.3 < Q < 1.0. Thus, at 0.51 M  HCl, (1 +  
Q[H+]) can probably not be taken as unity but might be as large 
as 1.5, so that fcaBH +A a BD + might be as small as 3.5.
(19) E. Grunwald and M. Cocivera, D iscussions Faraday Soc., 39, 
105 (1965).
(20) J. R. Schaefgen, M. S. Newman, and F. H. Verhoek, J . A m . 
Chem. Soc., 66 , 1847 (1944).
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in  m e th a n o l. T h e  a lig n m e n t in  w a te r  c o u ld  b e  g re a te r  
b e ca u se  o f  a th re e -d im e n s io n a l ra th e r  th a n  lin ear 
h y d r o g e n -b o n d e d  a g g re g a tio n  o f  s o lv e n t  m o le cu le s .

E x p e r im e n ta l S e c t io n

Materials and Reaction Mixtures. P r e p a r a t io n  o f  
p u re  m e th a n o l, o f  N a O M e  in  m e th a n o l, a n d  o f  a n h y 
d ro u s  H C 1 in  p u re  m e th a n o l fo l lo w e d  p r e v io u s  p r a c 
t i c e .12 T h e  m e th a n o l w a s  n eu tra l b y  a c id -b a s e  a n d  
n m r  a n a ly s is . T r im e t h y la m m o n iu m  c h lo r id e  w a s  tw ic e  
r e c ry s ta lliz e d  fr o m  p u re  e th a n o l21 a n d  h a d  a  c h lo r id e  
e q u iv a le n t  w e ig h t  o f  9 5 .6  ( t h e o r y  9 5 .6 ) . S o d iu m  
c h lo r id e , a d d e d  t o  s o m e  o f  th e  r e a c t io n  m ix tu re s  to  
c h a n g e  th e  io n ic  s tre n g th , w a s o f  A C S  re a g e n t g ra d e . 
T r im e th y la m in e  w a s  p re p a re d  as a  c o n c e n tr a te d  s to c k  
s o lu t io n  in  m e th a n o l b y  a d d in g  N a O C H 3 in  m e th a n o l 
t o  (C H 3) 3N H C 1  in m e th a n o l a n d  d is t ill in g  in  a ll-g la ss  
a p p a ra tu s  p r o te c te d  fr o m  th e  a tm o sp h e re  b y  a  D r y  I c e  
c o ld  tra p .

R e a c t io n  m ix tu re s  c o n ta in in g  th e  d e s ire d  so lu te s  a n d  
c o n c e n tr a t io n s  w e re  p re p a re d  fr o m  th e se  m a ter ia ls  b y  
s ta n d a rd  q u a n t ita t iv e  m e th o d s . S a m p les  o f  th e  r e a c 
t io n  m ix tu re s  t o  b e  u sed  fo r  th e  m e a su re m e n t o f  Ron 
w e re  in tr o d u c e d  in to  th o r o u g h ly  c le a n  n m r sa m p le  
tu b e s , o u tg a sse d  in tw o  c y c le s  o f  fr e e z in g  (a t  liq u id  
n itro g e n  te m p e ra tu re ) a n d  th a w in g , a n d  th e n  fro z e n  
a n d  sea led  u n d e r  v a c u u m . S a m p les  p re p a re d  in  th is

w a y  g a v e  u n ch a n g in g  n m r  s p e c tr a  o v e r  a  m o n it o r in g  
p e r io d  o f  se v e ra l m o n th s , th u s  s h o w in g  th a t  th e  s o lu 
t io n s  are  s ta b le . S o m e  o f  th e  sa m p le  tu b e s  w e re  o p e n e d  
a n d  th e ir  c o n te n ts  a n a ly z e d  fo r  a m in e . T h e  t ite rs  
w e re  in  e v e r y  ca se  w ith in  2 %  o f  e x p e c ta t io n , th u s  
s h o w in g  th a t  th e  h a n d lin g  a n d  o u tg a ss in g  d o e s  n o t  
ch a n g e  th e  c o m p o s it io n  o f  th e  s o lu t io n s .22 R e a c t io n  
m ix tu re s  u sed  in  th e  m e a su re m e n t o f  R^n w e re  n o t  
o u tg a sse d .

The Nmr Facts. A ll  m e a su re m e n ts  w e re  m a d e  o n  D r .
S. M e ib o o m ’ s n m r  s p e c tr o m e te r  a t  B e ll  T e le p h o n e  
L a b o r a to r ie s . T h e  n m r te ch n iq u e s , te m p e r a tu r e  c o n 
tro l, in te rp re ta t io n  o f  n m r  sp e c tra , a n d  c a lc u la t io n  o f  
p r o to n  e x ch a n g e  ra tes  a ll fo l lo w e d  p r e v io u s  p r a c t ic e 6’ 12 
a n d  n e e d  n o t  b e  d e s cr ib e d  aga in .

P r o t o n  c h e m ica l sh ifts , 5, o f  t r im e th y la m m o n iu m  
ion  a n d  tr im e th y la m in e  in  m e th a n o l w e re  fo u n d  t o  b e  
as fo l lo w s : C H 3 p r o to n s  o f  m e th a n o l, S =  0 .0 0  p p m  
(in te rn a l s ta n d a r d ) ; (C H 3) 3N  p r o to n s , 1 .09  p p m  a t  
— 8 0 ° ;  (C H 3) 3N H + -m e t h y l  p r o to n s , 0 .4 5  p p m  a t 
— 8 0 ° , 0 .3 8  p p m  a t 2 5 ° ;  N H  p r o to n s , — 6 .8  p p m  a t  
25  a n d  a t  5 0 ° . T h e  N 14H  s p in -s p in  in te r a c t io n  o f  
tr im e th y la m m o n iu m  io n  is w e ll r e s o lv e d  a t 5 0 ° ;  JNH =  
51 cp s .

(21) E. Grunwald and E. Price, J . A m . C h en . Soc., 86, 2970 (1964).
(22) The author is indebted to Dr. Elton Price for help with prep
aration of outgassed samples.
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The Salting-Out Behavior of Amides and Its Relation to the 

Dénaturation of Proteins by Salts1

b y  E u g e n e  E . S c h r ie r  a n d  E v e ly n  B . S ch r ie r

D epartm ent o f  C hem istry, State U niversity o f  N ew  Y ork at B ingham ton, Bingham ton, N ew  Y ork  18901 
( Received A p r il  11, 1966)

S a lt in g -o u t  p a ra m e te rs  h a v e  b e e n  o b ta in e d  b y  d is tr ib u t io n  m e a su re m e n ts  a t  2 5 °  fo r  th e  
a m id e s  N -m e t h y l a ce ta m id e  a n d  N -m e th y l p r o p io n a m id e  in  a q u e o u s  s o lu t io n s  o f  t e n  d if 
fe re n t  sa lts . B y  co n s id e r in g  th e se  s a lt in g -o u t  p a ra m e te rs  to  b e  s u m m a tio n s  o f  th e  c o r 
re s p o n d in g  q u a n tit ie s  fo r  th e  m e th y l , m e th y le n e , a n d  a m id e  g ro u p s , th e  c o n tr ib u t io n s  
f r o m  th e se  g ro u p s  c o u ld  b e  c a lcu la te d  fo r  e a ch  sa lt  f r o m  th e  e x p e r im e n ta l d a ta . A  te s t  
o f  th e  a d d it iv it y  o f  th e  g ro u p  s a lt in g -o u t  p a ra m e te rs  w a s  p r o v id e d  b y  c o m p a r in g  th e  
a m id e  g ro u p  p a ra m e te rs  w ith  th e  sa m e  q u a n tit ie s  c a lcu la te d  fr o m  lite ra tu re  d a ta  fo r  a  c o m 
p o u n d  co n ta in in g  fo u r  a m id e  lin k a g e s .2 A  m o d e l is d e scr ib e d  fo r  th e  e f fe c t  o f  e le c t r o ly te s  
o n  th e  tra n s it io n  b e h a v io r  o f  p ro te in s . T h e  p ro ce s s  is  a ssu m e d  t o  b e  th e  re su lta n t  o f  tw o  
o p p o s in g  e f fe c ts : (1 ) th e  sa lt in g -in  o f  a m id e  g ro u p s  w h ic h  a re  e x p o s e d  t o  th e  s o lv e n t  as th e  
p r o te in  u n fo ld s  a n d  (2 ) th e  s a lt in g -o u t  o f  th e  n o n p o la r  p o r t io n s  o f  th e  m o le cu le . T h e  
F lo r y  e q u a tio n  fo r  th e  e ffe c t  o f  e q u ilib r iu m  b in d in g  o f  d é n a tu r a n t  o n  th e  tr a n s it io n  te m 
p e ra tu re  o f  a  p r o te in  is m o d ifie d  in  th e  lig h t  o f  th is  h y p o th e s is . T h e  g ro u p  s a lt in g -o u t  
p a ra m e te rs  a re  u se d  to g e th e r  w ith  th is  e q u a t io n  t o  ca lc u la te  th e  tra n s it io n  te m p e ra tu re s  
o f  t w o  p ro te in s , r ib o n u c lé a se  a n d  ic h t h y o c o l  g e la tin , in  a q u e o u s  sa lt  s o lu t io n s . T h e  c a lc u 
la te d  v a lu e s  a re  g e n e ra lly  in  a g re e m e n t w ith  th e  c o r r e s p o n d in g  e x p e r im e n ta l q u a n tit ie s .

In tr o d u c t io n

M u c h  a t te n t io n  h as b e e n  g iv e n  r e c e n t ly  t o  th e  e ffe c t  
o f  e le c t r o ly te s  o n  th e  s ta b i l it y  o f  p ro te in s  a n d  sy n th e t ic  
p o ly p e p t id e s  in  so lu t io n . E le c t r o ly te s  m o d i fy  th e  
ch a r a c te r  o f  th e  th e rm a l tra n s it io n  o f  p ro te in s  in  a q u e 
o u s  so lu t io n , ch a n g in g  th e  m id p o in t  te m p e ra tu re , 
Tm, in  a fa sh io n  w h ic h  is d e p e n d e n t  o n  th e  n a tu re  a n d  
co n c e n tr a t io n  o f  a d d e d  e le c t r o ly te . E x p e r im e n ta l 
o b s e r v a t io n s  o f  th e  sa lt  e ffe c ts  in  th e  is o e le c tr ic  re g io n  
h a v e  c e n te r e d  u p o n  th e  g lo b u la r  p ro te in , r ib o n u c le a s e ,3'4 5 6 
a n d  v a r io u s  fib ro u s  p r o te in s .6-7

T h e  e a r ly  w o r k  o f  B e llo , et al.,s p o in te d  t o  th e  in
te r a c t io n  o f  io n s  w ith  th e  p e p t id e  g ro u p s  o f  g e la tin  
as th e  m e ch a n ism  b y  w h ich  sa lts  in flu en ce  th e  m e lt in g  
te m p e ra tu re . A  d iffe re n t in te rp re ta t io n  w as p r o p o s e d  
b y  v o n  H ip p e l a n d  W o n g 7 in  th e ir  in v e s t ig a t io n  
o f  sa lt e ffe c ts  o n  v a r io u s  ge la tin s . A c c o r d in g  to  th e ir  
v ie w , ch a n g e s  in  th e  d e g ree  o f  o r d e r in g  o f  w a te r  p r o 
d u c e d  b y  th e  a d d it io n  o f  sa lt  m a y  a ffe c t  th e  e x te n t  o f  
n o n p o la r  in te ra c t io n  in  a  p ro te in , th e r e b y  in flu e n cin g

th e  tra n s it io n  te m p e ra tu re . H o w e v e r , M a n d e lk e r n  
a n d  S te w a r t8 (see  a lso  B e l lo 9) h a v e  sh o w n  th a t  th e  
e x p e r im e n ta l resu lts  o f  v o n  H ip p e l a n d  W o n g 7 are 
c o n s is te n t  w ith  a n  e q u a tio n  d e r iv e d  b y  F lo r y 10 fo r  th e  
ch a n g e  in  tra n s it io n  te m p e ra tu re  p r o d u c e d  b y  e q u i

(1) Presented in part at the I51st National Meeting of the American 
Chemical Society, Pittsburgh, Fa., March 1966.
(2) D. R. Robinson and W. P. Jencks, J. A m . Chem. Soc., 87, 2470 
(1965).
(3) (a) W. G. Harrington and J. A. Schellman, Com pt. Rend. Trail, 
Lab. Carlsberg, 30, 167 (1957); (b) L. Mandelkern and D. E. Roberts, 
J . A m . Chem. Soc., 83, 4292 (1961).
(4) P. H. von Hippel and K-y. Wong, Science, 145, 577 (1964); 
J . B iol. Chem., 240, 3909 (1965).
(5) J. Bello, H. Riese, and J. R. Vinograd, J . P h ys. Chem., 60, 1299 
(1956); J. Bello, B iochem . B ioph ys. A cta , 109, 250 (1965).
(6) L. Mandelkern, W. T. Meyer, and A. F. Diorio, J. P h ys. Chem., 
66, 375 (1962); L. Mandelkern, J. C. Halpin, A. F. Diorio, and 
A. S. Posner, J. A m . Chem. Soc., 84, 1383 (1962).
(7) P. H. von Hippel and K-y. Wong, B iochem istry, 1, 664 (1962).
(8) L. Mandelkern and W. E. Stewart, ib id ., 3, 1135 (1964).
(9) J. Bello, ibid., 2, 276 (1963).
(10) P. Flory, J. Cellular Com p. P h ysio l., 49, 175 (1957).
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lib r iu m  b in d in g  o f  a  d é n a tu ra n t to  g ro u p s  w h ic h  are 
e x p o s e d  t o  th e  s o lv e n t  as th e  p r o te in  u n fo ld s .

E v id e n c e  fo r  d ire c t  b in d in g  o f  ion s  t o  p e p t id e  g ro u p s  
h a s  b e e n  p re se n te d  r e c e n t ly  b y  K u r t z  a n d  H a r r in g t o n 11 
a n d  b y  B e llo , H a a s , a n d  B e l lo .12 K u r tz  a n d  H a rr in g 
t o n  p re p a re d  L iB r  co m p le x e s  o f  sev era l s y n th e t ic  p o ly 
p e p t id e s  b y  a c e to n e  p r e c ip ita t io n  o f  th e  c o m p le x  fr o m  
v e r y  c o n c e n tr a te d  (1 0  M) a q u e o u s  L iB r -p o ly m e r  so lu 
t ion s . B e llo , et al. , 1 2  h a v e  p re se n te d  c r y s ta l s tru ctu re s  
fo r  v a r io u s  a m id e -s a lt  co m p le x e s  p re p a re d  fr o m  so lu 
t io n s  o f  lo w  w a te r  c o n te n t .

W h ile  th is  e v id e n c e  is ra th e r  c o n v in c in g  re g a rd in g  
th e  e q u ilib r iu m  b in d in g  o f  ion s  to  a m id e  g ro u p s  in  
s o lu tio n s  o f  h ig h  ion  c o n c e n tr a t io n  a n d  lo w  w a te r  
c o n te n t , it  is n o t  c le a r  w h e th e r  su ch  b in d in g  p ersists  
a t  lo w e r  sa lt c o n c e n tr a t io n s . A  fu rth e r  d if f icu lty  is 
th e  u n u su a l s p e c if ic ity  o f  b in d in g  c o n s ta n ts , ca lc u la te d  
fr o m  tra n s it io n  te m p e ra tu re  d a ta  a t 1 M  sa lt  c o n 
ce n tra tio n s , w ith  re sp e ct  t o  io n  ty p e . A n  a p p ro a ch  
t o  th e se  p ro b le m s  is su g g e ste d  b y  th e  o b s e r v a t io n s  o f  
B e llo , et al. , 5 a n d  o f  v o n  H ip p e l a n d  W o n g 4'7 th a t  th e  
o r d e r  o f  e ffe c t iv e n e ss  o f  sa lts  in  c h a n g in g  th e  tra n s it io n  
te m p e ra tu re  o f  p ro te in s  fo l lo w s  th e  c la ss ica l H o f -  
m e is te r  b e h a v io r .13 R o b in s o n  a n d  J e n ck s 2 s tu d ie d  
th e  e ffe c t  o f  e le c t r o ly te s  o n  th e  s o lu b ility  o f  a m o d e l 
te tr a p e p t id e , a c e ty lte tr a g ly c in e  e th y l ester  (A T G E E ) .  
T h e  b e h a v io r  o f  A T G E E  in  th e  p re se n ce  o f  sa lts  c lo s e ly  
p a ra lle ls  th e  o r d e r  o f  sa lt e ffe c ts  o b s e r v e d  fo r  p ro te in  
tra n s it io n s . R o b in s o n  a n d  J e n ck s  su g g e ste d  th a t  th e ir  
resu lts  w e re  in te rp re ta b le  as th e  s u m m a tio n  o f  tw o  
e ffe c ts , a n  o r d in a r y  s a lt in g -o u t  e ffe c t  su ch  as m ig h t  
o c c u r  w ith  n o n p o la r  n o n e le c tr o ly te s  a n d  a  d ire c t  in te r 
a c t io n  b e tw e e n  ce r ta in  o f  th e  a n io n s  s tu d ie d  a n d  th e  
a m id e  d ip o le . E q u ilib r iu m  co n s ta n ts  fo r  th e  b in d in g  
o f  an  a n io n  t o  a s in g le  s ite  o f  th e  te t r a p e p t id e  w ere  
ca lc u la te d  fo r  th e  sa lts  w h ich  d e cre a se d  th e  a c t iv it y  
co e ff ic ie n t  o f  A T G E E .

W e  re p o r t  h ere  a  s tu d y  o f  th e  sa lt e ffe c ts  o n  th e  d is 
t r ib u t io n  b e h a v io r  o f  th e  m o n o a m id e s , N -m e th y l 
p r o p io n a m id e  ( N M P )  a n d  N -m e th y l a c e ta m id e  (N M A ) .  
T h e  s a lt in g -o u t  p a ra m eters  d e r iv e d  fr o m  th e se  d a ta  
d iffe r  s ig n ifica n t ly  fr o m  th o s e  o b ta in e d  b y  R o b in s o n  
a n d  J e n c k s 2 fo r  A T G E E . A  m o d e l is p r o p o s e d  to  
in te rp re t  th e  d a ta  fo r  th e  a m id es  w h ich  is b a s e d  o n  th e  
v a r ia t io n s  o f  th e  a c t iv it y  co e ff ic ie n ts  o f  (1 ) th e  a m id e  
g ro u p  a n d  (2 ) th e  a lk y l ch a in s  w ith  e le c t r o ly te  c o n 
ce n tra t io n . E m p ir ic a l p a ra m e te rs  fo r  th ese  in te ra c 
t io n s  are  ca lc u la te d  fr o m  th e  e x p e r im e n ta lly  d e te r 
m in e d  s a lt in g -o u t  c o n s ta n ts . A  m o d if ic a t io n  o f  th e  
F lo r y  e q u a t io n 10 is d e r iv e d  w h ich  is a p p lic a b le  t o  
ch a n g e s  in  p r o te in  c o n fig u r a t io n  p r o d u c e d  b y  sa lt 
e ffe c ts  o n  ce r ta in  c o n s t itu e n t  g ro u p s  o f  th e  p ro te in . 
F in a lly , u se  o f  th is  e q u a t io n  to g e th e r  w ith  th e  e m p ir ica l

p a ra m e te rs  g iv e s  resu lts  in  a g re e m e n t w ith  e x p e r i
m e n ta lly  o b s e r v e d  ch a n g e s  in  Tm p r o d u c e d  b y  a d d e d  
e le c tro ly te .

E x p e r im e n ta l S e c t io n

Materials. E a s tm a n  W h it e  L a b e l N -m e t h y la c e t -  
a m id e  a n d  N -m e th y lp r o p io n a m id e  w ere  u se d  as re 
c e iv e d . A  sa m p le  o f  N M A , fr a c t io n a lly  d is t ille d , g a v e  
th e  sa m e  resu lts  as th e  u n p u r ifie d  m a ter ia l. R ib o -  
n u c le a se -A  w a s p u rch a se d  fr o m  th e  S ig m a  C h e m ic a l 
C o . (T y p e  X l l a ) .  T h e  sa lts  e m p lo y e d  w e re  re a g e n t 
g ra d e  o r  o th e r  g o o d  q u a lity  m a te r ia l a n d  w e re  u se d  
w ith o u t  fu r th e r  p u r ifica tio n .

Distribution Measurements. D is t r ib u t io n  e x p e r i
m e n ts  w e re  ca rr ie d  o u t  u s in g  e th a n o l-fre e  c h lo r o fo r m  
as th e  re fe re n ce  p h ase . A q u e o u s  so lu t io n s  o f  th e  a m id e  
u n d e r  s tu d y  w ere  e q u ilib ra te d  w ith  c h lo r o fo r m  fo r  3 
d a y s  in  a w a te r  b a th  m a in ta in e d  a t 2 5 .9  ±  0 .0 5 ° . 
S e p a ra te  e x p e r im e n ts  w ere  u se d  t o  d e te rm in e  th e  t im e  
n e ce ssa ry  t o  re a ch  eq u ilib r iu m .

A ft e r  th e  p h a ses  w ere  sa m p le d , a n a ly s is  f o r  a m id e  
w a s  ca rr ie d  o u t  b y  m o d ific a t io n  o f  a  p r o c e d u r e  su g g e s te d  
b y  D a v ie s  a n d  H a lla m .14 A n  a liq u o t  o f  th e  a m id e  
so lu t io n  (u su a lly  5 o r  10 m l) w a s  p la c e d  in  a  5 0 0 -m l 
K je ld a h l fla sk  a n d  25  m l o f  25  w t  %  N a O H  w ere  a d d e d . 
M e t h y l  a m in e  w a s  d is t ille d  fr o m  th e  m ix tu re  o v e r  a 
p e r io d  o f  3 0  m in  a n d  w a s  c o lle c te d  in  a  2 5 -m l p o r t io n  o f  
s ta n d a rd  0 .1  M  H C 1. B a c k -t it r a t io n  o f  th e  re m a in in g  
H C 1 w a s  p e r fo r m e d  w ith  s ta n d a rd  0 .1  M  N a O H  u s in g  
th e  m ix e d  m e th y l r e d -b r o m o c r e s o l  g reen  in d ic a to r  
r e c o m m e n d e d  b y  M a  a n d  Z u a z a g a .15 B e c a u s e  th e  
p re se n ce  o f  c h lo r o fo r m  le d  t o  e rra tic  resu lts  in  th e  
a n a ly s is  o f  th e  o rg a n ic  p h a se , w e  fo u n d  it  n e ce ssa ry  
t o  e x tr a c t  th e  a m id e  in th is  p h a se  b a c k  in to  w a te r  b e fo r e  
a n a ly sis . S im ila r  p ro ce d u re s  w e re  e m p lo y e d  f o r  th e  
sa lt so lu tio n s . S a lt  c o n c e n tr a t io n s  w ere  u su a lly  b e 
tw e e n  0 .5  a n d  2  M. D u p lic a te  d e te r m in a t io n s  o f  th e  
d is tr ib u t io n  ra tio  w ere  m a d e  a t ea ch  sa lt c o n c e n tr a t io n . 
S a lt  c o n c e n tr a t io n s  fo r  th e  h a lid es  a n d  th io c y a n a te s  in  
th e  e q u il ib r a te d  a q u e o u s  p h a ses  w e re  o b ta in e d  b y  
t it r a t io n  w ith  s ta n d a rd  A g N 0 3 u s in g  s o d iu m  d ic h lo r o -  
flu o rce in a te  as th e  in d ica to r . F in a l c o n c e n tr a t io n s  o f  
sa lt in  th e  N a 2S 0 4-a m id e  s o lu tio n s  w ere  c a lc u la te d  
fr o m  th e  m o la r ity  o f  th e  s to c k  so lu tio n s . T h e  so lu 
b i l i t y  o f  e a ch  o f  th e  sa lts  e m p lo y e d  in  th is  s tu d y  in

(11) J. Kurtz and W. F. Harrington, J . M ol. B iol., 17, 440 (1966).
(12) J. Bello, D. Haas, and H. R. Bello, B iochem istry, 5, 2539 
(1666).
(13) F. A. Long and W. G. McDevit, Chem. Rev., 51, 119 (1952).
(14) M. Davies and H. E. Hallam, Trans. Faraday Soc., 47, 1170 
(1951).
(15) T. S. Ma and G. Zuazaga, Ind . E ng. Chem., A n a l. E d., 14, 280 
(1942).
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w a te r -s a tu ra te d  c h lo r o fo r m  w a s  fo u n d  to  b e  u n d e te c t 
a b le  u s in g  a g r a v im e tr ic  m e t h o d  w h ic h  w o u ld  h a v e  
b e e n  se n s it iv e  t o  b e tw e e n  0 .001  a n d  0 .0 0 5  M  sa lt c o n 
ce n tra t io n .

S in ce  th e  s o lu b ility  o f  N M A  is lo w  in  c h lo r o fo r m , 
a  fa ir ly  h ig h  c o n c e n tr a t io n  o f  a m id e  (ca. 0 .7  M) w a s  
e m p lo y e d  in  th e  d is t r ib u t io n  ex p e r im e n ts . L o v /e r  
c o n c e n tr a t io n s  o f  N M P , u s u a lly  less th a n  0 .4  M, w ere  
u sed . S e p a ra te  e x p e r im e n ts , u s in g  v a r io u s  c o n c e n 
tra t io n s  o f  a m id e  a t  fix e d  sa lt c o n c e n tr a t io n s , w ere  
ca rr ie d  o u t  t o  d e te rm in e  th e  d e p e n d e n c e  o f  th e  sa lt in g - 
o u t  p a ra m e te rs  o n  a m id e  c o n c e n tr a t io n .

Ultraviolet Difference Spectral Measurements. T h e  
e ffe c t  o f  sa lts  o n  th e  tra n s it io n  te m p e ra tu re  o f  r ib o -  
n u clea se  w a s  in v e s t ig a te d  u s in g  u ltr a v io le t  d iffe re n ce  
sp ectra . T h e  p r o c e d u r e  h as b e e n  d e s cr ib e d  b e fo r e .16 
I m p r o v e d  te m p e r a tu r e  m e a su re m e n t w a s  p r o v id e d  b y  
in sertin g  a  th e r m is to r  p r o b e  d ir e c t ly  in to  th e  s p e c t r o 
p h o to m e te r  ce ll a b o v e  th e  lig h t  b e a m . T h e  o u tp u t  
w a s  d is p la y e d  o n  an  A tk in s  M o d e l  3 F 0 1 A  th e rm is to r  
b r id g e , r e a d a b le  t o  ± 0 . 1 ° .  S a lt  so lu tio n s , m a d e  u p  
o n  m o la r ity  b a s is , w e re  a d d e d  d ir e c t ly  t o  p re w e ig h e d  
sa m p les  o f  r ib o n u c le a se  a n d  b u ffe r  sa lts . T h e  b u ffe r  
u se d  w a s  0 .01  M  m ix e d  N a 2 H P 0 4 - K H 2 P 0 4 a n d  0 .1 2  M  
K C 1. T h e  a p p a re n t  p H  v a lu e s  o f  th e  so lu t io n s  w ere  
m e a su re d  u s in g  a  R a d io m e t e r  p H M  4  p H  m eter .

D iffe r e n c e  sp e c tra  w e re  u s u a lly  o b ta in e d  fo r  sa lt c o n 
c e n tra t io n s  n e a r  0 .5  a n d  1 .0  M. O n ly  o n e  c o n c e n tr a 
t io n  o f  N a l ,  0 .6  M, w a s  u sed  o n  a c c o u n t  o f  sp e ctra l 
in te r fe re n ce s  fr o m  th e  io d id e  ion .

R e s u lt s

Distribution Experiments. D is t r ib u t io n  ra tio s  fo r  
th e  p a r t it io n  o f  th e  a m id e s  b e tw e e n  c h lo r o fo r m  a n d  
w a te r  w e re  o b ta in e d  in  th e  c o n c e n tr a t io n  ra n g e  0 .0 7 -  
0 .8  M  a m id e  in  th e  e q u il ib r a te d  a q u e o u s  p h a se  fo r  
N M P  a n d  fr o m  0 .3 7  t o  0 .7 6  M  f o r  N M A . T h e  d is 
t r ib u t io n  ra tio  fo r  N M A  w a s  fo u n d  t o  b e  in d e p e n d e n t  
o f  c o n c e n tr a t io n  in  th e  ra n g e  in v e s tig a te d . T h e  
a v e ra g e  v a lu e  o b ta in e d  w a s  K n =  (D n m a ) » ^ / (Cnma)^  
=  0 .0 7 4 7  ±  0 .0 0 4  w h e re  th e  e rro r  q u o te d  is th e  s ta n d 
a rd  d e v ia t io n  o f  th e  m e a n  o f  tw e lv e  d e te rm in a t io n s  
a t th e  v a r io u s  a m id e  c o n c e n tr a t io n s . T h e  a v e ra g e  
v a lu e  o f  th e  d is t r ib u t io n  ra t io  fo r  N M P  w as 0 .3 0 0  in  
th e  ra n g e  0 .0 7 -0 .2 5  M  N M P . T h e  v a lu e  rose  t o  0 .3 6 7  
a t  0 .7 8  M  a q u e o u s  p h a se  a m id e  co n c e n tr a t io n . 
T w e n ty -t h r e e  d e te rm in a t io n s  o f  th e  d is t r ib u t io n  ra tio  
o f  N M P  w e re  m a d e  in  a ll. A  p lo t  o f  a q u e o u s  p h a se  
N M P  c o n c e n tr a t io n  vs. o rg a n ic  p h a se  N M P  c o n c e n tr a 
t io n  w a s  e m p lo y e d  fo r  fu r th e r  ca lcu la tio n s .

D is t r ib u t io n  d a ta  fo r  e a ch  o f  th e  a m id e s  in  a q u e o u s  
so lu t io n s  o f  te n  sa lts  w e re  u se d  to  o b ta in  th e  ra tio  o f  
th e  a c t iv it y  co e ff ic ie n ts  o f  th e  a m id e s  in  th e  sa lt  s o lu 

t io n s  t o  th e  a c t iv it y  co e ff ic ie n t  in  p u re  w a te r . T h e  
tre a tm e n t  h as b e e n  d iscu sse d  b y  L o n g  a n d  M c D e v i t .13 
T h e  c o n c e n tr a t io n  o f  a m id e  in  w a te r  in  o n e  e x p e r im e n t 
a n d  in  a  sa lt  s o lu t io n  in  a n o th e r  m a y  b e  re la te d  to  
th e  d es ired  a c t iv it y  co e ff ic ie n ts  b y  th e  e q u a tio n

=  t o  =  i / i RCiR (1 )

H ere , f ° ,  / ¡ R, a n d  ff a re  th e  m o la r  a c t iv it y  co e ff ic ie n t  
o f  th e  a m id e  in  w a te r , c h lo r o fo r m , a n d  in  th e  sa lt 
so lu t io n , r e s p e c t iv e ly , th e  v a r io u s  c ; a re  th e  c o r r e s p o n d 
in g  m o la r  c o n c e n tr a t io n s  o f  a m id e , a n d  K 0T is  th e  
th e r m o d y n a m ic  d is t r ib u t io n  c o n s ta n t . T h e  a m id e  
c o n c e n tr a t io n  is th e  sa m e  in  th e  re fe re n ce  p h a se  in  
b o t h  ex p e r im e n ts . E q u a t io n  1 re d u ce s  to

T h e  ra t io  o f  e q  2 m a y  b e  e x p ressed  as  a fu n c t io n  o f  sa lt  
c o n c e n tr a t io n 13 in  th e  fo r m

lo g  T 7  =  lo g  —  =  kscs +  ki(a -  Cl° )  (3 )

Figure 1. Variation of the activity coefficients 
of the amides 0, NMP and •, NMA with salt 
concentration for NaCl, LiCl, and LiSCN.

(16) E. E. Schrier, R. T. Ingwall, and H. A. Scheraga, J . P hys. 
Chem., 69 , 289 (1965).
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Table I  : Salting-Out Parameters for Aqueous Amides at 25°

■Salting-out parameter, kB-
Salt NMP NMA ATGEE“

Na2S04 0.486 ±  0.003 0.372 d= 0.003 0.48
CaCh 0.166 ±  0.004 0.076 ±  0.002 -0 .0 9
NaCl 0.164 ±  0.004 0.099 ±  0.003 0.046
NaBr 0.118 ±  0.003 0.065 ±  0.004 0.00
LiCl 0.077 ±  0.003 0.033 ±  0.002 0.021
CaBr2 0.057 db 0.002 0.000 ±  0.002 -(0 .2 3-0 .4 7)'
Nal 0.056 ±  0.002 0.018 ±  0.004 - 0 .2 3
LiBr 0.025 ±  0.003 -0.004 ±  0.002 - 0 .1 7
NaSCN 0.025 db 0.002 -0 .0 2 3  db 0.002 -0 .2 5
LiSCN -0 .0 5 2  ±  0.004 -0.08 2 ±  0.004 -0 .3 0 '’

° Data of Robinson and Jeneks. 6 Estimated from the data of Robinson and Jeneks.

w h e re  cs is th e  sa lt  c o n c e n tr a t io n  in  m o le s  p e r  lite r  a n d  
ka a n d  are  c o n s ta n ts  ca lle d  th e  s a lt in g -o u t  p a ra m e te r  
a n d  th e  s e lf - in te r a c t io n  p a ra m e te r , r e s p e c t iv e ly . T h e  
s e lf - in te r a c t io n  te rm  o f  e q  3 w a s  sh o w n  t o  b e  n e g lig ib le  
b y  se p a ra te  e x p e r im e n ts  w ith  N M P  in  w h ic h  th e  a m id e  
c o n c e n tr a t io n  w a s  v a r ie d  a t fix e d  sa lt  c o n c e n tr a t io n  
f o r  th e  sa lts  N a l ,  N a 2S 0 4, a n d  L iS C N . E q u a t io n  3 
c a n  th e n  b e  s im p lif ie d  t o  th e  e x p ress ion

=  hca (4 )

V a lu e s  o f  th e  ra t io  c °  /c\ w e re  c a lc u la te d  fo r  e a ch  s a l t -  
a m id e  c o m b in a t io n  a t e a ch  o f  th e  e x p e r im e n ta l p o in ts  
a n d  w e re  p lo t t e d  as a  fu n c t io n  o f  sa lt  c o n c e n tr a t io n . 
T h e  s m o o th e d  d a ta  w e re  th e n  u se d  t o  ca lc u la te  v a lu es  
o f  k3. T h e  co n s ta n t , ka, is n u m e r ica lly  e q u a l t o  th e  
lo g a r ith m  o f  th e  ra tio  o f  th e  a c t iv i t y  c o e ff ic ie n t  o f  th e  
n o n e le c t r o ly t e  in  a 1 M  sa lt  s o lu t io n  t o  its  v a lu e  in  
w a ter .

T h e  v a r ia t io n  o f  lo g  ( / ¡ / / i ° )  w ith  sa lt c o n c e n tr a t io n  
f o r  se v e ra l o f  th e  sa lts  s tu d ie d  is sh o w n  fo r  N M P  
a n d  N M A  in  F ig u re  1. V a lu e s  o f  th e  s a lt in g -o u t  
p a ra m e te rs  fo r  th e  a m id e s  are  g iv e n  in  T a b le  I .  T h e  
u n ce r ta in t ie s  n o te d  a re  th e  s ta n d a rd  d e v ia t io n s  o f  th e  
m e a n  v a lu e  o f  ks. F o r  c o m p a r is o n  p u rp o se s , th e  d a ta  
o f  R o b in s o n  a n d  J e n e k s2 fo r  A T G E E  in  th e se  sa lt  
s o lu tio n s  are  a lso  g iv e n . T h e  v a lu e s  fo r  A T G E E  w h ich  
are  so  n o t e d  a re  e s t im a te d  a ssu m in g  th e  a d d it iv it y  
o f  io n ic  s a lt in g -o u t  e ffe c ts . I n  th e  ca se  o f  C a B r 2, 
a  ra n g e  is g iv e n  b e c a u s e  o f  u n c e r ta in ty  in  th e  c h o ic e  o f  
th e  ion s  u sed  fo r  e s t im a tio n .

Salt Effects on the Transition Temperature of Ribo- 
nuclease. T h e  resu lts  o f  th e  u ltr a v io le t  d iffe re n ce  
sp e c tra l m e a su re m e n ts  are  g iv e n  in  T a b le  I I .  T h e  
ta b u la te d  q u a n t ity , A Tm, is e q u a l t o  Tm — Tm°, 
w h ere  Tm a n d  Tm° a re  th e  tra n s it io n  te m p e ra tu re s  in  
th e  p re se n ce  o f  a d d e d  sa lt a t 1 M  c o n c e n tr a t io n  a n d  in

its  a b se n ce . T h e  e s t im a te d  u n c e r ta in ty  in  A Tm f o r  
th is  w o rk  is ± 0 . 6 ° K / m ole . T h e  tra n s it io n  te m p e r a 
tu re  o f  a q u e o u s  r ib o n u c lé a se  s o lu tio n s  (p H  6 .8 0 ) in  
th e  a b se n ce  o f  a d d e d  sa lts  w a s  6 1 .2 ° . A p p a r e n t  p H  
v a lu e s  fo r  th e  r ib o n u c lé a se  s o lu tio n s  c o n ta in in g  a d d e d  
sa lts  v a r ie d  b e tw e e n  6 .0 3  a n d  6 .7 9 . C o m p a r is o n  o f  
th e  d a ta  o b ta in e d  h ere  w ith  th a t  o f  v o n  H ip p e l  a n d  
W o n g 4 in d ica te s  th a t  th e  u ltr a v io le t  d iffe re n ce  s p e c tr a l 
m e t h o d  g iv e s  resu lts  in  a g re e m e n t w ith  th o s e  o b 
ta in e d  u s in g  o p t ic a l  r o ta t io n .

Table I I  : Changes in the Transition Température of 
Ribonucléase in 1 M  Sait Solutions

Salt This work

°K/m oie of salt----------
von Hippel 
and Wong7

Na2S04 13.3
NaCl 1.3
LiCl - 0 . 1 0
NaBr - 1 . 9
LiBr - 4 .5 - 4 . 3
CaCl2 - 6 .8
Nal - 8 . 3
NaSCN -1 4 .6 - 1 3 .0
LiSCN - 1 8 .5
CaBr2 - 1 8 .7

D is c u s s io n

Salt-Amide Interactions. R e fe r e n c e  t o  T a b le  I  
re v e a ls  d is t in c t  d iffe ren ces  b e tw e e n  th e  s a lt in g -o u t  
p a ra m e te rs  fo r  m o n o fu n c t io n a l a m id e s  o b ta in e d  in  th is  
s tu d y  a n d  th e  sa m e  q u a n tit ie s  fo r  A T G E E  d e te rm in e d  
b y  R o b in s o n  a n d  J e n e k s .2 T h e  s a lt in g -o u t  p a ra m e te rs  
fo r  N M A  a n d  N M P  a re  a lm o s t  a lw a y s  m o r e  p o s it iv e  
th a n  th o s e  fo r  A T G E E .

A s  m e n t io n e d  a b o v e , R o b in s o n  a n d  J e n e k s  c o n 
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s id e re d  th e  sa lt e ffe c ts  o n  A T G E E  t o  b e  th e  s u m m a tio n  
o f  a  s a lt in g -o u t  e ffe c t  o n  th e  m o le c u le  (p e rh a p s  d e - 
se r ib a b le  b y  th e  in te rn a l p ressu re  c o n c e p t  o f  M c D e v i t  
a n d  L o n g 17) a n d  th e  d ir e c t  in te r a c t io n  o f  ion s  w ith  th e  
a m id e  g ro u p . B in d in g  co n s ta n ts  c a lc u la te d  fr o m  th e ir  
d a ta  d id  n o t  in c lu d e  a  c o r r e c t io n  f o r  th is  s a lt in g -o u t  
e ffe ct . I n  a d d it io n , th o s e  sa lts  w h ich  in crea sed  th e  
a c t iv it y  co e ff ic ie n t  o f  A T G E E  c o u ld  n o t  b e  c o n 
s id ered  in  th e ir  in te r p r e ta t io n  o f  th e  d a ta  b e c a u s e  
th e  s a lt in g -o u t  e ffe c t  a n d  th e  io n -a m id e  g ro u p  in te r 
a c t io n  c o u ld  n o t  b e  e x p lic it ly  s e p a ra ted .

I n  se e k in g  a  r a t io n a liz a t io n  o f  th e  d is c r e p a n c y  b e 
tw e e n  th e  v a lu e s  o f  th e  s a lt in g -o u t  p a ra m e te rs  fo r  th e  
m o n o fu n c t io n a l a m id e s  a n d  A T G E E , c o n s id e r a t io n  
m u st b e  g iv e n  t o  t w o  fe a tu re s  o f  th e  m o le cu le s  in v o lv e d : 
(1 ) th e  la rg e r  n u m b e r  o f  a m id e  g ro u p s  o n  th e  A T G E E  
m o le c u le  as o p p o s e d  t o  th e  m o n o a m id e s  a n d  (2 ) th e  
la rg er  p r o p o r t io n  o f  n o n p o la r  g ro u p s  o n  th e  m o n o 
a m id es  re la t iv e  t o  A T G E E . T h e  im p o r ta n c e  o f  
fa c t o r  2  in  d e te r m in in g  th e  s a lt in g -o u t  p a ra m e te rs  
fo r  th e  m o n o a m id e s  is c le a r ly  seen  in  th e  c o n s is te n t ly  
m o r e  p o s it iv e  v a lu e s  o f  th e  p a ra m e te rs  fo r  N M P  as 
co n tr a s te d  w ith  th e  v a lu e s  fo r  N M A .

S o m e  a d d it io n a l d a ta  m a y  p r o v e  u se fu l. W e  n o te  
th a t  th e  r e p la c e m e n t  o f  a  n o n p o la r  g ro u p  o n  a  m o le 
cu le  b y  a p o la r  fu n c t io n  o fte n  re d u ce s  th e  s a lt in g -o u t  
c o e ff ic ie n t  o f  th e  m o le cu le . T h is  g e n e ra liz a t io n  h o ld s  
b e s t  fo r  n o n e le c tr o ly te s  w h ic h  are  n e ith e r  a c id ic  n o r  
b a s ic  in  ch a ra cte r . F o r  e x a m p le , th e  s a lt in g -o u t  c o 
e ff ic ie n ts  fo r  p r o p a n e 18 in  1 M  N a C l, L iC l, a n d  K I  are, 
r e s p e c t iv e ly , 0 .2 1 , 0 .1 7 , a n d  0 .1 2  in  th e  te m p e r a tu r e  
ra n g e  1 5 -2 5 ° ,  w h ile  fo r  a c e to n e 13 th e  s a lt in g -o u t  c o 
e ffic ien ts  f o r  th e  sa m e  sa lts  a n d  te m p e r a tu r e  ra n g e  are  
0 .1 1 , 0 .0 6 , a n d  0 .0 2 . T h e  d e cre a se  in  th e  s a lt in g -o u t  
p a ra m e te r  in  g o in g  f r o m  p r o p a n e  t o  a c e to n e  m a y  b e  
d u e  t o  a  m o r e  fa v o r a b le  in te r a c t io n  o f  th e  c a r b o n y l 
g ro u p  w ith  th e  w a t e r -s a lt  m e d iu m  c o m p a r e d  t o  th e  
m e th y le n e  g r o u p  w h ic h  it  rep la ces .

A  s im ila r  s itu a t io n  m a y  p r e v a il in  th e  c o n tr a s t  b e 
tw e e n  th e  sa lt e f fe c t  d a ta  f o r  th e  m o n o a m id e s  vs. th o s e  
fo r  A T G E E . W e  m e n t io n e d  p r e v io u s ly  th a t  th e  
s a lt in g -o u t  p a ra m e te rs  fo r  th e  m o n o a m id e s  are  m o re  
p o s it iv e  th a n  th o s e  fo r  th e  te t r a p e p t id e , A T G E E . 
In d e e d , se v e ra l o f  th e  sa lts  w h ic h  in crea se  th e  s o lu b ility  
o f  A T G E E  s a lt -o u t  N M P  a n d  N M A . T h e  e x a m p le  
c it e d  in  th e  p r e v io u s  p a ra g ra p h  illu s tra te s  th e  p o ss i
b i l i t y  th a t  th e  a d d it io n  o f  p o la r  g ro u p s  t o  a  n o n p o la r  
m o le c u le  ca n  ca u se  a  d im in u t io n  o f  th e  s a lt in g -o u t  
p a ra m e te r . B y  e x te n s io n  o f  th is  a rg u m e n t, it  is 
p o ss ib le  t o  c o n c e iv e  th a t  th e  a d d it io n  o f  p o la r  g ro u p s  
t o  a  m o le c u le  a lre a d y  c o n ta in in g  th e m  m ig h t  d e cre a se  
its  s a lt in g -o u t  c o n s ta n t  s till fu r th e r  a n d  u lt im a te ly  
a llo w  sa lt in g -in  t o  ta k e  p la ce .

I n  o rd e r  t o  p u t  th e se  c o r  s id é ra t io n s  in to  q u a n t ita t iv e  
te rm s, w e  o ffe r  th e  fo l lo w in g  s ch em e . W e  a ssu m e  th a t  
e a ch  fu n c t io n a l g ro u p  o f  th e  c o m p o u n d s  co n s id e re d  
m a k e s  an  in d e p e n d e n t  c o n tr ib u t io n  t o  th e  s a lt in g -o u t  
p a ra m e te r , ks. C o n t r ib u i  on s  a re  a ssu m e d  t o  b e  m a d e  
b y  th e  n o n p o la r  g ro u p s  as w e ll as b y  th e  p o la r  p o r t io n s  
o f  th e  m o le cu le . T h is  a ssu m p tio n  a llo w s  u s t o  in tr o 
d u c e  a c o r r e c t io n  fo r  s a lt in g -o u t  o f  th e  m o le c u le  w h ich  
w a s  n e g le c te d  in  th e  t ie a tm e n t  o f  R o b in s o n  a n d  
J e n c k s .2 T h e  c o r r e c t io n  is a s c r ib e d  t o  th e  c o n tr ib u 
t io n  o f  th e  a lk y l g ro u p s  t r  th e  s a lt in g -o u t  p a ra m e te r . 
T h e  c o n tr ib u t io n  o f  th e  a lk y l g ro u p s  m ig h t  b e  e x p e c te d  
t o  b e  p o s it iv e  b y  a n a lo g y  t o  th e  b e h a v io r  o f  n o n p o la r  
m o le cu le s  in  th ese  sa lt s o lu tio n s . O n  th e  o th e r  h a n d , 
if a m id e  g ro u p  c o n tr ib u t io n s  a re  n e g a t iv e , a  tra n s it io n  
fr o m  s a lt in g -o u t  in  th e  ca se  o f  th e  m o n o fu n c t io n a l 
a m id e s  to  sa lt in g -in  w h ere  fo u r  a m id e  g ro u p s  are  p re se n t 
in th e  m o 'e c u le  is p o ss ib le . I n  o th e r  w o rd s , th e  v a r ia 
t io n  o f  th e  a c t iv it y  co e ff ic ie n ts  o f  th e  a m id es  w ith  
e le c t r o ly te  c o n c e n tr a t io n  sh o u ld  b e  in te rp re ta b le  in  
te rm s  o f  th e  a d d it iv e  e ffe c ts  o f  th e  co n s t itu e n t  g ro u p s  
o f  th e  m o le cu le s .

T h e  n o t io n  o f  a d d it iv it y  o f  fu n c t io n a l g ro u p  e ffe c ts  
h a s  b e e n  u t il iz e d  in  th e  p a s t  in  o th e r  c o n n e c t io n s  b y  
m a n y  w o r k e r s .19'20 A  tr e a tm e n t  s im ila r  t o  th a t  su g 
g e s te d  h ere  h a s  b e e n  a p p lie d  r e c e n t ly  b y  M u k e r je e 21 
in  th e  in te rp re ta t io n  o f  sa lt e ffe c ts  o n  th e  c r it ic a l m ice lle  
c o n c e n tr a t io n  o f  n o n io n ic  d e te rg e n ts . I n  re fe re n ce  
t o  th e  th e o r e t ic a l t r e a tm e n t  o f  s a lt in g -o u t  o f  p o la r  
m o le cu le s , C o n w a y 22 h as p o in te d  o u t  th a t  o v e r -a ll 
d ip o le  re p re se n ta tio n s  are  in a d e q u a te . T h e  d iscre te  
lo c a l m o le cu la r  p o la r ity  o f  th e  n o n e le c t r o ly t e  as seen  
b y  th e  io n  m u st b e  ta k e n  in to  a c c o u n t . T h e s e  c o n 
s id e ra t io n s  a p p ly  w e ll t o  th e  sa lt e ffe c ts  o n  th e  a m id es . 
E le c t r o s t a t ic  th e o r ie s  o f  th e  D e b y e - I v ir k w o o d  t y p e 13 
w o u ld  p r e d ic t  th a t  th e  m c n o a m id e s  sh o u ld  b e  salted-in 
b y  a ll th e  sa lts  c o n s id e re d  n  th is  s tu d y  s in ce  th e  a m id e s  
h a v e  d ie le c tr ic  c o n s ta n ts  m u c h  la rg e r  th a n  th a t  o f  
w a ter .

T h e  a ssu m ed  a d d it iv it y  s ch e m e  m a y  b e  d e v e lo p e d  
in  th e  fo l lo w in g  w a y . F c r  th e  c o m p o u n d s  c o n s id e r e d  
in  th e  in v e s t ig a t io n , th e  s a lt in g -o u t  p a ra m e te rs  fo r  
e a ch  sa lt s tu d ie d  m a y  b e  d iv id e d  as fo l lo w s : ks =  
2fcCHa +  /cch2 +  kA f o r  N M P , w h ile  fcs =  2kCu, +  kA 
fo r  N M A . H ere , ks is th e  e m p ir ic a lly  d e te rm in e d

(17) W. G. McDevit and F. A. Long, J. Am. Chem. Soc., 74, 1773 
(1952).
(18) T. J. Morrison and F. Billet, J. Chem. Soc., 3819 (1952).
(19) E. J. Cohn and J. T. Edsali, “ Proteins, Amino Acids, and Pep
tides,”  Reinhold Publishing Cor;?., New York, N. Y., 1943.
(20) C. Tanford, J. Am. Chem. Soc., 84, 4240 (1962).
(21) P. Mukerjee, J. Phys. Chem., 69, 4038 (1965).
(22) B. E. Conway, Ann. Rev. Phys. Chem., 17, 506 (1966).
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s a lt in g -o u t  p a ra m e te r  f o r  a g iv e n  sa lt  w h ile  fccm, 
ken,, a n d  fcA are c o n tr ib u t io n s  o f  th e  m e th y l , m e t h y l
en e , a n d  a m id e  g ro u p s  t o  kB. O n  th e  b a s is  o f  th e se  
e q u a tio n s , fccm  is e q u a l t o  th e  n u m e r ica l d if fe re n ce  
b e tw e e n  ks f o r  N M P  a n d  ks f o r  N M A . A n  e v a lu a t io n  
o f  /cchs w ill th e n  a llo w  /cA t o  b e  d e te rm in e d .

T h e  s im p le s t  a ssu m p tio n  re g a rd in g  fcc h 3 is th a t  it  is 
e q u a l t o  ken,. H o w e v e r , th e re  is th e o r e t ic a l ju s t i f i
c a t io n  fo r  th e  e ffo r t  t o  m a k e  a  m o r e  re fin ed  h y p o th e s is . 
M c D e v i t  a n d  L c n g 17 h a v e  sh o w n  th a t  th e  s a lt in g -o u t  
p a ra m e te r  fo r  a  n o n p o la r  n o n e le c t r o ly t e  is d ir e c t ly  
p r o p o r t io n a l t o  th e  p a rtia l m o la r  v o lu m e  o f  th e  n o n 
e le c t r o ly te  in  th e  sa lt  so lu tio n . M a s te r s o n 23 h a s  d e
te r m in e d  th e  p a rtia l m o la r  v o lu m e s  fo r  th e  lo w e r  
a lk a n es  in  w a ter . U s in g  th e se  d a ta , it  is p o ss ib le  t o  
s h o w  th a t  th e  s a lt in g -o u t  p a ra m e te rs  fo r  th e  a lk a n e s18 
are  a  lin ea r  fu n c t io n  o f  th e ir  p a r tia l m o la r  v o lu m e s . 
V a lu e s  o f  V  a t  2 5 °  fo r  e th a n e  a n d  p r o p a n e  m a y  b e  in 
te r p o la te d  fr o m  M a s te r s o n ’ s d a ta . T h e s e  a re  51 c c /  
m o le  f o r  e th a n e  a n d  66 .9  c c /m o le  fo r  p ro p a n e . W e  
a ssu m e  th a t  F c2h 6 =  2  F c h b a n d  F c sh 8 =  2 F c h , +  
P chp T h e n , f r o m  th e  p r o p o r t io n a l ity  b e tw e e n  sa lt in g - 
o u t  p a ra m e te r  a n d  p a rtia l m o la r  v o lu m e  m e n t io n e d  
a b o v e , w e  h a v e

fccHs F chj 2 5 .5
1—  =  f?  =  T T h  =  L 6  (5 )«urn F chs 15 .9

a n d , f r o m  th e  v a lu e s  o f  feem p r e v io u s ly  d e te rm in e d , 
kca, m a y  b e  o b ta in e d . T h e  a m id e  s a lt in g -o u t  p a ra m 
e ter , fcA, is  th e n  ca lc u la te d  as fcA =  fcNMA — 2/bCHa- 
T a b le  I I I  g iv e s  th e  v a lu e s  o f  th e  s a lt in g -o u t  p a ra m e te rs  
o f  th e se  g rou p s . T h e  e rrors  lis te d  resu lt  f r o m  a  c o m b i
n a t io n  o f  th e  s ta n d a rd  d e v ia t io n  o f  th e  s a lt in g -o u t  
p a ra m e te rs  o f  N M P  a n d  N M A  g iv e n  in  T a b le  I .

T h e  tr e n d  o f  th e  v a lu e s  o f  kcHi is n o te w o r t h y . T h e  
re g u la r  ch a n g e  o f  kes, w ith  th e  n a tu re  o f  th e  io n s  is 
re m in is ce n t o f  s im ila r  tre n d s  fo r  n o n p o la r  n o n e le c tr o -

Table I I I : Group Salting-Out Parameters for the Methyl, 
Methylene, and Amide Groups at 25°

-Group salting-out parameters-
Salt fcCHi fcCHj

NaCl 0.065 dh 0.007 0.10 ± 0.01 - 0 , ,11 dz 0 .03
NaBr 0,053 ± 0.007 0.085 dh 0.011 - 0 . 11 dz 0..03
Nal 0.038 ± 0.006 0.061 dz 0.010 - 0 . 10 zb 0,.02
LiCl 0.044 ± 0.005 0.070 zb 0.008 - 0 . 11 dz 0 .02
LiBr 0.029 ± 0.005 0.046 zb 0.008 - 0 . 096 dz 0,.02
CaCl2 0.090 ± 0.006 0.14 dz 0.01 - 0 . 21 dz 0..02
CaBr2 0.057 ± 0.004 0.091 dz 0.006 - 0 . 18 dz 0,.01
NaSCN 0.048 ± 0.004 0.077 dz 0.006 - 0 . 18 dz 0..01
LiSCN 0.030 ± 0.008 0.048 dz 0.013 - 0 . 18 zb 0..03
Na2S04 0.114 ± 0.006 0.182 dz 0.010 0. 008 dz 0. 02

ly t e s  a n d  is e n co u r a g in g  fo r  th a t  rea son . I n  c o n s id e r 
in g  fcA, w e  ca n  see  th a t  th e  v a lu e s  fo r  th e  a lk a li h a lid e s  
a re  a lm o s t  id e n tica l, w h ile  th o s e  fo r  th e  c a lc iu m  
h a lid es  a re  n e a r ly  tw ic e  as la rge . T h e  fcA v a lu e s  fo r  
th e  th io c y a n a te s  are  la rg er  th a n  th o s e  f o r  th e  1 :1  
h a lid es . T h is  m a y  b e  a re fle c t io n  o f  th e  la rg e r  s ize  
o f  th e  th io c y a n a te  io n  a n d  its  a n is o tr o p ic  c h a rg e  
d is t r ib u t io n  r e la t iv e  to  th e  h a lid es . F in a lly , th e  
v a lu e  o f  fcA fo r  s o d iu m  su lfa te  seem s t o  b e  o u t  o f  lin e  
w ith  th e  o th ers .

A n  a p p r o x im a te  th e o r e t ic a l e v a lu a t io n  o f  th e  i o n -  
a m id e  g ro u p  in te ra c t io n  p a ra m e te r  m a y  b e  m a d e  b y  
u t iliz in g  a n  e le c t r o s ta t ic  m o d e l fo r  sa lt e ffe cts . T h e  
a p p r o a c h  d e v e lo p e d  b y  B e lt o n 24 fo r  th e  s a lt in g -o u t  o f  
p o la r  n o n e le c tr o ly te s  is su ita b le  fo r  th is  p u rp o se . 
H e  m o d if ie d  th e  D e b y e - M c A u le y  e q u a t io n 13 f o r  sa lt 
e ffe c ts  o n  n o n e le c tr o ly te s  b y  e x p lic it ly  in t r o d u c in g  a 
te r m  ex p re ss in g  th e  e ffe c t  o f  io n -p e r m a n e n t  d ip o le  
in te r a c t io n s  o n  th e  a c t iv it y  co e ff ic ie n t  o f  a  p o la r  
n o n e le c tr o ly te . A n  e q u a tio n  f o r  th e  a c t iv i t y  c o 
e ff ic ie n t  o f  a  p o la r  n o n e le c t r o ly t e  is g iv e n  in  h is  t r e a t 
m e n t  as

lo g  /  =  n'
47rZzj2e 2

2e0 *bkT
( a 0 — ai) +  n'

47rò2zie

eo kT
( mo -  Mi)

(6 )

w h e re  n’ is th e  n u m b e r  o f  io n s  p e r  c u b ic  c e n t im e te r ; 
ao, a i  th e  d is to r t io n  p o la r iz a b ili ty  o f  s o lv e n t  a n d  so lu te , 
r e s p e c t iv e ly ; no, m th e  p e rm a n e n t  d ip o le  m o m e n t  o f  
th e  s o lv e n t  a n d  so lu te , r e s p e c t iv e ly ; b a n  a d ju s ta b le  
p a ra m e te r  w h ic h  is re la te d  t o  th e  su m  o f  th e  ra d ii o f  
th e  ion s  a n d  th e  n o n e le c t r o ly t e ; eo th e  d ie le c tr ic  c o n 
s ta n t  o f  th e  p u re  s o lv e n t ; z,e =  th e  ch a rg e  o f  th e  io n  
in  e le c t r o s ta t ic  u n its ; k th e  B o ltz m a n n  c o n s ta n t ; 
a n d  T th e  a b s o lu te  te m p e ra tu re . W e  h a v e  u s e d  th is  
e q u a t io n  t o  c a lcu la te  ftA a ssu m in g  th a t  th e  d ie le c tr ic  
c o n s ta n t  o f  a n  a m id e  m o le c u le  is la r g e ly  th e  re su lta n t 
o f  th e  c o n tr ib u t io n s  fr o m  th e  a m id e  g ro u p . A s  a 
c ru d e  a p p r o x im a t io n , th e  D e b y e  e q u a t io n  w a s  u se d  t o  
ca lc u la te  th e  d is to r t io n  p o la r iz a b ilit ie s  f r o m  th e  k n o w n  
d ie le c tr ic  c o n s ta n ts  a n d  p e rm a n e n t d ip o le  m o m e n t s 25'26 
o f  w a te r  a n d  th e  a m id es . U s in g  a  v a lu e  o f  b =  2 .0  A , 
l o g / ,  w h ic h  is e q u a l t o  fcA, w a s ca lc u la te d  t o  b e  — 0 .1 3  in  
a l l  s o lu t io n  o f  th e  1 :1  e le c t r o ly te s  a n d  w a s  — 0 .2 0  
fo r  th e  ca lc iu m  h a lid es  f o r  th e  sa m e  sa lt  c o n c e n tr a t io n . 
T h e  sm a ll v a lu e  o f  b e m p lo y e d  a n d  th e  n e g le c t  o f  sp e -

(23) W. L. Masterson, J. Chem. P h ys., 22, 1830 (1954).
(24) J. W. Belton, Trans. Faraday Soc., 33, 653 (1937).
(25) C. P. Smyth, “ Dielectric Behavior and Structure,” McGraw- 
Hill Book Co., Inc., New York, N. Y., 1955, pp 86, 87
(26) A. L. McClellan, “ Tables of Experimental Dipole Moments,” 
W. H. Freeman and Co., San Francisco, Calif., 1963, p 90.
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d a ta  th a t  th e  a ssu m p tio n  o f  th e  a d d it iv it y  o f  g ro u p  
s a lt in g -o u t  e ffe c ts  lea d s  to  a  fa ir ly  c o n s is te n t  c o r 
re la t io n  o f  sa lt e ffe c ts  fo r  th e  a m id es  a n d  e le c tro ly te s  
in v e s t ig a te d . A  v e r y  lim ite d  ra n g e  o f  c o m p o u n d s  has 
b e e n  co n s id e re d , h o w e v e r . T h e  g e n e ra lity  o f  th is  
a p p r o a c h  ca n  o n ly  b e  co n fir m e d  o r  d e n ie d  b y  m u ch  
m o r e  e x te n s iv e  in v e s tig a tio n . W it h  a p p r o p r ia te  ca u 
t io n  re g a rd in g  th e  p re ce d in g  d e v e lo p m e n t , w e  tu rn  
t o  its  u se  in  in te rp re t in g  th e  e ffe c ts  o f  e le c t r o ly te s  o n  
p r o te in  s ta b ility .

Electrolyte-Protein Interaction. A  q u a n t ita t iv e  tr e a t 
m e n t  o f  p r o te in  d e n a tu ra t io n  b y  e le c t r o ly te s  req u ires  
th e  a v a ila b ility  o f  a  th e o r e t ic a l ex p re ss io n  re la t in g  th e  
ch a n g e  o f  th e  tra n s it io n  te m p e ra tu re  o f  p ro te in s  w ith  
sa lt  c o n c e n tr a t io n  to  e le c t r o ly t e -p r o t e in  in te ra ct io n . 
F lo r y 10'30 h a s  d e r iv e d  a n  e q u a tio n  re la t in g  th e  lo w e r in g  
o f  th e  tra n s it io n  te m p e ra tu re  t o  th e  e q u ilib r iu m  b in d in g  
o f  d e n a tu ra n t m o le cu le s  o r  ion s  t o  g ro u p s  o n  th e  p ro te in  
w h ic h  a re  e x p o s e d  t o  th e  s o lv e n t  w h e n  th e  p ro te in  
m o le c u le  u n fo ld s . T h e s e  g ro u p s  are  co n s id e re d  to  
b e  b u r ie d  a n d  in a cce ss ib le  t o  th e  s o lv e n t  in  th e  n a t iv e  
p ro te in . I n  a d d it io n  t o  th is  e q u a t io n  w h ic h  w ill b e  
m o d ifie d  as d e s cr ib e d  b e lo w , a h y p o th e s is  re g a rd in g  
th e  n a tu re  o f  e le c t r o ly te -p r o t e in  in te ra c t io n s  is n e ce s 
sa ry .

A s  in d ic a te d  in  th e  I n tr o d u c t io n , th e re  are  g ro u n d s  
fo r  b e lie v in g  th a t  in te ra c t io n  o f  io n s  w ith  th e  a m id e  
g ro u p s  o f  th e  p ro te in  w h ich  are  e x p o s e d  d u r in g  th e  
tra n s it io n  is resp o n s ib le  fo r  lo w e r in g  th e  tra n s it io n  
te m p e ra tu re . I t  seem s re a so n a b le  t o  a ssu m e as w e ll 
th a t  e ffe c ts  o n  th e  n o n p o la r  g ro u p s  o f  a  p r o te in  p la y  
s o m e  p a r t  in  th e  o v e r -a ll  tra n s it io n  te m p e ra tu re  ch a n g es  
p r o d u c e d  b y  sa lts. M e n t io n  h a s  b e e n  m a d e  o f  th is  
p o s s ib ility  b y  o th e r  w o r k e r s .2'7

T h e  c lu s te r in g  o f  n o n p o la r  s id e  ch a in s  in  reg ion s  a w a y  
fr o m  c o n ta c t  w ith  s o lv e n t  in  a n a t iv e  p r o te in  is c o n 
s id e re d 20 t o  b e  an  im p o r ta n t  in flu e n ce  in  s ta b iliz in g  
p r o te in  c o n fig u ra tio n . A lth o u g h  th e re  is l it t le  e x p e r i
m e n ta l e v id e n c e  p e rta in in g  t o  th e  n u m b e r  a n d  e x te n t  
o f  n o n p o la r  reg ion s  in  th e  n a t iv e  as o p p o s e d  t o  th e  d e 
n a tu re d  sta te  o f  a  p ro te in , th e  g en era l in te rp re ta t io n  
o f  ch a n g e s  in  p h y s ic a l p ro p e r tie s  u p o n  d e n a tu ra tio n  
su g g ests  th a t  t h e y  are  m o re  n u m e ro u s  in  th e  n a t iv e  
s ta te . I f  sa lts  a re  a d d e d  t o  an  a q u e o u s  s o lu t io n  o f  a 
p ro te in , th e  a lre a d y  u n fa v o r a b le  p o s it iv e  free  e n e rg y  o f  
tra n s fe r  o f  th e  n o n p o la r  g ro u p s  fr o m  th e  h y d r o c a r b o n 
lik e  in te r io r  o f  th e  p r o te in  t o  w a te r  s h o u ld  b e  in crea sed . 
T h is  is a n a log ou s  to  th e  d e cre a se d  s o lu b ility  o f  a  h y d r o 
c a r b o n  in  a  sa lt s o lu t io n  re la t iv e  t o  its  s o lu b ility  in 
w a te r . T h e  p o s it iv e  free  e n e rg y  o f  tra n s fe r  o f  a n o n 
p o la r  g ro u p  fr o m  w a te r  t o  a sa lt  s o lu t io n  is re la te d  
t o  th e  s a lt in g -o u t  p a ra m e te r  fo r  th a t  g ro u p . A  sa lt in g - 
o u t  e ffe c t  o n  th e  n o n p o la r  g ro u p s  o f  a  p r o te in  sh o u ld

ra ise  its  tra n s it io n  te m p e ra tu re  t o  th e  e x te n t  th a t  
b u r ie d  n o n p o la r  g ro u p s  a re  m o re  p r e v a le n t  in  th e  
n a t iv e  th a n  in  th e  d e n a tu re d  sta te .

W e  th e re fo re  reg a rd  th e  tra n s it io n  te m p e r a tu r e  
ch a n g e s  p r o d u c e d  b y  sa lts  t o  b e  th e  re su lta n t o f  th e  
s u m m a tio n  o f  th e  in te ra c t io n  o f  sa lts  w ith  (1 ) th e  p e p 
t id e  a n d  (2 ) th e  n o n p o la r  g ro u p s  o n  th e  u n fo ld e d  p r o te in  
w h ich  are  in a cce ss ib le  t o  th e  s o lv e n t  in  th e  n a t iv e  s ta te . 
C h a rg e d  g ro u p s  o r  th e  u n ch a rg e d  p o la r  g ro u p s  o f  s id e  
ch a in s  w h ic h  are  e x p o s e d  t o  th e  s o lv e n t  in  b o t h  th e  
n a t iv e  a n d  d e n a tu re d  s ta tes  h a v e  b e e n  a s s u m e d 31 
n o t  t o  c o n tr ib u te  s ig n ifica n tly  t o  th e  fre e  e n e r g y  o f  
u n fo ld in g . W e  w ill a ssu m e in  th e  d e r iv a t io n  t o  fo l lo w  
th a t  e ssen tia lly  a ll th e  p e p t id e  a n d  n o n p o la r  g ro u p s  
o f  th e  p r o te in  are  in a cce ss ib le  t o  th e  s o lv e n t  in  th e  
n a t iv e  sta te . T h is  is a  fa ir ly  g o o d  a s s u m p tio n  f o r  th e  
n o n p o la r  g ro u p s  b u t  p r o b a b ly  te n d s  t o  o v e r e s t im a te  
th e  n u m b e r  o f  b u r ie d  p e p t id e  g rou p s . T h is  o v e r 
e s t im a te  w ill b e  c o m p e n s a te d  t o  s o m e  e x te n t  b y  sa lt 
e ffe c ts  o n  th e  sm a ll n u m b e r  o f  p o la r  s id e  ch a in s  w h ich  
are  n o t  e x p o s e d  t o  s o lv e n t  in  th e  n a t iv e  s ta te , e.g., 
th e  b u r ie d  ty ro s in e s  o f  r ib o n u c le a se . W it h  th e se  as
su m p tio n s , it  is p o ss ib le  t o  c o n c e iv e  o f  th e  p r o te in  as 
h a v in g  a ll g ro u p s  o f  in terest “ in s id e ,”  i.e., n o t  e x p o s e d  
t o  th e  s o lv e n t  in  th e  n a t iv e  sta te . T h e  d r iv in g  fo r c e  
fo r  th e  ch a n g e  o f  th e  tra n s it io n  te m p e ra tu re  w ith  a d d e d  
sa lt th e n  c o m e s  fr o m  th e  tra n s fe r  o f  th e se  b u r ie d  g ro u p s  
w h ic h  are  e x p o s e d  t o  s o lv e n t  in  th e  u n fo ld in g  p ro ce ss  
fr o m  w a te r  t o  th e  sa lt so lu tion .

I n  o rd e r  t o  fo r m u la te  th is  m o d e l in  te rm s  su ita b le  
fo r  q u a n t ita t iv e  e v a lu a tio n , w e  m o d i fy  th e  F lo r y 10 
tre a tm e n t  as fo llo w s . A n  e q u a t io n 10'80 re la t in g  th e  
ch a n g e  in  tra n s it io n  te m p e ra tu re  o f  a  p r o te in  w ith  
a d d e d  sa lt t o  ch a n g e s  in  th e  c h e m ica l p o te n t ia l o f  th e  
re p e a t  u n it  ( th e  a m id e  g ro u p  a n d  “ a v e r a g e ”  s id e  
c h a in 32) m a y  b e  w r itte n  fo r  a p r o te in  s o lu t io n  a t fix e d  
c o n c e n tr a t io n  as

w h ere  A Hv is th e  e n th a lp y  ch a n g e  o f  u n fo ld in g  p e r  re
p e a t  u n it , Tm, Tm° th e  tra n s it io n  te m p e ra tu re s  o f  th e  
p r o te in  in  th e  p re se n ce  a n d  a b se n ce  o f  a d d e d  sa lt , re
s p e c t iv e ly , a n d  Mr, Mr° th e  ch e m ic a l p o te n t ia ls  o f  t h e  
re p e a t  u n it  in  th e  p re se n ce  a n d  a b se n ce  o f  sa lt. W e

(30) L. Mandelkern, “ Crystallization of Polymers,”  McGraw-Hill 
Book Co., Inc., New York, N. Y., 1964, pp 69-71.
(31) C. Tanford, J . A m . Chem. Soc., 86, 2050 (1964).
(32) This differs from the usual definition of repeat unit in that it 
includes the “ average” side chain. An “average” side chain is 
considered to be made up of the total of the -CH, -CH2, and CH3 

groups contained in alkyl and aromatic side chains in a protein 
divided by its number of amino acid residues. The inclusion of the 
side chains in the definition is necessary for what follows.
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now consider the change in free energy brought about 
b y  the transfer o f the repeat unit from  the aqueous 
environment to the salt solution. I f  the concentration 
of the repeat unit is the same in the salt solution as it 
is in water, then the free energy change for the transfer 
o f n r moles of repeat unit from  water to the salt solution 
is given b y

AF = nTRT In £  (8)
J T

The total number o f repeat units in the protein m ay be 
denoted b y  (nr) T. Then, the change o f chem ical poten
tial per repeat unit is given by

~ -R T l n ^ 0 =  NTRTln^0 (9)
( « r ) T  / r  /  r

where NT is the m ole fraction o f repeat units which 
interact with the solvent in the denatured state. The 
m ole fraction, Nr, will have a value equal to 1 if all 
the repeat units are exposed to  the solvent in the un
folded protein, but it will be  less than 1 if some remain 
buried.

The assumption is now made that the behavior of 
the amide and nonpolar groups on the protein in the 
presence o f salts can be estimated from  salting-out 
data for m odel amides. W e substitute for In (JT/f°)  
b y  using eq 4 above and obtain

ynP — /ir° =  NTRTkTca (10)

where kT is the salting-out parameter for the repeat 
unit and c3 is salt concentration. Substituting eq 10 
into eq 7 and assuming that Tm is approxim ately equal 
to  Tm° to  obtain the (T m° ) 2 term we have

Tm -  TmO R(Tm°)
AHt

2
-iVr/crcs (11)

I f  the assumption is m ade that the empirical salting- 
out parameter o f the repeat unit can be divided into 
group salting-out parameters as above, this equation 
can be written as

Tm -  Tm° =  (12)

where the summation is over all the interactions o f 
various groups in the repeat unit. This assumption 
carries with it the im plication that the Ni values be 
considered as independent m ole fractions signifying 
the extent to which the various functional groups of 
the buried repeat unit interact with the solvent in the 
unfolded protein. F or a given repeat unit of the un

folded protein, it is quite possible that the peptide 
group will be  in contact with the solvent while the side 
chain will cluster with those of other repeat units, 
minimizing contact with the solvent.

Equations 11 and 12 are analogous to that developed 
b y  F lory10 to account for lowering o f the transition 
temperature o f a protein due to binding o f a dénaturant 
to a repeat unit. However, applications o f the F lory 
equation8 have required further approximations in 
order to obtain a fit with the experimental results. 
F or example, in the case of salt solutions where Tm 
depends linearly on salt concentration, it has been as
sumed8 that salt activities are equal to concentrations. 
The dependence o f Tm on salt concentration is given 
without this assumption in the equation derived here.

Equation 12 m ay be tested against experimentally 
determined transition temperature changes for ribo
nucléase and ichthyocol gelatin. A s assumed above, 
we consider only the interaction o f peptide and non
polar groups with salts. Equation 12 takes the form

Tm -  Tm° =  —~ ~ --c a{N AkA +  NbJceJ  (13)¿112 t

where the subscripts A  and H<p are used to  denote salt- 
amide group interactions and interaction between 
salt and nonpolar groups, respectively. The values 
o f kA m ay be obtained from  Table III . The mole 
fraction o f amide groups in contact with the solvent 
at the transition temperature is taken as unity for 
ribonucléase. Schildkraut and Scheraga33 have demon
strated that all exchangeable hydrogens o f ribonucléase 
are replaced b y  deuterium at the transition tempera
ture. This suggests the accessibility o f all peptide 
groups to solvent in the unfolded molecule. A  value 
o f N a =  1 has been assumed previously for ichthyocol 
gelatin.8 T o  simplify our calculation, we take kû , =  
kch,. This assumes that the nonpolar groups m ay be 
treated as m ethyl groups instead o f com plete side 
chains. I f  we wished to consider com plete (average) 
side chains, the values o f kcH, for each salt would be 
multiplied, for a given protein, b y  the same numerical 
factor. Since the extent of burial o f nonpolar groups 
in the denatured form  o f the proteins considered is 
unknown, A h* must be treated as an adjustable param
eter. For a given protein, it will have the same value 
for all salts considered. I f  we define A H$ =  A cm , 
the numerical factor mentioned above will be included 
in the value of this m ole fraction and the value o f A C h ,  

will be larger than if the nonpolar groups were counted 
as com plete side chains. The adjustable parameter, * 58

(33) C. L. Schildkraut and H. A. Scheraga, J. Am. Chem. Soc., 82,
58 (1960).
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JVchi) is, therefore, the m ole fraction of nonpolar side 
chains counted as methyls which are exposed to  the 
solvent when the protein is in its unfolded state. The 
values of Ncs, which gave the best fit to  the experi
mental transition temperature data were 1.1 for ribo
nucléase and 0.8 for ichthyocol gelatin. The enthalpy 
o f unfolding per repeat unit has been previously taken 
to be 2000 cal/'m ole for ichthyocol gelatin9 and 1500 
ca l/m ole  for ribonucléase16 while Tm° is 334.4°K  for 
ribonucléase and 293 .4°K  for ichthyocol gelatin. The 
transition temperature changes calculated using eq 
13 with the values of KA and kch, given in Table II I  
and the parameters specified above are shown in Table
V. T hey are com pared with the experimental values 
given in Table II  for ribonucléase. The experimental 
A Tm values for ichthyocol gelatin are taken from  the 
data of von  H ippel and W ong.7 It should be pointed 
out that the calculated transition temperature changes 
are obtained from  the difference between numbers 
having fairly large uncertainties. W ith this limitation 
in mind, we can view the generally good agreement 
between the experimental and calculated transition 
temperatures in Table V  as suggesting the involvem ent 
o f both  ion-am ide and ion-nonpolar group interactions

Table V : Transition Temperature Changes for Ribonucléase 
and Ichthyocol Gelatin in 1 M  Salt Solutions

Ribonucléase

---------------ATm, °K/mole of salt----------------
Salt Experimental® Calculated6

Na2S04 +  13.3 +30.8
NaCl (+1.3) +  0.8
LiCl +0.1, (0) -4 .5
NaBr (-1 .9 ) -1 .6
LiBr -4 .5 , ( -4 .3 ) -6 .7
CaClj (-6 .8 ) -8 .0
Nal -8 .3 -5 .5
NaSCN -14 .6 , (-13 .0 ) -1 3 .6
LiSCN -1 8 .5 -1 8 .5
CaBra -1 8 .7 -1 2 .1

Ichthyocol Gelatin

Salt Experimental0 Calculated®

NaCl (-1 .6 ) -1 .8
LiCl ( -4 .1 ) -4 .3
CaCh (-8 .8 ) -8 .3
NaSCN (-10 .2) -9 .8

° Experimental values in parentheses are the data of von 
Hippel and Wong.4’7 b Parameters used in eq 13, A7ch3 = 1.1, 
N a. =  1, A77r = 1500 cal/mole, and T m° = 334.4°K. “Param
eters used in eq 13, N cb, =  0.8, N a = 1, AHr = 2000 cal/mole, 
and 7 V  = 293.4“ K.

in salt effects on protein transitions. This is pointed 
out in a specific instance b y  examining the effect of 
N aCl on the tw o proteins. W hile A Tm is positive for 
ribonuclease in 1 M NaCl, it is negative for ichthyocol 
gelatin with the same salt. A  m odel om itting salt 
effects on the nonpolar groups, for instance, m ight not 
account for the variation o f the sign o f A in this case, 
but the m odel proposed here predicts both  the sign 
and approximate magnitude of the values.

The very poor agreement between the calculated and 
experimental values for the effects o f NajSCh on ribo
nuclease should be mentioned. This discrepancy 
is not unexpected in the light o f the com parison o f the 
values o f ka mentioned in the previous section. I f  the 
value of kA obtained for the A T G E E  data is used for 
N a2S 0 4, the calculated ATm is 8 .3 °K /m ole  of salt which 
is more in line with the experimental quantity.

One further question arises. The values of kch , and 
kA which are used here were derived at 25° while they 
are applied to calculate thermal transition changes at 
other temperatures. There is good agreement between 
the experimental and calculated ATm values in cases 
in which the thermal transition occurs above and below  
25° (ribonuclease and ichthyocol gelatin, respectively). 
Therefore, we m ay suppose that changes in the kcH, 
and kA values with temperature are either small or, 
if large, cancel in such a w ay as to leave the resulting 
A Tm unaffected. There is sufficient data to  calculate 
the effect o f temperature on fccm and kA in only one 
case, for N al. Robinson and Jencks2 determined the 
temperature dependence of the salting-out parameter 
for A T G E E  in sodium iodide solutions. Using these 
data, together with the temperature coefficients o f the 
salting out parameter for the alkyl groups derived 
from  data given b y  Long and M cD e v it ,15 it is possible 
to calculate fccH, and kA at 55°. These values are 0.028 
and —0.060, respectively. E ven though there is a 
considerable change in these parameters from  their 
values at 25°, A Tm for N a l using the 55° parameters 
turns out to be —4 .4 °/m ole  o f N a l vs. —5 .5 ° /m o le  of 
N a l as calculated using the 25° values. The param
eters kA and fccH. evaluated at 25° appear to give a use
ful measure of the transition temperature changes 
produced b y  salts at other temperatures.
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Theory of Polymeric Dispersants. Statistics of Constrained Polymer Chains

by D . J. M eier

Shell Development Company, Emeryville, California (Received October 11, 1966)

A  theory is developed for the mutual repulsion o f surfaces containing adsorbed polym eric 
chains. It  is assumed that the repulsion is due to (1) the loss o f possible chain configura
tions as the volum e available to a chain is reduced between approaching surfaces and 
(2) the possible change in the free energy o f mixing o f polym er and solvent as the density 
o f chain segments changes. B oth  effects are evaluated for a m odel system in which the 
polym eric chains are adsorbed b y  one o f their end segments onto planar surfaces. O f the 
tw o factors responsible for repulsion, it is concluded that the loss o f possible chain con
figurations due to volum e constraints is the m ore im portant for sparse surface coverage, 
while that due to the free energy o f mixing is o f at least equal im portance for extensively 
covered surfaces in the presence o f “ good ”  solvents for the polym er. T he theory can be 
used to predict the effect o f molecular weight, solvent type, quantity o f adsorbed polym er 
required, etc.

Introduction

Stable dispersions o f particulate m atter can often 
be prepared b y  adsorption o f long-chain molecules. 
For molecules that are ionizable in polar solvents, it 
has long been recognized1 that ionic repulsion pro
vides a key mechanism for dispersion stability. H ow 
ever, in nonpolar media and with nonionic molecules, 
it is unlikely that ionic effects are im portant; other 
mechanisms giving rise to repulsive forces between 
particles containing adsorbed molecules must be 
sought. M ackor2 and M ackor and van der W aals3 
have pointed out that sizeable repulsive forces result 
from  the loss in configurational entropy occurring when 
chain molecules adsorbed on neighboring particles 
begin to overlap. B y  use o f a quasi-lattice model, 
these authors were able to evaluate the configurational 
entropy o f interacting, adsorbed, rodlike molecules 
and were able to show that the resulting loss in con
figurational entropy o f interacting molecules was suf
ficiently great to overcom e the attractive van der 
W aals-London forces between particles; i.e., a stable 
dispersion would result. The basic idea o f these 
authors, i.e., that repulsive forces are generated b y  con
figurational changes o f adsorbed molecules, will form 
the basis for this paper. H owever, the approach and 
the nature o f the system to be treated will be markedly 
different. The statistical m ethods used by  M ackor

and van der W aals3 limited the type o f molecule that 
could be treated to short, rigid rods. W e shall adopt 
an alternative m odel in assuming that the adsorbed 
molecules are sufficiently long and flexible that the 
chains obey random -flight statistics. In thus restrict
ing the present treatment to long-chain flexible m ole
cules, we shall be able to app ly  the powerful method 
o f obtaining solutions to the diffusion equation with 
appropriate boundary conditions4'5 to evaluate the 
configurational statistics of adsorbed chains and hence 
to evaluate configurational free energies.

M odel
Since the m ethod to be followed in this paper will 

be based on obtaining analytical solutions o f the d if
fusion equation

where W (?) is the probability o f end-to-end distance f 
o f a chain o f n elements o f length l, we shall be forced

(1) E. J. W. Verwey and J. Th. G. Overbeek, “ Theory of the Sta
bility of Lyophobic Colloids,”  Elsevier Publishing Co., Amsterdam, 
1948.
(2) E. L. Mackor, J. Colloid Sci., 6, 492 (1951).
(3) E. L. Mackor and J. H. van der Waals, ibid., 7, 535 (1952).
(4) E. A. D i Marzio, J. Chem. Phys., 42, 2101 (1965).
(5) S. Chandrasekhar, Rev. Mod. Phys., 15, 1 (1943).
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to use a somewhat simplified m odel o f particulate matter 
with adsorbed chains in order to make the equation 
tractable. However, it is believed that the simplified 
m odel to be used is sufficiently realistic that it dem on
strates the salient features o f repulsion due to chain- 
configurational interactions. W e shall assume in our 
m odel that the particulate matter has planar surfaces, 
on which chain molecules are adsorbed b y  one o f the 
chain ends. The planar surfaces present physically 
impenetrable barriers to other chain segments con
tacting the surface and have zero interaction energy 
with segments away from  the surface; i.e., the poten
tial at the surface is an infinitely high step function. 
The assumption that chains are adsorbed at one end 
o f the chain implies, o f course, that one end o f a chain 
is unique (perhaps m ore polar, ionic, etc.). The pres
ent restriction to this type o f polym er chain excludes 
the m ore com m on nonspecific type o f polym er ad
sorption in which random  segments are adsorbed leaving 
loops o f segments6 projecting into solution. In  prin
ciple, the methods o f the present treatment could be 
applied to this type o f adsorption, but the additional 
com plexities would be formidable.

W e shall also assume that the adsorption is irrever
sible; i.e., the increased free energy of constrained 
chains does not cause desorption.

M ethod

The change in the free energy o f two planar surfaces 
having adsorbed chains thereon as the distance of 
separation is reduced from  infinity to d can be divided 
into contributions from  three sources: (1) AFx(d)
associated with the restriction o f volum e available to 
the chains, (2) AFm(d) associated with the changing 
density o f segments and the concom itant change in 
free energy o f mixing o f polym er and solvent, and (3) 
AFA(d) associated with the attractive free energy of 
the surfaces, which will be taken as arising from  a 
van der W aals-London type o f interaction.

AFy(d) (per unit area) is obtained from  the Boltzm ann 
relation

AFy(d) =  -TASv(d) =  -2r,kT In PN(d)

distance f o f a subchain of n elements over the total 
number o f elements N o f the chain, i.e.

PN(f) =  ë  w.(r)
n — 1

The F lory-K rigbaum 7 m ethod is used with the 
number density to give the free energy o f mixing of 
polym er and solvent as a function o f surface separation.

Since the use o f the diffusion equation implies 
random -flight statistics, we shall follow  the lead of 
F lory8 in treating the statistics o f perturbed chains b y  
use o f the familiar isotropic chain expansion parameter 
a, which will allow for excluded-volum e perturbations 
without changing the form  o f the equations describing 
chain statistics.

In  the following treatment, /  will be used to designate 
the free energy o f a molecule or pair o f molecules and 
F will refer to the free energy per unit area o f surface.

Free Energy Change Due to Restricted Volume, AFy(d). 
As surfaces containing adsorbed chains are brought 
closer together, the volum e available to the chains 
necessarily decreases and, as a result, some otherwise 
possible chain configurations will be lost. T he frac
tion o f chain configurations remaining at a separation 
distance d is just equal to the probability PN(d) that 
all chain elements o f an adsorbed chain are within a 
distance d o f the surface when the other surface is at 
infinity. This probability m ay be determined from  
the diffusion equation in the following manner. W e 
first obtain the conditional probability W N(x,r;x' fi'fydV 
of finding the second end of a chain o f N elements in 
the volum e element dV at x,r (a cylindrical coordinate 
system is used) when the first end is at a: =  x' and 
r =  0, an impenetrable reflective barrier is at a; =  0, 
and an absorbing barrier is at a; =  <1. The im pene
trable barrier will correspond to the surface on which 
the chain is adsorbed (x' —► 0) while the absorbing 
barrier rem oves from  the ensemble o f configurations 
those for which any chain element has reached the 
barrier. The diffusion equation and the boundary 
conditions for this problem  are

àWN
àN

F
=  - v w N

6 (1)

where PN(d), in the present case, is the probability that 
all chain elements of a molecule are within a distance d 
o f the surface on which the chain is adsorbed when the 
other surface is at infinity, and rj is the number of 
molecules per unit area.

The change in the free energy of mixing AFM(d) 
requires an evaluation o f the number density pN(r) o f 
segments between the planar surfaces. This is ob 
tained b y  summing the probability WJf) o f end-to-end

WN(x =  0) =  WN{x = d) =  0, where, for simplicity, 
WN has been written for WN(x,r; x'; 0 ; d). It must 
be noted that the mathematical boundary conditions

(6) C. A. J. Hoeve, E. A. Di Marzio, and P. Peyser, J. Chem. Phys., 
42, 2558 (1965), and references to earlier work cited therein.
(7) P. J. Flory and W. R. Krigbaum, ibid., 18, 1086 (1950).
(8) P. J. Flory, ‘ ‘Principles of Polymer Chemistry,”  Cornell Uni
versity Press, Ithaca, N. Y ., 1953.
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correspond to absorbing barriers at x =  0 and x — d, 
even though the physical surface at x =  0 corresponds 
to an impenetrable reflective surface. This curious 
feature of the mathematical boundary conditions to be 
used with the diffusion equation to generate chain 
statistics of adsorbed chains was apparently first 
pointed out b y  D i M arzio.4

WN(x,r; x'; 0 ; d) is easily obtained from  eq 1 b y  the 
m ethod of “ images” 9 and is

WN(x,r; x ' d ) d V  =
+ 00

K exp( —3r2/2 A 7 2) £  X
m — — co

[exp { —3(2 md +  x' +  x)2/2Nl2} —
exp{ —3(2md — x' — x)2/2Nl2} ]d F  (2)

where K is a normalization constant to be determined. 
Since we are interested in adsorbed polymers, we let 
x' —*■ 0 and obtain from  eq 2

WK{x,r; x') 0 ; d)dV =
x'—►O

(x — 2md) [exp{ — 3(2md — x)2/2Nl2}]dV (3)

I f  eq 3 is now normalized for d — <*>, the resulting equa
tion will give the probability that all elements o f a chain 
with ends at x =  0, r = 0 and x = x,r =  r are within a 
distance d o f the surface. B y  integrating eq 3 over 
volume, we obtain

K =
z'—0d—► CD

WN{x,r; x' ; 0 ; d)dV
- i

(4)

which with eq 3 gives

WN(x,r; 0 ; 0 ; d)dV

(x — 2md) e x p [—Z(x — 2md)2/2Nl2]dV (5)

Finally, the required probability PN(d) that all chain 
segments are within a distance d o f the surface on which 
the chain is adsorbed and the free end o f the chain is 
anywhere with x < d is obtained b y  integrating over 
the volum e between the surfaces

PN{d) rWN(x,r; 0 ; 0 ; d)drdx

which, with eq 5, gives

PN(d) =  £  [exp { —6m2d2/Nl2} —
Ttt =  —  co

exp{ — 3(2m -  l)2d2/2Nl2\] (6)

From  the Boltzm ann relation, the free energy change 
per chain, A /V(d), caused b y  restricting the volum e 
available to a chain as the surfaces are brought together 
from  infinite separation to separation d, becomes

= — in £  [exp{ — 6m2d2/Nl2} —
Ki m=-°=

e x p { —3 (2m -  l)2d2/2Nl2}] (7)

Figure 1 shows Afv(d)/kT as a function of the distance 
(in units of d/(Nl2)1/’1) o f separation o f the surfaces. 
The repulsion due to volum e constraints is seen to be 
quite large even at moderate distances of separation, 
e.g., almost 5kT when the surface separation is half 
the root-mean-square end-to-end chain distance (of the 
free chain).

The repulsive free energy per unit area of surface 
AFy(d) will be merely the product o f A /V(d) and the 
num ber o f chains per unit area i? on the two surfaces, 
i.e.

AFy(d) =  2t)Afy{d) = —2-gkT In PN(d) (8)

It  is assumed, o f course, that chains are adsorbed on 
both surfaces.

Free Energy Change of Mixing. As surfaces con
taining adsorbed polym er chains are brought together, 
the density o f chain segments in the space between the 
surfaces increases. The increased density o f segments 
increases the segm ent-segm ent interaction, and, de
pending on this interaction vis-a-vis the segm ent- 
solvent interaction, the free energy o f the system m ay 
either increase or decrease. The m ethod used b y  Flory 
and Krigbaum 7 to evaluate the change in the free energy 
of mixing is followed here.

In the model to be treated, it is assumed that m ole
cules adsorbed on opposing surfaces are directly 
opposite one another but that the surface coverage is 
sparse enough that overlap between adjacent m ole
cules on the same surface can be neglected. These 
seemingly incompatible assumptions considerably 
sim plify the present calculations, and, as will be seen, 
necessary modifications can be made later.

Consider a jth  molecule adsorbed on the planar 
surface x =  0 and a Tcth m olecule adsorbed directly 
opposite on the surface x =  d. The free energy o f 
mixing d/M o f polym er segments from  the jth and fcth 
molecules with solvent in the volum e element d F  is7

i-7YlF
d /M =  — [In (1 -  p* F s -  PjVs) +

V i

XiFs(p* +  P j) ] (1  —  P k V  s  —  P i F s )  ( 9 )

(9) H . S. Carslaw and J. C. Jaeger, “ Conduction of Heat in Solids,” 
Clarendon Pres3, Oxford, England 1959.
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where F i is the solvent molecular volume, F s  is the 
segment volume, p3 and pk are (number) densities o f seg
ments from  chains on the jth. and fcth surfaces, respec
tively, and xi is a solvent-polym er interaction param
eter. The free energy o f mixing (per pair o f molecules 
on opposing surfaces) is obtained b y  integrating eq 10 
over volume. As the opposing surfaces are brought 
from  infinite separation to a separation d, the change 
in the free energy of mixing A /M(d) is

=  f (dfa)d -  f (d /M)»  (10)
J v J v

where the subscripts refer to separations d and . 
B y  expanding the logarithm in eq 9 and retaining terms 
up to order p2F s2, we obtain from  eq 10

A/M(d) =  -  X IJ[/(p , +  P*)a*d7 -

f{p, +  P*)JdV] (11)

Since f(pj)/dV = f(pk)d2dV and (p3p*)» =  0, eq 11 
becomes

aMd) =  -  x i ) i r w d v  -

f ( P})JdV +  f(pjPk)ddV] (12)

The required segment densities are obtained b y  sum
m ing the end-to-end probability functions Wn(x,r) o f sub
chains o f n elements over the total number of elements 
N o f the chain. Thus, for the jth chain with its origin 
on the x =  0 surface and the fcth chain on the x = d

surface, the segment densities pNj(x,r; d) and pNk{x,r; d) 
are given by

N
pNj(x,r; d) =  X  Wn}(x,r; 0 ; 0 ; d) (13)

n — 1

and

PNkfa)?') d) nkip'j'f? d} 0; d)
n =  l

(14)

Wn(x,r; x'; 0 ; d) is the probability (per unit volum e) 
of finding the second end of a subchain o f n elements at 
x,r when its origin is at a;' and reflective barriers are at 
x =  0 and x =  d. These probabilities are obtained 
from  the diffusion equation as eq 3 was obtained; i.e., 
the reflective barriers are replaced in the mathematical 
boundary conditions by  absorbing barriers. T he steps 
leading to eq 6 remain the same, except that now  the 
normalization constant K is obtained by  integration 
over the volum e between the surfaces a distance d 
apart, rather than the infinite separation used previ
ously.

K = P27t f rWn{x,r; x'; 0 ; d )d r c b l  =  
r'—*-0 L J r = oJ x = 0 J

exp{ —3(2m — l ) 2d2/2 r i 2} ] (15)

The segment density pNj{x,r; d) thus becomes, using 
eq 3 and 15

2 /  3 \ 2 N exP( — 3r2/2nZ2) X  (^ — 2md) exp[ — 3(x — 2md)2/2nP

p“ Cv; d) -  i a r )£
n 2 X e x p (—6m2d2/nl2) — e x p [—3(2m — l ) 2d 2/2 n f2]

(16)

while pm(x,r; d) is easily obtained from  pNj(x,r; d) b y  translation and reflection o f the coordinate system
-f CO

pNk{x,r; d) 2 / j f
21

\ 2 n  exp( — 3r2/2nl2) X  (d — 2md — x) exp[ — 3(d — 2md — x)2/2rd2]
; )  X  -
V n  =  l

m = — co

n 2 X
m= — co

exp( —6 m2d2/nl2 — exp[ —3(2to — l)2d2/2nl2
(17)

It  will be convenient to express distances in units of (Nl2)'/2. W e set r =  y(Nl2)' ,̂ x — /3(WZ2) 1/s, and d — 
S(Nl2)1/\ W ith  these substitutions, the volum e integrals o f the type J*(p3) 2d F  in eq 12 m ay be written as

where

/»Ò /»co
B}j(8) =

8 = 0 7 = 0

/»Ò /»c o  9 4  fJ 2

/ ( P ; ) 2d F  =  2,(Nl2Y/2 (Pj)2y dydfi =  * ■,¿ Baf f i
Jp = o«/ 7 = 0  Zir(J\lz)

+ °°
jy  E  O S -  2 mS) exp[ — 3 {-y2 +  (8 — 2m5)2 }iV /2n]v

X  ,
71 = 1 n

X exp( —6m282N/n) — exp[ —3(2 m — l)282N/2n]
ydyd/3

(18)

(19)
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Correspondingly, the volum e integrals o f the type fpiPkd F  m ay be written as

p b  / » c o  Q 4 A J 2

fpjPkdV =  2v(Nlt)'/i I I PjPkydyd/3 =  -  ,hBjk($) (20)
J p  =  o J 7 ~ o  2 ir {IS L i)

where

p ò  p  co
BA&) =

8 = 0 %) y — 0

N NS l Y ____«
9 4-00

n=\ n 2

53 (/3 — 2mfi) exp[ —3 { y 2 +  (/S — 2?7z5)2}iV /2n ]

[exp( — 6m2d2N/n) — exp[ — 3(2m — l)252N/2n]
X

+ °
N N1 V w =  — co

mil n2

53 (5 — 2m5 — /3) e x p [—3{ -y2 +  (5 +  2m§ — /3)2} /2 /x ]

+ °
53 e x p (—6m25 W /n  — e x p [—3(2m — l ) 2ô2W /2n]

ydyd/S (21)

Equations 12, 18, and 20 give the change in the free energy o f mixing as the separation distance is reduced 
from  co to 5 ( =d/(Nl2) 1/2) as

A/m(S)
3 W 2F 82(1/ 2 -  xi) k T

7r(M2) ,/2Fi '
+  BJk(S) — Bjj(c°)} (22)

The relatively com plex integrals represented b y  Bjj(S) 
and Bjk(S) have been evaluated with an IB M  7040 com 
puter for values of 5 ranging from  0.3 to 1.4 and for 
S = oo. The results are shown in Table I.

Table I: Segment Density Functions and Bjk(S)

s
d / ( A V ) I /2 ) B j j ( M B jM

0.3 0.1755 0.174
0.4 0.1386 0.136
0.6 0.0932 0.0930
0.8 0.0757 0.0595
1.0 0.0679 0.0389
1.2 0.0642 0.0249
1.4 0.0626 0.0153

CO 0.0617 0.0000

W e now express the polym er-solvent interaction 
parameter xi in terms of the chain expansion parameter 
a {={Nl2)'h/{Nl2)o,\ i.e., the ratio of perturbed to 
unperturbed end-to-end distances o f the free chain). 
The difficult problem  of relating a to  xi (or equivalently 
to \pi[l — (6/T)}, a more general form  of (V 2 — xO) 
has not been com pletely solved;8,10'11 nevertheless, we 
shall use here F lory ’s8 closed-form  expression

V5 -----  yyS  —
27N2Vs2

2 !V /!Fi(/v772)o3/!l,fc[l -  ( V T ) ]  (23)

Com bining eq 22 and 23 gives 

A/ „ ( « )  =  6 (2 x )V2(a 2 -  1 )kT X

{ * « ( * )  + B lk(5) -  £ „ ( » ) }  (24)

Change in Free Energy of Mixing per Unit Area. 
Equation 24 gives the change in free energy o f mixing

(10) M. Kurata, W. H. Stockmayer, and A. Roig, J. Chem. Phys., 
33, 151 (1960).
(11) G. C. Berry, ibid., 44, 4550 (1966), and references cited therein.
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per pair of chains which are directly opposite one 
another on the opposing surfaces. T he free energy 
change per uni* area is not obtained by  merely mul
tiplying b y  the number o f chains per unit area since 
the probability that two chains are opposite one 
another must also be considered. This probability 
m ay be estimated to a sufficient degree of accuracy 
for present purposes b y  defining a distance f  such that 
if the sites on which a pair of opposing molecules 
are adsorbed are offset b y  r2 >  f  (the first molecule is 
adsorbed at x =  0, n =  0 and the second on the surface 
at x = cl, ?’2 variable), the interaction is zero, while if 
r2 <  f , the interaction is as if r2 =  0; i.e., the molecules 
are directly opposite. I f r? molecules are adsorbed per 
unit area and opposing molecules interact (overlap) if 
r2 <  f , the number o f such interactions will be r)2f 2 
per unit area. The change in the free energy o f mixing 
per unit area A Fm (5) becom es from  eq 24

AFm(S) =  6(27r)1/2(a 2 -  1 )kTv X

(5) +  v ^ B j h ( 8 )  -  £ „(» )}  (25)

f  is an unevaluated parameter but is expected to be of 
the order o f end-to-end chain distances.

In  the event that only one surface has adsorbed 
polym er, Bjk(8) is zero and

A FM(S) =  3 (2 t ) ,/V  -  1 )kTv{Bij(8) -  B„ ( » ) }  (26)

It is o f interest to com pare the changes in the free 
energy of mixing AFM and free energy of restricted 
volum e AFy. Table II  shows the ratio A Fm/A  T v at 
various distances of separation 8 for sparse surface 
coverage ??f2 =  0 and for large coverage ?;f2 =  1. 
Since the free energy of mixing depends on the inter
action parameter %i (or, equivalently, on a), the data 
in Table II  are calculated for a polym er in a “ good”  
solvent, for which a has been taken as 1.5.

These data show that the free energies o f mixing 
and restricted volum e are similar if the surface coverage 
is large and the solvent is a good solvent for the poly-

Table II: Comparison of Free Energies of Mixing A F m  
and Restricted Volume AF v ( a =  1.5)

A F m(S) „ fr, y / , . n f0yX«) +  vPPjt(S) -  00 ))
MVS) ~ ~3 M  /<a ~ 1}---------------r a ---------------

'---------------------AFm/AFy---------------------
Sparse Large

6
=  d / ( N V ) i n )

coverage, 
i f 2 = 0

coverage,
,r2 = i

0.4 0.075 0.228
0.8 0.102 0.535
1.0 0.100 0.728
1.2 0.089 1.03

mer. As a decreases (poorer solvents), the change in 
the free energy of mixing decreases and will becom e 
negative in very poor solvents. In the latter case, 
there will be an additional attractive force between 
polym er-bearing surfaces which will tend to cause 
coagulation.

Adsorption Required for Dispersancy. In order that 
a particulate system remain dispersed, it is necessary 
that the free energy per particle (including thermal 
energy kT) be positive at all distances o f separation. 
For the infinite surfaces considered here, kT is negligible 
in com parison to the free energy o f interaction o f the 
surfaces; hence the criterion for stability is that the 
interaction free energy be positive. I f  we assume the 
attractive forces between surfaces to result from  van 
der W aals-London  type o f interaction, the attractive 
free energy per unit area AFA o f  planar parallel surfaces 
can be expressed12 as AFA(d) =  — A/127rd2, where A 
is a numerical constant which is dependent on the 
nature of the surfaces. Since AFm (5) is small com 
pared to AF y ( 8 )  at low surface coverages or when ot 
is near unity (Table II), we neglect AFm (5) and write 
the criterion for stability as AFA +  A Fv >  0. Using 
eq 8, this m ay be written as

-r,(Nl*)82 In Pn(8) > A/2ArrkT (27)

where d is expressed in units of (Nl2) ' /!, d = 8(Nl2)1/2.
Since Nl2 =  a2(Nl2)0 =  a2K2M, where M is the 

molecular weight and K is an experimental constant, 
eq 27 m ay be rewritten as

In Pn(8) > A/24:wkT

B y substituting «  =  ?jM/Nx, where co is the weight of 
polym er adsorbed per unit area and NA is A vogadro ’ s 
number, we obtain

- coA aA 2« 2 In Pn(8) > A/24-KkT (28)

The minimum weight comin o f adsorbed polym er re
quired for stability is then

Umin =  —A/24iTrkTNKK2a}82 In PN{8) (29)

A s examples, with A =  25kT (an average value given 
in ref 3), a =  1.0, and K — 0.8 X  10-8,8 we obtain the 
results shown in Table I I I  for comin as a function o f 8.

U nfortunately, there appear to be no experimental 
data in the literature with which to com pare these 
predictions. The few data13 which have been found 
concerning the stabilization o f colloidal suspensions by  
nonionic polym ers have not included the quantity o f 
polym er adsorbed.

(12) J. H. de Boer, Trans. Faraday Soc., 32, 10 (1936).
(13) W. Heller and T. L. Pugh, J. Polymer Sci., 47, 203 (1960).
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Table III: Weight of Adsorbed Polymer 
Required for Dispersancy"

6
{ =  d / ( N l i ) v i ) -  52 In Ptf(S)

lQ^OImin.
g /c m 2

0 . 4 1 . 3 3 0 . 6 4 0

0 . 8 0 . 8 2 5 1 . 0 3

1 . 2 0 . 3 7 8 2 . 2 5

A  =  2 5 k T ,  K  = 0 .8  X  I O “ 8, a  =  1 .0 .

The decreasing quantity o f adsorbed polym er re
quired at smaller distances shows that a system might 
be stable at particular distances o f separation, provided 
the adsorption is in the range indicated in Table III . 
Also, these data show that less adsorption is required 
for higher molecular weight polym ers. Referring to 
eq 29, we also see that less adsorption is required in 
“ good”  solvents (a  >  1), not only from  the direct de
pendence o f ojmin on a ~ 2, but also because o f the effect 
o f a on — 52 In PN(f), which increases as a increases. 
Also, in “ good”  solvents, the neglected contribution 
o f AFm to  the free energy o f repulsion would tend to 
further decrease wmin.

From  the values o f wmin and the area per molecule, 
we m ay calculate the fraction <p o f  surface that m ust be 
covered with adsorbed polym er. The radius o f the 
area occupied per m olecule will be taken as the pro

jected end-to-end distance on the surface, i.e., to
(2/ 3M 2) ,/!.

<P — 2/ 3 irqNl2 =  —  ojminNAK2a2 (30)

W ith  0>min =  IO-8 g /c m 2, K =  0.8 X  10~8, and a =  
1.0, we obtain <p =  0.78; the surface will be well covered 
with adsorbed polym er.

Very Extensive Surface Coverage. In the preceding 
sections, the change in the free energy o f mixing has 
been treated in terms o f the statistics o f “ isolated”  
molecules. Although this treatm ent appears adequate 
for surface coverages for which each m olecule m ore or 
less occupies an independent area on the surface, the 
treatment must be invalid when an appreciable overlap 
o f segments from  contiguous molecules occurs. In 
this section, a model applicable to very extensive surface 
coverage will be developed.

W e shall assume that sufficient molecules are ad
sorbed such that the resulting overlap o f neighboring 
molecules produces a constant density o f segments 
parallel to the surface; i.e., the segment density is a 
function only o f the distance normal to the surface.

I f  Tj chains of n segments each are adsorbed per unit 
area on the jth surface at re =  0, the probable number 
X nj(x; 0 ; d) o f free chain ends between x and x +  dx 
(per unit area) when reflective barriers are at x =  0 
and x =  d is

X nj(x; 0 ; d)dx §1
nl2

X  (x — 2md) e x p [ — 3(2md — x2)/2nl2]
+ 00
E

_ m  =  —  co

drr (31)
exp( —6 m2d2/nl2) — e x p [—3(2m — \)<P/2nl2]

The density of segments pN}{x; 0 ; d) from  chains adsorbed on the jth  surface placed at rc =  0 becomes

N  3n(lV72)1/! N
P»,(x; 0 ; d) =  Y.Xni(x; 0 ; d) =  J -  E

n=1 I n=l

- f  CO

E  (ß — 2mS) exp{ — 3/ 2(2mS — ß)2N/nj
+ » +  a>
X  exp( —6m2S2N/n) — X  exp{ — 3/\{2m — 1 )252N/n}

(32)

with distances expressed in units o f ( M 2) ' /2; i.e., x =  $(Nl2)l,‘‘ and d =  b{Nl2)'h.
Correspondingly, the density o f segments from  chains adsorbed on the Zcth surface placed at re — d is

,  n .  3 „ (M 2) ,/2 fPNk(X;0,d) =  -------------  la
i n = 1

X  (5 — 2niô — ß) e x p {3/ 2(S — 2mô — ß)2N/n}

n 4-0 + 00
X  exp( — 6m2ò2N/n) — X  e x p {— 3/ 2(2m — 1 )282N/n}

(33)

The change in the free energy o f mixing per unit area AFM(8) occurring as the opposing surfaces are 
brought from  infinite separation to d is from  eq 12, 23, 32, and 33

AFm(5) =  —-“  ~ (a 2 -  1)kT(Nl2)r,2[AH(8)] (34)
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where AH’(5) =  HJ}(5) +  H it(5) — H}j( °°) and

,(*) = fJ e=o

N 1
E  (j3 — 2m5) exp[ — 3/ 2(2m5 — /3)2N/n]

E x _________ m= — co______________________________________________
-j- CD CO

71 = 1 n 53 e x p (—6m282N/n) — 53 exp[ —3/ 2(2m — l ) 252V /n ]
dd (35)

+ =>

Hjk(8) = J *J|3 = 0
E  -

E  (d — 2m3) exp[ — 3/ 2(2mS — /3)2A^/rr]

1 W E  {exp ( —6m252iV/w) — exp[ — 3/ 2(2m — l ) 25 W /n ]}
X

n = l  n

+ 00
E  (5 — ¡3 — 2m5) exp[ —3/ 2(5 — 0 — 2 m S )W /n ]

4-00
E  {e x p (—QmWN/ri) — ex p [—3/ 2(2m — l ) 252iV /n ]}

m— — a>

(36)

Table IV: Segment Density Functions for
Extensively Covered Surfaces

s
=  d / N l 3) Hj j(S) »#*(«) AH(5)

0.3 0.444 0.443 0.769
0.4 0.337 0.336 0.555
0.6 0.222 0.216 0.320
0.8 0.167 0.152 0.201
1.0 0.138 0.109 0.129
1.2 0.124 0.0763 0.082
1.4 0.118 0.0507 0.051
CO 0.118 0.000 0.000

Hjj(8) and H}k(5) have been evaluated with an IB M  
7040 com puter with results shown in Table IV .

The ratio of the free energy changes due to mixing 
and to restricted volum e is, using eq 8 and 34

A Fm(¿) 
A Fy(8)

2 3V /! AH(8) , 
3 In PN(8y -  D vW 2) (37)

Since r¡(Nl2) will be greater than 1.0 for extensively 
covered surfaces, eq 37 and the data in T able V  show 
that, in good solvents, a >  1.3-1.4, A i ’M(5) will be 
com parable to AFv(S) at small distances o f separation 
and will be much larger at larger distances. W e recall 
(Table II) that for sparsely covered surfaces AFV(5)

Table V : Comparison of Free Energy Change 
of Mixing and of Restricted Volume

( = d/(V!)1/z)
0.4 
0.6 
0.8 
1.0 
1.2 
1.4

-2 3/V ,¡,A H(S) 
3 In Pw(5)

0.350
0.560
0.815
1.16
1.63
2.38

The quantity

2 ,/V V; AH'(5) 
3 In Pn(8)

is shown in Table V.

was found to be m uch larger than A FM(5) for any 
reasonable value of a. This change results from  the 
dependence of AFu on the square of surface coverage 
at large surface coverages while AFv is proportional to 
only the first power of the surface coverage.
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Heats of Mixing of Aqueous Electrolytes. IV. Potassium Salts of 

the Fluoride, Chloride, Bromide, and Acetate Ions1

by R . H . W ood  and H enry L. A nderson2 3

University of Delaware, Newark, Delaware (Received October 1 4 , 1966)

The heats o f mixing o f aqueous solutions o f the potassium salts o f fluoride, chloride, bro
mide, and acetate ions have been measured at 25° at 1 m constant total concentration. 
The sign o f the heat o f mixing has been correlated with the structure-making and structure
breaking properties o f the ions. It  has been shown that no such simple correlation exists 
on  the basis o f ion size.

Introduction
The heats of mixing of a wide variety o f alkali metal3-9 

and alkaline earth10 cation-com m on anion mixtures 
have been measured. H owever, only a relatively few 
anion-com m on cation mixtures have been studied.4'8-10 
The only anion-com m on cation mixings studied are 
those binary aqueous mixtures o f the chloride, bromide, 
and nitrate anions. The heats of mixing o f the halide 
anions were found to be approxim ately 1 eal/m ole 
at 1 to and the heats o f the halide-nitrate mixings 
about 3 ca l/m ole  at 1 to. Thus, the magnitude of the 
anion heats o f m ixing have been considerably smaller 
than the cation heats o f mixing ( ~  — 50— /3 0  ca l/m ole  
at 1 to). I t  has been found that the cations can be 
classified into two groups,3 6 7’8 9’10 ( H +, Li+, N a+, M g 2+, 
C a2+, Sr2+, and B a 2+) and (K + , R b +, and C s- ). The 
com m on-ion heats o f mixing between ions o f the same 
group are endothermic and between opposite groups 
are exothermic, provided that salts of the same charge 
type are mixed. It  has been suggested8’10 that th e  
classification o f the ions m ay be a function o f ion size 
a n d /or  structural properties (structure making, struc
ture breaking11) o f the ions. O f the ions studied to 
date, no distinction can be made as to the nature of the 
classification, because the ions o f the first group are all 
small, structure-making ions and the ions o f the 
second group are all large, structure-breaking ions.

It was the purpose o f the present work to measure 
the heats o f mixing o f some additional anions to see if 
the heat o f mixing can be as large as the cation mixing. 
In addition, the binary heats o f mixing o f com binations 
o f the acetate (a large, structure-making anion),

fluoride (a small, structure-making anion), chloride, 
and brom ide anions are the first mixings o f ions which 
can no longer be classified according to both  size and 
structure.
Experimental Section

Materials. All salts used in this work were analytical 
reagent grade materials. T hey were dissolved in de
ionized water and stored in polyethylene containers as 
approxim ately 4 to solutions.

The K B r and KC1 stock solutions were standardized 
b y  the standard silver halide gravimetric procedure. 
The KC2H3O2 and K F  stock solutions were standardized 
b y  precipitating potassium tetraphenylborate as de
scribed b y  Flashka and Barnard.12

(1) Presented before the Division of Physical Chemistry, 152nd 
National Meeting of the American Chemical Society, New York, 
N. Y., Sept 11-16, 1966. This study was aided by a grant from the 
Office of Saline Water, U. S. Department of the Interior, Washington, 
D. C.
(2) To whom all correspondence should be addressed at The Uni
versity of North Carolina at Greensboro, Greensboro, N. C. 27412.
(3) T. F. Young and M. B. Smith, J. Phys. Chem., 58, 716 (1954).
(4) T. F. Young, Y. C. Wu, and A A. Krawetz, Discussions Faraday 
Soc., 24, 27, 77, 80 (1957).
(5) J. H. Stern and A. A. Passchie~, J. Phys. Chem., 67, 2420 (1963).
(6) J. H. Stern and C. W. Anderson, ibid., 68, 2528 (1964).
(7) J. H. Stern, C. W. Anderson, and A. A. Passchier, ibid., 69, 207 
(1965).
(8) Y. C. Wu, M. B. Smith, and T. F. Young, ibid., 69, 1868, 1873 
(1965).
(9) R. H. Wood and R. W. Smith ibid., 69, 2974 (1965).
(10) R. H. Wood and H. L. Anderson, ibid., 70, 992 (1966).
(11) H. S. Frank and M. W. Evans, J. Chem. Phys., 13, 507 (1945).
(12) H. Flashka and A. J. Barnaru, Advan. Anal. Chem. Instr., 1, 23 
(1960).
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Table I : Heats of Mixing at 25.00° and Unit Total Ionic Strength

Salt pair RTIu1 RThib Nc Alïm.ŷ o.s*2

KF-K02H30 2 + 9 .5  ±  0.3 + 0  9 ±  0.4 6 +2.38 ±  0.08
KCl-KBr + 3 .2 “ +0.80
KF-KC1 - 2 2 .6  ±  0.2 - 0  8 ±  0.3 18 -5 .6 5  ±  0.05
KF-KBr -1 6 .7  ±  0.2 13 -4 .1 8  ±  0.05
KCI-KC2H3O2 -3 4 .3  ±  0.3 + 0 .9  ±  0.4 11 -8 .5 8  ±  0.08
KBr-KC2H3C2 -3 2 .4  ±  0.3 — 1.5 ±  0.4 12 -8 .1 0  ±  0.08

“ See ref 8. 6 Units are cal/kg of solvent m2. “ N  is the number of experiments. 4 Units are cal/kg of solvent.

The total cation impurities as found b y  flame photo
metric analysis9 were found to be less than 0.1 m ole %  
for the KC1 and K B r stock solutions. The manu
facturers, cation assays supplied with the K F  and K C 2- 
H 3O2 were less Hian 0.1 m ole %  impurity. Thus, the 
stock solutions were assumed to  be 99 .9%  pure.

Apparatus and Procedure. The heat of mixing ex
periments were performed as described before9 with 
solutions diluted b y  weight from  the stock solutions. 
T o  suppress hydrolysis, the pH  of the solutions was 
adjusted to 8.0 -10  by  the addition of potassium hy
droxide.

Results and Discussion
The experimental data were fitted by  the m ethod of 

least squares on an IB M  1620 II  com puter to the equa
tion13 14 15 16

AHm (ca l/k g  of solvent) =

y( 1 -  y)P[RTho +  RThx(l -  2y)]
where y is the mole fraction of the salt com ponent with 
the highest molecular weight, I is the total ionic 
strength, R is the gas constant, T is the temperature, 
ha is the magnitude of the interaction, and hi is a meas
ure of asymmetry of the interaction. The heats of 
mixing were determined for each mixture in the range 
0-0.22 and 1-0.78 mole fraction. The results of the 
least-squares treatment are reported in Table I. 
Errors due to heats o f concentration, dilution, and 
neutralization upon mixing in all experiments were 
negligible; thus, the uncertainty (95%  confidence level) 
of RTha and RThx as reported in Table I is based only 
on the experimental precision.

The heats of mixing of the anions in the presence of 
the com m on potassium ion were found to range from  
+ 2 .3 8  to —8.58 ca l/m ole  at 1 m. These results 
include the largest heats of mixing observed for anion- 
com m on cation mixtures. This appears to be smaller 
than the cation-com m on anion heats of mixing ( — 50 - 
+  30 ca l/m ole). but when the very small ions, H + and 
L i+, are left out of the cation comparison, the heats of

mixing range from  + 2  to —12 cal/m ole. I f  the heat 
of mixing is mainly influenced b y  the solvent sphere 
about an ion (to be expanded on later), it should not be 
unreasonable to find abnormally high interactions with 
the H + and Li+ ions. Thus, the present results indi
cate that the anion heats of mixing can certainly be com 
parable in magnitude with those of the cation heats 
of mixing.

The results in Table I also show that the structural 
classification will correlate with the sign of the heats 
o f mixing, whereas the size classification will not. 
Thus, for all com m on-ion heats of mixing that have 
been measured, the mixing of tw o structure breakers 
or two structure makers gives endothermic heats of 
mixing, while mixing a structure breaker with a struc
ture maker gives an exothermic heat o f mixing. 
The chloride and brom ide ions are structure breakers, 
while the fluoride and acetate ions are structure 
makers.11'14-16

It  is concluded that the detailed structure of the 
water around the ion is the most im portant factor in 
determining the heat of mixing. O f course, the de
tailed structure of the water around the ion is influenced 
oy size as well as by  the specific interactions o f the 
solute with the water.

It is perhaps surprising that this simple classification 
will predict the sign of the heat of mixing when it is 
realized that the mechanism of structure m aking is 
probably quite different for the fluoride and acetate 
ions.11’13 In the case o f the fluoride ion, the structure 
is created by  the high electric field while for the acetate 
ion the lack of specific interaction with the m ethyl 
group stabilizes a more highly hydrogen-bonded water 
structure around this part of the molecule. In  addi

(13) H. L. Friedman, J. Chem. Phys., 32, 1134 (1960).
(14) T . Ackermann and F. Schreiner, Z. Elektrochem., 62, 1143 
(1958).
(15) J. N. Agar, Advan. Electrochem. Electrochem. Eng., 3, 31 (1963).
(16) D. W. McCall and D. C. Douglas, J. Phys. Chem., 69, 2001 
(1965).
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tion, there is probably a region near the oxygens where 
the high electric field creates structure, since Laurence 
and W olfenden17 have shown that the contribution of 
the acetate ion to the viscosity (B coefficient) is much 
greater than the contribution o f acetic acid.

It is interesting to note that the arguments used in 
this work are analogous to those used b y  others to 
explain heats o f dilution o f strong electrolyte solutions. 
Frank and R obinson18 have shown that the heats o f 
dilution are mainly influenced by  unlike-charged ion 
interactions and that deviations from  the D eb y e - 
Hiickel limiting slope can be interpreted in terms of 
the water structural properties o f the tw o oppositely 
charged ions.

Summary
In previous com m unications9’10 it has been shown 

that the heats o f mixing are mainly influenced by  pair
wise interactions of like-charged ions. W e concluded 
from  this work that the heat o f mixing is mainly in
fluenced by  the water structure about the like-charged 
ions. A  general mixing rule has been given which 
states that for a com m on-ion mixture, upon mixing, 
the heat o f mixing is endothermic for ions with like 
solvent structural properties and exothermic for ions 
with unlike solvent structural properties.

(17) C. D. Laurence and J. H. Wolfenden, J. Chem. Soc., 1144 
(1934).
(18) H. S. Frank and A. L. Robinson, J. Chem. Phys., 8, 933 (1940)

Heats of Mixing of Aqueous Electrolytes. V. Tetraalkylammonium Chlorides1

by R . H . W ood  and H enry L, A nderson2

University of Delaware, Newark, Delaware (.Received October 14, 1966)

The heats o f mixing o f aqueous solutions o f the chloride salts o f the tétraméthylammonium , 
tetraethylammonium, tetrapropylam m onium , lithium, potassium, and cesium ions have 
been measured at 0.5 total ionic strength and 25°. The results have been used to show 
the relative im portance o f  solvent structure on the sign and m agnitude o f the heats o f 
mixing. The tetrapropylam m onium  ion appears to be a strong hydrophobic structure 
maker, the tétram éthylam m onium  ion appears to be a structure breaker, and the tetra
ethylam m onium  ion appears to be in a transition region between a structure breaker and 
a hydrophobic structure maker.

Introduction
The previous paper in this series3 has shown that the 

detailed structure o f water molecules around an ion 
is the most im portant factor in determining the heats 
o f interaction o f tw o like-charged ions. Ions can be 
roughly divided into three structural classes:4 (1) 
structure breakers, which have a net effect o f breaking 
the water structure around them, (2) electrostrictive 
structure makers, which order the water molecules by 
their high electric fields, and (3) hydrophobic structure 
makers, which induce more hydrogen bonding in the

water near their nonpolar surface. The present in
vestigation is concerned with the heats of interaction

(1) Presented before the Division of Physical Chemistry, 152nd 
National Meeting of the American Chemical Society, New York, 
N. Y., Sept 11-16, 1966. This study was aided by a grant from the 
Office of Saline Water, U. S. Department of the Interior, Washington, 
D. C.
(2) To whom all correspondence should be addressed at The Uni
versity of North Carolina at Greensboro, Greensboro, N. C. 27412.
(3) R. H. Wood and H. L. Anderson, J. Phys. Chem., 71, 1869 
(1967).
(4) H. S. Frank and M. W. Evans, J. Chem. Phys., 13,507 (1945).
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of a series o f tetraalkylammonium chlorides with each 
other and with the chlorides of lithium, potassium, and 
cesium. The larger tetraalkylammonium ions are 
hydrophobic structure makers,5 so that the results 
extend the measurements to this structural type.

Experimental Section

Materials. The tétraméthylammonium chloride 
stock solution was prepared from  Eastman tétraméthyl
ammonium chloride which had been precipitated from  
methanol and dried according to Unni, et al.6 The 
chloride content determined gravimetrically as the 
silver salt was 99.95% . The amine content as de
termined b y  acid-base titration was less than 0.1 mole 
% . Thus, the tétraméthylammonium chloride was 
assumed to be at least 99 .9%  pure. The tetraethyl- 
ammonium chloride stock solution was prepared from 
the Eastman salt. Stock solution A  was prepared 
from  precipitated salt according to Unni, et al.,6 and 
stock solution B was prepared directly from  the bottle. 
The com pounds were checked for chloride gravimetri
cally and yielded 99.7g and 100.14% , respectively, for 
A  and B. The solutions were checked for amine con
tent b y  acid-base titration and were found to contain 
less than 0.2 m ole %  amine. The tetrapropylam m o- 
nium chloride was prepared from  Eastman tetrapropyl- 
ammonium iodide b y  passing the iodide through a 
D ow ex 2 -X 4  anion-exchange column. The iodide ion 
content was checked b y  a color com parison starch- 
iodide test and indicated that the iodide concentration 
was less than 0.1 mole % . The tetrapropylam m onium  
iodide was checked for halide content before passing 
through the column and was found to be 100.16% 
pure. The tripropylamine content was checked as 
above and found to be less than 0.1 m ole % . The ce
sium chloride stock solution was m ade up from  99.7%  
salt from  Penn Rare Metals, Inc. N o attem pt to 
purify the salt was made. H owever, a flame analysis 
was run for the sodium and potassium ions. The 
results gave a net im purity of 0.3 mole %  sodium and 
0.02 m ole %  potassium. The potassium chloride and 
lithium chloride stock solutions have been described 
previously.7

The concentrations o f all o f the stock solutions were 
determined via the standard silver halide gravimetric 
procedure. The tetraalkylammonium chloride stock 
solutions were also determined gravimetrically as the 
tetraalkylammonium tetraphenylborate. The pro
cedure used was the same as the potassium tetraphenyl
borate alkaline procedure described by  Plashka and 
Barnard.8-9 The results agreed within 0 .1 %  with the 
silver chloride analysis.

Procedure. The heats of mixing experiments were

performed at 0.5 constant total molal ionic strength 
and at 25.00 ±  0.02° in the isothermal differential 
calorimeter (sensitivity 2 X  10_6°) described in a previ
ous com m unication.7 For a description o f the experi
mental procedure, see com m unication I .7

Treatment o f  Data and Results

The experimental data were fitted by  the m ethod of 
least squares on an IB M  1620 II  com puter to the equa
tion10

AHm (ca l/k g  of solvent) =

RTPyil -  y)[h0+  (1 +  2y)h\ (1)

where R is the gas constant, T is the temperature, /  
is the molal ionic strength, y is the m ole fraction of the 
salt com ponent with the largest molecular weight, ha 
is the magnitude of the interaction, and hi is a measure 
of the asymmetry. The heats of mixing were deter
mined for each mixture in the range 0-0 .22  and 1-0.78 
m ole fraction. The results o f the least-squares fit o f 
eq 1 are recorded in Table I.

The heats of mixing were reasonably symmetrical 
with respect to m ole fraction, where y o f maximum 
AHm ranged from  0.47 to 0.53. A  com parison of the 
results in Table I with measurements on other sys
tem s11'12 with a com m on anion shows that the tetra
alkylammonium ions give somewhat larger heats o f 
mixing (RTh0 =  —700— 1-100) than the alkali or alkaline 
earth metal ions (R Th0 =  — 200— H130). Some theoret
ical calculations of the heats of mixing using Fried
man’s10 model of hard, temperature independent spheres 
indicates that the large interactions cannot be explained 
b y  reasonable size parameters for the ions.13 That is, 
it is an effect of the structure o f the water around the 
ions even if only due to the w ay in which water struc
ture influences the temperature dependence of the ef
fective radius o f the ions.

(5) H. S. Frank and W. Y. Wen, Discussions Faraday Soc., 24, 133 
(1957).
(6) A. K . R. Unni, L. Elias, and H. I. Schiff, J. Phys. Chem., 67, 1216 
(1963).
(7) R. H. Wood and R. W. Smith, J. Phys. Chem., 69, 2974 (1965).
(8) H. Flashka and A. J. Barnard, Advan. Anal. Chem. Instr., 1, 23 
(1960).
(9) The precipitates were filtered in Selas crucibles. The tétra
méthylammonium and tetraethylammonium tetraphenylborate pre
cipitates gave a little trouble in that some material passed through 
the filter initially, but recycling the filtrate through the filter proved 
to be quite satisfactory.
(10) H. L. Friedman, J. Chem. Phys., 32, 1134 (1960).
(11) Y . C. Wu, M. B. Smith, and T. F. Yeung, J. Phys. Chem., 69, 
1868 (1965).
(12) R. H. Wood and H. L. Anderson, ibid., 70, 992 (1966).
(13) R. H. Wood and H. L. Anderson, unpublished data.
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Table I :  Heat of M ixing at 25.00°

AH,
Salt pair Na I b RThoc RThic (V  = 0.5)d

LiCl-(CH3)4NCl 16 0.5 -160 .8  ±  0.9 -7 .8  ±  1.2 — 40.2
KC1-(CH3)4NC1 15 0.5 118.9 ±  0.8 — 2.2 ±  1.1 29.7
CsC1-(CH3)4NC1 16 0.5 82.0 ±  1.3 20.5
LiCl-(C2H5)4NCl 15 0.5 -172 .4  ±  1.0 -8 .0  ±  1.4 -4 3 .1
KC1-(C2H6)4NC1 16 0.5 117.5 ±  0.9 29.4
CsC1-(C2H5)4NC1 13 0.5 73.1 ±  1.3 -4 .4  ±  1.8 18.4
LiCl-(n-C3H,)4NCl 12 0.5 -693 .3  ±  3.8 — 33.0 ±  6.1 -173 .3
KCl-(n-C3H,)4NCl 12 0.5 -348 ±  4 -3 9 .0  ±  5.9 -8 7 .0
CsC1-(«-C3H7)4NC1 14 0.5 -438 .6  ±  1.5 12.7 ± 2 .1 -109 .6
(CH3)4NC1-(C2H5)4NC1 13 0.5 -4 9 .8  ±  0.7 1.3 ±  1.5 -1 2 .5
(CH8)4NC1-(w-C3H7)4NC1 12 0.5 -613 .5  ±  2.3 -1 4 .4  ±  3.8 -153.4
(C2H6 )4NC1-(w-C3H7 )4NC1 10 0.5 -308 .4  ±  2.2 -8 .3  ±  3.2 -7 7 .1

N  is the number of experiments. b Molal ionic strength. ° Units are cal /kg of solvent m 1. d Units are cal/kg of solvent.

Frank and Evans4 proposed that the tetraalkylam- 
monium ions should becom e hydrophobic structure 
makers as the size of the alkyl group increases. M eas
urements o f heat capacity ,6 dielectric relaxation tim es,14 15 
viscosities,16-16 soret coefficients,17 partial molal vol
um es,18 nm r relaxation tim es,19 conductivities in D 20 , 2° 
and heats o f dilution and solution,21 indicate that in
deed this is correct. The evidence is quite strong in 
indicating that the tetrapropylam m onium  ion is a 
strong hydrophobic structure maker. The evidence is 
nos so conclusive about the tesramethylammonium 
and tetraethylammonium ions. From  their partial 
mclal volum e measurements, W en and Saito18 pictured 
the tetramethylammonium ion as being a slight struc
ture breaker and the tetraethylammonium ion as a 
slight structure maker. T hey visualized a com petition 
between the charge effect and the hydrophobic effect, 
where the tetram ethylam m onium  ion was just small 
enough so that the water structure around the ion was 
still under the influence o f its charge, while the tetra
ethylam monium ion was just large enough that the 
effect of charge on the water structure was slightly 
overshadowed b y  the hydrophobic or clathrate effect.

Recent measurements o f conductivities by  K ay  and 
Evans22 and viscosities by  K ay, V ituccio, Zawoyski, 
and Evans23 indicate that the tetramethylammonium 
ion is a structure breaker but that the tetraethylam- 
m cnium ion is in the transition region between a struc
ture maker and a structure breaker

For all o f the com m on-ion heats o f mixing that have 
been previously measured, the sign o f the heats of 
mixing follows a simple rule. The mixing of two 
structure makers or tw o structure breakers gave endo
thermic heats o f mixing, while a structure maker 
with a structure breaker gave an exothermic heat of 
mixing.24

W ith the uncertainty of classifying the ions it is not 
surprising to find that the simple correlation for the 
sign of the heat o f mixing runs into some exceptions. 
Assuming the structural classification for determining 
the sign o f the heat o f mixing it is noted from  the 
table that the tetram ethylam m onium  ion acts as a struc
ture breaker toward the alkali cations. A lso note that 
the tetraethylam m onium  ion acts as a structure breaker. 
H owever, the tetram ethylam m onium  and tetraethyl
ammonium ion mixing is exothermic, indicating that 
they act as opposites when mixed with each other.

T he results for the tetrapropylam m onium  ion show 
that all o f the mixings of this ion with another ion give 
very large negative values for the heat o f m ixing (RTho 
=  —300 to — 600). This suggests that the tetra
propylam m onium  ions are responsible and that the 
large interactions o f tw o tetrapropylam m onium  ions

(14) G. H. Haggis, J. B. Hasted, and T. J. Buchanan, J. Chem. Phys., 
20, 1452 (1952).
(15) E. Huckel and W. Schaaf, Z. Physik. Chem. (Frankfurt), 21, 326 
(1959).
(16) E. R. Nightingale, J. Phys. Chem., 66, 894 (1964).
(17) J. N. Agar, Advan. Electrochem. Electrochem. Eng., 3, 31 (1963).
(18) W. Y . Wen and S. Saito, / .  Phys. Chem., 68, 2639 (1964).
(19) W. G. Hertz and M. O. Zeidler, Ber. Bunsenges Physik. Chem., 
68, 821 (1964).
(20) R. L. Kay and D. F. Evans, J. Phys. Chem., 69, 4216 (1965).
(21) (a) S. Lindenbaum, ibid., 70, 814 (1966); (b) Y . C. Wu and 
H. L. Friedman, ibid., 70, 2030 (1966).
(22) R. L. Kay and D. F. Evans, ibid., 70, 2325 (1966).
(23) R. L. Kay, T. Vituccio, C. Zawoyski, and D. F. Evans, ibid., 
70, 2336 (1966).
(24) For the rule to hold, N a+ must be classified as a net structure 
maker. This ion is a borderline case, since, for instance, the entropy 
of solution data indicate that it is a net structure breaker,4 while 
the viscosity coefficient indicates that it is a net structure maker 
(M. Kaminsky, Z. Physik. Chem. (Frankfurt), 8, 173 (1956)). For 
a review of the evidence see J. L. Kavanau, “ Water and Solute- 
Water Interactions,”  Holden-Day Inc., San Francisco, Calif., 1964, 
p 55 if.
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are masking other effects. In any com m on-ion heat of 
mixing, say M X  with N X , there are three like-charged 
pair interactions to be considered: (1) the heat of 
diluting the M +  ions and therefore the reduction in the 
overlap of the M +  hydration sheaths with each other, 
(2) the dilution of the N + ions and the reduction of 
N + -N +  overlap, and (3) the form ation o f some M + -  
N +  overlap. It  is expected that at any given concen
tration the tetrapropylam m onium  ions will have more 
hydration sphere overlap with neighbors because this 
is b y  far the largest ion represented in these experi
ments (V =  215).18 The tetrapropylam m onium  ion 
is a strong hydrophobic structure maker and when 
the ion is mixed with another the overlap o f the hy
dration sheaths of the tetrapropylam m onium  ions is 
reduced. For close contact both  ions do not have 
their full hydration sphere so that on mixing (diluting 
the tetrapropylam m onium  ions) m ore structure is 
form ed and heat is given out (RTh0 is negative).25 26 
This interpretation is supported b y  the heat of dilution 
o f the tetraalkylammonium halides measured b y  Lin- 
denbaum .21 The heats of dilution o f the chloride and 
brom ide of the tetrapropylam m onium  ion are much 
larger than the heats o f dilution of the corresponding 
tetram ethylam m onium  and tetraethylam m onium  ions. 
H eat is given out during dilution and the amount of 
heat given out is similar ( ± 2 0 )  for the chloride and 
bromide. In  fact, the entropies o f dilution o f the 
chlorides and bromides o f the tetrapropylam m onium  
and tetrabutylam m onium  ions are almost identical 
up to  1.5 m. Lindenbaum concludes that the larger 
entropy effect and m ost of the heat effect are due to 
the interactions of the tetrapropylam m onium  ions. 
This was supported by  the earlier conclusions of W en 
and Saito,18 that the concentration dependence of the 
partial molal volum es could be explained b y  the effect 
o f the overlap of the hydration sheaths of the tetra
alkylammonium ions. I f  this is correct, both  the heats 
o f mixing and the heat o f dilution are rough measures 
o f the heat of interaction o f tw o tetrapropylam m onium  
ions. I f  the slope of the linear portion of the tetra-

propylam m onium  chloride heat of dilution is taken 
as a measure of the interaction, a value o f RTho o f 
—370 at 0.5 to is calculated for the heat o f mixing of 
tetrapropylam m onium  chloride with other salts. Thus, 
the relative magnitudes of the heats o f mixing and the 
heat of dilution are consistent with the idea that both  
are largely governed b y  overlap o f the hydration sheaths 
o f the large tetrapropylam m onium  ions. The agree
ment is expected to be only rough because the heat of 
dilution is affected b y  ionic strength changes and the 
negative ion. In addition, there m ay be a considerable 
contribution of triplet interactions to the heats of 
mixing. The interactions o f the tetram ethylam m onium  
and tetraethylam m onium  ions are not large enough to 
mask these other effects in either the heats of dilution 
of the heats o f mixing so the same kind of reasoning 
cannot be applied. However, the heat o f dilution of 
tetrabutylam m onium  chloride could be used for a rough 
prediction o f heats o f mixing o f tetrabutylam m onium  
salts.

Summary
The present results quite clearly indicate the heat 

of mixing is strongly governed b y  the solvent structural 
properties of the ions. In the previous com m unica
tion3 it was shown that for small (electrostrictive 
structure-making and electrostrictive structure-break
ing) ions, the sign of the heat o f mixing can be accu
rately predicted. In  the case of the very large hydro- 
phobic structure-making ions, the effect o f the overlap 
of the hydration spheres predominates in both the 
heat of mixing and the heat of dilution so that again 
the sign o f the heat o f mixing can be predicted. In 
addition, the present results support the previous 
claims that the tetram ethylam m onium  ion is a struc
ture breaker and that the tetraethylam m onium  ion is 
in a transition between a structure breaker and a struc
ture maker.

(25) A discussion of this model in relation to previous theories and
experimental results has been submitted for publication in this 
journal.
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The Thermodynamic and Physical Properties of Beryllium Compounds. 

XI. The Heat of Formation and Entropy of Beryllium(I) Hydroxide(g)1

by H . C. K o, M . A. Greenbaum , and M . Färber

Rocket Power, Inc., Pasadena, California {Received November 1, 1966)

A n experimental study o f the equilibrium B eO (c) +  1/ 2H 2(g) =  B eO H (g) in the tem pera
ture range o f 2107-2368°K  has been carried out em ploying the molecular flow effusion 
m ethod. A t an average temperature o f 2235°K , second-law values o f 88.3 ±  3.8 kcal 
for AHt and 27.4 ±  1.7 ca l/d eg  for AST were obtained. E m ploying available therm o
dynam ic functions, values o f —46.8 ±  3.8 kca l/m ole  and 54.0 ±  1.7 ca l/d eg  m ole were 
obtained for Ai7f,298 and S°298 for the molecule B eO H (g). A  corresponding third-law 
value for A ff f,298 o f B eO H (g) was found to  be —48.2 ±  5 kcal/m ole.

Introduction
Studies o f the reaction between beryllium oxide 

and water vapor

B eO (c) +  H 20 (g )  =  B e(O H M g) (1)

to yield therm odynam ic properties for beryllium hy
droxide have been reported in the literature.2’3 H ow 
ever, at the highest temperature studied, 18Q8°K, the 
form ation o f the subhydroxide BeO H  has not been 
reported. Therefore, in an attem pt to establish the 
form ation o f BeOH , a high-temperature study o f the re
action between solid beryllium oxide and gaseous hy
drogen was undertaken.

Experimental Section

Apparatus. A  high-temperature carbon rod furnace 
was assembled in a high-vacuum  system. T he rods 
were supported vertically b y  tantalum sheets (five 
layers at the top and six layers at the bottom ). A lum 
ina caps were used to insulate the rods from  the tan
talum sheets. The carbon rods were shielded b y  five 
cylindrical layers o f 5-mil tantalum separated by 
0.25-in. graphite spacers. The inner and outer shields 
were 2.5 and 4.5 in. in diameter, respectively. Tan
talum bolts and graphite spacers supported every shield. 
The entire assembly was supported from  the brass 
plate base b y  three 0.25-in. diameter stainless steel 
rods attached to the outer shield. The leads for the 
carbon rod heating unit were extended through the 
five shields and attached to tw o copper rods, which

were connected to the insulated feedthroughs attached 
to the brass plate. A  detailed diagram o f the ap
paratus is presented in Figure 1.

The reaction cell was a 2-in. long BeO tube closed at 
one end, with an o.d. o f approxim ately 0.4 in. and an 
i.d. o f approxim ately 0.3 in. A  hole approxim ately 
1 m m  in diameter was drilled through the closed end 
o f the tube. The exact dimensions o f the cell hole di
ameter and thickness were measured with a traveling 
microscope. Tw o BeO cells with different hole dimen
sions (cell 1: 1.065-mm diameter, 1.27 m m  deep; cell 
2: 0.990-mm diameter, 2.0 m m  deep) were em ployed 
for the series o f experiments. The Clausing factors for 
cells 1 and 2 are 0.471 and 0.359, respectively. The 
cell was loosely covered with a rhenium cell with a 1.5- 
m m  diameter hole drilled through the closed end. 
This rhenium cell in turn was covered with a tantalum 
cell with a 1.5-mm orifice at the center o f the closed end. 
T he entire unit was inserted tightly into a tantalum 
holder which was fitted to the end o f the 0.25-in. o.d. 
tantalum flow tube (c/., Figure 1). A  rhenium foil 
insert with a 0.2-m m  hole was placed over the tantalum 
tube inlet to prevent flow o f species to the tantalum

(1) This work was sponsored by the Air Force Rocket Propulsion 
Laboratory, Research and Technology Division, Air Force Systems 
Command, U. S. Air Force, Edwards Air Force Base, Calif., under 
Contract No. AF 04(611)-10929.
(2) L. I. Grossweiner and R. L. Seifert, J. Am. Chem. Soc., 74, 2701 
(1952).
(3) (a) W. A. Young, J. Phys. Chem., 64, 1003 (1960); (b) J. Blauer, 
M . A. Greenbaum, and M. Färber, ibid., 70, 973 (1966).
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Figure 1. Schematic diagram of furnace 
assembly (side view) for BeOH studies.

tube. The flow tube penetrated the bottom  tantalum 
sheets o f the furnace and a therm ocouple fabricated 
from  tungsten, 5 %  rhenium -tungsten, 26%  rhenium 
wires was used as the temperature-sensing element. 
This therm ocouple was inserted approxim ately 1 in. 
inside the inner shield at the bottom  o f the furnace. 
The temperature o f the cell was measured with an opti
cal pyrom eter through a window at the top  o f the fur
nace. This measurement was checked against a cali
brated therm ocouple which was placed inside the cell 
just below the effusion hole. This therm ocouple was 
checked against a calibrated P t— P t-1 0 %  R h  therm o
couple. The results showed that in the experimental 
temperature range the deviation was within 5° o f the 
standard N BS values. Experiments were performed 
at 30° intervals for the total o f m ore than 30 performed 
over the 300° temperature range. The 30° differential 
temperatures were reproducible to ±  2°.

The entire furnace assembly was fitted into a 17-in. 
long stainless steel cross pipe with 10.5-in. diameter 
brass plates at the vertical ends and 4-in. diameter 
flanges at the side arms. One o f the side arms was 
connected to the pum ping system, the other to the 
ionization and therm ocouple gauges. The tempera
ture o f the cell could also be measured with an optical 
pyrom eter by  viewing through a quartz plate fitted at 
the top  end plate o f the pipe. The pressure o f the

system was usually maintained in the region o f 10~6 to 
10-7 mm.

An 8-1. tank was filled with hydrogen (99.999%  
ultrapure grade) at the com m encem ent o f each H 2 
experiment. A  calibrated gauge was connected to the 
tank to permit calculation o f the am ount c f  hydrogen 
used during the run. A  metering valve was connected 
to the line immediately prior to adm itting hydrogen 
into the flow tube. Approxim ately the same valve 
reading was used for each run to ensure that the amount 
o f hydrogen used would be fairly constant.

Procedure. In the temperature range o f these ex
periments BeO has an appreciable weight loss due to 
vaporization. Therefore, a blank run in which no 
hydrogen was passed through was perform ed at each 
temperature to determine the weight loss o f BeO due 
to vaporization alone. The BeO cell was weighed and 
the reaction assembly was placed in the system. The 
system was pum ped down to the desired pressure, 
heating was com m enced, and a constant temperature 
was maintained at a desired value. The blank or 
hydrogen experiment was then begun. U pon com ple
tion of the experiment, the system was allowed to cool 
down to near room  temperature and the cell was re
m oved and reweighed. Initial and final readings of 
the pressure in the hydrogen tank o f calibrated volum e 
were recorded. In this manner the num ber o f moles 
o f H2(g) used in each run was calculated.

Results and Discussion

A fter a considerable number o f preliminary experi
ments were performed to establish that a reaction was 
indeed occurring between H 2 and BeO, a series o f over 
30’ experiments was m ade with two effusion cells over 
a 300° temperature range. Experiments below  2100°K  
yielded weight losses too small from  which to obtain 
accurate data. Consequently, the experimental tem 
perature range was chosen as 2107-2358°K . T he ex
periments were performed at 30° temperature inter
vals and in random  fashion. Blank runs were made 
before and after each H 2-B eO  reaction experiment. 
The data for these experiments are presented in 
Table I.

A lthough the tw o cells had different orifice dimen
sions, a further check for the establishment o f equi
librium was m ade using BeO chips inside the BeO cell. 
The weight loss results for these experiments were es
sentially the same as those for the em pty cells. Thus, 
within the experimental error, the surface area o f several 
square centimeters o f the cells was large enough (i.e., 
reaction area to orifice area greater than 1000) to estab
lish equilibrium with the hydrogen.

H aving established that H 2 is reacting w ith  the BeO,
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Table I: Experimental and Calculated Data for the Reaction BeO(c) +  V2H2(g) = BeOH(g)

Total 
wt. loss

Run T, Time, of BeO, Blank,
no. °K min mg mg

29” 2107 290 6.1 0.2
5b 2139 230 7.0 0.5

306 2139 230 7.2 0.5
66 2171 230 8.9 1.2
7” 2171 230 9.0 1.2
8b 2171 230 8.7 1.2
9b 2203 110 5.8 1.0

106 2203 230 12.1 2.6
IP 2235 110 8.5 2.5
12b 2235 no 8.0 2.0
13b 2235 230 18.4 5.0
U b 2235 230 17.0 5.0
15b 2268 no 11.9 4.3
17« 2268 no 13.3 2.2
18“ 2268 no 11.4 2.2
19« 2268 no 12.0 2.2
166 2301 no 14.6 5.2
20“ 2301 no 21.1 4.3
21« 2301 no 20.9 4.3
22“ 2301 no 19.8 4.3
23« 2335 no 25.8 6.8
24« 2335 no 27.6 6.8
25“ 2368 no 31.8 8.5
26« 2368 no 30.0 8.5

« Cell 1. 6 Cell 2.

Total 
moles of 

H2 X 102
Phe,

atm X 106
PBeOH, 

atm X 105 Ki X 10»

3.567 1.94 2.269 0.707
2.459 2.36 3.232 1.086
2.840 2.55 3.302 1.029
2.344 2.99 3.821 1.322
2.524 3.12 3.856 1.283
2.944 3.38 3.644 1.120
1.372 4.30 4.949 1.546
2.745 4.19 4.665 1.495
1.487 5.71 6.188 1.867
1.372 5.46 6.224 1.957
2.613 5.18 6.761 2.239
2.548 5.11 5.974 2.005
1.425 7.09 7.929 2.466
1.487 5.72 7.825 2.981
1.434 5.61 6.342 2.453
1.449 5.64 6.969 2.691
1.349 8.63 9.913 3.213
1.420 6.94 12.24 4.857
1.420 6.94 12.08 4.794
1.482 7.12 11.17 4.329
1.430 8.97 13.82 5.573
1.415 8.59 15.27 6.195
1.372 10.27 17.14 7.232
1.377 10.32 15.67 6.584

the treatment o f the data involves a knowledge o f the 
several equilibria that m ay be involved.

The primary reaction for the form ation of BeOH  
em ploying H 2 is

B eO (c) +  V Ja ,(g ) =  BeO H (g) (2)

A lso to be considered are the reactions

B eO (c) +  H ,(g ) =  B e(g) +  H 20 (g )  (3)

and

2BeO (c) +  H ,(g ) =  Be20 (g )  +  H 20 (g )  (4)

and the dissociation o f hydrogen

y*Hi(g) =  H(g) (5)
Of secondary im portance is the reaction to form  the 
hydroxide from  the water w hich is form ed as a result of 
reaction 3

B eO (c) +  H 20 (g )  =  B e(O H )2(g) (6)

The measured quantities for an experiment included 
the weight loss o f BeO and the number of moles of 
elemental hydrogen em ployed in the reaction. The

total number o f moles o f H 2, nt (h2) entering the reac
tion zone is distributed over reactions 2 -5  as

RTim) =  V2?lBeOH +  «.HjO +  '/2^11 +  (7)

A fter consideration for the weight loss o f BeO due to 
vaporization, the remainder o f the weight loss o f BeO 
could be attributed to reactions 2, 3, 4, and 6. The 
weight loss that would be attributed to reaction 6 as 
a result o f the water formed in reaction 3 was negligible 
in the temperature range studied.3 Calculations based 
on free-energy values given in the JA N A F  tables also 
showed that the contribution due to reaction 4 is also 
negligible. The value reported for the vaporization 
o f liquid beryllium (AHY o f B e =  75.38 at 298°K  k ca l/ 
mole) in the JA N A F  tables4 is based on an analysis o f 
several recent measurements.6-9 Em ploying this value, 4 5 6 7 8

(4) “ JANAF Thermochemical Tables,”  The Dow Chemical Co., 
Midland, Mich.
(5) E. Baur and R. Brunner, Helv. Chim. Acta, 17, 958 (1934).
(6) C. L. McCabe and C. E. Birchenali, J. Metals, 5, 707 (1953).
(7) R. B. Holden, R. Speiser, and H. L. Johnston, J. Am. Chem. Soc., 
70, 3897 (1948).
(8) E. A. Gulbransen and K. F. Andrew, J. Electrochem. Soc., 97, 
383 (1950).
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calculations were made for the weight loss o f BeO 
resulting from  reaction 3. The remaining weight loss 
o f BeO was attributed to the form ation o f BeOH . In 
all experiments the total pressure inside the cell ranged 
from  approxim ately 0.4 to 0.8 mm. M ean free path 
calculations in the experimental temperature range 
indicate that for the cell dimensions the flow for this 
pressure range is molecular. Therefore, all calcula
tions were based on the modified Knudsen equation

17.14G IT
Wo At Mm

(8)

where P is pressure in m m  for the species inside the cell, 
G is the weight in grams o f the gas species escaping 
through the effusion hole, Wo is the Clausing factor 
which was calculated from the effusion orifice dimen
sions as given in D ushm an,9 10 A is the area in cm 2 of 
the effusion hole, t is the total time o f reaction in 
seconds, T is temperature in °K , and M is the m olecu
lar weight o f the species.

The contribution to the weight loss due to reaction 3 
was approxim ately 10% . Although the vaporization 
data for Be are quite definitive, it was decided to per
form  a further check to ascertain that the m ajor reac
tion was not reaction 3. This check is based on the 
pronounced effect on reaction 3 which can be brought 
about b y  adding a small am ount o f water vapor to 
the H 2. A  calculation showed that at 2235 °K  and a 
total pressure o f 0.7 m m  the addition o f 3 m ole %  water 
would cause a 7 5%  reduction in weight loss, if this 
weight loss were primarily due to reaction 3. Such a 
reduction would occur despite the simultaneous en
hancement o f reaction 6. This water percentage 
represents an optimum since at higher percentages 
the ascendancy o f reaction 6 begins to outweigh the 
reduction in reaction 3.

Thus for a 110-min run at 2235°K  and 0.7-m m  total 
pressure, calculations based on available data4 for the 
form ation of Be and water as a result o f the reaction of 
hydrogen and BeO would predict a weight loss o f 0.74 
m g o f BeO, while the 3 m ole %  water and 97 m ole %  
H 2 mixture experiment would predict a weight loss of 
0.2 m g o f BeO. Since the total weight loss in the pure 
hydrogen experiments at this temperature ranged 
between 8 and 9 mg, a reduction o f 6 -7  m g would 
be expected if Be were the chief product formed. H ow 
ever, if the data4 for the Be correction were fairly ac
curate, a negligible change would be expected in the 
water experiments. T w o water experiments (3 mole 
% )  were performed. T he weight losses were 9.6 and
10.1 mg, respectively, while the pure hydrogen experi
ments recorded weight losses o f 8.1 and 8.8 mg, re
spectively. A lthough a decrease o f -~0.5  m g was theo

retically predicted, an actual increase o f from  0.8 to 2 
m g occurred. An examination o f the 30 experiments 
performed in a 300° temperature range shows that this 
discrepancy between the actual change and the pre
dicted change o f weight losses due to the addition of 
H 20  is within the scatter o f the pure hydrogen ex
periments, i.e., 1 -2  m g reproducibility at a given 
temperature.

T he results o f the water experiments indicated that 
use o f the published value for the heat o f vaporization 
o f Be would be valid. Therefore, a weight loss o f BeO 
was calculated for reaction 3 by  means o f the Knudsen 
equation (eq 8) and the JA N A F  tables.4 The remain
ing weight loss of BeO was assumed to be due to the 
form ation of BeOH . The partial pressure o f B eO H (g) 
was then calculated and an equilibrium constant was 
obtained for eq 2. These data are presented in Table 
I. The experimental study was initiated with cell 1 
b u j after fracturing was replaced with cell 2 o f different 
orifice thickness. Since the experimental procedure 
was the same and Clausing factors were calculated

l/T  x  104

Figure 2. The log of the equilibrium constant 
for the reaction BeO(c) +  VsHhg) = Be(OH) (g) 
as a function of the reciprocal temperature.

(9) A. N. Nesmeyanov, “ Vapor Pressure of the Chemical Ele
ments,”  R. Gary, Ed., Elsevier Publishing Co., The Netherlands, 
1963, p 172.
(10) S. Dushman, “ Vacuum Technique," John Wiley and Sons, 
Inc., New York, N. Y ., 1949.
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Table II: Summary of Thermodynamic Data for the Reaction BeO(c) = VsHWg) = BeOH(g)

Second law Third law

A/fr°2235°K 88.3 ±  3.8 kcal 87.2 ±  0.5 kcal
A//r°2980K 96.3 ±  3.8 kcal 94.9 ±  0.5 kcal
AH{°22Z5°k BeOH(g) — 55.7 ±  3.8 kcal/mole — 56.7 ±  0.5 kcal/mole
Af/f°2980K BeOH(g) — 46.8 ±  3.8 kcal/mole — 48.2 ±  0.5 kcal/mole
AlSr°2235°K 27.4 ±  1.7 cal/deg mole
S W k BeOH(g) 75.3 ±  1.7 cal/deg mole
S 'W k BeOH(g) 54.0 ±  1.7 cal/deg mole 53.29 cal/deg mole“

“ See ref 4.

for each cell, the data were treated as a single set for 
obtaining a least-squares analysis.

The p lot o f the experimental data in Table I in the 
form  o f log Ki vs. l/T  is presented in Figure 2. A  least- 
squares analysis o f the data yields a value for the slope 
o f the line which corresponds to 88.3 ±  3.8 kcal for 
AHr at the average temperature o f 2235°K . Similarly, 
a value for ASr,22350K  o f 27.4 ±  1.7 ca l/deg  is obtained 
from  the intercept o f the curve. Em ploying the avail
able therm odynam ic values the thermal functions for 
B eO (c), H 2(g), and H (g ) and thermal functions for 
B eO H (g ),4 the AHt°2,s and S°2n for BeO H (g) are 
found to be —46.8 ±  3.81 kca l/m ole  and 54.0 ±  1.7 
ca l/deg  mole, respectively. The corresponding aver
age third-law value for the heat o f reaction, A77r,2235°K, 
is 87.2 ±  0.5 kcal. The third-law AHi°2m for BeO H (g) 
is calculated as —48.2 ±  0.5 kca l/m ole. The only 
reported entropy value o f  B eO H (g )4 is 53.29 ca l/deg

mole. The quoted uncertainties in the second and 
third-law values are the statistical uncertainties which 
do not include systematical ones and those involved in 
extrapolation from  experimental temperatures to 
298°K . In addition, they do not include the un
certainties o f the other data used in the calculation. 
A  summary o f the therm odynam ic functions for Be- 
O H (g) is presented in Table II.

Summary

The excellent second- and third-law agreement, 
supported by  the experiments perform ed em ploying 
a mixture o f hydrogen and water, establish the validity 
o f the reaction o f BeO with H 2 to produce BeOH . 
The recommended values for heat o f form ation and 
entropy o f B eO H (g) at 298°K  are —47.0 ±  2 k ca l/ 
mole and 54.0 ±  1 ca l/d eg  mole, respectively.
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The Law of Corresponding States in Its Most General Form

by R eino W . Hakala

Department of Chemistry and Chemical Engineering and Department of Mathematics,
Michigan Technological University, Houghton, Michigan 49931 (Received November 15, 1966)

It  is shown that any tw o-body  intermolecular potential function can be put into a dimen
sionless form  involving only one energy parameter, e0, and only one length parameter, r0, 
in addition to any dimensionless intermolecular potential function-shape parameters 
Ci, C\, . . .  and any dimensionless electrostatic parameters mV W 'o3, Q V w o6> ■ ■■> where 
n, Q, . . .  are dipole, quadrupole, . . .  moments. Use is made o f this result to  derive the 
m ost general form  o f the law o f corresponding states for P U T  behavior at moderate densities 
b y  means o f a com pletely general and system atic dimensional analysis procedure. The 
result, readily transferable to any equilibrium or transport bulk property in reduced form, 
is Pv/nRT =  /(iyV 03, kT/e0, Ch C2, . . . ,  a /r 03, n2/e0r03, Q2/e0r0s, . . . ,  M, A*) where A* is 
a new quantum -deviation parameter, com bining into a single variable the quantum  devia
tions from  the classical law o f corresponding states due to translation, rotation, vibration, 
and electronic transitions, the C/s are intermolecular potential function-shape factors, and the 
other sym bols have their usual meanings. Alternatively, PV/RT — f[V/Vc, T/Tc, wu w2, .. . ,  
aN/V0, n2N/VckTc,Q‘2(N/Vcy/,/kTc, .. ,,M, A(c) ] where A(c) is another general quantum - 
deviation parameter related to A*, Wi, w2, .. .  are m olecular geom etry parameters, and the 
other sym bols are standard. Inclusion o f the molecular weight, M, is considered here for 
the first time.

Introduction
The law o f corresponding states has been extended 

considerably since it was introduced by  van der W aals. 
Parameters are now included to  account for molecular 
geom etry and polarity and for a translational quantum 
effect. Because the law o f corresponding states is an 
essentially universal relationship am ong dimensionless 
variables, it is natural to  examine it from  the viewpoint 
o f dimensionless analysis. This has been done in the 
past, but not com pletely system atically and not in
cluding all o f the im portant variables. W e shall 
present a fully system atic dimensional analysis o f 
PVT behavior accounting for all o f  the known variables. 
T he results can readily be transferred to  any bulk 
property.

General Form  o f  the Interm olecular 
Potential Function

In  order that our treatm ent be fundamental, we shall 
carry out the dimensional analysis in the light o f the 
tw o-body intermolecular potential function. Other 
discussions of the law o f corresponding states from  the

potential function point o f view have been restricted 
to  two-parameter, tw o-body intermolecular potential 
functions. This restriction to two-param eter func
tions is not necessary because any tw o-body  inter
molecular potential function, no m atter how m any 
parameters it contains, is reducible to  a dimensionless 
form  involving only one energy parameter, e0, and only 
one length parameter, r0, the remaining parameters all 
being dimensionless. This im portant fact, apparently 
not taken note o f previously, will now be proved. 
(M ultibody intermolecular potential functions can 
be treated the same w ay; m ore energy and length 
parameters will then be involved.)

A ccording to  the fundam ental theorem  o f dimen
sional analysis,1 a necessary and sufficient condition

(1) This is traditionally referred to as “ Buckingham’s theorem," 
though his statement of it (E. Buckingham, Phys. Rev., 4, 354 
(1914)) lacks generality. For completely general proofs, see H. L. 
Langhaar, J. Franklin Inst., 242, 459 (1946); H. L. Langhaar, 
“ Dimensional Analysis and the Theory of Models,”  John Wiley and 
Sons, Inc., New York, N. Y ., 1951; E. R. Van Driest, J. Appl. 
Mech., 13, A-34 (1946); G. Birkhoff, “ Hydrodynamics,”  Princeton 
University Press, Princeton, N. J., 1950; R. W . Hakala, J. Chem. 
Educ., 41, 380 (1964) (elementary proof).
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that an equation be dimensionally homogeneous is 
that it be reducible to a relationship among dimension
less power products. A ny intermolecular potential 
function is dimensionally homogeneous, since each 
term has the dimensions o f energy. D ividing through 
b y  e0 evidently renders each term dimensionless. 
A ccording to the fundamental theorem, the resulting 
equation is such that, or it can be reduced further so 
that, the intermolecular separation, r, always occurs 
in the form  o f a dimensionless power product arb, 
where the power b is a positive or negative pure number 
and the factor a necessarily possesses the same dimen
sions as r~b, in whatever types of terms (linear, exponen
tial, etc.) r occurs. Let us now m ultiply a b y  rB 
and divide rb by  rBb. T he general result is (arB) ■
(:r/rB). The power product(s) arBb is (are) evidently 
dimensionless. This com pletes the proof that only 
one energy parameter and only one length parameter 
are required in any intermolecular potential function. 
W e shall now inquire into the general form  o f the inter
molecular potential function.

In  the nonelectrostatic part o : the intermolecular 
potential function, the dimensionless power products 
arBb are obviously related to the shape o f the potential 
function. W e shall therefore call the factors arBb 
the “ intermolecular potential function-shape param
eters”  and shall denote them  b y  Ci, C2, . . . .  Each 
o f the electrostatic terms, if any, o f the original non- 
reduced potential function is o f either o f the tw o general 
forms

{c [p ‘2">],/r * , +1}F  

{ dp^m)pi-2n)/ rm+n + lj Q

where c, d, ni, and n, are pure numbers, p (2m) and p'2n> 
are 2m— and 2n —pole moments, and F and G are the 
dimensionless angular dependences, including the signs, 
o f the corresponding electrostatic interactions between 
two molecules. R eduction of these terms to dimen
sionless form  is a simple matter. Proceeding as before, 
the results are

{c[p(2”)]2/eor02”+1} (r0/r )2n+1F
and

{dpUmy w /e 0r0m+n+1} (rB/r)m+n+lG

Thus, for the electrostatic part o f the intermolecular 
potential function, the dimensionless factors arb are 
identified with

{ c [p(2n) ]2/e 0r0!!B+1} F

and

{dp(2my 2n)/e0rom+n+1)G!

Therefore, com pletely generally, the mutual potential 
energy o f tw o molecules s given b y  the dimensionless 
expression

<f*(r; 6 a ,  6 b ,  0 a , 0 b , . . . ) / e i  =

f{r/r0; Ci, Ci, . . .  ; [p™]2/eBrB” +l,
[p(2n)]2/e 0r02n+1, . . . ;  9A, 6B, <j>A, <j>B, . . . }

where dA, 6b, 4>a, 0 b , . . .  are the angles involved in F, 
G, . . . .  It  is not necessary to include any multipole- 
m om ent-product paramet3rs p (27")p (2’,)/e 0r0”i+ "+1 among 
the variables in the general form  o f the intermolecular 
potential function because they are the geometric 
means o f the multipole-moment-square parameters 
[p(2m)]2/e0r02m+n+1 and [p:2n)]2/e0r02n+l and are there
fore not independent. It  should be noted that the 
physical meanings o f e0 and rB (the depth o f the poten
tial well, the value of r for which 0  =  0, etc.) will 
generally differ from  one type of potential function to 
another.

B y  w ay of example, we shall superimpose point 
d ipole-dipole, dipole-quadrupole, and quadrupole- 
quadrupole interaction terms on a B uckingham - 
Corner potential function. The resulting potential 
function can be written in the dimensionless form

4>(r; 6 dB, 0 a , <t>B)/eB —
exp( — C V /V , — [C2(r0/ r ) 6 +

C»(rB/r)g] X  e x p [—4(r0/ r  — l ) 3] —

(n2/e0r03) (r0/ r) 3F(0A, 6B, 0 A, 0 B) +  

(3 i iQ /4 e o r o 4) ( r o / r ) 4G (0 A , 6 b ,  0 a , 0 b )  +

(3Q2/1.6eoro6) (r0/ r)bH (6\, 6B, 0 a, 0 b)

Dim ensional Analysis o f  PVT Behavior

Besides the parameters e0, r0, Ci, C2, . .  ., and the 
various multipole moments (if not zero), other im
portant molecular parameters that we shall take into 
account are the polarizability, a; the molecular mass, 
m; the mom ent o f inertia, I, in the case o f linear mole
cules, or, for nonlinear molecules, the product, ABC, 
o f the principal moments o f inertia ; the various vibra
tional frequencies, in, v2, . . .  ; and the various electronic 
energy levels, ei, «2, • • • ■ Since translational, rota
tional, vibrational, and electronic energies are all 
quantized, Planck’s constant, h, must also be included 
as a variable.

Although the law of corresponding states applies 
to  any bulk property o f the system, for both  equi
librium and transport phenomena, we shall find it 
convenient to center oui attention on PVT relation
ships. Thus, we shall also include am ong our variables 
the pressure, volume, and absolute temperature o f the
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system. As any one o f these depends on the other two 
and on the quantity of material present in the system, 
the number o f moles, to, likewise must be included. 
I f  we were to  carry out a theoretical treatm ent o f the 
problem, the temperature would enter solely as the 
product kT with Boltzm ann’s constant, and A vogadro ’ s 
number, N, would be involved; these will therefore be 
included among our variables.

D enoting the dimensional variables mass, length, 
and time, as is customary, b y  the respective symbols, 
M, L, and T, the dimensional matrix o f the variables 
we shall consider is

P V kT n N e0 To

M 1 0 1 1 - 1 1 0
L - 1 3 2 0 0 2 1
T - 2 0 - 2 0 0 - 2 0

For simplicity, instead o f listing Ch C\, . . n,  "2 ,
. . ., and ei, e2, ■ ■ •, only C, v, and t are given and I 
is used to represent either I or (A B C )7 ’, whichever 
applies. Each column of this matrix represents a 
dimensional equation, such as [P] =  ML~’T~2 for 
the first column on the left.

It m ay be helpful to indicate how the dimensional 
formulas o f certain ones o f the variables were de
termined. One might think, offhand, that the number 
o f moles o f a substance is a dimensionless quantity, 
but further consideration shows that such is not the 
case. The number o f moles is calculated b y  dividing 
the number o f grams o f a substance b y  its molecular 
weight, whence the dimensions o f the num ber o f moles 
are mass divided b y  the dimensions o f molecular weight. 
The latter is a relative mass (currently, 12 times the 
mass of a given molecule divided b y  the mass of one 
carbon 12 atom ) and is therefore dimensionless. As 
a consequence, we have the dimensional relation
ship [n\ =  M. A vogadro ’ s number, the number of 
molecules per mole, then has the dimensions M~l. 
(W e might remark that molecular weight has units, 
grams per mole, although it has no dimensions. This 
seeming paradox, stemming from  a confusion between 
units and dimensions, has caused much needless trouble 
in dimensional analysis.) The dimensions o f the di
pole and quadrupole moments depend on the dimen
sions o f electric charge. The latter is usually taken to 
be a fundamental dimensional quantity but shall be 
regarded here as a derived physical quantity. A c
cording to Coulom b’s law, assuming the proportionality 
constant to be dimensionless, the dimensions o f electric 
charge are the dimensions o f distance times the square 
root of the force or, in terms of the dimensional vari

ables of the above matrix, M1/TT'T l. Therefore, 
M  =  M'hV hT-\ [Q] =  MI/2Lr/,T~ 1, and similarly 
for higher multipole moments. T he dimensional 
formulas o f the remaining variables are all obvious.

A  corollary of the fundamental theorem  o f dimen
sional analysis is that the num ber of independent di
mensionless power products in a com plete set is equal 
to  the total number of variables (listed at the top  of 
the dimensional matrix) minus the rank o f the dimen
sional m atrix.2 The rank o f a matrix is defined as the 
order o f the greatest order nonzero determinant o f a 
square submatrix obtained b y  deleting colum ns and,

c a M2 Q2 * * m I V € h

0 0 1 l i 1 0 1 1
0 3 5 7 0 2 0 2 2
0 0 - 2 - 2 0 0 -1 - 2 -1

if necessary, rows from  the matrix. T h e  rank o f the 
above dimensional matrix is 3 because, for example, 
the determinant o f the second, third, and fourth 
columns does not vanish (even though those o f the 
first and last three columns and o f various other col
umns vanish). Therefore there are 12 independent 
dimensionless power products o f the variables in a 
com plete set, not counting C which is dimensionless to 
begin with. There are, o f course, any number o f com 
plete sets from  which we are to choose one particular 
com plete set. This choice is best dictated by  physical 
considerations. W ith  as m any variables as we have 
decided to relate to one another, it would be difficult to 
find a com plete set o f independent dimensionless power 
products without some kind o f systematic procedure. 
The only fully systematic procedure in the previous 
literature appears to be that of Langhaar,1'3 but it is 
not suitable in the present application. T he simplest 
and m ost productive w ay to  proceed is first to consider 
the smallest possible physically significant submatrix 
and then to  increase the number o f columns o f the sub

(2) H. L. Langhaar (see ref 1). We shall refer to this corollary as 
Langhaar’s theorem. It is completely general whereas the cor
responding much-quoted principle of Buckingham, which substitutes 
the number of dimensional variables involved for the rank of the 
dimensional matrix, lacks complete generality, as was first pointed 
out by P. W. Bridgman, “ Dimensional Analysis,“  Yale University 
Press, New Haven, Conn., 1922.
(3) If the total number of variables is v and the rank of the dimen
sional matrix is r, then each of (v — r) of the variables is combined 
into a dimensionless power product with the same remaining r
variables. These (v — r) power products are independent because
the rank of the matrix of the solutions is necessarily equal to the 
number of rows in the matrix, which is (v — r). Langhaar’s pro
cedure, for which he has developed an automatic numerical scheme, 
therefore always generates a complete set.
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matrix, by  one column each time, until all o f the vari
ables are accounted for.

The smallest physically significant submatrix con
sists o f the first five columns o f the dimensional matrix, 
which contain only general physical variables as op
posed to molecular variables (except for Planck ’s 
constant which, however, we do not need to consider 
until we take into account the variables m, I, v, and e). 
Langhaar’s theorem indicates that tw o independent di
mensionless power products are related to one another. 
One o f these is evidently nN, the total number o f m ole
cules in the system. Both kT and Pv have the dimen
sions o f energy, whence Pv/kT is the other dimension
less power product that is sought. The com bina
tion NkT occurs in theoretical studies. Hence we 
shall form  the com bination Pv/nNkT. This is the 
same as PV/RT, the com pressibility factor. Had 
we at the outset com bined N and k to  give R, there 
would have been only four variables and therefore only 
one possible dimensionless power product, PV/RT 
(or any power thereof), which must be equal to a uni
versal constant if no other variables are important. 
W e have thus derived the ideal gas law, except that 
the actual value o f the universal constant ( =  1) is 
not given by  dimensional analysis.

A ccording to statistical mechanics, the pressure of 
a system is given by

where Qn is the total molar partition function. As
suming that

E  =  E t r  +  E r o t  +  E v ib +  E e \ 4" -̂ potential 

which is adequate at moderate densities, whence

Q n  ~  ( G y)  tr(Qw) rot(Gv) vib ( / / x )  el ( Q n )  potential

we find that

PV V <) In (Q.v)potential
R T =  +  N]_ dv Jr

since only the translational and potential partition func
tions depend on the volume. Consequently, devia
tions from  the ideal gas law depend on the parameters 
o f the intermolecular potential function. H ence we 
shall next consider com binations o f P, v, and kT 
with these parameters. A t first, we shall disregard 
any electrostatic interactions.

T he only possible dimensionless com binations of 
e0 and r0 with P, v, and kT taken separately are Pr03/  
e0, v/r0\ and kT/e0. Only tw o o f these are independent, 
however, because the product o f the first tw o divided 
by the third equals Pv/kT. A  convenient pair to take

for later discussion is v/r03 and kT/e0, although any two 
can be selected. The value o f PV/RT will also de
pend on the values o f any intermolecular potential 
function-shape factors, Ci, C-i, . . . . Thus far, we have 
derived the relationship4 PV/RT =  f(v/r03, kT/e0, C\, 
C2, . . . )  which must be a universal function, according 
to dimensional analysis, if no other variables are im
portant. I f  we om it Ci, Ct, . . . ,  as is custom ary, then 
the result can apply only to substances whose potential 
functions are o f the same type6 and the same shape.

Since r03 and e0/k are proportional, respectively, 
to the critical molar volume, Vc, and the critical tem
perature, Tc, it is permissible to make these substitu
tions in the above relationship. A s the proportionality 
constants depend on the molecular geom etry, the latter 
is also a variable.5 W e can take it into account by 
replacing Ch C2, . . .  by the molecular shape factors 
W\, w 2, . . . .  Thus, we have

PV/RT =  f(V/Vc, T/T„ wi, w2, . . . )

In general, there will be more than one molecular shape 
factor. I f  the dependence o f PV/RT on molecular 
geom etry is neglected, this result retrogresses to the 
prim itive form  o f the law of corresponding states.

C om m only, for experimental convenience, V/Vc 
is also replaced by  P/Po, in analogy to the permissible 
substitution o f v/v03 b y  Pr03/e0, but the analogy is not 
exact. The difficulty is *hat Pr03/e0 is directly propor
tional to PVe/NkTe, which is not directly proportional 
to P/P„ since PcVc/NkTc is not a function o f the m olec
ular geom etry alone. Thus, the fundamental critical 
constants in the law o f corresponding states are T0 
and Vc, not Tc and Pe, and the proper form  for the 
reduced pressure is PVC/RTC, not P/Pe, an im portant 
feature o f the law o f corresponding states which ap
pears to have been overlooked previously.

Since our study has thus far not taken into con
sideration any electrostatic interactions, it is necessarily 
restricted to substances o f which the molecules possess 
identical values of the polarizability and their multipole 
mom ents in reduced form. There is no reason, how
ever, to restrict the prim itive form  o f the law o f cor
responding states to only nonpolar substances, as is 
often done. All that is required is that they be o f equal, 
or nearly equal, reduced polarity, as well as o f equal 
reduced polarizability. (The latter condition is more 
readily m et.) W e shall now find out how to com pare 
substances o f different polarizabilities and polarities.

(4) Omitting Ci, Cz, . . . .  this was first derived by J. de Boer, Doc
toral Dissertation, University of Amsterdam, The Netherlands, 
1940; Phyaica, 14, 139 (1948)
(5) K. S. Pitzer, J. Am. Chem. Soc., 77, 3427 (1955), reached the
same conclusion but in a different way.
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W e extend our submatrix further to include the a, 
n2, and Q2 columns. Langhaar’s theorem indicates 
that we should thereby obtain three new dimension
less power products, one for each new variable in
troduced. The m ost convenient com binations are 
w ith the intermolecular potential function parameters 
r0 and e0: a/r03, ^2/e0ra3, and Q2/e0r0s. As these are 
m athem atically independent, our subset o f dimension
less power products is complete. An infinite number of 
com plete subsets is possible; we have selected the most 
convenient one, e.g., we could have included the di- 
pole-quadrupole interaction parameter nQ/eon/ in 
place o f either the d ipole-d ipole or quadrupole-quadru- 
pole interaction parameter, but the last tw o are more 
convenient and inclusion o f both  in the subset also 
accounts for d ipole-quadrupole interactions. The 
dimensionless power product n2/e0ro3 is well known as 
a correlation parameter for polar substances, whereas 
the quadrupole-quadrupole interaction parameter is 
not.

Higher m ultipole interactions can be included by  in
serting the corresponding higher multiple mom ent 
columns into the dimensional matrix. The correspond
ing dimensionless power products with r0 and e0 are 
very easy to obtain.

A ccording to the statistical mechanical formula given 
earlier for the com pressibility factor, we have com pleted 
our task. B ut quantum mechanical effects have not 
been accounted for because we have not yet considered 
Planck ’s constant as a variable. The variables m, 
I, v, and e are all related to h, as has already been indi
cated. W e must therefore find dimensionless com bina
tions o f each o f these variables with h wherever possible 
and e0 and r0 where required. These dimensionless 
power products are readily found to be6 h2/me0ra2, 
h2/Ie0 (or hl/(ABCy/!e0), hv/e0, and e/e0. It turns 
out that, even though electronic energy is quantized, 
h does not appear in the simplest possible dimensionless 
power product for e. There will, o f course, be a separate 
com bination hv/e0 and «/e0 for each vibrational and 
electronic energy level.

I f  we replace r0 by  ( Ve/N) ‘/a, which has the same 
dimensions as r0, and e0 by  tcTc in the quantum -deviation 
parameters for the molecular mass and the m om ent (s) 
o f  inertia, we obtain parameters which are evidently 
directly related to the translational and rotational 
molecular partition functions at the critical point7

Qtr^/nN = (VJ N)(2 mnk Tc)l/i/  h3 
Qrot(c) (linear) =  8ir2IkTc/ah2 

QrotM (nonlinear) =  (8 x2/cTc) v ,(x A B C )v yV/i3 

The quantum -deviation parameter for vibration be

comes hv/kTc which is the exponent in the vibrational 
molecular partition function at the critical point

Qvib(o)(Per m ode o f vibration) =
[1 -  e x p t - ^ / f c T c ) ] - 1

Finally, e/e0 becom es e/kTc which is the exponent in 
the electronic partition function at the critical point

QelW =  Lfifi e x p (— «i/fcTc)

Since all bulk properties o f a given system are func
tions o f its total partition function, which is the prod
uct o f the partition functions corresponding to the 
various kinds o f energy (assuming the energies to be 
additive), it follows that the various quantum -devia
tion parameters can be com bined into a single quantum - 
deviation parameter

A «  =  n N /  ( Q t r Q r o l Q f 'l l l Q v i b ) 0

where the product HQTlb is over all modes o f vibration. 
The reciprocal o f the partition function product at the 
critical point is used, rather than the partition function 
product itself, because h then occurs in the numerator 
whence the smaller the quantum -deviation parameter, 
the smaller is the quantum effect. I f the interm olecu
lar potential function parameters r0 and e0 are used in 
place of (F c/ A ) ‘/! and kTc in Aw , then, by  analogy to 
de B oer’s translational quantum -deviation parameter 
which is denoted by A*, we shall em ploy the notation 
A*.

W e have found a total o f eleven independent dimen
sionless power products (nN, Pv/kT, v/ro3, kT/e0, a/r03, 
M2/eon>3, Q2/eor06, h2/mear02, h2/Ie0, hv/e0, and e/e0) 
whereas Langhaar’s theorem indicates that there must 
be altogether 12 (15 variables, not including C which 
is dimensionless to begin with, minus the rank, 3, o f 
the dimensional matrix). In our system atic pro
cedure for generating physically significant independent 
dimensionless power products, we divided the vari
ables into four classes: P, v, kT, n, and N; e0 and r0;

(6) C. S. Wang Chang, Doctoral Dissertation, University of Michi
gan, 1944, showed that for linear rigid rotors there are quantum 
deviations from the second virial coefficient which depend upon 
h2/m and h2/I, in agreement with the above results. The complete 
translational parameter h/(meo)1/ 2̂  was later found and was applied 
successfully by deBoer and his co-workers: J. deBoer and B. S.
Blaisse, Physica, 14, 149 (1948); J. deBoer and R. J. Lunbeck, 
ibid., 14, 520 (1948); R. J. Lunbeck, Doctoral Dissertation, Uni
versity of Amsterdam, 1951. Pitzer5 also obtained the complete 
translational parameter. The remaining two parameters have not 
been considered previously.
(7) The quantum-deviation parameter h(N/V<?)lh/(mkTf)1/*, which 
we see is equal to (2Tr)1/i[nN/Qtr(-c) j1/ 3, was introduced, with the aid 
of dimensional analysis, by A. Byk, Ann. Phys., 42, 1417 (1913); 
66,157 (1921); 69, 161 (1922) ; Physik. Z., 22,15 (1921) ; Z. Physik. 
Chem. (Leipzig), 110, 291 (1924). Byk was the first author to con
sider quantum deviations from the classical law of corresponding 
states.
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m2» Q2, • • •; and to, I, v, e, and h. W e related the vari
ables in the first class to one another and to those in the 
second class and those in the second class to those in 
the third and fourth classes, but we did not relate any 
o f the variables in the first class to those in the third 
and fourth classes, whence this remains to be done. 
One such simple com bination is Nm, the molecular 
weight. This has not been suggested previously as a 
parameter in the law o f corresponding states. As it is 
independent o f the other dimensionless power products, 
its inclusion com pletes the set.

W e shall now check whether the twelve dimension
less power products we have found are indeed inde
pendent. W e shall em ploy the theorem from the theory 
o f equations according to which the number of inde
pendent equations in a system o f linear equations is 
equal to the rank o f the matrix o f the coefficients. 
(Langhaar’s theorem is also a corollary o f this one.) 
In the present application, the rank o f the dimensional 
matrix o f the 12 dimensionless power products will be 
12 if the power products are independent. The matrix 
o f the set o f dimensionless power products that we have 
chosen is

P V kT n N Co

hN 0 0 0 1 1 0
Pv/kT 1 1 - 1 0 0 0
v/r03 0 1 0 0 0 0
kT/e0 0 0 1 0 0 - 1
a/r03 0 0 0 0 0 0
fi2/e0ro3 0 0 0 0 0 - 1
Q2/e0r05 0 0 0 0 0 - 1
h2/meor02 0 0 0 0 0 - 1
h2/Ie0 0 0 0 0 0 - 1
hv/e<> 0 0 0 0 0 - 1
e/e o 0 0 0 0 0 - 1
Nm 0 0 0 0 1 0

(It should be noted that the roles of the dependent and 
independent dimensional variables are reversed in the 
two matrices.) I f a 12 X  12 submatrix with a non
vanishing determinant occurs in this matrix (which 
contains altogether 151/12! 3!, or 455, different 12 X  
12 submatrices), then the rank o f the matrix is 12, 
whence each member o f the chosen set o f 12 dimension
less power products is independent and the set is com 
plete. The sparsest 12 X  12 submatrix (obtained by 
deleting the e0, r0, and h colunns) can be partitioned into 
upper pseudo-triangular form, and the tw o subde
terminants lying along the principal diagonal o f this 
submatrix are readily reduced to lower order and di
agonal form by  Laplace’s developm ent. In this way,

the value o f the determinant o f the sparsest submatrix 
was very quickly found to equal unity, thereby proving 
that our set is complete.

Conclusion
W e have found by  means o f dimensional analysis 

that the m ost general possible form  o f the law o f cor
responding states for PVT behavior at all m oderate 
densities is

PV/RT =  fiv/ro3, kT/e0, kT/e0, Ch Ct, . . . ,

a / r 03, fi2/ e 0r03, Q 2/ e 0r<?, M ,  A * )

which includes several dimensionless power products 
not considered previously, including the molecular 
weight, M, and the new quantum -deviation parameter, 
A*. The latter is obtained from  the reciprocal o f the 
total molecular partition function at the critical point 
by  m ultiplying the reciprocal b y  nN, the product of 
the number o f moles o f substance present in the 
system and A vogadro ’s number, and then replacing 
(y<./N)l/i and kTc, respectively, by  the intermolecular 
potential function parameters r0 and e0. The param
eter A* accounts for translational, rotational, vibra

To a K2 Q2 m I V € h

0 0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0 0

- 3 0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0 0

- 3 1 0 0 0 0 0 0 0
- 3 0 1 0 0 0 0 0 0
- 5 0 0 1 0 0 0 0 0
- 2 0 0 0 - 1 0 0 0 2

0 0 0 0 0 - 1 0 0 2
0 0 0 0 0 0 1 0 1
0 0 0 0 0 0 0 1 0
0 0 0 0 1 0 0 0 0

tional, and electronic quantum effects; previous 
quantum -deviation parameters are special cases of 
this one.

In terms o f the critical constants, this result can be 
written in the form

PV/RT =  f[V/Vc, T/Tc, Wif w2, . . . ,
aN/V„  n2N/VckTc, Q\N/Vc)ih/kTc, . . M,  A<‘>]

where wh w2, . .  . are molecular geom etry parameters, 
o f which there m ay be m ore than one, A(c) is the quan
tum -deviation parameter A* with r0 and e0 replaced 
by  their dimensional equivalents ( VJN) l/3 and kTc, 
and the other sym bols have their usual meanings.
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T he parameter v/r03 can be replaced b y  Pr03/e0 
and correspondingly, V/Vc b y  PVC/RTC, but not, with
out some loss o f accuracy, b y  P/Pc, contrary to current 
practice.

These results m ay be carried over readily to any

bulk property which has been put into the appropriate 
reduced form.

Acknowledgment. The author is grateful to the 
Faculty Research Com m ittee o f M ichigan Technologi
cal University for financial assistance.

Mean Activity Coefficient of Polyelectrolytes. V. Measurements of 

Polyvinyl Sulfates of Various Gegenions

by N orio Ise and Tsuneo Okubo

Department of Polymer Chemistry, Kyoto University, Kyoto, Japan {Received November 17, 1966)

The mean activity coefficients o f various salts o f polyvinyl sulfuric acid (PV A S) have been 
determined by  the isopiestic vapor pressure measurements. It has been found that the 
logarithm o f the mean activity coefficient decreases linearly with the cube root o f polym er 
concentration up to 0.5 equiv/1000 g o f water. The slopes o f the cube-root plots are 
— 0.60, —0.65, —0.97, — 1.31, and — 1.52 for lithium, sodium, potassium, calcium , and 
barium salts, respectively. This order o f the slope is in accord with what is expected 
from  Gurney’s rule. The magnitude o f the slope for the sodium salt is found to  be smaller 
than that o f sodium polycarboxylate. This is accounted for in terms o f the difference 
in the structural effects o f sulfate ion and carboxylate ion.

Introduction
In previous papers, the mean activity coefficients of 

polyelectrolytes have been determined by the emf 
measurements o f a concentration cell with transfer
ence1-3 and the isopiestic vapor pressure measure
m ents.4 The results showed that first, the logarithm 
o f the mean activity coefficient decreased linearly with 
the cube root o f polym er concentration ( “ cube-root”  
rule). The magnitude of the slope o f the cube-root 
plot increased with increasing charge density and de
creased with increasing degree of polym erization of 
macroion. This cube-root rule suggested the exist
ence o f a “ linkage”  between macroions through the 
intermediary o f gegenions. Second, it was found that 
the mean activity coefficients of polyelectrolytes 
could not be equal to the single-ion activity coefficients 
of its gegenions and the discrepancy between the two

coefficients could be small for the low molecular 
weight electrolytes.

In the present paper, experimental data are re
ported on various salts o f a polyvinyl sulfuric acid 
(PV A S). The isopiestic vapor pressure measurements 
were carried out in order to determine the osm otic and 
mean activity coefficients in a com paratively con
centrated region o f polym er concentration. One pur
pose o f the present research is to see whether the cube- 
root rule holds for the sulfates and to study the specific 
gegenion effects on the osm otic and mean activity  co 
efficients. Gegenion effects are expected to arise

(1) N. Ise and T. Okubo, J. Phys. Chem., 69, 4102 (1965).
(2) N. Ise and T. Okubo, ibid., 70, 1930 (1966).
(3) N. Ise and T . Okubo, ibid., 70, 2400 (1966).
(4) N. Ise and T. Okubo, ibid., 71, 1287 (1967).
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Table I: Isopiestic Measurements of Salts of PVAS (25°)

Poly
electrolyte,

m,
equiv/ KC1, Log

Sample0 1000 g m <Pz (7*/7*o)

LiPVAS 0.182 0.0526 0.544 -0.333
0.201 0.0591 0.551 -0 .350
0.238 0.0723 0.566 -0 .376
0.290 0.0935 0.597 -0 .400
0.369 0.122 0.612 -0.433
0.461 0.165 0.655 -0.452
0.706 0.286 0.734 -0 .474
1.59 0.961 1.08 -0 .360

NaPVAS 0.111 0.0352 0.60o -0 .298
0.133 0.0422 0.602 -0 .328
0.188 0.0633 0.632 -0.373
0.261 0.0916 0.651 -0 .418
0.340 0.122 0 . 6 6 2 -0 .452
0.431 0.161 0.685 -0.476
0.535 0.203 0.692 -0 .502
0.780 0.319 0.741 -0.513
0.806 0.342 0.767 -0 .520
0.894 0.381 0.769 -0.510
1.19 0.558 0.846 -0 .520

KVPAS 0.229 0.0581 0.475 -0 .592
0.278 0.0710 0.476 -0 .635
0.374 0.0966 0.479 -0 .700
0.459 0.121 0.487 -0.744
0.939 0.257 0.499 -0.901
1.74 0.491 0.507 -1 .0 3
2.17 0.658 0.543 -1 .0 6

CaPVAS 0.228 0.0352 0.293 -0.793
0.275 0.0426 0.293 -0.851
0.350 0.0554 0.297 -0.922
0.469 0.0736 0.293 -1 .01
0.563 0.0888 0.293 -1 .0 7
0.708 0.115 0.30o -1 .1 4
0.856 0.147 0.315 -1 .1 9
1.23 0.251 0.372 -1 .2 7
1.54 0.382 0.448 -1 .2 9

BaPVAS 0.163 0.0260 0.304 -0.819
0.184 0.0290 0.299 -0 .859
0.207 0.0328 0.30o -0 .894
0.231 0.0357 0.293 -0 .930
0.272 0.0425 0.295 -0.979
0.312 0.0470 0.284 -1 .0 3
0.393 0.0580 0.277 -1 .1 0
0.536 0.0788 0.274 -1 .2 0
1.62 0.268 0.302 -1 .5 5
2.52 0.645 0.459 -1 .6 0

° The degree of neutralization is 1.00 for all of the samples. 
b The tpi values were obtained by using ^kci values which were 
taken from R. A. Robinson and R. H. Stokes, “Electrolyte Solu
tions,” Butterworth and Co., Ltd., London, 1959, p 476, Table I 
and p 481, Table I.

mainly from  nonelectro,stavic, short-range forces rather 
than electrostatic, long-range forces which are pre
dom inant when macroions are highly charged. There
fore we used a PV A S having a low charge density 
(degree o f esterification 0.227). Another purpose is to 
com pare the mean activity coefficient data o f a poly- 
carboxylate with those o f a polysulfate.

Experimental Section
The aqueous solutions o f various salts o f PVAS, 

such as Li, Na, K , Ca, and B a salts, were prepared as 
follows. A  solution o f potassium polyvinyl sulfate 
(a product of the Seikc Chemical Co., Fukuoka, 
Japan) was passed through a colum n o f cation- and 
anion-exchange resins to convert the polym er to the 
acid form .5 Then, the solution was neutralized with 
an aqueous solution o f reagent grade LiOH, NaOH, 
K O H , C a(O H )2, or B a(O H )2. The degree o f polym eri
zation o f the parent polyvinyl alcohol was 1700 in 
viscom etry. The degree of esterification was 0.227, 
determined by both a titration method and sulfur analy
sis.

Osmotic and activity coefficients were determined 
by  the isopiestic vapor pressure m ethod at 25 ±  0.005° 
with an apparatus em ployed by  us earlier.4 The ex
perimental error of the isopiestic measurements was 
about 2% in the osm otic coefficient value at the highest.

Results
The measured concentrations of the solutions of 

PV A S salts and potassium chloride in isopiestic equi
libria are listed in the second and third columns of 
Table I, respectively.

The practical osm otic coefficient o f the polyelectrolyte 
(<pz) was calculated by  the equation

2wîkci

“  ( 7 +  T T(W^fKC1 ( i )

where mkci is the m olality o f the reference potassium 
chloride solution, in the concentration of the salts of 
PV A S (equiv/1000 g of water), z the stoichiom etric 
valency of macroion, and «̂ kci the practical osm otic 
coefficient o f potassium chloride solution. It should 
be noted here that the osm otic coefficient dealt with in 
the present paper is the one defined on the basis of 
the stoichiometric number of ions, not o f the free ions.6 
The osm otic coefficient obtained was generally found 
to increase with increasing concentration as is clearly

(5) The polyvinyl sulfate was stable in passing through the ion- 
exchange column, which was ascertained by sulfur analysis.
(6) In ref 4, the osmotic coefficient of a polyacrylate was determined
using v =  2 m K C i / [ ( < *  +  ]»> k c i , where a is the effective
valency of the macroion, instead of eq 1 in the present text.
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m, equiv/1000 g.

Figure 1. Osmotic coefficients of the aqueous 
solutions of various polyvinyl sulfates (25°).

seen from  the fourth column o f Table I and Figure 1. 
This tendency is the same as found by  Alexandrowicz7 
and us4 for sodium polyacrylate and was earlier dis
cussed in terms of the excluded volum e effect by  one of 
the present authors.8 Figure 1 also demonstrates 
that the osm otic coefficient o f the polyelectrolyte de
pends sharply on the gegenions. The order of the 
magnitude o f the coefficient is

Li «  Na >  K  >  Ca >  Ba (A)

This order for the polyelectrolytes is the same as that 
usually found for the salts of a low molecular weight 
strong acid.9

The mean activity coefficients ( 7 *) were calculated 
using the rearranged G ibbs-D uhem  relation, i.e.

In (t i* / 72*) =  <pzi — pz2 +  2 I y=^d'\/m (2)
«/  m i  "V' W&

where the subscripts 1 and 2 correspond to wr and m2, 
respectively. As previously m entioned,1 the familiar 
assumption that the activity coefficient of electrolytes 
is unity at infinite dilution cannot generally be ac
cepted for polyelectrolytes. This is due to the poly
ionic work, using H aym an’s term inology.10 It appears 
reasonable, however, to regard this work at infinite 
dilution as independent of the nature of the gegenions, 
since it is determined by  the dielectric constant, elec
tric charge, distance between ionized groups, and 
number of the groups. Thus, we m ay assume that the 
activity coefficients o f the various salts o f PV A S have 
the same value at infinite dilution, i.e., y*0. B y  as
suming that the cube-root rule holds down to infinite 
dilution, 11 log 7 * / y*o can be calculated for various salts 
and concentrations from  the osm otic coefficient. The

Figure 2. Cube-root plots of the mean activity coefficients 
of various polyvinyl sulfates in water (25°).

results are given in the fifth column o f Table I  and in 
Figure 2.

As is readily seen from the figure, the cube-root 
dependence holds for all salts studied except at higher 
concentrations. The slopes of the straight lines are 
-0 .6 0 ,  -0 .6 5 ,  - 0 .9 7 ,  - 1 .3 1 ,  and - 1 .5 2  for Li-, 
Na-, K -, Ca-, and BaPYA S, respectively. T he magni
tude o f the slope is in the order

Li <  Na <  K  <  Ca <  B a (B)

Thus the nature o f gegenions is seen to be an im portant 
factor influencing the solution property o f polyelectro
lytes.12

Discussion
In the above sections, the experimental data of the 

osm otic and mean activity coefficients o f the PV A S 
salts were presented. These tw o coefficients are in
terrelated to each other so that our subsequent dis
cussion will be limited to the mean activity coefficient.

In previous papers,2-4 it was reported that the cube- 
root plot has long straight segments for the mean activ
ity  coefficients of some polyelectrolytes. Figure 2 
shows that the rule also holds for the PV A S salts, up 
to about 0.5 equiv/1000 g o f water. Again we notice 
that the upper limit o f concentration, at which the

(7) Z. Alexandrowicz, J, Polymer Sci., 56, 1X5 (1962;.
(8) N. Ise and M. Hosono, ibid., 39, 389 (1959).
(9) H. S. Harned and B. B. Owen, “ The Physical Chemistry of 
Electrolytic Solutions,”  Reinhold Publishing Corp., New York, 
N. Y ., 1958, Chapter 12.
(10) H. J. G. Hayman, J. Chem. Phys., 22, 1234 (1954).
(11) This is a rather crude assumption at present. There exists 
neither theoretical nor experimental support for this concentration 
dependence in very dilute regions.
(12) The degree of polymerization and charge density of the macroion 
are also influential factors as was clearly demonstrated in ref 2.
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experimental data begin to deviate upward from  the 
straight line, is much higher for the PV A S salts than 
for 1-1 type electrolytes.13 Thus the previous in
terpretation, that the local regularity in ionic distribu
tion can be more easily form ed in polyelectrolyte solu
tions than in simple electrolyte solutions, proves to 
have obtained a new experimental support.

Discussion is now desirable on the relative order of 
the mean activity coefficients o f the PV A S salts. For
1-1 type electrolytes, as is well known, Gurney found 
a rule that electrolytes com posed of ions o f dissimilar 
influence on the water structure have larger mean 
activity coefficients than those o f ions o f similar char
acter.14 In other words, the mean activity coefficient 
decreases m ost sharply with increasing concentration 
when the anion and cation are m ost similar in their 
structure effect, according to Frank and Thom pson .13 
Since the entropy value, a measure o f the structure 
effect, is not available for the macroions, we expediently 
use the value of H S 0 3~ for ionized group of the poly
sulfates. The conventional partial molal entropy 
of this anion is reported as + 3 2 .6  ±  1.5 eu on the scale 
of zero for proton, indicating the structure-breaking 
nature of the anion, and the values for Li+, N a +, and 
K +  are + 4 .7  ±  1.0, + 1 4 .0  ±  0.4, and + 2 4 .2 . ±  0.2, 
respectively.15 Therefore it is clear that the experi
mental data given in Figure 2 or inequality B can be 
accounted for by G urney’s rule, as far as m onovalent 
gegenions are concerned. Furthermore, we note that 
the rule can be extended to C a2+ and B a2+, since the 
molal entropy of the form er is — 11.4 ±  0.3 (strong 
structure former) and that of the latter is + 2 .3  ±  0 .3 .16

The magnitude o f the slope o f the cube-root plot of 
the PV A S salts invites some comments. The values 
experimentally found (ranging from  —0.6 to — 1.5) 
are not far from  those previously found for a sodium 
polyacrylate ( — 0.74) and for a polyethylenim ine 
salt ( —0.86 ),16 but are much larger than those for 1-1 
type electrolytes ( — 0.2 ~  —0 .3 ).13 Frank and
Thom pson, however, pointed out that the magnitude 
of the slope increases with rising valency and reported 
a value o f —0.726 for C aC k and —3.9 for Z11SO4 . 13 

The authors have attributed these high values to ion- 
pair formation. Similarly it is possible that gegenion 
association by  m acroion is partly responsible for the 
large slope observed for the polysulfates.

Since the polysulfates under consideration are co- 
polym eric polyelectrolytes of a low charge density, 
it is rather surprising to find that the constants of 
the cube-root plot for the PV A S salts (slope and upper 
limit) are fairly close to those found for hom opolym eric 
polyelectrolytes of high charge densities such as the 
polyacrylates at the full degree o f neutralization as

mentioned in the preceding section. In the light of 
the difference in the charge density, such a com parison 
is not fully significant. In order to obtain information 
on the essential difference between the sulfate and 
carboxylate, therefore, it is necessary to com pare 
N aPV A S with the sodium salt o f a polyvinyl alcohol 
partially acetalized with glyoxylic acid (N aP V A G ). 
Our experimental finding2 has shown that the magni
tude o f the slope of the cube-root plot for N aPV A G  
(ranging from  1.6 to 3.2) decreases with increasing 
degree o f polym erization and increases with increasing 
number o f charges. If this finding also applies to the 
polysulfate, the magnitude o f the slope o f N aPV A S 
(degree o f polym erization 1700, charge density 23/100 
vinyl alcohol units) should be larger than 3.2, which 
was found for N aP V A G -N 3  (degree o f polym erization 
1700, charge density 10.5). The value actually found 
for N aPVAS, however, is 0.65. In the light o f the 
degree o f polym erization dependence of the slope value 
mentioned above, it is difficult to escape the conclusion 
that N aPVAS molecules have a m ore highly stretched 
configuration than N aPV A G  molecules. Correspond
ingly, the specific viscosity o f a salt o f PVAS was higher 
than that of P V A G  with the same gegenion, when 
these polyelectrolytes have the same degree of poly
merization and number o f charges.17

Discussion can now be carried on further in terms o f 
the influence o f ions on water structure. The entropy 
value o f acetate ion is not available so that we estimate 
it using the viscosity B coefficient o f this ion (+ 0 .2 5 0 )18 
and the linear relation between the B coefficient and 
molal entropy.19 The value thus obtained is about 
+  15 eu on the scale of zero for the proton. If this 
estimate is correct, it is immediately clear that N a+ 
and acetate ion are similar in their structure effect 
and a pair of N a+ and H S 0 3~ is rather dissimilar, since 
the molal entropy o f N a+ is about + 1 4 .0  eu and that

(13) For the detailed discussion of the cube-root formulation of vari
ous 1-1 type electrolytes in water, see H. S. Frank and P. T . Thomp
son, “ The Structure of Electrolytic Solutions,”  W. J. Hamer, Ed., 
John Wiley and Sons, Inc., New York, N. Y ., 1959, Chapter 8.
(14) R. W. Gurney, “ Ionic Processes in Solution,”  McGraw-Hill 
Book Co., Inc., New York, N. Y ., 1953, Chapter 16.
(15) W. M. Latimer, K. S. Pitzer, and W. V. Smith, J. Am. Chem. 
Soc., 60, 1829 (1938).
(16) These values were obtained by using the equation mentioned 
in ref 6. These slope values become somewhat large (for example, 
—1.4 for NaPAA) when use is made of eq 1. This change, which is 
completely due to a gegenion association phenomenon by macroions, 
will be discussed fully at a later date, but does not affect our dis
cussion in the text.
(17) I. Sakurada and N. Ise, Makromol. Chem., 40, 126 (1960).
(18) See ref 14, p 169.
(19) It has been pointed out in ref 14 (p 174) that two straight lines 
can be obtained: the high-lying line is for the large molecular ions 
such as NOS", CIO3- , and 103". In the present work, the acetate 
ion was assumed to fall on this line.
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o f H S 0 3-  about + 3 2 .6  as was mentioned above. 
Thus, the fact that N aPV A G  has a larger slope of the 
cube-root plot than N aPYAS can be accounted for by 
G urney’s rule.

W e note that the foregoing discussion relies on the 
validity o f the approximation by  which the real ionized 
groups I and II  have been replaced with acetate ion 
and H S 0 3- , respectively.

C H 2— CH -- C H 2— C H —  
|

— C H 2— C H —

O
1

0 O S 0 3-

C

coo-
I II

It is therefore im portant to know the influence which 
the oxygen atom, connecting C O O -  or S 0 3~ with the 
main polym er chain would exert on the water struc
ture. A ccording to existing data ,15 the conventional 
partial molal entropies o f CIO- , C102- , C103~, and C104-  
are 10.0 ±  2, 24.1 ±  0.5, 39.4 ±  0.5, and 43.6 ±  
0.5 eu, respectively. It is seen from  these data that 
oxygen has a structure-breaking effect and the effect 
of one oxygen atom  becomes progressively small as 
the ion becomes more com plex. This can be found in

the pair o f S 0 32- and SO P- , which have entropy 
values of 3 ±  3 and 4.4 ± 1 . 0  eu, respectively, and 
also in the case o f N 0 2-  and N 0 3- , the entropies of 
which are 29.9 ± 1 . 0  and 35.0 ±  0.2 eu, respectively. 
Thus, it seems possible to conclude that the structural 
influence o f the oxygen under consideration in P V A G  
and PV A S is rather small.

Finally, we would like to com m ent on the magnitudes 
o f the activity coefficients of N aPV A G  and N aPVAS. 
As was mentioned in a previous paper,1 the magnitude 
o f the mean activity coefficients o f polyelectrolytes 
cannot be determined, because it is not known how to  
estimate the polyionic work experimentally, which 
determines the mean activity coefficient at infinite 
dilution. Nevertheless, we know that the polyionic 
work should be determined by  the distance between 
ionized groups and the number o f the groups. There
fore it is expected that polyelectrolytes o f the same 
(linear) charge density and degree o f polym erization 
should have the same mean activity coefficient at in
finite dilution. Then, the mean activity coefficient 
o f N aPV A S should be larger than that o f N aP V A G  at 
finite concentrations, because the magnitude of the 
slope o f the cube-root plot is smaller for the form er 
than for the latter.

Acknowledgment. Sincere thanks are due to Pro
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Temperature Effects on the Potential of Zero Charge of the Mercury Electrode

by Woon-kie Paik, Terrell N. Andersen, and Henry Eyring

Institute fo r  the S tudy o f  Rate P rocesses, The U niversity o f  Utah, Salt Lake C ity , Utah 
{R eceived Novem ber 21, 1966)

The potential of a streaming mercury electrode was measured in aqueous 0.1 and 1.0 N 
KI, KBr, KC1, and NaF solutions from 0 to 60°. The resulting potentials of zero charge 
(pzc), measured with respect to a reference electrode held at 25 °, increased approximately 
linearly with an increase in temperature, T. The increase in pzc with temperature for 
NaF is considered to be due to deorientation of solvent dipoles on the electrode surface 
with increasing temperature, while the increasing potentials of zero charge in the other 
solutions are due to a decrease of specific adsorption as well as to solvent deorientation. 
Using an adsorption isotherm, double-layer theory, and the results for NaF, calculations 
are made of the temperature dependence of the pzc for the Cl- , Br- , and I -  solutions. 
These results compare favorably with the experimental results.

Introduction
The effects of electrolyte concentration on the 

potential of zero charge (pzc) are widely used to pro
vide information regarding adsorption onto electrodes 
and hence regarding the double-layer structure. 
Studies of temperature variation of the pzc, although 
valuable in providing additional insight into the double
layer structure, are sparse.

Anderson and Parsons obtained electrocapillary 
curves of Hg in KI solutions at various temperatures 
and from them calculated heats and entropies of 
specific adsorption of I -  ions onto Hg.1 Koenig ob
tained electrocapillary curves of mercury in 1 M 
K N 03 solutions between 9.3 and 55°2 and Parry and 
Parsons made similar studies on aromatic sulfonate 
anions.3 Grahame4 5 measured the temperature co
efficient of the pzc of mercury in NaF solutions from 
0 to 85° by the capacity method. He also measured 
the pzc of a streaming mercury electrode in KC1 solu
tions at different temperatures.6 Similar measure
ments have been made on streaming Hg electrodes by 
Randles and Whiteley6 in 0.1 N solutions of KC1, 
NaOH, and K2S04 in the temperature range 15-35°; by 
Butler on Hg and Hg-In amalgam electrodes in 0.1 
N HC104;7 and by Hills and Payne on Hg in 0.1 A  
solutions of NaNCh, NaF, Na2S04, and NaCl at 20 
and 30°.8

Mine and Jestrzebska9 have measured the capacity 
minima in KF, KC1, and KBr solutions at very dilute

concentrations. All of these workers, except Grahame 
kept their reference electrodes at the same tempera
ture as the test solutions.

In the above zero charge potential determinations 
the structural aspects of the double layer were only 
somewhat delved into. Hills and Payne8 considered 
changes in the concentration of adsorbed water on the 
electrode with variation in charge. Several of the 
above authors6'7 noted that the temperature coef
ficient of the electrode potential at zero charge is larger 
for solutions containing more adsorbable anions and 
hence concluded that the pzc increases with tempera
ture due to a decrease in specific adsorption (for solu
tions where such adsorption exists).

In the present work we have investigated the effect 
of temperature on the pzc from the standpoint of a

(1) W. Anderson and R. Parsons, P roc. In tern . Congr. Surface 
A ctiv ity , 2nd, L ondon, 45  (1957).
(2) F. Koenig, Z . P h ysik . Chem. (Leipzig), 157, 96 (1931).
(3) J. M. Parry and R. Parsons, Trans. Faraday Soc., 59, 241 (1963).
(4) D. C. Grahame, J . A m . Chem. Soc., 79, 2093 (1957).
(5) (a) D. C. Grahame, E. M. Coffin, J. I. Cummings, and M. A. 
Poth, ib id ., 74, 1207 (1952); (R D. C. Grahame, E. M. Coffin, and 
J. I. Cummings, Technical Report No. 2 to the Office of Naval Re
search, Aug 11, 1950.
(6) J. E. B. Randles and K. S. Whiteley, Trans. Faraday Soc., 61, 
326 (1965).
(7) J. N. Butler, J . P h ys . Chem., 70, 2312 (1966).
(8) G. J. Hills and R. Payne, Trans. F araday Soc., 61, 326 (1965).
(9) S. Mine and J. Jastrzebska, Electrochim . A cta , 10, 965 (1965).
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variation in specific adsorption and a partial reorienta
tion of water dipoles. The former contribution is 
calculated and the latter is estimated based on results 
for NaF and on calculations.

To provide an experimental test for our calculations, 
the pzc of a mercury electrode in various aqueous alkali 
halide solutions was measured in the temperature range 
0-60°. The reference electrode was kept at a constant 
temperature in order to make the comparisons of the pzc 
at various temperatures more consistent for our double
layer studies and to avoid the somewhat inaccurate 
corrections for the entropy changes at the reference 
electrode. In return, possible thermal junction poten
tials were introduced and these are discussed later.

Experimental Section

The technique of the streaming mercury electrode6’10 
was employed in measuring the pzc. The cell, presatu
rator for N2 gas, and a Pyrex coil which carried the 
mercury to the capillary were immersed in a bath in 
which the temperature was controlled to within ±0.02°. 
The solution was connected by means of a salt bridge 
of saturated KC1 solution to the reference electrode, 
which was kept at 25°. A saturated calomel electrode 
served as the reference half-cell in most experiments, 
although a few experiments were repeated using an 
Ag-AgCl electrode. Solutions were made from rea
gent grade chemicals and water bidistilled from a 
basic permanganate solution.

The electrolytes studied were 0.1000 and 1.000 N 
(at 25°) solutions of NaF, KC1, KBr, KI, and 0.0100 
N (at 25°) NaF.

The solution in the cell was flushed with purified 
(99.996%) nitrogen at least 15 hr prior to each experi
ment and during the measurements to prevent air 
oxidation of mercury and the anions. Then mercury 
was allowed to stream through the solution for a few 
minutes, before the potentiometer readings were re
corded, to ensure a stable potential.5

The potential readings were made to 0.001 mv using 
a Leeds and Northrup K-3 potentiometer. The stand
ard deviations of the readings were about 0.01 mv 
for 0.1 and 0.01 N solutions and a few hundredths of 
a millivolt for 1 N solutions. Although the actual 
potential values may not be this accurate (e.g., owing 
to limits of chemical purity), this precision justifies 
the comparison of small differences in temperature 
coefficient of the pzc. Any set of readings that were 
not constant with time were discarded because such 
a shift of potential would be an indication of contami
nation of the solution either by impurities in the rea
gents or by oxidation of the mercury or anions.

Figure la. Potential of zero charge, E<> (corrected 
for liquid junction potential), vs. the standard 
hydrogen electrode as a function of temperature. 
Fluoride and chloride solutions.

Figure lb. Potential of zero charge, Eo, as a function 
of temperature for bromide and iodide solutions.
E{ measured vs. standard hydrogen electrode with 
correction made for liquid junction potential.

Results and Discussion
The experimental results are shown in Figures la 

and lb. The recorded potentials of zero charge, E0, 
in Figure 1 consist of the raw data with an estimated

(10) D. C. Grahame, R. P. Larsen, and M. A. Poth, J. Am. Chem. 
Soc., 71, 2978 (1949).
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Table I: Temperature Coefficient of Potential of Zero Charge, dfo/dT, at 25° 
in M illivolt per Degree at Concentrations of 0.01, 0.1, and 1 N

Ref 0.01
----NaF, N—

0.1 1
.--------- KC1, N----------.

0.1 1
,--------- KBr, N------ —.

0.1 1 0.1

This w ork 0.593 0.528 0.507 0.673 0.697 0.870 0.742 0.925
Grahame 0.47° 0.586
Randles and Whiteley 0.67

(calcd)
H ills and Payne 0.604 0.64s

N--------.
1

0.675

“ Independent of concentration within the limits of experimental error. b Calculated from the temperature coefficient data with 
reference electrode at the same temperature using the thermal temperature coefficient of potential of reference electrode.

correction added for the liquid junction potential be
tween saturated KC1 and the test solution at the cell 
temperature.11

The change of the pzc, En, with temperature is be
lieved to be due to the change of inner potential 
difference, 4>u, across the double layer, because we 
maintained the reference electrode at constant tem
perature and the thermal junction potentials are 
believed to be negligible. There are two thermal junc
tions, one across the copper lead and one across the 
salt bridge. These can be neglected without any 
apparent serious error because the entropies of transfer 
of electrons and ions across these junctions are believed 
to be small. This point is supported by deBethune, 
Licht, and Swendeman.12 Grahame also neglected the 
thermal junction potentials in his work.4,6 Randles 
and Whiteley6 and Butler7 measured the pzc against 
reference electrodes at the same temperature as the 
test solutions as mentioned above. They then added 
the entropy changes accompanying the electrode reac
tions, AS/F, to their measured dE0/dT to get their 
temperature coefficient of the inner potential difference 
across the double layer. This procedure, however, is 
equivalent to keeping the reference electrode at con
stant temperature as was done in the present work. 
This is so because the entropy change at the reference 
electrode is nothing but the temperature coefficient 
of the potential of the reference electrode. Since there 
are uncertainties in the entropy values of ionic species in 
solution, those procedures may result in uncertain 
values of the temperature coefficient of the inner po
tential difference across the double layer.

In Table I the temperature coefficients of our pzc, 
dfc/dT (=  dEo/dT) at 25°, are listed together with other 
data obtained by previous workers. A positive value 
of the coefficient means that the mercury electrode with 
zero charge becomes more positive as the temperature 
is increased.

Because specific adsorption of anions makes the 
potential of zero charge more negative it is usually

assumed that more specific adsorption of anions is 
accompanied by a larger temperature coefficient 
of the pzc. This is the case for 0.1 N solutions of the 
halide ions as seen by comparing Table I with the 
tendency for increasing specific adsorption, i.e., F~ < 
Cl-  <  B r" <  I - .13'14 This is, however, found to be 
not always true as seen from the data of 1 A7 solutions. 
The d<t>o/dT values for 1 N solutions of KBr and KI 
are smaller than their 0.1 N solutions, while there is 
more specific adsorption of anions from the more con
centrated solutions. The value of 1 A7 KI is even 
smaller than that of 1 A7 KBr. The fluoride solutions 
of different concentrations were expected to have es
sentially the same temperature coefficients because 
F _ ions are only slightly specifically adsorbed. The 
data from 1 and 0.1 A7 solutions show the expected 
agreement, but dfo/dT for 0.01 N NaF is higher than 
the other two. The reason for this is unknown, but 
it may be due to uncertainties in the correction for the 
liquid junction potential.

(11) This correction was calculated using the Henderson equation. 
Ionic mobilities at the various temperatures could not be found for 
all the solutions in question. Therefore, mobilities at 25° were 
used for the KC1, KBr, and KI calculations. For NaF limiting ionic 
conductances at 25° were used. The above approximations removed 
any temperature dependence from the mobility terms in the Hender
son equation. This approximation seems justified since the ionic 
mobilities increase proportionately with temperature for all the 
ions studied (c/. S. Glasstone, “Textook of Physical Chemistry,”  2nd 
ed, D. Van Nostrand Co., Inc., New York, N. Y., p 895). The error 
from this approximation would be largest in the case of the most 
dilute solution, i.e ., 0.01 N  NaF. Calculated liquid junction poten
tials did not exceed 3.2 mv and were proportional to the absolute 
temperature, according to our calculation.
(12) (a) A. J. deBethune, T. S. Licht, and N. Swendeman, J .
Electrochem. Soc., 106, 616 (1959); (b) A. J. deBethune and A.
Swendeman, ‘ ‘Standard Aqueous Electrode Potentials and Tem
perature Coefficients at 25°C,”  Clifford A. Hampel, Publishers, 
Skokie, 111., 1964.
(13) D. C. Grahame and B. A. Soderberg, J . Chem. P h ys., 22, 449 
(1954).
(14) D. C. Grahame, J . A m . Chem. Soc., 80, 4202 (1958).
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Table II: Numerical Values Used in the Calculations

N
r,
A

?i.
^coulombs/

cm*
^coulombs/

cm* oo Reference for

Cl 0 .1 1.81 2.3 122 0.0769 Ì Averages taken from data
1 8.3 0.605 Jf of ref 18 and 19

B r- 0 .1 1.95 5.87 105 0.0771 13
1 14.4 0.617 Computed from r + and F "

in ref 17
I - 0 .1 2.16 11.14 86 0.0776 '

i1 20.13 0.646 ;

“ qs is calculated as the amount of specific adsorption that will make a square array of ions in contact.

Table III: Calculated Values of Wo, dqi/d7' and d^°/dT  at 25°

,----------------KC1, N~- .----------------KBr, N - ,----------------KI, N—
0.1 1 0.1 1 0.1 1

Wo, kcal mole-1 -2 .1 1 -3 .9 0 -6 .1 1
dçi/dr, /«coulombs/ 0.00946 0.0200 0.0244 0.0299 0.0394 0.0321

cm2 deg
d\p°/dT, mv deg-1 0.058 -0 .008 0.039 -0.0285 -0 .059 -0 .080

Temperature Effects on Specific 
Adsorption of Ions

The portion of the metal-solution potential dif
ference due to specifically adsorbed ions can be sepa
rated into a potential difference across the inner layer 
(metal to outer Helmholtz plane) q,ip" and that across 
the diffuse layer, \p°. (The notation with respect to 
potentials used here follows that of Grahame.15 16) 
Therefore, the temperature coefficient of the pzc due 
to ionic specific adsorption, 5i(d0o/d T), is given by

qi\pn is related to the amount of specific adsorption, q„ 
according to the relation (c/. ref 16)

q i'Pu 47rY#i
e (2)

where y is the distance between the inner and outer 
Helmholtz planes and e is the dielectric constant of the 
compact double layer. Assuming that temperature 
affects qi much more than it does y / e  we have

/ <tyu\ _  Tjry dgj
3lW  J e d T { )

The effect of the temperature on specific adsorption, 
dqi/dT, is calculated in this section from the tempera-

ature dependence of the adsorption isotherm. The 
isotherm we have used is a modified Langmuir isotherm 
analogous to Frumkin’s and is given by

q , ~ ‘h^ r 2rea,ap( S  <4)
where q; is the charge of the specifically adsorbed ions 
per unit area, q3 is the value of q\ at saturation, r is the 
radius of the adsorbed ions, e is the electronic charge, 
a0 is the activity of the ions in the bulk of the solution, 
and W  is the electrochemical free energy of adsorption. 
Besides being of a fairly simple form for calculation 
purposes, this isotherm finds support in the work of 
Parry and Parsons.3 Here 2r is introduced as the 
volume of the layer of adsorbed ions per unit area of 
the electrode surface.17

W can be split into electrostatic and nonelectrostatie 
terms

W  =  Wo +  zF(t° +  ^A) (5)

Here is the potential difference from the outer to 
the inner Helmholtz plane. °̂, the Galvani potential 
of the outer Helmholtz plane with respect to the bulk

(15) D. C. Grahame, Z. Elektrochem., 62, 264 (1958).
(16) P. Delahay, “ Double Layer and Electrode Kinetics/’ Inter
science Publishers, Inc., New York, N. Y., 1965, Chapter 4.
(17) D. C. Grahame, Chem. Rev., 41, 441 (1947).
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solution, is obtained from diffuse layer theory as

at the pzc. A = (edkTC0/2Tr),/‘ where ed is the di
electric constant of the diffuse double layer and C0 
is the bulk concentration of ions. Differentiating eq 6 

with respect to T and assuming ed to change very little 
with temperature, we have

From eq 4, 5, and 7 we get

( i ) \

(W

M T  +
1------1
tM+rH
1____

_

F r \

R T f

Qs 

Qs - «, R r + ( 1 +

to
1__

__
1

For the calculation of dqi/dT and hence qi(d\//u/dT), 
values for W  and \pA are required. W  was obtained by 
substituting the known values for q„ r, and a0 into eq 4; 
qa was calculated assuming complete coverage of the 
surface by the ions in a square-packed array. Table 
II 18' 19 lists the values for qi} qs, r, and a0. The cal
culated W  values for 0.1 and 1.0 N values of a given 
salt were substituted into eq 5 to give two simul
taneous equations with Wo, (1 N) and \pA (0.1 N) 
as unknowns. It was then assumed that yA for a 
given type of electrolyte is proportional to q¡, so that 

(0.1 N) =  *A (1 N)(qi (0.1 N)/qi (1 N)). Thus, 
Wo (independent of the bulk salt concentration for a 
given ion) and the \pA values were determined. With 
W  and \pA known, dqi/dT was readily calculated as 
was d^°/dT  (cf. Table III).

For the calculation of q,(d\pn/dT) from dqi/dT, 
given by eq 3, the value of 7 / e is needed. These two 
constants are not yet accurately known. However, 
from the integral capacity data of the double layer, d/t 
is estimated to be approximately 4 X 10~ 9 cm where d 
is the thickness of the inner layer. 1617 In our calcula
tions we assumed d =  4 A, e =  10, and 7  — d — r, 
where r is the radius of the anions. These values ap
pear to be in agreement with the comparable values as
sumed by other workers in the field.20 Errors in the 
dielectric constant should affect calculations for all 
ions to roughly the same extent since it is found that 
the inner layer dielectric constant depends on the field 
due to electrode charge, but not on that due to specifi
cally adsorbed ions. 1416

Table III shows the d\p°/dT, dqi/dT, and W0 values 
calculated as outlined above. The total temperature 
coefficients of the zero charge potential at 25°, qi(d<j>0/ 
dT), as calculated from eq 1 are shown in Figure 2 as 
dashed lines. This plot qualitatively shows (d<j>n/d T) 
as a function of adsorbability. The calculated qi(d<fi0/  
dT) values show certain aspects which are in agreement 
with experiment, i.e., the tendency for d<j>0/dT for 
1 17 I "  to be less than that for 1 N  Br-  or 0.1 N I - . 
However, there are still significant differences between 
the experimental (d<t>0/dT) and the calculated 9i(d<j>0/ 
dT) values.

These differences are believed to come from the 
temperature variation of the orientation of the adsorbed 
solvent dipoles.

Temperature Effects on Orientation o f Dipoles
The d<j>o/dT values for 0.1 and 1 N F”  solutions are 

considered to be due to the thermal deorientation of 
dipoles which cover the electrode surface with their 
negative end pointing preferentially toward the elec
trode. 21 The contribution to d<f>0/dT from this deorien-

Figure 2. Experimental and calculated values of d^o/dT 
at 25° for the mercury-halide solution systems.

(18) D. C. Grahame and R. Parsons, J. A m . Chem. Soc., S3, 1291 
(1961).
(19) H. Wroblowa, Z. Kovae, and J. O’M. Bockris, Trans. Faraday  
Soc., 61 , 1523 (1965).
(20) J. R. Macdonald and C. A. Barlow, Jr., P roc. A ustra lian  Conf.
Electrochem., 1st, S ydn ey, A ustralia , 1963, 199 (1965).
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Figure 3. (a) Schematic diagram of adsorbed solvent
dipoles and anions showing deorientation of dipoles 
adjacent to ion and orientation of dipoles nonadjacent 
to ion. (b) Projected area of adsorbed ion with its 
complement of nearest water neighbors when ions are 
separated by two or more water molecules (left) and 
when ions are separated by one water molecule (right).
(c) Schematic diagram of surface layer of ions and water at which 
water dipole contribution to electrode potential is minimal.

tation, dx/dT, must be added to the above calculations, 
Qi(d<p0/dT), to give the total d<£0/d T\ d x /d T for Cl- , 
Br- , and I -  will not be exactly the experimental 
value of d^o/dT7 found for fluoride, since there is a dif
ferent electrode coverage by oriented dipoles for dif
ferent anions. The coverage of the electrode by the 
oriented water dipoles will decrease with increasing 
qi, since the adsorbed anions replace some water mole
cules and deorient some neighboring dipoles. The 
extent to which neighboring water molecules are de- 
oriented depends on factors such as orientation forces 
between ions and dipoles, those between dipoles and 
the electrode, and mutual repulsion between oriented 
dipoles about the anion. No exact answer exists to 
the question of the dipole structure about an ion. 
However, such deorientation exists as pointed out by 
various workers22,23 and by considerations of the 
strength of ion-dipole interactions vs. dipole-image or 
vs. hydrogen bond interactions. In this work we take 
the upper limit of such orientation of water dipoles 
with their negative ends pointing away from the anions 
and assume that a complete layer of water molecules 
about each anion deorients (cf. Figure 3a). The 
adsorbed anions at low coverage will accordingly de
crease the oriented dipole coverage by the amount 
(qi/e)ir(r +  2fH2o)2, where e is the charge of the ion 
and ril2o is the radius of a water molecule, because 
ir(r +  2rH2o)2 is the projected area of the anion with its 
deoriented neighboring water molecules around it.

This linearity of decreasing of the oriented water 
coverage, dw, with increasing q-, will not continue as the 
surface becomes crowded with anions because each ion 
does not then have an independent complement of 
nearest-neighbor solvent molecules {cf. Figure 3b). 
Therefore, in reality the 0W vs. q\ relation may be a 
curved line as shown in Figure 4. The equation of the 
curve may be given by

8W =  1 — a +  6a2 (9)

where

a = 2rH!o)2 (10)

The third term of eq 9 is quadratic in qi because the 
probability of two ions getting together with the in
teraction energy E, as in Figure 3b, is b'qf exp(—E f 
RT). The constant 6 is chosen such as to give a mini
mum point of the curve (Figure 4) at q\ =  q-M, where 
«j'io is the amount of specific adsorption, such that there 
remain no water dipoles free of the direct influence of 
anions.24 At such a coverage the average area that is 
covered by an anion is taken to be the combined 
area of the ion and its shell of nearest water neighbors. 
This is assumed to approximate the area of the hexagon 
shown in Figure 3c. Thus, values determined for qi0 
in this way are 30.3, 28.4, and 26.1 /¿coulomb cm-2 
for Cl- , Br- , and I - , respectively. Then the potential 
due to the dipoles is

X = X°[l — a +  6a2] (11)

X° is the dipolar potential of a full layer of water mole
cules and the part of the temperature coefficient that 
is due to the water dipoles is then

% = W l l - a +  ba2] ~  X°M (1 ~  2ba) (12)

where d a /d T = w/e(r +  2rn,o)'2dqi/dT; dx°/dT

Figure 4. Fractional coverage of electrode with oriented water 
dipoles, 0W, vs. amount of specific adsorption of anions.

(21) The field within the metal may contribute to the metal-solution 
potential, but should not contribute to the temperature variation of 
this potential difference (cf. R. J. Watts-Tobin, P h il. M ag., 6 , 133 
(1961)).
(22) E. Shvarts, B. B. Damaskin, and A. N. Frumkin, R uss. J . P hys. 
Chem., 36, 1311 (1962).
(23) T. N. Andersen and J. O’M. Bockris, Electrochim . A cta , 9, 347 
(1964).
(24) At coverages of ions greater than #jc the water dipole contribu
tion to the potential can only remain unchanged or increase; the 
latter possibility is due to the fact that one water molecule sand
wiched between two ions is not preferentially oriented toward either 
and may become aligned perpendicular to the surface.
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must be equal to the d<f>0/d T values for F~ solutions 
since this ion does not adsorb on the electrode. The 
difference of dfo/dT between 0.01 N F~ solution and 
the other two (1 and 0.1 N) solutions is hard to ex
plain at this stage as mentioned previously. The 
average value of 0.1 and 1.0 N  NaF solutions (0.52 
mv/deg) is used in our calculations for dx°/d T since 
the value is nearly the same for both concentrations 
and since the concentrations of other solutions studied 
in this work are 1 and 0.1 N.

If all water dipoles are assumed to face either toward 
or away from the electrode and if the energy of turning 
an oriented dipole to the opposite direction is w, then25

Here N is the number of dipoles covering unit area of 
electrode surface, /j. is the dipole moment, and e is the 
dielectric constant, u is determined from the ex
perimental value of dx°/dT) where26

dx° =  4trN/x 2W exp(u/RT) =
dT e RT2 [exp(u/RT) +  l ] 2 '

Taking N =  1016, \i =  1.84 D., and e =  10 gives 
co = 0.28 kcal/mole and x° = — 0.163 v; a variation 
of e  affects co but does not significantly change x° as 
« =  6 gives co =  0.16 kcal/mole and x° = —0.155 v 
while e =  1 gives co =  0.027 kcal/mole and x° =  —0.160 
v. Hence the positive measured temperature coef
ficient of the pzc of F "  solutions is believed to be 
direct evidence that the solvent dipoles are preferen
tially pointed with the negative end toward the elec
trode.

Our final result of calculations including the above 
dipole considerations are given by

and are shown in Figure 2 by the thin lines.

Although there is a certain amount of arbitrariness 
in choosing some of the parameters used, it is seen that 
from adsorbed ion and water considerations (and using 
the results from F~) (1) temperature coefficients of 
the potential of zero charge are calculated for Cl- , 
Br~, and I -  solutions which are of the same approxi
mate magnitude as the experimental values; (2) the 
decrease in d<j>0/dT in going from certain solutions to 
other ones in which more specific adsorption occurs can 
be explained from a consideration of dqi/dT, using an 
adsorption isotherm.

Reasonable variations in the parameters chosen 
would not appear to negate conclusions 1 and 2 above. 
As has been discussed, corrections to the inner layer 
dielectric constant would be expected to be similar for 
all the ions studied. It is doubtful that the average 
value of e would differ from the chosen value of 10 
by more than 40%, which would alter qi(d<fio/dT) 
values by less than 0.3 mv/deg. It was shown that the 
value of e used in the water dipolar contribution, x°? 
did not affect d x /d T. The distance from the metal 
to the outer Helmholtz plane d and hence y might in
crease with specific adsorption16 and hence with salt 
concentration. This would increase qi(d<f>o/dT) values 
for 1 N solutions with respect to those for 0.1 A  solu
tions and could also increase dfo/dT for larger ions with 
respect to that for smaller ions.
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(25) N. F. Mott and R. J. Watts-Tobin, Electrochim . A cta , 4, 79 
(1961).
(26) We assume that the concentration of adsorbed water molecules 
does not change with temperature except through variation in ion 
concentration.
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On the Ionic Strength Dependence of Micelle Number. II1,2
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Measurements have been made of the erne’s and (light-scattering) molecular weights of 
sodium dodecyl sulfate (SDS) and of n-dodecyltrimethylammonium chloride, bromide, and 
nitrate in aqueous solvent containing varying concentration of NaCl, NaCl, NaBr, 
and NaN03, respectively. These experimental values are used with the theory 
developed earlier to calculate the hydrocarbon contribution to the standard free energy 
change for addition of one detergent molecule to a micelle of the most probable size ( A ( 7 “ h c ) -  

For the cationic detergents, resulting values of A ( ? ” h c  are independent of ionic strength 
and roughly independent (~ 10%  spread) of supporting electrolyte. For SDS, a small, 
systematic dependence on ionic strength is observed. The value for SDS differs from that 
for the cationic detergents by ~20% . Possible explanations of the observed differences 
are discussed.

Introduction
One of the most striking features of solutions of de

tergents in water is the existence of a critical micelle 
concentration (cmc). Since, furthermore, the cmc is 
a readily measurable property, many efforts have been 
directed toward obtaining a clear understanding of its 
physical significance. In an earlier paper3 it was shown 
that the quantity RT In (cmc) is equal to the standard 
free energy change (A(?"#) for the addition of one more 
detergent monomer to a micelle which already contains 
that number of monomers most probable at the cmc 
(ft). This result is independent of assumptions about 
phase separation and does not require, for its deriva
tion, a detailed statistical-mechanical analysis of 
micellar solutions. Such an analysis is, however, con
sistent with this conclusion.4

The standard free energy change in question can be 
divided, conceptually, into a hydrocarbon contribu
tion and an electrostatic contribution. The latter can 
be expressed in terms of the magnitude of the electro
static potential at the micellar surface (\j/b). Thus

RT In (cmc) =  AG“ Hc +  N0tfo(b, a, x, ft) (1)

where N0 is Avogadro’s number and e the magnitude 
of the protonic charge and it is emphasized that 
depends on the micellar radius (b), the distance of the 
closest approach of small ions to the micelle (a), the 
ionic strength (through the Debye x), and the most 
probable micelle number (ft).

The quantity A G " h c , being a direct measure of the 
stability of the hydrophobic bond, is not only of interest 
in the theory of micelle formation, but may have impli
cations for the theory of the stability of protein sec
ondary, tertiary, and quaternary structure. As eq 1 
makes clear, an experimental determination of the cmc, 
combined with an estimate of \j,b, can be used to cal
culate this hydrocarbon part of the free energy change 
( A G “ h c ) -

The quantity x is, of course, readily computed from 
the known ionic composition of the solution. The 
micellar radius can be estimated using a combination 
of the few available results of low-angle X-ray studies 
and some reasonable assumptions based upon the known 
dimensions of the monomer molecules.3 The distance 
of closest approach can be calculated from b and exist
ing tables of ionic radii.3 The micelle number can be 
evaluated from results of any of the usual kinds of 
measurement of macromolecular weights, usually light 
scattering in the case of detergents. Thus, values

(1) This investigation was supported by Research Grant RG-5488 
from the Division of General Medical Sciences, Public Health 
Service.
(2) Support for some of the computation was provided by National 
Science Foundation Grant G-22296 to the Washington University 
Computer Center.
(3) M. F. Emerson and A. Holtzer, J. P h ys . Chem ., 69, 3718 (1965). 
This reference is paper number I.
(4) R. H. Aranow, ibid., 67, 556 (1963). The authors are grateful 
to Dr. Aranow for pointing out to us the relevance of this reference 
in the present context.
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are assigned to all the relevant parameters before the 
fact; none remains adjustable.

Given the values of these variables, the micellar 
surface potential can be estimated as the appropriate 
solution to the Poisson-Boltzmann equation. Be
cause the surface potentials are quite high (qpb ~  
5kT), the nonlinearized form of the Poisson-Boltzmann 
equation is required, necessitating numerical solution 
by electronic computation.

When this procedure was applied to data then extant 
for sodium dodecyl sulfate (SDS) in NaCl solutions and 
n-dodecyltrimethylammonium bromide (DTAB) in 
NaBr solutions, it was found that AG^hc is roughly 
independent of detergent and ionic strength, although 
a small apparent difference exists between the values 
of AG“ uc obtained for the two detergents.3

While these results seemed promising, more detailed 
experimental evidence bearing on the validity of this 
approach was evidently needed. In this paper are 
presented results of measurements of the cmc (by light 
scattering and conductivity) and of N (by lighu scatter
ing) for n-dodecyltrimethylammonium chloride 
(DTAC) in NaCl solutions and n-dodecyltrimethylam
monium nitrate (DTAN) in NaN03 solutions, as well as 
for DTAB in NaBr solutions and SDS in NaCl solutions, 
from which A ( ? “ h c  for each of these systems is calcu
lated. Thus, the effects on A C " h c  of changing the 
ionic strength, the supporting electrolyte, and the 
charged detergent head group are assessed.

Experimental Measurements and 
Treatment of Data

A. Materials. 1. General Reagents. All water 
used was first distilled in a commercial still, then 
passed through a charcoal filter (Culligan Water Con
ditioning Co.), and finally through two successive 
mixed-bed ion-exchange resin columns (Culligan Water 
Conditioning Co.). The water thus produced has a 
specific resistance greater than 1 megohm cm (0.1 
ppm as NaCl).

The preparation of dust-free water for light scattering 
has been described previously.5 6 7

Unless otherwise specified, all chemicals were rea
gent grade and were used without further purification.

2. Sodium Dodecyl Sulfate (SDS). SDS was pre
pared by the reaction of 1-dodecanol (99.6% C12 and 
0.4% Ci0; obtained from the Givaudan-Delewanna 
Co., N. Y.) with chlorosulfonic acid, followed by neu
tralization with NaOH.6-8

The SDS was then extracted into hot 95% ethanol, 
recrystallized several times from 95% ethanol, and 
finally washed with spectranalyzed n-hexane (Fisher)

for 12 hr in a Soxhlet extractor to remove trace amounts 
of 1-dodecanol.9 The final product was dried over a 
Molecular Sieve (Fisher, Type 4A) in a vacuum 
desiccator.

The product was characterized by its conductance; 
values of the critical micelle concentration (cmc), 
the equivalent conductance at the cmc (Aomo), and the 
equivalent conductance at infinite dilution (A„) of 
the sample in water at 25° are presented in Table I, 
along with the corresponding literature values.10-12 
The agreement is satisfactory.

Table I : Characterization of SDS and DTAB 
Samples by Conductance

Cmc,
Acme,

cm2/ohm
A„,

cmVohm
moles/1. equiv equiv

SDS 0.00800 67.0 74.3
SDS° 0.00813 66.8 71.7
DTAB 0.0148 93.0 101
D TAB6 0.0146 91.0 102

See ref 10-12. 6 See ref 13.

S. n-Dodecyltrimethylammonium Bromide (DTAB). 
DTAB was prepared from w-dodecyl bromide (East
man) by a method described elsewhere.13,14 The salt 
was recrystallized several times from acetone-ether.8 
Values of the cmc, Acmc, and Aro of the product in water 
at 25° are presented in Table I along with the cor
responding literature values.13 14 Again, the agreement 
is satisfactory.

4- n-Dodecyltrimethylammonium Chloride (DTAC). 
DTAC was prepared by extensive dialysis of DTAB, 
first against NaCl solution (3 M) until no Br~ could be 
detected in the dialyzate (by oxidation with chlorine 
water and shaking with carbon tetrachloride), then 
against water.8 At the high concentration of added

(5) T. M. Schuster, Ph.D. Thesis, Washington University, St. Louis, 
Mo., 1963.
(6) M. J. Schick, private communication.
(7) J. L. Kurz, private communication,
(8) M. F. Emerson, Ph.D. Thesis, Washington University, St. Louis, 
Mo., 1966.
(9) J. L. Kurz, private communication.
(10) R. J. Williams, J. N. Phillips, and K. J. Mysels, Trans. Faraday 
Soc., 51,728 (1955).
(11) A. Wilson, M. Epstein, and J. Ross, J. Colloid Sei., 12, 345 
(1957).
(12) P. Mukerjee, K. J. Mysels, and G. I. Dulin, J. Phys. Chem., 62, 
1390 (1958).
(13) A. B. Scott and H. V. Tarter, J. Am. Chem. Soc., 65,692 (1943),
(14) W. Bruning and A. Holtzer, ibid., 83, 4865 (1961).
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electrolyte present during most of the dialysis, the de
tergent monomer concentration is very low, so that, 
although monomers can pass through the dialysis 
membrane,15 they do so much more slowly than does 
the added electrolyte. Thus, small-ion equilibrium 
can be reached without significant over-all loss of de
tergent.

After dialysis, the water was removed from the sample 
by lyophilization. This detergent, unlike DTAB, 
is highly hygroscopic and was dried for several hours 
over P2O5 in a vacuum desiccator before use. The 
sample was then transferred in a drybox from the desic
cator to weighed vials, which were then stoppered, 
removed from the drybox, and weighed again.

The total amount of chloride in a weighed sample of 
the detergent preparation was determined gravi- 
metrically by precipitation of AgCl with AgN 03 

solution. Assuming that the major impurity is NaCl, 
the sample was found to be 99.38 wt %  DTAC.

5. n-Dodecylirimethylammonium Nitrate (DTAN). 
DTAN was prepared by reaction of a solution of DTAB 
with a stoichiometrically equivalent AgN 03 solution.8 

After the precipitation of AgBr was complete, the 
mixture was heated to just below the boiling point (to 
coagulate the AgBr precipitate), cooled, and passed 
through a medium porosity, glass sinter (pore size 
10-15 p.). The almost-clear filtrate was centrifuged 
at 2 0 ,0 0 0  rpm for 1 hr, the top two-thirds of the solu
tion decanted, and one small portion of it tested for the 
presence of Ag+ (with NaCl) and another for Br~ 
(with A gN 03). Both tests were negative for all solu
tions of DTAN prepared in this manner. The DTAN 
was recovered from the solutions by lyophilization.

B. Preparation of Solutions and Expression of Con
centrations. The solutions used in this study normally 
contained the detergent solute and a solvent that was 
itself an aqueous solution (e.g., a typical solvent would 
be 0.2 M  NaCl). A large batch of this solvent was 
prepared in advance and stock detergent solutions were 
made up by dissolving a weighed detergent sample in 
the desired aqueous solvent in a volumetric flask. 
Subsequent volumetric dilutions of these stock solu
tions with the same solvent thus provided a series of 
solutions of known molarity of detergent and constant 
(and known) molality of additive (e.g., NaCl). The 
molarity of additive, of course, varies somewhat in 
such a series.

Detergent concentrations are therefore given as 
grams of detergent per milliliter of solution or formula 
weights of detergent per liter of solution. Concen
trations of additive are expressed as molalities, although 
the solvent solutions were originally made up volu-

metrically. In all the cases involved, the difference 
between molarity and molality is small.

C. Refractometry. Specific refractive index incre
ments were measured using a modified16 Brice-Phoe- 
nix17 differential refractometer (Phoenix Precision 
Instruments, Philadelphia, Pa.).

The instrument was calibrated using the data of 
Kruis18 for KC1 solutions, as interpolated by Stamm.19 

This calibration procedure has been described earlier.5

The procedure for calculating reliable molecular 
weights of charged detergent micelles in aqueous elec
trolyte solutions from the light-scattering data re
quires the values of the excess scattering and of the 
excess refractive index of a solution at detergent con
centration c (grams per milliliter) over that of a solu
tion at the cmc (c0) but at constant molality of added 
salt (m3) . 20'21 Thus, the specific refractive index in
crement that must be used is (nc — nCo)/(c — c0) = 
(An/Ac)m„ where nc is the refractive index of a solution 
at concentration c. However, for systems in which 
the refractive index is a linear function of concentra
tion above the cmc, (An/Ac)m3 =  (nC2 — n c/)/(<h — 
Ci), where Ci and c2 are both greater than c0.

Thus, differences in refractive index between pairs 
of solutions at different detergent concentrations above 
the cmc, but at constant molality of added electrolyte, 
were measured. In this manner, (An/ Ac)m, was de
termined for several different values of Ac in the con
centration range used for light scattering and was, 
indeed, found to be constant within experimental error. 
Since the concentration of detergent monomers remains 
approximately constant in the concentration region of 
interest, i.e., above the cmc,20'22 the contribution of 
monomers to the refractive increment will cancel 
out and (An/Ac)m, is that for the colloidal particle.

For cases involving mixed systems (DTAB in NaX), 
it was invariably true that [X - ] > >  [Br- ] so the solu
tions were considered to be mixtures of DTAX, NaX, 
and NaBr; the measured refractive index increments 
were corrected for differences in refractive index as
sociated with differences in the concentrations of NaX 
and NaBr in the pair of solutions measured.8'23

(15) K. Mysels, P. Mukerjee, and M. Abu-Hamdiyyah, J . Phya- 
Chem., 67, 1943 (1963).
(16) A. Holtzer, R. Clark, and S. Lowey, B iochem istry, 4, 2401 
(1965).
(17) B. A. Brice and M. Halwer, J . Opt. Soc. A m ., 41, 1033 (1951).
(18) A. Kruis, Z . P h ysik . Chem . (Frankfurt), B34, 13 (1936).
(19) R. F. Stamm, J . Opt. Soc. A m ., 40, 788 (1950).
(20) P. J. Debye, A n n . N . Y . A cad . S ci., 51, 575 (1949).
(21) W. Prins and J. J. Hermans, K on in k l. N ed. A kad . W etenschap. 
P roc., B59, 162 (1956).
(22) P. J. Debye, J . Phya. Colloid Chem ., 53, 1 (1949).
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At some of the intermediate salt concentrations, 
the quantity (An/Ac)m was not measured directly, 
but was obtained from the empirical equation of 
Gladstone and Dale24

(An/Ac)mi = v2(n2 -  nf) (2)

where n2 is the refractive index of the colloidal particle, 
fti the refractive index of the solvent medium, and v2 
the partial specific volume of the colloidal particle.

If v2, nh and (An/Ac)m for the solution at one con
centration of additive are known, n2 can be obtained 
from eq 2. Then, assuming that n2 and v2 remain 
constant, (An/Ac)m, can be calculated, to a good ap
proximation, at other concentrations of additive.

D. Light Scattering. 1. Experimental, a. In
strumentation. A commercial (Phoenix Precision In
strument Co., 1979-S series) light-scattering photom
eter, built according to the design of Brice, Halwer, 
and Speiser26 and modified to improve the experi
mental precision,5 was used for all light-scattering 
measurements. A description of the erlenmeyer cells 
used and of the instrument and cell calibration has 
been given by Schuster.6

h. Optical Clarification of Detergent Solutions. De
tergent solutions were cleaned for light scattering by 
vacuum filtration through a clean, ultrafoe (pore 
size, 0.9-1.4 n), sintered-glass filter funnel directly into 
a clean, light-scattering cell. The filtration was carried 
out at a pressure differential sufficiently small to pre
vent the formation of bubbles in the filter stem and in 
the cell. The procedure for cleaning the cells and the 
filters and a detailed description of the filtration ap
paratus is given elsewhere.6

The cleanliness of the solutions was checked by 
placing the filled cell in the unfiltered beam of the light
scattering instrument and viewing it with a small hand 
mirror at the lowest possible angle (^ 5 ° ) to the forward 
direction of the incident beam. In a completely dark
ened room, dust particles appear as small, bright 
spots moving about against a black background. Ab
solutely clean (by visual examination) solutions could 
be obtained in this manner, although some dust can be 
tolerated for measurement of the scattering at 90° to 
the incident beam.

The scattering from solutions of detergents in several 
aqueous electrolyte solvents was measured as a func
tion of detergent concentration. All solutions were 
clarified individually because it was not possible to 
obtain clean solutions by dilution of a clean stock solu
tion in the cell. The Rayleigh ratio of the scattering 
at 90° (Rw) to the incident beam was measured for all 
solutions and, for several of the solutions, the Rayleigh 
ratio at 45 (R«,) and 135° (Rnf) to the incident beam

was also determined. From these, the corresponding 
quantity for the same system at the cmc was sub
tracted to obtain the excess Rayleigh ratio ARe (see 
next section).

All solutions for which the Rayleigh ratio at 45 and 
135° to the incident beam was measured had dis
symmetries (ARtfiARu;,) which were within 1%  of 
unity. The values of Aff4s, ARm, and AR% agreed 
to within ±1.5% .

2. Treatment of Data. To obtain the micellar molec
ular weight from light-scattering data it is necessary 
to measure the excess scattering of a series of solutions 
(all at concentrations above the cmc) over that of a 
solution at the cmc and to extrapolate a suitable plot 
of these data to the cmc.20'26 The appropriate form 
for the extrapolation and the necessary relationship 
between the results and the molecular weight can be 
obtained from the discussion of Prins and Hermans,21’27 

who have applied the general theory of the scattering 
of light by a multicomponent system to the case of 
charged detergent micelles dissolved in solvents that 
may contain added salts.

If the Prins-Hermans expression (including non
ideality) for the scattering at the cmc is subtracted 
from that at some higher concentration, the result is28

K(c -  Co) =

AR 90

JL/i , f p2 +  p -  qp
M l  ^  \_2 M (C i  +  C t)

+
8vmN0

M (c -  Co) } (3)

where ARia is the Rayleigh ratio, at 90° to the incident 
beam, of a solution of concentration c (grams per milli
liter) minus that of a solution of concentration c0; 
Ci is the molar concentration of detergent monomer 
and C3 the molar concentration of added salt ions 
having the same charge as a monomer ion; p is the ab
solute value of the number of fundamental charges 
per micelle; q is defined by q = (Cx +  C/)2/(Cx2dx +  
2CiCzdi +  C/d/) , with dx =  1 — a  +  a2/4  +  a/ A N , 
d2 =  1 — a / 2  — f a / 2  +  f a 2/4 +  fa / A N , and d2 =  1 — 
f a  +  f 2a 2/A +  f ia / A N  where a  ( =  p / N )  is the effective 
degree of dissociation of the micelles, N  the number of 
monomers per micelle, and /  =  (dn/dm/)mJ(dn/

(23) E. W. Anacker and H. M. Ghose, J . P h ys . Chem ., 67, 1713 
(1963).
(24) P. Outer, C. I. Carr, and B. H. Zimm, J . Chem . P h ys ., 18, 830 
(1950).
(25) B. A. Brice, M. Halwer, and R. Speiser, J . Opt. Soc. A m ., 40, 
768 (1950).
(26) L. H. Princen and K. J. Mysels, J . Colloid S ci., 12, 594 (1957).
(27) W. Prins and J. J. Hermans, K on in k l. N ed . A kad . W etenschap. 
P roc., B59, 298 (1956).
(28) See eq 30 of ref 21.
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dmi)m„ with m4 the molality of the fth component; 
8vm is the excluded volume per micelle; and K  =  27r2- 
■n02((ln/dc)mjyA7oX4. Terms higher than the second in 
the virial expansion are assumed small.

According to eq 3, the intercept (7) and the limiting 
slope (S) of a plot of the experimental quantity K(c — 
(co/A 7 2 90 vs . ( c — c0) are both functions of both the 
number of charges per micelle and the number of 
monomers per micelle. They are given explicitly by 
the expressions

I = q/M (4)

fining an “ ideal part”  (S') of the slope (S), eq 5 can be 
written

S' =
q /y  +  V -  qp\

2M2\ Ci +  C3 /
Ê S  -  8vmNoP (8)

and S' can be calculated from the observed slope and 
intercept of the light-scattering plot and the excluded 
volume per micelle; the latter quantity is estimated 
from

8vm = (9)

and

S = > 2 +  y — qy
2M2l  Cx +  C3 +  lQvmNo (5)

Thus, the value of the micellar molecular weight ob
tained from eq 4 is q times that obtained simply from 
the reciprocal of the intercept. The numerical value 
of q is usually sufficiently close to unity27 so that the 
molecular weights obtained by the two methods are 
not very different.

Equations 3 and 4 are not in a very useful form, 
since they do not give p and N explicitly in terms of the 
experimental quantities 7 and S. To utilize these 
simultaneous relationships, therefore, Anacker, et aZ.,29 
solved them, but only for the “ ideal”  case (vm = 0). 
In the notation used here, their expressions for p and N 
are

M„S' , r s '  j ,/i
looo (C l+ /C s )  + Lsöo(Cl +  C3)J

7(1 -  y 2Mo7E)

pE + +

“ V*
(p2 +  p)E2 (7)

where S' is the slope if vm =  0; E =  (Ci +  /C 3)/(C i +  
C3); and M0 is the formula weight of the detergent 
monomer.

Unfortunately, the approximation vm =  0 is not al
ways a good one. Nevertheless, these equations can 
still be used, because it is possible to estimate the 
contribution to the slope due to the excluded volume 
per micelle (i.e., to estimate 16qvmN0/2M2) and then 
to calculate the value that the observed slope would 
have if the solution were ideal by subtracting the esti
mate from the observed slope. This value of S' can 
then be used in eq 6 and 7 to obtain p and N. The pro
cedure is as follows.

The numerical value of q is close to unity,27 so, de-

where r is the micelle radius. We have assumed a 
micelle radius of 24 A, the experimental result for 
SDS micelles in pure water, including a layer of bound 
counterions.30 The resulting S' is then substituted 
directly into eq 6 and p is calculated. Since the re
sulting value of p is rather insensitive to the value of 
S' used, this approximate way of obtaining S' is 
adequate. Once p is known, eq 7 can be used to ob
tain the value of N.

All the experimental data were thus plotted as K(c — 
Co) /A 7 2 90 vs . ( c — c0). When N and p are determined 
from eq 6 and 7 using the observed intercept, 7, and 
a value for S' calculated as described above, the values 
of N determined by this more complex method do not 
differ significantly from those obtained directly from 
the reciprocal of the intercept (i.e., q is, indeed, near 
unity). For this reason, the reciprocal of the intercept 
is essentially within experimental error of, and there
fore may just as well be taken as, the molecular weight. 
Two examples of the results of the more elaborate 
computation are given in Table II.

E. Determinations of the Critical Micelle Concentra
tion (Cmc). 1. Conductivity. The cmc’s of the cat
ionic detergents in dilute (^0.05 M) electrolyte solu
tions are sufficiently high so that they can be deter
mined with good precision by the conductivity method. 
Accordingly, these cmc’s were measured using a 
Kohlrausch-type bridge equipped with a dipping elec
trode, calibrated using the data of Jones and Brad
shaw for KC1 solution.31

Conductance techniques used were conventional and 
a complete description is given elsewhere.8 Values 
of A were plotted aganst C'f\ A sharp break in the 
curve is observed at the cmc.

2. Light Scattering. The cmc’s of SDS in 0.05

(29) E. W. Anacker, R. M. Rush, and J. S. Johnson, J . P h ys . Chem ., 
68, 81 (1964).
(30) F. Reiss-Husson and V. Luzzati, ib id ., 68, 3504 (1964).
(31) G. Jones and B. C. Bradshaw, J . A m . Chem . Soc., 55, 1780 
(1933).
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Table I I : Light-Scattering Results

Molality 
of added IO®/,

10<£,
mole l

System salt mole/g ml/g2 ~Md

SDS in NaCl 0.050 4.10 32.47“ 84
solution 0.201 3.23 10.48 107

0.506 2.75 -4 .0 9 126
DTAB in NaBr 0.050 4.50 16.586 72

solution 0.100 4.47 6.26 73
0.508 3.70 1.51 88

DTAC in NaCl 0.050 6.71 12.60 57
solution 0.201 6.10 3.87 62

0.506 5.60 -1 .1 2 68
DTAN in NaNO, 0.050 5.48 13.90 63

solution 0.101 4.74 11.01 73
0.253 4.32 1.25 80
0.509 4.02 0.72 86

“ Use of eq 6-9 gives 104/S' = 27.97, a =  0.157, and N  =
89.0. b Use of eq 6-9 gives 10tS' =  11.14, a =  0.130, and N  = 
76.

and 0.5 M  NaCl and of all the cationic detergents in 
aqueous electrolyte solutions (^0.05 M) were deter
mined by light scattering. Measurements of RV) for 
solutions at several different detergent concentrations 
above and below the cmc, but at constant molality 
of added electrolyte, were made and the results plotted 
against the detergent concentration. At the cmc, 
there is a sharp break in the curve, above which the 
solutions scatter much more strongly per unit weight 
concentration than below.

Experimental Results
In order to use eq 3 to obtain the micellar molecular 

weight, it is necessary to know the specific refractive 
index increment, the critical micelle concentration, 
and the scattering, the latter as a function of concentra
tion of detergent at constant molality of added elec
trolyte. The results of each of these measurements 
will be discussed in turn.

A. Specific Refractive Index Increment. Values of 
the specific refractive index increments (An/Ac) ma 
for the various detergents in aqueous electrolyte solu
tions are given in Table III. The measured values of
(An/Ac)m, at different Ac are constant within experi
mental error (± 0 .5 % ). Values of (An/Ac)m, calcu
lated from the Gladstone-Dale equation (eq 2) are also 
listed in the table and agree quite well with the cor
responding measured values. At some of the inter
mediate concentrations of additive, the calculated 
values were used. For mixed systems (e.g., those con
taining DTAB dissolved in NaX) a small correction
must be and was applied.8’23 These corrected values

Table I I I  : Specific Refractive Index Increments

M olality 
of added 10>Ac, (A n /A c)m„

System salt g/ml g/ml ml/g

SDS in NaCl 0 .0 5 0 3 .0 1 4 6 .5 3 0 0 .1 1 9 9
solution 0 .0 5 0 3 .0 1 4 9 .7 3 8 0 .1 1 9 5

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

DTAB in NaBr 0 .0 5 0 5 .5 5 0 5 .5 5 0 0 .1 5 0 4
solution 0 .0 5 0 2 .0 2 4 8 .0 9 6 0 .1 5 1 3

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

D TAC in NaCl 0 .0 5 0 3 .5 8 2 8 .3 5 8 0 .1 5 8 8
solution 0 .2 0 1 0 .1 5 7 4 9

0 .5 0 6 0 .1 5 3 6 6
D TAB in NaCl 0 .5 0 6 1 .8 0 0 “ 7 .1 9 8 “ 0 .1 7 0 7

solution 0 .5 0 6 0.154:5d
DTAN in NaNO, 0 .0 5 0 3 .1 0 5 7 .2 4 5 0 .1 4 0 8

solution 0 .1 0 1 0 .1 4 0 3 “
0 .2 5 3 3 .0 9 0 7 .2 1 0 0 .1 3 8 1
0 .2 5 3 0 .1 3 9 0 “
0 .5 0 9 3 .0 6 0 7 .1 3 0 0 .1 3 6 3
0 .5 0 9 0 .1 3 6 7 “

DTAB in NaNO, 0 .5 0 9 1 .8 0 7 ' 7 .2 2 8 ' 0 .1 5 2 4
solution 0 .5 0 9 0 .1 3 4 2 »

“ Calculated using the Gladstone-Dale equation with n2 cal
culated from the measured value of (An/Ac)„, of 0.05 M  NaBr 
with =  0.95629 and «i for NaBr solutions computed from data 
of Anacker and Ghose.23 b Calculated using the Gladstone- 
Dale equation with ra2 calculated from the measured value of 
(Aw/Ac)m, of 0.05 M  NaCl, with vi =  0.96 and ni for NaCl solu
tions computed from the da*a of K ruis,18 as interpolated by 
Stamm.19 c Grams of D TAC/m l. d Calculated using data of 
Anacker and Ghose23 * * * * * for NaBr solutions and data of K ruis,18 as 
interpolated by Stamm,19 for NaCl solutions. “ Calculated using 
the Gladstone-Dale equation with n2 calculated from the meas
ured value of (An/Ac)mi of 0.05 M  N aN 03 with an assumed 
value of Vi =  0.96 and ni for N aN 03 solutions computed from 
data of Anacker and Ghose.23 '  Grams of D TAN /m l. 0 Cal
culated using data of Anacker and Ghose23 for NaBr and NaNO» 
solutions.

of (An/Ae)mj for the mixed systems are also listed in 
the table.

B. Critical Micelle Concentration (Cmc). Since the 
values of the erne’s of detergents in aqueous salt solu
tions depend somewhat on the method of measure
ment,8’10 the ones used in the light-scattering calcula
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tions were those either directly measured by light 
scattering or measured by conductivity— a method 
which has been shown to agree with light scattering.8

Because of its greater convenience and speed, con
ductivity is the method of choice wherever it can be 
employed without sacrifice in precision. Practically 
speaking, the method is not routinely useful for elec
trolyte concentrations >0.1 M  because of the high 
solvent corrections that become necessary. Fortu
nately, the light-scattering method is more precise at 
higher concentrations of electrolyte because the micelle 
numbers are greater and there is a concomitantly 
larger increase in scattering upon micelle formation. 
The two methods are thus complementary. Of 
course, other methods have also been used.8,32

An example of a light-scattering determination of 
the cmc is given in Figure 1. The results are displayed 
(Figure 2) as —log Co vs. —log (C0 +  C3) because it is 
well known that such plots are linear. It is apparent 
from Figure 2 that conductivity and light-scattering 
results fall on the same line and that our data for SDS 
are in satisfactory agreement with those of Williams, 
et al.10

These results were fit to straight lines by the method 
of least squares. The resulting equations are

log (Co) =  -0 .666 log (Co +  C3) -
3.491 for SDS in NaCl 

log (Co) =  -0.621 log (Co +  C.) -
3.021 for DTAB in NaBr

log (Co) =  -0.631 log (Co +  C,) -  (10)
2.794 for DTAC in NaCl 

log (Co) =  -0 .547 log (Co +  C8) -
3.018 for DTAN in NaN03

The cmc values used in the light-scattering calcula
tions were obtained from these relationships.

C. Light Scattering. The fight-scattering data were 
plotted as K(c — Co)/Ai^90 vs. (c — c0); some typical 
plots are shown in Figure 3.

In all cases the data fall on straight lines within 
± 1 % . Values of the intercepts (/) and slopes (S) of 
these lines along with values of N calculated from the 
simple intercept {,N = 1/MJ) are given in Table II. 
In the Table II footnotes are also given, for two of the 
solutions, values of S' calculated from eq 8 and 9, N 
from eq 7, and a (= p/N) from the value of p obtained 
from eq 6. As noted above, the differences between 
the results of the exact and approximate (q =  1) 
calculations of N are inappreciable.

The precision of the measurements of R90 is ± 1 %

0,5 1.0

103c(g/ml)
Figure 1. Light-scattering determination of 
the cmc of DTAB in 0.500 M  NaBr.

-log(Co + C3)

Figure 2. Plots of —log C0 vs. —log (Co +  C3) for detergents 
in aqueous salt solutions. SDS in NaCl: □ , light-scattering 
values; ■ , conductivity data of Williams, et al.10 
DTAN in NaNOs: V, light scattering; ▼ , conductivity.
DTAB in NaBr: O, light scattering; • , conductivity.
D TAC in NaCl: A, light scattering; A, conductivity.

(probable error); however, the necessity of extrapo
lating the data to (c — Co) =  0 produces an uncer
tainty in the intercept which is sometimes as large as 
±2.5% . The over-all precision of the light-scattering 
molecular weights is somewhat less than this, because 
of the dependence on other parameters. The measure-

(32) M. L. Corrin and W. D. Harkins, J . Chem . P h y s ., 14, 640 
(1946).

The Journal of Physical Chemistry



On the Ionic Strength D ependence op M icelle Number 1905

Figure 3. Light-scattering results for SDS in NaCl:
O, 0.050 to NaCl; A, 0.201 to N aCl; □ , 0.506 to NaCl.

ment of (An/Ac)m, has been made to a precision of 
±0.5% , but since it enters the light-scattering equation 
as the square, it contributes an additional probable 
error of ±  1% to the molecular weight. The value of c 
is, of course, known quite accurately, but the impre
cision of ±  1% in c0 produces a probable error which is 
sometimes as large as ±0 .5%  in (c — c0). Thus, the 
micellar molecular weights and therefore the micelle 
numbers determined by light scattering are sometimes 
precise only to about ± 4 % .

D. Comparison of Light-Scattering Results with 
Literature Values. The results obtained here for the 
micellar molecular weights may be compared with 
those of other investigations on SDS in NaCl solu
tions33 and on DTAB in NaBr solutions.29 There 
exist no comparable studies of DTAC or DTAN.

The values of the refractive index increments and 
the cmc’s obtained here agree quite well with those ob
tained by Mysels and Princen83 on SDS. On the other 
hand, the observed intercepts of the light-scattering 
plots differ by as much as 15%. However, most of 
their measurements were apparently made on solutions 
which produced scatterings less than five times that of 
solvent, so that the probable error involved in their 
determinations of A /i90 would have to be as large as 
± 3 %  at low concentrations and the over-all error in 
the resulting molecular weights must be as great as 
± 8 % . In addition, these earlier workers discarded 
“ a very large number of measurements”  for reasons 
such as “ high dissymmetry, visible dust, or presence of 
impurities revealed upon further dilution to the 
cmc”  as well as “ a few stray values.”  No such dif

ficulties were encountered here, possibly because of 
preliminary removal of dodecyl alcohol by extraction.

At first glance, it appears as though the results for 
DTAB in NaBr presented in Table II agree closely 
with those obtained by Anacker, et al.,29 directly from 
the intercepts of their light-scattering plots. However, 
this is to some extent owing to a fortuitous cancella
tion of discrepancies, since the values of the refractive 
index increments, the cmc’s, and therefore the scattered 
intensities obtained by them differ from those found 
here. Although many of their measurements were 
made on solutions which produced scatterings greater 
than five times that of background, their data points 
scatter about a smooth curve, falling as far as ± 5 %  
from it. This considerably higher probable error in 
the values ARm must produce a correspondingly greater 
error in the molecular weights found by them.

For these reasons, but, more importantly, for the 
sake of internal consistency, we have used our own 
results in making comparisons with theory in all cases.

Theoretical Results
Values of A G “ h c  were determined with the use of eq 

1. The values of ft  determined by fight-scattering 
experiments (Table II) or_ SDS, DTAB, DTAC, and 
DTAN solutions at various ionic strengths were used 
in the computations along with an assumed micelle 
radius of 19.7 A. This radius is an experimental 
result only for SDS micelles in pure water30 and it is 
assumed that the same value is appropriate for all four 
detergents under all conditions considered. The use of 
this value for the radius has been discussed earlier.8 
The distance of closest approach (a) was than calcu
lated as 19.7 +  r counterion ; namely 21.8 A for SDS and
21.2 A for DTAB, DTAC, and DTAN. The values 
for the counterion radii used were those for the hy
drated ions in aqueous solutions, as obtained from ex
perimental data using the Debye-Htickel limiting law.84 
These two quantities, $  and a, along with the ionic 
strength of the solution, were then used to calculate 
the boundary condition (i.e., the electric field at the 
micelle surface) that applies and the appropriate com
puter solution was obtained from the computer tables 
by interpolation, as before.3 Insertion of and the 
experimental cmc (mole fraction basis35) into eq 1 
allows computation of A ( ? " h c  (infinitely dilute refer-

(33) K. J. Mysels and L. H. Princen, J . P h ys . Chem ., 63, 1696 
(1959).
(34) I. M. Klotz, “ Chemical Thermodynamics,”  W. A. Benjamin, 
Inc., New York, N. Y., 1964, p 417.
(35) In an earlier paper (see ref 3), a molality basis was used. The 
mole fraction basis would seem, however, to be a better choice in 
that it is a more direct reflection of the cratic contribution and also 
is in more common use in the micelle literature.
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enee state, mole fraction basis) as before.3 Results 
of this computation for the four detergents at several 
ionic strengths are presented in Table IY.

Table IV : Computation o f — A G " h c

106Xo,
Molality 
of added

10»Co, 
cmc in

cmc in 
mole ‘ 'I'a.fi/ — ag“ hc,

System salt® moles/1. fraction kT cal

SDS in NaCl 0.050 2.30 4.13 5.33 10,900
solution 0.201 0.94 1.69 4.48 11,400

0.506 0.51 0.91 3.89 11,900
DTAB in NaBr 0.050 5.71 10.30 5.03 9,510

solution 0.100 3.88 6.98 4.47 9,460
0.508 1.46 2.61 3.43 9,610

D TAC in NaCl 0.050 9.50 17.10 4.46 8,640
solution 0.201 4.36 7.83 3.52 8,630

0.506 2.48 4.43 2.93 8,710
DTAN in NaN 03 0.050 4.70 8.45 4.72 9,310

solution 0.101 3.32 5.97 4.46 9,510
0.253 2.04 3.66 3.85 9,540
0.509 1.40 2.50 3.39 9,590

° The micelles in these solutions exist in the presence of 
monomeric detergent ions of concentration equal to the cmc. 
Thus, the ionic strength used was the added electrolyte concen
tration plus Co. This has no appreciable effect on the results.

As is clear from the table, A(7'”Hc for the cationic 
surfactants is roughly independent of the nature of 
the supporting electrolyte (~ 1 0 %  spread in all values) 
and essentially completely independent of ionic 
strength (<~3% spread). For SDS, on the other hand, 
a small, but systematic dependence of AC?” hc on ionic 
strength is observed (~ 1 0 %  increase in going from 
0.05 to 0.5 M  NaCl). As reported earlier, an apparent 
difference (~ 20% ) does indeed exist between the values 
of A G " h c  for SDS and those for the cationic detergents.

Discussion
First, it should be pointed out that eq 1 bears some 

resemblance to the empirical, linear log (Co) vs. log 
(Co +  C3) relationship (eq 10). Both equations are of 
the form log cmc =  constant +  /(ionic strength). 
Thus, the constant term of the empirical equation is 
related to ACr®Hc and the potential at the surface of the 
micelle must be approximately linear in log (C0 +  C3).

The magnitude of A C " h c  obtained agrees quite well 
with two other experimental estimates of this quantity; 
namely Wishnia’s36 (from measurements of solubilities 
of gaseous hydrocarbons in detergent solutions), which 
gives between —7100 and —10,800 cal for a 12-carbon 
chain, and Corkill and co-workers’ 37 (from cmc meas

urements on nonionic detergents38), which is —8600 
cal for the same length hydrocarbon chain. Agreement 
is also manifest with the values previously calculated 
(from then extant data on SDS and DTAB), which fall 
between —9900 and —12,700 cal.3

The results of Table IV show, as before,3 a slight in
crease of A G “ h c  with increasing ionic strength. This 
change may be a result of increased “ salting out” 
of the hydrocarbon chains or may be a result of a more 
fundamental variation of A ( ? " h c  with N, as suggested 
on theoretical grounds by Reich39 and Ooshika.40 How
ever, the variation is small, even in the SDS case, and 
could merely be a result of the assumption that the 
micellar radius is independent of N.

The largest micelles of SDS, for example, might re
quire some increase in radius because of crowding of 
hydrocarbon chains in its interior. An increase in 
radius of, say, 10% over the complete range of ionic 
strength would explain the apparent change in A ( 7 ” h c  

as computed here.
The differences in A G " h c  for the different detergents, 

especially those between SDS and the cationic de
tergents, may also be a result of small differences in 
radii of the micelles of the various detergents or it 
may reflect small, specific differences in the supporting 
electrolytes. It cannot, however, be explained by the 
difference in salting-out strengths of the various sup
porting electrolytes. Thus, NaCl salts out nonpolar 
substances more strongly than does NaBr or NaN03,41 
but the tendency for the DTAC hydrocarbon tails to 
enter the micelle from a medium containing NaCl is 
not as great as that for the DTAB and DTAN hydro
carbon chains from NaBr and NaN03, respectively.

Although small variations are encountered, this ex
tension of the measurements to a wider range of de
tergents and supporting electrolytes has not altered 
the earlier suggestion3 that the simple approach adopted 
here seems to be adequate as an approximate explana
tion of the ionic strength dependence of the micelle 
number; that is, that the micelle number is limited 
by electrostatic repulsions that may be estimated by 
numerical solution of the Poisson-Boltzmann equa
tion. The approach appears to be particularly satis

(36) A. Wishnia, J . P h ys . Chem ., 67 , 2079 (1963).
(37) J. M. Corkill, J. F. Goodman, and S. P. Harrold, Trans. Faraday  
Soc., 60, 202 (1964).
(38) To eliminate the effect of the polar head groups the data of 
Corkill, et al., for various sizes of head group have been extrapolated 
to zero head group.
(39) I. Reich, J . P h ys . Chem ., 60, 257 (1956).
(40) Y. Ooshika, J . Colloid S ci., 9 , 254 (1954).
(41) H. S. Harned and B. B. Owen, “ The Physical Chemistry of 
Electrolytic Solutions,” Reinhold Publishing Corp., New York, 
N. Y „ 1958, pp 531-534.

The Journal of Physical Chemistry



T heory of Optically A ctive Compounds of H igh Latent Symmetry 1907

factory for cationic detergents. The crucial remaining 
question of the constancy of micellar radius can only 
be resolved by direct measurement of the quantity (by 
low-angle X-ray scattering) for solutions of the various 
detergents containing added salt. It would also be 
of interest, of course, to measure A(r“ Hc as a function 
of temperature in order to determine A H “ hc and A,S'” hc 
under the various experimental conditions.

From a theoretical point of view, the next step would 
be to compare the experimental A ( 7 “ h c  with a value 
predicted from, in essence, first principles. We do 
not believe that the present state of the statistical 
theory of aqueous solutions warrants such a com
parison. Recent attempts in this direction are not 
promising.42 Indeed, with the current range of ad
justability of most theories, it is not unlikely that an 
embarrassment of riches would result, i.e., that theories 
based on quite different physical models could all be 
made to yield an answer in agreement with experiment.

As an example, we might cite the very simple approach 
of Aranow and Witten;43 based on the increase in 
rotational freedom of a hydrocarbon chain inside, com
pared with outside, the micelle, this theory ignores all 
attendant alterations in the structure of water that 
most people feel is the very crux of the matter. Never
theless, the Aranow and Witten theory provides a 
value of AGt” Hc ( ~ — 10,000 cal) that is in rather good 
agreement with experiment.
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(42) D. C. Poland and H. A. Scheraga, J. Colloid Interface Sci., 21, 
273 (1966).
(43) R. H. Aranow and L. Witten, J. Phys. Chem., 64, 1643 (1960)

Theory of Optically Active Compounds of High Latent Symmetry

by Dennis J. Caldwell
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The behavior of magnetic dipole transitions in different types of dissymmetric fields is 
discussed along with limitations of one-center models for optical rotation. The general 
properties of the angular wave functions are used in a second-order perturbation treatment 
to explain the qualitative features of the ORD of certain transition metal complexes.

I. Introduction
In a given dissymmetric field the sign of rotation for 

an optically active transition in a chromophore is 
determined by the general shape of the ground and ex
cited orbitals. In most cases a detailed knowledge of 
the electron cloud is only necessary for quantitative 
work.

Since the basic mechanisms responsible for the phe
nomenon are still in contention, it is often advan
tageous to examine things from the simplest possible

viewpoint. For example, possible intramolecular in
teractions leading to optical activity are coupled oscil
lator effects,1’2 charge transfer,3 and incomplete 
screening.4 The appropriate theories of these separate

(1) J. G. Kirkwood, J. Chem. Phys., 5, 479 (1937).
(2) L. L. Jones, Ph.D. Thesis, University of Utah, Salt Lake City, 
Utah, 1961.
(3) S. F. Mason, Nature, 199,139 (1963).
(4) W. J. Kauzmann, J. E. Walter, and H. Eyring, Chem. Rev., 26, 
339 (1940).
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effects do not always predict the same sign for a tran
sition, and since calculations of even relative magni
tudes are often unreliable, experiment can exclude those 
effects which give the wrong sign.

With suitable interpretation the shapes and relative 
energies of the harmonic oscillator wave functions are 
in accord with much of what is known about the 
structure of actual atoms. Although the steep dis
tance dependence of the Gaussian wave function can
not be expected to describe all of the subtle intra
molecular interactions as accurately as the hydrogen
like functions, they should be capable of dealing with 
those effects which depend on inverse powers of dis
tance such as the coupled oscillator effect and dipole 
and quadrupole terms. The fact that the oscillator 
model leads to the same expressions as are derived by 
general quantum mechanical methods in the polariza
bility theory of optical rotatory power and the theory 
of van der Waals forces is sufficiently encouraging to 
retain such approaches as a scaffolding until the 
general theory of optical rotatory power is on as firm 
a basis as, for example, nuclear magnetic resonance.

All solutions to the central force problem have 
identical angular functions. In addition the radial 
functions will all have the same number of nodes for a 
given orbital. Thus we expect that all solutions to 
the bound state central force problem should give rise to 
a series of functions similar in shape and relative ener
gies.

Letting (000) be the ground state of the oscillator 
and (n1n2n3) the excited state with energy h{(rii +  
l/i)v j +  (n2 +  l/i)v2 +  (n3 +  V 2) r3] one may make 
the following correspondence

Hydrogen-
Oscillator like

(000) Is
(100), (010), (001) 2p
(200), (110), etc. 3s, 3d
(300), (111), etc. 4p, 4f

The Is and 2p functions are except for the exponential 
function identical with the corresponding oscillator 
functions. In the next set the (110), (101), and (Oil) 
functions correspond to the 3dIy, 3dIZ, and 3d„z or
bitals, the [2(002) -  (020) -  (200)] and [(200) -  
(020)] functions correspond to 3d3z2_,2 and 3dzi_Vf, 
and [(002) +  (020) +  (200)] corresponds to the 3s 
orbital. The absence of the even or odd orbitals for a 
given level does not appear to present a serious ob
stacle, since they have the wrong symmetry for the 
mixing of electric and magnetic dipole transitions. For 
example, the major contribution from a 2p —» 3s 
electric dipole transition comes from mixing with a

2p —► 2p' magnetic transition while a 3d —► 3d' mag
netic transition mixes with a 3d -*■ 4p or 3d —► 4f 
electric transition. Owing to the same general sym
metry characteristics, the behavior of a 3p -*■ 4d tran
sition may be inferred from that of 2p —► 3d or 4p 
5d.

II. The Low-Symmetry Case
A general expression for the oscillator applicable to 

chromophores of low symmetry has been derived by 
Condon, et aU‘ The problem of a single electron in an 
arbitrary excited state was solved. A slightly dif
ferent answer is obtained when all of the orbitals of 
lower energy are presumed filled; however, the es
sential qualitative features of the model remain intact. 
There are just nine possible transitions for a harmonic 
oscillator: three strong magnetic with frequencies 
vi — Vi, vi —  v%, and vi — v3, three weak magnetic 
with frequencies v\ +  v2, n +  v%, and v2 +  v3l and three 
strong electric with frequencies v\, v2, and v3. The 
rotation due to the three polarized along the x\ direc
tion for an electron initially in the (nin2n3) state is

-  *{(;, -  £) 
[ -

n2 -f- n3 +  1 
(v2 +  r3)2 — vi2

1 1

X

+
V i ( V 2  +  V 3 ) 2 —  V 2 _

+

( -  +  - ) ( ^  y '  2 X\v2 v3/(v2 — v3F — IV

Where A  is a constant that depends on the surrounding 
field. The terms for the other six transitions are ob
tained by cyclic permutation.

Bearing in mind the correspondence in shapes and 
relative energies of oscillator and hydrogen-like func
tions, we may conclude from the above expression that 
the rotational strengths from the most common in
stances of degenerate transitions tend to cancel. In 
eq 1 the first term is somewhat smaller than the second 
and may be neglected unless n2 = n3. Taking into 
account the other terms obtained by permutation it is 
found that the sum of the nt — rq terms is approxi
mately zero. Since the coefficients of the linear combi
nations of functions satisfy the orthogonality condi
tions, this suggests that the sum of the rotational 
strengths of all degenerate transitions tends to zero. 
In fact, it should be possible to prove using the angular 5

(5) E. U. Condon, W. Altar, and H. Eyring, J. Chem. Phys., 5, 753 
(1937).
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functions and unspecified radial functions that the sum 
of the rotational strengths of all degenerate bands in 
the perturbed central force problem tends to zero, 
provided certain conditions are satisfied.

One must not attempt to make this observation too 
general, for there are several other factors involved. 
The above discussion has indicated only that the sum 
tends to zero under the following conditions. (1) 
The major contribution to the rotation is due to the 
static charge and not the coupled oscillator effect. (2) 
The major term in the dissymmetric perturbing poten
tial arises from pairwise interactions of the ehromo- 
phore with individual neighboring groups. (3) Other 
types of degeneracy such as group degeneracy are not 
considered. The first condition is generally true for 
magnetic dipole transitions but is generally not 
satisfied for electric dipole transitions. The second 
condition is true for molecules whose vicinal groups do 
not lie on axes or planes of symmetry of the chromo- 
phore.

It will be shown below that when pairwise interac
tions are no longer responsible for optical activity and 
it becomes necessary to use second-order perturba
tion theory that the rotational strengths of a de
generate band do not necessarily sum to zero. In 
fact, they may all reinforce rather than cancel one 
another.

Before turning to the high-symmetry question, it 
is worthwhile to review the consequences of the low- 
symmetry theory. The coefficient K  in eq 1 is pro
portional to — Qyx7v7z, where Q is positive for an at
tractive force (as is generally the case) and negative 
for a repulsive one, and yx, yv, and yz are the direc
tion cosines of the perturbing group. The choice of 
axes is generally governed by the planes and axes of 
symmetry of the chromophore. The labeling is 
arbitrary, provided the system is right handed.

Consider the carbonyl chromophore (Figure 1). 
The product of the direction cosines of the vicinal group, 
which points upward, is negative. The lowest lying 
transition is n -*■ tt* or (010) —► (100) with frequency 
(vi — v2) <  vs- This leads to a rotation proportional 
to -\-Q, or positive for an attractive potential, in agree
ment with experiment. The n -► a* transition is
(010) —► (001) and gives the opposite sign provided 
v\ >  (v2 — vs); i.e., the electron cloud is not highly 
anisotropic.

For several reasons this model is suitable only for 
analyzing the features of magnetic dipole transitions. 
First, the coupled oscillator effect known to be im
portant for electric dipole transitions is not included, 
and until such time as there are developed reliable 
methods for determining the relative magnitudes of

Figure 1. The carbonyl chrcmophore.

these effects, one can never fully rely on a static field 
calculation for an electr.c dipole transition. Second, 
this is a one-center model and is unsuited for dealing 
with electric dipole transitions involving electron 
clouds equally attached to two or more nuclei in a 
highly anisotropic chromophore.

The situation with the magnetic dipole transition is 
somewhat different because in most cases the overlap 
between initial and final states is centered on one nu
cleus, which is qualitatively amenable to a one-center 
treatment.

III. High Symmetry
The first-order perturbation treatment of several 

degenerate systems such as the benzene chromophore6 
has led to the supposition that the rotational strengths 
of the component transit ons of a degenerate band sum 
to zero. This work has been done on systems where 
the dissymmetric perturbations consisted of single 
groups whose centers wire not located on planes or 
lines of symmetry of the chromophore. The rotation 
could be divided into partial contributions arising from 
pairwise interactions. Such molecules have Ci sym
metry. Any heuristic proofs of the sum rule tacitly 
invoke such pairwise interactions and rule out cases 
of high latent symmetry where three-way interac
tions are predominant and second-order pertubation 
theory is necessary to compute the rotatory power.

In this paper no attempt will be made to formulate 
and prove a theorem which covers all these cases; 
however, from what will be presented below on the 
transition metal octahedral complexes, it seems likely 
that the sum rule is still true for pairwise interactions 
but is not generally true for higher symmetry and three- 
way interactions. It is further emphasized that this 
discussion is confined to the static field effects of vicinal

(6) D. J. Caldwell and H. Eyring, A n n . Rev. P h ys . Chem ., IS, 281 
(1964).
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groups, which will confine most of the general results to 
magnetic dipole transitions. The results will be 
true for electric dipole transitions only insofar as the 
static field effect is dominant.

Experimentally the behavior of the two cases may 
be distinguished. When the sum rule is satisfied, 
the circular dichroism and dispersion will appear 
as in Figure 2a. In intermediate cases where one com
ponent exhibits greater rotatory power than the other, 
the situation will be as in Figure 2b. Owing to the in
terference of other bands and background rotation, it 
is often difficult to make such distinctions in the ORD. 
The CD curves should prove to be more illuminating. 
When the components of the degenerate band are all 
of the same sign, the corresponding CD and ORD 
curves shiuld be indistinguishable from the familiar 
nondegenerate case. This behavior is observed in the 
transition metal complexes of C3 symmetry.7

In general the contribution to the dispersion outside 
the absorption band for a degenerate transition with 
frequency v0 may be written

9 =  ro2 -  r2 +  (ro2 -  r2)2 ^

When b »  a, the behavior of Figure 2a is observed; 
the situation where b ~  a is covered in Figure 2b; 
and when a »  b, one has normal dispersion (not 
shown).

IV. Transition Metal Complexes
As a preliminary problem in this method for treating 

molecules of high symmetry, the one-center formalism 
will be applied to diamagnetic octahedral complexes, 
the prototype of which will be Co(en)33+ and its 
derivatives. A first-order perturbation treatment of 
this problem with a special form of potential function 
has been given by Moffitt8 and by Piper and Karipides.9 
Even though the d orbitals may be involved in hy
bridization, the qualitative features of the system, 
which are of great interest, should be preserved.

Our model then consists of a system of six electrons 
constrained to move in a central force field. The 
radial oscillator functions are chosen because of the 
great simplification in the final formulas, which are 
only intended to illustrate the qualitative features of 
this system.

The configuration for the levorotatory form of the 
Co(en)33+ ion is depicted in Figure 3. The cobalt atom 
has six paired d electrons. The perturbation of the 
system is split into two parts. First the coordinated 
nitrogen atoms effect a splitting of the degenerate d 
level into two levels consisting of three nonbonding 
orbitals of F2g symmetry and two higher energy anti-

L
V 7

CD ORD CD ORC

Figure 2. CD  and ORD for degenerate transition.

bonding orbitals of Eg symmetry. Second, the field 
of the bridge atoms slightly distorts the paths of the 
d electrons in their jump from the F2g to the Eg orbitals 
making the transition optically active.

The starting point of the theory is the solution to 
the spherically symmetric central force problem. 
In harmonic oscillator notation the appropriate d 
functions are

$i =  (1 /\ /6 ) [2(002) -  (020) -  (200)] (3a)

$2 =  (1 /V 2)[(200) -  (020)] (3b)

* *  =  (HO) (3c)

«Fr* =  (101) (3d)

=  (Oil) (3e)

This is also the correct array of functions in the Oh 
field of the complex. Here the second set of orbitals

(7) J. G. Brushmiller, E. L. Amma, and B. E. Douglas, J . A m . Chem . 
S oc., 84, 3227 (1962).
(8) W. Moffitt, J . Chem . P h ys ., 25, 1189 (1956).
(9) T . S. Piper and A. Karipides, M ol. P h ys ., 5, 475 (1962).
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is lower in energy than the first, and the six d elections 
of the cobalt atom will be in these three orbitals. 
The determinantal wave function for the ground state 
is written

6g = (1 / V /60|$X!/l)$z„(2 )ii>xz(3)$z2(4)$!,2(5)3>!/z(6)|

= 1 'V ‘f W 'V l  (4)

The 4>i and $ 2 functions span the Eg representation 
and the $>xv, CPX2, and $„z functions belong to the F2g 
representation. The ground state 0G has. of course, 
Aig symmetry.

The product rule E g X Fig =  Flg +  F2g indicates two 
classes of singly excited states. The Fig will describe 
the triply degenerate magnetic dipole transition in 
question and the F2g will be both electrically and mag
netically forbidden. In the abbreviated notation the 
six excited-state wave functions are

Qia =  \$xv 4 t | (5a)

#2a =  1 “Fez F il (5b)

03a =  1 $ v z  i ’ ll (5c)

01 ô =  \$xy $21 (5d)

026 =  |$Z2 <N (he)

036 =  |$!/2 $2| (5f)

The appropriate linear combination of functions for 
the Fig state may be written

0z =  |(1 1 0 ) $ B| (6a)

0 ,  =  l ( i o i )  #»| (6b)

e x =  | ( o n )  $.| (6c)

and

$ a =  (1/ V 2 )[(2 0 0 ) -  (0 2 0 )] (7a)

$6 =  (1/  V 2 ) [(0 0 2 ) -  (2 0 0 )] (7b)

$ e =  (1/ V I )  [(0 2 0 ) -  (0 0 2 )] (7c)

In this investigation we will neglect spin degeneracy 
and the perturbation of the ground state. The stand-
ard first-order perturbation treatment gives a zero 
result because by symmetry the pairwise interactions 
sum to zero. A three-body interaction and hence 
second-order perturbation theory must be invoked. 
The modified formula for the rotational strength of a 
transition is

_  v ,v , (c\V\d)(d\V\b)(a\R\c)ib\M\a) 
ah o d  (Eb -  E c){Eb - E a)

where (6 |M|a|) is the unperturbed magnetic moment of 
the transition and c and d are intermediate states.

The general expression for the potential of the per
turbing field may be written

V = b0 +  biXi +  bijXiXj +
6 ijfcXiX -¡x¡- -[- 6 ij]- (XiXjXjrX i (9)

where the summation convention is used and xi = x, 
X2 =  y, and xs =  z.

In the octahedral field of the six identical coordinat
ing atoms the lowest order nonvanishing terms are

Vo = bn(x2 +  y2 +  z2) +
6mi(a:4 +  yi +  z4) +  hm(x2y2 +  z 2z2 +  y2z2)

where b( has been set equal to zero.
The first term accounts for the spherically symmetric 

field of the central atom along with the spherically 
symmetrical component of the ligand field. The other 
terms represent the distinctively octahedral contribu
tion that is responsible for splitting the degenerate levels 
of the central force system.

The influence of this field will be incorporated into 
the functions and energies of the zeroth-order set of 
states.

The potential function describing the influence of 
both bridge atoms and ligand substitution will have 
the form

Fd =  hx +  b2y +  bzz +  bnxy +
buxz +  bnyz +  bmx2y +  bmx2z +

buixy2 +  bmy2z +  bu-sxz2 +  bmyz2 (10)

Since all of the groups lie on planes or axes of sym
metry of the chromophore, the bn&yz term is absent; 
but we are led to expect that the second-order treat
ment will lead to rotations proportional to such terms 
as 61623 or 6122623, which have the same symmetry as 
6123. In the unsubstituted complex Co(en)33+ 61 =  
62 =  63 =  0  and the lowest order contribution will be 
expected from the 6122623 terms. If one of the ethylene- 
diamine groups is removed and replaced by two atoms 
such as in the complex ion Co [(en)2Cl2]+ the 61 terms 
are no longer all zero owing to the difference in elec
tronegativity of chlorine and nitrogen, and a whole 
new set of terms must be computed.

The magnetic moments for the triply degenerate 
transition are

(0z|M|0g) =  —2i{eh/2mc)V. (11a)

(0„|M|0g) =  —2i(efi/2mc)j ( lib )

(0z|M|0g) =  —2i(e%f2mc)\ (11c)

The calculation may be directed toward the 0G -► 
02 transition; the results for the other two will be ob-
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tained by cyclic permutation. The appropriate elec
tric dipole transition which may be mixed with the 0G —► 
8Z transition involves the state | (110) (111)|. This 
leads to the evaluation in eq 8 of the sum

< (i i i ) r o (d iF [ f lg)
d Et — Ed

(12)

|(110) X2I + |(101) Xs| (13e)

1(101) Xl| + 1(011) X2I (13f)

1(101) xs| + 1(110) X2I (13g)

1(110) Xil - 1(011) X3 (13h)

1(011) X2I — 1(101) Xi 1 (13i)

The lowest order nonvanishing terms will be supplied 
by those functions which are a linear combination of 
(210), (201), (120), and (021).

Were one to ignore the splitting of the excited states 
in the octahedral field and set the denominators, Eb — 
Ed, equal for these intermediate states, the above sum 
would vanish. The correct combination of functions 
leads to the following 4p and 4f prototypes

(111) 4f A2u

Xi =  [(300) +  (120) +  (102 )]/V 3  

X2 =  [(210) +  (030) +  (012 )]/V 3  4p Flu

X3 = [(201) +  (021) +  (003 )]/V 3  

X4 = [(120) -  (1Q 2)]/V2 _

X5 = [(012) -  (210)]/ V 2  4f F2u

X6 =  [(201) -  (021 )]/V 2

Xv =  [(120) +  (102) -  2(300) ]/V&

xs =  [(210) +  (012) -  2(030) ] /V 6  4f Fi„

X9 = [(201) +  (021) -  2(003) ] /V 6

These orbitals will have the same shape, symmetry, 
and qualitative characteristics as any solution to the 
central force problem. The ten functions, together 
with the three ground-state orbitals (110), (101), (Oil), 
lead to the molecular functions which must be con
sidered as intermediate states.

In eq 12 the matrix elements ((lll)|F|d) will be 
zero for the wave functions involving the X4, xa, and X6 
orbitals. This leaves 18 Slater functions—9 with the 
Fiu 4p orbitals and 9 with the Fiu 4f orbitals X7, xs, and 
Xs- These sets of functions each lead to Slater functions 
of Flg X F2u — Fiu +  F2u +  E u +  A2u symmetry, or 
a total of 18.

The 4p functions are given along with their symmetry 
in eq 13. The obvious normalizing factors are omitted.

A2u 1(011) Xi| +  1(101) x*| +  1(110) x»| (13a)

2|(011) xil -  1(101) x2| -  |(110) xa| (13b) 

21(101) »1 -  |(011) xi| -  |(110) x.l (13c) 

|(110) xil +  1(011) x*| (13d)

The 4f functions will not be written out in detail 
since they will give the same results as the 4p. For 
example, the appropriate A2u function is |(011) xt| +  
|(101) xs[ +  |(110) x»| which by inspection is seen to 
give except for a numerical factor the same result as 
the function of (13a). The behavior of the functions 
(13a) will be duplicated by that of the 4f functions. 
A quantitative calculation would of course include 
configuration interaction between the sets of states 
with the same symmetry.

The A2u and Eu states are linear combinations of one 
set of functions and the Fiu and F2u are linear combi
nations of a second set. When the required matrix 
elements are calculated, these pairs of states should 
give equal and opposite contributions. A further 
guideline is obtained by observing that the Fiu func
tions of eq 13 will mix by configuration interaction with 
the |(011) (111)| functions. The latter are expected 
to be lower in energy than any of the 4p or 4f functions 
for the same reason that the orbitals are lower in 
energy than the $1. The sign of the rotation should 
then be determined by the behavior of the Fiu inter
mediate states.

For this problem the bi, h, and b3 terms in eq 10 are 
zero because the coordinates of the bridging atoms 
cancel in pairs. This will only be true, however, for 
those complexes with C3 symmetry.

Assuming the sign to be governed by the Fi„ inter
mediate state, the sum of eq 12 will consist of the 
three terms from the functions of eq 13d-f. The re
quired matrix elements for the first term are

(|(110) (111)||F|(1/V2)[|(110) xil +
1(011) x.|]> =  (2 /V l2 )6 »a*  (14a) 

(|(110) (111)||F|(1/V2)[|(110) X2I +
1(101) x»|]> =  (2 / V l 2 )613a2 (14b) 

(|(110) (111)||F|(1/V2)[|(101) xil +

|(011) x*|]> =  0 (14c)

<(1/V2)[|(110) xil +  1(011) Xa|]|F||(110) <*„!> =
(1 /2  V 3 )  [(1 /2  \/2 )& i3 i -  (3 /2  V 2 )  6m [a3 (14d) 

( (1 /A /2 ) [ |(1 1 0 )  X2 I +  |(101) x«I]|F ||(1 1 0 )  4>0|) =
(l /2 V S )[(3 /2 V 2 )6 u , -  (1 /2V 2)6233]a3 (14e)
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The calculation of the other necessary terms leads 
to the following result for the three components of the 
degenerate band.

R 2(i) = [ —(eft/2mc)(ra6/12 )/

(E200 — -Eni)(L̂ oo — E m ) ]  X

[(6l33 — 36122) &23 +  (3&112 — 6233)613] (15a)

Ry(Z) =  [—(e£/2mc)(ea6/1 2 )/

(E m  — E iii) ( E 200 — £210)] X 

[(36223 — 6113)612 +  (6112 — 36233)613] (15b) 

R/Z) =  [ — (eh/2mc)(eae’/l2)/
(E m  — E m )  (E^oo — E*iq) ] X

[(36m — 6122)623 +  (6223 — 36113)612] (15c)

where E m  is the energy of the Fxg excited state for the 
transition in question, E m  is the energy of the Fiu state 
with the allowed electric dipole transition, and £210 is 
the energy of the intermediate state.

In view of the second-order nature of the problem, 
it is not necessary to know the sign of the potential 
function. The rotation will be of the same sign for 
both an attractive and a repulsive potential.

Assuming the applicability of a multipole expansion 
for the potential, it will happen that 6133 will depend 
on the sign of X Z 2, where X  and Z  are the coordinates 
of the bridge in the X Z  plane. Similarly the sign of 
623 will depend on the product of the signs of the Y  
and Z  coordinates of the ligand in the Y Z  plane. Re
ferring to Figure 3 this leads to a positive value for the 
product 6133623. The other products all turn out to be 
of the same sign. In view of the symmetry involved, 
the rotational strengths of all three components are 
equal and are of negative sign in agreement with ex
periment for the indicated chirality.10

This equality in magnitude and sign is not surprising, 
since we are dealing with three mutually perpendicular 
transition moments along three entirely equivalent 
axes.

When the ligand atoms are substituted, 61, 62, and 63 
are all no longer zero and the lowest order terms must 
be calculated. The task is simplified in eq 12 by the 
fact that it is not necessary to take into account the 
octahedral splitting of the intermediate 4p and 4 f 
states to obtain a nonzero result. Thus an average 
denominator may be used along with the six functions 
|(110) (210)|, |(110) (201)|, etc. The result is

R 2lA) =  ~(efi/2mc)(eai/2)(biibi —

62361)/(F200 — E m ) ( E m  ~  E210) (16a)

R V(A) = — (e£/2wc)(ea4/ 2 )(6236i —
61263) / (F2C0 — Em) (Em — ÆJ210) (16b)

R X(A) = —(efi/2mc)(eai/2)(biïbi —

61362)/ (F 200 — Fin) (E200 — Em) (16c)

Consider the case where the ligand in the X Z  plane 
is replaced by two chlorine atoms. The difference 
between the electronegativities of chlorine and nitro
gen will give appreciable values to 61 and 63; 62 will 
remain zero, and now 6i3 will be zero. In addition, the 
octahedral field will be modified by a C2r held suf
ficiently strong to split the degeneracy. The 0y state 
is split from the Bx and 0Z states, which remain acciden
tally degenerate. In view of the larger effect of the co
ordinated as opposed to the bridge atoms, we expect 
that the 61 terms will predominate over the 6122 terms. 
One obtains

R»w  =  A (62361 -  6 x263) (17a)

R W  +  R W  =  — r f  ( 62.361 -  6 x263)  ( 1 7 b )

indicating opposite signed contributions from the two 
bands. Since the 6122 terms, which are all of the same 
sign, must also be added, the magnitudes of the rota
tional strengths will not generally be equal.

When the ligand in the X Z  plane is replaced with NH3 
and Cl, the field of the coordinated atoms has essen
tially C4v symmetry, since NH3 behaves nearly as the 
amino group. Again 6]3 = 0 , and if the Cl atom lies 
on the Z  axis, 61 = 62 = 0 with 63 X 0 . Now the 02 
transition is split in energy from the degenerate 8X 
and 6V transitions and R Z(AL) =  0 , R V(A) +  R X(A) = 
0 . The rotation is governed by the bm terms which 
are all of the same sign. In this argument we have 
assumed that the effect of the bridge atoms on 61 and 
62 is less than their contribution to the 6x22 terms.

V. Conclusion
The general picture may be summed up by saying 

that the rotational strength of a transition metal 
complex is made up of two sets of terms. The poten
tially larger set sums to zero in the absence of splitting, 
while the other set in general does not sum to zero. 
The latter terms are responsible for the normal Cotton 
effect of Co(en)33+ while the former predominate when 
the energy of the band is split to give opposite signs 
to the two components of the Co[(en)2Cl2]+ transition. 
In the Co[(en)2NH3Cl]2+ type of complex the geometry 
of the situation leads to a canceling of the sizable 
effect of the electronegativity difference between Cl

(10) V. Saito, M. S. Nakatsu, and H. Kuroya, B u ll. Chem . Soc. 
J a p a n , 30, 795 (1957).
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and N, and the rotation is evidently governed by the 
interaction of the bridge atoms with the d electrons in 
much the same way as that of the Co(en)33+ complex. 
It is an interesting fact that the rotational strength 
of Co [(en)2(NH3)2]3+ is approximately one-third that 
of the Co(en)33+ transition.7 This is just the ratio of 
the number of three-way interactions of bridge atoms 
with the cobalt atom.

From this work, which is only intended to point the 
way toward a better qualitative understanding of 
transition metal complexes, have emerged several 
observations on the general behavior of degenerate 
transitions. The qualitative behavior of a chromophore

in a dissymmetric molecule will depend on the type of 
dissymmetry. Confining our discussion to magnetic 
dipole transitions and those electric dipole transitions 
where the coupled oscillator effect is minimal, we may 
say that the rotational strengths of a degenerate tran
sition sum to zero provided there is no dissymmetric 
array of atoms lying on centers or planes of symmetry 
of the chromophore. In general, when this condition 
is not satisfied, the sum rule will not apply. It would 
be interesting to see if the sum rule is satisfied for a com
plex such as Co[(NH3)4(NH2CHCH3CH2NH2)]3+, in 
which a methyl group lies in one of the octants of the 
chromophoric coordinate system.

Radiation Chemistry of Aqueous Solutions of Ethanol1

by W. A. Seddon and A. O. Allen

Chemistry Department, Brookhaven National Laboratory, Upton, New York 11973 (Received November S9, 1966)

Hydrogen yields from 7  rays on neutral solutions of ethanol and oxygen were determined 
over wide ranges of concentration. The results indicated a simple competition between 
0 2 and EtOH for an H atom, generated with a yield (hi = 0.6; the properties of this radical 
did not change at very low oxygen concentrations. In acid solutions, where H is generated 
with G =  3.3, the same competition was found. Oxygen-free solutions containing ethanol 
and hydrogen peroxide show a chain reaction under 7  rays, the kinetics of which were 
found to be in agreement with the anticipated free-radical mechanism. The reaction was 
studied with intermittent X-rays (“ rotating sector”  method) and an absolute rate con
stant obtained for the reaction of ethanol radicals with H20 2. The results are all con
sistent with values for the primary radical yields of Ge- — GW = 2.25 ±  0.05. These 
values are significantly lower than those deduced from some other systems and the reasons 
for the discrepancies are not completely understood.

Solutions of alcohols have played an important role 
in the study of the occurrence and properties of OH 
and H radicals formed in water radiolysis. Here we 
present some new data on the reactions of radicals 
with ethanol and on the radiation-induced reaction 
between ethanol and hydrogen peroxide.

Experimental Section
Two 60Co 7 -ray sources were used, having intensities

in the ratio 23.2:1; the more intense source gave about 
60 \xM Fe3+/min in the Fricke dosimeter. Irradiations 
were all carried out in syringes at a temperature of 23°. 
Each G value quoted here is obtained by exposure of 
samples at four or more different doses.

Interrupted radiations were carried out using X-rays

(1) Research performed under the auspices of the U. S. Atomic 
Energy Commission.
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generated at 1.95 Mev by a Van de Graaff electron 
accelerator, as described by Schwarz.2 Two intensities 
were used, giving Fricke dosimeter responses of 24.0 
and 4.8 \xM Fe8+/min, respectively. The ratio (time 
off/time on) was kept constant at 3.0, while the period 
was varied.

All oxygen-free samples were deaerated by bubbling 
with Ar for at least 30 min. The gas passed suc
cessively through a Dry Ice trap, through pure water, 
and finally through a solution of the same composi
tion before reaching the actual solution to be irradiated. 
Syringes were rinsed several times with the deaerated 
solution before final filling. Oxygen concentrations 
were fixed by bubbling with 0 2-N 2 mixtures made and 
analyzed by the Matheson Co., Inc.

Hydrogen was determined gas chromatographically 
by an adaptation of the method of Swinnerton, Linnen- 
bom, and Cheek.3 Samples of 10 ml were ejected via a 
hypodermic needle through a rubber cap into a bubbler 
containing water through which Ar carrier gas passed 
at 10 cc/min under 5 psig. Calibration was accom
plished by injection of 0.200 ml of water saturated 
with hydrogen at atmospheric pressure. Three cali
brations were run at the start of the day; thereafter 
a calibration run was made after each determination, 
though usually no change in the calibration occurred 
during any one day. A 6-ft column of Molecular 
Sieve 5A, 30-60 mesh, at room temperature was used 
in a Perkin-Elmer Model 154 vapor fractometer, with 
thermistor detector. Hydrogen elution time was about
1.5 min; oxygen appeared after a further 2 min and 
nitrogen after a further 5 min. Peak areas were de
termined with a planimeter; peak heights could not be 
used because of the finite injection times.

Acetaldehyde was determined by the method de
scribed by Hummel and Allen.4 5 The correct extinc
tion coefficient to use in this method is 19,100; it was 
wrongly quoted in the reference. The usual iodometric 
method for peroxide was used.

Results
Measured hydrogen yields, (?(H2), from various solu

tions are shown in Table I. The molecular yield from 
water, Ga„ is seen to be slightly lower in acid than in 
neutral solutions, as previously reported by Hayon.6 
The additional H2 arising from ethanol is a measure 
of the independent yield of H atoms, which are formed 
in water and react with alcohol by eq 1

H +  C2H6OH =  H2 +  • C2H4OH (1)

even when N20  is present to scavenge all the solvated 
electrons. It is seen that this yield Gh increases with 
alcohol concentration, as reported by Scholes and

Table I  : Some Measured Hydrogen Yields

Solution <?( H2)

Neutral K B r (1.38 mM), air free 
Neutral K B r (1.5 mM), air saturated 
Neutral K B r (1.38 mM), with N20  (0.32 mM)a 
HCIO4 (pH 1.69), K B r (1.53 mM), air free 
HCIO4 (pH 1.69), K B r (1.53 mM), air satu

rated
Ethanol (10.5 mM), with N20  (0.32 mM)“ 
Ethanol (105 mM), with N20  (0.32 mM)“ 
Ethanol (10 mM), NaH2P 04 (3.1 M, pH 4.5)6

0.459 ±  0.017 
0.431 ±  0.010 
0.429 ±  0.013 
0.419 ±  0.010 
0.366 ±  0.010

1.051 ±  0.02 
1.156 ±  0.02 
3.50 ± 0 .0 7

“ Saturated with Ar containing 1.26% N20 . 6 Fifteen separate 
determinations, with several points taken in each determination.

Simic;6 the increase presumably results from removal 
from the spurs at high alcohol concentrations of OH 
radicals, which normally react with H atoms or their 
precursors. In the phosphate solution, the solvated 
electrons react with the acid phosphate anions to form 
additional H atoms and the observed yield is the sum 
of Gh2, Gji, and Geaq~.

When low concentrations of 0 2 are present, reaction 
2 competes with reaction 1. A simple competition 
should lead to a linear relation between the oxygen-

H +  O* = H 02 (2)

alcohol ratio and the reciprocal of the yield of H2 in 
excess of the molecular

G(H2) =  Gh2 +  Gh [1 +  ^ (C W talc ) ] - 1 (A)

where K  =  fc2/fci, the ratio of rate constants for re
actions 2 and 1. In this work Gw, at the different 
oxygen concentrations is obtained by interpolation 
from the values of Table I, assuming that Gh 2 is linear in 
the cube root of the oxygen concentration. The yield 
of hydrogen varies with total dose because consumption 
of the reactants alters their ratio. Integration of eq 
A, under the condition x < <  1, where x =  (O2)o/ 
(alc)o, gives

(H2) =  GJJ +
D2GwG( — Oi)Kx 

2(1 +  KxY +

D3GnG(-02YK2x2
3(1 +  K x)z +  ■ ■ • • (B)

Each solution was run at four to seven different doses

(2) H. A. Schwarz, J . P h ys. Chem.. 66, 255 (1962).
(3) J. W. Swinnerton, V. J. Linnenbom, and C. H. Cheek, A nal. 
Chem ., 34, 483, 1509 (1962).
(4) A. Hummel and A. O. Allen, Radiation R es., 17, 302 (1962).
(5) E. Hayon, J . P h ys . Chem., 55, 1502 (1961).
(6) G. Scholes and M. Simic, ihid., 68 , 1731 (1964).
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(02)/(C2H50H)x 103

Figure 1. Hydrogen yields in neutral solutions 
containing ethanol and oxygen: • , 0 2 =  42.2 yM;
O, 65.8 yM; O, 13.1 yM; A, 270 yM.

and the yield at each dose was corrected using eq B 
with G( —0 2) =  2.8, ( ? h  =  0.62 in neutral or 3.4 in 
acid solution, and K  =  380 or 400. The corrections 
in G amounted to only 1-5%. The results in neutral 
solution are shown in Figure 1. From the reciprocal 
of the intercept we find G-'h  = 0.62 and from the ratio 
of slope to intercept K — /cH+o2/fcH+aic =  390 ±  60, 
in good agreement with Willson and Scholes.7 The 
reasonably good fit to a straight line shows that the 
entity being competed for does not appreciably change 
its properties over the range of concentrations studied 
and refutes Hayon’s contention8 that it acts like an 
H atom below about 60 yM  (0 2) but like an electron at 
higher 0 2 concentrations.

In acid solution, all eaq~ are converted to H atoms, 
so that a much higher G(H2) is found. Again we find 
simple competition with oxygen (Figure 2). Gh =
3.3, in good agreement with the value expected9 at the 
pH used; K  =  447 ±  66, in agreement with the value 
found in neutral solution.

Hydrogen peroxide, in the absence of oxygen, also 
competes with alcohol for hydrogen atoms, as shown in 
Figure 3. Here the molecular yield Gh2 was estimated 
as a function of peroxide concentration by interpolation 
from the data of Ghormley and Hochanadel,10 again 
assuming linearity of Gh2 with the cube root of the 
scavenger concentration. The ratio fcH+H2o2/&H+c2H5oH 
is 2.2 ±  1.0. Thus fcH+o2/fcH+H2o2 is about 200; 
Thomas, in three different papers,11 finds 175, 210, 
and 300; Hochanadel12 finds 455.

During these irradiations, peroxide disappeared with 
a very high yield, evidently by a chain reaction with the 
alcohol. Such a chain would be expected from the 
reactions (R =  • C2H4OH)

H20  =  eaq~, H, OH, H2, H20 2 (3)

H +  C2H6OH = H  +  R  (4)

OH +  C2H5OH =  H20  +  R  (5)

eaq-  +  H20 2 = OH +  O H - (6)

R  +  H A  =  CHCHO +  H O  +  OH (7) 

2R =  R2 or CHCHO +  C2H6OH (8)

If it is assumed that (C2II6OH) > >  (H 0 2), so that all 
H and OH react with the alcohol, the mechanism pre
dicts

G (—H A )  — Geaq— b Gh2o2 =
[GR1/tr ' /%/(2ka) 1/‘ ](H20 2) (C)

where Gr  =  G oh +  Geaq-  +  GH and I  is the radiation 
intensity or “ dose rate”  in units which may be de
scribed most conveniently as (1/15.5) (d(Fe8+)/d i 
in Fricke dosimeter) (M/sec). Thus the yield of per
oxide disappearance should rise linearly with the 
peroxide concentration and the reciprocal square root 
of the intensity and should be independent of the 
alcohol concentration. Figure 4 shows that these 
laws are accurately followed. The quantity plotted 
here is G(—H20 2) +  Gh2o2, where we take Gh2o2 as O.7.9

Figure 2. Hydrogen yields in solutions of
ethanol and oxygen containing 0.0225 M  HC104, pH 1.69.
Meaning of symbols same as in Figure 1.

(7) G. Scholes, Discussions Faraday Soc., 36, 311 (1963).
(8) E. Hayon, Trans. Faraday Soc., 60, 1059 (1964).
(9) A. O. Allen, “ The Radiation Chemistry of Water and Aqueous 
Solutions,” D. Van Nostrand Co., Inc., Princeton, N. J., 1961.
(10) J. A. Ghormley and C. J. Hochanadel, Radiation Res., 3, 227 
(1955).
(11) (a) J. K. Thomas, J. Phys. Chem., 67, 2593 (1963); (b) J. P. 
Sweet and J. K. Thomas, ibid., 68, 1363 (1964) ; (c) H. Fricke and 
J. K, Thomas, Radiation Res., Suppl., 4, 35 (1964).
(12) C. J. Hochanadel, Radiation Res., 17, 286 (1962).
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Figure 3. Hydrogen yields in neutral solutions 
containing hydrogen peroxide and ethanol but no oxygen: 
• , 1.75 mM  C2H5OH; O, 3.5 mM;  A, 10.5 m l.

Figure 4. Peroxide destruction yields in solutions containing 
hydrogen peroxide and ethanol (3.5 m ill except 0.875 and 
7.0 mM  where indicated): O, high-intensity source;
• , low-intensity source; abscissa, peroxide 
concentration in pM  multiplied by the square root of the 
ratio of the standard intensity (that of the high-intensity 
source on an arbitrary date) to the actual intensity.

The intercept should then be equal to (?eaq- ; the value 
found is 2.3. From the slope, we find k?/ (2fcs) /2 = 
3.30.

At lower ratios of C2H6OH to H20 2, reaction 9 must 
be taken into account. Inclusion of reactions 9 and 10 
in the scheme leads to a complicated expression which,

OH +  H A  = H O  +  H 02 (9)

H 02 +  R  =  CHCHO +  H A  (10) 

if (C2H6OH) >  (H A ) , can be approximated by

G( — H A )  +  Gui o2 — Gem ~ =

_  W H A ) 3

0 2/C8/cs(C2H6O H )/ 1 j

where Go is the expression on the right-hand side of 
eq C. Figure 5 gives data on yields at two different 
peroxide and three different alcohol concentrations, 
which vary with the concentrations according to eq 
D, although the intercepts (for infinite (C2HsOH)) 
are a little low. From the slopes of the two lines, 
we find k3/k5 =  0.060 and 0.058, respectively, but the 
uncertainty in the intercepts reduces one’s confidence 
in the significance of the slopes. It is possible that a 
small quantity of oxygen is formed at the higher (H20 2) /  
(C2H6OH) ratios, which tends to interrupt the chains. 
If we accept the above ratio, since fc7 = 4.5 X 107,2 
we find k3 =  7.6 X 108, not very different from Adams’ 
value13 of about 10.5 X 10s and Thomas’ value14 of
7.2 X 10s.

Measured aldehyde yields are shown in Table II. 
The missing compound :n the material balance is R2 
(2,3-butanediol), presence of which was shown quali
tatively by vapor-phase chromatography, using an 
F & M Model 300 with flame ionization detector. 
We also showed that isomeric diols are absent, or are 
at most 10% of the major isomer. If the product of 
chain-breaking reaction 6 were entirely diol, a yield 
of Gn/2 or about 2.6 would be expected. We conclude 
that disproportionation to aldehyde and alcohol occurs 
in about 30% of the reactions. Taub and Dorfman15 
estimate about 20%.

Table I I : Material Balance in the Reaction of
Ethanol (3.5 mM)  with Hydrogen Peroxide

Source
intensity

(H2O2),
(i M G( -  H2O2) (?(aldehyde) C(Hî)

G(diol) = 
G(-HjOs) + 

G(HS) -  
G(ald)

Low 99 14.3 13.5 1.0 1.8
High 99 5.05 4.4 1.0 1.65
High 160 7.2 6.7 1.0 1.5

To obtain absolute values of reaction rates of the 
alcohol radical R, we turned to the interrupted beam 
or ‘ ‘rotating sector” technique. The theoretical curve 
for this case, in which chains are terminated by a reac-

(13) G. E. Adams, J. W. Boag, and B. D. Michael, Trans. Faraday 
Soc., 61, 1417 (1965).
(14) J. K. Thomas, ibid., 61, 702 (1965).
(15) I. A. Taub and L. M. Dorfman, J . A m . Chem. Soc., 84, 4053 
(1962).
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Figure 5. Effect of reduced alcohol concentration on the 
yield of peroxide destruction: upper line (H20 2) =  197 nM; 
lower line, 122 yM; arrows indicate intercepts calculated from 
the line of Figure 4; ratio of slopes, 4.35; ratio of (H20 2)3, 4.2.

tion second order in the carriers, is given by Burnett.16 
With the beam on one-fourth of the time, the yield 
of the chain at very short on times should be twice 
that for steady irradiation. In Figure 6, the chain 
yield A G =  G( — H20 2) — Ge- +  G 'h 2o 2 divided by its 
steady-state value is plotted against the on time 
(divided by / 1/2). The theoretical curve shown is 
fitted to the data by a single parameter, the value of 
which fixes 2ks at 2.0 ±  0.6 X 109 M -1 sec-1. The 
value of Dorfman and Taub,17 1.4 ±  0.4 X 109, is not 
really in disagreement, but the curve corresponding to
1.4 X 109, shown dotted in the figure, fits the data 
somewhat less well. From the ratio found in Figure 
4, we find fc7 =  1.5 X  108, which is rather smaller than 
might be expected.

Discussion
The data on the ethanol-peroxide chain reaction 

point toward a value of 2.3 for the yield of solvated 
electrons. This is lower than the value 2.85 of Czapski 
and Allen18 and 2.6 of Hochanadel and Casey,19 but 
agrees better with estimates by Hayon20 (2.3) and by 
Head and Walker21 (2.45).

The yield of peroxide in oxygenated ethanol solu
tions,2 3.2, should be equal to Gh2o, +  1A((?oh +  G'h +  
Ge-). Since (?h2os =  0.7,12 Gn =  0.6 (present work), 
and Gqh =  2.2 (both by the difference in G(H20 2) in the 
presence and absence of alcohol and by G(aldehyde) in 
the ethanol-oxygen solution), this gives Gem~ =  2.2.

Figure 6. Pulsed-beam irradiation of ethanol-peroxide 
solutions: ordinate, ratio of the chain yield A G  of peroxide 
destruction to that expected for steady-state irradiation under 
the same conditions of concentrations and radiation intensity 
(from Figure 4); abscissa, beam-on time X, sec, multiplied 
by the square root of the ratio of intensity to standard 
intensity; • , intensities near 2.6 X  10-8 Af/sec/unit 
O  value; O, near 0.50 X  10-8, in the same units.
Curve is drawn with theoretical shape and may be fit to 
the data only by sliding horizontally. Solid curve shows 
the best fit; the dotted curve is expected from ref 17.

If OH, H, eaq~, H2, and H20 2 are the only important 
oxidized and reduced species formed in radiolysis, 
then material balance requires that the above yield 
should be equal also to (7H.2 +  G'h +  Geaq This we 
measured as G(H2) in ethanol plus 0.1 M  H2P 0 4-  solu
tions and found it to be 3.5, 10% higher than the G 
(Hs0 2) in oxygen. The difference, though outside 
experimental error, does not necessarily mean that 
other species are involved; it may be simply due to 
scavenging of radicals from the spur by the rather con
centrated phosphate. It would be interesting to de
termine the effect of different phosphate concentra
tions on (t(H20 2) in oxygenated solutions.

The apparent inconsistencies in the measurement of 
radical yields, which have led to various proposals 
for the existence of additional transient species, are not 
yet all resolved. It is becoming clear, however, that 
radical yields may be increased by the presence of 
rather low concentrations of scavenger to a greater 
extent than was formerly realized.

(16) G. M. Burnett in “ Xfechanisma of Polymer Reactions,”  Vol. 
Ill, Interscience Publishers, Inc., New York, N. Y., 1954.
(17) L. M. Dorfman and I. A. Taub, J . A m . Chem. Soc., 85, 2370 
(1963).
(18) G. Czapski and A. O. Allen, J . P h ys . Chem,., 66, 262 (1962).
(19) C. J. Hochanadel and R. Casey, R adiation  R es., 25, 198 (1965).
(20) E. Hayon, Trans. Faraday Soc., 61, 723 (1965).
(21) D. Head and D. C. Walker, N ature, 207, 517 (1965).
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Pulse Radiolysis of Aqueous Solutions of Methyl Iodide and Methyl Bromide. 

The Reactions of Iodine Atoms and Methyl Radicals in Water1 2

by J. K. Thomas

Chem istry D iv ision , A rgonn e N ational Laboratory, A rgonne, Illin o is  (Received D ecem ber 19 , 1966)

The pulse radiolysis of aqueous solutions of methyl iodide and methyl bromide has been 
studied on the ANL linear accelerator. In the case of methyl iodide, methyl radicals and 
iodide atoms are produced: eaq_ +  CH3I CH3 +  I~ and OH +  CH3I — £ CH3OH +  
I(CH3I). With methyl bromide, methyl radicals are produced but no Br atoms could be 
detected. The absolute rates of several methyl radical reactions in water have been meas
ured and these are discussed in terms of the corresponding H and OH radical reactions.

Introduction
In the past 5 years, the technique of pulsed radiolysis 

has provided extensive data on the nature of radiolytic 
processes in liquids and has elucidated many kinetic 
patterns of the radiolysis fragments. In water re
liable rate data are available for reactions cf H atoms, 
OH radicals, and hydrated electrons, eaq~.2a Previous 
work2b has shown that hydrated electrons react with 
rates that approach diffusion control with methyl 
iodide and with other alkyl halides. These reactions 
probably lead to bond breakage,3 e.g., eaq~ — R(halide) 
-*■ R  +  halide. Thus, these systems may be used as a 
convenient source of alkyl radicals in liquids where 
solvated electrons can be generated. The first part 
of the work uses the pulse radiolysis technique to study 
in detail the processes occurring in the radiolysis of 
aqueous solutions of methyl iodide. The second part 
describes the measurement of the rates of reaction 
of methyl radicals in water.

Experimental Section
Preparation of Solutions. Reagent grade methyl 

iodide from the Baker Chemical Co. is washed by 
shaking with triply distilled water. The mixture is 
allowed to settle and the supernatant water is poured 
away; the process is repeated three times. This treat
ment gives a water-saturated methyl iodide which is 
free of hydrogen iodide. A small quantity (~ 2  ml) 
of this purified methyl iodide is placed with 50 ml of 
triply distilled water in a 100-ml syringe, with no gas 
space. Pure argon gas (50 ml) is introduced into the

syringe and the mixture is shaken vigorously for 3 
min. The gas phase of air, methyl iodide, and argon 
is expelled and the whole procedure repeated four 
times. This gives a saturated solution of methyl 
iodide (0.1 M) in water, with less than 2 X 10~7 M 
oxygen. Dilute solutions of methyl iodide are then 
prepared by the syringe dilution technique.4 Solu
tions of methyl bromide are prepared by bubbling CH3- 
Br through water for 15 min. This produces a satu
rated solution of CH3Br in water which is free of oxygen. 
Dilute solutions are prepared by mixing the saturated 
solution with degassed water via the syringe tech
nique.

Analysis. Iodine is determined by mixing the ir
radiated sample with an equal volume of 0.2 M  potas
sium iodide and measuring the I3~ at 350 m/x on a Cary 
spectrophotometer, the extinction coefficient of I3~ 
at 350 m/i being 26,500.

Gases such as methane and oxygen are determined 
by stirring the irradiated solution in a Van Slyke ap
paratus and injecting the liberated gases into a gas 
chromatograph.5

(1) Based on work performed under the auspices of the U. S. Atomic 
Energy Commission.
(2) (a) M. Anbar and P. Nets, In tern . J . A p p l. R adiation  Isotopes, 
16, 227 (1965); (b) A. Szutka, J. K. Thomas, S. Gordon, and E. J. 
Hart, J . P h ys . Chem ., 69, 289 (1965).
(3) D. N. Skelly, R. G. Hayes, and W. H. Hamill, J . Chem . P h ys., 
43, 2795 (1965).
(4) E. J. Hart, S. Gordon, an 1 J. K. Thomas, J . P h ys . Chem ., 68, 
1271 (1964).
(5) J. K. Thomas and E. J. Hart, Radiation R es., 17, 408 (1962).
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Pulse Radiolysis Apparatus. This is described in 
detail elsewhere6 and here it suffices to outline the 
procedure. The solutions are irradiated in a 4-cm 
quartz cell by 0.4- or 1.0-psec pulses of 15-Mev electrons 
from an Arco linear accelerator. An analyzing light 
beam passes through the cell twice, giving a path 
length of 8 cm, and then after passing through a Bausch 
and Lomb monochromator, it is monitored with a 
1P28 photomultiplier tube. The output of the tube is 
amplified and displayed on a Tektronix 545 A oscillo
scope. The rise or response time of the whole apparatus 
is 80 nsec.

Dosimetry is carried out by direct observation of 
the eaq-  in degassed water at 400 my where e is 27207 
or by direct observation of the I2-  spectrum in 10-3 M 
potassium iodide where « is 14,000 at 385 m^.8 The pri
mary yields used in conjunction with the above dosim
etry are G(em~) = 2.40, (7(OH) = 2.40, and (7(H) = 
0.60.

Results
Rate of Appearance of I~. Figure 1 shows the spec

trum produced in a deoxygenated solution of 50 pM 
CH3I-10-3 M  C2H4. The spectrum grows in after the 
pulse to give a permanently absorbing product. The 
similarity of the spectrum to that given in the litera
ture for iodide ion suggests that the observed product 
is indeed the stable iodide ion.

eaq-  +  CH3I — > CH3 +  I -

H +  C2H4 — ► C2H6 ) removal of H +  OH to
}  give unreactive prod-

OH +  C2H4 — > C2H4OH) ucts

The kinetics of decay of eaq~, measured at 600 m/x, 
and formation of I - , measured at 230 m/x, in a solu
tion of 25 pM CH3I-10-3 M  C2H4 are shown in Figure
2. The kinetics are apparently first order with 
&(e„ + ca n  = 1-65 ±  0.25 X 1010 sec-1. The plot 
of log [eaq- ] vs. log ( [ I - ]0 — [I- ]t) is linear with a slope 
of unity showing that eaq-  immediately produces I - .

Formation of Iodine Atoms. Figure 3 shows the spec
trum obtained in the pulsed radiolysis of solutions 
of 2 X 10-2 M N20  and 10-3 M  CH3I. The intensity 
of the spectrum is reduced by approximately half in the 
absence of N20  and is completely removed by large 
concentrations of OH radical scavengers such as meth
anol and ethanol. Assuming that only OH radicals 
produce the spectrum, an absorption coefficient t 
5000 is measured at 310 m/x. The intensity of the spec
trum is unaffected by oxygen and this spectrum is at
tributed to a complex of an iodine atom with a methyl 
iodide molecule, I(CH3I).

Figure 1. Spectrum of I  -  in a solution of 50 pM  CH3I-1 0  3 M  
eth ylen e:-------- , literature data for I - .

loo [ < I- ) 0 - ( I - ) , ]  —

Figure 2. Kinetic plot of results in Figure 1, concentrations 
of eaq~ and I  -  expressed in arbitrary units.

Decay of the I{CHzI) Complex. In the presence of 
iodide ion the spectrum decays by a first-order process 
proportional to [I- ] and produces directly the spec
trum of I2- . The mean of ten measurements gives 
&i(CH,n+i- =  6.0 ±  0.5 X  109 sec-1. The rate of 
decay of the spectrum is also increased by methyl and 
ethyl alcohols but not by sodium acetate and acetone. 
The rate of decay in the presence of alcohol is 
first order and directly proportional to [alcohol]: 
&i (chiI)+ch3oh =  1-7 ±  0.4 X 109 sec-1.

The decay of the I(CH3I) complex in the absence of 
an added scavenger is first order at low intensities and

(6) J. K. Thomas, S. Gordon, and E. J. Hart, J . P h y s . Chem., 68, 
1524 (1964).
(7) E. J. Hart, private communication.
(8) J. K. Thomas, T ram . Faraday Soc., 61, 702 (1965).
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Figure 3. Spectrum of I(C H J ) in a solution 
of 2 X  IO“ 2 M  N2O-10~3 M  CHgl.

Figure 4. Decay of I(C H 3I)  expressed as —log (optical 
density I(C H 3I)  at 310 m/x) vs. time, nsec. The point at time 
zero is moved on the —log OD axis so a convenient 
position. The initial [I(C H 3I)], expressed as optical 
density at 310 mfi, and the intensity, ev/l./pulse X 1019, 
respectively, are, for low intensity, 0.008-0.041 and 0.25-1.29;
O, 0.148 and 4.65; A, 0.208 and 6.55; and X , 0.38 and 12.0.

independent of intensity. At high intensities the rate of 
decay increases with intensity. The results are shown 
in Figures 4 and 5.

Iodine Yields. Figure 6 shows the yield of iodine 
I2 (measured as I3- ) vs. dose expressed as number of 
pulses in the pulse radiolysis o: solutions of CH3I with 
and without N20. In the CH3I solutions alone the

Figure 5. Plot of AS vs. (I(C H 3I) ) 2 from
Figure 4; AS = (slope of curve — slope of curve at low
intensity); I(C H 3I ) 2 expressed in moles per liter.

Figure 6. Yield of I 2 as optical density of I 3 vs. dose 
expressed as number of pu.ses. The intensity, ev/l./pulse 
X  1019, is for A, 1.32 (2 X  lO“ 2 M  N jO -lO '3 CH 3I)  (1);
O, 1.82 (10-3 M  CH3I)  (2); and 0, 2.80 (2 X  10~2 M  N2O -10-3 
M  CH 3I-10 ~ 3 M  methanol (3). (Because of the higher intensity 
the abscissa is plotted as number of pulses X  0.65.)

initial yield of iodine tr(I2) =  1.10 while in N20  satu
rated solutions (r(I2) =  2.50, i.e., V2(ir(eaq“ ) +  Cr(OH)). 
There is no effect of millimolar concentrations of meth
anol and ethanol on these I2 yields in spite of the fact 
that the decay of the I(CH3I) is more rapid in these solu
tions.

Radiolysis of Methyl Bromide. In many instances 
methyl bromide is a more suitable source of methyl 
radicals than methyl iodide (a) because the OH radical 
does not give a strongly absorbing species analogous to 
I(CH3I) and (b) the reaction product Br~ is more trans
parent than I - .
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The pulse radiolysis of deoxygenated solutions of 
CH3Br shows a weak transient below 280 with an 
absorption that increases with decreasing wavelength. 
In the presence of N20  the intensity of the species is 
nearly doubled. In this system the OH radical ab
stracts an H atom from the CH3 group of CH3Br to 
give the radical CH2Br, the yield of this radical being 
doubled in N20. There is no evidence that Br atoms 
are produced.

In the presence of oxygen a fairly strong absorption 
is observed in the ultraviolet region with a peak at 
260 mu (Figure 7). This spectrum is similar to the 
spectra of H 02 and 0 2_ and is attributed to the species 
CH30 2 and 0 2CH2Br. When nitrous oxide is added to 
the solution the electrons are captured by the N20  
yielding OH and subsequently CH2Br is the only 
radical formed. The spectrum of CH30 2 may then be 
obtained as the difference between the spectra with and 
without N20  in the solution.

Another approach used to obtain the spectrum of 
CH30 2 is to scavenge the OH radicals with potassium 
thiocyanate to give the radical CNS. The net re
sult is that CNS is formed rapidly while CH30 2 is 
formed slowly. The difference in the rate of formation 
of CNS and CH30 2 is sufficiently great so that the 
spectrum of CH30 2 can be measured. The agree
ment between the two methods is good and is shown in 
Figure 7.

The oscilloscope tracing of the rate of production of 
CH30 2 at 260 m,u in a solution containing potassium 
thiocyanate, methyl bromide, and oxygen is shown in 
Figure 8. The first instantaneous rise of the trace is

X (m/x) —

Figure 7. Spectra of 0 2CH2Br and CH30 2: <•>, 10~3 M  
CH3Br-10~4 M  O2-10 -2 M  KCN S; O, 10“ 3 M  CHaBr-lO“ 4 M
0 2; X , 10-3 M  CH 3B r-I0 -4 M  Cb-saturated N20 ; -------- ,
solution X divided by 1.92, i.e., spectrum of 0 2CH2B r; — . — ., 
difference between solution O and solution X/1.92, i.e., CH 30 2.

Figure 8. Oscilloscope trace of solution 10~3 M  
CH3B r-10-2 M  KCNS-5.25 X  lO "5 M  0 2.

due to the CNS radical, while the portion which grows 
to a plateau over many microseconds is due to CH30 2. 
This picture is read on the ANL reader CHLOE and 
the digitalized information is fed into the AN L.CD C 
3600 computer. This machine calculates the optical 
density at time t and plots out the results in the desired 
form. Figure 9 shows the first-order plot from Figure 
8. The computer calculates the least-square slope of 
the line and hence the rate constant of the reaction

CH3 +  0 2 — ► CH30 2 (1)

The mean of ten results gives ki — 4.7 ±  0.7 X  109 
sec-1 at 23°; from the effect of temperature on the rate 
constant an activation energy E =  3.5 ±  0.3 kcal is 
measured for reaction 1.

Production of Methane. In the low intensity Co60 
7  radiolysis of aqueous solutions of 10-4 M  CH3I 
and alcohols, methane is produced with (?(CH4) = 
2.45 =  0.15

CH3 +  RHOH — > CH4 +  ROH (2)

The same result is obtained with solutions of methyl 
bromide and alcohol. The yield of methane is inde
pendent of alcohol concentration from 0.1 to 1.0 M  
and of CH3Br from 10~4 to 10~8 M. With CH3I, 
however, (?(CH4) increases with CH3I concentrations 
above 3 X 10~4 M reaching 10.9 at [CH3I] =  5 X 
10-3 M. This is due to a chain reaction

ROH +  CH3I — >  RIOH +  CHS

Oxygen lowers the yield of methane due to reaction 
1 competing with reaction 2. This expression now 
holds

/c2[RHOH] G(CH4)
h [0 2] ~  G°(CH4) -  (?(CH4)

where G° (CH4) is the yield of methane in the absence 
of oxygen. A typical plot of the above equation is 
shown in Figure 10 for the competition between iso
propyl alcohol and oxygen for CH3 radicals. The slope
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T IM E  (M ICROSECO NDS)

Figure 9. First-order plot of the results of Figure 8.

flSOPROPANOll X 10s [buTAOIENE]
— ------------------ -----------  or ------------------- - x 10"*  « 0 .5  —

[ 0 * ] [m e t h a n o l ]

Figure 10. Competition plots for the reaction 
CH3 +  isopropyl alcohol vs. CH3 +  0 £:
O, [isopropyl alcohol] =  1.0 M ; and CH3 +  methanol 
vs. CHi +  butadiene: A, [methanol] = 0.95 M .

of the line gives the ratio k2/ki and as h = 4.7 X  109 
sec-1 , hi can be calculated. Some typical results are 
given in Table I together with the rates o f addition of 
CH 3 radicals to unsaturated com pounds, which are 
measured relative to  k2. A  typical plot for the com pe
tition between methanol and butadiene is shown in 
Figure 10.

Discussion
Methyl Iodide Solutions. The results clearly dem on

strate that three products are produced in the radiol
ysis o f oxygen-free solutions o f m ethyl iodide. The 
stable species in Figure 1 is the iodide ion produced from  
the reaction eaq~ +  C H 3I. The correlation between 
the rate o f disappearance o f eaq~ and the appearance

o f 1“  places a limit o f less than 80 nsec on the lifetime 
o f any negative ion intermediate. The fate o f the 
H  atom  is not illustrated in these experiments; it 
probably reacts rapidly with C H 3I to produce C H 3 
and H I .9 The presence of the m ethyl radical is demon
strated b y  the production o f methane gas in the low- 
intensity y radiolysis o f aqueous solutions o f 10~4 M 
C H 3I and 1 M isopropyl alcohol. The methane yield 
(?(C H 4) =  2.45 ±  0 .1510 comes from  the reaction

C H 3 +  (C H 3)2C H O H  — >  (C H 3)2CO H  +  CH*

The third short-lived species, Figure 3, is attributed 
to the com plex o f the iodine atom  with C H 3I. This 
is in accord with the doubling o f the intensity o f the 
spectrum on addition o f N 20  via reaction 3

N 20  +  eaq-  OH +  N 2 (3)

and b y  the elimination o f the spectrum b y  O H  radical 
scavengers. The OH  radical could react via reactions
4-6 . The absence o f any effect o f oxygen on the spec

„  c h 2i  +  h 2o  
/

(4)
/

C H 3 +  H O I
\

(5)

*  C H 3OH  +  I (6)

trum rules out reaction 4 as the radical C H 2I would 
give 0 2C H 2I with 0 2 and alter the spectrum. Reaction 
5 is unlikely as the spectrum o f H O I is not that shown 
in Figure 4. This leaves reaction 6 as the m ost likely 
reaction path for the O H  radical reaction with C H 3I. 
The yield o f I2, G(L) =  2.5 in N 20 -C H 3I solutions, and 
the direct decay o f the spectrum with I~  to give I2~ 
also support reaction 6. The exact nature o f the spec
trum is, however, less certain. In  the gas phase io
dine atoms show an absorption below  200 m /t;11 no 
absorption has been reported above 300 m^. H ow 
ever, m any spectra of I  atom  com plexes have been 
reported above 300 m/i-12 In the present work a com 
plex between I and water or C H 3I is possible.

A  search was made fcr  an absorption due to the I -  
H 20  com plex in the pulse radiolysis o f potassium iodide 
solutions. The conditions o f the experiments are 
such that the O H  radical concentration is in excess of 
the I -  concentration, e.g., [OH ] =  10 nM, [ I - ] =  
5 uM. Here the OH  radical produces I  via OH  +

(9) T. J. Hardwick, J. Phys. Chem., 66, 2246 (1962).
(10) J. K. Thomas, 3rd International Congress of Radiation Re
search, Cortina, Italy, 1966.
(11) R. J. Donovan and D. Husain, Nature, 206, 171 (1965).
(12) T. H. Glover and G. Porter, Proc. Roy. Soc. (London), 262, 476 
(1961).
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Table I: Rates of Reaction of Radicals and Atoms in the Gas Phase and in Water at 25°

Compound ki x 1 0 » “J fa x  10» “ .° kz X 10*“ fa X 10«°

Ethylene 4.1 3.2 4.9 2.0
Propylene 6.5 3.9 5.3 4.0
1-Butene 6.5 5.1 30.0
Isobutylene 5.0 10.0 39.0
Butadiene 6.5 10.0 1.25 X 103 1.18 X 102
Methanol 0.47 1.9 X 10 ~3 0.22 0.05
Ethanol 0.72 1.6 X 10~2 0.59 0.14
Isopropyl alcohol 1.74 5.0 X 10"2 3,4 0.45
Oxygen 20 4.7 X 106 Diffusion controlled
Iodine ~10 6.0 X 106 Diffusion controlled

® hi, OH radical rate; fc2, H atom rate; and k3, CH3 radical rate, all in water phase; hi, CH3 radical rate in gas phase. b Measured 
by I -  method, J. K. Thomas, Trans. Faraday Soc., 61, 702 (1965). 0 Measured via competition with methanol, ref 15.

I~  -*■ I +  O H -  and an I -H 20  com plex is formed. 
H owever, the only absorption observed is a weak I2~ 
band. It  is thus left to postulate that the observed 
spectrum is due to  the I (C H 3I) com plex. The nature 
o f iodine complexes has been discussed b y  K atzin ,13 
who proposes that com plexes showing an absorption 
with tw o peaks can be considered as perturbed iodide 
ion spectra. In  the present case if a partial electron 
transfer occurred to the iodine atoms, then a com 
plex o f the form  P - (OHs)3+F -  is formed. In  the in
terpretation o f ref 13 this should exhibit a perturbed 
iodide ion spectrum similar to that shown in Figure 3.

The first-order decay o f I (C H 3I) at low  intensi
ties in water and with alcohols is interpreted as a reac
tion o f these solutes with the I (C H 3I) to give complexes, 
which like the I (H 20 )  com plex have no measurable 
absorption. The fact that £r(I2) is not affected b y  the 
alcohols shows that the I  atom  does not undergo an 
irreversible chemical reaction in these systems. A t 
high radiation intensities the I atom  complexes 
recom bine and increase the decay rate. This is il
lustrated in Figure 4 ; the increase in the reaction rate 
over that at low  intensities is expressed b y  fc8(I (C H 3I ) ) 2.

I(C H 3I) +  H 2Q — >  I - H .0  +  C H 3I (7)

I(CHgI) +  I(CH3I) — > I* +  2CH3I (8)

Figure 5 shows that the above relationship holds and 
gives 2ks =  3 X 1091. M~l sec-1 . The value for fc7 is 
given b y  the first-order decay at low  intensity, i.e., 

= 3.0 X 10* sec“ 1.
The Reaction of Methyl Radicals. In  the gas phase 

the rate of reaction of m ethyl radicals with oxygen and 
iodine is very rapid and in the case o f oxygen the acti
vation energy is zero. In  water the rates are again 
rapid and the activation energy for the oxygen reaction 
is 3.5 kca l/m ole. In  order for a species such as the

C H S radical to  diffuse, an adjacent water m olecule has 
to m ove to  create a vacant site. On this basis the 
activation energy for a diffusion-controlled reaction in 
water is the activation energy for viscosity change, 
which is 3.7 kca l/m ole. As the measured activation 
energy o f reaction 1 is in agreement with this value, 
the reaction o f a m ethyl radical with oxygen is diffusion 
controlled in water as in the gas phase.

The com parison o f the rates o f C H 3 radical reactions 
in water and the gas phase shows that the same order 
o f reactivity occurs in both  phases. H owever, the rates 
in v/ater are on the whole faster than those in the gas, 
a similar effect being noted with H  atom s.14'15 This 
m ay be due to the solvation o f the solute b y  ‘ he water, 
i.e., a change in reaction energy, or it m ay be due to  
the caging in o f the reactants b y  the solvent. This 
would prom ote m ore encounters between the reactants 
resulting in an increased rate o f reaction.

It  is instructive to com pare the rates o f reaction o f 
C H i radical reactions in water with the rates o f H  atom s 
and OH  radicals. For abstraction reactions the same 
general increase in reactivity is noted for all radicals 
in going from  m ethyl alcohol to isopropyl alcohol and 
shows that the same reaction mechanism holds for ab
straction b y  all these radicals. For addition reactions 
to unsaturated hydrocarbons the C H 3 radical behaves 
in a similar fashion to the H  atom, the rates follow ing 
the atom -localization energy o f the hydrocarbon .16 
The OH  radical reactions show no dependence on the 
atom -localization energy, however, all the rates being 
similar and approaching diffusion control. The ab

(13) L. I. Katzin, J. Chem. Phys., 23, 2055 (1955); L. I. Katzin 
and R. L. McBeth, / .  Phys. Chem., 62, 253 (1958).
(14) H. Schwarz, ihid., 67, 2827 (1963).
(15) J. P. Sweet and J. K. Thomas, ibid., 68, 1363 (1964).
(16) S. Sato and R. J. Cvetanovié, J. Am. Chem. Soc., 81, 3223 
(1959).
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solute value o f the C H 3 radical rates is significantly less 
than the H  atom  rates. This is due to  tw o factors: 
(a) the m ethyl radical is planar and an activation energy 
is required to reach the transition state which has the 
character o f the tetrahedral methane m olecule and (b) 
the preexponential or A factors for the m ethyl radical 
reactions are much smaller than the A factors for the 
H  atom reactions. This is due to the significant 
amount o f entropy lost b y  the C H 3 and the solute in 
form ing the transition state o f the reaction.17

The above data demonstrate the feasibility o f using 
methyl iodide as a convenient source o f m ethyl radicals 
in water and other solvents in which electrons are 
stabilized. For the particular case o f water the methyl

iodide is also a convenient source o f iodine atoms 
and should provide valuable data on the various I  
atom  complexes that m ay be formed.
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(17) S. Benson, “ The Foundations of Chemical Kinetics,”  McGraw- 
Hill Book Co., Inc., New York, N. Y ., 1960, p 286.

N O T E S

P h osp h oru s-3 1  C h e m ic a l S h ifts  

o f  P h o s p h o n a te  A n io n s

by Jean G. R iess,1 John R . Van W azer, 
and John H . Letcher

Central Research Department, Monsanto Company,
St. Louis, Missouri (Received August 15, 1966)

In a publication from  this laboratory2 3 4 5 10 years ago 
it was stated that the 3IP chemical shifts o f “ the 
phosphonic acids and the phosphonates offer a direct 
way to measure the relative electron-donating ability 
o f organic radicals . . . [with] the stronger electron- 
donating groups cause [ing] the lesser shielding o f the 
phosphorus nucleus.”  R ecently  the quantum mechani
cal theory o f 31P  chemical shifts has been elucidated3,4 
for the entire range o f phosphorus com pounds and it 
is shown that the chemical shift o f  com pounds in wdiich 
phosphorus has four substituents is primarily sensitive 
to the polarity o f the <r bonds and the total occupation 
of the d T orbitals o f the phosphorus. In view o f this 
theoretical work, it seemed desirable to  obtain the 
31P  chemical shifts o f a number o f phosphonates under 
carefully controlled conditions. These data and the 
recently published6 chemical shifts o f quaternary 
triphenylphosphonium salts are com pared with each

other in light o f the general theory and the problem  o f 
measuring electron-dona ling ability.

The 31P  chemical-shift measurements on the phos
phonates were carried out at 40.5 M e using a Varian 
H R-100 spectrograph on aqueous solutions in the 
range o f 0 .1-0.5  M in phosphorus, em ploying 85%  
H 3P 0 4 in a capillary tube as the reference standard. 
In order to avoid com plications due to hydrogen asso
ciation and hydrogen bonding and to make the data 
comparable, solutions o f the phosphonic acids were 
brought to pH  14 by  addition o f tétram éthylam m onium  
hydroxide. As long as the tw o hydrogens o f the phos
phonic acid are neutralised, it was found that the 3IP 
chemical shift is insensitive to  rather large variations 
in alkalinity or dilution.6 In the region o f measurement, 
a severalfold change in either phosphorus or alkalinity 
concentration caused less than 0.2-ppm  change in the 
chemical shift. The experimental data are presented 
in Table I.

(1) On leave from the University of Strasbourg, 1964-1966.
(2) J. R. Van Wazer, C. F. Callis, J. N. Shoolery, and R. C. Jones, 
/ .  Am. Chem. Soc., 78, 5715 (1956).
(3) J. H. Letcher and J. R. Van Wazer, J. Chem. Phys., 44, 815 
(1966).
(4) J. H. Letcher and J. R. Van Wazer, ibid., 45, 2916, 2926 (1966).
(5) S. O. Grim, W. McFarlane, E. F. Davidoff, and T. J. Marks, 
J. Phys. Chem., 70, 581 (1966). Also see Nature, 208, 995 (1965).
(6) Also see K. Moedritzer, submitted for publication.
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Table 1: 31P Chemical Shifts“ and Shift Differences6 in Phosphonates

O rganic group, /-------------P hosphonates, R P O 32 ------------- > O rganic group, /-------------Phosphonates, R P O jS ----------
R s A S R s A 5

c h 3- - 2 0 . 1 2 0.0 -0(0)CCH2- -1 3 .3 + 6 .8
c2h 5- -2 4 .1 -3 .0 *-02P(0)CH2- -1 5 .4 + 4 .7
c-CeHii -2 4 .8 -4 .8 2-0 2P(0)(CH2)2- -2 3 .2 -3 .1
c6h 5- -1 0 .9 + 9 .9 ' 2-0 2P(0)(CH2)a- -2 2 .4 -2 .3
CH2=CHCH2 -1 8 .6 +  1.5 N^CCHs- -1 3 .1 + 7 .0
cich2 -1 1 .3 + 8 .8 C6H9- d -1 7 .6 + 2 .5
ci2c h - -8 .1 5 +  12.0 c6h 6c h = c h - -1 0 .4 + 9 .7
ClaC -8 .1 +  12.0 p-cic6h6- -9 .9 +  10.9“
h o c h 2- -1 5 .5 +4 .6 p-ic 6h 6 -1 0 .1 +  10.7“
c 6h 5c h 2- -1 7 .6 +  2.5 p-n h 2c6h 6- -1 1 .8 + 9 .0C
(C6H6)2CH- -1 6 .5 +3 .6 TO-BrCeH5- -8 .8 +  12.0'
p-n h 2c 6h 6c h 2- -1 8 .0 +  2.1 m-NH2C6H6- -1 1 .0 + 9 .8 '
CH3C(0)CH2- -9 .6 +  10.5

“ In ppm referenced to 85% H3P04. 6 AS = (5 for R) — (S for R = CH3). ‘ Corrected for the ring current in the phenyl group
by adding 0.7 ppm to the AS value. d 1-Cyclohexenyl.

Table II: 31P Chemical Shifts“ and Shift Differences6 in Various Phosphonium Cations

✓-------------------------------------------------------------------------------P h osphonium  cations-
Organic group, ,----------------RP(C«H8)a+-------- — > ✓-------------- RP(n-C4H9)3 +-------------- ■ -------------R P (C 2H6)3+-

R S AS S AS S AS

c h 3- - 2 2 .6 0 .0 -3 2 .3 0 .0 -3 7 .8 0 .0
C Ä - -2 6 .2 -3 .6 -3 5 .5 -3 .2 -4 0 .5 -2 .7
W-C4H9- -2 4 .0 -1 .4 -3 3 .9 - 1 . 6
t-C3Hr- -3 0 .9 -8 .3 -3 8 .0 -7 .7 -4 2 .8 -5 .0
c h 2= c h c h 2- -2 1 .4 +  1 .2 -3 2 .4 -0 .1

In ppm  referenced to 85% H3P0 4 . 6 AS = (5 for R) — (S for R = CH3).

A ccording to the theory for molecules o f the type 
M P Z S; the chemical shift, S, in ppm  is given by  the 
expression

S =  11829 -  7940fi -  147n„ (1)

where nw is the total number o f electrons in the d* 
orbitals of the phosphorus, and where in terms o f the 
average amount o f charge, AM and hz, residing in the 
phosphorus atom ic orbitals o f the bonds to  the M  and 
Z substituents, respectively

fi =  3[(Az2/2) +  hu — AmAz] +
[1.5/sin2 (6/2)](hz — Az2 +  AmAz — Am) (2)

where d is the usual ZP Z  bond angle. Follow ing Coul- 
son,7 we shall express the values o f these charges in 
terms o f the following equation, where x  is the Pauling 
electronegativity and A  stands for either the M  or Z 
substituent

hA =  1.0 +  0.16 (xp -  xa) +  0.035(xp — xa ) 2 (3)

E m ploying values o f xo =  3.5 and xc =  2 .5-2.8, the 
following quantum-mechanically based equations are 
obtained for the change, AS, in ppm  o f the 31P chemical 
shift resulting from  substituting one R  group for 
another. For the phosphonate anions, R P 0 32~

AS =  IOOAxr — 4A0opo — 147 Axp—o (4)

For the quaternary triphenyl- or trialkylphosphonium  
cations,6 R P R 'S+

AS =  50Axr — kA0r/pp' (5)

with —0.2 <  k  <  0.5, where Axr  is the difference in 
effective Pauling electronegativity (i.e., electron-with- 
drawing power) between the tw o different R  substi
tuents, Ad is the bond-angle change in degrees, and 
A7rp_o is the total change (electrons/'P) in the am ount 
o f P - 0  x  character upon substituting one R  for 
another.

(7) C. A. Coulson, “ Valence,”  corrected 2nd ed, Oxford University- 
Press, London, 1963, p 141.
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Figure 1. A plot of the S1P chemical shifts of variously 
substituted phosphines vs. the chemical shifts of quaternary 
triphenylphosphonium compounds having the same substituent. 
The dotted line corresponds to the theoretical slope (see text).

I f  the P - 0  7r bonding and the OPO bond angles in 
the phosphonates were not affected by  changing the R  
substituent, a plot o f 31P  chemical shifts of the phos
phonate anions vs. those o f the corresponding phos
phonium  cations, R P R '3+, should give a straight line 
o f slope 100/ 50- H owever, as shown in Figure 1, this is 
far from  being the case, so that it appears that varying 
the R  organic substituent does affect the P - 0  bond 
order to  a small extent. In other words, the great 
sensitivity o f the 31P chemical shift to the occupation 
o f the phosphorus dx orbitals renders the phosphonates 
a poor tool for estimating the electron-donating ability 
of organic groups. B oth  bond-distance data8 and the 
observed3 3IP  chemical shifts o f triphenylphosphine and 
the tetraphenylphosphonium  ion indicate that there is 
little or no t character in the P -C  bond between a 
phenyl group and a phosphorus atom . Therefore it 
seems reasonable to  ascribe essentially all such t effects 
to the P - 0  bonds o f the phosphonate anions. This is 
borne out by  the rather good agreement o f the A3 
values6 between the various quaternary triphenyl- and 
trialkylphosphonium cations, shown in Table II. 
I f there were m uch tt bonding between the phenyl group 
and the phosphorus and if changing the R  substituent 
affected this it bonding, these values o f A3 would be 
quite inconsistent.

(8) In the compound (CeHs)(CH3)(S)PP(S)(CHs)(C6H5), the P-C  
distances for the methyl groups are 1.82 A  whereas they are 1.88 A 
for the phenyl groups, according to P. J. Wheatley, J. Chem. Soc.,
523 (1960). ir bonding should shorten the bond. Other X-ray 
work has shown the P -C  distance in (C H ^ P  to be 1.84 A and in 
(CeHslsP to be 1.83 A.

I o n ic  a n d  P a rtia l D o u b le -B o n d  C h a ra cte r  o f  

C a r b o n -C h lo r in e  B o n d  in

1 ,1 -D iflu o ro v in y l C h lo r id e

by  Suresh Chandra

Physics Department, Allahabad University, Allahabad, India 

Accepted and Transmitted by The Faraday Society (June 6, 1966)

The m icrowave spectrum o f 1,1-difluorovinyl chlo
ride has been studied b y  Jenkins and Sugden* 523 1 and a 
structure for this m olecule was given. A  new and more 
probable structure for 1,1-difluorovinyl chloride has 
been proposed in order to get better and m ore probable 
m olecular characteristics. From  this structure a new 
value of the angle 9 between the a axis and the C -C l 
bond has been found. The principal quadrupole 
coupling constants, ionic and partial double-bond char
acter of the carbon-chlorine bond, and percentage of 
s character of the chlorine bond  orbital have also been 
evaluated.

The bond lengths and bond angles are intim ately 
related to their bond environment. For a given bond 
environm ent they are rem arkably constant in different 
molecules but vary system atically with the changes in 
the bond environment. H ow ever, small changes are 
observed when Cl, Br, and I atoms are adjacent to the 
bond .2 So, for purposes o f calculating approximate 
mom ents o f inertia, structural parameters for 1,1- 
difluorovinyl chloride (C F ^ C H C l)  are deduced from  
those molecules which have very  nearly the same struc
ture as CF2=CH C 1. T he carbon-fluorine and carbon - 
carbon bond lengths and the corresponding angles 
(bond angles) are taken from  the structure o f the 1,1- 
difluoroethylene m olecule (C 2H 2F 2) 3’4 5 and the carbon - 
chlorine and carbon-hydrogen  bond lengths and the 
corresponding bond angles are taken from  the struc
ture o f the vinyl chloride m olecule (C H 2=C H C 1).6 
In  these calculations, the carbon-carbon  bond distance 
was varied slightly in order to obtain better agreement 
between calculated and observed m om ents o f inertia. 
The values o f the structural parameters thus obtained

(1) D. R. Jenkins and T. M. Sugden, Trans. Faraday Soc., 55, 1473 
(1959).
(2) A. S. Rajput and S. Chandra, Bull. Chem. Soc. Japan, 39, 1854 
(1966).
(3) J. Karle and I. L. Karle, J. Chem. Phys., 18, 163 (1950).
(4) A. Roberts and W. F. Edgell, ibid., 17, 742 (1950); Phys. Rev., 
76, 178 (1950).
(5) D. Kivelson, E. B. Wilson, and D. R. Lide, J. Chem. Phys., 32, 
205 (1960).
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are quoted in Table I. T he calculated and observed 
mom ents o f inertia of C F * = C H “ C1 and C F2= C H 37C1 
are also com pared.

Table I : Structural Parameters of 
l ;l-Difluorovinyl Chloride

Bond length,
A Bond angle

C-F = 1 .3 2 ZFCF = 110°
C-C = 1.30 ZCCH = 123° 49'
C-Cl = 1.726 
C-H = 1.08

ZCCC1 =  122° 18'

Moments of inertia of CF2=CH36C1

Obsd Calcd

7a (amu A2) 47.20 46.93
7b (amu A2) 220.09 220.52
70 (amu A2) 267.45 267.45

Moments of inertia of CFs=CH37Cl

Obsd Calcd

7a (amu A2) 47.20 46.94
7b (amu A2) 226.41 226.94
7C (amu A2) 273.76 273.88

The characteristic that the a axis passes through the 
chlorine nucleus was utilized for evaluating the angle 
6 between the a axis and the z axis (along the carbon - 
chlorine bond) which comes out to be 26° 10' from  the 
proposed structure of 1,1-difluorovinyl chloride. I f  it 
is assumed that the C -C l bond coincides with the z 
principal axis of the quadrupole coupling dyadic, a 
transform ation o f axes m ay be used to find the com 
ponents of the dyadic in its principal system .1 The 
other tw o axes must lie in the plane of sym m etry (x 
axis) and perpendicular to it (y axis). The values of 
the principal quadrupole coupling constants xxx, 
Xyyj and xzz for C F 2 = C H C 86C1 obtained from  the ex
perimental values o f xaa, xbtn and xccl are listed in 
Table II. The value o f xzz thus obtained m ay be com 
pared with that o f —70.16 m c/sec for vinyl chloride8 
and —74.77 M c /s e c  for m ethyl chloride6 and with 
m any other analogous values for chloromethanes and 
chloroethylenes.

Follow ing Goldstein,7 an estimate o f the partial 
double-bond character S o f the carbon-chlorine bond 
m ay be made from  the relation

' / 2C(/^(atomie)

where — 3/ 2eQq(atomic) =  164.6 M c /s e c  for 38C1. 
T he result is 4 .3 %  double bond character to the C -C l

Table II : Quadrupole Coupling Constants of CF2= C H 35C1

Xaa — —51.7 ±  1.3 Mc/sec 
Us = 18.2 ± 1 .0  Mc/sec
xCc ~  33.5 ±  0.8 Mc/sec
x zz =  —73.94 ± 1 .5  Mc/sec
Xxx =  40.44 ±  1.0 Mc/sec
Xyy = 33.5 ± 0 .8  Mc/sec
0 = 26° 10'

bond, which is very close to the value 6 %  in vinyl 
chloride.7 It m ay be mentioned here that eq 1 makes 
no allowance for the positive charge on chlorine in the 
structure.

The ionic character of a bond A B  can be estim ated 
from  the electronegativity values (XA and X b) o f the 
tw o atom s form ing the bond. F or a tw o-electron bond, 
the pair of electrons will divide themselves between the 
two atoms in the ratio o f their relative electronegativi
ties, such that a fraction 2 X A/ ( X A +  X b) o f electron 
atmosphere is on the atom  A  and a fraction 2X b /  
(X A +  X B) o f electron atmosphere is on the atom  B. 
T he ionic character o f the bond is then defined as8

. . , x 0 |Xa -  X b|
ionic character p =  — ;— -— — -  (2)

(X a +  X b)

For polyatom ic molecules, the values o f group electro
negativity9 should be used. T he group electronega
tiv ity  value o f the radical -C H C F 2 is 2.55,9 and the elec
tronegativity value of the chlorine atom  is 3.00. Using 
these values, the ionic character of the carbon-chlorine 
bond in 1,1-difluorovinyl chloride is found to be 8 % .

The values o f the nuclear quadrupole coupling con
stants m ay be used for evaluating the hybridization 
o f the atom ic orbitals about the nucleus under con
sideration. The value o f the fractional s character o f 
the bonding orbital o f chlorine, a 2, m ay be evaluated 
from  the relation10

eQqzz =  (1 — a2 +  d2 — ¡3 — S)eQq̂ tomi0 (3)

where d2 is the am ount o f the d hybridization o f the 
bonding orbital o f chlorine and eQq&tomic is the nuclear 
quadrupole coupling constant for the free atom . 
H owever, the d orbitals make only negligible contribu
tions to  the quadrupole coupling constant and its value

(6) J. Kraitohman and B. P. Dailey, J. Chem. Phys., 22,1477 (1954)
(7) A. Goldstein, ibid., 24, 106 (1956).
(8) J. K. Wilmshurst, ibid., 30, 561 (1959).
(9) S. Chandra and S. Chahdra, Tetrahedron, 22,3403 (1966).
(10) T. P. Das and E. L. Hahn, “ Solid State Physics,”  Supplement 
1, “ Nuclear Quadrupole Resonance Spectroscopy,”  Academic Press 
Inc., New York, N. Y ., 1958, p 138.
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is predicted to be 5 %  or less. On the assumption of 
5% d character and for the observed values o f eQqa 
( —73.94 c /sec ) and eQgat0mic ( — 109.74 M e /sec ), eq 3 
shows that the s character o f the chlorine bond orbital 
is nearly 25% .
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E x p erim en ta l D e te r m in a t io n  o f  th e  E le c tro n  

A ffin ity  o f  Several A r o m a t ic  

A ld eh y d es  a n d  K e to n e s

by W . E . W entw orth and Edw ard C hen1

Department of Chemistry, University of Houston,
Houston, Texas 77004 {Received December 19, 1966)

Recently, W entw orth, Chen, and Lovelock2 have 
proposed a kinetic m odel for the processes occurring 
within the electron-capture detector operated in the 
pulse-sampling mode and have demonstrated its validity 
for several arom atic hydrocarbons. Earlier W ent
worth and B ecker3 calculated the electron affinities of 
some arom atic hydrocarbons using the electron- 
capture detector data and correlated these electron 
affinities with their half-wave reduction potentials3 and 
the energy o f their 0 -0  transition.4 5 The experimental 
electron affinities were also com pared with several 
theoretical calculations of the electron affinities.4 
H owever, thus far only arom atic hydrocarbons have 
been studied, although the technique for the calculation 
o f the electron affinities originally given in ref 3 and later 
modified by  the kinetic m odel2 is applicable to  any 
molecule which forms a stable negative ion. Therefore, 
the electron-capture detector response to  a series of 
aromatic aldehydes and ketones has been studied as a 
function of temperature in order to  test the valid ity of 
the interpretation for a different type o f m olecule which 
apparently form s a stable negative ion with respect to 
electron attachment.

For the kinetic model, the following expression can 
be derived for the response2

b -  [e~] _  khha _  ,
[e- ] kr>(ki, +  k_i)

where b is the electron concentration before the addition 
o f the test molecule, A B , [e- ] is the electron concentra
tion in the presence o f A B , a is the initial concentration

o f A B , kD is a pseudo-first-order rate constant rep
resenting the loss o f electrons due to processes other 
than attachment to  A B , kl is a pseudo-first-order rate 
constant representing the loss o f A B -  due to  all proc
esses other than detachm ent or dissociation, ki is 
the rate constant for the attachm ent o f electrons to AB, 
k-1 is the rate constant for the detachm ent o f electrons 
from  A B - , and K is the electron-capture coefficient.

For some com pounds, there is one region, designated 
0, at lower temperatures where kL »  f c _ i ,  so that

K =  kt/ko (2)

and K is relatively insensitive to temperature. In 
another region, designated a, k_i At  and, assuming 
the statistical therm odynam ic expression for an ideal 
gas

K =  = KJcL/kD =

A/T'h exp(EA/kT)kL/kD (3)

A is a constant which can be calculated from  funda
mental parameters, EA is the electron affinity, and k 
is the Boltzm ann constant. In the a region, the electron 
affinity can be obtained from  the slope o f a In KT ,/2 
vs. 1 /T graph.

Experimental Section
The procedure and equipm ent used in this study 

have been described earlier.2 The naphthaldehyde-1, 
benzaldehyde, and acetophenone were Eastman W hite 
Label. The phenanthrenealdehyde-9 and naphthalde- 
hyde-2 were obtained from  the Aldrich Chemical Co. 
The solvent used was Eastm an’s Spectroquality benzene.

Results and Discussion
The capture coefficients for the com pounds studied 

are plotted in Figure 1 as In KT‘/2 vs. l/T. A ll o f the 
com pounds except cinnamaldehyde exhibit an a region. 
A cetophenone and benzaldehyde do not have a /3 
region. From  the data in the a region, the electron 
affinities have been calculated from  the slopes using 
an average intercept2,5 and a variable intercept.

The average value for the intercept from  the aromatic 
hydrocarbons and the com pounds used in this study 
was used and is equal to 14.8. The average intercept

(1) This work was used for partial fulfillment of the requirements for 
the Ph J ). degree at the University of Houston, Houston, Texas.
(2) W. E. Wentworth, E. Chen, and J. E. Lovelock, J. Phys. Chem., 
70, 445 (1966).
(3) W. E. Wentworth and R. S. Becker, J. Am. Chem. Soc., 84, 4263 
(1962).
(4) R. S. Becker and W. E. Wentworth, ibid., 85, 2210 (1963).
(5) W. E. Wentworth, W. Hirsch, and E. Chen, J. Phys. Chem., 71, 
218 (1967).
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Table I: Electron Affinities and Half-Wave Reduction Potentials

Compound
Electron affinity, ev 
(variable intercept) Intercept

Electron affinity, ev 
(common intercept) Em (ref 7)

Acetophenone 0.334 ±  0.004 14.70 ± 0 .1 5 0.334 ±  0.004
Benzaldehyde 0.421 ±  0.010 15.89 ±  0.30 0.448 ±  0.006 1.592
Naphthaldehyde-2 0.620 ±  0.040 14.46 ±  0.99 0.615 ±  0.014 1.505
N aphthaldehyde-1 0.745 ±  0.070 12.61 ±  1.60 0.669 ±  0.022 1.476
Phenanthrenealdehyde-9 0.655 ±  0.142 14.92 ±  3.34 0.712 ±  0.009 1.447
Cinnamaldéhyde 0.823 ±  0.043 1.335
Anthracenealdehyde-9 (1.02) 1.207

Table II

Compound
ki,

l./mole sec ft—l, sec-1

Naphthaldehyde-2 6.7 ±  3.2 X 1012 2.7 ±  1.2 X lOU^expC-Offilô ±  O .O U /k T )
Naphthaldehyde-1 5.7 ±  3.4 X 1012 2.2 ±  1.3 X 106 7r s/î exp(-0.669 ±  0.022/k T )
Phenanthrenealdehyde-9 3.7 ±  2.3 X 1013 4.9 ±  3.0 X 108r 3/2exp(-0.712 ±  0.009/k T )
Cinnamaldéhyde 3.4 ±  2.2 X 1012 5.2 ±  3.2 X 107P3/îexp(-0.823 ±  0 .0 4 3 /k T )

y l O W )

Figure 1. Ln K T ^ 2 vs. l / T ;  1, acetophenone;
2, benzaldehyde; 3, naphthaldehyde-2; 4, naphthaldehyde-1 ;
5, phenanthrenealdehyde-9; 6, cinnamaldéhyde.

was used in tw o ways. For acetophenone and benz
aldehyde, only the slope and hence the electron affinity 
using eq 3 was determined. For the other com pounds, 
a least-squares fit to  an equation expressing the tem-

perature dependency in both the a and /3 regions was 
carried out. This is obtained by  substituting eq 3 
into eq 1 giving

h T'h w
^  +  ~ e x p  [ - ( E A / k T ) ]

Three parameters, the electron affinity and the ratios 
o f /ci//cL and /cL//t'n, were determined using a nonlinear 
least-squares adjustm ent.6 The average intercept was 
derived from  the arom atic hydrocarbons2,7 and the 
com pounds in this study. The results o f the least- 
squares data reduction procedure are given in Table I. 
The electron affinities are plotted against the half-wave 
reduction potentials8 in Figure 2. There is a rather 
good linear correlation between the two, but the slope 
is greater than unity (approxim ately 1.5).

This is in contrast to the slope for the similar correla
tion for the arom atic hydrocarbons, which is less than 
un ity .2 R ecently the correlation for the arom atic 
hydrocarbons has been reexamined with additional 
electron affinity data and the following equations have 
been obtained.

E A  =  0.681 ±  0.09F,a  +  1.95 ±  0.20,

<ra6 =  -0 .0 1 9  (5)

(6) W. E. Wentworth, J. Chem. Educ., 42, 96, 162 (1965).
(7) R. S. Becker and E. Chen, J. Chem. Phys., 45, 2403 (1966).
(8) R. W. Schmidt and E. Heilbronner, Heir. Chim. Acta, 37, 1453 
(1954).
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Figure 2. Electron affinity vs. half-wave reduction 
potential for the aromatic aldehydes. The compounds are, 
reading from left to right: cinnamaldehyde, 
phenanthrenealdehyde-9, naphthaldehyde-1, naphthaldehyde-2, 
and benzaldehyde. The values obtained from the average 
intercept are indicated by rectangles, the height at the 
rectangle being a measure of the standard error. The 
circles are the data obtained by using a variable intercept 
with the horizontal lines indicating the standard error limits.

for the polarographic data in dioxane and 

EA =  0.705 ±  O.lOEy, +  1.67 ±  0.17,

aat =  -0 .0 1 8  (6)

in 2-m ethoxyethanol. aab is the covariance term asso
ciated with the tw o parameters shown in the linear 
equations, eq 5 and 6.

In ref 3 it was pointed out that the form ation o f a 
solvated charge-transfer com plex could not be used 
to explain a slope which was less than unity. However, 
in the case o f the arom atic aldehydes, the slope is 
greater than unity and would be in agreement with the 
postulate o f com plex formation.

The electron affinity o f anthracenealdehyde-9 can be 
estimated from  the plot in Figure 2 and is given in 
Table I in parentheses. From  the least-squares esti
mate of h/ki, and a value for /cL, the rate constant, h, 
can be determined. The value for kL can be determined 
from  the average intercept and a value for ko. The 
value o f ku is 2.4 X  101 2 3 sec“ 1 so that the value of 
is 2.4 X  104 5 sec-1 . W ith these values and assuming a 
preexponential temperature dependency for k-1 of 
T >a, k-\ can be determined. T he results o f this 
analysis for the com pounds exhibiting both an a and 
/3 region are given in Table II.

In conclusion, the results o f the temperature study of 
the capture coefficients o f the arom atic aldehydes and 
ketones are in agreement with the kinetic m odel pro
posed earlier.2 The linear correlation o f the electron 
affinities calculated using this m odel with the half-wave 
reduction potentials supports the interpretation of the 
electron-capture response in terms o f the electron 
affinities for com pounds which form  stable negative 
ions. The absolute values of electron affinities for five 
aromatic aldehydes and acetophenone are given.

Acknowledgments. This work was financially sup
ported by  the R obert a . W elch Foundation. Edward 
Chen was also a N A SA  predoctoral fellow.

C a rb o n  M o n o x id e  S o lu b ilit ie s  in  Sea  W ater

by  E verett Douglas

Scripps Institution of Oceanography, La Jolla, California1>2 
(Received October 14, 1966)

Carbon monoxide was first reported in the brown alga 
Nereocystis in 1911.3 Since then it has been observed 
in other algae,4,6 some other plants,6 7 8 9 10 and a few o f the 
siphonophores such as the surface-floating Physalia,7,8 
a bathypelagic Nanomia,9,10 and a benthic form .11 
The concentration o f this gas in the siphonophore floats 
has been found to be as high as 9 3 % n o f the total gas 
while in the algae upward to 12%  has been reported.3

W ith this rising interest in the occurrence and utiliza
tion of CO, generally considered toxic in biological sys
tems, it has becom e desirable to measure some o f the

(1) Contribution from the Scripps Institution of Oceanography, 
University of California, San Diego, Calif.
(2) This investigation was supported by Public Health Service 
Research Grant No. G M -10521 from the National Institutes of Health 
and was performed under contract for the United States Navy 
Electronics Laboratory, San Diego, Calif.
(3) S. E. Langdon, J. Am. Chem. Soc., 39, 149 (1917).
(4) M. W. Loewus and C. C. Delwicke, Plant Physiol., 38, No. 4, 
371 (1963).
(5) D. J. Chapman and R. O. Tocher, Can. J. Botany, 44, 1438 
(1966).
(6) S. M. Siegel, G. Renwick, and L. A. Rosen, Science, 137, 683 
(1962).
(7) J. B. Wittenberg, Biol. Lull., 115, 371 (1958).
(8) J. B. Wittenberg, J. Bxptl. Biol., 37, 698 (1960).
(9) G. V. Pickwell, E. G. Barhan, and J. W. Wilton, Science, 144, 
860 (1964).
(10) G. V. Pickwell, U. S. Navy Electronics Laboratory, Report 
No. 1369, 1966.
(11) E. Douglas, unpublished data.
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Table I : Experimental Solubility Coefficients of Carbon Monoxide

Cl%„ = 15.38
1.50° 6.46° 10.00° 14.96° 19.86° 24.60° 30.00°

0.02904 0.02606 0.02422 0.02216 0.02049 0.01913 0.01782
0.02895 0.02590 0.02415 0.02225 0.02043 0.01920 0.018020.02894 0.02597 0.02420 0.02217 0.02050 0.01910 0.01780Av 0.02898 0.02598 0.02419 0.02219 0.02047 0.01914 0.01788

Cl°/oo = 18.60
2.20° 6.50° 10.14° 15.25° 20.08° 25.08° 30.70°

0.02744 0.02485 0.02329 0.02127 0.01982 0.01832 0.017250.02758 0.02488 0.02328 0.02125 0.01974 0.01829 0.017320.02747 0.02512 0.02326 0.02129 0.01976 0.01826 0.01712Av 0.02750 0.02495 0.02328 0.02127 0.01977 0.01829 0.01723
Cl%o = 20.99

0.88° 6.10° 10.04° 15.25° 19.86° 25.23° 30.05°
0.02753 0.02452 0.02274 0.02085 0.01925 0.01775 0.016840.02759 0.02440 0.02269 0.02075 0.01925 0.01779 0.016860.02755 0.02440 0.02267 0.02060 0.01914 0.01783 0.01679Av 0.02756 0.02445 0.02270 0.02073 0.01921 0.01779 0.01683

Table I I : Carbon Monoxide Solubility in Sea Water“

° Note 
absorbed

-----immorality----------
18

a , carbon monoxide-----

0.03044 
0.02976 
0.02910 
0.02842 
0.02776 
0.02713 
0.02652 
0.02594 
0.02541 
0.02490 
0.02440 
0.02394 
0.02350 
0.02308 
0.02267 
0.02228 
0.02188 
0.02152 
0.02116 
0.02082 
0.02048 
0.02016 
0.01985 
0.01955 
0.01926 
0.01898 
0.01872 
0.01847 
0.01822 
0.01800 
0.01780 
0.01760 
0.01742

that chlorinity is expressed in terms of grams of chlorine per kilogram of sea 
by a unit volume of water when the pressure of the gas equals 760 mm.

Temp. 15 16 17
°C
- 2 0.03162 0.03124 0.03084
- 1 0.03090 0.03052 0.03014

0 0.03024 0.02986 0.02948
1 0.02949 0.02913 0.02878
2 0.02880 0.02846 0.02811
3 0.02812 0.02779 0.02746
4 0.02750 0.02717 0.02684
5 0.02686 0.02656 0.02625
6 0.02632 0.02602 0.02572
7 0.02578 0.02548 0.02519
8 0.02524 0.02496 0.02468
9 0.02475 0.02448 0.02421

10 0.02428 0.02402 0.02376
11 0.02385 0.02359 0.02334
12 0.02343 0.02318 0.02292
13 0.02302 0.02278 0.02252
14 0.02262 0.02238 0.02213
15 0.02224 0.02200 0.02176
16 0.02187 0.02164 0.02140
17 0.02152 0.02129 0.02106
18 0.02118 0.02094 0.02072
19 0.02084 0.02061 0.02038
20 0.02052 0.02030 0.02008
21 0.02022 0.02000 0.01978
22 0.01993 0.01971 0.01948
23 0.01965 0.01942 0.01920
24 0.01936 0.01915 0.01893
25 0.01912 0.01890 0.01868
26 0.01886 0.01864 0.01844
27 0.01862 0.01842 0.01822
28 0.01839 0.01820 0.01800
29 0.01819 0.01800 0.01780
30 0.01796 0.01778 0.01760

19 20 21

0.03004 0.02966 0.02926
0.02938 0.02900 0.02862
0.02872 0.02835 0.02797
0.02807 0.02772 0.02736
0.02743 0.02709 0.02675
0.02680 0.02648 0.02614
0.02620 0.02588 0.02556
0.02564 0.02532 0.02501
0.02510 0.02480 0.02450
0.02460 0.02432 0.02402
0.02412 0.02384 0.02356
0.02366 0.02339 0.02312
0.02322 0.02296 0.02270
0.02282 0.02256 0.02230
0.02242 0.02216 0.02192
0.02202 0.02178 0.02153
0.02164 0.02140 0.02116
0.02128 0.02104 0.02080
0.02092 0.02070 0.02046
0.02059 0.02036 0.02014
0.02026 0.02002 0.01980
0.01994 0.01971 0.01949
0.01962 0.01940 0.01917
0.01932 0.01910 0.01888
0.01904 0.01882 0.01860
0.01876 0.01854 0.01832
0.01850 0.01828 0.01806
0.01825 0.01804 0.01782
0.01802 0.01780 0.01760
0.01780 0.01760 0.01740
0.01760 0.01740 0.01720
0.01741 0.01722 0.01702
0.01724 0.01706 0.01688
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T I M E  (min.)

Figure 1.

physical properties o f this gas. In this report one of 
these parameters, the solubility coefficients in three sea 
water chlorinities at seven temperatures per chlorinity, 
is given.

Experimental Section

The microgasom etric m ethod used has been described 
in detail earlier.12’13“ The absorption chamber has 
been enlarged to em ploy 8 ml o f water in order to main
tain the same accuracy as obtained using distilled 
water.13b Figure 1 shows the rate o f solution o f CO in 
the absorption chamber, illustrating that 30 min is 
ample time for equilibration to occur.

The procedures used for obtaining gas-free sea water 
and the chlorinity determinations are detailed in an 
earlier w ork .13“

The purity of the CO was determined using a Scho- 
lander 0.5-cc gas analyzer14 and microgasometric 
analyzer15 showing the gas to be at least 99 .7%  pure. 
An independent m ethod utilizing palladium chloride 
also gave a purity o f greater than 9 9 % .5

Results and Discussion

The experimental solubility coefficients are listed in 
Table I. Sm ooth curves were fitted on these points 
from  which the values from  —2 to  30° were taken. 
From  these values the relations between solubility and 
chlorinity were graphed and the values from  —2 to 30° 
in chlorinities ranging from  1 5 -2 1 °/00 were obtained. 
These are given in Table II.

The only other solubility determinations o f CO are 
those o f W inkler for distilled w ater.16’17

(12) E. Douglas, J. Phys. Chem., 68, 169 (1964).
(13) (a) E. Douglas, ibid., 69, 2608 (1965); (b) for critical discussion 
oi systematic errors refer to the original paper.18
(14) P. F. Scholander, J. Biol. Chem.. 167, 235 (1947).
(15) P. F. Scholander, L. Van Dam, C. L. Claff, and J. W. Kanwisher, 
Biol. Bull., 109, 328 (1955).
(16) L. W. Winkler, Z. Physik. Chem. (Leipzig), 55, 344 (1906).
(17) "Handbook of Chemistry and Physics,”  39th ed, Chemical 
Rubber Publishing Co., Cleveland, Ohio, 1957.

S o m e  O b serv a tion s  on  th e  K in e t ic s  o f  H y d ro g e n  

I o d ic e  A d d it io n  t o  1 ,3 - a n d  1 ,4 -P e n ta d ie n e 1

by  R u n  W . Egger and Sidney W . Benson

Department of Thermochemistry and Chemical Kinetics, 
Stanford Research Institute, Menlo Park, California 94025 
(.Received September 21, 1966)

W e wish to report some quantitative kinetic inform a
tion cn  the addition o f H I to olefins, obtained com ple
m entary to reported studies o f the iodine atom  cata
lyzed isomerization2a’b and dim erization20 o f w-penta- 
dienes in the gas phase.

The rate o f addition of H I to either 1,3- or 1,4-penta- 
diene was checked as a possible side reaction in these 
studies. W e found that, during the isomerization o f
1,4-pentadiene in the presence o f iodine at tempera
tures between 420 and 515°K , 5 -1 0 %  monoolefins had 
been produced, according to

diolefin +  2H I <—>. olefin +  I2

The mechanism o f this over-all type o f reaction has 
been shown to consist o f2i

i
diolefin +  FII < > R I  (slow) (A)

- l

and
2

R I +  H I R H  +  I2 (fast) (B)

with fa as the rate-controlling step. The intermediate 
alkyl iodide reacts rapidly and alm ost quantitatively 
with H I, form ing the parent saturated com pound, and 
in the case o f diolefin as starting material, monoolefin 
is produced. Equation B  was shown to  be, in fact, a 
com posite of

R I  "F I < ( . R - -f- I2 (Bi)

and

R - +  H I ^ R H  +  I (B 2)

A s both steps, B i and B 2, are fast com pared to  fc_i, 
they do not alter the simple second-order kinetics. 
R ate constants, fa, were calculated from  pressure 
measurements, as only the rate-controlling step A  
leads to a pressure change. The form ulation given

(1) Tnis work has been supported in part by Grant No. AP00353-01 
from "he Air Pollution Division of the U. S. Public Health Service.
(2) (g) K. W. Egger and S. W. Benson, J. Am. Chem. Soc., 88, 241
(1966 *; (b) K. W. Egger anc S. W. Benson, ibid., 87, 3314 (1965);
(c) K. W. Egger and S. W. Benson, unpublished data; (d) S. W.
Bensen, J. Chem. Phys., 38, 1945 (1963).
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Table I : HI Addition to Olefins

Olefin Vessel“
Temp,

"K
(Olefin)»,6

torr
(H I).,6

torr
Time,
min

A p,c 
torr

(Olefin) f,6 
torr

— Log ki,' 
torr"* 
sec -1

2-Butene 2 461.2 96.8 97.5 170 2.5 94.3 8.04
1-Butene 1 483.6 52.9 134.1 36 3.0 49.9 6.44
1-Pentene 2 461.2 89.4 136.6 1067 31.1 58.3 7.45
1,4-Pentadiene 3 420.8 102.3 74.8 40 12.8 89.5 6.76

3 424.1 136.0 80.6 31 15.1 120.9 6.85
2 428.8 65.4 83.8 94 9.1 56.3 6.80
2 461.2 53.3 84.8 42 20.0 33.3 5.75

1,3-Pentadiene 1 432.0 135.6 194.5 2 87.1 48.5 4.45

“ 1, Unpacked “old” Pyrex glass reaction vessel used for a variety of reaction systems over a period of several months prior to use; 
2, unpacked “new” Pyrex glass reaction vessels, Teflonized26 and coated with Dow Corning silicone oil 705; 3, aluminum vessel, covered 
with a 0.1-in. layer of Teflon, commercially applied. b Subscript 0 denotes initial, f final concentration. ' Measured pressure dif
ference. d Based on measured pressure differences (S. W. Benson and G. R. Haugen, J. Am . Chem. Soc., 87, 4036 (1965)).

in ref 3c was used to calculate ki. T he back reaction, 
the decom position o f the alkyl iodides, could be ne
glected as we were working at reasonably low conver
sions and in excess H I .30 (Furthermore, it was pre
viously shown that the steady-state concentration of 
alkyl iodides in excess H I at temperatures between 
480 and 600°K  is very low .30) Conversions ran be
tween 11 and 38% .

The iodine buildup during the reaction, m onitored 
spectrophotom etrically, checks out within experi
mental error limits with the amount o f saturated hydro
carbon or monoolefin, respectively (in the case o f n- 
pentadiene), measured b y  gas-liquid chrom atography.

The measured pressure changes are in reasonable 
agreement with the iodine produced. T he m ethod and 
experimental procedures used have been reported in 
detail earlier.2“ '4 5 T he results are summarized in 
Table I. The use o f coated reaction vessels was 
prom pted b y  the finding that H I additions to olefins 
can be surface sensitive. Consistent results, using 
three different reaction vessels, indicate that the meas
ured ki values probably represent hom ogeneous reac
tion rates.

The reliability o f the rate constants measured for 
the n-pentadienes can be checked b y  com parison with 
the results obtained for 1- and 2-butene and 1-pentene. 
Careful studies of H I addition to ethylene,3“ propylene,3b 
isobutene,30 vinyl chloride,30 and 2-butene6 have been 
reported in the literature and for 1-butene good esti
mates are available.6 The measured ki values for 1- 
and 2-butene are in good agreement with the literature 
data.

W e cannot directly derive any meaningful Arrhenius 
parameters from  such a limited number o f experiments; 
therefore, activation energies have been calculated,

using estimated A factors, based on an intrinsic A* 
factor o f 107-4 ±  0.7 for all but 2-butene. This value 
has been arrived at on the basis o f the reported log 
A values for H I, adding to ethylene (8.52),3a propylene 
(7 .9 ),3b 1-butene (7.7),6 isobutene (6.50),30 and 2-butene 
(6.3).60 It is further supported b y  consistent and 
reasonable A factors for the unimolecular back reaction, 
the elimination o f H I from  the corresponding iodides. 
These values, reported in Table II, are obtained

Table II : Activation Energies and Frequency Factors for the
Addition of HI to Olefins and for the Back Reaction

1
HI +  Olefin RI

-l

Log Ai, 
l./mole Ei, Log A -1,6

E_i,b
kcal/

Olefin sec kcal/mole sec-1 mole

frans-Butene-2 6.3° (21.1 )° 20.7 11.0 (37.5)'
1-Butene 7.7 (23.5)' 20.9 13.0 40.8
1-Pentene 7.7 22.0 13.0 42.0
1,4-Pentadiene“ 8.0 19.3 13.6 39.3
1,3-Pentadiene *=► 

(4-iodopentene-2)
7.7 14.7 12.1 29.8

“ Average value from all experiments, reported in Table I
for 421-429 °K. bAS and AH are computed for a mean tern-
perature of 450°K, using the ACP° shown in Table III. “ See 
ref 5.

(3) (a) A. N. Bose and S. W. Benson, J. Chem. Phys., 37, 2935
(1962); (b) A. N. Bose and S. W. Benson, ibid., 37, 1081 (1962); 
(c) A. N. Bose and S. W. Benson, ibid., 38, 878 (1963).
(4) (a) D. M. Golden, K . W. Egger, and S. W. Benson, J. Am. Chem. 
Soc., 86, 5416 (1964); (b) K. W. Egger and S. W. Benson, ibid., 88, 
236 (1966).
(5) P. S. Nangia and S. W. Benson, J. Chem. Phys., 41, 530 (1964).
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1
Table III: Thermodynamic Data“ Used for Calculating the Equilibrium Olefin +  HI < > RI

2

Compounds
Cp°, S c , A fff °,

cal/m ole °K cal/m ole °K keal/m ole

HI 7.0 49 3 6.2
Butene-l 20.5 73 9 0.0
iraras-Butene-2 21.0 70 9 -2 .8
Pentene-1 27.4 83.1 -5 .0
Pentadiene-1,4 25.1 79.7 25.2
Pentadiene-1,3 24.7 76.4 18.6
sec-Butyl iodide6 26.2 89.8 -1 4 .4
2-Iodopentanec 31.7 99.2 -1 9 .4
4-Iodopentene-l' 30.3 97.6 10.7
4-Iodopentene-2<i 29.3 96.3 8.5

Reaction [ ACp° ],60 [AS°]ito[ASilltr]» [Aflf°]4to

sec-Butyl iodide —► butene-l +  HI 1.8 33.4 32.6 20.6
— irares-butene-2 +  HI 0.8 30.4 33.2 17.8

2-Iodopentane —► pentene-1 +  HI 2.7 33.2 32.4 20.6
4-Iodopentene-l —* pentadiene-1,4 +  HI 1.8 31.4 32.0 20.7

—► pentadiene-1,3 +  HI 1.4 28.1 29.5 14.1
4-Iodopentene-2 —► pentadiene-1,3 +  HI 2.4 29.4 28.6 16.1

“ Unless otherwise stated, values are taken from “JANAF Thermochemical Tables,” Aug 1965, and API Tables. 6 See ref 5. 
c Estimated from group additivity properties and ref 5. d Estimated from group additivity properties and values for allyl iodide (A. S. 
Rodgers, D. M. Golden, and S. W. Benson, J. Am . Chem. Soc., 88, 3196 (1966)). ‘ Intrinsic entropy difference, corrected for sym
metry contributions.

from  estimates o f the equilibrium constants, K2.\, 
in the systems, based on therm odynam ic quantities, 
shown in Table III .

For 2-butene the literature value o f 6.3 for log A i was 
used. From  the narrow temperature range o f 40° 
for the data o f 1,4-pentadiene, E\ is calculated as 22.2 ±
2 kcal and log A\ (l./m ole  sec) as 9.4 ±  1. These rough 
values from  limiting slopes in the Arrhenius p lot are to 
be com pared to the m ore reliable values of 19.3 and 8.1, 
respectively, based on the discussed estimate o f the A 
factor. The disagreement is not significant, consider
ing the scatter in the data and the narrow tempera
ture range.

Table II I  shows all the data used in calculating the 
equilibrium constant, ALi, for the reaction system A  
and the values o f ALi are incorporated in Table II. 
W hen com bined with the measured rate constant, h\, 
these data yield the Arrhenius parameters for the back 
reaction, fc_i, the elimination o f H I from  the iodides. 
Keeping in mind that all these values are based on few 
experiments at one temperature only, the values for 
f?„i and log A _i, shown in Table II , are in good agree
ment with previous results reported in the literature. 
The log A _i values are reasonable for unimolecular 
reactions (and are in line with the values for ethyl 
iodide [13.5],3a isopropyl iodide [13.0],3b isobutyl iodide

[11.6],3c etc.). The activation energies for the HI 
elimination are consistent w ith the results in the series 
C2H5I (50 kcal), -¿-C3K 7I (43.5), ¿-Bui (36.4), and sec- 
B u l (37.5).

W hile the activation energy for rem oving H I from
4-iodopentene-l to  form  1,4-pentadiene is about the 
same as for H I elimination from  sec-butyl iodide, 1,3- 
pentadiene clearly shows significantly lower activa
tion energies for both addition and elimination reac
tions. The difference o f 11 kcal in E2 between the non- 
conjugated 1,4-pentadiene and 1,3-pentadiene is taken 
up primarily b y  the extra conjugation energy in 1,3- 
pentadiene of about 7 kcal. T h e difference in activa
tion energy o f the forward reaction Ei has to do with 
the lower barrier for the H I addition to  a conjugated 
double bond as com pared to an isolated double bond. 
In view o f the recently proposed6 detailed reaction 
mechanism o f a four-center addition reaction, con
trolled b y  simple electrostatic d ipole-d ipole interac
tions, this difference would have to arise essentially 
from  a m uch m ore facile polarizability o f the con
jugated double bond. In their calculation of H 2 addi
tion to  cyclopentadiene, Benson and Haugen assumed 
the longitudinal ground-state polarizability o f the

(6) See Table I, footnote d.
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conjugated bond to  be the same as in 2-butene and ob
tained very good agreement with the observed values. 
N o calculations have been carried out as o f today for 
straight-chain conjugated systems.

A  more careful and detailed study would have to 
give better experimental data for the H I addition to
1,3-pentadiene before any further conclusions can be 
drawn. There is no doubt, though, that H I adds much 
faster to the conjugated olefinic bond and we believe 
that this corresponds to the hom ogeneous reaction 
rate. H owever, m ore extensive studies are required 
to  be certain o f this point.

T h e  E le c tr ica l  C o n d u c t iv ity  o f  P o ta s s iu m  

C h lo r id e  in  H eavy  W a ter  in  th e  —2 t o  12° R a n g e

by  R . A . H orne and D . S. Johnson

Arthur D. Little, Incorporated, Cambridge, Massachusetts 
(Received September 22, 1966)

The structure D 20  is very similar to  that o f H 20 ;  
however, the hydrogen bond is som ewhat stronger in 
the form er medium and, as a consequence, it is some
what m ore highly structured.1“ 3 This stabilization of 
the structured regions results in a displacement o f the 
temperature of maxim um  density from  4 to 11°.2 In 
order to  determine if this greater structure is reflected 
in the energetics of transport processes4 5 we have 
measured the temperature dependence o f the electrical 
conductivity of solutions o f KC1 in D 20  in the —2 to 12° 
range.

T he results o f the measurements of equivalent 
conductances o f 0.10 M KC1 in H 20  and in D 20  and
1.0 M KC1 in D 20  are shown in Table I. The ap
paratus and experimental procedures have been de
scribed previously;6'6 however, the capillary cell used, 
unlike the high-pressure cell earlier described,6 bad 
widely separated filling and lead arms. General 
D ynam ics Corp. 99 .7%  D 20  was used.

The present value for 0.10 M KC1 in H 20  at 0° is 
in agreement with Jones and Bradshaw.7 La M er 
and N achod8 found that a 0.02 M KC1 solution in 
H 20  is 1.28 and 1.20 times as conductive as in D 20  
at 5 and 25°, respectively, which is to be com pared 
with the present value of 1.21 times for 0.10 M KC1 
at 10°.

The Arrhenius activation energies o f electrical con
ductance o f aqueous alkali halide solutions, including 
sea water, exhibit maxima near the temperature of

Table I : The Equivalent Conductances of 
Solution of KC1 in H20  and D2O

Equiv Equiv
condct, A, condct, A,
cm 2 oh m "1 cm2 ohm -1

Temp, °C equiv-1 Temp, °C equiv-1

0.10M  KCl in H20
-1 .7 2  ±  0.06 67.85 +  3.81 ±  0.03 f 79.49
-0 .8 0  ±  0.04 69.79 \ 79.45
+0.01 ±  0.04 71.52 +4.58 ±  0.02 81.06

+0.75 ±  0.05 i 72.99 +  5.52 ±  0.03 83.05
\ 72.80 +  6.41 ±  0.02 85.00

+  1.50 ±  0.03 74.58 +7.20 ±  0.02 86.59
+2.29 ±  0.04 76.21 +7.83 ±  0.00 88.07

+  3.00 ±  0.03 /  77.60 
\ 77.53

+8.39 ±  0.02 89.40

0.10 M  KCl in D20

-2 .0 0  ±  0.05 54.60 +4.14 ±  0.04 66.09
[ 57.35 +4.93 ±  0.03 f 67.60

-0 .3 5  ± 0 .0 4 57.32 \ 67.69
i 57.10 +  6.00 ±  0.02 69.71

+  0.50 ± 0 .0 5  <
[ 59.09 +  6.91 ±  0.03 71.53
k 59.00 +7.58 ±  0.04 72.68

+  1.00 ± 0 .0 3  

+  1.39 ± 0 .0 4  <

59.78 
\ 60.37 
1 60.21

+8.00 ±  0.02 

+  8.32 ±  0.03

/  73.02 
\ 73.00 

74.04

+  2.41 ± 0 .0 4 1 62.53 
1 62.42 +9.05 ±  0.02 [ 75.29 

\ 75.24
64.44 +  9.86 ±  0.03 76.73

+  3.30 ± 0 .0 3  j 64.38 
[ 64.33

+  11.33 ±  0.02 79.50

1.00M KCl in D20
-1 .7 0  ±  0.04 56.96 +  5.00 ±  0.05 /  68.24 

\ 68.17-0 .8 1  ±  0.06 58.22 
\ 59 49 +  5.73 ±  0.03 /  69.38 

\ 69.30-0 .0 1  ± 0 .0 4  j[ 59.47
+  0.95 ±  0.04 61.00 +6.55 ±  0.04 71.11

+2.50 ± 0 .0 3  <f 63.56 +  7.50 ±  0.02 73.02
[ 63.41 +  9.07 ±  0.03 76.23

+  3.44 ±  0.04 65.18 +9.89 ±  0.02 77.95
+4.02 ±  0.03 66.64 +  11.52 ±  0.03 81.33

(1) J. L. Kavanau, “ Water and Solute-Water Interactions,”  Holden- 
Day, Inc., San Francisco, Calif., 1964.
(2) I. Kirshenbaum, “ Physical Properties and Analysis of Heavy 
Water,”  McGraw-Hill Book Co., Inc., New York, N. Y ., 1951, pp 
12-13.
(3) R. C. Bhandari and M. L. Sisodia, Indian J. Pure Appl. Phys., 
2 ,266 (1964).
(4) R. A. Home, R. A. Courant, and D. S. Johnson, Electrochim. 
Acta, 11, 987 (1966).
(5) R. A. Horne and R. A. Courant, J. Phys. Chem., 68, 1258 (1964).
(6) R. A. Home and G. R. Frysinger, J. Geophys. Res., 68, 1967
(1963).
(7) G. Jones and B. C. Bradshaw, J. Am. Chem. Soc., 55, 1780 
(1933).
(8) V. K . La Mer and F. C. Nachod, J. Chem. Phys., 9, £65 (1941).
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maxim um  density.6-9'10 T he maxima occur in the 
cases o f both water structure makers and breakers.10 
The temperatures at which the maxima occur appear 
to be related to the temperature o f m aximum density 
o f the solutions and decrease with increasing concen
tration o f electrolyte.9'10

The maxim um  in the activation energy for 0.10 M 
KC1 in D 20 , calculated from  the results in Table I, 
is higher (4.6 kca l/m ole  com pared to 4.2 kca l/m ole) 
than in H 20  and is displaced to  a somewhat higher 
temperature (5° com pared to 2 .5°), as one m ight ex
pect from  the greater structure in D 20 . For 1.0 M 
KC1 in D 20  a maximum o f 4.2 k ca l/m ole  appears at 
3°.

Acknowledgment. This w ork was supported, in 
part, by the Office o f N aval Research.

(9) R. A. Home and R. A. Courant, J. Geophys. Res., 69, 1152
(1964).
(10) R. A. Horne and D. S. Johnson, J. Chem. Phys., 45, 21 (1966)

S u rfa ce  D is to r t io n  in  F a ce -C e n te re d  

C u b ic  S olid s

by J. J. Burton and George Jura

Inorganic Materials Research Division, Lawrence Radiation 
Laboratory, Department of Chemistry, University of California, 
Berkeley, California (Received October 18, 1966)

Until now, experimental values have not been ob 
tained for the displacement o f the surface layers from  
the bulk o f semiinfinite crystals; such inform ation 
will probably soon be available from  low-energy elec
tron diffraction (L E E D ) studies. I t  is desirable to 
have some theoretical estimation o f the order of 
magnitude o f the displacements.

Gazis and W allis1 have shown that a one-dimensional 
lattice with nearest and next-nearest neighbor inter
actions m ay exhibit a distortion o f the lattice spacing 
at a free surface; the predicted distortion decreases 
exponentially with distance from  the surface.

Shuttleworth2 has calculated the displacement o f  the 
first layer o f the (100) surface o f argon and Alder, 
Vaisnys, and Jura8 have calculated the displacements 
o f the first five layers o f the (100) surface o f argon. 
Alder, et al., found that the distortion decreased pro
portionally to the inverse cube o f the distance from  the 
surface.

The values o f the coefficients in the M orse potential

0(r) =  D [e ~ 2 3“ (r_ro) -  2 e~ a(r_ro>]

have been tabulated b y  G irifalco and W eizer4 5 for six 
fee metals, Ca, A g, Al, Pb, Cu, and N i (Table I ) . 
G irifalco’s evaluation o f the M orse potential parameters 
was based on experimental values o f the solid inter-

Table I : Parameters of Morse Potential 
4>{r) =  D [e -2 «(r -ro ) _  2e- “ (r-n.)]

a, n, D,
Metal A"* A ev

Pb 1.1836 3.733 0.2348
Ag 1.3690 3.115 0.3323
Ni 1.4199 2.780 0.4205
Cu 1.3588 2.866 0.3429
Al 1.1646 3.253 0.2703
Ca 0.80535 4.569 0.1623

atom ic distance, the heat o f sublimation, and the solid 
compressibility. The Morse potentials obtained give 
good equations o f state but poor elastic constants. 
W e have calculated the displacements, <5; (Figure 1), 
o f  the first two surface layers o f these metals for the 
(100), (110), and (111) surfaces. For comparison 
purposes we have alsc calculated the same displace
ments for argon using a Lennard-Jones 6 -12  potential.6

The expression for the surface energy o f the (100) 
surface with the spacing o f the first tw o planes perpen
dicular to the surface (z direction) allowed to change 
b y  5i and <52 and the other planes fixed illustrates t|ie 
method em ployed in t lese calculations, which is that 
em ployed by  Alder, et a’. W e define d(z +  5 /  by

co
6(z +  S t) =  E  V (x , y, z +  S t)

x ,y  =  ~  m 
x  -sr v Jr  z — even

where V(x, y, z) is the potential between an atom  at 
(0, 0, 0) and an atom  at (x, y, z). Then the potential 
energy o f an atom  in the surface layer is given by

co

E( 1) =  0(0) +  0(1 +  5i) +  E  6(z +  Si +  52)
2 = 2

with only the first and second layers relaxed. For an 
atom  in the second lay ;r the total energy is

co
E ( 2) = 0(0) +  0(1 +  5i) +  E  «(* +  «t)2=1

(1) D. G. Gazis and R. F. Wallis, Surface Sci., 3, 19 (1964).
(2) R. Shuttleworth, Proc. Roy. Soc. (London), A62, 167 (1949).
(3) B. J. Alder, J. R. Vaisnys, and G. Jura, Phys. Chem. Solids, 11, 
182 (1959).
(4) L. A. Girifalco and V. G. Weizer, Phys. Rev., 114, 687 (1959).
(5) T. Kihara, J. Phys. Soc. Japan, 3, 265 (1948).
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Figure 1. Schematic diagram of a semiinfinite 
crystal with displacements indicated.

For an atom  in the Nth (N >  2) layer the total energy 
is

E(N) =  0(0) +  6(N - 1  +  S1 +  S2) +

6(N — 2 +  52) +  6(N — 2) +  X / 9(z)
t — 1

A dding the energies o f all o f  the atom s in all o f  the 
layers gives twice the total binding energy o f the system

-2E T =  E  E(N)
N = 1

For a perfect infinite crystal the total binding energy, 
is given by

00

- 2 ET =  lim 2IV[0(O) +  2E ^ ) ]
N —► CO Z =  1

T he surface energy o f a crystal is defined as one-half 
the energy required to split an infinite crystal into two 
semiinfinite crystals

Es =  V ,(BT -  2A t )

=  Y 2E  zd(z) +  E  [6(z) — 6(z +  Si +  52) ] +
j = i  2 = 2

E  m  -  e(z + a,)] + [0(i) -  0 (1 + so]
z  =  1

Similar expressions m ay be developed for m ore relaxa
tions and other crystal faces.

T he surface energy, w ithout allowing for distortion 
Eo, was calculated for each case considered b y  direct 
summation over a lattice o f 2000 atoms. The surface 
energy was then minimized with respect to the dis
placements, Si, by  direct summation o f the energy over 
a lattice o f 360 atoms on a C D C  6600 com puter.

The surface energies w ithout relaxation, E0, the dis
placements, Si, and the changes in surface energy due 
to relaxation, AE, are tabulated in Tables II , III , 
and IY  for the (100), (110), and (111) surfaces, re
spectively. This displacements, St, are given in units 
o f percentage o f the normal bulk planar spacing and

Table II: The (100) Surface“

Si, ¿2, Eo, AE,
Solid % % ev ev

Ca 12.504 3.587 0.99925 -0.06556
Ag 6.456 1.259 1.30302 -0.03755
Al 10.972 2.963 1.49150 -0.08410
Pb 5.542 0.978 0.85209 -0.02011
Cu 9.669 2.433 1.72345 -0.08319
Ni 9.121 2.232 2.02644 -0.09119
Ar 2.604 0.623 0.039021 - 0  000355
Ar6 2.577 0.589 0.03951 - 0  000349

“ Relaxations, S,-, are given as a percentage of the bulk (100)
planar spacing; E  is the unrelaxed (100) surface energy; AE  is
the change in surface energy due to relaxation. 6 Obtained by
Alder, et al.3

Table III: The (110) Surface“

Ô1, ¿2, Eo, AE,
Solid % % ev ev

Ca 9.621 2.628 1.45532 - 0  08664
Ag 4.783 0.768 1.93619 - 0  04494
Al 8.362 2.099 2.18216 - 0  10898
Pb 4.075 0.559 1.27073 - 0  02347
Cu 7.314 1.671 2.53181 - 0  10587
Ni 6.872 1.507 2.98250 - 0  11498
Ar 1.809 0.366 0.05779 - 0  000394

“ Relaxations, 5,-, are given as a percentage of the bulk (110)
planar spacing; E 0 is the unrelaxed (110) surface energy; AE  is
the change in surface energy due to relaxation.

Table IV: The (111) Surface“

Ô1, Ô2, Eo, A E ,
Solid % % ev ev

Ca 4.297 0.899 0.87518 -0.02558
Ag 1.910 0.225 1.11727 -0.01087
Al 3.667 0.709 1.30167 -0.03111
Pb 1.580 0.159 0.72635 -0.00539
Cu 3.142 0.544 1.49844 -0.02913
Ni 2.927 0.490 1.75856 -0.03114
Ar 0.820 0.190 0.032520 -0.000113

“ Relaxations, 5,-, are given as a percentage of the bulk (111) 
planar spacing; Eo is the unrelaxed (111) surface energy; AE  is 
the change in surface energy due to relaxation.
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energies are in electron volts per surface atom . The 
results o f Alder, et al., are included in Table II.

The results o f Alder, et al.,1 2 3 are based on direct sum
mation o f the energy over a lattice o f roughly 40,000 
atoms and integration over the remainder o f the lattice; 
our results are based on only 360 atoms. Comparison 
o f A lder’s results with ours shows that this small 
lattice yields good values o f 5i, S2, and AE. A lder’s 
work shows that consideration o f the relaxation o f only 
two surface layers gives good values o f the surface 
energy. It is not necessary to do calculations on large 
crystals to get reasonable values o f the surface energy 
and surface distortion for solids w ith short-range po
tentials.

For all the materials considered, it was found that 
the (111) surface was the lowest energy surface and the 
(110) the highest; distortion was largest for the (100) 
surface and smallest for the (111) surface. Relaxations 
were found to alter the surface energy b y  at m ost 6 %  
and only slightly affected the ratios o f the surface 
energies o f the various faces.

Acknowledgments. W e are grateful to J. L. Strudel 
for suggesting these calculations. This work was done 
under the auspices o f the United States A tom ic Energy 
Commission.

E le c tro n  Im p a c t  I o n iz a t io n  P o te n t ia ls  o f  

M e th y l-S u b s t itu te d  B ora z in es

by  P. M . Kuznesof, F. E . Stafford, and D . F. Shriver

Contribution from the Department of Chemistry and the Materials 
Research Center, Northwestern University, Evanston, Illinois 60201 
{Received November 16, 1966)

There are relatively few  quantitative data which 
are directly related to the electronic structure o f 
borazine and the influence o f substituents on this struc
ture. Because o f our general interest in this problem ,1 
we have determined the ionization potentials o f N - 
trimethylborazine, (H B N C H 3) 3, and hexam ethylbor- 
azine, (C H 3B N C H 3) 3. In order to  obtain an internally 
consistent set o f data, we have reinvestigated the ioni
zation potentials o f borazine, (H B N H )3, and B -tri- 
m ethylborazine, (C H 3B N H )3.2

Experimental Section
Preparations. H exam ethylborazine was prepared 

according to the m ethod o f Smalley and Stafiej;3 mp 
90-92° (lit. 99°). There was no attem pt at further

purification. The infrared spectrum  agreed with the 
published spectrum .4 5 B -Trim ethylborazine was pre
pared according to the m ethod o f H aworth and H on- 
stedt;6 m p 30.0-31.0° (lit. 31 .5 °).6 The mass spec
trum  showed diethyl ether to  be a m ajor im purity. 
N -Trim ethylborazine was obtained from  the Callery 
Chem ical C o., Callery, Pa. The material was redis
tilled only once on a high-vacuum  line, although re
peated fractionation would have yielded a purer 
product; vapor pressure 20.3 m m  at 37.0° (lit. 27 
mm7 and 28 m m 8). Its infrared spectrum agreed with 
that given in the literature.9 The mass spectrum o f 
this sample was scanned from  m/e 11 to 260. The 
absence o f peaks above the parent ion (m /e 123) 
indicated the lack o f volatile high molecular weight 
impurities. Borazine, previously prepared in this 
laboratory, was passed through a train o f cold traps at 
—45, —95, and — 195°. The material in the —95° 
trap was used; vapor pressure 84.8 m m  at 0° (lit.
84.8 m m ).10 R eagent grade hexamethylbenzene and
1,3,5-trimethylbenzene were used without further 
purification. The thiophene-free benzene was treated 
with sulfuric acid, redistilled, and stored over sodium 
prior to use.

The inlet system consisted o f the sample tubes con
nected through Teflon on glass needle valves (Fischer- 
Porter C o., Warminster, P a.) to  a glass manifold. 
The tubes containing iquid or solid samples were im
mersed in an appropr:ate constant-tem perature bath : 
- 7 8 °  for C 6H 6 and H B N H )3; 0° for (C H 3B N H )3, 
(H B N C H 3) 3, (C H 3B N C H 3) 3, and 1,3 ,5-(C H 3) 3C 6H 3; 
and ca. 22° for C 6(C H 3)6. This provided a stable 
sample pressure in the ion source. The sample vapors 
were introduced from  the m anifold through a variable 
leak directly into the ionization chamber o f the mass

(1) Quantitative phenyl substituent effects have been discussed by 
D. F. Shriver, P. Smith, and D. E. Smith, J. Am. Chem. Soc., 86, 
6153 (1964), and D. F. Shriver and P. M . Kuznesof, Inorg. Chem., 
4, 434 (1965).
(2) E. D. Loughran, C. I . Mader, and W. E. McQuistion, Los 
Alamos Scientific Laboratory, Report LA-2368, Jan 14, 1960.
(3) J. H. Smalley and S. F. Stafiej, J. Am. Chem. Soc., 81, 582
(1959) .
(4) H. Watanabe, M . Narisada, T. Nakagawa, and M. Kubo, 
Spectrcchim. Acta, 16, 78 (I960).
(5) D. F. Haworth and L. F. Honstedt, J. Am. Chem. Soc., 82, 3860
(1960) .
(6) H. L. Schlesinger, L. Horvitz, and A. B. Burg, ibid., 58, 409 
(1936).
(7) H. L. Schlesinger, D. AC. Ritter, and A. B. Burg, ibid., 60, 1296 
(1938).
(8) W. V. Hough, G. W. S. Schaeffer, M. Dzurus, and A. C. Steward, 
ibid., 77, 864 (1955).
(9) R . I. Wagner and J. L. Bradford, Inorg. Chem., 1, 93 (1962).
(10) A. Stock, “ Hydrides of Boron and Silicon,”  Cornell University 
Press, Ithaca, N. Y ., 1957, ?  94.
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spectrom eter.11 Argon, used for calibrating the ioniz
ing electron voltage scale, was introduced into the ion 
source chamber through a separate leak.

Ionization efficiency curves were obtained with emis
sion current regulated at 0.30 ma and repeller plates 
at zero voltage.12 N o source magnet was used. Source 
temperature was unregulated and estimated to be 
150° (contact time with source ca. 10-2 sec). Typica l 
operating conditions and sensitivity were: ionization 
chamber sample pressure, 10~6 14 15 m m ; average trap 
current, 0.3 ga ; multiplier gain, 5 X  106 *. The mini
m um  signal conveniently detectable corresponded to 
10~18 amp or about 10 ions/sec. The amounts of 
sample and calibrating gas simultaneously entering 
the ion source were adjusted to give signals o f ~ 2  X  
10-16 amp (full-scale deflection o f the pen recorder) 
at electron energies 3.5 ev above the threshold volt
age. The electron energy and ion current were dis
played on the X  and Y  axes o f an X - Y  recorder, so 
that ionization efficiency curves were recorded d irectly .13 
Ionization potentials were extracted using the vanish
ing-current m ethod. In  preliminary runs the threshold 
voltage o f hexamethylbenzene was found to decrease 
with increasing detection sensitivity. Measurements 
were made at a sensitivity such that no further decrease 
was observed.

Results
Table I  presents the ionization potentials obtained in 

this laboratory com pared with some literature values. 
It  is not uncom m on for electron im pact determina
tions o f ionization potentials to be as m uch as 0.5 
ev higher than values obtained using photoionization 
methods. Preliminary measurements showed that 
the literature values for the ionization potentials o f the 
analogous benzenes could be reproduced (Table I, 
footnote e). The ionization potentials for (H B N H )3 
and (C H 3B N H )3 are significantly lower than those re
ported previously.2 This discrepancy m ay be ascribed 
to the greater sensitivity used here. H owever, the 
internal consistency o f Loughran, M ader, and M c- 
Quistion’ s data with ours is dem onstrated b y  the 
difference between the ionization potentials for 
(H B N H )3 v s .  (C H 3B N H )3 (~ 0 .5  e v ).2

The table shows that methyl substitution lowers 
the ionization potential o f benzene more than that o f 
borazine. It  is also clear that m ethyl substitution on 
the three nitrogens o f borazine has a greater effect than 
m ethyl substitution on the borons. Recently, Perkins 
and W all have obtained a good agreement with the 
ultraviolet spectra o f methylborazines using Pariser- 
P arr-P ople  type SC F calculations in which they con
sider the m ethyl group as a heteroatom  which con-

Table I : Ionization Potentials of Methylborazines

I.P.,
ev°'& Lit. I.P., ev».*

(HBNH)3 9.77 10.3 ±  0.1 (EI)d
(CH3BNH)3 9.30 9.8 ± 0 . 1  (El)*
(HBNCHs), 9.07
(CH3BNCH3), 8.77

This work. b Each datum was subjected to the Q test
extraneous results: W. C. Pierce, E. L. Haenisch, and D. J. 
Sawyer, “Quantitative Analysis,” 4th ed, John Wiley and Sons, 
Inc., New York, N. Y., 1958, p 135. The standard deviations 
are between 0.03 and 0.06 ev. Experience indicates that the 
accuracy of the absolute values is probably ±0.2-0.3 ev; the 
differences in I.P. in homologous series are estimated tc be good 
to ±0.1 ev. ' El electron impact. d Reference 2. * In order 
to assess the reliability of the borazine values, ionization poten
tials were obtained for some benzenes and compared with litera
ture values: C8H6, obsd 9.55, lit. 9.4-9,9 (several El values
have been reported in this range: R. W. Kiser, Tables of Ioniza
tion Potentials, TID-6142 (1960), U. S. Atomic Energy Com
mission); 1,3,5-(CH3)3C8H3, obsd 8.58, lit. 8.5 ±  0.2 (H. Hart
mann and M. B. Svendsen, Z. Physik. Chem. (Frankfurt), 11, 16 
(1957)); C8(CH3)8, obsd 7.87, lit. 7.85 (photoionization, R.
Bralsford, P. V. Harris, and W. C. Price, Proa. Roy. Soc. (Lon
don), A258, 459 (I960)).

tributes two electrons and one orbital to the 7r system .14 
The intervals between their calculated highest filled 
orbital energies are greater than the observed incre
ments in ionization potentials but the calculated order 
(H B N H )3 >  (C H 3B N H )3 >  (H B N C H 3) 3 is correct.16 
Also, simple H ückel treatments based on either a 
heteroatom  m odel or an inductive m odel reproduce 
the observed trends. W e are currently investigating 
inductive as well as conjugative effects using semi- 
empirical SC F procedures.
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T h e  D is p r o p o r t io n a t io n  o f  H y p o io d ite

by  0 . H aim ovich and A. Treinin

Department of Physical Chemistry, Hebrew University,
Jerusalem, Israel (Received December 6, 1966)

The disproportionation o f 1 0 “ , as that o f other 
hypohalites, is a second-order process

with k& =  4.0 X  10-2 M ~ 1 sec“ 1 at 25° in 4 M alkali 
solution.1 The hitherto accepted mechanism2 involves 
the rate-determining step

fa
1 0 -  +  1 0 -  — >  I 0 2-  +  I -  (1)

where h is defined by  the relation — d (IO “ )/d£  =  
2A:1( I O - ) 2, followed b y  the fast reaction

mechanism I :  I 0 2“  +  1 0 “  —*■ I 0 3“  +  I~  (2 ')

H owever, an alternative fast reaction should be con
sidered

kz
mechanism I I :  I 0 2~ +  I 0 2~ — >  I 0 3~ +  1 0 “  (2)

where k2 is defined b y  the relation d (IO “ ) /d /  =  k2- 
( I 0 2- ) 2. A n analogous reaction was proposed for 
B rO “  as a result o f studying its radiation chem istry.3 
B oth mechanisms account for the stoichiom etry and 
kinetics o f the decom position. H ence the study of 
1 0 “  alone cannot distinguish between them. The 
ratio fti/fca derived b y  assuming a steady state for I 0 2-  
is V s and 2/ 3 for mechanisms I and II , respectively. 
Here we report how the value o f k% and thus the 
mechanism o f the disproportionation can be deter
mined. For this purpose the systems I 0 “ - I 0 3-  and 
I 0 - - C 1 0 3-  were investigated. Som e previous results 
concerning these system s4 are not reliable, since the 
solutions were relatively o f low alkalinity and high 
(1“ ) and so were chem ically ill-defined. This could be 
shown b y  measuring the spectra o f the solutions. 
M oreover, the form ation o f perhalate was overlooked.

Experimental Section
The systems investigated were prepared b y  rapidly 

dissolving I2 in solutions containing 4 M N aO H  and 
various concentrations o f halates. T he decay o f 1 0 “  
with tim e at 25° was followed spectrophotom etrically 
as described elsewhere.1 The spectrum o f 1 0 “  above 
300 mju was found to be hardly affected b y  the halates. 
M ost results were obtained at 365 m/x, where 1 0 “  
has its absorption peak; no variation o f rate constant 
with X was noticed in the range 300-400 m/x. The sum 
(1 0 “ ) +  ( I 0 4“ ) was measured b y  titration: a 2-ml 
sample was introduced into excess o f 10“ 2 N arsenite 
and 4 g o f N a H C 0 3. Then 4 N H 2S 0 4 was added with 
vigorous shaking until pH  8.3 was reached. Excess of 
K l  (~ 0 .2  M) was added and the mixture left in the 
dark for 1 hr. Under these conditions I 0 4“  was found 
to be quantitatively reduced b y  1“  to I 0 3“ . The 
excess o f arsenite was titrated with 3 X  10“ 3 N I2 
solution.

Results and Discussion
The disproportionation is retarded b y  I 0 3“  and 

C103“  (Figure 1). The effect becom es apparent only 
when the halate concentration exceeds some threshold, 
above which the change induced is rather abrupt : the 
rate constant of the reaction, which is still second order, 
falls down to (2.6 ±  0.2) X  10“ 2 M “ 1 sec“ 1. Further 
increase o f ( X 0 3“ ) has no effect. T he threshold rises 
with an increase o f (1 0 “ ). Thus it happens that the 
disproportionation starts unretarded, but as the ratio 
( X 0 3“ ) / ( I 0 “ ) increases there is a sudden drop o f rate 
constant. This is clearly shown in curve a where I 0 3“  
is supplied only by  the reaction.

The following results prove that the influence o f the 
halates involves their conversion to perhalates. (a) 
A  solution containing 1 0 “  and excess o f I 0 3“  was left 
until effectively all the 1 0 “  was consumed. Some 
precipitate was form ed. It  was analyzed b y  X -ray  
diffraction and found to consist m ainly o f N a I0 4. 
The sum (1 0 “ ) +  ( I 0 4“ ) was found to remain constant 
during the reaction (curve d ). (b) A  similar experi
ment was carried out with K C 103 and K O H  instead of 
K I 0 3 and N aOH , respectively. A t the end o f the re
action K C 104 was precipitated by  acidifying the solu
tion to pH  8 and adding ethanol. It was identified by  
gravim etric5 and colorim etric6 methods. K C 104 (1 
m ole) was produced for each m ole o f 1 0 “  consumed.

(1) O. Haimovich and A. Treinin, Nature, 207, 185 (1965).
(2) C. H. Li and C. F. White, J. Am. Chem. Soc., 65, 335 (1943).
(3) C. H. Cheek and V. J. Linnenbom, J. Phys. Chem., 67, 1856 
(1963).
(4) A. Rashid and E. Ali, Anal. Chem., 36, 1379 (1964).
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Thus with excess o f X 0 3~ the reaction

X 0 3-  +  1 0 -  — >  X O 4-  +  I -  (3)

occurs, which is second and zero order with respect to 
I 0 ~  and X O 3- ,  respectively. This indicates that it 
is rather a com plex process which involves reaction 1 
as its prim ary and slowest step. The subsequent step 
appears to  involve the halate acting as efficient scav
enger for I 0 2_

X O 3-  +  1 0 , -  A -  X O 4-  +  1 0 -  (4)

R eactions 1 and 4 constitute a full mechanism for 
reaction 3 with the rate law

d (I O -)  
d t

ka'( io - y (5)

where kj =  ki. As further support to this mechanism 
we found that the activation energy of reaction 3 with 
C103_  is nearly the same as that o f the disproportiona
tion— 10 ±  1 kcal/m ole. N ow, the observed value of 
k j  =  2.6 X  10-2 is nearly 2/ 3fca, which proves that the 
disproportionation proceeds b y  mechanism II.

The effect o f C103-  and I 0 3-  was also tested at 6 
M O H - , where is lower, and then remains nearly 
constant up to 10 M N aO H .1 Again it was found that 
the halates could reduce the rate constant to * /,k„. 
The effect o f (O H - ) is not an ionic strength effect, 
since the addition o f 2 M N aCl to 4 M N aO H  does 
not affect the kinetics. It  m ay be due to som e H IO 
still present in solution at (O H - ) ^  4 M . T he effect 
o f I -  was also examined: at (IO _ ) ~ 1 0 ~2 M and (I~ ) 
( 8  X  10-2 M no effect could be detected. This result 
is at variance with the kinetic law proposed b y  Li and 
W hite .2 On further raising ( I - ), ka increased but the 
spectrum showed changes indicating the form ation of 
I3- .

The general rate law for the I O - - X O 3-  system de
rived from  eq 1, 2, and 4 is

- d ( I O - ) / d i  =  [3A +  e -  (d2 +  /3)v % ( 1 0 - ) 2 (6)

where ¡3 =  &4 2 (SM û) “ 1 ( ( X 0 3 _ ) /  ( 10  ~) ) 2 ; eq 6 re
duces to  eq 5 for ( X 0 3- ) / ( I 0 - )  X> ki~x{Skïki)',\ 
W hile the proposed mechanism accounts for the effect 
o f the halate being a function o f ( X 0 3- ) / ( I 0 - ) ,  it 
does not explain the nature o f this function. In par
ticular, it appears that as soon as the halate starts to 
have a distinct effect, it acquires its full effect. Some 
kind o f autocatalysis is probably involved. And 
indeed we observed that little I 0 4-  or C104-  largely 
enhances the effect o f the corresponding halate. This 
is shown for CIO4--C IO 3-  in Figure 1 (C104-  alone 
has no effect on the reaction). M oreover, following

time., min.
Figure 1. The effect of 10, ~ and CIO3 -  on the 
disproportionation of 10“. Curves a and b, no halate 
initially added; curve c, 4.8 X 10-i M  (•) and 
8.6 X 10~2 M  (+ ) IO3 - ;  curve d, 4.8 X 10~2 M  10 ,-; 
curves e and f, 1.2 X 10-2 M  and 2.4 X 10-2 M  
CIO,", respectively; curve g, 4.2 X 10-2 M  
(O) and 6.1 X 10~2 M  (A) CIO,-, 2.0 X 10 '2 M  
CIO," +  1.2 X 10-3 M  CIO4 -  (<})• (Continuous 
and dashed curves are second-order plots for 
10“ and 10~ +  I04-, respectively.)

the disproportionation o f 1 0  ~ alone b y  the arsenite 
m ethod, we found that the abrupt drop o f ka occurs 
when IO 4-  could just be detected and from  there on 
the sum (IO - ) +  (I0 4- )  remained constant (curves 
a and b). (Before the drop the arsenite and spec- 
trophotom etric m ethods gave identical results. The 
same results were also obtained b y  the acetone m ethod4 
with only a small excess o f acetone and properly ad
justed pH  conditions.) The reason for the activation 
o f halate b y  perhalate is still obscure. Som e com plex 
m ay be involved which is a very efficient scavenger for
io2-

Finally, it is o f interest to note that B r 0 3“  has no 
retarding effect on the disproportionation. This is 
in accord with the nonexistence o f the perbrom ate 
ion. 5 6

(5) F. P. Treadwell, “ Analytical Chemistry,”  John Wiley and Sons, 
Inc., New York, N. Y., 1951, p 392.
(6) F. Feigl, “ Spot Tests in Inorganic Analysis,”  Elsevier Publishing 
Co., Amsterdam, The Netherlands, p 300; L. Ben-Dor and E. 
Jungreis, Mikrochim. Acta, 1, 100 (1964).
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S m a ll-A n g le  X -R a y  S ca tte r in g  fr o m  a 

M a cro re t ie u la r  S u lfo n ic  A c id  

C a tio n -E x ch a n g e  R es in — A m b e r ly s t  151,2

by B. C hu1 2 3 and D . M . Tan Creti

Chemistry Department, The University of Kansas,
Lawrence, Kansas 66044 (Received September SO, 1966)

Small-angle scattering o f X -rays has been a rather 
powerful technique for characterizing the structure o f 
noncrystalline substances. As part o f a preliminary 
program o f investigating the inhomogeneities in b io
logical membranes which exhibit pore structures o f 
appropriate dimensions suitable for studies using the 
small-angle scattering o f X -rays, we have examined 
the angular distribution o f the scattered intensity 
o f a resin matrix which has an estimated specific sur
face area o f tens o f square meters per cubic centim eter.4 5 
It should be noted that small-angle scattering o f X -  
rays, being an interference technique, is the only known 
m ethod capable o f directly examining the amorphous 
structure o f substances immersed in a fluid. Such a 
technique should becom e a useful tool for studying 
the pore structures o f some o f the biological membranes 
in their natural environment.

Experimental Methods
The Am berlyst 15,4 supplied in a toluene-saturated 

form, was converted to  the water-saturated form, 
dried, and sieved. T he fraction o f resin beads from  
0.35 to 0.85 m m  in diameter was taken for the experi
ments. D eionized distilled water and reagent grade 
solvents were used.

The X -ra y  sample cell, 0.318 cm  thick, had windows 
o f 0.0025-cm  thick m ica held in place with D ow  Corning 
(Q2-0046) aerospace sealant. A  vial containing a 
small amount o f the dry resin was filled with solvent 
in vacuo. Care was taken to avoid possible resin 
damage due to  shock swelling. The solvent-saturated 
resin and excess solvent were then transferred to  the 
cell with a syringe and needle. X -R a y  measurements 
were perform ed with a K ratky camera6 using Cu K a  
radiation. The details have been described elsewhere.6

The observed scattered intensity was corrected for 
background scattering by  subtracting from  the meas

ured intensity the product o f the scattering from  an 
em pty cell and the sample transmission. The solvent- 
corrected points refer to those which have taken into 
account the scattering due to immersion solvents. 
Infinite slit-length collim ation corrections were accom 
plished with the aid o f an IB M  7040 com puter.7

Results and Discussion
The scattering results have been summarized in 

Figure 1. Contributions m ade b y  scattering from  
the immersion fluid were estimated to be small except 
at relatively large angles, as shown b y  the solvent- 
corrected points in Figure 1 for A m berlyst 15 immersed 
in water and in methanol.

The small-angle X -ra y  scattering technique has 
been applied to  catalysts,8 porous glasses,9 and syn
thetic zeolites.10 F or characterizing ionic species within 
the resin matrix, measurements in the angular range 
beyond 0.03 radian are im portant. There one m ay 
consider the ionic species as frozen-in suspensions of 
strong scatterers within the resin phase and the particle
scattering theory o f Guinier8 becom es appropriate. 
This part o f the scattering curve has been deempha- 
sized in the present investigation. Instead, we are 
concerned with the scattering at very small angles. 
As we have limited the m acroscopic size o f those spheri
cal resin beads to  approxim ately 0 .35-0.85 m m  in 
diameter, both  the degree o f com paction and the m acro
scopic size o f the beads becom e unim portant. Only 
inhomogeneities in the resin matrix contribute sub
stantially to the scattering within the angular range 
o f our investigation. Here, the scattered intensity, 
I, for a random two-phase system m ay be represented 
b y  the relation9

7 .  V ^ l ' c i r ) (1)

where V is the scattering volum e, k is 2ir/\ w ith X 
the X -ra y  wavelength, s is 2 sin {6/2) with 6 the scatter
ing angle between the direction o f propagation o f the

(1) Courtesy of Rohm and Haas Co., Philadelphia, Pa.
(2) We wish to make acknowledgment to the donors of the Pe
troleum Research Fund, administered by the American Chemical 
Society, for partial support of this research.
(3) Alfred P. Sloan Research Fellow.
(4) R. Kunin, E. F. Meitzner, J. A. Ohne, S. A. Fisher, and N. Frisch, 
Ind. Eng. Chem. Prod. Res. Develop., 1, 140 (1962).
(5) O. Kratky and Z. Skala, Z. Elektrochem., 62, 73 (1958).
(6) B. Chu, / .  Chem. Phys., 42, 426 (1965).
(7) B. Chu and D. M . Tan Creti, Acta Cryst., 18, 1083 (1965).
(8) A. Guinier and G. Fournet, “ Small-Angle Scattering of X -Rays,”  
John Wiley and Sons, Inc., New York, N. Y ., 1955.
(9) P. Debye and H. Brumberger, J. Phys. Chem., 61, 1623 (1957)
(10) P. A. Howell, ibid., 64, 364 (1960).
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1944 Notes

Figure 1. Plot of relative scattered intensity (after background and collimation corrections) vs. scattering angle 0.
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Figure 2. A typical plot of I ~ '^  vs. 0; I  =  relative scattered intensity after background, collimation, and 
sample transmission corrections.

Table I: Per Cent of Bulk Swelling and Characteristic Length a  for Amberlyst 15 (A-15) Immersed in Various Solvents

System A-15
A-15 and 
n-hexane

A-15 and 
toluene

A-15 and 
benzene

A-15 and 
methanol

A-15 and 
HiO

BS“ 0 0.026 0.036 0.047 0.455 0.458
a , A 1.3 X 102 1.5 X 102 1.3 X 102 1.4 X 102 (1.8 X 102)6 (1.5 X 102)6

‘ BS = (hr! — hr)/hT, where BS is the bulk-swelling ratio and hn and h, are, respectively, the apparent volume occupied by the solvent- 
saturated and the dry resins. 6 As the curvature in plots of 7-1''2 vs. B2 increases, the structure ;an no longer be represented by C ( r )  = 
exp( —r/o). So a  for A-l 5-H20  and A-15-methanol could be of doubtful value.

incident beam  and the direction o f observation o f the 
secondary ray, d r ( =  47rr2dr) is a volum e element, 
r being the distance between pairs of scattering centers 
A  and B, and C(r) is a correlation function, defined by

W)C(r) =  ( v a v b )  (2)

t] denoting fluctuations from  an average electron 
density. It  has been shown that, for a random  dis
tribution o f inhomogeneities in the electron density, 
C(r) =  exp( —r /o ) ,  where a is a correlation length

characteristic o f the substance. I f  this is so, the 
angular intensity distribution has the form

87rtt3y y )  
(1 +  f c W ) 2

whereby a plot o f the reciprocal o f the square root o f 
the scattered intensity vs. s2 should give a straight line 
with

a  =
1
k

slope T A 
J n te rccp tj (4)
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The dry Am berlyst 15 yields such a straight line over 
about a 20-fold angular change from  1.0 X  10 “ 3 to
2.5 X  10~1 2 radian, as shown partially in Figure 2. 
Thus we have found, for the first time, a synthetic 
porous medium which has a truly random structure and 
obeys the correlation function C(r) =  exp ( —r /o ) . 
Estim ates on a range around 1.3-1.5 X  102 A, as shown 
in Table I. The extrapolated zero-angle scattered 
intensities were obtained from  a plot o f log  I vs. 92. 
In  order to test the reliability of a, we have also cal
culated the specific surface area, SBp, from  the expres
sion

a .  -  - 4* (1 -  r t C ' (0) (5)
Pb

where <f> is the void  fraction (porosity), C'{0) is the de
rivative o f the correlation function at r =  0, and Pb 
and p3 are, respectively, the bulk and the structural 
densities. W ith pb =  1.012 g /c c  and pa =  1.513 g /c c , 
<t> =  1 -  (pb/p s) =  1 -  (1.012/1.513) =  0.331. I f  we 
take a =  1.3 X  102 A, $ sp becom es about 69 m 2/ g  
for the dry Am berlyst 15, which compares favorably 
with K unin ’s B E T  value of 42.5 m 2/ g  in view o f the dif
ficulties encountered in obtaining the extrapolated 
zero-angle intensity.

In  the case o f immersed resins, we see that deviations 
in the linear behavior at relatively large scattering 
angles from  a plot o f I~l/l vs. 02 increase with increasing 
bulk-swelling ratio. W e could propose three possible 
reasons for the curvatures in Figure 2 : (1) inadequate 
solvent correction, (2) unfilled small holes, and (3) 
distortion o f the resin matrix due to swelling.

It  is apparent that the linear behavior for all the im
mersed resins would persist over a larger angular 
range than shown in Figure 2 if the background cor
rections were made to include the scattering due to 
solvents. This was demonstrated in Figure 1 for 
Am berlyst 15 immersed in water and in methanol. 
H owever, deviations from  the linear behavior could 
not be accounted for in terms o f only solvent corrections.

I f  a three-phase (resin-solvent-unfilled pores) system 
exists, then the calculated correlation length a would 
be o f doubtful value except for the dry resin. On 
the other hand, a closer examination suggests that the 
amount o f unfilled pores must be small or nonexistent, 
because the immersed resin (A -15 in n-hexane) shows a 
linear behavior in Figure 2 over an angular range 
from  about 1 X  10~3 to 1 X  10~2 radian while devia
tions appear only in the larger angular range where the 
background corrections using an em pty cell becom e 
inappropriate. The unfilled pores should contribute 
to relatively stronger scattering in the X -ra y  intensity 
because o f larger electron density differences between

holes and material. A  distortion on the shape o f the 
scattering curve is therefore to be expected. The 
absence o f such a distortion for systems without ap
preciable swelling (A-15 in n-hexane) seems to con 
firm our conjecture that m ost o f the pores are accessible 
b y  the solvent. Figure 1 appropriately illustrates 
the similarities of all the scattering curves. The 
linear dotted lines are for easier com parison o f the 
scattering curves between the different systems. The 
solvent-saturated resins have tendencies to retain a 
random  distribution o f the form  C(r) — exp ( —r /o ) .  
W e attribute the deviations from  eq 3 in the larger 
angular range to  the presence of distorted small in
homogeneities for the immersed Am berlyst 15 and not 
to unfilled holes. Such distortions from  random  
distribution would therefore increase with increasing 
bulk-swelling ratio from  re-hexane to water as shown 
in Figure 2. In  summary, the small-angle scattering 
o f X -rays has been observed for a m acroreticular ion- 
exchange resin. The scattering data show that the 
resin matrix has a random distribution o f inhomogenei
ties (or pores) with the correlation function C(r) =  
e x p (—r/a) and a correlation length a o f about 1.4 X  
102 A . M ost o f the pores are accessible. D eviation 
away from  random  distribution o f inhomogeneities 
(or pores) is appreciable whenever the bulk-swelling 
ratio becom es large. The distortion due to  the pres
ence o f polar solvents, such as water and methanol, 
contributes more to  the smaller holes as shown b y  devia
tions only in the larger angular range.

D isp ers ion  E n erg ies  a n d  S u rfa ce  T e n s io n s  

o f  N o b le  M e ta ls

b y  Edm und Thelen

Chemistry Division, The Franklin Institute Laboratories,
Philadelphia, Pennsylvania 19103 {Received December 19, 1966)

E rb 1 measured the contact angles o f water drops 
on solid noble metal plates after 3650 hr o f continual 
condensation o f pure water. On his materials, no 
organic contam ination was present and the vapor phase 
was virtually free o f noncondensable gases. W hile 
his contact angles were measured at near the boiling 
point o f water, according to A dam 2 they would not be 
significantly different at room  temperature. A lso as

(1) R. A. Erb, J. Phys. Chem., 69, 1307 (1965).
(2) N. K . Adam, Advances in Chemistry Series, No. 43, American 
Chemical Society, Washington, D. C., 1964, Chapter 2.
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Table I : Dispersion and Surface Energies of Noble Metals

Ag
Contact angle of water, d 79.5
Dispersion energy, ergs/cm2, 73d 84.95
Energy of vaporization, kcal, AE v 67.4
Atomic volume, cm3, V  10.3
Atomic radius, A, R  1.44
Free surface energy, ergs/cm2, 7 3  1195
73d/ F 1/s, ergs/cm3 39.04
AE v/V ,  cal/cm3 6544

Au Pd Pt

65.5 62.5 40.0
121.63 129.86 189.56

8 8 .8 92.7 136.9
1 0 . 2 8.9 9.1
1.44 1.37 1.38

1629 1871 2776
56.08 62.67 90.79

8706 10416 15044

suggested by  Adam , we averaged the advancing and re
ceding angles for each metal, obtaining values from  
40 to 79.5°.

M ost metals have oxide coatings, and water spreads 
on them. The noble metals, under E rb ’s continuous 
condensation process, are continually washed, and from  
their apparent hydrophobicity, as shown b y  E rb ’s 
measurements, must be substantially free o f oxide. 
Only the dispersion energies of the oxide-free metal 
surfaces can interact with water, and according to 
Fow kes3

7 2  (1 +  cos 9) =  2 V / 72d7 3d (1)

if the spreading pressure is zero. For water at 20°, 
72 is 72.8 ergs/cm 2 and 72d, according to  Fowkes,
21.8 ergs/cm 2.

Under the conditions o f condensation o f water from  
vapor, the spreading pressure would be significant if 
a m onolayer or m ore o f water molecules existed on the 
surface between the drops. E rb4 shows, however, 
that drops form  only at specific nucleating spots, espe
cially under his conditions o f a low supersaturation ratio 
(p/po <  1.13); between these spots drops do not form. 
If vapor would condense in those areas, there would be 
a likelihood of drop form ation in them ; such is not 
the case. Furthermore, as Table I shows, 7 8d for A g 
as calculated b y  eq 1 is 84.95 ergs/cm 2. This com 
pares with Fow kes’ values3 from  heat o f emersion data 
of 76 ergs/cm 2.

E rb ’s value for 6 o f water on A u o f 65.5° compares 
with W hite’s value5 o f 60 ±  5°.

Fowkes6 discusses the calculation o f 7 sd from  An 
values. From  Reerink’s7 experimentally determined 
value for An o f gold (1 to 6 X  10-13), Fowkes calculates 
7 sd of 60 to 120 ergs/cm 2. This compares with the 
value in Table I o f 121.6.

Relationships between surface energies and cohesive 
energy densities have been found by  Hildebrand8 
and others for organic materials. W e find that the 
dispersion energies of the noble metals, calculated from

Figure 1 .

contact angles with water, correlate w ith  cohesive 
energy densities (Figure 1)

cohesive energy density ~ ~  = 166.773d
y ' / s (2)

where AEv is the energy o f vaporization o f a gram -atom  
in calories, V is the gram -atom  volum e in cubic centi
meters, and 7 3 d is the surface dispersion energy and is in 
ergs per square centimeter. The AEv values were 
calculated from  K elley ’s9 recent data (AE =  AH — 
R T ) .

C ottrell10 offers an approxim ate equation for cal-

(3) F. M. Fowkes, Advances in Chemistry Series, No. 43, American 
Chemical Society, Washington, D. C., 1964, Chapter 6.
(4) R. A. Erb, Ph.D. Dissertation, Temple University, May 1965; 
University Microfilms No. 66-1403 (Ann Arbor, Mich.).
(5) M. L. White and J. Drobek, J. Phya. Chem., 70, 3432 (1966).
(6) F. M. Fowkes, Ind. Eng. Chem., 56, No. 12, 40 (1964).
(7) H. Reerink and J. Th. G. Overbeek, Discussions Faraday Soc., 
18, 74 (1954).
(8) J. H. Hildebrand and R. L. Scott, “ The Solubility of Non- 
electrolytes,”  3rd ed, Reinhold Publishing Corp., New York, N. Y., 
1950.
(9) K. K. Kelley, U. S. Bureau of Mines Bulletin No. 584, U. S. 
Government Printing Office, Washington, D. C., 1960.
(10) A. H. Cottrell, “ The Mechanical Properties of Matter,”  John 
Wiley and Sons, Inc., New York, N. Y ., 1964, p 231.
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culating total surface tensions from  AEv/V, the cohesive 
energy density, and atom ic radius (r) in angstroms

Ts =
rAEv
~3F^

TS (3)

T he entropy of the surface (S) is taken b y  Cottrell 
as 0.4 e rg /cm 2 °K , perm itting ya values to  be cal
culated as listed in Table I. These quantities cannot 
be confirmed b y  direct measurement, but are similar in 
magnitude to y 8 values quoted by  E hrlich,11 from  high- 
temperature measurements and corrected, through the 
entropy terms (TS), to  298°K .

Com bining eq 2 and 3

7
23.2973dr 

V l/• -  TS = 15.2973d -  119 (4)

In  conclusion, the dispersion energies calculated 
b y  Fow kes’ m ethod from  the contact angles o f water 
on noble metals are found to relate meaningfully to 
both  the energies o f vaporization o f the noble metals 
and to their total surface tensions.
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(11) G. Ehrlich, “ Metal Surfaces: Structure, Energetics and Ki
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Chapter 7.

A N u clea r  M a g n e t ic  R e so n a n ce  S o lv e n t-E x ch a n g e  

S tu d y  o f  N ,N -D im e th y lfo r m a m id e  C om p lex es  

w ith  A lu m in u m  C h lo r id e , B ro m id e , a n d  Io d id e

by  A nthony Fratiello and R onald Schuster

Department of Chemistry, California State College at Los Angeles, 
Los Angeles, California 90032 (.Received October 19, 1966)

t , o f a solvent m olecule in either the bulk or com plexed 
environm ent m ay be expressed as 1 /r  =  (1 /7 Y )  — 
(1 /T 2), where the transverse relaxation tim e o f  a m ole
cule is represented b y  7Y  when exchange is occurring 
and T2 when exchange is negligible. Since =  1 /tt8, 
where 5 is the resonance signal line w idth at half-height, 
r  values m ay be estimated from  line-width measure
ments. For the solvent-exchange process, the first- 
order rate constant, k, m ay then be calculated at a 
particular temperature using the relationship k =  
1 /r  =  7r(5 — 6o), where 8 and 50 represent the line w idth 
in the presence and absence o f exchange, respectively. 
In this study, T 2 was evaluated from  the peak height, 
a quantity proportional to 2 / ird, rather than peak width. 
This choice was based on a greater reproducibility o f 
the peak-height measurements.

T he com plexes to  be described are those o f N ,N - 
dim ethylform am ide (D M F ) with A IC I 3 , A lB r3, and

Figure 1. Typical plots of In (1 /g  — l/go) as a function of l / T  
for complexes of DMF with AICI3, AlBr3, and AII3.

T he technique o f nuclear magnetic resonance (nmr) 
has been applied recently to  kinetic studies o f a variety 
o f complexes in an attem pt to determine rate con
stants, activation energies, and mechanisms for the 
solvent-exchange processes.1-6 The nm r m ethod is 
based on the fact that in certain cases, separate reso
nance signals can be observed for bulk and com plexed 
solvent m olecules.1-8 W hen this occurs, the lifetime,

(1) A. Jackson, J, Lemons, and H. Taube, J. Chem. Phys., 33, 553 
(1960).
(2) R . E. Connick and D. N. Fiat, ibid., 39, 1349 (1963).
(3) Z. Luz and S. Meiboom, ibid., 40, 1058, 1066 (1964).
(4) S. Thomas and W. L. Reynolds, ibid., 44, 3148 (1966).
(5) N. A. Matwiyofî, Inorg. Chem., 5, 788 (1966).
(6) A. Fratiello, D . P. Miller, and R. Schuster, Mol. Phys , in press.
(7) J. H. Swinehart and H. Taube, J. Chem. Phys., 37, 1579 (1962)*
(8) A. Fratiello and D. P. Miller, Mol. Phys., 11, 37 (1966).
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A1I3. All salts were sublimed and samples prepared 
in vacuo. Although the exact com position o f the com 
plex in solution is unknown, it was determined, by 
direct integration, that the average number o f D M F

Table I: Solvent-Exchange Rate Data for A1CI3, AlBr,, and 
AII3 Complexes with N,N-Dimethylformamide. The Data are

erived from the Formyl Proton Signal of 'Coordinated DMF

T, Q, So, k, AH*,
Compound °K cm cps sec-1 kcal

0.20 Af AlCh 272 16.6 6.25 15.2
281 14.7 2.51
294 11.5 8.70
302 9.7 13.9
307 8.7 17.8
314 5.3 41.9
321 3.2 83.8

0.20 Af AICI3 272 17.1 6.83 15.4
285 14.5 3.81
295 12.1 8.82
305 9.4 17.7
312 6.2 37.6
321 3.8 76.3

0.26 M AlBr3 293 14.8 6.19 15.7
314 13.6 1.90
325 12.2 4.23
332 10.5 8.04
339 8.9 13.0
345 7.0 21.8
350 7.2 20.7
354 5.2 36.5
359 4.8 40.8

0.26 M AlBrj 291 18.1 6.89 17.6
312 17.0 1.25
318 16.4 2.22
326 15.4 3.82
334 12.3 10.1
343 9.9 18.0
351 7.7 29.2
357 6.3 40.4
362 4.6 63.0

0.20 A4 All, 293 15.7 6.38 16.5
314 14.1 2.20
325 12.2 5.62
332 11.0 8.38
339 9.0 14.9
345 7.7 20.7
350 5.6 36.2

0.20 A4 All, 291 17.7 6.83 18.7
312 16.7 1.24
318 14.9 3.91
326 14.5 4.59
334 12.4 9.14
343 9.7 17.6
351 6.1 40.5
357 4.1 70.2

molecules coordinated per m olecule o f salt was about
5.7 ±  0.3 in each case. A ll measurements were made 
using a Varian A60 spectrom eter equipped with a 
variable temperature accessory. The resonance signal 
studied as a function o f temperature was that due to 
the form yl proton o f the com plexed D M F . T he meas
urements were revers;ble, that is, the signal due to 
com plexed D M F  was reproducible at lower tempera
tures, after high-temperature studies were com pleted. 
The rate data are listed in T able I, where the sym bol g 
represents the peak height and 50, the signal line width 
at an experimentally determined temperature cor
responding to negligible exchange. T he activation 
enthalpies, AH*, for the exchange process were cal
culated from  In k vs. 1 /T  plots such as those shown 
in Figure 1. For convenience, the logarithm  o f the dif
ference between reciprocal peak heights, corresponding 
to a particular temperature, and the lowest tempera
ture recorded in Table I for each system  is p lotted  in 
the figure. This difference is proportional to  the rate 
constant. For each system, no further peak-height 
change was noted at temperatures lower than those 
recorded in Table I.

For the D M F  com plexes o f A1C13, A lB r3, and A1I3, 
the activation enthalpies for solvent exchange are 15.3,
16.6, and 17.6 kcal, respectively. Since the measure
ments are precise to about 10% , one cannot conclusively 
state that the slight trend observed is real. A lthough 
not listed in the table the separation o f the aldehydic 
proton resonance signals between bulk and com plexed 
D M F  are 53, 41, and SO cps, respectively, for the A1C13, 
A lB r£, and A1I3 systems. The bulk D M F  signals were 
not displaced b y  addition o f salt, as indicated b y  in
ternal T M S . Since m any factors contribute to the 
chemical shift o f a proton, a correlation o f this signal 
separation and the strength o f the com plex m ay not 
be valid. However, if such a correlation does exist,9-12 
the A IC I 3  com plex would be the strongest in this 
series and the A1I3 com plex the weakest. The AH* 
values might then im ply that the rate-determining 
step o f the solvent exchange does not involve primarily 
the breaking o f the A 1 (III )-D M F  linkage in the com 
plex. Rather, the ease with which a solvent molecule 
migrates from  bulk solvent into the coordination shell 
o f the central ion m ay be rate determining.

(9) T. D. Coyle and F. G A. Stone, J. Am. Chem. Soc., 83, 4138 
(1961).
(10) Pi. A. Craig and R. E. Richards, Trans. Faraday Soc., 59, 1972
(1963) .
(11) J. M. Miller and M. Onyszchuk, Can. J. Chem., 42, 1518
(1964) .
(12) A. Fratiello, R. Schuster, and D. P. Miller, Mol. Phys., 11, 597 
(1966).
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T o  further elucidate the exchange mechanism, 
these D M F  complexes are being studied in other sol
vents. Also complexes o f these halides with other 
solvents are being investigated.
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S o lu b ili ty  in  P a lla d iu m -R ic h  A llo y s .

G o ld -P  a lla d iu m

by Arnulf M aeland and T ed  B. Flanagan

Department of Chemistry, University of Vermont,
Burlington, Vermont 05401 {Received November 7, 1966)

R ecently, large differences in equilibrium isotopic 
solubilities were observed for hydrogen and deuterium 
in certain platinum -palladium  alloys (25°, 1 atm  o f 
H 2 (or D 2)) A 1 2 (It must be emphasized that these solu
bilities refer to the individual solubility o f either pure 
hydrogen or pure deuterium in the alloy and not to 
their isotopic mixtures.3) These differences in iso
top ic solubility in certain platinum -palladium  alloys 
result from  the following empirical considerations. 
In platinum -palladium  alloys, large solubility o f hy
drogen near room  temperature obtains on ly if the 
second, ¡3, phase is form ed because the hydrogen con
tent at the maximum «-phase boundary is small.2 The 
heat o f the reaction corresponding to absorption of hy
drogen (1 atm) into the two-phase region becom es less 
exotherm ic as the platinum content o f the alloy in
creases. The corresponding value o f AS becom es some
what less negative as the platinum content increases. 
A t certain platinum contents, the value o f AG becom es 
zero for the form ation o f the second phase and the 
hydrogen solubility is consequently small. The cor
responding value o f the heat o f absorption o f deuter
ium  in the two-phase region o f these same alloys is 
approxim ately 700 ca l/m ole  of D 2 less exothermic 
than for the hydrogen. The magnitude o f  AS and its 
changes with added platinum metal are com parable 
to the values obtained for hydrogen. These considera
tions mean that there is a range o f platinum contents, 
e.g., ~ 9  to 11 atom ic %  (25°, 1 atm ), where the free- 
energy change is negative for the form ation o f the /3 
phase in the hydrogen system and zero or positive in 
the deuterium system.

B y  contrast, in the gold-palladium  system, absorp
tion o f hydrogen (1 atm) into the two-phase region is

characterized b y  an increase o f exotherm icity with 
added gold content. Since the accom panying change 
in entropy alters on ly slightly with gold content, the 
free energy for the form ation o f the second phase be
com es increasingly negative with added gold. R eason
ing from  the arguments presented for the p latinum - 
palladium system, a large difference in the solubilities 
o f hydrogen and deuterium in certain gold-palladium  
alloys should not be expected, at least for those alloys 
which form  tw o phases. The purpose o f this note is to 
examine the absorption o f deuterium b y  a series o f g o ld -  
palladium alloys experimentally.

The experimental setup was identical with that pre
viously em ployed.4 Approxim ately 0.02 N DC1 solu
tions were em ployed for the electrolyte through which 
deuterium gas was bubbled after having been purified 
b y  passing through a silver-palladium  membrane. 
In  some cases hydrogen-helium  mixtures were em ployed 
to decrease the rate o f the absorption reaction. The 
course o f the absorption was followed b y  changes in 
the electrode potential o f the specimen with respect to 
an A g -A g C l reference electrode. The activity  o f the 
solution was determined b y  measuring the electrode 
potential o f the A g -A g C l electrode vs. a P t -D 2 (1 
atm ) electrode in the same solution. The measured 
electrode potentials were corrected for the vapor pres
sure o f D 20  which tended to reduce the deuterium pres
sure to values slightly below 1 atm.

Results and Discussion
T ypica l absorption data for deuterium, e.g., plots of 

electrode potential vs. time where time can be taken as 
directly proportional to D /M , are similar to data ob 
tained for hydrogen4 except that the two-phase elec
trode potential is considerably reduced for deuterium 
as com pared to hydrogen. W hen the specimen reaches 
an equilibrium deuterium content (1 atm o f D 2, 25°) 
the electrode potential is zero with respect to the D 2 
(1 a tm )-P t electrode. The equilibrium deuterium 
contents as determined b y  vacuum  degassing are shown 
in Table I  as com pared to corresponding values for 
hydrogen.

It m ay be seen from  Table I  that there is very little 
difference in the equilibrium solubilities o f the tw o iso
topes even for alloys which do not form  tw o phases, 
i.e., A u >  17 atom ic % . This behavior is in marked 
contrast to the behavior o f platinum -palladium  alloys.

Several X -ra y  powder patterns were taken in the tw o-

(1) T. B. Flanagan, J. Phys. Chem., 67, 203 (1963).
(2) A. Maeland and T . B. Flanagan, ibid., 68, 1419 (1964).
(3) F. Botter, ibid., 69, 2487 (1965).
(4) A. Maeland and T. B. Flanagan, ibid., 69, 3575 (1965).
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Table I : Equilibrium Solubilities 
(750 ±  10 mm, D2 (H„), 25°)

Atom ic 
%  An H/M D/M

0 0.69» 0.65»
8.70 0.484 0.496

18.80 0.334 0.326
26.48 0.234 0.226
44.76 0.104 0.081
55.77 0.0354 0.0245
68.84 04 O6

» T, B. Flanagan, J. Phys. Chem., 65,280 (1961). b This work.

phase region o f the D -A u -P d  system. The fee 
lattice showed the presence o f tw o phases and the lattice 
constants o f amax and /3min were very similar (± 0 .0 0 4  
A ) to those observed for the corresponding alloys 
containing hydrogen. This suggests that the com po
sitions o f amax and /Jmjn are com parable for the H -  
A u -P d  and D -A u -P d  alloys.

Therm odynam ic quantities corresponding to the 
reaction

V J M l  atm ) +  * D amax:i/A u :gP d  — >

z 'D 0 min:2/Au:zPd

where x and x' represent the number o f D  atoms char
acteristic o f amax and |Smin, respectively, and y and z 
represent the num ber o f atoms o f A u  and Pd in the 
alloy under consideration, were determined from  the 
value o f the two-phase electrode potential and its 
variation with tem perature.4’5 The two-phase poten
tials were very reproducible and stable, i.e., 0.05 m v. 
Results for the values o f AG, AS, and AH are shown 
in Table II . (These therm odynam ic values refer 
unam biguously to the reaction given above; these

Table II: Thermodynamic Parameters of the D-Au-Pd 
and H-Au-Pd Systems in the Two-Phase 
Region (25°, 1 atm)

- A G , - A H ,
ca l/ ca l/

Atomic mole of - A S , mole of
Isotope %  Au D ì (H2) eu D 2 (Hi) Ref

h 2 5.66 2464 23.6 9503 4
d 2 5.66 1513 24.2 8744 This work
h 2 8.70 2496 23.9 9634 4
d 2 8.70 1541 24.7 8896 This work
h 2 11.90 2565 24.4 9832 4
d 2 11.90 1601 25.5 9214 This work
h 2 15.26 2644 24.1 9852 4
d 2 15.26 1679 This work

quantities will henceforth not be referred to as stand
ard values since the standard state o f the H  (or D ) 
containing solid phase in analogous systems has been 
defined differently elsewhere.6’7 These are not dif
ferential values since they represent a discontinuous 
change in the H  (or D ) content in going from  the a 
phase to the /3 phase.)

It  is seen from  Table I I  that the free-energy and en
thalpy changes corresponding to  absorption in the tw o- 
phase region becom e more negative with increase o f 
gold content for both  hydrogen and deuterium.

There has been a great deal o f interest recently in 
the absorption characteristics o f hydrogen b y  pal
ladium-rich alloys. From  the data now available, 
these alloys can be grouped into tw o broad classes. 
G roup I alloys (I =  increase) will be designated as 
those in which the free energy for absorption into the 
two-phase region becom es m ore negative as the added 
metal content o f the alloy is increased. Group I 
includes to date silver-palladium ,7’8 gold-palladium ,4 
tin-palladium ,9 and lead-palladium .9 The other group 
will be designated as group D  alloys (D  =  decrease) 
and these are characterized b y  the opposite behavior; 
i.e., the negative free energy decreases w ith added 
metal content. G roup D  includes: p latinum -pal
ladium ,10 rhodium -palladium ,11 nickel-palladium ,11’12 13 
iridium -palladium ,18 and copper-palladium .14 * I t  can 
be predicted that for G roup I  alloys there will be no 
significant difference in the isotopic solubilities o f pure 
hydrogen and pure deuterium. T he absence o f a 
marked difference between the solubilities o f deuterium 
and hydrogen in gold-palladium  alloys which do not 
form  tw o phases (atom ic % A u  >  17) suggests that the 
free energy for absorption increases w ith gold content 
for these alloys too, although in this work only therm o
dynam ic parameters for the two-phase form ation were

(5) R. J. Ratchford and G. W . Castellan, J. Phys. Chem., 62, 1123
(1958) .
(6) E. Wicke and G. H. Nernst, Z. Elektrochem., 68, 224 (1964).
(7) H. Brodowsky and E. Poeschel, Z. Physik. Chem. (Frankfurt), 
44, 143 (1965).
(8) (a) F. A. Lewis and W. H. Schurter, Naturwissenschaften, 47, 
1477 (1960); (b) A. C. Makrldes, J. Phys. Chem., 68, 2160 (1964); 
(c) Z. L. Vert and I. Tverdovski, Russ. J. Phys. Chem., 28, 317 
(1954).
(9) H. Brodowsky and H. Husemann, Ber. Bunsenges., 70, 626 
(1966).
(10) A. Carson, T . Flanagan, and F. Lewis, Trans. Faraday Soc., 
56, 1311, 1324 (1960).
(11) (a) J. Barton, J. Green, and F. Lewis, ibid., 62, 960 (1966); 
(b) I. P. Tverdovski and A. I. Stetsenko, Dokl. Akad. Nauk SSSR, 
84, 997 (1952).
(12) I. P. Tverdovski and Z. L. Vert, ibid., 88, 305 (1953).
(13) M. LaPrade and T. B. Flanagan, to be published.
(14) (a) R. Karpova and I. Tverdovski, Zh. Piz. Khim., 33, 1393
(1959) ; (b) D. Chisdes and T. Flanagan, unpublished results.
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measured. F or group D  alloys there m ay be antici
pated to be large differences in the solubilities at certain 
added metal contents. These predictions have been 
verified for on ly tw o alloy system s: the platinum - 
palladium 1 2 and the gold-palladium  (ref 4 and this 
w ork).

Acknowledgments. This research was supported b y  
the U . S. A tom ic Energy Commission. T he authors 
are m ost appreciative o f this financial support. The 
authors are also indebted to Engelhard Industries, 
Inc., for the gold-palladium  alloys used in this research.

R e a c t io n s  o f  D ia to m ic  M o le cu le s . IV .

K in e t ic s  o f  F o r m a t io n  o f  B r o m in e  C h lo r id e

b y  Peter R . W alton and R ichard M . N oyes

Department of Chemistry, University of Oregon,
Eugene, Oregon 97403 (Received December 5 , 1966)

Calculations described elsewhere1 predict that all 
reactions o f halogens with halogens will proceed 
b y  bim olecular mechanisms. F or the form ation o f 
B rC l from  the elements, the predicted activation 
energy is about 13 kca l/m ole.

Previous studies o f this reaction are m ostly qualita
tive. Jost2 and Brauer and V ictor3 found rapid reac
tion in gas phase, and Jost2 even estimated an activa
tion energy o f 14 kca l/m ole. These studies did not 
demonstrate hom ogeneity o f the reaction, and surface 
effects are obviously hard to  eliminate.

A lthough reactions in solution are m ore easily shown 
to  be homogeneous, “ inertness”  o f solvent can never be 
demonstrated unequivocally. Barratt and Stein4 ob 
served the reaction to be “ instantaneous”  in ether and 
chloroform  but to have a time lag o f several seconds in 
carbon tetrachloride. Dennis Forbess at the U ni
versity o f Oregon also observed a measurable rate in this 
solvent, but he could not get reproducible results. Our 
ow n qualitative observations indicated that the rate 
in carbon tetrachloride was strongly accelerated b y  
traces o f moisture as reported b y  Hildebrand5 for the 
form ation o f IC1 in this solvent.

This sensitivity to moisture suggested the use o f pure 
sulfuric acid as a reaction medium. Visual examina
tion indicated that the spectra o f the halogens were the 
same in this solvent as in gas phase. Absorption spec
tra o f bromine, chlorine, and a reacted mixture agreed 
well w ith those reported at wavelengths longer than 
3100 A  in carbon tetrachloride b y  P op ov  and M annion,6

and the position o f equilibrium did not appear to be 
shifted from  their observations. T he rate o f reaction 
was m uch slower than in organic solvents, was satis
factorily reproducible, and was not affected b y  the 
deliberate addition o f small amounts o f water. These 
facts offered enough evidence o f “ inertness”  to justify 
the kinetic observations reported here.

Experimental Section
Materials. R eagent grade brom ine was purified b y  

shaking with concentrated sulfuric acid follow ed b y  
distillation. Chlorine was purified b y  passing through 
concentrated sulfuric acid.

T he solvent was 99 .6%  sulfuric acid prepared b y  
adding reagent grade oleum  to 9 8 %  acid. T he com po
sition was analyzed b y  electrical conductivity.

Solutions o f the halogens were made up prior to  each 
run. Since air-saturated solutions o f chlorine were 
found to undergo photochem ical deterioration when 
heated, the solvent used in preparing solutions had 
been saturated with dry nitrogen. T he solutions were 
analyzed b y  diluting with ice water containing potas
sium iodide and then titrating with standardized thio
sulfate.

Procedure. M ixtures o f the desired com position 
were prepared directly in optical cells and therm o- 
stated to the desired temperature. Optical absorbance 
was then followed as a function o f tim e with a Beckm an 
spectrophotom eter.

T he observations could be fitted satisfactorily to the 
equation for a reversible bim olecular process, and a 
com puter program  with a variable infinite tim e ab
sorbance was used to  get the best fit and to  com pute the 
rate constant.

T he calculations also required inform ation as to the 
position o f equilibrium. The equilibrium constant 
for the reaction

Br2 +  Cl2 2BrCl (1)

has been estim ated to be almost independent o f tem 
perature and to be about 7 in vapor phase7 and in 
carbon tetrachloride.6 V ery rough measurements at 
75.6° confirmed that the value in sulfuric acid is ap
proxim ately the same or slightly less. Since un
certainties in this quantity have very  little effect on

(1) R . M . Noyes, J. Am. Chem. Soc., 88, 4318 (1966).
(2) W. Jost, Z. Physik. Chem., B 14, 413 (1931).
(3) G. Brauer and E. Victor, Z. Elektrochem., 41, 508 (1935).
(4) S. Barratt and C. P. Stein, Proc. Roy. Soc. (London) A122, 582 
(1929).
(5) J. H. Hildebrand, J. Am. Chem. Soc., 68, 915 (1946).
(6) A. I. Popov and J. J. Mannion, ibid., 74, 222 (1952).
(7) C. M. Beeson and D. M. Yost, ibid., 61, 1432 (1939).
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rate constants measured when one reactant is in 
considerable excess, no attem pt was made to measure 
the equilibrium constant m ore accurately.

Results
Since bromine absorbs m uch more strongly than 

chlorine at wavelengths o f analytical interest, the ab
sorbance change during a run was greatest when 
chlorine was the species in excess, and most runs were 
made for this condition. A n  extensive series o f such 
runs at 75.6° supported the hypothesis that the rate 
was indeed first order in each reactant, and the same 
rate constant was com puted for one run in which bro
mine was in tw ofold  excess over chlorine.

For a series o f runs at the same temperature in 
which chlorine and brom ine were initially in equal 
(and stoichiom etric) concentrations, the com puted 
rate constants varied approxim ately inversely with 
initial concentration. Such behavior implies that 
the over-all order is little more than 1 instead o f the 
anticipated value o f 2. A t several different tem pera
tures, the rate constant for a solution 0.06 M in chlo
rine and 0.005 M in brom ine was over tw ice that for a 
solution 0.04 M in each halogen.

W e are unable to explain these kinetic anomalies or 
to derive a rate expression consistent with all o f  the 
observations. The runs in which one reactant was in 
excess definitely support the kinetics anticipated for a 
bimolecular mechanism, and the alternative atom ic 
chain mechanism is at least as unsatisfactory with re
gard to kinetic consistency and is also untenable for 
reasons discussed below. The reported rate constants 
are therefore restricted to runs at unequal reactant 
concentrations.

Let k be the rate constant for reaction 1 from  left 
to right. Estim ated values o f k are presented in Table 
I. The data can be fitted b y  the equation log k =

Table I : Rate Constants for Reaction 1

104Ä,
Temp, l./mole

“ C sec

5 0 . 1 7 . 5

5 9 . 8 15
6 7 . 4 2 4

7 5 . 6 4 5

8 4 . 7 1 0 0

8.3 — 17.0/0, where 6 is 2.303R71 in kilocalories per mole. 
Although the activation energy is probably uncertain 
by  about 2 kca l/m ole, these results are sufficiently 
precise to give the desired mechanistic inform ation.

Discussion
I f  the solvent is truly “ inert,”  the reaction presum

ably proceeds either b y  a bim olecular mechanism 
or b y  an atom ic chain initiated b y  dissociation o f bro
mine.8 I f  the atom ic chain mechanism applies, 
the apparent activation energy can hardly be signifi
cantly less than 1/ 2Do°(Bri) +  _Do° (C 12) — L>0°(B rC l) =
27.7 kca l/m ole. The very m uch smaller value ob
served makes the chain mechanism impossible.

Further support for this conclusion was provided by  
a run at 75.6° that was illuminated with a conventional 
incandescent lamp. The rate was not significantly 
increased, although the concentration o f free bromine 
atom s must have been at least one order o f magnitude 
greater than in the thermal runs.

Because o f the com pelling evidence against the atom ic 
chain mechanism, we believe that even the crude ki
netic measurements reported here are sufficient to 
demonstrate the bim olecular mechanism. The only 
alternative would seem to be the intervention o f some 
ionic species in this highly polar medium, and we are 
not aware o f any evidence for plausible concentra
tions o f such species.

The observed activation energy o f 17 k ca l/m ole  is in 
gratifying agreement v/ith the 13 kca l/m ole  predicted1 
for the gas phase; it is certainly very  m uch less than 
the 52.9 kca l/m ole  predicted b y  Benson and H augen9 
for the same reaction.

Acknowledgment. This work was supported in part 
by  a grant from  the U. S. A rm y Research Office 
(D urham ).

(8) R. M . Noyes, J. Am. Chem. Soc., 88, 4311 (1966).
(9) S. W. Benson and G. R. Haugen, ibid., 87, 4036 (1965).

T h e  Y ie ld  o f  T h e r m a l E th y l R a d ica ls  fr o m  th e  

R a d io ly s is  o f  E th y le n e -C y c lo h e x a n e  S o lu t io n s 1

by  J. L. M cC rum b and R obert H . Schuler

Radiation Research Laboratories, Mellon Institute,
Pittsburgh, Pennsylvania (Received December 19, 1966)

Recently, H olroyd2 has used his 14C-m ethyl radical 
sampling technique to look at the scavenging b y  ethyl
ene o f hydrogen atoms produced in the radiolysis o f a 
num ber o f hydrocarbons. From  these studies he has

(1) Supported, in part, by the U. S. Atomic Energy Commission.
(2) R. A. Holroyd, J. Phys Chem., 70, 1341 (1966).
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concluded that for aliphatic hydrocarbons (7(11) is in 
the range 1.3-1.8 and that the ratio o f rate constants 
for scavenging b y  ethylene to that for abstraction 
from  the solvent is o f the order o f m agnitude o f 103. 
O nly the relative yield o f tw o radicals is, however, 
measured in these sampling experiments so that addi
tional inform ation is required to make the measure
ments absolute. W e have carried out som ewhat more 
direct studies in which dilute iodine is used to scavenge 
totally  the product ethyl radicals and thus give a 
measure o f the concentration dependence o f the ab
solute yield for their form ation. These studies are 
possible because o f the high efficiency o f iodine in 
the reaction3

R- +  I2 RI -f- I ’ (1)

so that experiments can be carried out at sufficiently 
low concentrations that iodine will quantitatively 
scavenge the alkyl radicals and yet not interfere in 
either the abstraction4 (eq 2) or addition (eq 3; reac
tions o f the hydrogen atoms. The experiments in

H - + R H — > H 2 +  R -  (2)

H-  +  C2H 4 — > C2H 5- (3)

cyclohexane reported here com pletely confirm the rate 
constant ratio (fc2//c3) found b y  H olroyd2 though they 
do give a somewhat lower hydrogen atom  yield than 
indicated in his work.

Experimental Section
R adioiodine (131I) was used as the scavenger and 

the active ethyl iodide form ed was separated gas 
chrom atographically and examined in a manner very 
similar to that in the previous work on m ethyl radical 
form ation.3 Cyclohexane was Phillips Research grade 
and was chrom atographed before use. Samples con
taining a known concentration o f ethylene5 and iodine 
(~ 1 0 ~ 4 M) o f  known relative specific activity  were 
thoroughly outgassed and irradiated in a 60Co source 
to a dose o f 5 X  1017 e v /g . A pproxim ately 2 5%  of 
the iodine reacted during the irradiation. A fter 
irradiation 0.5 ml o f the sample was chromatographed, 
the ethyl iodide fraction was collected, and the total 
activ ity  in this fraction was determined. As com 
mented on earlier3 the radioiodine m ethod is extremely 
sensitive and could be used to  advantage here since 
the ethyl iodide content o f the chrom atographed 
sample was on ly 10~9 to 10~10 mole.

Results and Discussion
The ethylene concentration dependence o f the ethyl 

iodide yield is given in Figure 1. A  small correction 
has been made for the yield o f 0.008 observed in the

Figure 1. •, Concentration dependence of ethyl iodide yield
from ethylene-cyclohexane solutions; — —— , calculated for 
simple competition between reactions 2 and 3 with G(H) =
1.32 and fe/fci = 0.00344 (cf. eq I); O, ethyl
radical yields estimated from the work of Holroyd on the
assumption that GfCiHs) +  Gfc-CeHu) = 4.

absence o f ethylene. Presum ably the ethyl iodide is 
form ed b y  addition o f therm al hydrogen atom s to  the 
ethylene followed by  the scavenging o f the ethyl radi
cals produced. A  p lot o f 1 /(7 (C 2H 5I*) vs. 1 /[C 2H 4] 
shows an excellent linear relationship so that the 
data are at least in accord with a simple com petition 
between eq 2 and 3 for a constant yield  o f hydrogen 
atoms, i.e.

< ? ( « « * >  =  +  ( i )

As is seen in the figure, simple com petition is observed 
over even a considerably wider range o f ethylene con
centrations than in the previous 14C H 3 study. Taking 
[CeHw] as 9.3 M the parameters obtained from  the best 
fit are (7(021151* )»  =  1.32 and fc2/fc3 =  0.0034. The 
rate constant ratio is almost identical with that given 
b y  H olroyd (0.0037), but the limiting value is somewhat 
lower than his estimate o f 1.8 for the hydrogen atom  
yield. For com parison purposes the yields o f ethyl 
radicals calculated from  the ratios o f (?(c-C 6H n) to 
G (C 2H 6), published by  H olroyd on the assumption that 
(7(c-C6Hn) +  (7(C2H 5) equals the value o f 4 measured 
for pure cyclohexane, are given by  the open circles in

(3) R. H. Schuler and R. R. Kuntz, J. Phys. Chem., 67, 1004 (1963). 
In 2,2,4-trimethylpentane fccH3+i2/fccHa+RH ~  107 and scavenging of 
methyl radicals is essentially complete above 10-5 M  I2.
(4) The fact that iodine is effective in reducing the hydrogen yield 
only at concentrations greater than 10 ~3 M  indicates that ¿H+n/fot 
is similar to (or less than) the value of 2 X 103 observed for & h + h i / & j  

by D. Perner and R. H. Schuler, J. Phys. Chem., 70, 317 (1966).
(5) From pressure-volume measurements. A small (anc constant)
correction was made for the ethylene in the vapor phase by assuming
a solubility coefficient of 3.
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Figure 1. These yields are consistently 35% higher 
and the reason for the discrepancy is not obvious at the 
moment. However, since methyl iodide is known to 
decompose with a G ~0.5 at the concentration used in 
the CH3 experiment, the two systems are not com
pletely identical and the difference could, in part, 
conceivably involve some effect of methyl iodide on 
the total yield with resultant inaccuracies in the inter
comparison of the two sets of experiments.

The value of Gr(C2H5I*Jm obtained by extrapolation 
of the data to very high ethylene concentrations is 
quite dependent on the results of the experiments in 
the range of 0.1 M  where various possible complica
tions can occur.6 The yield measured pertains, there
fore, to that of hydrogen atoms from concentrated 
ethylene solutions and should not be completely iden
tified with that from the pure solvent.7 If, however, 
we multiply (as is done in Table I) the ethyl radical 
yield measured here by the ratios of G^c-CeHn)/ 
G?(C2Hr,) given in ref 2 , we obtain an essentially constant 
total yield of C2 and C6 radicals. Hydrogen atom 
production cannot, therefore, be strongly dependent 
on ethylene concentration in this range.

Table I  : Estimated Radical Yields

[CsH,]. G(»C«Hu)/ <?(c-CbHii +
m M G(CsH.)a eiGH,)1 ff(c-C«Hn)' CsH.)'

71.7 0.91 2.36 2.15 3.06
39.7 0.73 2.53 1.85 2.58
36.3 0.70 3.10 2.17 2.87
22.6 0.54 4.62 2.50 3.04
21.6 0.53 4.79 2.54 3.07
15.7 0.43 5.72 2.49 2.92
9.85 0.31 8.64 2.68 2.99

0 Interpolated from the data of Figure 1. b Measured by 
R. A. Holroyd.2 0 Calculated from columns 2 and 3. The 
cyclohexyl radical yield from pure cyclohexane has been meas
ured to be ~ 4  (J. L. McCrumb and R. H. Schuler, unpublished 
results; see also G. A. Muccini and R. H. Schuler, J. Phys. Chern., 
64, 1436 (I960)).

The rate constant ratio of 0.0034 given above for
the competition between eq 2 and 3 is only a factor of
8 greater than the ratio between reaction 2 and that ob
served for the scavenging of hydrogen atoms by HI
in hexane4 * * * where the latter is presumably a diffusion-
controlled process. The absolute rate constant for
eq 3 in solution is therefore estimated as ~ 3  X 10s 
M -1  sec-1. This value is comparable to recent de
terminations8-11 in the gas phase. The activation 
energy is small ( ~ 2  kcal) so that in solution its rate 
will be in the transition region between being diffur' n

and activation controlled and is, in fact, expected to 
be fairly insensitive to the actual activation energy. 
The rate constant ratio appears, therefore, to be quite 
reasonable and gives a scavenging efficiency of 24% at 
10 mM ethylene. At this concentration, where effects 
of ethylene on the hydrogen atom production should 
be small, both the ethyl radical yield measured here 
(0.31) and that estimated from the work of Holroyd 
(0.42) indicate thermal hydrogen atom production with 
a G ~  1.5.12 Though considerably smaller than esti
mates made from the effects of solutes in decreasing 
hydrogen production, it is believed that such a value 
does, in fact, represent a good approximation to the 
actual hydrogen atom production from cyclohexane 
itself.

(6) P. Ausloos, A. A. Scala, and S. G. Lias, J. Am. Chem. Soc., 88, 
1583 (1966), have, for example, observed transfer of H 2 to C2D 4 at 
these concentrations.
(7) Taking &H+I2 / & 2  as 2 X 103, only 2% of the hydrogen atoms will 
be scavenged by 10 ~4 M  I 2 from cyclohexane itself and even less in 
the presence of ethylene.
(8) V. L. TaProse, V. P. Strunin, A. F. Dodonov, and G. K, Lavrov
skaya, Advan. Mass Spectrometry, 3, 993 (1966).
(9) J. V. Michael and R. E. Weston, Jr., J. Chem. Phys., in press.
(10) K. Yang, J. Am. Chem. Soc., 84, 719 (1962).
(11) Very recently V. M. Brown, P. B. Coates, and B. A. Thrush, 
Chem. Commun., 22, 843 (1966), claim to have measured a somewhat 
jower value (9 X 107 M~l sec“1) for the rate constant.
(12) This value must be regarded as a minimum, since in both experi
ments it neglects any ethyl radicals lost in hot reactions.

The Kinetics of the Periodate Oxidation 

of Substituted 2-Aminoethanols

by George Dahlgren1 and Edith M. Rand

Department of Chemistry, University of Alaska, College, Alaska 
{Received December 27, 1966)

In a recent paper on the periodate oxidation of di
carbonyl compounds Dahlgren and Reed2 have sug
gested that the negative enthalpy of activation ob
served in the periodate oxidation of 2-aminoethanol3 
can be accounted for by considering H4I0 6-  as the re
active species instead of I0 4-  as proposed. They cite 
as evidence for this suggestion the nucleophilicity rate 
correlations for periodate species and the observed

(1) To whom all correspondence should be addressed at the Depart
ment of Chemistry, University of Cincinnati, Cincinnati, Ohio 
45221.
(2) G. Dahlgren and K. L. Reed, ■ /. Am. Chem. Soc., 89, 1380 
(1967).
(3 ) G. Dahlgren and J. M. Hodsdon, J. Phys. Chem., 68, 416 (1964).
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temperature coefficients of the rates in the periodate 
oxidation of glyoxal, pyruvaldehyde, and diacetyl.

We have investigated the effect of N-methyl and 
N,N-dimethyl substitution on the kinetics of the 
periodate oxidation of 2 -aminoethanol considering 
both II4IOr and H3I0 62~ as the reactive periodate 
species.
Experimental Section

Materials. Commercially available amino alcohols 
were distilled in a 42-plate column. The boiling 
points and refractive indices (n28d), respectively, of the 
fractions used in this work were: 2 -aminoethanol, 8 6 ° 
at 24 mm, 1.4530; 2-(methylamino)ethanol, 6 8 °
at 26 mm, 1.4305; 2-(dimethylamino)ethanol, 50° 
at 29 mm, 1.4295. Inorganic materials were the best 
grade available.

Rate Determinations. The reactions were studied 
by the same procedure used in the rate studies pre
viously noted,3 with the exception that buffered solu
tions of the amino alcohols were added to buffered 
solutions of the periodate, instead of the reverse order. 
The least-squares linearity of a single run, determined 
on an IBM 1620 computer, was generally within 1% 
instead of 4%  for the reverse addition, the difference 
probably being due to local excesses of periodate in the 
latter case. Acetate, phthalate, and formate buffers 
were used to maintain the pH at ±0.02 of the desired 
value. The ionic strength was held at 0.5 using sodium 
nitrate. The temperature was maintained at ±0.02° 
during the course of a run, except at 50.4°, where a 
variation of ± 0 .1 0  was observed.

pKa Determination. The pK a of 2-(methylamino)- 
ethanol was determined by titrating three different 
concentrations of the amino alcohol with dilute hy
drochloric acid. The pH at one-half equivalence point 
was taken as the pK &. Generally, the three determi
nations were within ±0.02 pH unit at each tempera
ture.
Results and Discussion

In the cases of 2-aminoethanol and 2-(methylamino)- 
ethanol excellent pseudo-first-order plots were ob
tained when the amino alcohols were present in 5-25- 
fold molar excess over the periodate in the pH range
3-6. 2-(Dimethylamino) ethanol was not oxidized by 
periodate under these conditions nor at lower values 
of pH.

From a comparison of the stoichiometry studies of 
Maros and co-workers4 on the periodate oxidation of 
amino alcohols and ethylenediamine and from the 
known behavior of periodate on glycols, the following 
stoichiometric expression is presented for the reaction 
of N-substituted amino alcohols with periodate.

CH2— CHS +  HJOer -

OH NHR

H H
\ /

C +
II
0

H H
\ /

C

N—R. 
Imo

■f- IO3 -|- 3H20

H H

C +  H2— N— R
II
O

The amine products in the reactions of 2-aminoethanol 
and 2- (methylamino) ethanol are ammonia and methyl- 
amine, respectively. In the case of 2-(dimethylamino)- 
ethanol the iminelike intermediate cannot form be
cause of the energetically unfavorable s~ep of elimina
tion of a methyl group and therefore this amine alcohol 
is not cleaved by periodate.

If we consider the reaction to be a second-order proc
ess represented by the scheme

ki
AE +  P — > products

where AE represents the amino alcohol or its protonated 
form and P the reactive periodate species, either H 4I0 6-  
or H3I0 62-, the rate is given by

r : dp i  =  7c2 [p] [a e ]

where [P]T is the total concentration of periodate 
(H6I0 6, HJOe- , I0 4~, H3I0 62_) in the acid pH range. 
Pseudo-first-order conditions (5-25-fold excess [AE]) 
lead to the expression kt =  fa [AE]. Table I gives the 
value of fa '/[A E ] for both compounds over five tem
peratures. The constancy of this ratio is indicative 
of the second-order process (i.e., no kinetically detect
able intermediate).

The first-order dependence (increase in rate with in
crease in pH) of the rate on pH observed for 2-amino
ethanol3 was verified in pH-rate studies in the pH 
range 3-6.

If we limit our consideration of reactive species to 
H4IO0"  and H3I0 62~ for periodate and to protonated 
and unprotonated amino alcohols (AE and AEH+) 
and if we further stipulate a single reaction path, then 
of the four possible reaction combinations only two,

(4) L. Maros, I. Molnar-Perl, and E. Schulek, Acta Chim. Acad• 
Sci. Hung., 30, 119 (1962).
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Table I : Rate Constants and Equilibrium  Constants for the Periodate Oxidation of 
2-Aminoethanol (A E ) and 2-(Methylamino)ethanol (M A E)

■Temperature, °C-
0 XI.8 25.0 36.0 50.4

(fc//[A EH  +]) X  103, (f AE 5.77 ±  0.59 14.8 ±  0.60 25.8 ±  1.7 60.8 ± 3 .5 88,7 ±  4 .7
sec-1 ( M AE 11.7 ± 0 .7 0 22.8 ±  1.1 45.4 ±  3.0 69.3 ±  5.3

pH 4.30 ± 0 .0 3 4.20 ±  0.03 4 .1 0 ±  0.03 4.20 ±  0.03 4.35 ± 0 .0 3

A* X  10“  jf A E“ 5.06 12.5 31.8 65.8 154
[ MAE" 3.12 6.21 12.8 22.1 42.5

A d' 7.8 16.8 39.7 77.3 196
A / X 107 3.63 2.76 2.04 2.63 3.55

fe" X  10-*, M ~ l sec-1 <j" A E -H JO r 
, M A E-H JO e-

5.06
16.7

13.3
41.2

26.2 45.7
102

50.8
144

hi,d M _1 sec-1 j' A E H +-H 3I( V -
_ m a e h +- h 3io 6-

7.06
14.4

60.2
92.8

409 1140
856

2200
1720

° R. G. Bates and G. D. Pinching, J. Res. Natl. Bur. Std., 46, 349 (1951). b This work. ° C. Crouthamel, A. Hayes, and D. S. 
Martin, J. Am. Chem. Soc., 73, 82 (1951). d Estimated error < ± 10 % .

differing by a proton transfer, lead to the observed 
first-order dependence of the rate on the hydrogen 
ion concentration, viz., AE-H 4I0 6~ and AEH+- 
H3I0 62~. (The other two combinations lead to zero- 
and second-order dependence.)

The pseudo-first-order constant for the reaction 
pair AE-H 4I0 6~ is given by k, =  fc2[AEH+]Aa/  
[H+](l +  A d), where [AEH+] is the average concen
tration of amino alcohol during the course of a run, 
A a is the ionization constant of the acid AEH+, and 
A d is the dehydration constant for H4I0 6_ to I0 4- .5 6 
For the AEH+-H3I(V ~  reaction pair the pseudo- 
first-order constant is given by k, = k2 [AEH+]A2/  
[H+](Ad +  1), where A 2 is the ionization constant for
h 4io 6-

The values calculated for k2 for each of these pairs 
are recorded in Table I along with the other data 
necessary for the calculations. The thermodynamic 
activation parameters for the two reaction paths are 
given in Table II.

The fact that we have not been able to demonstrate

Table I I : Thermodynamic Functions of Activation for the 
Oxidation of 2-Aminoethanol and 2-(Methylamino)ethanol 
by the Periodate Species HJOo~ and HjIOe2-

2-(Methylamino)-
,—2-A minoethanol—• ✓------ ethimoi------->
H(I0 6- HsIOsS- mio«- mio«*-

AH*, kcal/mole“ +  8.34 + 2 6 .0 + 7 .8 7 +  17.4
AG*, kcal/mole4 +  10.1 +  14.9 +9 .42 +  14.5
AS*, eu6 -6 .6 + 4 .1 - 5 .7 +  1.1

° Estimated error <5% . 6 Calculated at 0° from data in 
Table I.

the presence of an intermediate as in the periodate 
oxidation of substituted ethylene glycols6 is not suf
ficient to rule out its existence since we are forced to 
operate under the “ limiting conditions”  described in 
an earlier paper,2 that is, on the “ wrong”  side of an 
equilibrium constant where the concentration of an 
intermediate complex necessarily would be small (given 
by an equilibrium constant expression) and not de
tectable by our methods.

While it is not possible to assign unequivocally either 
of the above possible paths to the reaction, the A E - 
H4I0 6_ path is preferred on the basis that glycols, 
in general, are not attacked by H3I(V ~  under these 
same conditions. At least there is no evidence of such 
behavior in their pH-rate profiles at values of pH above 
6, as has been observed with dicarbonyl compounds.2

The large values for the second-order rate constants 
for both compounds with either H4I0 6~ or H3I0 62- 
are quite surprising, since glycols which are oxidized 
by periodate in a simple second-order process7 exhibit 
constants of the order of 20 or so at 25°. However, 
studies of oxygen-exchange rates in H4I0 6~ in aqueous 
solutions by nmr8 and temperature-jump methods9 
yield rate constants of similar magnitude to those ob
tained here. By analogy to the two-step mechanism 
proposed for oxygen exchange by Austin and Licber- 
man9 we suggest that the actual mechanisms for perio-

(5) For more details on the kinetic scheme see ref 2 and 3.
(6) F. R. Duke and V. C. Bulgrin, J. Am. Chem. Soc., 76, 3803 
(1954).
(7) V. C. Bulgrin and G. Dahlgren, ibid., 80, 3833 (1958).
(8) I. Pecht and Z. Luz, ibid., 87, 4068 (1965).
(9) K. Kustin and E. C. Lieberman, J. Phys. Chem., 68, 3869 
(1964).
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date oxidations involve the short-lived intermediates 
H2IO5 and H I052~ and not H4I06~ and H3K V - .

It is interesting to note that at 25° the ratio of second- 
order constants (equimolar with H4I 0 6~ reactant) for 2- 
(methylamino)ethanol to 2-aminoethanol (89.0/23.8) is 
almost identical with that reported for trans-2- (methyl- 
amino) cyclohexanol to irans-2-aminocyclohexanol (18/ 
5.2),10 whereas the cis isomers were quite different (0.77/ 
1.6).10 This behavior would suggest an s-trans 
configuration for 2-aminoethanols in aqueous solution 
in which the N-methyl substituent does not interfere 
with the periodate attack.

Lastly, it should be noted that a small increase in 
rate was observed due to general base catalysis by the 
buffer, as reported for the periodate oxidation of di
carbonyl compounds.3 * This rate enhancement may 
be similar in nature to the action of base on the ex
change equilibria between oxygen and iodate in water 
solution observed by Anbar and Guttma* n. 111

Acknowledgment. The authors gratefully acknowl
edge the financial assistance of the American Cancer 
Society through Grant No. P-272.

(10) J. Kovar, J. Jary, and K. Blaha, Collection Czech. Chem. Com
mun., 28, 2199 (1963).
(11) M. Anbar and S. Guttman, J. Am. Chem. Soc., 83, 781 (1961).

The Thermodynamics of Vaporization 

of Thallous Fluoride

by F. J. Keneshea and Daniel Cubicciotti

Stanford Research Institute, Menlo Park, California 94025 
(.Received December 27, 1966)

In our report of the thermodynamics of vaporiza
tion of thallous fluoride,1 we derived the partial pres
sures of gaseous monomer (T1F) and dimer (T12F2) and 
their change with temperature in the saturated vapor 
from measurements of the total vapor pressure and 
transpiration pressure. By this “ second-law”  method 
we calculated the absolute entropy for the solid at 
298°K to be 25.9 eu. Recently, Westrum2 has de
termined this entropy calorimetrically and found 22.87 
eu. Therefore, the second-law treatment of the data 
was inaccurate, presumably because it was based on 
second differences of experimental results.

We have recalculated the data by a third-law method 
using Westrum’s entropy for the condensed phase and 
the molecular constant entropy for the gas phase for

the monomer. At one temperature (800°K, where 
the pressure measurements by the two different methods 
were most reliable) the experimental pressure measure
ments were used to determine the partial pressure of 
monomer, which was then combined with the third- 
law entropy of vaporization to give the enthalpy of 
vaporization to the monomer. From this the vapor 
pressure equation for the monomer was calculated and 
from that equation and the measured pressures the 
partial pressure of dimer was calculated over the ex
perimental range. The details of the calculations 
are given at the end of this note. The revised results 
for the experimental temperature range (690-965°K) 
are

log P (monomer, torr) = 
T -7325 -  3.62 log T +  20.254 ±  0.025 (1)

AFf° (vaporization, monomer, kcal/mole) =
[33.5 -  7.2 X IO"3! 7] ±  0.2 (2)

log P  (dimer, torr) =
7143 ±  20

T
-  5.55 log T +  25.881 ±  0.026 (3)

AH0(vaporization, dimer, kcal/mole) =
[32.6 -  11 X 10 -3T] ±  0.2 (4) 

log P  (total of monomer and dimer, torr) =
7193 ±  21

T 4.78 log T +  23.905 ±  0.026 (5)

AH° (vaporization to
equilibrium mixture, kcal/mole) =

[32.9 -  9.5 X  10-3T] ±  0.2 (6)

The uncertainties given for eq 1 and 2 are based 
on an estimate of 5% uncertainty in the pressure dif
ferences. The uncertainties for the other equations 
are standard errors obtained from the least-squares 
analysis of the data.

The enthalpy of sublimation to the monomer at 
298 °K was obtained by combining the third-law value 
for 800°K (see below) with enthalpy increment data 
from Cubicciotti and Eding.3 This gives a third-law 
value for AH°Ws(sublimation, monomer) of 34.1 kcal/ 
mole. With this value the thermochemical dissocia

(1) F. J. Keneshea and D. Cubieciotti, J. Phys. Chem., 69, 3910 
(1965).
(2) E. F. Westrum, Jr., private communication.
(3) D. Cubicciotti and H. Eding, J. Chem. Eng. Data, 10, 343
(1965).
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tion energy of gaseous T1F at 298°K becomes 105 ±  
3 kcal/mole (as compared with the value of 108 re
ported by Cubieciotti and Withers4). This revised 
value is within experimental error of that given by 
Murad, Hildenbrand, and Main6 from mass spectro- 
metric techniques, namely, 101 ±  3.5.

Extrapolation of the dimer and monomer pressures 
to the solid range (using the enthalpy of fusion given in 
ref 3) gives a dimer/monomer ratio over the solid which 
is essentially temperature independent and equal to
3.6 (80% dimer). The fact that the ratio is tempera
ture independent indicates that the second-law en
thalpy value obtained by Barrow, Jeffries, and Swin- 
stead6 from total pressures over the solid should agree 
with the monomer value. Their value of AH°298 
(34.41 kcal/mole) is indeed in agreement with the third- 
law value we derived from our data over the liquid 
(34.1). We have further made a third-law calculation 
from the data of Barrow, et al., assuming the monomer 
constituted 20% of the vapor in their measurements. 
The resulting value of A //° 29S was 34.1 ±  0.1 kcal/mole, 
in excellent agreement with our results.

Thermodynamic quantities for the vaporization of 
the fluoride at 1000°K are shown in Table I while de
rived data for the dissociation of the gaseous dimer are 
given in Table II. Values for the other thallous 
halides, taken from ref 1, are also listed. The values 
for thallous fluoride are somewhat different from those 
obtained previously,1 but the trends in comparison 
with the other halides are the same.

Using the dissociation entropy shown in Table II 
for thallous fluoride, a value of 30 eu is obtained for 
the “ experimental”  vibrational entropy for a square- 
planar dimer model. This is 6 eu greater than the 
value of 24 eu calculated from an estimate of the dimer 
frequencies.1 This difference is not so large as the 13 
eu obtained before1 and perhaps is not great enough 
to rule out the square-planar geometry. Nevertheless, 
it is still large enough to suggest that the molecule may 
be more open than square planar. The existence of 
Tl2+ in the mass spectrum has been previously dis
cussed as evidence for the presence of a T l-T l bond 
in the dimer.1

The details of the third-law treatment of the experi
mental data reported in ref 1 are as follows: at 800°K, 
where the original absolute pressure and transpiration 
data1 are considered most reliable, the monomer pres
sure, pM, and dimer pressure, pD, calculated7 from least- 
squares curves through the original data, are pm =  
3.88 torr and pD = 6.81 torr. Using Westrum’s 
value for iS°29s and thermal data previously cited,3 
the third-law entropy of vaporization for the monomer 
is calculated to be AfS°8oo(vap) =  (S°8c,o(gas) — $°8oo

Table I : Thermodynamic Data for Vaporization
of .Liquid T1 Halides at 1000T t

A S° A S°
A H ° A H °  (monomer), (dimer),

(monomer), ^dimer), cal/mole cal/mole
Salt kcal/mole kcal/mole deg deg

T1F 26.3 21.6 22.6 17.3
T1C1 24.4 31.8 22.0 25.7
T IB r 24.3 50 22.0 42
T il 25.2 23.8

Table I I : Thermodynamic Quantities at 1000°K
for the Reaction T l2X 2(g) = 2TlX(g)

Equil Dimer/
A H °, A S ° , const, monomer

Salt kcal/mole kcal/mole1 K p, atm ratio

TU' 31.0 ± 0 .4 27.9 ± 0 .5  0.21 1.05
T1C1 17.0 ±  0.8 18.3 ±  1. 2 1.66 0.15
T IB r - 2  ±  5 2 ±  4 5 0.067

(condensed) =  66.97 — 42.76 =  24.21 eu. This 
number, combined with "he monomer partial pressure, 
gives for the enthalpy, AJ7080o(vap) =  27,758 cal/mole, 
which gives, in turn, a value for the integration con
stant in eq 2 of 33,518 cal/mole. The revised equa
tions for the monomer pressure and enthalpy of vapori
zation over the liquid, derived from these third-law 
values, were given above as eq 1 and 2.

The monomer pressures given by eq 1 were checked 
for agreement with the experimental data over the 
whole temperature range in the following way. At 
temperatures from 800 to 1000°K, where total pressure 
measurements were more reliable than transpiration 
pressures, values of vu from eq 1 were combined with 
least-squares values of the experimental total pressure, 
ptot, yielding calculated values of transpiration pres
sure, ptr. The greatest deviation of ptr (calcd) from 
ptr(exptl, least squares) was found to be 1% at 1000°K. 
Similarly, from 800 to 690°K, where transpiration 
measurements were more reproducible than absolute 
pressures, pM from eq 1 was combined with ptr(exptl) 
and values of p t01 calculated. The greatest deviation 
between ptot(calcd) and ptot(exptl, least squares) 
was 8%  at 690°K. Since the scatter in the experi

(4) D. Cubieciotti and G. L. Withers, J Phys. Chem., 69, 4030 
(1965).
(5) E. Murad, D. Hildenbrand, and R. Main, ibid., 45, 263 (1966).
(6) R. F. Barrow, E. A. Jeffries, and J. M. Swinstead, Trans. Faraday 
Soc., 51, 1950 (1955).
(7) The relationship used for :he calculation is given by D. Cubie
ciotti, J. Phys. Chem., 68, 1528 (1964).
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mental total pressures at 690°K amounted to 25%, 
the agreement within 8% is quite satisfactory. Thus, 
the monomer pressure equation (eq 1), derived by third- 
law considerations from the data at 800°K, is in good 
agreement with the original experimental data over the 
whole temperature range.

Using the corrected total and transpiration pressures 
obtained above by combining eq 1 with the data, we 
calculated revised equations by a least-squares 2-plot 
treatment, for ptot and for the dimer pressure, pr>. 
For the dimer ACp was taken as —11 cal/mole deg,1

while for the total pressure an average value of —9.5 
cal/mole deg for AC'P was calculated over the tempera
ture range 690-100Q°K from the heat capacities of the 
monomer and dimer1 and their relative amounts in 
the gas phase. The resulting equations were given 
above as eq 3-6.

Acknowledgment. This work was made possible by 
the support of the Research Division of the U. S. 
Atomic Energy Commission under Contract No. 
AT(04-3j-106.

COMMUNICATIONS TO THE EDITOR

The Elimination of HF from Vibrationally 

Excited 1,1,2-Trifluoroethane

Sir: We have extended our recent studies1 on the 
elimination of HF from vibrationally excited fluoro- 
ethanes to the “ hot”  molecule CF2HCFH2*, formed via 
the cophotolysis of (CF2H)2CO and (CFH2)2CO. Low 
pressures of the ketones (between 60 and 600 ju total 
pressure, in a roughly 1:1 mixture) were used in order 
to eliminate collisional quenching. At 20° the relative 
rate constants for formation of cis-1,2-, trans-1,2-, and
1,1-difluoroethylene are 6 :3 .8 :1 . The cis and trans 
isomers were distinguished by their infrared spectra.2 
We observe the cis: trans ratio to be constant at 1.55 ±  
0.10 up to 350°, but (kcis +  ktTans)k i^  decreases mono- 
tonically from about 10:1 to 5:1 over this temperature 
range (see Figure 1).

Apparently the critical energies for cis and trans 
elimination are almost equal. The maximum difference 
between Eci* and Etmns* that could be concealed by 
our experimental scatter in kcis/ktTans is about 1 kcal 
mole-1. This conclusion is based upon a crude RRK 
calculation3 with A(298°K) =  85.4, E(650°K) =  96.5, 
ECis* — 59 kcal mole-1, and 13 effective oscillators. 
On the other hand the decrease in 1,1- product at lower 
temperatures may be attributed to a higher critical 
energy for this reaction. It is also consistent with 
previous observations that a halogenation promotes 
and IS halogenation decreases the rate of dehydro- 
halogenation.4 5 If we assume that Ects* = E tmns*, then 
a second R RK  calculation based on the parameters

given above and the data in Figure 1 yields a value of 
Ei,i_* =  62.4 kcal mole-1. This correlates well with 
the value of E* for CFH2CFH2*, which is in the range1’3 
59-62 kcal mole-1, and with Maecoll’s prediction.4

Since kcis/ktrans ~  1-5 is a ratio of small whole num
bers,6 it is tempting to try to rationalize this result on 
the basis of reaction path degeneracy. However, we 
have been unable to find any consistent model which 
reproduces the cis:trans ratio. In examining the vari
ous possibilities both the three-center a, a elimination 
as well as the usual four-center (a;,/? elimination) transi
tion state were considered. Consideration of the 
former was prompted by the fact that in separate ex
periments6 it was found that a, a elimination makes a 
significant contribution to the total elimination from 
“ hot”  CD3CF2H*, since d3 as well as d» vinyl fluoride 
was formed.

Recently, Hassler and Setser7 observed a cis:trans 
ratio of about 6 for the elimination of HC1 from “ hot”  
CC12HCC1H2*; at 25° the cis:trans: 1,1- ratio was 
25:4:1. These data7 also argue against an explanation

(1) See G. O. Pritchard and R. L. Thommarson, /. Phys. Chem., 71, 
1674 (1967), for a summary.
(2) H. G. Viehe, Chem. Ber., 93, 1697 (1960).
(3) See S. W. Benson and G. Haugen, J. Phys. Chem., 69, 3898 
(1965), and ref 1 for definition and estimation of parameters.
(4) A. Maccoll, Advan. Phys. Org. Chem., 3, 91 (1965).
(5) In fact, in the high-temperature limit where activation energy 
differences are relatively unimportant all three products are formed 
in the ratio of small whole numbers (about3:2:l).
(6) G. O. Pritchard and J. T. Bryant, submitted for publication.
(7) J. C. Hassler and D. W. Setser, J. Chem. Phys., 45, 3237 (1966).
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esters were found to provide Beer plots without change 
of slope across the range of concentrations for which 
the value of fcon was found to be independent of ester 
concentration. Thus, no evidence exists for the forma
tion of micelles in the concentration range of I em
ployed in this study. Similar results were obtained 
at ¡1  =  0.5.

With 1.74 X 10“ 4 M  anionic ester I (n = 4; 
n =  0.5) the value of fc0h remains unaffected on in
crease of the anionic amphiphile II to a concentration 
at which a precipitate is formed. When the anionic 
amphiphile II is replaced by the cationic III or neutral 
IV, however, the value of fcoH is found to decrease as the 
concentration of amphiphile is increased to the critical 
micelle concentration (cmc) of 10“ 4 M  for III and 2 X 
IQ-3 M  for IV and then to reach a constant value above 
the cmc. The decrease in rate is 4.5-5.8-fold (inde
pendent of n) for III and 12.7-fold for IV (n =  4). 
It may be concluded, therefore, that I is incorporated 
into cationic and neutral micelles and thus protected 
from hydroxide ion catalyzed hydrolysis. That esters 
of type I are not incorporated into micelles of like 
charge is shown by the fact that the value of kon for VI 
is not affected by III until a concentration of amphi-

[CH3] 3N - ^ ^ - O C O [ C H 2]8CH3 (V I)

phile is reached which is 10 times that of the cmc con
centration and then the rate is only depressed by a 
factor of 1.7. That the values of kon are not reduced 
to zero, even when all ester must be incorporated into 
the micelles, indicates either that hydroxide ions can 
penetrate into the micelle or that the hydrolytic reac
tions occur only at the surface of the micelle. If I 
(n =  6) is allowed to react with V (m = 3) in the pres
ence of III, above and below the cmc concentration of 
III, it is found that the incorporation of I into micelles 
of III almost or completely abolishes the second-order 
reaction of I and V.

To assess the feasibility of synthesizing micelle
forming reagents with catalytic groups the reaction of 
I with V was investigated. The reagents V were de
signed to attract I via both electrostatic and lyophobic 
bonding involving the oppositely charged head groups, 
the phenyl rings and the aliphatic chains, respectively, 
so that amine and ester would be juxtaposed for an 
aminolysis reaction within the micelle. When n =  0 
or 6 and m =  3 the reactions of I and V were found to be 
second order (i.e., first order in the basic form of V and 
first order in I; fc0 =  15.8 1. mole“ 1 min-1 and fc6 =
2.4 1. mole“ 1 min“ 1). However, when n — 0, 4, 6 and 
m =  9 ,1 was found to be incorporated into the micelles 
of V and its rate of disappearance at constant pH

greatly enhanced. Thus, increase in the concentration 
of V (I at 5 X 10“ 5 M\ n =  0.1) was accompanied by a 
rapid increase in the pseudo-first-order rate constant 
(fcobsd) for disappearance of I in the vicinity of the cmc 
(ca. 7 X  10“ 3 M ) , the value of fc0bsd becoming invari
ant above the cmc. The increase in fcobsd in the vicinity 
of the cmc was found to be dependent on approximately 
the second power of the amphiphile. The best fit of the

fcobsd — fcoH [O H  ] +
Fm [amphiphile]2 

K  +  [amphiphile]2 (1)

kinetic data to eq 1 was at a pH (8.65) approximating 
the pK a of the amphiphile wherefore =  0, Fm =  1.85 
min-1 and K  =  1.18 X 10“ 4 M 2; n =  4, Fm =  0.19 
min“ 1 and K  =  1.0 X 10“ 4 M 2; and for n =  6, Fm 
0.17 min“ 1 and K  =  3.0 X 10“ 5 M 2. The similarity 
of eq 1 and the Michaelis-Menten equation is obvious. 
From studies between pH 7.05 and 10.2 it was possible 
to show that the rate of the reactions was dependent 
on the mole fraction of V present as free amine and by 
the hydroxamate method11 it could be shown that I 
plus V provided, in each case, an almost quantitative 
yield of acylated V.

These results point out the interesting possibility of 
preparing catalytic amphiphiles which are effective at 
very low concentrations. Studies of this nature are 
now in progress in this laboratory.

Acknowledgment. This work was supported by a 
grant from the National Institutes of Health.

( Il)  T. C. Bruice and F. H. Marquardt, J. Am. Chem. Soc., 84, 
365 (1962).
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Revised Values of Integral Diffusion Coefficients 

of Potassium Chloride Solutions for the 

Calibration of Diaphragm Cells

Sir: The diaphragm cell method of determining diffu
sion coefficients is a relative one whose accuracy is 
largely determined by the precision of the calibration 
experiments used to obtain the cell constant. In 1951, 
Stokes1 published integral diffusion coefficients Dc° for 
KC1 for the calculation of diaphragm cell integral

(1) R. H. Stokes, J. Am. Chem. Soc., 73, 3527 (1951).
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Table I  : Integral Diffusion Coefficients for KC1 at 25°

c, D° X 10s,
mole 1.-1 cm2 sec-:

0.001 1.9734
0.002 1.9660
0.003 1.9607
0.004 1.9563
0.005 1.9526
0.006 1.9494
0.007 1.9465

c, D° X  10s,
mole 1.-1 cm2 sec-1

0.008 1.9438
0.009 1.9414
0.010 1.9392
0.020 1.9225
0.030 1.9113
0.040 1.9029
0.050 1.8961

c, D° X  10s,
mole 1.-1 cm2 sec-1

0.060 1.8904
0.070 1.8856
0.080 1.8815
0.090 1.877g
0.100 1.8746
0.200 1.8565
0.300 1.8501

c, D° X 10s,
mole 1.-1 cm2 sec-1

0.400 1.848o
0.500 1.847s
0.600 1.8486
0.700 1.8502
0.800 1.8524
0.900 1.8553
1.000 1.8585

coefficients, D, for these calibrations. Potassium 
chloride was chosen because precise optical2 and con
ductometric3 data were available for its diffusion co
efficient D at 25°. There were, however, some gaps 
in the combined data and a much greater than average 
deviation between them near 0.1 M.

Since 1951, the limiting value of D for KC1 at 25° 
has been slightly altered and additional precise optical 
data have been published.4 Also improvements in 
diaphragm cell techniques in these and other labora
tories have been made which make it desirable to use 
as precise D0° values as possible. Therefore, we have 
recalculated these coefficients. This was done by 
drawing a smooth curve through the combined D data 
from 0 to 1 M  of ref 2-4 using the limiting value 1.993 X 
10-6 cm2 sec-1; the root-mean-square deviation, 
rmsd, between the data and curve was 0.0019 X 
10-6 cm2 sec-1. An IBM Series 360 computer was
used to obtain an equation6 for the curve of the form 

8
D X 105 = where x =  C'h with an rmsd

t=0
of 0.0008 X 10-B cm2 sec-1. The equation thus ob
tained was integrated exactly and the computer then 
used to calculate and print in tabular form values of 
D °.  Results obtained at round values of the con
centration are given in Table I. The greatest devia
tions from Stokes’ results1 occur in the region 0.02-0.1 
M and are of the order 0.2%.

A Simplified Calibration Procedure. It is common 
practice to express data for the concentration de
pendence of Dc° in the form of a graph and obtain 
values by interpolation as required. The difficulties 
of constructing and using such graphs may be cir
cumvented entirely by using a standardized calibration 
procedure. The initial concentration of KC1 for the 
calibration experiment is chosen close to 0.5 M, the 
rule of Gordon6 used to determine the length of the 
preliminary period, and the equation due to Robinson, 
it al.,7 to fix the length of the experiment. As a general

rule the value of D will then be (1.840 ±  0.001) X 
10-6 cm2 sec-1.

(2) L. J. Gosting, J. Am. Chem. Soc., 72, 4418 (1950).
(3) H. S. Harned and R. L. Nuttall, ibid., 69, 736 (1947); ibid., 71, 
1460 (1949).
(4) D. F. Akeley and L. J. Gosting, ibid., 75, 5685 (1953); L. A. 
Woolf, D. G. Miller, and L. J. Gosting, ibid., 84, 317 (1962).
(5) The coefficients A; were: An = 1.993, A, = — 1.00233760U
As = 3.235153497, As = -9.780514174, A4 = 24.34187091, As = 
-35.81551219, A« = 26.75245668, A, = -7.833317444,
As =  -1.989929326 x  lO '6.
(6) A. R. Gordon, Ann. N. Y. Acad. Sci., 46, 285 (1945).
(7) R. L. Robinson, Jr., W. C. Edmister, and F. A. L. Dullien, 
J. Phys. Chem., 69, 258 (1965).

D iffusion R esearch Unit L. A. W oolf
R esearch School of Physical Sciences J. F. T illey
Australian National University 
Canberra, A. C. T., Australia

Received January 6, 1967

Charge-Transfer Complexes of Polyenes

Sir: Lupinski has reported a band in a mixture of 
iodine and /3-carotene which absorbs at 10,000 A .1 
By varying the concentrations and the solvent, he 
showed convincingly that the absorption is due to a 
molecular species /3-carotene T+, which he considers 
may be a charge-transfer complex /3-carotene T+. 
It appears that this new band might quite possibly be 
explained in terms of a shift in the absorption maximum 
of /3-carotene rather than as a charge-transfer band.

The two classes of compounds, the symmetrical poly- 
methines and the polyenes, have quite different ab
sorption maxima although in each the absorption is due 
to a chain of C C = C  bonds. This is because the poly- 
methines have two or more possible bond configurations 
or resonance structures which are isoenergetic while the

(1) J. H. Lupinski, J. Phys. Chem., 67, 2725 (1963).
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a )  C = C - ( C = C ) n - C  = C

b) C =C -(C =C )n -C = C — I +

c )  +C - C  = ( C - C = ) n C - C T - 1 +

d )  C - C  = ( C - C = ) n C - C +  - i

e )  I ^ - C + - C  = ( C - C = ) n C - C “ - I  +

Figure 1. Possible charge-transfer complex of a polyene and 
I + and the approximate isoenergetic ground-state resonance 
structures that w ill tend to reduce bond alternation.
(3-Carotene is a diphenylpolyene with n =  11; (a) the principal 
ground-state resonance structure of the polyene; (b) the same 
state in the I + complex; (c) and (d) states whose contribution to 
the ground-state configuration will be much larger because of 
complex formation; (e) Platt’s D + -cart-A_ complex 
with I 3-  could strengthen structure c.

polyenes have only one principal resonance structure. 
Kuhn has derived a formula using the free-electron 
model for predicting the absorption peaks of polyenes 
as well as the symmetrical polymethines.2 He intro
duces a Brillouin-type band splitting in the energy 
levels of the polyenes due to the unsymmetrical po
tential seen by the C atoms which causes the predicted 
wavelengths to be shifted to much shorter wavelengths 
than the corresponding polymethines. If /3-carotene is 
treated as a polymethine, then the predicted Amax is 
about 11,000 A, but if allowance is made for /3-carotene 
to have a single resonance structure with alternating 
double bonds which dominates the ground state, then 
Kuhn finds good agreement between his calculation 
and the observed Amax of 4510 A.

It may be possible to explain Lupinski's spectrum as 
being due to a charge-transfer effect rather than being 
a charge-transfer band of the usual donor-acceptor 
kind. The spectrum looks very much like what would 
be expected for /3-carotene with a mixture of isoener
getic resonance structures to make the bonds nearly 
equal with no-bond alternation. If, due to the for
mation of a charge-transfer complex with iodine, several 
bond configurations are possible, then the absorption 
maximum of /3-carotene would shift to much longer 
wavelengths. Previously, Platt has suggested a simi
lar shift in /3-carotene due to the formation of a donor- 
carotene-acceptor trimolecular complex, D + -cart-A_ , 
predicting also that this might absorb at wavelengths 
as great as 11,000 A .3’4 5

The interpretation of the Lupinski band as a “ band 
shifted”  /3-carotene absorption is suggested not only 
by the close agreement with the predicted wavelength

for no-bond alternation, but also by the narrow half
width of the band, only 2000 cm-1 (compared to that 
of (3-carotene itself, about 4200 cm-1) and by the shift 
in peak position by several hundred cm-1 with changing 
solvent polarity. The latter features are typical 
of the polarized conjugated-chain spectra (merocya- 
nines) studied by Brooker and co-workers near their 
isoconjugate points,6’6 and the narrowness has been 
shown theoretically to be a necessary consequence of 
the reduction of bond alternation.3 True charge- 
transfer spectra, on the other hand, are commonly 
much broader than the spectra of the individual mole
cules.

In Figure 1 there are diagrams showing the (3-caro
tene-1+ charge-transfer complex. This complex has 
several resonance structures for the /3-carotene ground 
state that would equalize the bond length and shift 
the Xmax of /3-carotene to longer wavelengths.

That the formation of a charge-transfer complex 
can cause large wavelength shifts in polyenes can be 
tested in several possible ways. One test is to try to 
form charge-transfer complexes with other polyenes 
and see if a band appears where the corresponding sym
metrical polymethine would absorb. The band is pre
dicted to move approximately 1000 A to longer wave
lengths for every additional vinyl group in the chain.7 
Another possible test would be to see if charge-transfer 
complexes formed with /3-carotene and another acceptor 
similar to iodine would also have a band at 10,000 A, 
since the Amax of this band depends principally on the 
formation of a complex which would allow several 
isoenergetic bond structures and not on the particular 
properties of the acceptor.
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Dispersal of Carbon Blacks to 

Individual Crystallites1

Sir: The detailed structure of carbon black has been 
the subject of theoretical and applied studies for many 
years. Surface area measurements and electron micro
graphs2 show that carbon blacks consist of more or less 
spherical aggregates approximately 100-4000 A in 
diameter, depending on the method of manufacture. 
These aggregates are comprised of closely packed and 
tightly bonded crystallites. Warren, et al.,3 have 
shown that these crystallites have a turbostratic, semi- 
graphitic structure and range in size from 20 to 65 A 
across the a axis and from 12 to 40 A along the c 
axis.2 Dark-field electron microscopy by Hall4 sug
gested that the crystallites are arranged concentrically 
with their basal planes parallel to the surface in the 
outer layers of thermal and furnace blacks, but ran
domly in channel blacks; this interpretation is in agree
ment with recent oxidation experiments5’6 7 where hollow 
spherical shells were obtained from furnace and thermal 
blacks. The two types of aggregate structures may 
be represented as shown in Figure 1.

For most carbon blacks, the crystallites are packed 
so closely together in the aggregates that N2 cannot 
penetrate between the crystallites; i.e., the aggregate 
diameter is the same as the particle size calculated from 
BET measurements. The only exceptions to this 
are the highly oxidized, highest surface area channel 
blacks, which are laced with open porosity; neverthe
less, the crystallites are still bonded together into 
coherent aggregates except in the case of extreme oxi
dation (up to 90%), in which case separated crystallites 
may be observed. Preparation of carbon black sols 
by conventional methods yields a dispersion consisting 
of the preexistent aggregates suspended in the medium. 
Electron micrographs of such dispersions are shown in 
Figures 2a and 3a, which are, respectively, a thermal 
black with a specific surface area of 13 m2/g  (Cabot 
Corp.; Sterling FT-FF) and an oxidized porous channel 
black of 1400 m2/g  (Columbian Carbon Co.; Neo 
Spectra Mark I). These aggregates are immune to 
dispersal by any previously tried procedures; kinetic 
methods at best only split or spall off a large chunk,6 
while chemical methods preferentially attack only the 
exposed chemically active edges2,7 of crystallites but 
not the basal planes or the bonds between crystal
lites.5,6

This communication reports preliminary studies of a 
dramatic dispersing effect observed when carbon blacks 
are blended with thoria sols, as shown in Figures 2b 
and 3b. In both instances, carbon blacks were blended

Figure 1. Idealized cross seitions of two types of carbon black 
aggregate structures: (a) with the crystallites oriented
concentrically in the outer layers and (b) with random 
arrangement of the crystallites.

Figure 2. Sterling F T -F F  carbon black dispersed (a, left) 
by itself and (b, right) with thoria sol.

with thoria sols in which the Th02 is present as hy
drated, acid-stabilized, 70-A crystals.8 Regardless 
of the blending method used, the action of the thoria 
sol is twofold; it disperses the carbon black aggregates 
to the individual crystallites and it stabilizes the carbon 
suspension. Many carbon blacks have been tested, 
covering a wide range of surface area and chemical

(1) Research sponsored by the U. S. Atomic Energy Commission 
under contract with the Union Carbide Corporation.
(2) W. R. Smith in “Encyclopedia of Chemical Technology,” 
Vol. 4, 2nd ed, Interscienco Publishers, Inc., New York, N. Y., 
1964, p 243.
(3) (a) B. E. Warren, J. Chem. Phys., 2, 561 (1934); (b) J. Biscoe 
and B. E. Warren, J. Appl. Phys., 13, 364 (1942).
(4) C. E. Hall, ibid., 19, 271 (1948).
(5) W. A. Ladd and M. W. Ladd, Rubber Chem. Tech., 34, 697 (1961).
(6) F. A. Heckman and D. F. Hirling, ibid., 39, 1 (1966).
(7) See, e.g., J. V. Hallum and H. V. Drushel, J. Phys. Chem., 62, 
110(1958).
(8) P. A. Haas, S. D. Clinton, and A. T. Kleinsteuber, Can. J. Chem. 
Eng., 44,348(1966).
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activity, and all are dispersed to individual crystal
lites by thoria sols. The carbon blacks shown in 
Figures 2 and 3 represent extremes in properties; the 
high surface area carbon is acidic (pH of aqueous 
suspension 3.0), while the low surface area carbon is 
basic (pH 9.0); the thermal black has concentrically 
ordered crystallites, thus exposing only basal planes, 
while the channel black consists of randomly oriented 
crystallites, thereby also exposing edges of crystallites.

In addition to the direct evidence described above, a 
number of other observations have been made. These 
deal with a loading or saturation limit, electrophoretic 
measurements, interactions with other oxides, and 
centrifugation experiments. Some of these are de
scribed briefly below. A detailed report on this work 
will be published later.

The blended sols from which the micrographs in 
Figures 2b and 3b were made contained carbon black- 
thoria at a mole ratio of 4:1, which is a volume ratio of 
approximately 1:1. The clumping and clustering 
evident in these photos may not be representative of 
the sol in its normal state, since sample preparation 
(for the electron microscope) involves dilution and 
drying. However, it is obvious that at least some 
individual particles exist in the sol and, further, that 
no regular micelle formation occurs. In other words, 
there is no visual evidence of a fixed interaction ratio, 
but “ viscosity titrations” indicate that there is a 
limiting value beyond which a given thoria sol will not 
suspend any additional carbon black, and this value is 
a function of surface area.

As increasing amounts of carbon black are blended 
into a thoria sol, the viscosity increases slowly from a 
few centipoises to about 30-50 cp. Beyond that, addi
tional carbon causes a very rapid rise into the hundreds 
of centipoises, thus providing an “ end point.”  As the 
total available thoria surface area is varied, either by 
changing concentration or by using a thoria sol with a 
different particle size, the carbon capacity at the end 
point changes in direct proportion to the surface area of 
the thoria. Thoria concentrations of 250-500 g/1. 
were used for these viscosity titrations, and the carbon

Figure 3. Neo Spectra Mark I  carbon black dispersed 
(a, left) by itself and (b, right) with thoria sol.

content at the end point ran as high as 350 g/1., de
pending on the surface area relationships.

Other oxide sols, including silica, boehmite, and 
zirconia, do not disperse carbon black to the crystal
lites, but a urania sol does. Again, the same surface 
area:carbon loading ratio found for thoria also applies 
to urania. Other evidence of a carbon-thoria inter
action is that the f  potential of the mixed sol (55 mv) 
is about the same as that of pure thoria soi (67 mv), 
whereas conventional aqueous carbon sols have a 
negative potential. Finally, once carbon black and 
thoria have been combined to give a mixed sol, they 
come down together on centrifugation, despite the 
density differences, but any thoria that is not pres
ent as sol settles out sans carbon.
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