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The temperature dependence of the nmr parameters of the vinyl halides and three vinyl ethers has been investigated. All spectra of the vinyl halides have been carefully analyzed by several computer programs, and consideration of line intensities as well as frequencies has been found necessary to resolve ambiguities in line assignments for vinyl chloride. Solvent studies suggest intramolecular effects to be more important than intermolecular effects in causing the temperature dependence. Proton-proton coupling constants have been found to be independent of the temperature, although proton-fluorine coupling constants decrease with increasing temperature. The temperature variations of the proton chemical shifts, which for vinyl halides parallel that of ethylene, have been interpreted in terms of the excitation of molecular vibrations. The temperature dependence of the chemical shifts of vinyl ethers is modified by the existence of rotational isomers about the oxygen-phenyl bond.

I. Introduction
The nmr parameters of vinyl compounds give con

siderable information about the effects of both the sub
stituent and the medium. Banwell and Sheppard1 have 
found that, while the coupling constants in a vinylic 
system are dependent on the electron distribution 
within the v-bond framework, the chemical shifts are 
largely dependent on the electron distribution in the 
7r-electron system. Briigel, et al.,2 have stated that 
the nmr spectra of vinyl compounds provide to date 
the best experimental method for checking the effects 
predicted by mesomeric and inductive theories. The 
electronegativity of the substituent has been correlated 
with the proton coupling constants,1'3-7 whereas the 
chemical shifts have been related to the group dipole 
moment of the substituent.8-11

No regular relation has been found between the pro
ton chemical shifts and the 13C chemical shifts in vinyl 
compounds.12 The proton chemical shifts and the 
13C-H coupling constants, however, appear to be linearly 
related in both vinylic and nonvinyliccompounds.11'13-16

Deviations from this relationship have been used to 
determine the anisotropy effect of a number of sub
stituents.1416 The grem-coupling constants in five

(1) C. N. Banwell and N. Sheppard, Mol. Phys., 3, 351 (1960).
(2) W. Brügel, T. Ankel, and F. Krückeberg, Z. Elektrochem., 64, 
1121 (1960).
(3) G. S. Reddy and J. H. Goldstein, J. Chem. Phys., 35, 380 (1961).
(4) J. S. Waugh and S. Castellano, ibid., 35, 1900 (1961).
(5) T. Schaefer, Can. J. Chem., 40, 1 (1962).
(6) J. Feeney, A. Ledwith, and L. H. Sutcliffe, J. Chem. Soc., 2021
(1962).
(7) F. Hruska, G. Kotowycz, and T. Schaefer, Can. J. Chem., 43, 
2827 (1965).
(8 ) E. B. Whipple, J. H. Goldstein, and L. Mandell, J. Chem. Phys., 
30, 1109 (1959).
(9) A. A. Bothner-By and C. Naar-Colin, J. Amer. Chem. Soc., 83, 
231 (1961).
(10) G. S. Reddy, C. E. Boozer, and J. H. Goldstein, J. Chem. Phys., 
34, 700 (1961).
(11) R. E. Mayo and J. H. Goldstein, J. Mol. Spectrosc., 14, 173 
(1964).
(12) G. E. Maciel, J. Phys. Chem., 69, 1947 (1965).
(13) E. B. Whipple, et al., J. Chem. Phys., 34, 2136 (1961).
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vinylic compounds have been found to vary with the 
dielectric constant of the solvent.17

Although a considerable amount of work has thus far 
been done to correlate the nmr parameters of vinyl 
compounds with the effects of the substituent and of the 
medium, the effect of temperature on these parameters 
has not been investigated. The present paper reports 
a study of the effect of temperature on these parameters 
in the vinyl halides and in a number of vinyl ethers. 
Some solvent and dilution studies were also made in 
order to discover if the temperature dependences were 
due to inter- or intramolecular effects. Carbon disul
fide and trichlorofluoromethane were selected as sol
vents because of their large temperature range and 
chemical inertness.

The temperature dependence of the nmr spectra of 
vinyl ethers is of particular interest, because the infra
red spectrum of vinyl 2-ethylhexyl ether indicates that 
there exist two rotational isomers due to restricted 
rotation about the O-C (vinyl) bond resulting from 
conjugation of the unshared electrons of the oxygen 
with the tt electrons of the vinyl group.18 In the nmr 
spectrum of this compound, no individual rotational 
isomers could be detected even at low temperatures, 
either because of too rapid interconversion rate or 
because of similar shielding in the two forms.6 It was 
found in the present investigation that the temperature- 
dependent variation of the nmr parameters of the vinyl 
ethers could be interpreted in terms of changes in the 
relative populations of the rotational isomers and of 
changes in bonding.

In addition to vinyl 2-ethylhexyl ether, the temper
ature dependence of the spectra of phenyl vinyl ether 
and phenyl 2-vinoxyethyl ether, CeH50CH2CH20C H =  
CH2, has also been investigated. In phenyl vinyl 
ether the shielding of the vinyl group in the two rota
tional isomers is expected to be rather different owing 
to the proximity of the anisotropic phenyl group.
II. Experimental Section

The spectra of the carbon disulfide solutions of vinyl 
fluoride and of vinyl iodide were obtained on a Varian 
Model A-60A spectrometer at 60 MHz operating fre
quency. All the other spectra were obtained on a 
Varian Model DP-60 spectrometer at 56.4 or 60 MHz 
operating frequency.

The temperature of the sample could be varied using 
the Varian variable-temperature accessory. The sam
ple was allowed to reach the desired temperature and 
then to equilibrate for at least 15 min before the re
cording of the spectrum was begun. The temperature 
during a given run was held constant to ±1°. The 
sample temperature was monitored with a copper-con- 
stantan thermocouple. The thermocouple and probe 
had previously been calibrated using the known tem
perature dependence of the chemical shifts of methanol

and of ethylene glycol. The indicated temperatures 
are believed to be accurate to ±2°.

The sample of vinyl iodide was synthesized by Dr. J. 
P. Tandon, formerly of this department. The other 
vinyl halides were commercially available compressed 
gases obtained from the Matheson Co. and from Penin
sular ChemResearch. The 2-ethylhexyl vinyl 
ether was a commercial product from Carbide and Car
bon Chemicals Corp. The other vinyl ethers were syn
thesized by Dr. R. E. Thompson, formerly of this de
partment. All the samples were used as received. 
No impurity peaks were observed in the spectra.

Compounds were run both as neat liquids and as 
solutions. The latter were made up approximately by 
volume in a vacuum line. Each sample was then sealed 
in an nmr tube under vacuum. A tetramethylsilane 
(TMS) internal reference has been used in all the saim 
pies except neat vinyl iodide, the sample of which was 
not referenced.

The spectra were calibrated using audiofrequency 
modulation or the known chemical shift difference of the 
peaks in a TMS-CDC13 solution. All the values re
ported for the chemical shifts, coupling constants, and 
line positions represent the average of five to ten in
dependent determinations. The indicated scatter in 
these values is the average deviation from the mean of 
these determinations. The intensities of the peaks 
were measured with a planimeter on spectra obtained 
at slow sweep rates.
III. Results and Calculations

The nmr spectra of all the compounds investigated 
showed changes with temperature. The most prom
inent change is that of the combination lines in the vinyl 
chloride and vinyl iodide spectra. The spectra at 37 
and —103° of a 1:1 v /v  solution of vinyl chloride in 
CS2 are reproduced in Figure 1. The lines in the 
spectrum have been numbered according to the ABC 
scheme of ref 2, which is equivalent to the ABX scheme 
of ref 19. As the temperature of vinyl chloride is 
decreased, the combination lines, lines 14 and 15, 
approach one another and decrease in intensity. Such 
changes in the combination lines, which have also been 
observed previously by Schaefer and Schneider20 
when the concentration of vinyl bromide was varied in

(14) J. H. Goldstein and G. S. Reddy, J. Chem. Phys., 36,2644 (1962).
(15) G. S. Reddy and J. H. Goldstein, J. Mol. Spectrosc., 8 , 475
(1962) .
(16) G. S. Reddy and J. H. Goldstein, J. Chem. Phys., 38, 2736
(1963) .
(17) V. S. Watts and J. H. Goldstein, ibid., 42, 228 (1965).
(18) M. L. Brey and P. Tarrant, J. Amer. Chem. Soc., 79, 6533 
(1957).
(19) 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, pp 132-134.
(20) T. Schaefer and W. G. Schneider, Can. J. Chem., 38, 2066 
(1960).
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Figure 1. Spectrum of vinyl chloride at 56.4 MHz (1 volume 
of sample: 1 volume of CS2): a, 37°; b, —103°.
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Figure 2. Spectrum of vinyl iodide at 60 MHz and 32°: a,
neat; b, 1 volume of sample: 2 volumes of CS2.

benzene solutions, are due to changes in the relative 
chemical shifts of the two methylene protons.

Similar changes in the combination lines, lines 13 and 
14, are observed for vinyl iodide both as a neat liquid 
and in CS2 solution. The spectra of vinyl iodide at 32° 
neat and in CS2 solution, have been reproduced in Fig
ure 2. The numbering of the transitions and the desig
nation of the protons is the same as in Figure 1. For 
vinyl iodide HB is the X  nucleus in an AXC approxi
mation, and the combination lines of observable inten
sity now show up in the Hb region of the spectrum. 
Line 15, which is the Pap —*■ a p a  transition, is of non
observable intensity. For vinyl chloride, He is the X  
nucleus in the ABX approximation and line 13, the 
PPa —*■ aaP  transition, is of nonobservable intensity. 
As the temperature of either the neat liquid sample or 
the CS2 solution of vinyl iodide is decreased, the com
bination lines approach one another and decrease in 
intensity. In the neat liquid sample, the combination 
lines cross below 10° and recede on subsequent cooling. 
The relative positions and intensities of the combination 
lines in vinyl iodide are a function of the relative chemi
cal shifts of protons Ha and He.

Several methods have been employed to obtain the 
chemical shifts and the coupling constants from the 
spectra. For all the spectra, the midpoint between the 
outer lines of the pattern assigned to a given proton was 
taken as a first approximation to the chemical shift. 
Next, for each vinyl halide spectrum, the positions of

the lines were measured relative to transition 12. 
These experimental line positions and the approximate 
spin parameters were then used by Whitman to calculate 
a set of coupling constants and chemical shifts for vinyl 
bromide and vinyl chloride at each temperature. The 
analysis consisted in using a computer program21 
to determine an assignment consistent with spacing 
and intensity sum rules, together with a least-squares 
procedure to obtain the set of spin energy levels most 
consistent with the observed transitions. Then the 
direct-analysis equations22 were solved iteratively to 
find the spin parameters which reproduce these energy 
levels. An interesting consequence of this technique is 
the generation in some cases of more than a single set of 
spin parameters and line assignments, each of which 
reproduces the experimental line positions, but with 
very different intensities. As an illustration, the 
results of two different calculations, A and B, are re
ported in Tables I and II. Both calculations reproduce 
the least-squares line positions, but clearly only cal
culation A yields intensities in agreement with the ex
perimental values. The computer line-assignment 
feature of the d r w  program is advantageous for complex 
spectra. The generation of more than one set of spin 
parameters is a disadvantage of programs that fit only 
the line frequencies without at the same time fitting the 
line intensities.23
(21) D. R. Whitman, J. Chem. Phys., 36, 2085 (1962).
(22) D. R. Whitman, J. Mol. Spedrosc., 10, 250 (1963).
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A set of spin parameters was obtained for each vinyl 
halide spectrum at each temperature by using the 
frequint IV program of Bothner-By on the IBM 709. 
The input spin parameters were adjusted until all the 
calculated and observed line positions and intensities in 
a given spectrum agreed within experimental error. 
One result is given in calculation C, Tables I and II. 
For vinyl fluoride and vinyl iodide, up to three lines in 
some of the calculated spectra deviated from the ob
served line positions by 0.1-0.2 Hz beyond the experi
mental error. Undoubtedly, the agreement would be 
better if trial parameters to two decimal places were 
used; however, this did not appear to be justified by the 
accuracy of the data.

Finally, the l a o c n 3  program, kindly supplied by 
Bothner-By and Castellano,23 24 was used on the IBM 
360 computer to calculate the spectra of vinyl chloride. 
Starting with a set of trial parameters, the l a o c n 3  

program iterates toward a set of adjusted parameters 
corresponding to the smallest least-squares deviation 
between observed and calculated line frequencies. 
The output of this program contains both the root- 
mean-square error after each cycle of adjustment and 
the probable error associated with the parameter sets. 
Depending on the choice of input parameters, and hence 
the line assignments, the l a o c n 3  program may also 
yield more than one set of spin parameters which will 
fit the line frequencies but not necessarily the line 
intensities. This is illustrated by calculations D and E, 
Tables I and II. Using transition sequence II of Table 
I, the l a o c n 3  program gives the results labeled calcu
lation D, which are almost identical with the results of 
the drw program, labeled A. Similarly, the two results 
using sequence I, labeled B and E, are almost identical 
with each other.

The final result of each of the three computer methods 
employed shows that the line assignment in vinyl 
chloride changes as the temperature is lowered. At 
37°, the transition sequence is given by sequence I of 
Tables I and II. At lower temperatures, only by using 
sequence II of Table I can both line intensities and 
positions be reproduced. Such line-assignment changes 
are not obvious, since the observed line positions and 
line intensities do not change appreciably at the cross
over point.

In addition, a very small change in parameters can 
give an alternate sequence. For example, using the 
relative chemical shifts and coupling constants v a  =  

40.40 Hz, yB = 35.30 Hz, = -9 .3 0  Hz, J AB = -1 .5 0  
Hz, J ac = 6.90 Hz, and J bc = 14.90 Hz, one obtains 
transition sequence I. Changing ka to 40.20 Hz but 
keeping all the other parameters the same will give 
sequence II. Examination of the energy-level diagrams

(23) S. Castellano and J. S. Waugh, J. Chem. Phys., 34, 295 (1961).
(24) A. A. Bothner-By and S. Castellano, laocn3, Mellon Institute, 
Pittsburgh, Pa.
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Table II: Method of Calculation, Transition Sequence, and Nmr Parameters Used to Obtain the Results in Table I
Calcu Transition vA,a vB,a "C,a 7ab,° JAC,a JacJ
lation Method sequence Hz Hz Hz Hz Hz Hz

A DRW ii 38.055 35.241 -9 .252 -1 .383 6.989 14.648
B DRW i 38.853 34.557 -9 .367 -1 .404 8.868 12.790
C FREQUINT IV i i 38.00 35.30 -9 .3 0 -1 .5 0 6.90 14.80
D LAOCN3 i i 38.057 35.242 -9 .253 -1 .383 6.990 14.649
E i.aocnS i 38.855 34.559 -9 .368 -1 .404 8.868 12.791

“ Designation of the protons is the same as in Figures 1-7.

obtained for the two sets of parameters shows that the 
small change in the chemical shift of Ha has inter
changed the da a  energy level with the a/3a energy level, 
while changing the values of the other energy levels by 
only ±0.1 Hz. This results in an interchange of the 
appropriate transition frequencies without an appre
ciable change of the line-frequency values and the line 
intensities. This particular example illustrates the 
point26 that when the best solution is near the energy- 
level crossover point, the spectrum is hard to analyze 
unless the starting parameters are sufficiently close to 
the best solution.

From Tables I and II, it can be seen that the lines for 
which intensity changes on altering the transition 
sequence are significant are 10, 11, 14, and 15. At 37° 
and at — 65° and below, the relative intensities of these 
four lines are quite different, so it is not difficult to 
select the proper transition sequence. At temperatures 
below 37° but above —65°, the intensities of the four 
lines are rather similar, and the choice of the correct 
transition sequence is not as clear-cut. Here the 
probable error of the parameter sets, from the l a o c n 3  
program, was most helpful. If it is possible to vary 
simultaneously several of the parameters in a particular 
way, such that a good fit with the observed spectrum is 
retained, then the probable error in that particular set 
of parameters will be quite large.24 For vinyl chloride 
the cis and trans coupling constants, and to a lesser 
extent the cis and trans chemical shifts, have shown 
large probable errors in the temperature range in ques
tion. In this range, the set of adjusted parameters and 
line assignment has been selected as the best which gave 
good agreement with the line intensities and also the 
smallest probable error in the parameter sets, although 
this choice did not always yield the smallest root- 
mean-square error in line positions. On this basis, the 
correct line assignment below 37° is given by sequence
II.

Both the approximate and the computer-obtained 
chemical shifts of the vinyl halides have been plotted 
against the sample temperature. The slopes of the 
approximate and computer-obtained plots are identical 
within experimental error, except for neat vinyl iodide 
below —30°, where there is an overlap of peaks and a 
reliable estimate of the approximate chemical shift could 
not be made.

Since the approximate and computer-obtained pa
rameters for the vinyl halides had the same temperature 
dependence, computer-obtained nmr parameters have 
not been calculated for the vinyl ethers. The approxi
mate values of the chemical shifts are an even better 
approximation in the case of the vinyl ethers than in the 
case of the vinyl halides, since the vinyl ethers have a 
more nearly first-order spectrum.

The room-temperature spin parameters of the vinyl 
halides and the vinyl ethers in the various solutions are 
summarized in Table III. These values are in reason
able agreement with those quoted in the literature 1- 3.6 - 7 . n . 13. 14. l7 .20 ,26 — 29

A plot of the proton chemical shifts of vinyl bro
mide against the sample temperature is shown in Fig
ure 3. In Figure 4, the proton chemical shifts of vinyl 
chloride in CFC13 solution and in CS2 solution have been 
plotted against the temperature. The lines have been 
drawn through the CFC13 solution points. There is 
considerably more scatter in the points of the CS2 solu
tion, but the temperature dependence of vinyl chloride 
does not appear to be different in the two solvents. 
The chemical shift vs. the temperature plots for vinyl 
fluoride and vinyl iodide are curved, as can be seen 
from Figures 5 and 6. For the vinyl ethers the approxi
mate chemical shift vs. temperature plots are straight 
lines; figures for these have not been included. The 
slopes of the chemical shift plots at 25° are summarized 
in Table IV, which also contains for each compound the 
range of temperatures investigated. The slopes of the 
plots for a given compound have been found to be in
dependent of the medium. Figure 7 shows the temper
ature dependence of the H-F coupling constants of 
vinyl fluoride.
IV. Discussion

A . General Features o f  the Spectra. The most strik
ing feature of the spectra is the increased chemical

(25) T. Yamamoto and S. Fujiwara, Bull. Chem. Soc. Jap., 39, 333 
(1966).
(26) C. N. Banwell and N. Sheppard, Proc. Roy. Soc., A263, 136 
(1961).
(27) E. B, Whipple and Y . Chiang, J. Chem. Phys., 40, 713 (1964).
(28) R. A. Hoffman and B. Gestblom, J. Mol. Spectrosc., 13, 221
(1964).
(29) G. J. Martin and M. L. Martin, J. Chim. Phys., 61, 122 (1964).
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Table IV: Temperature Dependence of the 
Vinyl Proton Chemical Shifts

field with increased temperature. 3 Designation of the protons 
is the same as in Figures 1-7. c The temperature coefficients 
of the proton-fluorine couplings are: J ax = —2.1 X 10“2 
Hz/deg, J b x  =  —0.9 X 10-2 Hz/deg, and J c x  =  —1.8 X 
10-2 Hz/deg. d Overlapped by the 0CH2CH20  peaks at 56.4 
MHz.

Figure 3. Temperature dependence of the vinyl bromide 
chemical shifts, in ppm on the t scale (1 volume of 
sample:! volume of CS2).

shift difference between the methine proton and the 
methylene protons for the series of substituents I <  
Br <  Cl <  F <  0 . The large shielding of the methy
lene protons in vinyl fluoride and in the vinyl ethers 
has been observed previously2’4’6'30 and has been attri
buted to the lone pair conjugation of the substituent 
with the vinylic system, which results in high electron 
density in the /3 position. For a number of vinyl com
pounds, Banwell and Sheppard1 have found a linear
(30) R. T. Hobgood, G. S. Reddy, and J. H. Goldstein, J . P h y s .  
C h em ., 67, 110 (1963).
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4.65 - 

4 .60 - 

4.55 -

T
4.50 - 

4 .45  -

Ha

Figure 4. Temperature dependence of the vinyl chloride 
chemical shifts, in ppm on the t scale: •, 1 volume of 
sample: 1 volume of CFCh; O, 1 volume of 
sample: 1 volume of CS2.

5.60 -

5.55 ■

5.50 - 

5.45 -

Figure 6. Temperature dependence of the vinyl fluoride 
chemical shifts, in ppm on the t scale (saturated in CS2).

Figure 5. Temperature dependence of the vinyl iodide 
chemical shifts, in ppm on the r scale (1 volume of sample:2 
volumes of CS2).

relationship between the <rR parameter,31 the resonance 
contribution to the Hammett-type a constant, and 
the chemical shift difference between the methine pro
ton and the methylene protons. In the present work, 
it was found that vinyl iodide, which has not been in
cluded by Banwell and Sheppard, fits this relationship 
nicely. Thus, for vinyl iodide, the strongly nonfirst-

Figure 7. Temperature dependence of the vinyl fluoride 
H-F coupling constants, in hertz (saturated in CSa).

(31) R. W. Taft, Jr., J. Amer. Chem. Soc., 79 , 1045 (1957).
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order spectrum which results from the small chemical 
shift difference between the protons can be attributed 
to the lessened mesomeric contribution of iodine as 
compared with the other halogens.

B . Tem perature D ependence o f  the V in y l C oupling  
Constants. The proton coupling constants for all the 
compounds studied are independent of temperature 
within the experimental error of the measurements. 
On the other hand, all H-F coupling constants in vinyl 
fluoride decrease with increasing temperature. Exci
tation of out-of-plane molecular vibrations, if it af
fects the coupling constant, would clearly be expected 
to reduce the vicinal H-H coupling constants, according 
to the well-known variation of this type of constant with 
the dihedral angle,32 in which the maximum value oc
curs for 0 or 180°. Furthermore, based on the work of 
Abraham and Cavalli33 and of Williamson,34 it appears 
that H-F couplings in many cases tend to depend upon 
geometry in a way parallel to the H-H coupling de
pendence.

It may be pointed out that the H-F coupling con
stants measured here are larger in magnitude than those 
between two hydrogen atoms and that therefore a vari
ation corresponding to an equal fractional change in 
magnitude can be observed more easily than for the 
H-H couplings. However, comparisons show that a 
change in the H-H trans or cis coupling constants of 
magnitude proportional to those observed for the H-F  
constants could easily be seen. The present results 
for vinyl fluoride thus demonstrate that there is an 
essential difference between the factors influencing 
these two types of coupling constants, since, in a single 
molecule, their dependences upon temperature are 
dissimilar.

C. Tem perature D ependence o f  the V in y l P roton  
Chem ical Shifts. The temperature dependence of 
shifts observed in the present work is severalfold 
greater than that observed by Petrakis and Sederholm36 
for their gaseous samples, which, with the exception of 
HBr, were hydrocarbons. Either effects of the con
densed phase or the effects of the substituent, or both, 
could cause the greater temperature dependence.

Vinyl chloride shows the same temperature depen
dence in CS2 solution and in CFC13 solution. More 
importantly, both phenyl 2-vinoxyethyl ether and 
vinyl iodide show the same temperature dependence as 
neat liquids and as CS2 solutions. Thus the main factor 
influencing the temperature dependence is probably not 
the solvent effect, since it is unlikely that the interac
tions among the very polar solute molecules and that 
between solute and solvent would result in the same 
temperature dependence. Intramolecular changes ap
pear to be a more consistent explanation.

Furthermore, for the compounds in this study for 
which dilution with CS2 was tried, all three proton reso
nances shift upfield on dilution. Thus, for protons with 
positive temperature dependence of chemical shift,

dilution has the same effect as raising the temperature; 
for protons with a negative temperature dependence of 
chemical shift, dilution has the same effect as lowering 
the temperature. If solute-solute interactions, rather 
than intramolecular effects, were the principal cause of 
the temperature dependence of the chemical shifts, one 
would expect dilution and increase in temperature to 
change the chemical shift in the same direction.

Considering first the vinyl halides, the proton shield
ing is observed to increase with increasing temperature. 
Petrakis and Sederholm36 attribute the positive shield
ing dependence of ethylene to the excitation of the 
twisting mode about the double bond, which reduces 
the double-bond character of the C-C bond but in
creases the electron density about the protons. In 
vinyl halides, all three out-of-plane vibrations contain 
contributions from the twisting coordinate, so that the 
twisting mode cannot be assigned to any one of these 
vibrations. For vinyl fluoride and vinyl bromide, the 
highest frequency out-of-plane vibration is predomi
nantly made up of the twisting coordinate.36 37 For 
vinyl chloride and vinyl iodide, no comparable normal- 
coordinate analyses have been carried out, but it seems 
reasonable that for these compounds too the highest 
frequency out-of-plane vibration is largely composed of 
the twisting coordinate. For ethylene, the twisting 
mode has a frequency of 1027 cm-1.38 For the vinyl 
halides even the highest frequency out-of-plane vibra
tions range from 931 to 946 cm-1.36’37-39 40 Thus 
while quantitative calculations could not be carried 
out for the vinyl halides, the larger, positive temper
ature dependence of the chemical shifts in these com
pounds is well accounted for by the lower frequency of 
the vibrations.

In each of the vinyl halides, the proton, H a , which is 
trans to the substituent, shows the largest shift to 
higher field upon increase of temperature. In addi
tion to the effect of the twisting vibrations, which 
should shield all the protons to about the same extent, 
there are several other factors which must be considered 
as contributing to this result. In the out-of-plane 
vibrational modes mostly easily excited—those with the 
smaller vibrational frequencies and also, by chance, those 
with small contributions from the twisting motion—• 
the amplitudes of the displacements of HA are much 
larger than those of the displacements of the other

(32) M. Karplus, J. Chem. Phys., 30, 11 (1959).
(33) R. J. Abraham and L. Cavalli, Mol. Phys., 9, 67 (1965).
(34) K. L. Williamson, et al., J. Amer. Chem. Soc., 88, 5678 (1966).
(35) L. Petrakis and C. H. Sederholm, J. Chem. Phys., 35, 1174 
(1961).
(36) J. R. Scherer and W. J. Potts, ibid., 31, 1691 (1959),
(37) J. R. Scherer and W . J. Potts, ibid., 30, 1527 (1959).
(38) B. L. Crawford, Jr„ J. E. Lancaster, and R. G. Inskeep, ibid., 
21, 678 (1953).
(39) S. Narita, S. Ichinohe, and S. Enomoto, ibid., 31, 1151 (1959).
(40) P. Torkington, Proc. Roy. Soc., A206, 17 (1951).
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hydrogens. However, out-of-plane motions in a x- 
bonded molecule reduce that part of the shielding which 
originates in the anisotropy of the x cloud.35'41 Con
sidering only this type of anisotropy, excitation of such 
vibrations could not explain the observed larger temper
ature coefficient for HA.

On the other hand, there is expected to be a downfield 
shift, associated with the anisotropy of the carbon-hy
drogen bond, which increases with increasing vibration 
and thus opposes the effect of twisting motion. In the 
point-dipole approximation, the neighbor anisotropy 
effect varies inversely with the cube of R , the distance 
between the dipole and the proton affected.42 That this 
effect is smallest for HA is illustrated by styrene, for 
which the anisotropic susceptibility correction for the 
phenyl group decreases in the order He >  HB > HA.43 
For Cl, Br, and I, the susceptibility difference (Ay = 
Xu — x±) is such as to cause shielding.14'16 Excitation 
of out-of-plane vibrations increases the distance from 
the halogen to the hydrogen nucleus, and thus an in
crease in temperature decreases the shielding, tending 
to offset the effect of the twisting motion, but to an 
extent which is smallest for HA.

The difference between the temperature coefficients 
of Ha and HB increases in the order Cl <  Br <  I. This 
increasing difference results from the increasing anisot
ropy of the C -X  hand. Spiesicke and Schneider44 
have found a similar correlation between the anisot
ropy of the substituent and the chemical shift of 4H 
and 13C. On their plot of chemical shift vs. electro
negativity of X  in a series of compounds CH3X  and 
CH3CH2X, these authors found that the deviation from 
linearity increased in the order Cl <  Br <  I. Devia
tions from the linear relationship between the proton 
chemical shifts and the 1 3C-H coupling constants have 
been used to estimate the anisotropy of the substitu
ent.14'16 For methyl and ethyl halides, the anisotropy 
corrections to the proton shifts at 40 MHz were —15, 
— 25, and —35 Hz for Cl, Br, and I, respectively.

In the present work, it was found that the individual 
temperature coefficients in the vinyl halides do not 
follow a regular trend with substitution: all of these 
parameters have a minimum value for either vinyl 
chloride or vinyl bromide. This suggests additional 
contributions to the temperature dependence from the 
competing inductive and mesomeric effects of the sub
stituent.

For the vinyl ethers, the pattern of chemical shift 
variation with temperature is dependent upon the 
structure of the group attached to the oxygen atom. 
The temperature dependence of the nmr parameters 
of phenyl 2-vinoxyethyl ether is much more similar to 
that of vinyl 2-ethylhexyl ethyl ether than to that of 
phenyl vinyl ether. Apparently, the temperature 
dependence is more influenced by what is attached

immediately to the ether oxygen than by whether a 
phenyl group is present or not. This is strong evidence 
that the temperature dependence is due to intramolecu
lar changes, rather than to changes in the preferred 
mutual orientation between neighboring molecules 
when an aromatic ring is present.45

In the vinyl ethers the temperature coefficients of the 
chemical shift of HA are unusually small. The temper
ature coefficient of HB in both alkyl vinyl ethers is 
negative. Both of these temperature dependences are 
associated with a decreased mesomeric effect of the 
oxygen with increasing temperature. Increased molec
ular vibrations, including torsional oscillations about 
the C -0 bond at elevated temperature, tend to reduce 
conjugation in the O-C-C grouping, and this, in turn, 
reduces the charge transferred to the carbon-bearing 
Ha and Hb and decreases their shielding. This effect 
would be expected to be greater for the vinyl ethers 
than for the vinyl halides.

In phenyl vinyl ether, both HB and Hc have tem
perature coefficients which are of opposite sign from 
the corresponding temperature coefficients in the other 
two vinyl ethers. HB and He are the two hydrogens 
most affected by the anisotropy of the phenyl group. 
Increased temperature is expected to shift the equilib
rium between rotational isomers toward more of form II.

Since the phenyl group is undoubtedly tilted out of the 
plane of the vinyloxy group, as is indicated by molecu
lar models, this would tend to shield HB and deshield 
He, which is what is observed. Thus while the equilib
rium constant for the equilibrium between rotational 
isomers in vinyl ethers cannot be calculated from the 
present data, the qualitative behavior of the tempera
ture dependences of the nmr parameters gives evidence 
for the existence of these isomers.
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(41) J. A. Pople, W. G. Schneider, and H. J. Bernstein, ref 19, pp 
176-179.
(42) H. M. McConnell, J. Chem. Phys., 27, 226 (1957).
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(44) H. Spiesecke and W . G. Schneider, ibid., 35, 722 (1961).
(45) W . G. Schneider, J. Phys. Chem., 66, 2653 (1962).

Volume 72, Number 13 December 1968



4360 S. T akita, Y. M ori, and I. T anaka

The Acetylene-Photosensitized Reaction of Methane at 14 70  À
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Acetylene photosensitization in the acetylene-methane system at 1470 A has been observed. The reaction 
mechanism of the acetylene photolysis has also been studied. In the acetylene system the main products 
are ethylene and diacetylene. In the acetylene-methane system ethane and propylene are also produced in 
amounts related to the pressure of methane. The pressure dependences of the disproportionation and recom
bination reactions of vinyl radicals have been discussed. It is found that the occurrence of the disproportiona
tion reaction is about three times the occurrence of the recombination reaction. With the result of the iso
topic analyses of ethylene formed in the C2H2-CD4 and C2D2-CH4 systems, the ratio of the acetylene-photo
sensitized reactions is estimated. For

C2H2* +  C2H2 - i -  C4H2 +  2H 

C2H2 +  CH4 C2H2 +  CH3 +  H (or C2HS +  CH3)

we obtained fa/fan =  102.

1. Introduction
It has been shown that the absorption spectrum of 

acetylene below 2000 A has a sharply banded struc
ture.1-3 This means that the excited state of acety
lene has a significant lifetime. A few investigations 
of acetylene photolysis in the vacuum ultraviolet region 
have been carried out.4-6 Koyano, et a l,,6 reported the 
chemiionization reaction of Lyman a  (1216 A)-excited 
acetylene. Stief, et al.,6 who observed the C2 Swan 
band in the photolysis of acetylene with Xe or Kr 
resonance lines, strongly suggested the production of a 
long-lived excited state of acetylene.

In the present work we discuss the acetylene photo
sensitization of methane as well as the radical reactions 
in the acetylene photolysis. The main products are 
ethylene and diacetylene in the acetylene system. 
Ethane and propylene are also produced in the acety
lene-methane system. All products except diacety
lene disappear when a small amount of nitric oxide is 
added in the reaction system. Isotopic analyses were 
made of the ethylene and ethane formed in the C2H2-  
CD4 and C2D2-CH4 systems.
2. Experimental Section

A . Light Source. The Xe resonance lines were 
excited in an air-cooled electrodeless discharge operated 
by an Ito-Chotampa 2450-Mc microwave generator. 
The lamp having Ba getter in the side arm was filled 
with 0.5 Torr of Xe and 4 Torr of Ne. The lamp emit
ted resonance radiation at 1470 A (8.4 eV) and at 1295 
A (9.6 eV). The intensity at 1295 A was about 2% of 
the intensity at 1470 A, which was estimated as 1015 
quanta/sec, and was considered to be unimportant. 
LiF was used as a window and was attached with 
Picein.

B . M aterials. Acetylene and methane were ob
tained from Takachiho Co., and both gases contained 
ethane and ethylene as impurities. Acetylene was 
purified by a gas chromatograph provided with a 2-m 
silica gel column at 70°. Methane was trapped on 
silica gel which was packed in U trap and cooled to 
liquid N2 temperature. The silica gel was then warmed 
to room temperature and the methane was collected. 
The purified gases contained no impurity within the 
sensitivity of a gas chromatograph with a flame ioniza
tion detector, made by Hitachi Co. The purified 
acetylene had a minimum purity of 99.999%. Meth- 
ane-d4 was obtained from Merck Sharp & Dohme Ltd. 
of Canada and was purified in the same manner as the 
CH5. Methane-d4, after purification, contained less 
than 2% CD3H. Acetylene-d2 was made from CaC2 
crystals and D20 . To remove impurities, the CaC2 
was placed into a quartz tube and heated to 800° under 
high vacuum for 2 days. Then the CaC2 was cooled to 
77°K and mixed with D20. Acetylene-0'2 purified by a 
gas chromatograph provided with a 2-m silica gel 
column at 30° contained less than 2% C2HD. Xe, Ne, 
and nitric oxide, obtained from Takachiho Co., were 
used without further purification.

C. Procedure. The entire experimental apparatus 
was mercury free. The reaction system of about 200 
cm3 volume was isolated by a metal valve with Teflon 
packing to prevent the adsorption of products. Other
(1) W. C. Price, Phys. Rev., 47, 444 (1935).
(2) P. G. Wilkinson, J. Mol. Spectry., 2, 387 (1958).
(3) T. Nakayama and K. Watanabe, J. Chem. Phys., 40, 558 (1964).
(4) M. Zelikoff and L. M. Aschenbrand, ibid., 24, 1034 (1956).
(5) I. Koyano, I. Tanaka, and I. Omura, ibid., 40, 2734 (1964).
(6) L. J. Stief, V. J. Decarlo, and R. J. Mataloni, ibid., 42, 3113 
(1965).
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stopcocks were greased with Apiezon T grease. The 
LiF window of 15-mm diameter was sealed to the reac
tion cell with Picein. The window of the lamp was 
brought as close as possible to the window of the reac
tion cell and N2 gas was allowed to flow between the two 
windows to prevent light absorption by air. The reac
tion gas was circulated by a magnetic fan. The acet
ylene pressure was measured by an oil manometer and 
the methane pressure was measured by a metal Bour
don gauge.

The light was completely absorbed at an acetylene 
pressure higher than 2 Torr. The extinction co
efficient of methane at 1470 A is <0.1 atm-1  cm-1. 
The reaction time was 5 min in the acetylene (2 Torr)- 
methane system, but in the acetylene system it was 
prolonged in proportion to the acetylene pressure. The 
conversions in these reactions were less than 1 .2% and 
the photolysis of the products can be ignored. This is 
proven by Figure 1. All condensable products at 
77 °K were analyzed by a gas chromatograph with a

Figure 1. Relative rate of formation of each product 
against the conversion in 2.1 Torr acetylene system: 
O, C4H2; •, C2H4; V, 1,3-C4H6; A, C4H4.

0  1 0  20 30 40 50 60 70

PRESSURE OF A C E T Y L E N E  ( t o r r  ) 

Figure 2. Relative rate of formation o: each product 
against the pressure of acetylene: O, C4H2;
•, C2H4; V, 1,3-C4II6; » ,  C6IIfi; A, C4H4;
O, C4H2 (in this case C6H6 is omitted).

flame ionization detector except in the C2H2-CD 4 sys
tem, where isotopic analyses of the isolated ethylene 
and ethane were carried out. Noncondensable prod
ucts at 77 °K were not detected, and polymer was 
never analyzed though its formation was distinguishable 
especially in the acetylene system.
3. Results and Discussion

A . A cetylene System . In this system the products 
were ethylene, diacetylene, vinylacetylene, 1,3-butadi
ene, benzene, and polymer, Hydrogen was not analyzed 
quantitatively. The relative rate of formation of each 
product vs. acetylene pressure is shown in Figure 2. In 
Figure 3 the pressure dependency of the quantum yield 
for diacetylene formation, which is estimated from 
Table I, is shown.

Table 1“

A v
P, yield of

pressure of Yield c 4m, %
Expt acetylene, of CUL, (at 2.1 P/2 .1 , fp/
no. Torr % Torr) Torr V2.1

Al 2 .1 1.41 1 .0
A2 24.1 0 .16b 0.94 11.3 1.9
A3 2 .1 0 .47( 1 .0
A4 18.0 0.13b> 0.42 8.4 2 .6
A5 2 .1 0.36^ 1 .0
A6 5.1 0.23 b 0.35 2.4 1 .6
A7 2 .1 0.33 1 .0
Bl 2 .1 0.73. 1 .0
B2 40.1 0.05 b 0.50 18.7 1.9
B3 2 .1 0.26. 1 .0
B4 49.7 0 .02  y 0 .2 0 23.2 2.3
B5 2 .1 0.15 1 .0
Cl 2 .1 1.44 1 .0
C2 62.6 0.08 b 0 .8 8 28.9 2.9
C3 2 .1 0.32 1 .0
D1 2 .1 0.93 1 .0
D2 12.9 0.28 b 0.75 6 .0 2 .2
D3 2 .1 0.57/ 1 .0

“ If the successive three experiments are carried out, the pres
sure dependency of the quantum yield of diacetylene can be es
timated, though the transmission of the window of the reaction 
cell decreases by the formation of polymer during the reaction. 
The experiment at P Torr of acetylene was always carried out 
between two experiments at the standard acetylene pressure (2.1 
Torr), and the yield of diacetylene at the standard pressure should 
be averaged. The reaction times of all experiments were 5 min. 
<pP means the yield of C4H2 at P Torr of acetylene.

All products except diacetylene disappeared when a 
small amount of NO was added. Since C2H ,* 7 and maybe 
C2H2* too, is hardly scavenged under this condition, 
it is most probable to assume that diacetylene is formed 
from the reaction of C2H2* and C2H2 or the reaction of 
C2H and C2H2.
(7) A. M . Tarr, O. P. Strausz, and H. E. Gunning, Trans. Faraday 
Soc., 6 1 ,  1946 (1965).
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In Figure 2, the fraction of diacetylene is almost 
constant against the pressure of acetylene (if we neglect 
the product of benzene, the fraction would be constant 
as indicated by the dotted line in Figure 2). This 
means that the formation of diacetylene must be ac
companied by the formation of corresponding inter
mediates which give ethylene, 1,3-butadiene, and vinyl- 
acetylene—probably the hydrogen atoms. Therefore, 
the reactions which may give diacetylene

=
_____________la_____________ ( . j \

h  +  h  +  (fc5 +  fc6 +  fc7) [C2H2]U , +  fc4 +  6[C2HjIJ
(21)

where / a means the light absorption by acetylene.
When acetylene pressure is low enough, the approxi

mation may be preferable that
C2H2* +  C2H2 (C4H4*) —  C4H2 +  H2

can be excluded in our reaction scheme. The forma
tion of diacetylene by the recombination reaction

C2H +  C2H c 4h 2

is also not probable, because the reaction between C2H 
and C2H2 is very fast.8 From these considerations the 
following reaction scheme may be reasonable.

C2H2 C2H2* (7a)
C2H2* — -  C2H2 +  (hp) (1)

C2H2* — -  C2H +  H (2)
C2H +  C2H2 (C4H3*) ■j *- C4H2 +  H ( A H  =

! — 23 kcal mol-18) (3)
L— C4H3 (4)

C2H2* +  C2H2 — -  C2H2 +  C2H2 (5) 
C2H2* +  C2H2 (C4H4*) -r -  C4H2 +  2H (6)

I—a*. c 4h 4*
C4H4* — *• C4H3 +  H4̂X14

H +  C2H2 - 
C2H3 +  C2H3 — -  (C4H6*)

C2H3

(7)

(8 ) 
(9)

C2H4 +  C2H2 (10)

c 4h 6* *
- c 4h 6 

c2h 4 +  c 2h 2

M

(11)
(12)
(13)

C2H3 +  H
C4H6

- C2H2 +  H2

(fc >  1012 cm3 mol-1  sec-19) (14)
C2H3 +  C2H2 —  C4H6

C4H6 +  C2H3 C4H6 +  C2H2

-  C4H4 +  C2H4 

C4H6 +  nC2H2 — polymer 
C4H3 +  nC2H2 — polymer 

C4H4* +  nC2H2 — »- polymer 
By the steady-state treatment, we obtain

(15)
(16)
(17)
(18)
(19)
(20)

h  +  h  (k6 —|— -f— h )  [C2H2]
Then

= h k j  a

(ki +  h ) (fc3 +  ki)

If acetylene pressure is high enough
(fc3 -J- kt -f- h )  [C2H2 ] ki -f- ki

Then
h i  a^ hC(H, =

h  h  k’j

(22)

(23)

(24)

(25)
Therefore eq 21 is consistent with Figure 3 if R hCiH, >  
72’c.Hr Thus we suggest that reactions 3 and 6 are 
the important processes for the formation of diacety
lene. Since the rate of formation of vinylacetylene 
does not increase with increasing total pressure in both 
the acetylene system and the acetylene-methane sys
tem, vinylacetylene should not be formed from the 
stabilization of 04114* but rather from reaction 17.

B . C2H 2 (2.1 T o rr )-C H i System . In this system, 
not only the products obtained in the acetylene system 
but also ethane and propylene were detected, and the 
following reactions should be added to the reaction 
scheme of eq 1- 2 0 .

C2H +  CH4 —  C2H2 +  CH3

C2H2* +  CH4 -j— C2H2 +  CH3 +  H
> (or C2H3 -)- CH3)

C2H2 +  CH4

(26)

(27)10 
(28)

(8 ) J. N. Bradley and G. B. Kistiakowsky, J. Chem. Phys., 35, 264 
(1961).
(9) G. G. Volpi and F. Zocchi, ibid., 44, 4010 (1966).
(10) Assuming the reaction C2H2* +  CH4 —- C2H2 +  CH2 +  H2, we
discuss two cases, one where CH2 has rather low energy as is produced 
by the decomposition of CH2N2 and the other where CH2 is highly 
excited methylene as is produced in the photolysis of methane at 
1236 A. Produced methylene radicals react as follows: CH2 +
CH4 — C2H6*. In the former case, 50% of C2H6* is stabilized and 
gives ethane at 26 mm of methane: J. A. Bell and G. B. Kistiakowsky, 
J. Amer. Chem. Soc., 84, 3417 (1962). Therefore CII2 cannot be thè 
precursor of the methyl radical in our experimental conditions. 
This is not consistent with the data that the yield of propylene in
creases with increasing the methane pressure.

In the latter case, C2H6* decomposes into C2H4 and H2 : P.
Ausloos, R. Gorden, Jr., and S. G. Lias, J. Chem. Phys., 40, 1854 
(1964). The yield of ethylene is almost pressure independent. In 
this case ethylene-A should be produced in the C2H2-C D 4 system, 
but we could not find any ethylene-d(. Therefore in our experiment 
the reaction C2H2* 4- CH4 —-  C2H2 4- Cl 1. 4~ H2 is not important.
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CH3 +  CHS —-  C2H6 (29)
CH3 +  C2H3 — -  C3H0 (30)

H +  CH4 —-  H2 +  CH3

(AE* = 7.8 kcal mol“ 1 u) (31)
Figure 4 shows the relative rate of formation of each 
product against the methane pressure. The yield of 
ethylene does not increase with increasing methane pres-

fp

Figure 3. The pressure dependence of the quantum 
yield ratio (<pp/<pt.i) of diacetylene.

~  70

o

Figure 4. Relative rate of formation of each product 
against the pressure of methane: O, CJR; •, C2H4; 
®, C2H6; ©, C3H8; V, 1,3-CJR; A, C,H„

sure but rather it decreases. Therefore the following 
reaction is not important.

C2H3 +  CH4 —-  C2H4 +  CH3 (32)
The importance of reaction 29 (the recombination of 
methyl radicals) in the formation of ethane is verified by 
isotopic analysis of ethane, where C2D6 was the only 
product of ethane produced in the C2H2-C D 4 system. 
From processes 10-13, 16, and 17
R  C2H4 + 1,3-CiHa = (h o  +  fcn)[C2H3]2 +

(h o  +  fc17)[C4H6][C2H3] (33)
Since the yield of 1,3-C4H6 was much smaller than that 
of C4H4 in the 2.1 Torr acetylene system, ho  should be

negligible compared with hr- Moreover, vinylacetylene 
did not increase with increasing the pressure of the 
reaction system (Figures 2 and 4). Therefore ho  can 
be ignored in eq 33. Then
(ho +  h i)  [C2H3]2 ^

-Sc*H4+i,3-C4H« — kn  [C4H6] [C2H3]
(ho +  h i)  [C2H3]2 =  AC2ni+13.C(Hi — R ctiu  (34)
On the other hand, the rates of formation of ethane and 
propylene are given as

R ciHi =  fes[CH3]2 (35)
f2csH, =  M C H 3][C2H3] (36)

From eq 34-36
c ;h<+i ,3-C4H. — R c ,hJ R c ,h , ^  V h o (h o  +  h i)

R ciH, ho

(37)
The left-hand side of eq 37 is plotted in Figure 5. This 
equation indicates that if our reaction scheme is com
plete, the ratio [(RcjH4+ i,3-C4H5 — Rc,H,)R(h¥n] 'V-ftcsH* 
should be independent of the methane pressure. How
ever, the ratio in Figure 5 is not exactly constant and 
decreases slightly in proportion to the methane pres
sure. This implies that there might be another reac
tion process, in addition to our scheme, but it cannot be 
important because the gradient of the slope is not large 
(Figure 5).

Figure 5. The plots of [Ro2H4 + i,3-C4HtKc4H!] 1̂ VRc!Hs 
against the pressure of methane.

C. D isproportionation  and R ecom bination  R eactions  
o f  V in y l Radicals. The fact that the yield of 1,3- 
butadiene depends on the total pressure in the system 
is shown in both Figure 2 and Figure 4. This pressure 
dependency is mainly caused by the third-body effect 
in reaction 13, because reaction 16 can be ignored as 
was discussed before. As for ethylene and 1,3-buta-
(11) R. Klein, et al., J. Chem. Phys., 30, 58 (1959).
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Rt'.3-C4HS]

Figure 6 . The plots of (iic2H4 — fic4H4)/fJi,3-c4H» vs. 
reciprocal of total pressure of the reaction system:
®, acetylene system; O, acetylene (2.1 torr)-methane system.

Figure 7. The plots of di/d0, d3/d,, [D]/[H], and [H]/[D] 
against the pressure of methane: © , di/d0; O, d3/dt(do, di, d2, and d, mean C2H4, C2H3D, C2HD3, and C2D4, 
respectively); © ( [D]/[HJ) and • ( [H ]/[D ]) were 
calculated from eq 45. do, di (in the C2H2-C D 4 system) 
and d4, d3 (in the C2D2-CH4 system) were the major products, 
and other deuterated ethylenes were hardly detected.

From the intercept of Figure 6 we get M  ^  3fcu and 
from the slope we can see that, in reaction 13, acetylene 
is about seven times more effective than methane as 
the deactivator. This figure also indicates that the 
reaction

C2H3 +  H C2H4

is not important.
D . Iso top ic  A n a lysis  o f  E thylene Form ed in  C 2H 2- C D 4 

(or C iD z-C H f) System . Using the result of the isotopic 
analysis of the ethylene produced in the reaction system 
C2H2~CD4 (or C2D2-CH4), the ratio [di]/[do] (or 
[d3]/[d4]) was plotted against the methane pressure 
in Figure 7; di and do mean the C2H3D and C2H4, 
respectively. For the system C2H2-CD 4 the steady- 
state treatment leads to
™  = fcj[C2H2*] +  fc3[C2H][C2H2] +at

2/c6 [C2H2*][C2H2] -  fc9[H][C2H2] -  
M[H]{ [C2Hs] +  [C2H2D]} -  M H ][C D 4] =  0

[H] =
ki [C2H2* ] +  fc3[C2H][C2H2] +  2fc6[C2H2*][C2H2] 
A:9[C2H2] +  ku { [C2H3] +  [C2H2D ]| +  A:31[CD4] ( j
^  =  M[C2H2*][CD4] -  /t9[D][C2H2] -

fci4[D]{[C2H3] +  [C2H2D]} -  fc31[D][CD4] = 0 
[D] -  M[C2H2*][CD4]/(fc9[C A ] +

M  [C2H3] +  [C2H2D]} +  fc31[CD4]) (40)
j [C2H] = fe[C2H2*] -df

(fc3 +  MIC2H][C2H2] -  fc26[C2H][CD4] = 0  

[C2H] = M C A * ] /

{(fc3 +  M[C2H2] +  M[CD4]} (41)

From eq 39 and 40, we get
[C2H2D] = [DJ =
[C2H3] [H]

M[C2H2*]
fe[C8H2*] +  fc3[C2H][C2H2] +  2fc6[C2H2*][C2H2

Substituting eq 41 for [C2H] into eq 42

¡[CD4]
(42)

diene formed from reactions 10-13 and 17, the steady- 
state approximation leads to

R c 2h 4 — R cun
R 1,3-C4H. - r ( 1 +  r)n iF , +  r  «»>&i3\ fcn/[M] kn

[C2H2D]
[C2H3]

[D]
[H]

M

In Figure 6  the value of ( R C ih , ~  ^ c , h , ) / - R i ,3-c u i , i s  
plotted against the reciprocal of third-body pressure.

1 + MC2H2] X
(fc3 +  M  [C2H2] +  M[CD4]; +  2fc6[C2H2]

[CD4] (43)
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1 >  fc3[C2H,]/{(* , +  fa) [C2H2]+  *i6[CD4] } and eq 43 
is modified to

t*L rCD K  W y  
fa +  2£6[C2H2] 1 4J [H]

1  _______É27_____
2 fa +  fce[C2H2] [CD*] (44)

If there is no isotope effect in the formation of the 
ethylene, we can express [di]/[do] with [H] and [D] by 
making a simple probability calculation based on the 
assumption that one of the italic hydrogens in

w .
(fa +  fa) (fa +  ki)

,{ .̂ + 2W <A'2>h  +  fa +  2 .1(fc6 +  fa +  fa) (fa  +  ki

Therefore if we can neglect fa and fa compared to fa
fafa

(fa +  fa) (fa +  fa)

------- "-------1fa "b fa "h 2 , lfa  (1
fafa

fa  +  fa
+  2 .1fc6j  S  0 .7 (A-3)

H

/H C=C
\

H

should be transferred. Thus

As the yield of diacetylene is always nearly equal to two 
times the total yield of ethylene, 1,3-butadiene, and 
vinylacetylene in the acetylene system, reaction 4 may 
be unimportant in comparison with reaction 3. Then

fa

fa +  fa
^  1 (A-4)

m  = [D ] [D]
[do] [H] +  2 [H] +  [D]

From eq 45 and the data of [di]/[dc], the ratio [D]/[H] 
was calculated and was also plotted in Figure 7. From 
the slope of the curve of [D]/[H1 in Figure 7 and eq 44, 
we have

From relations A-3 and A-4

f c W fc+fcV  2 W fa+2-ifai=°-7 ^

On the other hand, when the pressure of acetylene is 
high enough, we have the following relation from eq 25 
and Figure 3

fa h  j  
fa fa fa/

fai 1>  - fai

fa +  2fc6[C2H2] 1000 2 fa +  fa [C2H2 ] (46)
After some approximations shown in the Appendix, the 
ratio fa/k-a was estimated as

fa/fai S i 102 (47)
Appendix

When the acetylene pressure is low, eq 21 may be 
written as

„ ^ _____ fa k je ,_____  fcft/,[C2H2]
C,H* =  (fa  +  fa ) (fa +  fa) fa +  fa

(A-l)

fa +  fa
± ____ ir* +  2 .1fc6i

fafa

fa  +  ki
+  2.1  faj  ^  2 .5 (A-6 )

If we can neglect fa and fa again compared with fa, eq 
A-6  is reduced to a simple relation using eq A-4

(fa +  fa +  2.1fa)/ (fa  +  2 .1fce) 9É 2.5 (A-7)
Therefore

fa SZ l .5 (fa  +  2 .l/c6) (A-8)
From relations A-5 and A-8 , we get

fa ^  3fa (A-9)
This means that the yield of diacetylene in Figure 3 
should increase linearly at low pressure of acetylene. 
Then the intercept which is extrapolated to 0.7 in 
Figure 3 gives the value which is close to

Then using the relations 46 and A-9, we obtain

1.5 X 102 >  p- >  1.0 X 102 (A-10)
far

■ m
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Crystal Structure of the Zeolite Nickel Faujasite

by D. H. Olson
Mobil Research and Development Corporation, Central Research Division, Princeton, New Jersey 08540 
(Received February 1, 1968)

The crystal structure of vacuum-dehydrated, nickel-exchanged natural faujasite has been determined using single-crystal X-ray techniques. The nickel exchange and subsequent dehydration have considerably modified the zeolite framework. Nickel(II) occupies two-thirds of the SI sites and in these sites attains near-perfect octahedral coordination with framework oxygens (Ni-O, 2.29 A). The remaining nickel ions are distributed in four additional unique positions. Two of these positions are in the region of the SI' site and the other two are in SII and SII' sites. A trace of residual water may play a major role in determining the nickel ion distribution.

Introduction
The catalytic importance of zeolites X  and Y has 

prompted numerous investigations into the physical 
and chemical nature of these crystalline alumino
silicates. The role played in catalysis by cations 
associated with the zeolite framework is also of interest 
and has received considerable attention.12 Knowledge 
of the position of the cations in the zeolites is necessary 
to ascertain their role in catalytic reactions. The cat
ion positions of nickel(II) in vacuum-dehydrated, 
nickel-exchanged natural faujasite have been deter
mined using single-crystal X-ray techniques. The 
cation site selectivity agrees with esr3 and ir4 studies of 
related transition metal zeolites. Also, the framework 
has undergone striking modification to accommodate 
the nickel ions.
Experimental Section

The faujasite crystal used in this study was chipped 
from a mineral specimen from Kaiserstuhl, Bavaria. 
The crystal was batch exchanged at 90° for 60 days. 
The exchange solution, 1.0 M  in nickel(II), was pre
pared using a 3 :1  ratio of the chloride and acetate salts 
of nickel(II). At 25° the pH of the solution was 5.9. 
Following exchange, the pale green crystal was washed 
thoroughly and ground to a 0.01 cm radius sphere 
using a Bond-type6 crystal-grinding apparatus. The 
crystal was placed in a glass capillary (0.01 mm thick 
walls), which was part of a simple glass system that 
could be connected directly to a high-vacuum line. 
The crystal was dehydrated by heating, while evacuat
ing, to 400° over a 2-hr period, followed by evacuation 
for 7 hr at 400° and 10-6  torr. After the system had 
cooled to room temperature, the crystal, which had 
turned dark brown during calcination, was sealed in 
the evacuated capillary.

The diffraction symmetry and systematic extinctions 
of nickel faujasite are consistent with the space group 
Fd3m assigned by Bergerhoff, et al.,6 for natural fauja
site. The lattice parameter, a =  24.410(5) A, was 
determined by double-scanning diffractometry7 on a

Siemens goniometer equipped with a General Electric 
Eulerian cradle, and the intensity data were collected 
using the moving crystal-moving counter technique8 
with nickel-filtered copper radiation. Background 
counts (1 min) were taken at each end of a 4°, 4-min 
scan. The 706 unique reflections with a 26 cutoff at 
140° were measured. The intensity data were cor
rected for absorption and Lorentz polarization factors. 
The error in the net intensity was calculated using
A/ =  { (total counts) +  2 (total background counts) +  

[0.05(total counts) ] 2 +
[0.06(total background counts) ] 2} 1/1

and the corresponding standard error in the observed 
structure factor was found by applying the method of 
finite differences9

<r(F) S  L V - ' h [(I  +  A/ ) 1/2 -  7I/!]
Following the data collection, the crystal was ana

lyzed for Ni, Mg, Ca, Al, and Si, using microprobe 
techniques. Since the Si content appeared to be in 
error, the Si:Al ratio reported by Bergerhoff, et a l.,9 
and Baur10 for natural faujasite was used to calculate 
the unit cell contents. The excellent agreement found 
for the average Si(Al)-0 distances for this structure

(1) P. E. Pickert, J. A. Rabo, E. Dempsey, and V. Schomaker, 
Proc. Int. Congr. Catal., 3rd, Amsterdam, 1964, 1» 714 (1965).
(2) R. L. Mays and P. E. Pickert, in “ Molecular Sieves,”  Society 
of Chemical Industry, London, 1968, p 112.
(3) T. I. Barry and L. A. Lay, J. Phys. Chem. Solids, 27, 1821 
(1966).
(4) C. L. Angell and P. C. Schaffer, J. Phys. Chem., 70, 1413 (1966).
(5) W. L. Bond, Rev. Sci. Instrum., 22, 344 (1951).
(6) G. Bergerhoff, W. H. Baur, and W. Nowacki, Neues Jahr Mineral. 
Monlash., 193 (1958).
(7) H. W. King and L. F. Vassamillet, Advan. X-Ray Anal., 5, 78 
(1961).
(8) T. C. Furnas, Single Crystal Orienter Instruction Manual, 
General Electric Co., Milwaukee, Wis., 1957.
(9) D. E. Williams and R. E. Rundle, J. Amer. Chem. Soc., 86, 1660 
(1964).
(10) W. H. Baur, Amer. Mineral., 49, 697 (1964),
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and for natural faujasite10 supports this method of cal
culation. The unit cell composition, NitfCa^AlOi)»- 
(Si0 2)i34, shows a slight cation excess, which may be an 
indication of the limit of accuracy of the analysis.
Solution of the Structure

Least-squares refinement11 of a set of faujasite 
framework parameters from an earlier study, 12 plus 
estimated cation positional and population parameters, 
resulted in R  (omitting F  = 0 values) = 0.069. The 
structure factors in this refinement were computed 
using the Hartree-Fock-Slater (HFS) ionic scattering 
factors computed by Hanson and Pohler.13 The atoms 
were assumed to be in the following ionic forms: O- , 
Si2+, A1+, and Ni2+. Scattering factors for Si2+ were 
obtained by interpolating between Si and Si3+ form fac
tors. For the tetrahedral atom site, Si2+ and A1+ form 
factors were combined in accordance with the S i: A1 ratio 
of natural faujasite.610 The calculations at this point 
included allowances for anisotropic thermal motion. A 
difference map showed scattering matter within the soda- 
lite cage, in addition to electron density accounted for 
by partial occupancy of nickel in SI.14 From the 
threefold interatomic distance Ni(3)-0(2) =  2.20 A, 
a peak at x  — y  — z = 0.207 (SII') was assigned to 
nickel ion Ni(3). Since its true identity was uncertain, 
a peak at x  — y  =  z =  0.081 was accounted for using 
partial occupancy of oxygen and was labeled O(wl). 
A very small peak at x  = y  — z =  0.161 was assumed 
to be oxygen, 0(w2), on the basis of the N i(3)-0 dis
tance of 2.0 A. Since this peak has an electron density 
value just slightly above the difference map background 
level, 0.4 electron/A3, its existence is uncertain. The 
population and positional parameters of these additional 
sodalite cage atoms were adjusted, using a succession of 
difference maps. The difference map in Figure 1, which 
is based upon a model that excludes the additional soda
lite cage atoms, shows the O(wl), 0(w2), and Ni(3) 
peaks. This difference plot also shows a peak at x  — 
Vs, the center of the sodalite cage. With a model that 
included O(wl) and Ni(3), this peak decreased to less 
than half the height shown, and the 0 (w2) peak height 
remained unchanged. Consequently, the peak at 
x  =  y  =  z  = y 8 was judged to be insignificant. In
cluding O(wl), 0(w2), and Ni(3) atoms in the model 
and computing two more least-squares cycles reduced R  
(omitting F  = 0 values) to 0.046 and R  (all data) to 
0.059. Final positional and thermal parameters and 
a structure factor listing are given in Tables I—III, re
spectively. Interatomic distances and angles were 
computed using o r f f e 15 and are given in Tables IV 
andV.

Plots of (AF ) 2w vs. F  and (sin 0)/X revealed that the
(AF ) 2w were nearly constant over the range of F  and 
(sin 0)/X. The constancy of (AF ) 2w implies that the 
weighting scheme employed is satisfactory.16 In addi
tion to checking the weighting scheme, in the last few

Figure 1. Difference plot, Ap(xxx) vs. x (fractional).

least-squares cycles anomalous dispersion corrections 
were included in the calculation of the structure factors, 
and the secondary extinction multiplier17 was refined. 
Neither of the latter corrections appreciably changed 
the R  value or the standard deviations of the variables, 
which indicates that anomalous dispersion and secon
dary extinction were not seriously affecting the observed 
intensity data.
Discussion of the Structure

The nickel exchange and subsequent vacuum calcina
tion produced a general loss of regularity in the zeolite 
framework. This loss may be seen by comparing the 
framework, interatomic distances, and angles of nickel- 
exchanged natural faujasite and hydrated natural 
faujasite (Table VI). Further comparison (Table VI) 
reveals substantial reorientation of the tetrahedra, as 
is reflected in the 3.7° change in the mean value of 
the Si(Al)-0-Si(Al) angle—and even more in the 10.5° 
average deviation from the mean for nickel faujasite, 
compared with a 1.7° average deviation for hydrated 
faujasite.10 Although a similar loss of regularity is 
observed in dehydrated CaX and SrX, 18 it is much more 
pronounced for nickel faujasite. This difference is 
ascribed to the relatively high polarizing power of the 
nickel ion (ionic radii for N i2+, Ca2+, and Sr2+ are
(1 1 ) W . R. Busing, K. O. Martin, and H. A. Levy, o r f l s , Oak 
Ridge National Laboratory, Oak Ridge, Tenn., 1962.
(12) D. H. Olson, G. T. Kokotailo, and J. F. Charnell, J. Colloid 
Interface Set., in press.
(13) H. P. Hanson and R. F. Pohler, Acta Crystattogr., 21, 435 
(1966).
(14) The site designations used here are those introduced by Pickert, 
et al.1 SI is in the center of the hexagonal prism; SI' is adjacent to 
SI and in the sodalite cage; S II' is in the sodalite cage and is ad
jacent to the supercage six ring; and SII is in the supercage adjacent 
to SII'.
(15) W. R. Busing, K. O. Martin, and H. A. Levy, o r f f e , Oak 
Ridge National Laboratory, Oak Ridge, Tenn., 1964.
(16) D. W. J. Cruickshank, D. Pilling, A. Bujosa, F. M . Lovell, 
and M. R. Truter in “ Computing Methods and the Phase Problem 
in X-Ray Crystal Analysis,”  R. Pepinsky, J. M. Robertson, and 
J. C. Speakman, Ed., Pergamon Press Inc., New York, N. Y ., 1961, 
p 32.
(17) W. H. Zachariasen, Acta CrystaUogr., 16, 1139 (1963).
(18) D. H. Olson, Mobil Research and Development Corp., unpub
lished research.
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Table I : Final Fractional Coordinates“ and Estimated Standard Deviations

Atom Set pb X V Z

Si(Al) i 1 .0 00 -0.05333(3) 0.03554 (3) 0.12268(3)
0 (1) h 1 .0 00 0.10812(8) -0.10812 (8 ) 0 .00000
0 (2 ) g 1 .0 0 0 -0.00345 (9) -0.00345 (9) 0.14528(11)
0(3) g 1 .0 00 0.18759(8) 0.18759 (8 ) -0.03171 (11)
0(4) g 1 .0 00 0.16780(8) 0.16780(8) 0.31574(12)
Ni(l) c 0.660 (6 ) 0 .00000 0 .00000 0 .00000
Ni(2) e 0.096 (8 ) 0.0543(15) 0.0543(15) 0.0543(15)
Ni(3) e 0.06(2) 0.2074(20) 0.2074(20) 0.2074(20)
Ni(4) e 0.199(4) 0.2334 (2) 0.2334(2) 0.2334 (2)
0 (wl) e 0.18 (6 ) 0.081(5) 0.081(5) 0.081 (5)
0 (w2 ) e 0.06(6) 0.161(10) 0.161(10) 0.161(10)

“ Origin at 3m. 6 Population parameter.

Table II: Vibration Tensor Components and Estimated Standard Deviations (A2)

Atom Uu Un Uu Uu Uu Ua

Si (Al) 0.0283(5) 0.0222(5) 0.0219 (5) 0.0007(3) -0.0022 (3) -0 .0033(4)
0 (1) 0.046 (1) 0.046(1) 0.044(2) -0 .004 (2 ) -0 .008  (2 ) -0 .0 0 8 (2 )
0 ( 2 ) 0.047(1) 0.047 (1) 0.043(2) 0 .0 1 1  (2 ) 0 .0 0 0 (1) 0 .0 0 0 (1)
0(3) 0.046(1) 0.046(1) 0.048(2) 0.009(2) -0 .004 (1 ) -0 .0 0 4 (1 )
0(4) 0.043 (1) 0.043(1) 0.060 (2 ) 0.015(2) 0.004 (1) 0.004(1)
Ni(l) 0.039(1) 0.039 (1) 0.039(1) 0 .0 0 1  (1) 0 .0 0 1  (1 ) 0 .0 0 1  (1)
Ni(2)
Ni(3)

0.348(51) 
0.019“

0.348 (51) 0.348 (51) 0.281(50) 0.281(50) 0.281(50)

Ni(4) 0.069(3) 
O(wl) 0.038“ 
0(w2) 0.038“

“ Isotropie U.

0.069(3) 0.069 (3) 0.025 (3) 0.025 (3) 0.025 (3)

Figure 2. Stereoscopic view of the sodalite cage atom distribution of nickel faujasite. Because of the partial occupancy of the 
nonframework atom sites, not all symmetry related sites are filled.

0.78, 0.99, and 1.13A, respectively). Smith, et al., have 
also found a decrease in regularity upon dehydration of 
calcium chabazite.19'20

One result of the loss of regularity in nickel faujasite 
can be seen in Figure 2.21 The large Si(Al)-0(4)-Si- 
(Al) angle, 158.3°, results in a relatively short 0 (4 )-  
0(4) distance, 2.96 A, across the sodalite cage four-

membered ring (compare with the 3.52-A distance in 
hydrated faujasite) . 10 Except for interactions be-
(19) J. V. Smith, Acta Crystallogr., 15, 835 (1962).
(20) J. V. Smith, F. Rinaldi, and L. S. Dent Glasser, ibid. 16, 45 
(1963).
(21) Computer drawn using o r t e p : C. K. Johnson, o r t e p , Oak 
Ridge National Laboratory, Oak Ridge, Tenn., 1964.
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Table III: Observed and Calculated Structure Factors for Nickel Faujasite

H K F O B S F C  A L H K F O B S F C  A L H K F O B S F C  A L H K F O B S F C  A L

• » • # L  = 0 * 7 l 4 1 5 4 0 4 2 1 9 1 1 4 0 1 1 5 9 2 0 4 3 0 4 3 1 0

4 0 1 8 C 6 1 6 4 9 9 1 2 7 9 2 5 3 2  3 9 5 0 7 5 1 8 2 2 4 8 2 8 8 4 8

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

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

1 6 0 3 8 1 6 3 8 6 0 1 5 1 3 1 9 2 4 9 1 1 1 1 4 6 4 1 4 5 3 6 2 8 4 2 0 8 1 3 9

2 G 0 6 3 3 6 7 0 1 7 1 2 5 0 9 2 4 9 1 1 3 1 1 1 3 1 9 1 2 0 2 6 6 8 4 3 8 3 9

2 « 0 2 5 2 1 2 5 4 0 1 9 l 1 6 9 6 1 7 7 2 1 5 1 1 8 7 1 8 6 1 8 6 5 8 2 5 8 8

2 8 0 1 2 3 1 1 8 2 1 1 1 1 0 3 1 0 5 7 1 7 1 1 6 8 6 6 6 8 1 0 6 6 6 3 7 2 0

2 2 3 4 C 7 3 4 1 7 2 3 1 1 4 4 6 1 4 1 0 1 9 1 1 0 4 2 1 2 6 9 4 7 9 2 8

6 2 1 2 3 1 1 2 0 2 2 5 1 2 6 0 1 7 4 2 1 1 1 1 9 2 2 1 9 6 6 1 4 6 2 4 4 1 2 4 7 0

I C 2 3 C 0 2 7 4 2 7 1 1 5 4 1 5 6 2 3 1 1 1 9 6 8 1 9 7 9 1 6 6 7 1 3 7 1 6

1 4 2 2 0 8 0 2 1 0 0 2 9 l 1 6 6 2 4 2 5 1 1 3 0 7 2 9 2 1 8 6 1 9 1 5 1

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

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

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

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

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

1 2 4 1 1 8 8 3 1 3 3 5 5 2 5 3 1 2 1 1 3 3 5 4 3 6 3 8 8 1 4 6 9 1 4 6 4

1 6 4 1 9 C 9 1 9 4 8 1 5 3 9 2 0 9 0 6 2 3 1 3 2 1 4 1 1 2 1 0 8 2 0 0 8 2 0 0 6

2 C 4 2 5 5 1 7 7 1 7 3 4 4 5 4 3 9 2 5 1 3 6 1 3 5 8 9 1 2 8 7 2 4 7 1 6

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

2 8 4 5 C 4 4 8 1 2 1 3 6 0 6 6  7 6 1 7 1 5 1 5 2 1 0 7 1 6 8 7 1 6 6 5 8

6 6 3 6 C 5 3 6 1 3 2 3 3 3 9 8 4 7 3 1 9 1 5 6 8 2 6 8 5 1 8 8 1 1 6 8 1 1 9 2

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

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

1 8 6 1 7 3 2 1 7 2 8 2 9 3 1 1 1 6 6 2 5 1 5 1 7 3 2 1 8 2 4 8 2 3 5 1 4 5

2 2 6 2 0 8 0 2 0 6 8 5 5 2 5 7 1 2 9 1 7 1 7 5 4 0 5 2 4 2 6 8 1 5 8 1 5

2 6 6 7 7 2 7 6 8 7 5 1 3 2 4 1 3 1 8 1 9 1 7 0 5 5 2 8 9 8 - 9 1 0 7

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

1 2 <3 2 1 1 5 2 1 7 4 1 1 5 1 3 3 0 1 3 4 2 2 3 1 7 5 3 3 4 9 7 1 2 1 0 2 7 8 2 8 0

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

2 C 8 3 5 2 4 3 6 0 4 1 5 5 1 0 3 2 1 0 4 1 2 1 1 9 6 1 5 1 1 6 1 0 1 9 1 8 9

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

2 8 8 9 9 9 9 6 3 1 9 5 2 4 7 2 3 8 »  « *  « L  = 2 * 2 0 1 0 1 1 5 4 1 1 1 1

1 C 1 0 4 1 9 0 4 1 3 3 2 1 5 1 5 7 2 1 5  6 0 2 2 1 2 1 1 1 2 4 0 2 2 1 0 8 7 0 8 6 3

1 4 1 C 1 5 2 7 1 5 5 4 2 3 5 9 0 2 8 5 4 4 2 2 4 2 3  3 8 2 4 1 0 3 4 4 3 1 4

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

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

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

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

1 6 1 2 6 C 2 5 4 1 9 7 2 2 4 2 2 2 2 6 1 4 2 5 2 1 4 9 6 1 8 1 2 2 2 7 2 4 7

2 C 1 2 6 5 9 6 4 0 1 1 7 1 2 6 2 1 2 6 3 1 6 2 8 6 4 8 3 6 2 0 1 2 5 6 0 5 7 6

2 4 1 2 9 9 0 1 1 1 3 1 3 7 7 7 0 7 9 8 1 8 2 1 2 8 1 1 3 1 3 2 2 1 2 3 1 8 3 6 2

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

1 8 1 4 5 5 0 5 8 5 1 7 7 3 3 1 3 5 0 2 2 2 1 5 4 1 7 2 2 6 1 2 7 4 8 7 5 2

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

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

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

2 C 1 6 4 9 3 4 9 4 2 5 7 4 1 9 1 4 4 8 9 7 1 2 0 1 4 9 5 4 9 3 2
2 4 1 6 5 7 4 5 4 2 2 7 7 8 2 4 7 9 5 6 4 3 2 5 9 3 1 8 7 2 2 1 4 6 9 8 6 9 4

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

2 2 1 8 0 3 6 1 1 9 0 3 0 1 0 4 4 6 5 5 0 4 2 6 1 4 1 1 4 8 3

2 0 2 0 2 4 5 2 5 6 1 3 9 1 6 0 1 1 5 9 5 1 2 4 1 3 2 2 1 2 9 4 1 6 1 6 8 4 2 8 5 9
* • • • 1  = 1 » 1 5 9 5 5 6 5 4 5 1 4 4 3 6 3 3 2 7 1 8 1 6 5 7 7 5 7 0

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

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

tween oxygens of the same tetrahedron, 2.96 A is the 
shortest oxygen-oxygen distance in the nickel faujasite 
structure. Such short distances are of interest because 
they indicate favorable sites for hydrogen bonding. 
Infrared evidence has established the existence of 
framework hydroxyls in various cationic forms of syn
thetic faujasites.22 Although hydrogen bonding of 
these OH groups has not been established, framework 
distortions of the type found here have resulted in oxy

gen-oxygen distances favorable for such bonding. 
The next shortest oxygen-oxygen distance, 3.25 A, is 
between two 0(3)’s of the SI six ring (Figure 3); it re
sults in an unusually small SI port diameter of 0.96 A 
(computed assuming a hard-sphere model and a 1.40 A 
radius for oxygen). This port size may be compared

(22) C. L. Angell and P. C. Schaffer, J, Phys . C h e m 6 9 ,  3463 
(1965).
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Table III (Continued)

H K FOBS FCAL H K FOBS FCAL H K FC3S, FCAL H K FOBS FCAL
24 16 1 7 0 1 1 4 15 11 1 2 6 6 1 2 6 7 16 8 1 320 1 3 3 1 15 7 3 7 9 3 3 5
i e 18 350 298 1 7 1 l 436 4 1 2 18 8 0 66 1 7 7 2 8 3 7 2 8 5 9
2C 18 482 504 19 11 583 5 9 5 20 8 1 2 5 2 1211 19 7 7 9 4 800
22 1 8 97 97 21 1 1 1 3 9 0 1 3 6 4 22 8 395 344 21 7 2 7 5 242
20 20 4 3 3 434 23 11 1 2 4 77 24 8 0 1 3 3 23 7 7 3 2 7 4 1
* * * » L  == 3» 25 11 81 2 827 26 8 45 228 25 7 208 35

3 3 989 1 0 2 7 27 1 1 2 1 3 2 7 1 28 8 7 2 1 704 27 7 5 5 9 538
5 3 359 6 3 5 3 5 1 3 13 2044 2032 10 10 988 9 9 1 9 9 1 9 5 9 1 883
7 3 2 1 7 2 2048 15 1 3 489 5 1 3 12 10 2 1 6 1 6 5 11 9 299 300
9 3 430 430 17 13 493 543 14 10 232 198 13 9 1 5 5 3 1 5 9 0

11 3 1 6 9 0 1 6 7 5 19 13 0 97 16 10 554 549 1 5 9 1 2 5 0 1 2 5 0
13 3 1 5 3 7 1 5 5 4 21 13 1 2 2 6 1201 • 18 10 2 3 1 223 1 7 9 29 1 1 7 6
1 5 3 1 5 1 8 1 5 5 3 23 1 3 0 1 1 3 20 10 305 299 19 9 64 7 6 59
1 7 3 1 9 4 201 25 13 3 7 6 367 22 10 3 1 2 282 21 9 7 1 6 7 1 3
19 3 986 978 15 15 846 859 24 10 0 21 23 9 79 1 41
21 3 1 3 1 3 1 290 1 7 1 5 434 3 57 26 10 404 4 1 6 25 9 7 86 788
23 3 1 1 6 9 1 1 9 8 19 1 5 985 9 59 12 12 736 7 4 7 27 9 354 296
25 3 78 47 21 15 105 1 9 7 14 12 16 87 11 11 2 3 1 8 2 3 2 5
2 7 3 807 844 23 15 386 4 7 5 16 12 488 486 13 11 462 4 7 0
29 3 4 1 2 4 2 2 25 15 205 1 7 7 18 12 670 704 15 11 55 6 5 5 3

5 5 110 1 1 9 1 7 1 7 1 94 1 4 7 20 12 1 0 4 1 1008 17 11 1 6 7 5 1 6 9 5
7 5 1 9 4 5 1 9 2 1 19 17 833 828 22 12 0 5 19 11 1 5 5 168
9 5 1 7 6 182 21 1 7 4 7 5 484 24 12 148 49 21 11 0 226

11 5 1 6 1 1 3 4 23 1 7 2 3 7 206 26 12 293 2 30 23 11 7 1 4 68 1
1 3 5 4 7 7 505 19 19 1 93 233 14 14 1 1 2 4 1 1 5 8 25 11 1 2 5 1 5 3
1 5 5 1 8 2 2 1 8 2 1 21 19 5 1 1 534 16 14 324 324 27 11 986 9 3 7
1 7 5 7 6 0 8 1 8 #* * # L = 4» 18 14 1 3 9 9 1 3 83 13 13 509 52 5
1 9 5 1 2 2 5 1 2 2 4 4 4 293 283 20 14 1 5 1 60 15 13 1 8 1 6 1 7 7 2
21 5 1 0 5 88 6 4 61 14 22 14 688 733 1 7 13 848 825
23 5 2 5 9 2 6 7 8 4 2 1 8 3 2 1 3 2 24 14 1 6 5 29 19 13 2 5 6 282
25 5 924 9 7 4 10 4 896 985 16 16 1 6 2 4 1 6 5 1 21 13 0 98
27 5 2 4 3 208 12 4 2 07 3 2 1 7 3 18 16 2 7 7 207 23 13 543 438
29 5 0 61 14 4 226 1 74 20 16 1 1 5 8 1 1 5 0 25 13 582 57 4

7 7 282 3 1 4 16 4 268 2 4 1 22 16 55 61 15 15 6 9 5 7 5 7
9 7 362 2 1 3 18 4 1 7 3 5 1 8 1 7 24 16 322 210 1 7 15 1 2 4 8 1 1 7 8

11 7 5 1 9 4 96 20 4 9 9 1 9 7 3 18 18 543 554 19 15 738 748
1 3 7 1 7 7 9 1 820 22 4 8 1 1 8 1 2 20 18 28 7 281 21 15 554 5 1 4
1 5 7 822 806 24 4 4 19 4 4 1 22 18 568 562 23 15 7 1 5 6 9 6
1 7 7 604 590 26 4 57 69 20 20 0 51 25 15 304 3 1 1
19 7 1022 1011 ■ 28 4 2 5 7 269 * * *  * L = 5 * * * * *  * 17 17 2 454 2 4 0 7
21 7 82 7 854 6 6 4 09 5 4 05 9 5 5 7 9 9 9 7 9 7 9 19 17 552 5 7 9
23 7 1 038 1 C07 8 6 1 3 9 1 1 4 2 5 7 5 1 2 5 3 1 3 4 3 21 17 59 1 3 1
25 7 4 1 8 360 10 6 1 1 6 59 9 5 2 1 5 7 2 1 9 2 23 17 598 5 7 3
2 7 7 6 5 3 59 6 12 6 1 4 2 15 1 1 5 1 4 4 7 1 4 8 6 19 19 429 4 2 7

9 9 1 4 4 2 1 4 1 0 14 6 1 3 6 4 1 3 7 0 13 5 1300 1 3 3 1 21 19 0 7
11 9 2 6 4 2 2 6 4 9 16 6 0 160 15 5 889 873 L = 6»
1 3 9 5 3 2 522 18 6 1 1 0 8 1 0 7 7 17 5 4 3 5 6 4 4 5 9 6 6 5866 5 7 8 0
1 5 9 0 24 20 6 239 2 6 7 19 5 180 2 07 8 6 132 4 1
1 7 9 1 9 9 6 2C05 22 6 1 0 5 1 1 042 21 5 1 086 1 097 10 6 509 532
1 9 9 2 5 3 99 24 6 2 1 8 1 4 1 23 5 0 48 12 6 1001 981
21 9 4 65 4 2 9 26 6 269 184 25 5 643 649 14 6 1 333 1 3 7 0
23 9 82 1 803 28 6 2 1 5 2 1 9 27 5 1 5 6 7 1 5 7 0 16 6 5668 5 9 0 5
25 9 1 6 5 253 8 8 1 2 7 9 1 2 4 5 7 7 2 2 39 2 1 4 0 18 6 597 582
2 7 9 568 6 1 9 10 8 1 7 1 160 9 7 195 226 20 6 6 1 7 5 4 5
11 11 3 6 5 364 12 8 328 248 11 7 900 872 22 6 1 292 1 3 0 6
1 3 11 1 2 3 1 1 2 1 7 14 8 0 1 1 9 13 7 1 7 6 7 1 7 9 9 24 6 1 8 7 22

with the 1.56 A port diameter computed for hydrated 
faujasite.10 In general, it is seen that the framework 
has undergone considerable modification upon ex
change and subsequent dehydration. Moreover, this 
modification is much more pronounced than might be 
inferred from the 1% decrease in lattice parameter.

A summary of the nonframework atom distribution is 
given in Table VII. Assignment of the scattering 
matter found in nonframework positions is based upon

interatomic distances and electron count. The 0(w2) 
assignment is based upon the 2.0  (2) A Ni(3)-0(w2) dis
tance, which is acceptable for a nickel-oxygen bond. 
0 (w2) is believed to be derived from residual water. 
It should be pointed out again that the existence of 
0 (w2) is uncertain because of its low occupancy factor. 
However, X-ray studies of CaX and SrX18 dehydrated 
under similar conditions also show scattering matter in 
this position, which adds support to the 0 (w2) assign-
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Crystal Structure of the Zeolite Nickel Faujasite 4371

T a b l e  H I (C ontinued)

H K F O B S F C A L
2 6 6 5 6 7 5 9 1
2 8 6 2 9 1 7 2 9 0 5

8 8 4 3 5 4 0 8
1 C 8 3  C 8 3 0 1
1 2 8 7 6 1 8 0 2
1 4 8 2 3 3 3 2 3 1 3
1 6 8 5 9 3 6 5 0
1 8 8 0 2 6
2  C 8 2 5 6 3 0 4
2 2 8 2 0 6 7 9
2 4 8 6 3 1 2 3
2 6 8 1 0 2 7 1 0 5 0
2 8 8 3 1 9 3 0 5
1 0 1 0 5 6 9 5 1 7
1 2 1 C 2 2 4 7 2 2 3 3
1 4 1 0 4 1 5 4 4 4
1 6 1 C 7 4 0 7 5 9
1 8 1 C 2 6 7 2 6 8
2 C 1 0 8 6 2 8 3 0
2 2 1 0 2 5 2 2 2 2
2 4 1 0 6 7 4 6 4 4
2 6 1 C 3 1 2 2 4 6
1 2 1 2 7 3 2 7 1 1
1 4 1 2 1 6 8 n o
1 6 1 2 5 1 4 5 1 9
1 8 1 2 7 8 8 7 4 4
2 C 1 2 9 9 4 4
2 2 1 2 9 5 9 9 1 3
2 4 1 2 3 3 4 2  7 4
2 6 1 2 3 2 1 3 3 8
1 4 1 4 2 4 8 2 2 6 1 7
1 6 1 4 7 C 6 6 7 1
1 8 1 4 4 8 2 5 0 9
2 C 1 4 1 2 2 6 1 2 3 1
2 2 1 4 8 1 5 7 7 8
2 4 1 4 3 5 5 3 2 0
1 6 1 6 5 6 0 5 7 7
1 8 1 6 2 0 9 2 2 0 5 9
2 C 1 6 1 5 8 6 0
2 2 1 6 9 3 4 9 0 9
2 4 1 6 2 5 5 2 2 1
1 8 1 8 5 6 6 4 8 9
2 C 1 8 5 7 4 5 0 8
2 2 1 8 1 1 7 1 1 5
2 C 2 0 1 9 1 1 8 9

L  ; = 7 »
7 7 2 2 6 1 2 2 3 9
9 7 1 7 7 1 1 7 3 9

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

H K F O B S F C A L
2 5 7 1 1 1 4 1 1 5 7
2 7 7 0 7 5

9 9 6 5 3 5 9 1
1 1 9 1 5 2 1 1 5 3 1
1 3 9 1 5 5 2 0 3
1 5 9 1 1 6 0 1 1 1 2
1 7 9 1 4 7 7 1 4 2 7
1 9 9 1 9 5 4 7
2 1 9 2 5 3 2 0 1
2 3 9 3 5 4 3 0 8
2 5 9 6 9 6 7 0 0
2 7 9 1 0 7 1 6 6
1 1 1 l 4 0 4 3 8 4
1 3 1 1 4 7 8 4 8 4
1 5 l l 1 6 6 3 1 6 9 5
1 7 1 1 1 2 3 0 1 1 9 3
1 9 1 1 0 2 4
2 1 1 1 4 9 9 5 3 9
2 3 1 1 6 6 5
2 5 1 1 3 5 1 4 1 3
1 3 1. 3 0 1 0
1 5 1 3 0 7 6
1 7 1 3 2 3 0 1 6 0
1 9 1 3 2 9 9 3 2 5
2 1 1 3 5 7 2 5 6 7
2 3 1 3 1 5 6 1 3 0
2 5 1 3 1 8 7 2 4 6
1 5 1 5 9 5 4 1 0 0 3
1 7 1 5 4 7 6 5 2 4
1 9 1 5 4 7 2 4 7 7
2 1 1 5 2 0 2 2 0 6
2  3 1 5 6 2 5 5 9 0
1 7 1 7 1 3 9 7 1 4 4 7
1 9 1 7 4 4 0 4 5 4
2 1 1 7 2 1 6 1 6 8
2 3 l  7 3 1 5 2 9 2
1 9 1 9 1 4 8 5 1 4 7 6
2 1 1 9 0 2 7
» » » ♦ L  -= 8 *

8 8 3 5 4 0 3 5 9 3
1 0 8 1 8 9 2 1 0
1 2 8 3 2 2 6 3 2 5 0
1 4 a 2 6 0 2 2 2
1 6 8 2 3 8 3 2 4 0 7
1 8 8 9 2 7 9 1 5
2 0 8 5 5 1 5 5 5
2 2 8 2 6 3 1 4 5
2 4 8 1 7 6 7 0
2 6 8 0 7 5
1 0 1 0 2 0 4 2 2 0 8 3
1 2 1 0 2 2 1 8 6
1 4 1 0 1 4 6 7 1 4 6 1
1 6 1 0 4 4 1 4 8 2
1 8 1 0 2 5 5 3 0 8
2 0 1 0 1 9 1 1 2 8

H K F 0 7 3 S F C A L
2 2  • 1 0 8 1 0 7 9 7
2 4 1 0 1 5 1 1 6 0
2 6 1 0 1 6 4 2 3 2
1 2 1 2 6 4 2 6 7 8
1 4 1 2 7 1 7 7 0 2
1 6 1 2 9 2 2 9 2 0
1 8 1 2 5 0 7 4 3 4
2 0 1 2 3 3 6 2 2 2
2 2 1 2 ■0 3 0
2 4 1 2 6 2 1 6 6 7
2 6 1 2 1 1 7 1 0 3
1 4 1 4 1 8 2 7 0
1 6 1 4 4 5 8 4 6 4
1 8 1 4 8 9 3 9 1 3
2 0 1 4 2 5 3 2 3 3
2 2 1 4 6 9 9 7 7 7
2 4 1 4 1 4 8 1 3 3
1 6 1 6 9 8 8 9 9 1
1 8 1 6 1 0 5 9 2
2 0 1 6 3  3, 6 5 5 1
2 2 1 6 3 9 3 3 4 9
1 8 1 8 6 0 8 5 6 9
2 0 1 8 2 1 9 2 9 0
2 2 1 8 3 6 4 4 0 1
2 0 2 0 2 7 3 2 1 0
#  # *  # l  = 9 *

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

H K F O B S F C A L
1 7 1 7 4 6 0 4 8 9
1 9 1 7 2 7 1 2 6 7
2 1 1 7 6 4 6 5 8 6
1 9 1 9 5 0 8 4 8 8
2 1 1 9 3 6 1 3 9 6
# # * * L  s 1 0 »
1 0 1 0 1 1 9 7 1 0 8 4
1 2 1 0 2 3 7 1 2 4 6 0
1 4 1 0 3 3 3 9
1 8 1 0 5 4 9 5 8 0
2 0 1 0 6 1 6 5 6 6
2 2 1 0 5 2 5 4 6 6
2 4 1 0 4  1 9 4 2 2
2 6 1 0 4 5 8 4 1 1
1 2 1 2 1 0 5 1 1 0 6 2
1 4 1 2 1 0 4 6 9 7 5
1 6 1 2 2 4 0 1 7 5
1 8 1 2 1 2 7 6 3
2 0 1 2 2 7 0 9 7
2 2 1 2 1 9 2 9 1 8 8 0
2 4 1 2 4 8 1 4 2 6
1 4 1 4 3 7 3 4 2 9
1 6 1 4 3 7 6 3 9 9
1 8 1 4 3 1 1 3 3 4
2 0 1 4 1 1 5 3 1 1 9 0
2 2 1 4 7 9 1 5
2 4 1 4 5 8 5 6 1 7
1 6 1 6 3 6 3 3 1 5
1 8 1 6 3 8 1 3 4 4
2 0 1 6 2 9 2 2 2 4
2 2 1 6 6 0 0 6 0 7
I S 1 8 5 1 1 4 7 1
2 0 1 8 2 2 8 1 2 9
*  * » * t  = 1 1 »
1 1 1 1 5 7 9 6 6 0 0 2
1 3 11 8 9 9 9 1 9
1 5 1 1 1 8 4 2 4 3
1 7 1 1 9 5 5 9 2 6
1 9 1 1 5 3 5 5 8 8
2 1 1 1 1 6 7 9 1 6 4 7
2 3 1 1 1 8 8 8 1 8 7 4
2 5 1 1 3 1 8 2 5 1
1 3 1 3 6 9 1 6 2 5
1 5 1 3 0 6 2
1 7 1 3 5 6 1 5 3 0
1 9 1 3 9 0 3 9 8 1
2 1 1 3 0 8 9
2 3 1 3 8 9 1 9 0 0
1 5 1.5 5 5 1 5 7 9
1 7 1 5 7 8 4 7 5 2
1 9 1 5 6 0 4 6 5 5
2 1 1 5 0 7
2 3 1 5 1 6 4 1 5 8
1 7 1 7 5 2 3 5 3 8
1 9 1 7 2 1 5 2 0 7

H K F O B S F C A L
2 1 1 7 6 C 6 6 1 0
1 9 1 9 4 2 5 5 1 7
* * * » L  = 1 2 »
1 2 1 2 2 3 C 7 2 3 9 1
1 4 1 2 3  6 C 3 4 1
1 6 1 2 1 3 3 3 1 3 0 3
1 8 1 2 7 6 1 8
2 C 1 2 4 7 6 5 3 6
2 2 1 2 2 2 9 2 4 7
2 4 1 2 1 C 6 4 1 1 1 5
1 4 1 4 1 4 5 9 1 5 2 7
1 6 1 4 2 5 9 1 5 5
1 8 1 4 2 4 C 3 2 0
2 C 1 4 7 2 3
2 2 1 4 2 7 7 1 8 0
1 6 1 6 7 7 8 7 7 3
1 8 1 6 2 3 7 2 4 1
2 C 1 6 4 6 ? 4 6 3
2 2 1 6 1 8 C 1 2 7
1 8 1 8 5 5 4 4 8 2
2 C 1 8 3 8 5 3 6 8
# « * # L  =
1 3 1 3 1 4 7 4 1 4 2 9
1 5 1 3 c 1 3 4
1 7 1 3 1 1 9 5 1 2 0 1
1 9 1 3 6 2 7 6 5 4
2 1 1 3 7 2 2 6 8 5
2 3 1 3 8 8 2 3
1 5 1 5 5 6 1 0 6
1 7 1 5 3 6 1 2 8 3
1 9 1 5 4  3 0 4 1 8
2 1 1 5 1 4 5 1 3 8
1 7 1 7 c 1 2 1
1 9 1 7 4 6 2 4 9 1
*  # * * L  = 1 4 «
1 4 1 4 1 0 5 2 1 0 3 3
1 6 1 4 1 2 1 9 1 1 9 8
1 8 1 4 5 4 2 5 5 0
2 C 1 4 C 8 8
2 2 1 4 1 C C 7 1 0 3 2
1 6 1 6 1 9 4 1 3 8
1 8 1 6 5 3 8 5 7 6
2 C 1 6 1 7 0 1 7 8
1 8 1 8 2 6 8 2 9 0
• * « * L  - 1 5 »
1 5 1 5 8 6 3 9 4 2
1 7 1 5 1 7 5 5 8
1 9 1 5 4 1 9 4 1 5
1 7 1 7 7 8 5 7 9 9
1 9 1 7 5 3 5 5 2 2
* « * * L  = 1 6 »
1 6 1 6 2 1 7 7 2 1 5 6
1 8 1 6 2 8 3 2 5 7
» • « • L  = 1 7 *
1 7 1 7 2 6 4 2 2 7 8 7

m nt. Scattering matter at x  =  y  =  z =  0.081 (SI') 
in nickel faujasite gives further support. The cor
responding 0(w2) scattering matter in CaX and SrX18 
is coordinated to SI' cations in addition to bonding to 
the SII' cation. However, the small ionic radius of 
nickel(II) does not allow it to coordinate effectively to 
both the SII' 0(w2) and the three SI' 0(3) framework 
oxygen atoms. Thus it appears that nickel ions take 
up two site SI' positions, with the site furthest from the 
framework oxygen atoms (O(wl) scattering matter) 
being occupied when a residual water oxygen atom oc
cupies site SII'. Assuming O(wl) scattering matter to 
be nickel(II) ions, the Ni-0(w2) and N i-0(3) dis
tances are 2.0 (3) and 2.8 (1) A, respectively; the 2.8-A

distance implies only weak, long-range interactions 
between nickel and the three 0(3) oxygen atoms. 
The 3:1 ratio of 0(w l):0(w 2) electon density is also 
in agreement with the assignment of 0 (wl) scattering 
matter to the nickel ion and the 0 (w l)-0 (w2) inter
action to an N i-0  bond. It should be kept in mind that 
the low occupancy factors for Ni (3), N i(0(w l)), and 
0 (w2) do not require simultaneous occupancy of these 
sites. However, without simultaneous occupancy, the 
existence of scattering matter in these sites is difficult to 
explain.

The total equivalents of located cations, 48, is 10 
short of the 58 equiv of aluminum/unit cell (O(wl) was 
assumed to be a nickel ion). This difference may be
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NIT DOUBLE SIX RING NIT DOUBLE SIX RING

Figure 3. Stereoscopic view of the hexagonal prism atom distribution in nickel faujasite.

T a b l e  I V : Framework Interatomic Distances 
and Angles for Nickel Faujasite

T a b l e  V I :  Comparison of the Nickel Faujasite and the 
Hydrated Faujasite“ Framework6

Si(Al)-0(l)

Distances,
Â

1.633 (1) Si(Al)-0(l)-Si(Al)

Angles,
deg

129.7(2)
Si(Al)-0(2) 1.641 (1) Si(Al)-0(2)-Si(Al) 138.4(2)
Si(Al)-0(3) 1.695 (2) Si(Al)-0(3)-Si(Al) 125.1 (2)
Si(Al)-0(4) 1.613(1) Si(Al)-0(4)-Si(Al) 158.3(2)

Av 1.646 Av 137.9

0 ( l ) -0 (2 ) 2.713(3) 0(l)-S i(A l)-0(2) 111.9(1)
0 (l)-0 (3 ) 2.654(3) 0(l)-S i(A l)-0(3) 105.8(1)
0 (l)-0 (4 ) 2.687(1) 0(l)-S i(A l)-0(4) 111.7(1)
0(2)-0(3) 2.674(2) 0(2)-Si(Al)-0(3) 106.6(1)
0(2)-0(4) 2.643 (2) 0(2)-Si(Al)-0(4) 108.6(1)
0(3)-0(4) 2.746 (3) 0(3)-Si(Al)-0(4) 1 1 2 .2 (1)

Av 2 .6 8 6 Av 109.5

T a b l e  V : Nonframework Atom Interatomic Distances
and Angles for Nickel Faujasite

Distances,
â

N i(l)-0 (3) 2.289(3)
Ni(2)-0(3) 2.12 (3)
Ni(2)-0(2) 2.984 (8 )
Ni(3)-0(2) 2.20(4)
Ni(3)-0(4) 2.98(4)
Ni(3)-0(w2) 2 .0 (2 )
Ni(4)-0(2) 2.260 (3)
Ni(4)-0(4) 3.028 (3)
0 (w l)-0 (w2 ) 2.0(3)

Angles,
deg

0(3)-N i(l)-0 (3) (3)“ 90.4(1)
0(3)-N i(l)-0 (3) (3)“ 89.6(1)
0(3)-Ni(2)-0(3) (3)“ 1 0 0 .0 (2 0 )
O (2 )-Ni(3 ) -0  ( w2 ) 1 0 1 .0 (2 0 )
0(2)-Ni(3)-0(2) (3)“ 116.0(20)
0(2)-N i(4)-0(2) (3)“ 111.4(2)

° Denotes symmetry operation applied to the first oxygen 
atom of the triplet.

Si(Al)-0, Â
0 -0 , Â
Z0-Si(A l)-0, deg 
ZSi(Al)-0-Si(Al), deg

Nickel
faujasite

1.646 (0.025) 
2 .6 8 6  (0.029) 

109.5(2.5) 
137.9(10.5)

Hydrated
faujasite

1.647 (0.005) 
2.689(0.020) 

109.5(1.2) 
141.6(1.7)

“ Reference 10. 6 All values are mean values; values in
parentheses are the average deviations from the mean.

T a b l e  V I I : Summary of the Nonframework Atom
Distribution in Nickel Faujasite

N o ./
sodalite

Species® Site p cage

N i(l) SI 0 .6 6 1.32
Ni(2) SI' 0 .106 0.406
Ni(3) SII' 0.06 0.24
Ni(4) SII 0 .2 0 0.80
0(w l)(N i)' SI' 0.18(0.06) 0.72(0.24)
0 (w2 ) SII' 0.06 0.24

“ Assigned on the basis of internuclear distances and electron 
count. 6 Unrealistically large thermal parameters for this 
atom introduce uncertainty in this value. c Computed as 
O- , numbers in parentheses give values assuming nickel ion 
occupancy.

due to hydronium ion exchange that resulted from the 
acidic exchange solutions. It is also possible that a 
small amount of framework aluminum was removed 
during the 2-month contact with the exchange solution. 
Acid leaching of aluminum is well known in the zeolite 
clinoptilolite.23

In site I, nickel attains near-perfect octahedral co
ordination with the six 0(3) oxygens (Figure 3). Rela
tive to their positions in natural faujasite, in which this

(23) R. M . Barrer and M. B. Makki, Can. J. C h e m 42, 1481 (1964).
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osite is vacant, all six 0(3) oxygens have shifted 0.50 A 
toward N i(l) and the center of the double six ring—a 
striking demonstration of the ability of the alumino
silicate framework to adjust to changes in cation posi
tion. The jSTi(l)—0(3) distance, 2.29 A, is an average 
value that includes 0(3) oxygen positions for SI sites 
containing no nickel ions. This fact is illustrated by 
the 0(3) thermal ellipsoids, which are elongated in the 
N i-0  direction. Finding the nickel ion on both sides 
of the supercage six ring may be due to the presence of 
the residual water, 0(w2), and the resultant Ni(3)- 
0 (w2) bond formation.

Although the nickel ions prefer SI sites, they are dis
tributed among four, and possibly five, different sites, 
with no site completely filled. This distribution 
agrees with conclusions drawn by Barry and Lay.3 
From esr studies of manganese in mixed cation X zeo

lites, these authors found manganese(II) distributed in 
a number of sites and concluded that Mn2+ does not 
have very strong site preference.

Also, from ir studies of CO adsorbed on various 
cationic forms of zeolite Y, Angell and Schaffer4 found 
that Ni2+ and Co2+ ions have no overwhelming pref
erence for site I. Although site I has the highest oc
cupancy in nickel faujasite (66%), it is not fully oc
cupied. In this respect, i.e ., a lack of high site pref
erence, transition metal zeolites differ from calcium in 
zeolite Y, which prefers site SI,24 and rare earth ions in 
zeolites X  and Y, which prefer SI' sites.11'25’26

(24) R. P. Dodge, unpublished research. (See ref 1.)
(25) J. V. Smith, J. M . Bennett, and E. M. Flanigen, Nature, 215, 
241 (1967).
(26) D. H. Olson, G. T. Kokotailo, and J. F. Charnell, ibid., 215, 
270 (1967).

The Dielectric Behavior of Aqueous Solutions of Bovine Serum 
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The purpose of the work described in this paper was to investigate the dielectric behavior of the protein bovine serum albumin. The investigation was made to try and solve some of the problems that had arisen from measurements obtained by other workers in the radiowave and microwave frequency range. To do this, measurements were made over as wide a concentration, temperature, and pH range as possible. It was confirmed that there was a subsidiary dispersion in the frequency range 200-2000 MHz, and the possible molecular interpretation of the dispersion is discussed. It can be concluded that this dispersion is probably due to water bound to the protein. By assuming a dielectric mixture theory the variation of the amount of bound water with concentration and pH is estimated.

Introduction
From dielectric measurements made by Oncley2 and 

Buchanan, Haggis, Hasted, and Robinson3 on egg 
albumin at megacycle and microwave frequencies, 
respectively, it has been suggested that a further di
electric dispersion may occur between the two principal 
dispersion regions (Figure 1). This extra dispersion 
(8 region) for egg albumin was observed by Grant4

and was followed by similar work on BSA.6 Prior to 
these studies the first direct observation of this sub-
(1) In this paper, bovine serum albumin will be abbreviated as 
BSA.
(2) J. L. Oncley, Chem. Rev., 30, 433 (1942).
(3) T. J. Buchanan, G. H. Haggis, J. B. Hasted, and B. G. Robinson, 
Proc. Roy. Soc., A213, 379 (1952).
(4) E. H. Grant, Nature, 196, 1194 (1962).
(5) E. H. Grant, J. Mol. Biol., 19, 133 (1966).
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Figure 1. A  typical dielectric dispersion curve 
for a protein solution.

sidiary dispersion region for any protein had been 
made by Schwan6 for haemoglobin. However, the egg 
albumin and BSA work suffered by being restricted to 
one or two concentrations only, and the haemoglobin 
studies were carried out at one temperature only. 
Therefore, it was decided to investigate the 8 region fur
ther. The present paper shows results taken over 
wider frequency and temperature ranges for five dif
ferent concentrations of BSA and also indicates the 
effect of a variation in the pH of the solution.

In order to extend the frequency range for the pur
pose of obtaining a full analysis, the present results 
were used in conjunction with those taken by Buchanan, 
et al., at microwave frequencies. This means that re
sults of the dielectric constant («') are available for the 
7 g/dl solution over the frequency range 50 kHz to 24 
GHz and 50 kHz to 2000 MHz for the remainder.

In this paper it will be shown that the results con
firm the general propositions of a previous paper5 but 
that modifications have been made to the detailed con
clusions drawn.
Experimental Section

A pparatus. The measurements were made between 
50 and 200 kHz on a low-frequency bridge which was 
designed by Schwan7 and between 500 kHz and 200 
MHz with a Boonton RX meter, Type 250 A. At 
100 kHz and 1 MHz checks were made with 7 g/dl 
BSA solution using a Wayne Kerr B201 transformer 
ratio arm bridge, and in both cases agreement was ob
tained to within 1%. At these frequencies it was not 
possible to measure the dipolar contribution to e "  with 
any accuracy, owing to the high ionic conductivity.

In the frequency range 190-2000 MHz, measure
ments were carried out using coaxial line apparatus simi
lar to that described by Buchanan and Grant.8 From 
the observations made on the standing wave pattern 
set up in a short-circuited coaxial line cell containing 
the BSA solution, values of the dielectric constant (e') 
and dielectric loss (e " )  were calculated. A description

of the modified apparatus will form the basis of a future 
paper.9

M aterials. The protein used was supplied by the 
Armour PharmaceuticaljCompany, Eastbourne, England 
(Lot No. KB0472), and the figure quoted for the dimer 
content was 1-5%. This figure is comparatively low 
for a commercial product but values as low as 1% have 
been reported10 for the Armour product. Conductivity 
water was used as the solvent, and the concentration of 
the solution was found from the ultraviolet absorption 
spectrum at 215 and 225 mp. The pH of the solution 
was varied by dialyzing the BSA solution with a buffer 
solution of tris(hydroxymethylaminomethane) in hy
drochloric acid or sodium carbonate and sodium bicar
bonate until the required pH was obtained. The pH 
of the solution was measured on a direct-reading pH 
meter.
Results

The dielectric decrement (8t ' ) and the absorption in
crement (S«”) for a protein solution at each temperature 
and frequency were defined by the equations

Ae' =  c8e' =  e'w -  e' (1)

and
A e "  =  c8e "  =  e"D -  (e"w)oor (2)

where e'w is the dielectric constant of pure water at the 
appropriate wavelength and c is the concentration in 
grams of protein per 100 ml of solution. The parame
ter (e"w)cor is the dielectric loss of water, corrected for 
the volume of the protein molecules, and is given by

_  (100  -  cv)

{ w)eor ~  100 € (3)

where e "n  is the total dipolar contribution to the dielec
tric loss and v is the partial specific volume. In these 
experiments v was taken to be 0.73 cm3/g  at 25°.11 
Owing to the high errors in he" (discussed previously12), 
all the quantitative deductions about the 8 dispersion 
parameters have been made from values of 

Values of e' were obtained for five different concen
trations of BSA solution from 7 to 34 g/dl in the tem
perature range from 2.5 to 25°, and the variation of 
( '  with log frequency (/) in the two extreme cases is 
shown in Figures 2 and 3,13 respectively. The variation

(6) H. P. Schwan, Advan. Biol. Med. Phys., 5, 191 (1957).
(7) H. P. Schwan and K. Sittel, Trans. Amer. Inst. Elec. Engrs., 72,
114 (1953).
(8) T. J. Buchanan and E. H. Grant, Brit. J. Appl. Phys., 6, 65
(1955).
(9) S. E. Keefe and E. H. Grant, to be submitted for publication.
(10) H. A. Peterson and J. F. Foster, J. Biol. Chern., 240, 2503 
(1965).
(11) M. J. Hunter, J. Phys. Chem., 70, 3285 (1966).
(12) E. H. Grant, Ann. N. Y. Acad. Sei., 125, 478 (1965).
(13) Individual results will be supplied on request.
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Figure 2. The variation of e' with frequency for a 7 g/dl BSA solution (pH 5.07): ®, measured on a B201 bridge at 25 or 10°; 
X , 2.5°; O, 10°; •, 20°; A, 25°. (Errors in e' (± 1 % ) have been omitted for clarity.)

Figure 3. The variation of e' with frequency for a 34 g/dl BSA solution (pH 5.07): X, 2.5°; O, 10°; •, 20°; A, 25°. (Errors in
«' (± 1 % ) have been omitted for clarity.)

of Ae' with concentration was found to be similar at 
all frequencies; Figure 4 shows the shape of the curve 
at 700 MHz. The dielectric element decreases with 
temperature at all concentrations, the curves for the 7 g / 
dl solution being shown in Figure 5.

In order to obtain information on the behavior of 
solutes in water, it is necessary to calculate from the 
known values of «' and « "th e  following parameters for 
each dispersion. These are the relaxation wave
length, X8 (or relaxation frequency, /„); the dielectric 
constant at the low-frequency end of each dispersion, 
«„; the dielectric constant at the high-frequency end

of each dispersion, «„; and a, which is a measure of the 
spread of relaxation times. It is convenient to use the 
wavelength notation (As) in the microwave region and 
the frequency notation (/») in the radiofrequency range.

With a protein solution there are three dispersions 
and consequently there will be three sets of values of 
«s, «<», X8 (or /,), and a, so each parameter will be al
lotted a further subscript /?, S, or y when referring to an 
actual dispersion.

These dispersions will now be considered individually, 
starting with the y dispersion. The y dispersion has 
been studied by Buchanan, et al.,3 who made measure-
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Figure 4. The variation of dielectric decrement with solute 
concentration at 700 MHz: X, 2.5°; 0 ,1 0 °; # ,2 0 °; A,
30°0 O, 40°. (Errors in A«' (± 8 % ) have been 
omitted for clarity.)

In view of recent work on water17 which supports a 
lower value of e„, the best interpretation of the results 
of Buchanan, et al., is to assume that a =  0.02 and «„ 
=  4.4. The reason for disagreement with earlier work 
is probably the overlap of the 5 dispersion, which would 
not have been apparent to the earlier workers since the 
existence of the y dispersion was not recognized. 

eSy was then calculated from the equation

es =  e '  +  e "  cot (1 — +

_____________________ 2i"s_____________________
(e' — 0 [ 1  — cos (1 — a)x] — « "  sin (1 — a)x ^

which has been derived from the Cole-Cole equation 
by Aaron and Grant.18 

Assuming a Cole-Cole distribution

it follows that at the point of inflexion of the dispersion 
curve, i.e., when the frequency of the measurement (/) 
is equal to the relaxation frequency (/s), that

dc7 _  — (c8 — 0 ( 1  — a)
d ( l n / )  (  . a % \  U

2y  +  am 2 7

and

+  e,
2 (8)

Figure 5. The variation of dielectric decrement with 
temperature for a 7 g/dl BSA solution: A, 2 0 0 0  MHz; •,
7 0 0  MHz; O, 2 5 ;  MHz; X , 1 9 0  MHz. (Errors in A c '  ( ± 8 % )  

have been omitted for clarity.)

ments of e' and e" at 1.264, 3.175, and 9.22 cm. To 
obtain all the dielectric parameters a range of values of 
Xs and a was initially calculated for the y dispersion by 
using their values of e' and « " in  the equation

and hence obtaining the most probable value of a and 
Xs. This equation was derived by Grant, et dl.,1* as
suming the Cole-Cole dielectric theory.16 It was as
sumed that for free water is 4.5,14 which when cor
rected for the volume occupied by the protein molecules 
gave a value of 4.4 for e„y. Buchanan, et al., con
cluded that their results were consistent with a dis
persion having a single relaxation time and e„ = 5.5, 
but subsequently Grant16 suggested a distribution of 
relaxation times in conjunction with a lower value 
of

The relatively large experimental errors in c' and the 
range of frequency over which the measurements have 
been taken make it difficult to extrapolate the /3 dis
persion curve to give an accurate value of es(3. There
fore, the parameters for the /3 dispersion were found by 
substituting the experimental values of e' and X into 
eq 6 and finding the best fit with the use of eq 7 and 8. 
By this means e„p, esj3 afi, and / S(3 were determined.

This approach should be compared with the previous 
work of Moser, et al.,ig and Oncley,2 who analyzed their 
dispersion curves in terms of a superposition of two 
single relaxation times rather than a distribution of re
laxation times. In the case of Oncley’s work, very 
dilute solutions were employed (thereby minimizing

(14) E. H. Grant, T. J. Buchanan, and H. F. Cook, J. Chem. Phys., 
25, 156 (1957).
(15) K. S. Cole and R. H. Cole, ibid., 9, 341 (1941).
(16) E. H. Grant, Phys. Med. Biol., 2, 17 (1957).
(17) E. H. Grant and R. Shack, Brit. J. Appl. Phys., 18, 1807 
(1967).
(18) M. W . Aaron and E. H. Grant, ibid., 18, 957 (1967).
(19) P. Moser, P. Q. Squire, and C. T. O’Konshi, J. Phys. Chem., 70, 
744 (1966).
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the effect of intermolecular attractions), and with 
Moser, et al., the dielectric measurements were all 
extrapolated to infinite dilutions and the analyses were 
carried out with the extrapolated values.

Since in the present case the concentration of macro
molecules is high enough to permit molecular inter
action, it is not surprising that a satisfactory explana
tion of the results can be obtained by assuming a dis
tribution of relaxation times, although for small to 
moderate distribution the Cole-Cole function and the 
superposition of two Debye functions approximate to 
any given situation equally well. Therefore, there is ho 
variance between the present and previous methods of 
analysis, and, of course, in all cases the reliability of the 
extrapolated values depends upon the correctness of 
the assumed theory. In Table I the errors quoted in 
connection with the listed parameters are of experi
mental origin only and take no cognizance of the fact 
that it may be possible to fit the parts better by some 
other (as yet unknown) form of dispersion curve.

Since the parameters for the ¡3 and 7 dispersions 
were calculated, this fixes the parameters for the 5 
dispersion, since =  eBS and tSy =  ««,5, and there
fore ab and/SJ can be calculated from eq 7 and 8.

The suggested parameters for a 7 g/dl BSA solution 
at 25° are shown below in Table I.

Table I: Dispersion Parameters for 7 g/dl BSA at 25°

Dis-
persion «8 Éoo (A),
region (±0.5) (±0.5) M H z a

ß 88.2 75.9 0.3 0.3 ± 0 .1
6 75.9 71.0 250 0.7 ± 0 .1
y 71.0 4.4 20,000 0.02 ±  0.01

So far the results given here have all been for solu
tions having a pH of approximately 5, which is near 
the isoelectric point. Measurements were also made 
on solutions of BSA of concentration approximately 
7 g/dl at frequencies of 250, 700, and 2000 MHz in the 
temperature range of 2.5-40° for three other pH 
values. The decrement values referred to unit con
centration for these solutions are shown in Table II. 
The dielectric behavior of the buffer solution was 
measured to see if the addition of the salt had any effect 
on the value of «' as compared with pure water. The 
change was found to be negligible in the case of e', but 
the dielectric loss was found to be higher due to the in
crease in conductivity.

Discussion
The 5 dispersion region lies between the /3 and 7 re

gions, which therefore suggests that its molecular origin 
is connected with the relaxation of molecules having 
an activation free energy of rotation between that of

Table II : Variation of 5e' with pH

■Se' (±0.07)-
F r e q u e n c y ,

M H z
T e m p ,

° C 5 .0 7 7 .8 5
- p H ------------------

8 . 8 9 . 8

250 2.5 0.93 0.75 0.73 0.75
10 0.83 0.87 0.74 0.72
20 0.70 0.7 0.7 0.58
30 0.57 0.64 0.71 1.22
40 0.44 0.52 0.48 1.58

700 2.5 1.05 0.97 0.81 0.94
10 0.94 0.85 0.88 0.86
20 0.87 0.85 0.87 0.77
30 0.77 0.72 0.7 0.7
40 0.70 0.58 0.52 0.38

2000 2.5 1.2 0.76 0.88 0.03
10 1.12 0.52 0.93 0.31
20 1.0 1.04 0.68 0.99
30 0.78 0.85 0.79 0.68
40 0.67 0.59 0.65 0.76

the protein and free water. It had been suggested 
previously by Schwan6 for haemoglobin and by Grant12 
for egg albumin that the origin of this dispersion was 
the relaxation of bound water, and this proposal will 
now be further examined.

The term bound water is taken to mean water bound 
to the protein molecules by bonds of greater strength 
than the water-water bond existing in pure water. If 
the bound-water hypothesis is correct, the quantity of 
bound water (or water of hydration, w) present must 
accord with a reasonable molecular picture, and, sub
ject to the stated assumptions, this will now be shown 
to be so by the following analysis.

The estimation of hydration from dielectric results 
has the disadvantage that a dielectric mixture formula 
must be chosen, and the uncertainty in the choice of this 
can lead to some error. In the initial studies of Bu
chanan, et al.,3 the following equation was used

€water
K P

(^solute € ) (9)

where p is the volume concentration of the solute and K 
is a constant depending upon the shape of the solute 
particle. This expression was based on the equation 
originally derived by Fricke20

«' — «i e2 — ei
------ =  P— :-------e T  xei €2 T  Xei

(10)

where ex and e2 refer to the solvent and solute, respec
tively, and x is another constant depending upon parti
cle shape. The value of £ is 2 for a spheroid and de
creases for both prolate and oblate ellipoids. When 
ez/ti is small compared with unity, eq 10 reduces to eq 
9 and A  = (l/x) (1 +  x ) ; otherwise

(20) H. Fricke, Phys. Rev., 24, 575 (1924).
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K  = [(1 +  *)/*] +  (e2/ei)

The above approach depends on the assumption that 
the system under consideration corresponds to a sus
pension of macroscopic particles in a continuum, and it 
has been pointed out previously by Grant6 that there is 
no good reason why this a priori assumption should be 
made for a protein solution. To take the other ex
treme, if the dielectric constant of the mixture is re
lated to the components in relation to their volume pro
portions, then

« ' ~  «1 =  p(e2 — ei) (11)

The interesting point to notice, however, is that 
provided p is small (<0.15) all these equations, eq
9-11, can be written in the form

« ' — «1 =  kp(e 2 — ex) (12)

where k would range between 1 and about 1.8 for most 
protein molecules. (For higher values of p the value 
of k becomes increasingly dependent on p.) In the 
particular case of BSA, recent work19 has shown that 
this molecule is a prolate ellipsoid with an axial ratio 
of 3, from which it follows that the maximum value of k 
is 1.6. The minimum value of k is 1, which corresponds 
to the case where eq 11 is assumed to hold.

Values of k less than 1 are not anticipated, since this 
would mean that e2 >  «i, which, in turn, would require 
existence of strongly hydrated particles, with the bound 
water taking a dielectric constant too high to be con
sistent with the present analysis. As is clear from 
Table III a high value for the dielectric constant of the 
bound water must be coupled with a high value of k.

Table III: Variation of the Hydration and Static 
Dielectric Constant of Bound Water with k near 
the Isoelectric Point (pH 5.07)

k

w,
g/g of 
protein iaB

1.0 0.64 114 ±  15
l . i 0.51 128 ±  20
1.2 0.41 148 ±  25
1.3 0.33 170 ±  35
1.4 0.24 212 ±  50
1.5 0.18 264 ± 7 5

The purpose of the above discussion is to emphasize 
the fact that in our view there is no way, at present, of 
deciding which is the correct mixture formula appro
priate to the case of a protein solution, although there is 
every expectation that it will take the form of eq 12. 
In the subsequent analysis two representative values 
of k will be chosen and the dielectric parameters will be 
calculated for each case.

Reverting to the symbols defined earlier in the paper, 
the following may be written

1005*' = fc[C(*,w -  i 'p) +  w(e'w -  i 'B)] (13)

where w is the weight of the bound water per unit 
weight of protein and e'p, e'w, and e'B are the permit
tivities of the protein, free water, and bound water, 
respectively.

It is also assumed that the contributions of the 
bound water and protein to em at the high-frequency 
end of the 8 dispersion are due to their atomic and elec
tronic polarizations only and are assumed to have 
values of 4.4 and 4.0, respectively, the precise mag
nitudes being unimportant. At the low-frequency 
end of the 8 dispersion, eq 13 becomes

1008esS =  k[v(t'w — 4) +  w(e'w — €sB)] (14)

where esB is the dielectric constant of bound water at 
frequencies well below its dispersion. A similar equa
tion can be written for 8emS; hence when e95 and e„{ 
are both known (as in the case of 7 g/dl BSA solution 
having a pH of 5.07), a range of values of w and esB at 
25° can be found as shown in Table III.

In order to calculate the variation of hydration with 
pH, these values of k and w were then substituted into 
eq 13, and the value of the dielectric constant of the 
bound water (e'B) at a given temperature and frequency 
was calculated at pH 5.07. It was then assumed that 
« 'B and k remained constant as the pH changed, and the 
quantity of bound water was then calculated by sub
stituting different values of Se', corresponding to 
changes in pH and frequency, into eq 13.

In Table IV is shown the variation of « 'B at 25° with 
frequency, and Table V shows the change of w with pH 
at this temperature for values of k =  1.1 and 1.3. It is 
worth remarking that Moser, ei aZ.,19 obtained w =  0.64 
for BSA by combining measurements made in the 0 
dispersion with birefringence results. Taking this 
value in conjunction with the present data gives a 
value of 114 for the static dielectric constant of bound 
water corresponding to a k factor of 1 (Table III).

In order to investigate the variation of w with con
centration, it would be necessary to have the values of

Table IV : Variation of e'B with Frequency at 25° 
for Two Values of ka

.-------------------€'b (±20%)----
Frequency, «---------------------------- k------------

MHz l .I 1.3

« / s i 128 170
250 71.6 95.2
700 42.0 54.2

2000 29.6 38.2
» / s i 4.4 4.4

° Relaxation frequency (/Bj) of ~250 MHz; distribution 
parameter (as) of ~0.6.
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Table V : Variation of the Hydration ( w )  with pH at 25° 
for Two Values of k (Calculated from Measurements 
at Three Frequencies)

■ w (±0.2), g/g of protein-
Fre

quency, pH
--- k =

pH
1.1---
pH pH pH

---- k  =

pH
1.3---

pH pH
MHz 5.07a 7.85 8.8 9.8 5.07“ 7.85 8.8 9.8
250 0.52 0.86 0.32 0.23 0.1
700 0.52 0.42 0.45 0.3 0.32 0.20 0.22

2000 0.52 0.64 0.25 0.4 0.32 0.44 0.1 0.21

° Values of w at pH 5.07 calculated from e8 Coo values.
6 Error of ±0.8.

t' at all concentrations over the complete frequency- 
range 0.05-24,000 MHz. In the absence of any mea
surements in the 7 dispersion region for concentrations 
other than 7 g/dl, it was only possible to obtain a rough 
estimate of the variation of w with concentration, and 
this was done as follows. The variation of Ae' with 
concentration was found to be very similar at all fre
quencies, and Figure 4 shows the general shape of the 
curve at 700 MHz. The marked change in the slope 
at a concentration of about 22 g/dl solution indicates 
a decrease in <5e' at higher concentrations, but as there 
was no definite variation with frequency of this change 
it was difficult to predict any change of e8 — e„ with 
concentration. From eq 7 it can be seen that if a were 
to remain constant with concentration, the slope of the 
e' against the log /  curves at the point /  =  /„ for any 
concentration would be proportional to es — Also 
it can be shown from eq 13 that — 8ta is propor
tional to the quantity of bound water (w), assuming that 
eSB is constant with concentration.

Values of slope per unit concentration for five differ
ent concentrations are tabulated below in Table VI. 
It can be seen that an abrupt change in es — e«, occurs 
at approximately the same concentration as the change 
in slope in Figure 4, suggesting a sudden increase in the 
amount of bound water at this concentration (between 
21 and 23%). This should be compared with a similar 
transition observed by Schwan6 for haemoglobin where 
the change in slope occurred at around 10%.

The variation of w with temperature could not be cal
culated owing to lack of data, but the corresponding 
curve for Ae' with temperature is shown in Figure 5.

Table VI: The Variation of es — with Concentration 
Assuming a Constant Spread Parameter a

Concn,
g/dl Slope/c « («s — eoo)

7 0.063 ±  0.007
14 0.065 ±  0.004
20.5 0.061 ±  0.003
23 0.126 ±  0.004
34 0.12 ± 0 .0 0 3

The amount of bound water for BSA in solution near 
its isoelectric point was found to vary from 0.18 to 0.64 
g /g  of protein, depending on the mixture formula 
chosen, and this range is in agreement with other 
workers. Both Fisher21 and Chatterjee and Chatter- 
jee22 have summarized the values of w obtained for 
BSA by 15 different methods and show that w lies in 
the range 0.1-0.6 g /g  of protein. This result, taken in 
conjunction with the present work, reinforces our pro
posal that the 8 dispersion is due to the relaxation of 
bound water.

The values of e'B in Tables III and IV should be 
compared with Schwan’s23 proposal for the dielectric 
behavior of water bound to haemoglobin. Schwan 
found that <% falls from about 90 to around 5, but the 
latter value is approached at frequencies as low as 2000 
MHz. In our case esB is over 100, and at 2000 MHz the 
value of e'B is still considerably above the infinite- 
frequency value. Schwan also remarks that a wider 
distribution of relaxation times exists for bound water, 
as compared with free water, and this observation is 
supported by the present work, assuming that BSA and 
haemoglobin are comparable cases. The magnitude of 
the values of e'B indicated in Tables III and IV may 
appear high for the ordinary water substance, but it 
should be remembered that the dielectric constant of an 
associated liquid depends not only on the molecular di
pole moment but also on local molecular interaction as 
well. These are unknown for water bound to BSA and 
would be expected to be different from the situation 
existing in pure liquid water. A closer parallel may 
exist between bound water and ice when the dielectric 
constant exceeds 130 at — 66°.24 It is also interesting to 
notice that Takashima28 found that the dielectric con
stant of water bound to protein crystals exceeds 200.

The variation of bound water with the pH of the solu
tion is shown in Table V when no significant trends are 
observed. As far as we are aware, no previous mea
surements on the dielectric behavior of protein solu
tions at different pH values have been carried out at 
the high-frequency end of the ¡3 dispersion.

Conclusions
The parameters found for the fi dispersion agree 

fairly well with those found by Moser, et al.,19 who 
made measurements on BSA at 25° between 1 KHz and 
10 MHz. They obtained values of 0.17 and 350 KHz 
for the low-frequency increment and relaxation fre
quency, respectively, compared with the corresponding 
present value of 0.14 and 250 KHz. The disagree
ment in the former parameter is likely to be due to the

(21) H. F. Fisher, B i o c h i m .  B i o p h y s .  A c t a , 109, 544 (1965).
(22) A. Chatterjee and S. N. Chatterjee, J .  M o l .  B i o l . ,  11, 432 
(1965).
(23) H. P. Schwan, A n n .  N .  Y .  A c a d .  S c i . ,  125, 366 (1965).
(24) R. P. Auty and R. H. Cole, J .  C h e m .  P h y s . , 20, 1309 (1952).
(25) S. Takashima, J .  P o l y m .  S c i . ,  6 2 , 233 (1962).
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fact that Moser, et al., used defatted material. In the 
case of the relaxation frequency, our result refers to a 
7 g/dl solution, whereas the previous value was ob
tained by extrapolating the dielectric parameters to 
infinite dilution; precise agreement is therefore not to 
be expected. With regard to the high-frequency dec
rement, Moser, et al., quote 0.60 as compared with our 
0.35, which is probably due to our use of the Cole-Cole 
function (rather than two Debye functions) as the best 
representation of the /3 dispersion. However, there 
would still appear to be some unresolved difference pres
ent which must await further work for explanation; 
experimentally the region around 10 MHz is one of the 
most difficult to investigate.

For the y dispersion it was found that the results 
were not consistent with a single relaxation time (i.e., 
a — 0) as has been suggested by Buchanan, et al.,3 but 
were more compatible with a small distribution with 
a = 0.02. A large degree of overlap between the 5 and 
y dispersion is also indicated.

The results clearly confirm the existence of the S 
dispersion and are compatible with the suggestion that 
it is due to the rotation of the bound water. However, 
it has been pointed out previously by Schwan6 that the 
polar side chains could also relax in this frequency re
gion, and the present measurements cannot be taken 
to disprove this. Although at the beginning of this re

search it had been hoped that it would be possible to 
account unambiguously for the 5 dispersion in molecular 
terms, this has not been proved to be the case. Mea
surements on very pure proteins of known structure will 
have to be carried out to illuminate the situation fur
ther, and future progress will also depend on some 
theoretical advancement being made on the question 
of the appropriate mixture formula.

Acknowledgments. The authors wish to thank Pro
fessor C. B. Allsopp of Guy’s Hospital Medical School 
and Professor H. P. Schwan of the University of Penn
sylvania for providing the facilities which enable the 
experimental work to be carried out. Acknowledg
ment is also due to Dr. W. L. G. Gent and Mr. F. A. 
Huthwaite for valuable discussions and technical as
sistance, respectively. We are also indebted to Mr. G. 
Pugh of the Borough Polytechnic for advice in connec
tion with the use of the computer. This work formed 
part of a research program leading to the Ph.D. de
gree of the University of London for S. E. K., and it is a 
pleasure to thank the Science Research Council for a 
research studentship. We also thank the Central Re
search Fund of London University and the Science 
Research Council for equipment grants, and we ac
knowledge the support by Grants NSFGB-855, NIH- 
HE-01253, and NONR-551-(52).

Multicomponent Equilibria in Exchange of Substituents between 

the Dimethylsilicon and Dimethylgermanium Moieties

by Kurt Moedritzer, Leo C. D. Groenweghe, and John R. Van Wazer

Central Research Department, Monsanto Company, St. Louis, Missouri 63166 (Received February 6, 1968)

Scrambling equilibria of the substituents Cl, Br, and I (system I) and Cl, Br, I, and OC«H6 (system II) between 
the dimethylsilicon and dimethylgermanium moieties have been studied by quantitative proton nuclear mag
netic resonance spectroscopy. The experimental data have been evaluated in terms of sets of the minimum 
number of equilibrium constants, which in turn have been used to compute theoretical equilibrium distribu
tions. As a result of preferential affinities for silicon vs. germanium, certain species do not appear at equi
librium.

Although a few studies by various authors deal with 
redistribution equilibria involving the exchange of 
more than two different kinds of substituents on a given 
central moiety, we believe that there has not been a re
port prior to this one of the situation where more than 
two kinds of substituents were scrambled between more

than one kind of polyfunctional moiety. The work re
ported herein was undertaken as part of a broad study 
of equilibrium-controlled structural chemistry, and it 
demonstrates the fact that reactions involving as many 
as 20 different product species may be treated quantita
tively. The goal of the broad study is to be able to
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handle in detail any equilibrium-controlled situation on 
either an a priori or an a posteriori basis. This paper 
presents part of the mathematics needed for the quanti
tative treatment and gives experimental data which will 
be used in a future theoretical summation aimed at es
tablishing the basis for a priori predictions.

Previous studies of simple redistribution1 equilibria 
in systems based on either dimethylsilicon or dimethyl- 
germanium as well as competition studies of the ex
change of pairs of substituents2-3 between dimethylsilicon 
and dimethylgermanium moieties prompted the present 
investigation of the competition equilibria involving 
three and four different kinds of substituents between 
these two moieties. The reason for selecting dimethyl
silicon and dimethylgermanium as the central moieties 
in this work lies in the availability from previous stud
ies of pertinent equilibrium constants which are re
quired for the calculations presented in this paper and 
which due to inherent reasons could not be determined 
from the experimental data described herein.

Experimental Part

Starting Materials. The dimethyldihalogermanes4 
and dimethyldibromosilane6 were prepared according 
to methods of the literature. Dimethyldiphenoxy- 
germane was made from dimethyldibromogermane, 
phenol, and triethylamine in benzene (bp 135° at 0.6 
mm). Dimethyldichlorosilane was purchased from 
Alfa Inorganics, Inc., Beverly, Mass., and was redis
tilled before use.

Sample Preparation and Data Acquisition. For the 
first system studied in this paper (system I) the sam
ples were prepared by sealing various proportions of 
four of the five components, (CH3)2SiCl2, (CH3)2SiBr2, 
(CH3)2GeCl2, (CH3)2GeBr2, and (CH3)2GeI2, in 5 mm 
o.d. nmr tubes and heating at 120°. As seen from the 
nmr patterns obtained in 1-day intervals, equilibrium 
was attained in 5.5 days at this temperature. The final 
equilibrium data were obtained after having held the 
samples for 14.5 days at this temperature. Samples of 
the second system of this paper (system II) were stud
ied in a similar manner. They were prepared from 
various proportions of the four components, (CH3)2- 
SiCl2, (CH3)2SiBr2, (CH3)2GeI2, and (CH3)2Ge(OC6H5)2. 
Equilibrium was reached in less than 9 days at 120°, 
with the final equilibrium data having been measured 
after 17.5 days at this temperature.

Quantitative equilibrium data were obtained from 
the electronically integrated peak areas of the methyl 
protons of the dimethylsilicon or dimethylgermanium 
moieties of the respective compounds at equilibrium 
using a Varian A-60 spectrometer. Typical nmr spec
tra are shown in Figure 1, from which it can be seen 
that, in spite of the complicated nature of the spectral 
patterns, the individual resonances are well resolved. 
Weighted-average equilibrium constants6 were cal
culated using a computer program for the IBM 7044.

Figure 1. Proton nmr spectra of equilibrated samples: 
top spectrum, experiment 1 of Table II; bottom spectrum, 
experiment 1 of Table III. The lettering of the peaks refers 
to the assignments in Tables II and III.

Computer Program. The following discusses the 
computer logic used to obtain the equilibrium composi
tion of systems in which several substituents undergo ex
change between one or more different central moieties. 
It is possible to write a more efficient program using the 
presently available convergence techniques. The case 
of four kinds of monofunctional substituents reorganiz
ing on two kinds of polyfunctional central moieties is de
scribed in detail. The logic for other systems (includ
ing the exchange of several substituents on a single 
central moiety) may readily be derived therefrom.

Let Q and M be the two different central moieties on 
which the substituents T, X , Y, and Z exchange sites. 
Let, furthermore, q{,j,k,i and denote the concen
tration of the compounds and MTjZ^Yj-Z,,
respectively. In the case of the compounds QTjXyY^Z,, 
i +  j  +  fc +  l =  v, and in the case of the compounds 
M TiX/YtZ i, i + j  +  k +  l = ii, where v and u are the 
number of exchangeable sites on the Q and M  moieties, 
respectively. Furthermore, let the stoichiometry be 
defined by

=  [X]/([Q] +  [M]) (l)
Ri = m /([Q ] +  [M]) (2)

Rs =  [Z]/([Q] +  [MD (3)

Ri =  [Q]/([Q] +  [M]) (4)
The equilibrium constants used are of the form cor

responding to the formation of a compound from two 
other ones each containing all but one of the substitu
ents of that compound. Such reactions are exempli
fied by reactions 5 and 6

(1) K. Moedritzer, Advan. Organometal. Chem., 6 , 171 (1968).
(2) K. Moedritzer and J. R. Van Wazer, J. Inorg. Nucl. Chem., 28, 
957 (1966).
(3) J. R. Van Wazer, K. Moedritzer, and L. C. D . Groenweghe,
J. Organometal. Chem., 5, 420 (1966).
(4) K. Moedritzer, ibid., 6, 282 (1966).
(5) K. Moedritzer and J. R. Van Wazer, ibid., 6, 242 (1966).
(6) L. C. D. Groenweghe, J. R . Van Wazer, and A. W. Dickinson, 
Anal. Chem., 36, 303 (1964).
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fcQTiXjYt+, +  iQTtX/A^,
(k +  Z)QT1X ,Y ,Z i (5)

where i +  j-\ -k  +  l = v and 

fcMTiX ,Y ,+î +  IMTiXfa+i
(k +  Z)MT,X,Y*Z* (6)

where i-\rj +  k +  l =  p.
The equilibrium constants for these reactions are 

represented as ÇiK t<j,ktl and MK i:j,k,i, respectively. 
(This notation does not specify exactly from which two 
components the formation occurs except when two of 
the subscripts in the equilibrium constant equal zero in 
which case the reagents are the two pertinent end- 
member compounds, i.e., Q compounds having one of 
the set i, j, k, l being equal to v or M compounds where 
one of the set equals y).

Equilibrium constants between compounds contain
ing different central moieties are chosen to have the 
form

Kx = 'Mn,o,o,oP(lo,v,o,ol 
mo, ii, o/Qp .0,0 ,oM

Kxx =  

Kui =

?+̂ ,o,(̂ ,o>'go,o,̂ ĉ,' 
mo, o, ii ,ovÇLv, o,o, cM

m^,o,o,o go,0,0,/  

mo,o,o,ii',Qj',o,o,d‘

(7)

(8) 

(9)

The iterative computer procedure consists of a Fibo
naccian7'8 search method on the natural logarithm of the 
ratios of the end-member molecules, tj =  go,„,o,o/ 
Qp,0,0,0} T2 =  Qo,0,v,o/Qp,0,0,o} and Tz =  go,0,0,p/Qp,o,o,o, which 
are allowed to vary between —88 and +88  to accommo
date the IBM 7044 computer overflow limitations. 
The first Fibonaccian value in this range is taken for In 
ti, In r2, and In t3, from which the ratios of the corre
sponding end members containing the other central 
moiety, M, are obtained

. , . mo,,,,o,o m In ti — In KxIn ti =  In --------- =  ----------------------
Wlp ,0,0,0 v

(10)

The remaining ratios of end members may readily be 
calculated; e.g.

In g°'‘'’0,0 = In ti — In r2 (11)
go ,0,J-,0

Setting g,,o,o,o =  mM,0,o,o =  1, go,«,o,o and wio,M,o,o are 
calculated from n  and n ', respectively, and the com
pounds with two different substituents are obtained 
as exemplified for gij.o.o where i +  j  =  v

In gi,j,o,o — In gj+i,o,o,o +
j  In n  +  In QXj,y,o,o

i +  j
(12)

The concentrations of all the other compounds can 
be calculated in a similar fashion. All concentrations 
are normalized to sum to unity and to satisfy the param

eter Ri = [Q]/([Q] +  [M]) by adjusting the starting 
values of g„ ,o ,o ,o and m„,a,o ,o - Then the calculated values 
of Ri, R2, and R3 represented by Rx, R2°, and R3°, re
spectively, may be obtained.

When Rs° turns out to be larger or smaller than R3, In 
t3 is increased or decreased, respectively, to the next 
Fibonaccian value in the series, and all concentrations 
involving the substituent Z are reevaluated to obtain a 
new R3°, which process is repeated until a satisfactory 
agreement between R3 and R3° is obtained. Then In r2 
is altered in a similar fashion to adjust for R2°, and the 
search on In r3 is started all over again. When R2 and 
Ri are satisfactorily close to R2° and R3°, In n  is adjusted 
and In r2 and In r3 are searched as above, which is repeated 
until all three composition parameters, Ri°, R2°, and /¿3°, 
reach the desired values at which time an acceptable 
solution has been obtained.

Although it has not been proven that this procedure 
should always lead to the proper solution, i.e., that 
.Ri0, Ri°, and R3° each vary monotonically with n, r2, 
and respectively, the program has never failed to do 
so in the many cases tested.

The constant

qK Qi.j.k.lk+l
i.hk.l — k i

Çt,j,k+l,0 Qx,i,0,k+l
(13)

may be defined from the constants of the form

Q£ '« .* . i =
Qi,J ,k-l,l+lQl,j ,k+l,l-l (14)

by the relationship

V .  = n  QK 'ulm,k+l̂ - ml n qk \, ,,i+ro,
m = 1 m — 1

(15)

Using the usual experimental data, the primed constants 
may be calculated with much higher accuracy than the 
unprimed ones, and the unprimed constants calculated 
therefrom thus have a smaller experimental error. 
Therefore, the first step in the computer program is to 
apply eq 15.

Results and Conclusions

Three-Substituent System. Scrambling involving 
three kinds of monofunctional substituents on a single 
difunctional central moiety results9 at equilibrium in 
the presence of no more than six compounds, three 
containing two like substituents and three containing 
two different substituents. A  quantitative description 
of all equilibria for the central moiety being (CH3)2Ge

(7) R. E. Billman and S. E. Deyfrus, “Applied Dynamic Program
ming,”  Princeton University Press, Princeton, N. J., 1962, p 152.
(8) J. Kiefer, Proc. Amer. Math. Soc., 4, 502 (1953).
(9) K. Moedritzer, and J. R. Van Wazer, submitted for publication 
in J. Chem. Soc.
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Table I : Equilibrium Constants“

K\ = [QCI2] [QBr2] /[QBrCl]2 
X» = [QC1,][QI.]/[QC1I]*
K ,  =  [QBr2] [QIa]/[QBrI]2 
K t =  [QCU] [Q(OPh)2]/[QCl(OPh)]2 
As = [QBr2] [Q(OPh)2]/[QBr(OPh)]2 
As = [QT2] [Q(OPh)2]/[QI(OPh)]2

-S y s t e m  I &-
Q  =  ( C H 3J2SÌ 

(a t  1 2 0 ° )
Q  =  (C H s h G e  

(a t  3 5 ° )

-S y s t e m  I I e-
Q  =  (C H i) jS i

(a t  1 2 0 ° )
Q  =  (C H î) ïG e  

(a t  3 5 ° )

0.31 ± 0 .0 2
(0.40)'*
(0.45)'

0.26 ±  0.01 
0.58 ± 0 .0 5  
0.31 ± 0 .0 2

0.30 ± 0 .0 2
(0 .4 0 /
(0.45)"
0.11 ±  0.01 
0.16 ± 0 .0 4  

(0.12/

0.29 ± 0 .0 7  
(0.67)*
0.33 ±  0.02 
(0 .24 / 
(0 .15 / 
(1 .3 3 /

S y s te m  I  
(a t  1 2 0 ° )

S y s te m  I I  
(a t  1 2 0 ° )

K i  =  [Me2SiBr2][Me2GeCl2]/[M e2SiCl2][Me2GeBr2] (2.9 X 10-»)'
K u  =  [Me2SiBr2][Me2GeI2]/[M e2SiI2][Me2GeBr2] (5.0 X 10»)*
Km = [Me2SiBr2] [Me2Ge(OPh)2]/[M e2Si(OPh)2] [Me2GeBr2]

(2.9 X 10-»)* 
(5.0 X 108)* 
(6.6 X IO"7/

“ Weighted-average values and their standard errors. The constants with the corresponding standard errors given were determined 
from the experimental equilibrium data; the others listed in parentheses are literature values which were used in the computer calcula
tions. b Dealing with the exchange of Cl, Br, and I between (CH3)2Si and (CH3)2Ge. * Dealing with the exchange of Cl, Br, I, and 
OPh between (CH3)2Si and (CH3)2Ge. d Reference 1. * Reference 2. 1 From a study of the equilibrium in the exchange of Cl, Br, 
I, and OPh on (CH3)2Ge. ° Estimated. h Unpublished results.

and the substituents Cl, Br, and I is given by the three 
equilibrium constants of the form of K h A 2, and A 3 in 
Table I. In addition to these, equilibria involving 
compounds having the same set of exchangeable sub
stituents but a central moiety different from the first one 
will be controlled by a similar set of three constants. 
Thus for the second central moiety, (CH3)2Si, and the 
same set of exchangeable substituents, an additional set 
of constants of the form of K h A 2, and A :i are needed for 
quantitative characterization of all equilibria involving 
only this moiety.

The sorting of exchangeable substituents between 
two kinds of central moieties generally is expressed in 
terms of intersystem equilibrium constants involving 
pairs of exchangeable substituents. Since there are 
three different kinds of exchangeable substituents in the 
present system, one could write three intersystem 
equilibrium constants dealing with the sorting of Cl 
vs. Br, Br vs. I, and Cl vs. I between the two central 
moieties. However, two such constants of the form of 
Ki and K u in Table I are sufficient, since the third 
constant involving the sorting of Cl vs. I may be cal
culated from the former two.

Thus the 12 possible different compounds expected at 
equilibrium are determined by a total of 8 equilibrium 
constants. The experimental data in Table II show, 
however, that of these 12 expected species, only 9 are 
seen at equilibrium in the mixtures studied. The 
absence of (CH3)2SiI2, (CH3)2SiBrI, and (CH3)2SiClI at 
equilibrium is a result of the nonrandomness of the 
intersystem equilibrium constants A i and A n  in Table 
I— a situation which favors a distribution of the low 
atomic weight halogens on silicon and of the high 
atomic weight halogens on germanium. To some ex
tent, this depends also on the over-all composition.

Owing to the absence at equilibrium of certain species, 
reliable values for all eight equilibrium constants could 
not be determined. As seen in Table I, these are Kz and 
A 3 for the silicon part of the equilibria and the inter
system constants Ki and A n. Therefore, when utiliz
ing the computer program for the calculation of the 
theoretical equilibrium-distribution data corresponding 
to the experimental composition parameters Rh R2) R3, 
and Ri from the minimum-number set of equilibrium 
constants, the values for A 2 and A 3 (for the silicon part) 
and Ki and A n  were obtained from previous separate 
Studies.1'2 These values are listed in parentheses in 
Table I.

Good agreement is observed in Table II for the 
experimental and theoretical equilibrium concentra
tions as well as for all of the R values calculated from the 
ingredients of the mixture and as obtained from the 
experimental data based on the assignments of Table II. 
The observed proton nmr chemical shifts of the com
pounds seen at equilibrium are also listed in Table II. 
The six experiments shown in this table correspond to 
different proportions of the reagents, with the resulting 
stoichiometry for each experiment being defined by 
composition parameters (mole ratios) given at the 
bottom of the table.

Four-Substituent System. A similar treatment of the 
scrambling equilibria of the four exchangeable substit
uents Cl, Br, I, and OC6H5 on the dimethylgermanium 
moiety leads to a maximum of four species containing 
like substituents and six species containing mixed 
substituents with the equilibria in this system deter
mined by the six equilibrium constants of the form of 
Ki to A 6 in Table I. Analogously, the presence of 
dimethylsilicon moieties in the equilibria gives the ten 
corresponding silicon compounds, which are determined
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Table I I : Experimental and Calculated Equilibrium Data at 120° (in Mole Percentages) for the System 
Involving the Exchange of Cl, Br, and I on the (CH3)2Si and (CH3)2Ge Moieties

C h e m ic a l  ----------------------------------------------------------------------------------------E x p e r im e n t  no .
Signal shift0 Assignment l 2 3 4 5 6

A -1 .8 5 (CH3)2GeI2 3.36 (3.4)° 9.6(9.3) 9.8(10.0) 5.3(5.9) 9 .2(9 .0) 2 .8(2 .7)
B -1 .6 3 (CH3)2GeBrI 12.3(12.5) 22.8(22.7) 15.5(16.8) 10.0(10.1) 15.6(15.9) 9.6 (9.4)
C -1 .4 8 (CH3)2GeCU 7.4(6.6) 0.9(0.4) 6.6(5.5) 11.2(10.8) 7.7(6.9) 10.7(10.2)

(CH3)2SiI2 .. . ( 0 .0 ) . . .  (0.0) . . . (0 .0 ) . . . (0 .0 ) . . .  (0.0) . . . ( 0 .0 )
D -1 .4 4 (CH3)2GeBr2 13.6(14.4) 17.9(17.3) 8 .2(8 .9) 4 .5(5 .5) 8.2 (8.7) 10.1(10.2)
E -1 .3 0 (CH3)2GeBrCl 20.8(20.1) 1.2(0.8) 8 .4(7 .7) 16.1(15.6) 10.3(10.1) 30.1 (29.3)

(CHskSiBrI .. . ( 0 .0 ) . . . (0 .6 ) . . . ( 0 .0 ) . . . (0 .0 ) . . .  (0.0) . . .  (0.0)
F -1 .1 7 (CH3)2GeCl2 8.7(7.4) . . .  (0.0) 3.4(1.8) 12.9(11.7) 4.2 (3.0) 22.7(22.1)

(CH3)2SiClI . . . ( 0 .1 ) . . .  (1.0) . . . (0 .2 ) . . .  (0.1) . . .  (0.1) . . . ( 0 .0 )
G -1 .0 6 (CH3)2SiBr2 . . .  (0.0) 9.9(9.2) 0.1(0.1) . . . ( 0 .0 ) . . . ( 0 .0 ) . . . ( 0 .0 )
I -0 .9 1 (CH3)2SiBrCl 1.9(1.4) 22.2(22.1) 4 .5(3 .1) 1.2(0.8) 3.0(2.3) 0.3 (0.3)
J -0 .7 6 (CH3)2SiCl2 32.1(34.2) 15.7(16.7) 43.7(46.0) 38.9(39.5) 41.7(44.0) 13.8(15.7)

C o m p o s it io n  ,-------------------------------------------------------------------------------------------------- E x p e r im e n t  n o .
parameter l 2 3 4 5 6

Ri =  [Cl] /([Si] +  [Ge]) I l l s ' 1 (1 .1 1 7 ) ' 0 .5 7 6 (0 .5 5 7 ) 1 .1 2 0  (1 .1 3 7 ) 1 .2 9 7  (1 .3 2 1 ) 1 .1 3 4 (1 .1 2 8 ) 1 .1 5 5 (1 .1 4 1 )
Ri =  [Br] /  ( [Si] +  [Ge]) 0 .6 2 8 11 (0 .6 2 2 ) ' 0 .9 9 1  (1 .0 1 8 ) 0 .4 5 6 (0 .4 4 9 ) 0 .3 7 6 (0 .3 6 3 ) 0 .4 5 7 (0 .4 5 3 ) 0 .5 9 5  (0 .6 0 2 )
R» =  [L] /([Si] +  [Ge]) 0 . 259i  (0 .2 6 3 ) ' 0 .4 3 3 (0 .4 2 9 ) 0 .4 2 4 (0 .4 1 7 ) 0 .3 2 7  (0 .3 1 6 ) 0 .4 0 9 (0 .4 1 7 ) 0 .2 5 1  (0 .2 5 9 )
E i =  [Si] /([Si] +  [Ge]) 0 .3 5 7 '1 (0 .3 4 0 ) ' 0 .4 9 6  (0 .4 7 8 ) 0 .4 9 4 (0 .4 8 3 ) 0 .4 0 4 (0 .4 0 1 ) 0 .4 6 4  (0 .4 4 7 ) 0 .1 6 1  (0 .1 4 1 )

“ In parts per million relative to internal tetramethylsilane as measured in experiment 3. b From the nmr peak areas. '  Calculated 
from the constants for system I in Table I and for R  values calculated from the ingredients. d From the ingredients of the mixture. 
* Calculated from the experimental nmr data.

by another set of six equilibrium constants of the form 
of Ki~Ke for silicon. Relating the sorting of the four 
exchangeable substituents between dimethylsilicon and 
dimethylgermanium are six intersystem constants, one 
for each different pair of substituents. Of these, how
ever, only three are independent ones, from which the 
other three may be calculated. We selected the con
stants represented by Kj, Ku, and Km  in Table I as the 
three independent ones. Thus at equilibrium in this 
system, there may be as many as 20 different species, 
the relative concentrations of which are determined by 
the 15 equilibrium constants of Table I.

Again, only 5 of the 15 equilibrium constants in Table 
I (system II) could be determined from the experimen
tal data in Table III, owing to the high degree of non
randomness in the sorting of substituents between 
dimethylsilicon and dimethylgermanium. Therefore, 
the theoretical mole percentage concentrations listed in 
parentheses in Table III were calculated using pre
viously determined values for the required additional 
ten equilibrium constants which could not be obtained 
from the present experimental data. Also for this 
system at equilibrium, good agreement between experi
mental and calculated concentrations is observed.

As seen from the experimental data in Table III, the 
distribution of the substituents between the silicon and 
germanium moieties is similar to the first system dis
cussed in this paper. The low atomic weight halogens 
favor the dimethylsilicon moieties at equilibrium, and 
the high atomic weight halogens favor the dimethyl
germanium moieties, with the phenoxyl groups favoring

the dimethylsilicon moiety. As a result of this pref
erence, species containing Si-I bonds do not appear at 
equilibrium, e.g., (CH3)2SiI2, (CH3)2SiBrI, (CH3)2SiClI, 
and (CH3)2SiI(OC6H5). Similarly, compounds having 
G e-0  bonds are not favored at equilibrium, e.g., 
(CH3)2Ge(OC6H6)2, (CH3)2GeCl(OC6H6), (CH3)2GeBr- 
(OC6H8), and (CH3)2GeI(OC6H6). Also (CH3)2GeCl2 
at equilibrium appears in only small amounts.

Discussion
The rates of equilibration for analogous germanium 

compounds generally are much faster than for silicon 
compounds. This means that during the equilibration 
process the germanium species in the systems described 
in this paper are at equilibrium at all times. The rate
determining steps are substitutions on silicon, processes 
which have been found previously to be quite slow, 
particularly the reactions involving phenoxyl groups.10 
Therefore, it appears that of the equilibrium constants 
in Table I the ones involving germanium moieties only 
correspond to the temperature of the nmr probe, since 
upon quenching of the samples to room temperature, 
the germanium species will attain the equilibrium cor
responding to that temperature. The transfer of sub
stituents from germanium to silicon and vice versa gen
erally has been found to be relatively slow at room tem
perature.11 This means that, upon quenching and

(10) K . Moedritzer and J. R . Van Wazer, J .In org . Nucl. Chem., 29, 
1571 (1967).
(11) K . Moedritzer and J. R . Van Wazer, Inorg. Chem., 5,547 (1966).
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Table III: Experimental and Calculated Equilibrium Data (in Mole Percentages) for the System 
Involving the Exchange of Cl, Br, I, and OCeH6 on the (CH3)2Si and (CH3)2Ge Moieties

Chemical ----------------- ----------------------------------— —Experiment no.-
Signal shift® Assignment 1 2 3 4 5

A -1 .7 9 (CH3)2GeI2 ìs .e ^ is .s )0 10.4(10.9) 24.3(23.5) 25.1(24.0) 8 .5(8 .8)
B -1 .5 7 (CH3)2GeBrI 19.8(18.7) 13.5(12.6) 18.5(16.5) 22.8(21.5) 14.3(14.0)

(CH3)2SiI2 . . .  (0.0) . . .  (0.0) . . . ( 0 .0 ) . . . ( 0 .0 ) . . . ( 0 .0 )
C -1 .4 3 (CH3)2GeClI 0 .9(0 .5 ) 0 .3(0 .2) 0 .3(0 .1 ) 4.4 (3.5) 6 .0(4 .9)
D -1 .3 8 (CH3)2GeBr2 8.4(7 .3) 5.7(4.8) 4 .7(3 .8) 7.0(6.4) 7.8(7.5)

(CH3)2SiBrI . . .  (0.1) . . . ( 0 .3 ) . . .  (0.6) . . .  (0.0) . . . ( 0 .0 )
E -1 .2 5 (CH3)2GeBrCl 0 .8 (0 .5 ): 1.4(0.2) 1.0(0.1) 3.2(2.7) 8 .7(6 .8)

(CH3)2GeI(OC6H5) . . .  (0.0) . . .  (0.0) . . . ( 0 .0 ) . . . ( 0 .0 ) . . . ( 0 .0 )
F -1 .1 1 (CH3)2GeCl2 .. . ( 0 .0 ) . . . ( 0 .0 ) . . .  (0.0) 0 .4(0 .3) 2 .6(1 .8)

(CH3)2SiClI ....(0 .2 ) . . . ( 0 .4 ) . . . ( 0 .5 ) . . .  (0.0) . . . ( 0 .0 )
(CH3)2GeBr(OC6Hs) .. . (0 .0 ) . . . (0 .0 ) . . .  (0.0) . . .  (0.2) . . .  (0.3)

G -1 .0 2 (CH3)2SiBr2 2.1 (2.6) 8.1 (8.1) 10.5(11.4) . . . ( 0 .0 ) . . .  (0.0)
H -0 .9 0 (CH3)2GeCl(OCGH5) . . .  (0.0) . . .  (0.0) . . . ( 0 .0 ) 0.8(0.1) 0 .5(0 .2)

(CH3)2SiI(OC6Hs) . . .  (0.2) . . . (0 .2 ) . . . ( 0 .4 ) . . . (0 .0 ) . . . ( 0 .0 )
I -0 .8 7 (CH3)2SiBrCl 10.1(10.5) 23.3(22.5) 15.2(15.6) . . .  (0.8) . . . ( 0 .8 )
J -0 .7 2 (CH3)2SiCl2 13.5(12.7) 19.5(18.8) 7.2 (6.4) 4 .4(5 .9) 11.0(12.4)
K -0 .6 8 (CH3)2SiBr(OC6H5) 6.5 (7.4) 6 .1(7 .0) 8.7(10.2) 1.3(1.4) 0.3(0.9)

(CH3)2Ge(OC6H5)2 . . .  (0.0) . . .  (0.0) . . . (0 .0 ) . . .  (0.0) . . .  (0.0)
L -0 .5 3 (CH3)2SiCl(OC6H5) 19.0(20.1) 12.0(13.0) 8.3(9.4) 21.3(23.4) 30.8(32.6)
M -0 .3 1 (CH3)2Si(OC6H6)2 3.2(3.3) 0 .8(1 .0) 1.1(1.4) 9 .4(9 .7) 9.4(9.0)

Composition „ ___ .__ A _
parameter 1 2 3 4 5

Ri = [Cl] /([Si] +  [Ge]) 0.572* (0.578)* 0.741 (0.760) 0.387(0.392) 0.431(0.393) 0.737(0.732)
[Br] /  ( [Si] +  [Ge]) 0.572* (0.582)* 0.684(0.719) 0.733(0.738) 0.394(0.413) 0.378 (0.389)

R , = [I]/([Si] +  [Ge]) 0.512* (0.519)* 0.355(0.346 ) 0.652 (0.674) 0.730(0.774) 0.365 (0.373)
R , = [OC.Hs] /  ( [Si] +  [Ge]) 0.344* (0.319)* 0.221 (0.197) 0.229(0.192) 0.445(0.422) 0.521 (0.504)
Ri = [Si]/([Si] +  [Ge]) 0.572* (0.544)* 0.712(0.698) 0.560(0.510) 0.412 (0.364) 0.557(0.515)

“ In parts per million relative to internal tetramethylsilane as measured in experiment 3. 6 Prom the nmr peak areas. * Calculated
from the constants for system II in Table I and from R values calculated from the ingredients. * From the ingredients of the mixture. 
* Calculated from the experimental nmr data.

immediately obtaining the nmr spectra, the equilibria 
with regard to the distribution of the substituents be
tween silicon and germanium will correspond to the 
temperature at which the samples were held for equili
bration, which in the present case is 120°. Since equili
bration of these substituents on silicon at room temper
ature in the absence of catalysts1 does not proceed at all, 
the equilibria between the silicon species also represent 
the situation at 120°.

The results reported here exemplify the usual situ
ation12 in which the values of an equilibrium constant 
(for a substituent-exchange reaction in a set of reactions 
in which all chemical species are accounted for) are seen 
to vary by only a small amount with environmental 
changes, while nmr chemical shifts may show appreci
able variations. Thus not only do the values of a given 
constant not change appreciably in the various experi
ments listed in Table II and III, but also, as shown 
in Table I, there is no distinguishable difference between 
values of the same constant measured in the two differ
ent systems studied here. Moreover, the results ob
tained here agree with values18 of the same equilibrium 
constant as measured in the exchange of only two kinds 
of substituents on a single kind of polyfunctional moiety.

From a quantum-mechanical viewpoint,14 it is not 
surprising that there are noticeable changes in the nmr 
chemical shifts with variation in molecular environ
ment, while equilibrium constants for substituent ex
change are virtually unaffected. Since hydrogen nmr 
shifts are mainly attributable to the paramagnetic 
terms, the predominant operator for this property 
involves the expectation value of 1 /r. Since the hy
drogen atoms are positioned in the outer regions of the 
molecule, this slowly declining (1/r) function is expected 
to be affected by neighboring molecules. On the other 
hand, the energy changes induced by atom or group

(12) See K. Moedritzer, Advan. Organometal. Chern., 6, 171 (1968), 
and J. R. Van Wazer and K. Moedritzer, Angew. Chem. Int. Ed., 5, 
341 (1966), for reviews.
(13) In ref 2, it is shown that, for Q =  (CHs)sSi at 120°, K i —
0.31 ±  0.03, and for Q =  (CH3)2Ge at 35°, K i =  0.30 =fc 0.02, K i = 
0.67 =fc 0.07, and Kz =  0.35 ±  0.01. K. Moedritzer and J. R. Van 
Wazer, Inorg. Chern., 7, 2105 (1968), have also shown that for Q = 
(CH3)2Si at 150°, K* =  0.16 ±  0.01 and K b =  0.14 ±  0.01. K. Moe
dritzer and J. R. Van Wazer, J. Organometal. Chem., 13, 145 (1968), 
have shown that, for exchange of the appropriate monofunctional sub
stituents between the CH3G e<  and (CH3)2Ge< moieties, K b =  
0.24 =b 0.01 and K* =  1.61 ±  0.05, for Q = (CH3)2Ge at 35°.
(14) Ah initio calculations are now being interpreted in our labora
tories to elucidate both of the matters touched upon in the reference 
paragraph.
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substitutions to the most part come from quite deep 
within the molecule so that they are little perturbed by 
the presence of neighboring molecules.

The equilibrium constants in Table I make up one 
complete minimum-number set of the constants re
quired for the complete mathematical determination of 
all equilibria in these systems. Of course, any other 
set of constants which satisfies the conditions of totally 
determining all equilibria in these systems may be 
chosen. From any such properly chosen set of con
stants, any other equilibrium not expressed specifically 
by that set may be calculated from it.

From the three intersystem equilibrium constants 
Kj, Ku, and Km, the following additional intersystem 
constants have been calculated

=  [ (CH3)2SiI2 ] [ (CH3)2Ge (OPh)2 ] =
IV [(CH3)2Si(GPh)2][(CH3)2GeI2]

T 5  = 1.3 X 10- 10 (16)K n

= [(CH3)2SiCl2][(CH3)2Ge(OPh)2] = 
v [(CH3)2Si(OPh)2][(CH3)2GeCl2]

~  =  2.3 X  10- 8 (17)Ki

=  [(CH3)2SiI2][(CH3)2GeCl2] =
VI [(CH3)2SiCl2][(CH3)2GeI2]

—  =  5.8 X  10- 8 (18)Ku

Whereas Kxv and K v have not been measured pre
viously, Kvi has been found in a separate study2 to have 
a value of 1.2 X 10~6.

Another example for these kinds of calculations is the 
equilibrium constant for the reaction of eq 19

(CH3)2SiBr2 +  (CH3)2GeCl(OPh)

(CH3)2SiBrCl +  (CH3)2GeBr(OPh) (19)

= [(CH3)2SiBrCl] [(CH3)2GeBr(OPh) ] = 
vn ~  t(CH3)2SiBr2][(CH3)2GeCl(OPh)]

V <J,K i/SiKlGeKiK l =  1.3 X  102 (20)

The value of Avii shows that the equilibrium of eq 19 
lies well to the right.

Acknowledgment. We wish to thank Raymond E. 
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The Thermal Decomposition of Solid Hexaammmecobalt(III) 

Azide. The Cobalt (II) Reaction

by T. B. Joyner
Chemistry Division, Naval Weapons Center, China Lake, California 93555 (Received February 19, 1968)

The rates of decomposition of solid hexaamminecobalt(III) azide to cobalt(II) complexes have been measured, 
and the kinetic parameters have been determined. Under low ammonia pressures an apparent activation 
energy of ca. 46 kcal/mol is close to the values obtained for the analogous reactions of azidopentaammine- 
cobalt(III) azide and cis- and iraws-diazidotetraamminecobalt(III) azide, suggesting a reaction mechanism 
common throughout the series. Under higher ammonia pressures (50-200 torr), the hexaammine is unique 
in showing a lower apparent activation energy of ca. 32 kcal/mol. This may indicate a reaction path un
available to the substituted compounds.

Introduction
The ability of solid hexaamminecobalt(III) azide to 

decompose to either CoN or cobalt(II) has been estab
lished, and the rather complicated relationship between 
the reactions has been qualitatively discussed.1 This 
paper considers the kinetics of the cobalt (II) reaction,
The CoN reaction, with its interesting induction period,

will be dealt with separately. The cobalt(II) reac
tion

[Co(NH3)6](N3)3 — >
Co(NH3)2(N3)2 -(- 4NH3 -f- 1.5N2 (1)

(1) T. B. Joyner and F. H. Verhoek, Inorg. Chem., 2, 334 (1963).
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is complex with labile products (a series of cobalt (II) 
ammine azides have been identified2) and a marked sen
sitivity to ammonia. Despite consequent difficulties, 
rate data have been obtained over a reasonable range of 
experimental conditions and analysis is possible. The 
results are of particular value in relation to similar 
studies with the substituted azidopentaammineco- 
balt(III) azide3 and cis- and frans-diazidotetraammine- 
cobalt(III) azide.4’5
Experimental Section

Preparation. Preparation and purification have 
been described.1 The cobalt(II) reaction is most re
liably demonstrated by powders. The data presented 
here were obtained from two independent preparations 
labeled A and B. Briefer studies with four other prep
arations confirmed the findings. Microscopic exam
ination and nonrotated X-ray powder patterns indi
cated crystal sizes in the range of 0.1-1 m- The samples 
were stored in opaque vacuum desiccators over P20 5. 
The reaction occurs in larger crystals,1 but its course is 
erratic and complicated by the competitive CoN re
action; hence there was no serious effort to obtain 
kinetic data from such samples. Conversely, powders 
rarely show the CoN reaction, although explosions are 
a problem.

Procedure. The experimental techniques have been 
discussed.6 In brief, the usual run used a ca. 10-mg 
sample with the reaction followed by pressure increase, 
ca. 75 torr for eq 1. As before, “ normal”  runs were 
made with the system initially evacuated and the solid 
exposed to only its own products, while “ ammonia” 
runs involved an initial pressure of added ammonia. 
Normal runs with 5- and 20-mg samples indicated that 
sample size influenced the rate only through the pressure 
of the self-generated ammonia. With proper altera
tions in the system volume, there was no significant 
change in reaction rates. The studies were conducted 
within 4 weeks of sample preparation, with check runs 
to establish that no kinetically significant aging had 
occurred.

Products. The solids were identified by X-ray pow
der patterns. The early findings2'6 were confirmed and 
extended. Very careful observations of the reaction 
vessel revealed a small number of tiny (0.01-0.05 mm in 
length) transparent crystals just above the hot zone. 
These were collected, with difficulty, in a partially 
congealed droplet of a commercial rubber cement sus
pended on a glass capillary. Powder patterns identified 
ammonium azide. Although the crystals are a very 
minor constituent of the products, their presence indi
cates a heretofore unreported reaction. Additionally, 
runs under 400 torr of ammonia and low temperatures 
(120° or less) are anomalous and appear to yield mix
tures containing at least one unidentified component.

Results
The cobalt(II) reaction has been described briefly.1

Figure 1. Decomposition of powdered [Co(NH3)6] (N3)3 
(preparation A) at 140°. Initial ammonia pressures in torr: 
curve A, O; curve B, 11; curve C, 50; curve D, 100; curve 
E, 200; curve F, 400. The solid arrows indicate explosions.

Figure 2. Decomposition of powdered [Co(NH3)6](N3)3 at 
low temperatures. Initial ammonia pressure in torr for 120° 
runs: curve A, 0; curve B, 50; curve C, 100; curve D, 200; 
curve E, 400 (preparation B). Ammonia pressures in torr for 
110° runs: curve F, 0; curve G, 100. With the exception 
of curve E all runs were with preparation A.

Figures 1 and 2 more fully illustrate its temperature 
and ammonia dependence, with n/rio, the moles of gas 
evolved per mole of original compound, plotted against 
time. In many respects the decomposition resembles 
the analogous reactions of the substituted com
pounds.3-6 In all cases the investigation is seriously 
hindered by the narrow range of conditions within 
which the reaction may be studied. Above 150° it is 
too fast. Even at lower temperatures explosions are 
frequent and, at the least, interfere with the collection

(2) T. B. Joyner and F. H. Verhoek, Inorg. Chern., 1, 557 (1962).
(3) T. B. Joyner, J. Phys. Chew,., 69, 1723 (1965).
(4) T. B. Joyner, ibid,., 71, 3431 (1967).
(5) T. B. Joyner, ibid., 72, 703 (1968).
(6) T. B. Joyner and F. H. Verhoek, J. Amer. Chew, Soc., 83, 1069 
(1961).
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of data. (Efforts to avoid explosions cause the abrupt 
terminations of some curves—for instance, Figure 2, 
curve D.) Moderate ammonia pressures (50-200 torr) 
accelerate the reaction, tend to inhibit explosions, and 
produce the most symmetrical curves. Greater pres
sures lead to decreasing gas evolution and higher am- 
mines of cobalt (II), notably a green compound presumed 
to be a tetraammine.2 This would call for an ideal 
stoichiometry of

[Co(NH3)9](N3)3 — ►

Co(NH3)4(N3)2 +  2NH3 +  1.5N2 (2)

although in fact the green compound is usually observed 
in mixtures with the diammine. Low temperatures 
(120°) and high ammonia (400 torr) drastically curtail 
both rate and gas evolution.

The above observations are generally typical of the 
substituted compounds. The major difference in the 
reaction of the hexaammine is a greater willingness to 
follow eq 1 to completion. For instance, with prepa
ration A at 140° the normal run (Figure 1, curve A) goes 
to near completion, whereas substituted compounds 
usually explode after the evolution of only about 1 mol 
of gas.8-5 The 11-torr ammonia run (Figure 1, curve 
B) generally parallels the normal curve but commences 
somewhat earlier. The 50-200-torr runs (curves C-E) 
are faster, but at 400 torr (curve F) a decrease in gas 
evolution and rate is observed. Preparation-B curves 
are similar but with slight differences in rate, an ex
pected consequence of variations in crystal size and 
shape.

At 120 and 110° (Figure 2) there is again an accelera
tion by moderate ammonia but with some reduction in 
gas evolution. Runs D and G show stoichiometries 
close to eq 2 and yield the green compound. With 
preparation A the normal runs go to completion (curves 
A and F). Preparation B is somewhat more prone to 
conversion to the CoN reaction. Normal and 50-torr 
runs followed the cobalt(II) path to n/n0 = ca. 2.5 and 
then converted to the CoN reaction and went quickly 
to completion. The 100-torr runs are similar to those 
of preparation A. The 400-torr, 120° run (included in 
Figure 2 as curve E) shows a great curtailment in rate 
and gas evolution. A powder pattern taken after 440 
min and an n/nfl of only 1.4 showed a mixture of the 
green tetraammine and an unidentified compound, sug
gesting that decompositions under these conditions are 
not comparable with the usual cobalt (II) reaction. A 
similar situation was noted for the substituted com
pounds.

The difference in the reactions of the hexaammine 
and the substituted compounds is most apparent at the 
lower temperatures. This is illustrated by the rela
tionships of the normal and 100-torr ammonia runs for 
the hexaammine and the azidopentaammine. At 140° 
the ammonia runs are faster. At 110° the hexaam-

Figure 3. Decomposition of powdered [Co(NH3)6](N3)3 
(preparation B) at 130°: curve A, initially normal run altered 
(dashed arrow) to conditions appropriate for a 100-torr 
ammonia run; curve B, 100-torr ammonia run altered (dashed 
arrow) to conditions appropriate for a normal run; curve C, 
normal run; the solid arrow indicates an explosion; curve D, 
100-torr ammonia run.

mine maintains this order (Figure 2 curves F and G). 
Conversely, an azidopentaammine normal run reached 
n/n0 =  1.1 at 990 min, and a much slower 100-torr run 
reached only n/n0 =  0.8 at 11,400 min (ref 3, Figure 1). 
Both runs converted to the CoN reaction.

Since the normal and ammonia reactions of the 
hexaammine differ in both rate and curve shape, it is of 
interest to see if early growth patterns can persist and 
effect the reaction after a change in conditions. Experi
ments at 130° were commenced as normal or 100-torr 
ammonia runs, and at about 25% completion altered 
to the reverse conditions by either opening to a small 
volume containing the necessary ammonia or briefly 
venting to an appropriate evacuated volume. The 
initially normal run (Figure 3, curve A) showed an 
immediate acceleration to the rate of a 100-torr am
monia run. The results are less clear for the reverse 
case. A 100-torr ammonia run vented to a pressure 
approximately correct for a normal run at 25% com
pletion (curve B), maintained the relatively fast am
monia rate for a time, and then tapered off to a rather 
asymmetric curve only slightly different from a 100-torr 
run carried to completion.

Several 100-torr ammonia runs at 120 and 140° were 
interrupted at 25, 50, and 70% completion and cooled 
for up to 30 min. The rates after reinitiation were com
parable with uninterrupted runs. Some efforts were 
made to isolate the solid and to determine the ratio of 
evolved ammonia and nitrogen. The experiments are 
difficult. The cobalt(II) compounds are labile to am
monia absorption, loss, and explosion. Also, the ac
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curacy of the estimations (made by vacuum line manip
ulations and the differences in total gas, total am
monia, and added ammonia) is impaired by the large 
excess of ammonia. The inaccuracy, most serious when 
the evolved gas is small, has led to some suspicions 
of an anomalous low initial nitrogen evolution.3 Later 
studies appear to contradict this. While some reserva
tions should probably be maintained, it is now believed 
that the ratio of the evolved gases remains essentially 
constant during a run.

Discussion
The kinetic analysis follows previous papers.3-6 

The reduction is again assumed rate controlling, with 
relatively rapid equilibration of the cobalt (II) am- 
mines responsible for the decreased gas evolution under 
added ammonia and lower temperatures.

Ammonia Runs. The curves can be described by the 
Avrami-Erofeev or Prout-Tompkins equations7

[ — In (1 — a ) ] /s =  &AEi +  cae (3)

In [a /( l  — a) ] =  fcpxi -j- Cpt (4)

where a is the fraction reacted, t is the time, and k and c 
are constants. Over-all, the former is the more suc
cessful.8 Both yield similar values for the temperature 
dependence. Figure 4 gives illustrative curves, Table I 
reports rate constants. In general, eq 3 and 4 give good 
fits for more than 85% of a run. Rarely an anomalous 
(and unexplained) early region (a <  0.3) leads to 
broken curves with the constants from the final 70% 
correlating with the other runs. Since rates are often 
very dependent upon the early nucleation, the anoma
lous runs may simply be slow in attaining the usual 
growth pattern.

AD BE CF

MINUTES

Figure 4. Illustrative kinetic treatments: curve A, 140°, 
normal run treated by eq 5, a ; curve B, 140°, 100-torr run, 
eq 3, [ — In (1 — a )]1'3; curve C, 140“, 100-torr run, eq 4,
In [<*/(1 — a)]; curve D, 120“, normal run, eq 5, a; curve 
E, 120“, 100-torr run, eq 3, [ — In (1 — a )]1'3; curve F, 120°, 
100-torr run, eq 4, In [a /(l -  a)]. The ordinate plots the 
functions of a as given in the equations and listed above.

Table I : Rate Constants for the Cobalt(II) Reaction

Initial NHa
Temp, pressure, 10i*i, 10'*AE, 104A;pT,

°C torr see _1 sec-1 sec-1

Preparation A
150 0 4 0 .9 2 2 .9 5 8 .2
140 0 8 .6 6 7 .6 3 3 6 .4
140 0 7 .8 5 7 .4 5 3 7 .2
140 0 7 .9 2 7 .9 7 4 0 .1
130 0 1 .8 4 2 .4 9 13 .2
130 0 1 .8 4 2 .6 1 1 2 .7
120 0 0 .4 9 3 1 .0 6 4 .7 0
110 0 0.0961 0 .3 1 3 1 .3 6
140 11 7 .2 0 3 6 .5
150 50 3 2 .3 150
140 50 1 6 .9 8 4 .7
130 50 5 .7 0 2 9 .1
120 50 1 .6 8 8 .4 8
150 100 3 2 .6 146
140 100 1 5 .8 8 1 .1
130 100 5 .4 8 3 0 .7
120 100 1 .9 4 1 0 .9
110 100 0 .6 9 3 3 .4 1
150 200 3 1 .9 147
140 200 1 1 .8 6 2 .3
130 200 4 .7 9 2 3 .7
120 200 1 .6 8 9 .7 2
140 400

Preparation B

8 .5 0 4 2 .8

150 0 3 0 .0
140 0 7 .3 7 1 1 .3 ° 5 6 .4 “
130 0 1 .7 9
120 0 0 .4 4 7
110 0 0 .1 1 8
95 0 0 .0 1 1 9

150 50 4 5 .6 224
140 50 1 9 .7 9 4 .1
130 50 6 .0 3 3 2 .3
120 50 (1 .9 2 )* 6 (7 .3 1 )6
150 100 3 8 .1 184
140 100 1 9 .2 8 9 .3
130 100 6 .6 2 3 2 .9
120 100 2 .5 5 1 2 .9
110 100 0 .7 3 3 3 .5 4
150 400 2 0 .8 115
140 400 1 0 .9 6 6 .6
130 400 3 .9 7 1 8 .8

“ With the exception of the 140“ run, explosions or conversion 
to the CoN reaction prevent satisfactory treatment of the later 
portions of normal runs with preparation B. 6 Converted to 
the CoN reaction at a  =  0.4 . The constant is estimated from 
the early data.

The constants for the 50-200-torr runs show no great
dependence on ammonia. The 400-torr data are

(7) P. W . M. Jacobs and F. C. Tompkins in W. E. Garner, “ Chemis
try of the Solid State,”  Butterworth and Co., Ltd., London, 1955, 
Chapter 7.
(8) Although the equations are based on different models,7 in practice 
distinction is often difficult depending (particularly) on the very 
early and late portions of the reaction where such inherent features 
as particle sizes and shapes, surface conditions, and nucleation sites 
and rates may give anomalous growth patterns.
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somewhat lower, with the drastic curtailment prevent
ing analysis of the 120° run. The 11-torr run gives 
broken plots by either eq 3 or 4. Its resemblance to a 
normal run is reflected in the constants for a >  0.5, 
although the initial regions do not show the linearity of 
normal runs (see below).

Arrhenius plots yield the data of Table II. With 
preparation A the 50-200-torr runs give apparent 
activation energies in good mutual agreement (ca. 32 
kcal/mol) and significantly lower than the results (46- 
54 kcal/mol) of comparable analyses for the substituted 
compounds.3-5 With preparation B the 100-torr runs 
agree, but the 50- and 400-torr data are limited. Con
version of the 50-torr, 120° run to the CoN reaction 
restricts the data to a <  0.4. A rate constant can be 
estimated but was not used in obtaining the apparent

Table II : Apparent Activation Energies (Aa) 
and Preexponentials (A )

Initial NH3
pressure, E„, Log A

torr Treatment kcal/mol sec“1

Preparation A
0 Eq 5“ 47.7 22.16
0 Eq 3b 33.9 14.85

50 Eq 3 33.0 14.62
100 Eq 3 31.6 13.88
200 Eq 3 32.2 14.12

0 Eq 4b 31.8 14.43
50 Eq 4 32.1 14.84

100 Eq 4 30.8 14.13
200 Eq 4 30.1 13.73

Preparation B
0 Eq 5“ 43.8 20.04

50 Eq 3 33.9 15.19
100 Eq 3 32.1 14.19
50 Eq 4 32.9 15.34

100 Eq 4 31.8 14.73

“ Applied to a <  0.5. bApplied to a >  0.5.

activation energy. The curtailment of the reaction at 
120° limits the 400-torr data to three points which 
roughly parallel the 100-torr constants but do not 
justify calculation of an apparent activation energy.

Normal Runs. Normal runs have rather asymmetric 
curves with quite linear early regions (a <  0.3). A 
similar linearity with the substituted compounds was 
treated by

a =  ht +  Ci (5)

Centering eq 5 on a =  0.15 gives the constants of Tables 
I and II and an apparent activation energy of 46 ±  4 
kcal/mol (with the high uncertainty due to the rather 
approximate treatment). To establish that the dif
ference from ammonia runs was not an artefact of the 
analysis, efforts were made to treat the initial regions

of the latter by eq 5. The curvature prevented a 
satisfactory fit; however, the essentially equivalent 
treatment of Jacobs and Kureishy9 applied to intervals 
of a of 0.05 in the range a =  0-0.20 confirmed the lower 
apparent activation energy of ammonia runs.

The value of 46 kcal/mol is close to the apparent 
activation energies of the substituted compounds. 
With the latter, early explosions ended the normal runs. 
The more complete hexaammine curves can be analyzed 
with either eq 3 or 4 giving good fits for the deceleratory 
region (a >  0.5). The apparent activation energy (34 
kcal/mol) is typical of ammonia runs, a reasonable con
sequence of the ca. 25 torr of ammonia evolved by a =  
0.5.

Conclusions
With substituted compounds the qualitative resem

blance and similar apparent activation energies, 46-54 
kcal/mol for normal and ammonia runs, made it reason
able to assume the same mechanism throughout the 
series. With the hexaammine the qualitative similarity 
persists, and, moreover, the early stages of normal runs 
have a 46-kcal/mol apparent activation energy. In 
contrast, however, added ammonia leads to a lower 
apparent activation energy, suggesting the possibility 
of a path unavailable to the substituted compounds.

It should be emphasized that the conclusions are 
based on a comparison of a series of compounds. Al
though rate constants of solid-state reactions may be 
very complex quantities,7 the similarity in the apparent 
activation energies is obvious and useful. It argues, in 
particular, against mechanisms requiring very different 
paths for the various compounds. Such differences 
might have been suggested by the diversity in compo
sition, cation, and crystal structure and the possibility 
that the substituted complexes with a coordinated 
azide of considerable covalent character10 might react 
differently from the hexaammine with only ionic azides.

Although analysis of the companion CoN reaction is 
intended prior to summary discussions of the two sys
tems, it is advantageous to suggest here a mechanism 
for the cobalt(II) reaction capable of explaining both 
the similar apparent activation energies and the excep
tional case of the hexaammine under ammonia. As 
with azide decompositions generally,1112 it seems rea
sonable to expect a rate-controlling step of the type

N3-  *■ N30 -f- e-  (6)

without being specific as to the detailed nature of the 
products. (These exist in or on solids with many pos
sibilities for their environment and structure; usually

(9) P. W. M. Jacobs and A. R. T. Kureishy, J. Chem. Soc., 4718 
(1964).
(10) G. J. Palenik, Acta Crystallogr., 17, 350 (1964).
(11) D. A. Young, “ Decomposition of Solids,”  Pergamon Press 
Inc., New York, N. Y ., 1966, Chapters 4, 5.
(12) P. Gray, Quart. Rev., 17, 441 (1963).
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promotion to conduction or exciton bands is assumed.) 
Although the location of eq 6 is unknown, an interesting 
hypothesis associates it with the cobalt(II) product (an 
azide, of course, capable of further reaction) or with the 
reactant-product interface.

Following reduction of the cation

Co(NH3)68+ +  e -  — >  Co(NH3)62+ (7)

ligand rearrangement and crystallization of diazido- 
diamminecobalt(II) will eventually occur. However, 
with the hexaammine an intermediate is possible. 
Hexaamminecobalt(II) differs only slightly in size from 
the original hexaammineeobalt(III) .13 Its azide salt, 
although labile to ammonia loss or explosion, is known 
at room temperature.2 Since the cations are similar 
and the hexaamminecobalt(II) will be generated in 
proximity to azide ions, it is possible that little re
arrangement would be necessary for the formation of a 
hexaamminecobalt(II) azide phase. This may be rep
resented by

Co(NH3)62+ +  2N3-  — > [Co(NH3)6](N3)2 (8)

[Co(NH3)6](N3)2 +  { [Co(NH3)6](N3)2} i — ►
{[C o(NH3)6](N3)2} i+1 (9)

with eq 9 emphasizing the formation of a phase. Un
der experimental conditions hexaamminecobalt(II) 
azide is not a final product and so must ultimately yield 
the diammine

Co(NH3)62+ +  2N3-  — >
Co(NH3)2(N3)2 +  4NH3 (10) 

Co(NH3)2(N3)2 +  [Co(NH3)2(N3)2]i
[Co(NH3)2(N3)2W  (11)

Nitrogen may result from
2N3° — ► 3N2 (12)

Added ammonia should favor the hexaammineco- 
balt(II) azide. A greater concentration of ammonia at 
the reaction site14 might retard reactions 10 and 11 and 
so lead to a transient phase, growing at the reactant 
interface and losing ammonia and forming diazidodi- 
amminecobalt(II) at its rear, of some duration and 
depth. With no added ammonia reaction 10 may occur 
before a transient phase could be organized. Thus the 
reactant may be in contact with diazidodiammineco- 
balt(II) when ammonia pressures are low and hexa- 
aminecobalt(II) azide when they are higher. If the 
rate-controlling step is correctly associated with the 
cobalt (II) phase, different apparent activation energies 
are plausible.

Although diazidodiamminecobalt(II) occurs through
out the series (providing the common path), the tran
sient phase is unlikely for the substituted compounds. 
Counterparts of eq 7, for instance

Co(NH3)5N32+ +  e -  — >■ Co(NH3)5N3+ (13)

yield species which would have to first form the hexa- 
amminecobalt(II) ion and then crystallize its azide 
salt. This is unlikely under the experimental condi
tions and is in marked contrast to hexaamminecobalt-
(III) where the transient phase is a natural outcome of 
the initial reduction. Thus there is a path unique for 
hexaamminecobalt(III) azide under added ammonia.

The model can explain the runs of Figure 3. The 
initially normal run (curve A), upon addition of am
monia, might quickly build up sufficient hexaammine- 
cobalt(II) azide to assume the rate of ammonia runs. 
In the opposite case, the initial ammonia reaction would 
have established a transient phase of some depth. 
Despite the ammonia decrease at a = 0.25, this phase 
might persist for some time, growing at its front with 
the rate of an ammonia run but suffering an increased 
ammonia loss at its rear. (It is tempting to associate 
the slight bulge in curve B with this loss; however, the 
effect is small and should be noted with caution.) 
Only with the destruction of the transient phase would 
the reactant learn of the altered conditions and finally 
revert, as observed, to a rate more nearly typical of a 
normal run.

Ammonia affects the reactions of substituted com
pounds without seriously altering the apparent activa
tion energies. A plausible explanation involves the 
lability of the ammonia-cobalt(II) azide system and its 
complexity (at room temperature) in the diammine 
region.2 If the complexity persists at higher temper
atures, association of eq 6 with the ammonia-dependent 
cobalt (II) phases offers opportunities for effects on 
rate. These involve the lower ammines which, unlike 
hexaamminecobalt(II) azide, would be common 
throughout the series including the hexaaminecobalt-
(III) reaction under the early low pressures of normal 
runs.

While the cobalt(II) reaction has been quite well 
defined, some problems remain. A minor reaction 
yields ammonium azide. The ammonium ion implies 
loss of a second ammonia to unidentified products. 
The curtailment in rate at low temperatures and high 
ammonia has been established but not studied. The 
decomposition of the cobalt (II) products, prior to the 
explosions which prevent detailed study, is slow. This 
is understandable even though eq 6 is associated with 
the cobalt (II) phase. The cobalt (III) reactant is 
important as a recipient of the electron. Its exhaus
tion forces alternate reactions (to be discussed subse
quently) leading ultimately to Co(0) or CoN.

(13) M . T. Barnet, B. M . Craven, H. C. Freeman, N. E. Kime, and 
J. A. Ibers, Chem. Commun., 307 (1966).
(14) The problem of the ammonia at the site is difficult. The 
reaction occurs in or on a solid, beneath solid products, and with the 
local environment influenced by the evolved gases and adsorption 
of ammonia. Thus formation and crystallization of products, dif
fusion of gases, the physical nature of the solids, and other con
ceivable factors may influence the reaction. Clearly the effective 
ammonia need not be simply related to the measured pressure. 
This forced the fairly extensive studies under ammonia.
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New Method for Determining Magnetic Susceptibility 

and Magnetic Moment

by Toshio Ikeda and Hisashi Yoshioka

Department of Chemistry, Shizuoka University, Shizuoka, Japan (Received March It, 1968)

A new method was presented for the determination of the magnetic susceptibility of a liquid by measuring the 
time of flow of the liquid through the capillary of a viscometer in the presence of an external, heterogeneous 
magnetic field. This viscometer method was used on aqueous solutions of some of the chlorides of the transition 
group elements and was found to give reproducible and accurate results, to within ±0.5% of the true magnetic 
susceptibilities and moments.

The magnetic susceptibility, measurable by various 
methods, is one of the most fundamental quantities 
characterizing the magnetic properties of matter.1 
Most of the available methods can be reduced to the 
measurement of the magnetic force acting on the sam
ple. A new method will be reported here for determin
ing the magnetic susceptibility by using a capillary 
viscometer. This method is seemingly quite different 
from the usual ones; however, it can be considered, in 
principle, to be an alternative of the Gouy balance 
method or of the Quincke method, using a watch in 
place of a chemical balance or scale.

Principle
When a capillary viscometer of the Ostwald type is 

placed in a magnetic field so that its globular part may 
come within the homogeneous magnetic field near the 
center of the pole gap of an electromagnet, while its 
capillary part, fixed in the direction of gravity, is 
drawn through the heterogeneous magnetic field, the 
liquid in the viscometer is forced through the capil
lary by gravity and the magnetic force acting on the 
liquid passing through this region of heterogeneous 
magnetic field. The Hagen-Poiseuille expression for 
the time, t, of flow of a liquid of a certain volume, v, 
through the capillary of the viscometer is

f ‘ i t , (nih ~ (1)
where r and l are, respectively, the radius and the length 
of the capillary of the viscometer, while h =  l cos 6, 6 be
ing an angle between the directions of gravity and the 
capillary axis of the viscometer (in the present case, 0 
=  0); p and jj are the density and the viscosity coeffi
cients, respectively, of the liquid in the presence of an 
external magnetic field, g is the acceleration of gravity, 
and k  represents the volume magnetic susceptibility 
of the liquid. H is the local magnetic field in the liquid 
medium in the region of the homogeneous magnetic 
field near the center of the pole gap of the magnet. In

the case of para- and diamagnetic substances, H may 
be approximated by the external applied magnetic 
field. If the time of flow of a liquid of the same volume, 
v, through the capillary of the viscometer in the same 
system in the absence of an external magnetic field 
is given by to, one may write

(1/io) -  (1 /0  =  KHy2Pghto (2)

because the dimensional change (regarding r, l, and v) 
of the viscometer due to the magnetostrictive effect is 
practically negligible, and further because there is some 
experimental evidence that the density and viscosity 
of aqueous solutions, irrespective of their magnetic 
nature, are practically unaffected by a magnetic field 
of the strength used here. Equation 2 is the basic 
equation for calculating the magnetic susceptibility. 
As is clear in eq 2, the liquid is identified as paramag
netic or diamagnetic according to whether the time, t, 
is longer or shorter, respectively, than t0. It is of 
course possible, using eq 2, to calculate the value of k  

if the time, t, is measured at one convenient magnetic 
field strength; however, it is equally important to 
prove the validity of the linear relation, eq 2, over a 
wide range of magnetic field strengths.

Experimental Section
Material. Koso Guaranteed reagent grade man

ganous chloride, ferrous chloride, cobaltous chloride, 
and nickel chloride, once recrystallized from water 
(except for the ferrous chloride), were each dissolved in 
pure water to make the concentration 1 or 2 M. In 
the case of ferrous chloride, it was dissolved in hydro
chloric acid to prevent it from hydrolyzing.

Magnet. A  Bitter type 500-kg electromagnet 
(water-cooling type) of Tokyo Denki Seiki Co. was 
used. The magnet pole pieces of 60-mm cross-sec
tional diameter were set at a separation of 21 mm. 
The magnet was operated with the aid of a stabilized

(1) E.g., P. W. Selwood, “ Magnetochemistry,”  Interscience Pub
lishers, New York, N. Y ., 1943.
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Figure 1. Experimental setup (front view, A, and side view,
B: V, Ostwald viscometer; a, b, mark lines; W, glass window; 
M, magnet; J, cabinet made of polyvinyl chloride; T, mercury 
thermometer; L, lamp.

dc source at a current up to 28 A, corresponding to a 
magnetic field of 20 kG. The magnetic field was cali
brated with a Toshiba HM-3 Hall element magnetic 
field meter at the center of the pole gap and was found 
to be homogeneous within the central region of the 
pole (about 30 mm in diameter) having a relative fluc
tuation of 10_4.

Viscometer. A viscometer of the Ostwald type, 
equipped with a thermostat jacket, was fixed between 
the pole gap of magnet so that its globular part could 
enter the homogeneous magnetic field near the center 
of the pole gap of magnet and its capillary could extend 
out of the magnetic field through the heterogeneous 
region of field, in the direction of gravity. Figure 1 
shows the experimental arrangement, where V is an 
Ostwald viscometer fixed upright in a water jacket of 
a rectangular polyvinyl chloride cabinet to which a glass 
window, W, is attached at the level of the upper 
globular part of the viscometer so that two mark lines, 
a and b, cut on the viscometer may be seen in the coun
terlight of a miniature electric bulb set behind the cabi
net.

Measuring. The time of flow of the liquid was mea
sured with a stopwatch to an accuracy of 0.1 sec at two

temperatures, 25 and 35°, the temperature being con
trolled within ±0.05° by circulating thermostated water 
around the viscometer.

Results and Discussion
Some typical results are represented in Figures 2 

and 3. In all cases one finds a perfectly linear relation 
passing through the origin. The results may be ex
pressed in the experimental formula

V|(l/fo) -  (1/01 =  aH (3)

where a is a function of temperature and concentration, 
characteristic of the liquid. The values of a are listed 
in Table I. In comparing eq 3 with eq 2, one finds

|k| =  2pghUoil (4)

by which the calculations of Table I were carried out.
Calculation of Magnetic Moments and Susceptibili

ties. If the Wiedemann’s additivity law is applied,

Table I : Paramagnetic Properties of Ions of the Transition 
Group Elements in Aqueous Solutions as Determined by 
the Viscometer Method (p  =  0.9273 X 10~20 erg/G, 
l = 10.6 cm, and g = 979.8 cm/sec2)

Temp, 0, p, 10V to, Pei!
Salt °C M g/ml sec~1/s G‘ sec (0)

MnCk 25 1.0115 1.099 1.455 286.7 5.87
25 2.023 1.196 1.733 383.3 5.88
35 1.009 1.096 1.583 234.1 5.87
35 2.018 1.193 1.874 310.9 5.83

FeCk 25 1.052“ 1.122 1.300 298.1 5.33
25 2.105*’ 1.244 1.502 425.1 5.39
35 1.049' 1.119 1.416 244.7 5.34
35 2 .100á 1.241 1.639 346.4 5.39

CoCl. 25 0.241 1.025 0.580 233.2 4.87
25 0.481 1.052 0.860 248.4 4.86
25 0.722 1.080 1.038 265.1 4.86
25 0.962 1.107 1.185 284.7 4.94
25 1.203 1.133 1.270 303.5 4.97
25 1.444 1.159 1.332 326.7 4.94
25 1.684 1.185 1.396 350.7 4.99
25 1.925 1.211 1.421 377.6 4.97
35 0.240 1.022 0.637 191.2 4.93
35 0.480 1.049 0.958 203.3 4.96
35 0.720 1.077 1.154 217.2 4.97
35 0.960 1.104 1.282 233.6 4.95
35 1.200 1.130 1.402 248.1 5.00
35 1.440 1.156 1.460 266.3 4.96
35 1.680 1.182 1.515 286.4 4.98
35 1.920 1.208 1.548 307.2 4.97

NiCk 25 0.464 1.053 0.506 249.5 3.32
25 0.929 1.107 0.748 290.3 3.40
25 1.393 1.161 0.841 331.9 3.32
25 1.858 1.212 0.882 388.6 3.29
35 0.463 1.050 0.573 204.5 3.41
35 0.926 1.104 0.827 237.3 3.45
35 1.389 1.158 0.903 271.0 3.28
35 1.853 1.209 0.961 316.0 3.28

• tei-:] = 2.792 N. 6 [C1-] =  5.,584 N. c [Cl“ ] = 2.784 N.
d [CD] = 5.569 N.
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Figure 2 . Relationship between the reciprocal time of flow of aqueous salt solutions of the transition group elements and
the external magnetic field at 25° (■—) and 35° (------ ): ▼, 1.009 M  MnCl2; V, I.OII5  M  MnCl2; ■, 1.049 M  FeCl2; □,
1.052 M  FeCl2; A, 0.960 M  CoCl2; A, 0.962 M  CoCl2; •, 0.926 M  NiCl2; and O, 0.929 M  NiCl2.

the volume magnetic susceptibility, k, of an aqueous 
solution of a chloride of the type, MC1„, at a concen
tration of C (M) may be expressed as

1000k =  {l000p -  C[(M) +  n(Cl)]}Xw +
C(U )X+ +  «C(Cl)x- (5)

where Xw, X+, and x - are the mass magnetic susceptibili
ties of water, cation M K+, and the chloride ion, respec
tively; p is the density of the solution, and (M) and

(Cl) represent the atomic weights of cation M n+ and 
the chloride ion, respectively. In the present work, 
the magnetic susceptibility, x+, of a paramagnetic cat
ion, M K+, was obtained from the observed magnetic 
susceptibility, k, of the solution of a paramagnetic salt, 
MC1„, by eliminating the contributions from the chlo
ride ions in MCI, solution by using the volume magnetic 
susceptibility of hydrochloric acid, whose chloride ion 
concentration was equivalent to that of the solution of
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Figure 3. Concentration dependence of the reciprocal time of flow of aqueous solution of C0 CI2 at 25° vs. the external magnetic 
field: a, 0.241 M ;  b, 0.481 M ; C, 0.722 M ; d, 0.962 M ; e, 1.203 M ;  f, 1.444 M ; g, 1.684 M ; h, 1.925 M .

MC1„. Using eq 5, the Curie-Langevin equation for 
the molar magnetic susceptibility of the paramagnetic 
cation, M n+, may be expressed as

(M)x+ = 3kT 

1000
[(k — k ' )  — ( p — p')xw] +

[(M) — n(H)]xw +  w(H)xh+ (6)

where pe«  denotes the effective magnetic moment in 
the Bohr magneton unit (¡3 = 0.9273 X 10~20 erg/G) ; 
N, k, and T have their usual significance, and (H) de
notes the atomic weight of hydrogen. The mass mag
netic susceptibility of water, Xw, is known by Auer2 to 
be -0.72224 X lO" 6 g“ 1 at 25° and -0.72286 X 10~6 
g-1 at 35°. The symbols p' and «' represent the den
sity and the volume magnetic susceptibility, respec-

(2) H. Auer, Ann. Physik, 18, 593 (1933).
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tively, of hydrochloric acid at a concentration nC. 
Here the value of k' for a given concentration C' was 
estimated for convenience by using the empirical equa
tion k' =  kw +  aC', where the constant, a, was found 
by the present viscometer method, the density data, 
and Auer’s values of mass magnetic susceptibility 
of water, —1.41 X 10_8and —0.23 X 10“ 8 ml“ 1 mol-1 at 
25 and 35°, respectively. Finally, x h +, denotes the 
mass magnetic susceptibility of the hydrogen ion, H+, 
due to its nuclear magnetic moment, which contributes 
an insignificant amount, 10~10/g-ion, to the calculation 
of eq 6. In the case of ferrous chloride, an additional 
correction must be made for the contribution from the 
excessive hydrochloric acid that had been previously 
added for the prevention of hydrolysis.

The effective magnetic moments of some ions of the 
transition group elements were calculated by the aid of 
eq 4 and 6, and the results are listed in Table I. Here, 
the diamagnetic correction for the cation itself was not 
made. The values of pCff found are reproducible 
within ±0.5% , independent of concentration and tem
perature of the solution, and match the literature 
values (Table II). However, here as in many litera
ture values, the deviation of fieti from the spin-only 
value is considerable, except for Mn2+.

Table II : Effective Bohr Magneton Number, /ueti, for Ions of 
the Transition Group Elements in Aqueous Solutions

I o n T h is  w o rk S e lw o o d “ V a n  V le c k 6
Spin
o n ly

MnH 5.87 ± 0 .0 1 5.2-5.96 5.2-5.96 5.92

Fe2 + 5.36 ±  0.02
5.4-6.0 
5.0-5.5 5.33 4.90

Co2+ 4.95 ±  0.02
(2.5)
4.4-5.2 4.6-5.0 3.87

Ni2+ 3.34 ±  0.04 2.9-3.4 3.23 2.83

“ Reference 1, p 99. b J. H. Van Vleck, “ The Theory of 
Electric and Magnetic Susceptibilities,” Oxford University Press, 
London, 1932, p 285.

On the other hand, the mass magnetic susceptibility, 
X, of the solution can be calculated when one takes into

consideration the relation k = px for eq 2. Some ex
amples of this direct determination of x at several mag
netic field strengths are represented in Table III. The 
results, including the magnetic moments, are reason
ably consistent, except for those obtained from experi
ments performed at the lowest magnetic field.

Table III: The Mass Magnetic Susceptibility, x, of an 
Aqueous Solution of C0 CI2 and the Effective Bohr Magneton 
Number, rl, of Co2+ Determined at Different 
Magnetic Field Strengths (0  =  0.9273 X 10-20 erg/G)

c =  1 .2 0 3  M, c =  1 .2 0 0  M ,
s-----p = 1 .1 3 3  (at 2 5 ° ) ------, s-----P = 1 .1 3 0  (at 3 5 ° ) -------

H , t, 10«x, M i t, 10«x, Ueff
G sec g“‘ w sec g_l (0)

0 303.5 248.1
4,160 306.3 - 10.81 5.08 250.2 9.93 4.96
8,200 314.1 10.37 4.98 256.2 9.77 4.90

12,270 328.3 10.42 4.99 267.3 9.91 4.95
16,050 348.0 10.31 4.97 283.0 9.94 4.96
19,050 369.9 10.28 4.96 300.3 9.95 4.96
20,150 380.3 10.28 4.96 308.2 9.93 4.96

These studies show that this viscometer method can 
give results reproducible to within ± 0.1% ; however, 
the accuracy of this method depends primarily on the
accuracy of the determined h or l. Since it is techni
cally difficult to measure l, the length of the capillary 
of the viscometer, directly using a scale with an ac
curacy of M <  ±0.5 mm because of the shape of the 
capillary endings of viscometer, it is difficult to keep 
the relative deviation of k below ±0 .5%  in the pres
ent work, where l is measured to be 10.6 cm.3 * * On the 
other hand, the sensitivity of this method can be in
creased by decreasing h or by increasing d, the de
flection angle of the capillary axis of the viscometer, 
from 0° to a value near 90°; in this case, however, the 
slightest uncertainty in measuring 6 would bring a con
siderable error into the final results.

(3) Of course, it may be possible to determine the effective value of
h for the measuring by using viscometer data based on pure water and
taking Auer’s value of susceptibility as the standard for eq 4. In 
the present work, it was found that to =  220.7 sec and a2 =  —0.1578
X 10_12 sec-1 G -2 for pure water at 25°, which gives an effective 
value of h =  10.58 cm.
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Statistical Theory for the Equilibrium Distribution of Rigid Molecules 

in Inert Porous Networks. Exclusion Chromatography

by J. Calvin Giddings, Eugene Kucera, Christopher P. Russell, and Marcus N . Myers

Department o f Chemistry, University o f Utah, Salt Lake City, Utah 84112 (Received March 8, 1968)

The principles of statistical mechanics are used to formulate a general expression for the partitioning of 
molecules between bulk fluid and inert, solid porous networks. This subject is of particular relevance to gel 
filtration and permeation chromatography and to other membrane methods used for separating macromolecules. 
The theory is first applied to a model in which rigid molecules, ranging in shape from spherical to thin rod, 
partition in various pores of simple shape and in distributions of such pores. The rigid-molecule model is 
applicable to many species, e.g., the DNA’s, of biological interest. In order to simulate better the behavior 
of real networks, the theory is developed for random porous networks. From one of these, the random-plane 
model, we get a simple exponential partitioning law and find that a new parameter, the mean external length, 
L, uniquely determines the partitioning of all rigid molecules. The latter finding is tested for the simple 
networks, also, to see if the properties of L are in any sense universal. It is found that L better characterizes 
partitioning in the examined systems than previously proposed parameters such as radius of gyration, equiv
alent hydrodynamic radius, and molecular weight.

Introduction

Many macromolecular separation techniques rely on 
a differential penetration of molecules into porous 
materials. Various membrane techniques such as ul
trafiltration and differential dialysis, along with the 
powerful gel-exclusion methods of chromatography,1'2 
are foremost examples. The equilibrium distribution 
coefficient of macromolecules between bulk liquid and 
these porous networks must be known in order to 
characterize the systems.

Many model systems and empirical rules have been 
used to obtain equations for the dependence of the 
partition coefficient on molecular and pore dimen
sions.3 The theoretical models have generally been 
limited to simple molecules, e.g., spheres, and to simple 
pore networks. In the first rigorous treatment of such 
a model, Porath treated an equivalent spherical mole
cule in conical pores.4 He correctly recognized that the 
volume “ available” to a penetrating molecule was less 
than that of the cone because of finite molecular radius. 
An altogether different pore network was treated by 
Laurent and Killander,6 who used an equation by Og- 
ston6 to determine the partitioning of a sphere in a net
work of random rods. By contrast, the only rigorous 
treatment of nonspherical molecules is that by Casassa 
for flexible polymer chains in various simple pores.7

Perhaps the most generally accepted principle of 
exclusion chromatography is that by Flodin,8 who as
sumed microregions of excluded volume which increase 
with molecular size. This principle, as it stands, is 
valid only for spherical molecules; its proper extension, 
as we discuss here, revolves around excluded volume in 
general configuration space.

It is clear on theoretical grounds that a macromole

cule will be partially excluded even from pores so large 
that there is no physical barrier to penetration. This 
partial exclusion is due to a statistical or configura
tional entropy phenomenon. Thus a rod-shaped 
macromolecule near a wall is not entirely free to ro
tate; certain angular configurations are forbidden be
cause they entail a partial overlap, Figure 1. In this 
case exclusion is essentially a surface effect (a viewpoint 
especially emphasized here), deriving from the steric 
constraints which any surface will impose on nearby 
molecules. The loss of entropy resulting from these 
constraints, and thus the partial exclusion from such 
regions, is magnified in porous media because of the 
relatively large surface area.

Central to chromatographic applications is the as
sumption that migration rate is a function of partition
ing equilibrium,. (Transport properties are assumed to 
enter only when considering peak dispersion.) The 
close relationship between equilibrium and migration 
has been discussed elsewhere.9 Occasionally migration 
is attributed to nonequilibrium.10 However, the evi
dence that most chromatographic migration is an “ equi-

(1) J. Porath and F. Flodin, Nature, 183, 1657 (1959).
(2) J. C. Moore, J. Polyrn. Sci., Part A , 2, 835 (1964).
(3) R. L. Pecsok and D. Saunders, Separation Sci., I, 613 (1966).
(4) J. Porath, Pure Appl. Chem., 6, 233 (1963).
(5) T. C. Laurent and J. Killander, J. Chromatogr., 14, 317 (1964).
(6) A. G. Ogston, Trans. Faraday Soc., 54, 1754 (1958).
(7) E. F. Casassa, Polym . Lett., 5, 773 (1967).
(8) P. Flodin, Ph.D. Dissertation, University of Uppsala, Uppsala, 
Sweden, 1962.
(9) J. C. Giddings, “ Dynamics of Chromatography. Part 1. 
Principles and Theory,“  Marcel Dekker, Inc., New York, N. Y., 
1965.
(10) G. K. Ackers, Biochemistry, 3, 723 (1964).
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R IG ID -R O D  M O L E C U L E S  S P H E R IC A L  M O L E C U L E S  F L E X I B L E  C H A IN S

Shad ed  m o lecu le s  —  a llo w e d  c o n fig u ra tio n s 
Open m olecu les —  fo rb idden  con fig u ra tion s

Figure 1. Illustration of allowed and 
forbidden configurations.

librium” phenomenon is very strong. The arguments 
favoring the equilibrium concept are: (1) partition 
coefficients obtained by chromatographic (usually glpc) 
means are generally in excellent agreement with those 
obtained by static methods; (2) peak elution volumes 
are usually flow independent; and (3) on fundamental 
theoretical grounds, a large departure from equilibrium 
is totally incompatible with the narrow peaks obtained 
from good chromatographic systems. It is, of course, 
conceivable that a few “ ink-bottle”  pores might reach 
equilibrium only slowly with respect to outside con
centration. If their volume is small, no effect beyond 
minor tailing will be observed. If some pores are to
tally closed off or cannot be reached by the molecules in 
any sequence of configurations, their volume is not to be 
counted. If nonequilibrium should become a strong 
factor, which is conceivable under certain conditions, it 
would immediately reveal itself through excessive peak 
spreading and poor resolution.9

General Equilibrium Theory
General Formulation. Like other kinds of thermody

namic equilibrium, the present case can be most gen
erally related to molecular and external interactions 
through the formalism of statistical mechanics. Thus 
the equilibrium partition constant K  is the ratio of 
partition functions for molecules within the pores and 
within the bulk liquid, respectively, and is consequently 
the ratio of the two configuration integrals

K  = fffdrdrpdX exp[ —ep(r, f ,  X)/kT]
fffdrdipdl ex p [-e h(l)/kT]

Generalized coordinates r, and X describe molecular 
position, orientation, and conformation (free internal 
variables), respectively. Coordinate r, which here 
specifies the location of the molecular center of gravity, 
extends completely over an element of the porous net
work having unit free volume and over a unit volume of 
the bulk liquid, respectively. (The finite slope of the 
repulsive interaction between molecule and pore wall 
makes the definition of “ free volume”  theoretically and 
experimentally imprecise. In practice it is well de
fined and reasonably accessible to measurement. 
More satisfying theoretically would be a partition 
coefficient whose network concentration was defined in 
reference to the total network volume, the free as well

as restricted regions, i.e., r restricted to unit network 
volume. In any case, K  is uniquely defined once free 
volume is specific and can be easily transformed.)

We now approximate the energies in “ porous”  and 
“ bulk”  configurations, ep and eb, respectively, as addi
tive sums of appropriate terms. In the bulk liquid we 
will have an energy eM due to intramolecular inter
actions (thus depending upon conformation coordinate
X) and an energy eMn due to intermolecular interactions; 
thus =  cm +  cMN. (We omit solute-solvent inter
action terms, except as they influence «m and ejtp, be
low, since they are equal in and out of the pore.) 
Within the porous network there is, in addition, an 
energy term, €mp, stemming from interactions between 
the macromolecule and the pore walls; thus ep = 
cm +  cmn +  CMP. Substitution of these expressions 
back into eq 1 provides a reasonably general framework 
for such equilibrium applicable to both rigid and flexible 
molecules. The following treatment will entail various 
assumptions leading to the calculations central to this 
paper.

First we arbitrarily impose a restriction to linear iso
therms (the limiting K  as we approach infinite dilution), 
for which we may write vmn =  0. This limit is of the 
form

K  =

/ / /d r d ^ d a  exp[ —eM(a)/fcT3 e x p [-e Mp(r, yfr, X)/kT] 
///d rd \ k l^  e x p [-e M(^)/fcT]

(2)

Rigid Molecules. We next assume that all “ acces
sible”  conformations are energetically equal or that 
only a single conformation exists (rigid molecule), such 
that eM = 0. We further assume that a “ hard-wall”  
potential can be used to describe eMp. This means that 
the geometrical extension of pore walls and macro
molecule must be approximated by distinct and dis
continuous (although perhaps complex) boundaries, 
the overlap of which leads to £Mp = 00 and the disen
gagement of which yields eMp =  0. Such a potential 
function does not account for adsorptive forces; how
ever, the latter represents a separate phenomenon 
outside the scope of this treatment (although accounted 
for above).

Since 6mp is discontinuous in configuration space, 
restricted to the two values zero and infinity, the Boltz
mann factor, exp( —eMp/kT), is likewise discontinuous. 
Its value is 1 for all molecular configurations free from 
wall overlap and 0 for overlapping configurations. We 
now generalize our treatment of the Boltzmann factor 
to accommodate random pores.

In describing the behavior of real porous materials it 
is desirable to introduce pores whose dimensions are 
fixed by random planes, rods, etc. In such cases the 
location of a pore wall is not definite but is fixed by a 
probability density function. We may imagine an
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ensemble of random-pore networks with pore walls so 
distributed. A molecule of given configuration (fixed 
r, xp, 1) will fail to intersect a pore wall in a certain 
fraction of the pore networks. This fraction, of 
course, will equal the ensemble average, (exp( — eup/kT)). 
We now introduce the parameter q(r, xp, X), which 
can be taken as the latter ensemble average and which 
can be alternately defined as the probability that a 
molecule of given configuration is not intersected by a 
pore wall. Clearly for random pores q may range con
tinuously from 0 to 1; for uniform pores it must be 0 
or 1. (The use of an ensemble average to treat random- 
pore networks can actually be introduced into eq 1 and 
carried through the subsequent equations. How
ever, only in the “ hard-wall”  approximation is q, de
fined as an ensemble average of the Boltzmann factor, 
equivalent to the alternate definition of q as the prob
ability of no intersection with pore walls.)

With the above treatment of the molecule-pore inter
action term, estp, and the condition that «m =  0, eq 2 
reduces to the simple form

_  fffdrdxpdXq(r, xfr, X)
ff fd rd td l  W

which shows K  to be the configuration-space average of 
Q-

In view of the probabilistic interpretation of q, we see 
that the present case, reduced to its most fundamental 
aspects, revolves around the probability that two arbi
trary surfaces intersect one another. The two surfaces 
describe the physical boundaries of the molecule and the 
pore network, respectively.

Clearly the restraints imposed by any fixed pore wall 
will cause a local reduction in concentration near the 
wall. Local concentration will increase as one moves 
away from the wall, finally reaching bulk value when 
the distance from the center of gravity to the wall ex
ceeds that from the center of gravity to the farthest 
extreme of the molecule (so that q =  1 for all orienta
tions and conformations at that position). This phenom
enon is described by a local partition coefficient, k, 
the relative density of centers of gravity as a function of 
position r.

, , //# d 3 .? (r , xp, X)
“ ( r ) '  j j w  <4)

We define also another local partition coefficient, k', 
which is the distribution coefficient for molecules with 
fixed conformation and orientation

*'(*, *) =
/drg(r, xp, X)

/d r (5)

Our present calculations deal mainly with rigid mole
cules which lack internal degrees of freedom. In this 
case eq 3 reduces to

ffdrdxpq(r, xp) /dr«(r) _  fdxpK'(xp)
ffdrdxp /d r fdxp

These forms will be used to obtain K  for subsequent 
models.

The above formulation can be interpreted thermody
namically with enthalpy and entropy terms acquired in 
the usual way. We note that the model leading to 
eq 3 permits only monoenergetic configurations; en
thalpy effects are therefore absent. In this case, the 
standard free energy change is simply AG° = — TAS°. 
The entropy term, of course, is equivalent to AS° =  R In 
(Q/Qo), where Q/O0 is the ratio of accessible microscopic 
configurations or states within the free pore volume com
pared with those in an equal volume of bulk liquid. 
The ratio O/O0 is clearly the ratio of configuration in
tegrals and is equal to K. We conclude that the 
dominant effect in this kind of equilibrium relates to 
changes in configurational entropy. A similar conclu
sion has been reached for the case of flexible polymer 
chains by Casassa.7

Uniform-Pore Networks
In this case we assume a porous network composed of 

identical, simple pores. We need, fortunately, deal 
with only one of them, this being representative of all. 
The coordinate system is fixed to this pore and the 
above integrations applied. Nonintersection coeffi
cient q is either 0 or 1, depending upon the configura
tion, all other values being ruled out by the fixed geom
etry.

Molecules of Spherical Shape. Rotational states can 
be ignored here, reducing the complexity to that of in
tegration over the positional coordinate only. The 
local partition coefficient will be k =  0 if the sphere cen
ter is closer to the nearest wall than its radius L0/2; 
otherwise k  =  1.

First, consider pores of infinite length and circular 
cross section (“ circular”  pores) with diameter d0. 
(Following this, all pore dimensions will be represented 
by lower case symbols and molecular dimensions will be 
represented by capitals. See the fist of Principal 
Symbols at end of text.) We have

k =  1 (for 0 is r iS (d0 — L0)/2)
(7)

k  = 0 (for (do -  Lo) /2  ^  r ^  d0/ 2)

Applying eq 6, in the next to last form, we find K  as 
the ratio of two circular areas, one with diameter 
do — L0 and one with diameter d0

K  =  [1 -  (Lo/do)]2 =  [1 -  (Los/4)]2 {U  <  d„)
(8)

K = 0 (L0 è  do)

Quantity s is the surface area per unit of free volume 
or the reciprocal “ hydraulic radius.”  Henceforth, pore 
size will be represented by s. Quantity L0s is simply 
a dimensionless size ratio (of molecules to pores). We
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will find that this kind of dimensionless parameter is 
crucial to all partition equations.

Similarly, for an infinite pores with rectangular sides 
do and d\

K =

/»tt/2 /»-7T
I dfll d</»c'(0, <>) sin 0 

Jo Jo_______________

J»ir/2 /* 7T
dd I d4> sin 0 

o Jo

(13)

K  =
L0s pL0s

L 2(1 +  p) JL 2(l +  p)J
(Lo ^  do) (9)

where p =  di/do and d0 ^  dA. For brevity we omit 
now separate expressions for the totally excluded cases, 
K  = 0; for small pores in this instance. This occurs 
when do L0. Interestingly, eq 9 reduces to eq 8 as 
p 1; i.e., square and circular pores of equal s have 
identical partitioning for spherical molecules.

When pores exist between infinite parallel plates we 
have

K  =  1 — (L.,8/2) (L0 ^  2/s) (10)

and when they are spherical cavities

K  = [1 -  (Tso/6)]3 (Lo ^ 6/ 8) (11)

In the latter case we must rationalize the need for 
ingress and egress (see later).

More difficult is the case of an infinite pore of 
elliptical cross section. We give this result for com
pleteness

where 0 is the angle between the principal axes of pore 
and molecule and <j> is the azimuth.

The first step in dealing with this integral is the 
evaluation of k'(0, 0), eq 5. This quantity can be cal
culated as the fraction of the pore cross section acces
sible to the “ area”  projected onto that cross section by 
the arbitrarily oriented molecule. For instance, a thin 
rod of length Li will project a line of length L\ sin 0. 
If the cross section is circular, the center of such a line 
(of fixed 0) can “ explore” the fractional area

16
Tdo2X { [(d02/ 4) -  r2]’/2 -  

Li sin (9/2)} dr (Li sin 0 do) (14)

where quantity k' is zero for Lx sin 0 do-
Since k' is not dependent on 0 in circular pores, K  is 

simply

K  =

/»t/2
dJo

J* 71-/2

d9k' sin 0

d0 sin 0
cJo
d0/c' sin d (15)

| - < « S l )  (12b)

where E(a, x) is the elliptical integral of the second kind, 
p = di/do, the ratio of the long and short axes of the 
elliptical cross section, and a = L0/d0 =  pL0s/( 1 +  p). 
These expressions reduce to eq 8 and 10 as p approaches 
1 and co; respectively.

Rigid Molecules with Rotational Symmetry. When 
molecules with an axis of symmetry occupy pores of 
infinite length and constant cross section, eq 6 (last 
expression) reduces to the specific form

The expressions for this integral appear in eq 18.
By the same method, substituting new parameters 

a =  L0/do and (3 = Li/d0 and variable f  =  r/(L0/2), 
we obtain of an ellipsoid of revolution in a cylindrical 
pore the integral

K  =  / / d 0df sin 0(1 -  t2)Vl X
__________ (a2 -  g2) COS2 0 +  ft2__________\
{ a2f 2 +  [(a2 -  /32) cos2 0 +  132](1 -  f 2) } '7/  X 

a2[(a2 — (32) cos2 0 +  j32]
' {a 2f 2 +  [(a2 -  /32) COS2 0 +  d2](l -  ( 2) } V!

(16)

where integration limits for 0 in the interval (0, tt/ 2) 
and f  in (0, 1) are such that both multiplicands in 
parenthesis are positive and

{a 2f 2 +  [(a2 -  <32) cos2 0 +  /32](1 -  f 2) } v ’ 

For the case of the rectangular pore we obtain

K  =  -ffddd<t> sin 0 X
7T

{1 — [a2 +  (/32 — a2) sin2 0 sin2 $ ]1/!} X 

| l ----- [a2 +  (d2 — a2) sin2 0 cos2 (17)

where integration limits for 0 in (0, t / 2 ) and 0 in 
(0, 7r/2) are again such that both multiplicands are
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positive. Unfortunately, these integrals cannot be ex
pressed in terms of elementary functions; numerical 
evaluation is necessary, even for a flat disk (0 =  0). 
For a thin rod (a =  0), we get the following equations 
for a cylindrical pore

m  =  i (i -  d2) F ^ ,  0 )  -  

a -  *)] (JS ^  1) (18a)

X (l)  =  1 -  — =  0.151 (0 =  1) (18b)
G7T

(P  ~  D ^ " ,  f j ]  (0 ^  1) (18c)

where F(a, x) is the elliptical integral of the first kind. 
For a rectangular pore, we have

K M - l - ' - g h  +  Z t 09 ^  1) (19a)

m  V) =  ¿ - f + “  +  “ a r c c o s ^ -2/3 2p Òttj) Trp 0

^ ( 0 2 -  l)1/![20 +  (1/0)] (1 0 g p) (19b)óirp

K(p, p) =  K "  =  — +  -  +  —  -  
’ 20 20 3trp

, , 0 1 , 0  p1 H------arc cos -  H—  arc co s -------
7i-p 0 7T 0

(02 _  1)1/2 [20 +  (1/ 0)]
3xp

t vr  ~  ^ +f i
(p 4  0  ^  (1 +  P2)'/!) (19c)

K(fi,p) =  K "  H—  arc sin. r p2(02 
L(02 -

2 — p2 — V»

p2) ( l  +  P 2)J
+

2 . r  0a -  p2 - 1 i i/2
TT a"0 Sm L(02 -  1)(1 +  p2) J

^  +  g ) a r c s i n ^ ; p2 ; i y A -
7T\0 T  p )  \  02 -  p 2 /

^  +  ! )  arc sin [
p2(02 — p2 _  J)

- ^ — ( 2  +  — +  —3ttp\ 02 02

02 - 2̂

. (̂02 _  p2 _

-|V*J +
i) lA

((1 +  p2) ^  0) (19d)

Equations 16 and 17, apply specifically to the 
partitioning of ellipsoids of revolution in several pore

Figure 2. Illustration of equivalent configurations for 
treating capsule-shaped molecules. The allowed and forbidden 
configurations for thin-rod molecule a in pore b are identical 
with those for capsule-shaped molecule c in pore d.

types. However, from a special case of these results, 
eq 18 and 19 for infinitely thin rods (a =  0), we can 
generate solutions for a whole new class of molecular 
models. The latter appear easier to deal with than the 
ellipsoids, and thus will have considerable utility in our 
present studies.

We begin with the limiting case of an infinitely thin 
rod, eq 18 and 19. We then add to this rod a layer of 
radius L0/2 extending in all directions, so that we gen
erate a capsule-shaped molecule (hemispheres capping 
each end of a right-angle cylinder). Simultaneously, 
we enlarge the pore diameter by L0. Clearly each 
configuration possible before this operation is still 
possible after it; each one forbidden before is forbidden 
afterward. This is illustrated in Figure 2. The con
figuration integral for a single pore is identical in the 
two cases, but since the free volume has been increased, 
the configuration integral (and thus K) is decreased in 
like proportion.

The desired operation is achieved mathematically in 
two steps. First we substitute p' and 0 ' for p and 0 in 
eq 18 and 19. These new quantities are defined 
by

(20a)

(20b)

Second, we multiply K(ji') or K(fi', p') from eq 18 or 
19 such that

K  = K(fi ') (21)

or

K = (d° ~  ~  U)KQ}', p') (22)
dudi

for cylindrical or rectangular pores, respectively. We 
express 0 ' and p' in terms of the dimensionless param
eters M  =  L0/L1, V =  di/do, and sL\. For cylindrical 
pores
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(1 -  M)sLi 
2 — MsLi

(23)

while for rectangular pores

=  P (1  ~  M ) sL i

2(1 +  p) — -pMsLi
(24a)

and

2p(l +  p) — pMsLi 
2(1 +  p )  — p M s L i

(24b)

For a thin rod, of course, M =  0, while for a sphere 
M  =  1.

Distribution of Uniform Pores. Most porous media 
are characterized by a considerable dispersion in pore 
size. One means of accounting for this is to assume 
pores of a given shape where a density function /(s) 
represents the size distribution. Thus the fraction of 
pore volume whose surface:volume ratio lies between 
s and s +  ds is /(s)d$. The over-all K  is then simply a 
sum or integral of the component distribution coeffi
cients for each kind of pore

K  = (25)

where L is the characteristic length of a molecule. 
The obvious generalization is to assume various kinds 
of pores, each with its own density function /»(s) and 
distribution coefficient KfisL)

K  =  £  f V / ( S'L)/(sO ds' (26)
i Jo

Here, of course, £Jo°/< (s') ds' =  1, while the surface
i

area per unit volume is s = £ / « '/ *  (s') ds'.
t’

Theory of Partitioning in Random Pores
As shown above, an element of nonuniformity and 

randomness can be introduced into the porous network 
by choosing density functions, /¿(s), corresponding to a 
broad range of pore shapes and sizes. However, in 
general, this approach appears to us as unduly artificial 
and cumbersome, unless specific knowledge is available 
relative to the size and shape distribution. Otherwise, 
one must be arbitrary in the choice of pore shapes and 
size distribution. While the approach below is not 
entirely free from such objections, it is at once more 
direct and provides simpler results for less well-char
acterized systems. Rather remarkably, the results in 
some cases are simpler and of broader scope than those 
for the most elementary of uniform pores.

We have pursued the thesis that exclusion is a sur
face-overlap phenomenon. Therefore a random-pore 
network may be thought of as an initially free volume 
partitioned into pores by surfaces of random location 
and orientation. If a molecule of given configuration 
in the free space is intersected by one or more of the

Figure 3. The randomly positioned bodies represent molecules 
initially in equilibrium in bulk fluid. Those molecules 
(unshaded) cut by the superimposed random surfaces are 
excluded from the hypothetical pore network created by those 
surfaces. The partition coefficient K  is the ratio of the number 
of uncut (shaded) molecules to the total.

inserted surfaces, that macromolecule represents a for
bidden state which is automatically excluded from the 
porous network (q =  0). This is illustrated in Figure
3.

The theoretical problem of random pores can be gen
erally handled by the formalism of the last section, 
which deals with the probability of such intersection. 
It is only necessary to evaluate q{r, rp, X) in the various 
cases in order that the integrations can be applied.

If the porous medium is homogeneous (but not nec
essarily isotropic), q loses its dependence on r and thus 
equals the local partition coefficient, «', defined by eq 
5. If it is isotropic, q is independent of \p. If the 
molecule is rigid, q, as before, does not depend upon X. 
All such cases and combinations of cases have relevance 
for particular systems.

Frequently it is useful to imagine a porous network 
composed of several independent systems of surfaces. 
In this case q = qiq2. . .  qn, and the partition coefficient, 
eq 3, is of the form

_  ///d r d ^ d M Ig,(r, ft jQ
f f fa r d p a x  {Z7)

The simplest model network is constructed of infinite 
parallel planes randomly positioned along the x axis 
with mean spacing dx. Let Lx(\p, X) equal the molecular 
projection onto the x axis when in a certain configura
tion. The configuration-dependent partition coef
ficient, k'(^, J.) =  q(\p, X), for this homogeneous, aniso
tropic medium follows the Poisson distribution

k' =  q =  exp(—LJdx) =  exp(—sL^/2) (28)

When integrated (averaged) over angle and conforma
tional coordinates, this yields K. However, there is no 
universal integrated form; in general, we are left with 
an integral expression whose complexity increases with 
that of the molecular geometry. Molecules of spherical 
shape, with Lx = L0 (the sphere diameter), are subject 
to the simplest treatment. In this case
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K  =  exp(—sLo/2) (29)

which is roughly comparable with eq 10 for a sphere 
between equally spaced planes.

We now consider a network constructed from n 
systems of random, parallel planes, each with an 
arbitrary orientation and mean spacing dt. Our mole
cule of fixed configuration projects a length Li along 
the axis normal to the fth system of planes. For each 
plane system there is a unique q{ =  exp(—s»L</2), 
following eq 28. For k' = q =  Ilg,-, we have

q =  II exp(—SiLi/2) =  exp(—Ŷ s¡L%/2) =
n  n

exp(—sY^LiWi/2) (30)
n

where í0<(2 m>4 =  1) describes the angle-dependent
n

distribution of surfaces. This expression can be modi
fied readily to account for a continuous angular distri
bution of planes. Equation 30 is to be substituted 
back into eq 27 to get K.

We now consider an isotropic network of random 
planes (the random-plane model). For this we make 
all weighting factors equal, w{ =  1 /» ,  and let n approach 
infinity. We further stipulate that all plane orienta
tions are equally represented. In this limit

q =  exp(—sL/2) (31)

where L is the mean length of projection of the molecule 
along the various axes. While Lt is a function of 
molecular orientation \p, L is not by virtue of the con
tinuous isotropic condition. The partition coefficient 
from eq 27 now becomes

/d X e x p [-sZ (^ )/2 ]
K ---------------J i i  (32)

and one need only average over conformational states 
to arrive at K.

For rigid molecules we have

K  =  exp(—sZ/2) (33)

This equation is valid for molecules of any shape, no 
matter how complex. It is the first rigorous equation 
with a definable size parameter covering all fixed molec
ular geometries. Quantity L is the crucial dimension. 
Two molecules of equal L will partition identically in 
such a network despite any conceivable difference in 
shape. We call L the mean external length, reflecting 
the fact that only the extreme groups of the molecule 
affect its partitioning behavior. Internal shielded 
groups have no effect.

The simple and yet universal nature of the (above) K  
expression for the random-plane model is of consider
able interest. The fact that it is valid for a random net
work having many odd pore shapes suggests that it may 
at once reflect the characteristics of many kinds of 
pores. In the Results section we will investigate how

well L characterizes partitioning in other pore net
works.

We note that the random-plane model entails philo
sophical ingress and egress problems. This will likely 
not detract from the basic surface-overlap effect and 
thus the nature of the K  vs. s relationship. This prob
lem does not exist in the two-dimensional random-plane 
model. However, the anisotropy of this model causes 
considerable complication and prevents the extraction 
of a simple length parameter, although it can be shown 
that L serves as a rough approximation here also. Only 
with spheres do the two models yield identical results.

A treatment analogous to the above can be used 
when the random elements are not plane surfaces. 
For instance, if the network is composed of randomly 
positioned thin rods or fibers pointed along the x axis, 
the local partition coefficient of eq 28 becomes

k' = q = exp (—Ax/0x) (34)

Where Ax is the area of the molecule projected on a 
plane normal to the x axis and ax is the mean cross 
section occupied by the rigid fiber, a term analogous 
to mean spacing dx for planes.

In the isotropic random-fiber case, using q =  Ylqi 
as in the random-plane model, we get the simple 
analog of eq 33

K  =  exp( — Âh) (35)

where Â is the projection, Ax, averaged over all direc
tions in space and h is the fiber length per unit volume.

If the fiber diameter, l0, is not negligible by compari
son with the dimension of the molecule, the general 
result is somewhat more complicated. First Ax must 
be interpreted as the molecule’s projected area plus the 
area generated by rolling a circle of diameter l0 around 
the perimeter of the projection of the molecule. Sec
ond, k' and K  become equilibrium constants in refer
ence to unit network volume, not just unit free volume. 
Thus each expression must be multiplied by 1 //', where 
/ '  is the porosity of the network. With these changes 
the equations are still valid.

The above expression, like eq 33 for random planes, 
is valid for any molecular shape. Parameter A re
places L as a general measure of partitioning. Unfor
tunately À is more difficult to evaluate if the fiber diam
eter, l0, is finite. Also length parameter h replaces area 
parameter s, reflecting the altered nature of the as
sumed network.

In the special case involving spherical molecules of 
diameter L0 and fibers of finite diameter ln. eq 35 reduces 
to

K  =  (1 / / ' )  exp[-*A (Z* +  k)7 4 ] (36)

which equation forms the basis of the Laurent-Killan- 
der-Ogston theory of exclusion chromatography men
tioned earlier. (This equation is also valid in the one
dimensional, anisotropic case.) The use of a random-
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fiber (or brush-pile) model is physically reasonable for 
true gels where molecular chains define the pore net
work.11

Equations for L for Various Molecules. Since we 
wish to investigate the characterizing properties of the 
mean external length, L, we present equations for L for 
several molecular types. We also give, for complete
ness, equations for A (applicable in the case of thin 
fibers, l0 =  0). Quantity Lx is the length of the mole
cule along the axis of revolution and L0 is the equatorial 
diameter, in accord with our earlier usage.

For prolate ellipsoids of revolution (Li >  L0), we 
have

L =
2 (Li2 -  L„s)1/!

l n ( ^ — Lô  +  ( V 2 )  (37)

A =  Z ^ f -
4 L(£i2 -  -ho2) 1h

arc sin

Lq

. (W  -  Ao2)1/!
L0

+  Lo

(38)

For oblate ellipsoids (Lx <  L0)

W  . (To2 -  la2)'7'
L =

2(L02 -  Li2) */t arc sin +  (-hl/2)

(39)

4  -  —
A ~  4

W  , (I/o2 -  Li2) ‘/! +  h  , /  . In -------------; ---------------- 1- I/o
(I/o2 -  -hi2)Vs' Li

(40)

For capsule-shaped molecules (two hemispheres cap
ping a right-angle cylinder), we have the simple expres
sions

-  I/o +  1/1 
2

(41)

A = -L 0LX 
4

(42)

For torus (“ doughnut” -) shaped molecules or for mole
cules generated by rotating the capsule form about an 
axis normal to its polar axis

L = ~L0 +  ( l -  0 L i  (43)

We do not give the A expression for this last case 
since, as a complicated double integral (one being 
elliptical), it is too involved for practical use.

Results
The foregoing equations are used below to construct 

curves showing the dependence of partition coefficient 
K  on molecular size L and surface area per unit pore 
volume s. Further on in this section we will apply such 
curves to determine the validity of using various 
molecular length parameters to characterize partition
ing.

Figure 4. Values of K  for spherical molecules of diameter 
Lo in various types of pores.

Nature of the Partitioning Curves. Figure 4 applies 
to spherical molecules in various pore types. The 
curves differ considerably from pore to pore, except that 
as sphere diameter L0 becomes small, K  approaches 
unity along a common curve. Examination of the 
pertinent equations shows that all curves converge to 
K =  1 — (sLq/2) as sL0 -»-0. In this region wall cur
vature and corners become unimportant; the “ probe”  
or spherical molecule is sufficiently small that nearly all 
elements of surface appear to it as plane areas. The 
slope of the curve further to the right clearly relates to 
selectivity, indicating that various pores have different 
separating characteristics. This subject will be ex
amined in a later paper.

Figure 5 gives the corresponding plots for thin-rod 
molecules. The general features are similar in the two 
figures, except that there are several crossing points and 
a generally decreased tendency to intersect K =  0 short 
of si/ -*-oo. As rod length Lx becomes small, the curves 
converge to K  =  1 — (sLi/4) .

The general proximity of the various curves in Fig
ures 4 and 5 and their common shape show that parame
ter s is reasonably good for characterizing pore size. 
The obvious exception to this would be media with 
pores defined by molecular chains (e.g., the brush-pile 
model). The latter are not considered in this section.

The range between the spherical and thin-rod ex
tremes can be explored, as outlined in the Theory sec
tion, by adding a layer of given radius to a thin rod. 
In this way, K  depends on the relative thickness of the 
resulting “ capsule” -shaped molecule, where shape is 
characterized by M = (diameter)/(length) =  L0/Lx. 
In Figure 6 we plot K  against sLx at various M  values. 
These curves all pertain to long pores of circular cross 
section (“ circular”  or “ cylindrical”  pores). The latter 
yield fairly typical results, as previously made evident 
in Figures 4 and 5. For a given Lx, penetration into 
the pores increases as the molecules become thinner

(11) B. Gelotte and J. Porath in “ Chromatography,”  E. Heftmann, 
Ed., 2nd ed, Reinhold Publishing Corp., New York, N. Y ., 1967.
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Figure 5. Values of K  for thin rods of length Li 
in various pores.

Figure 6. Plots of K  against sin  for molecules of various 
width to length ratios, M , in circular pores.

(M smaller), and thus their probability of wall overlap 
decreases. Quantity K  differs by more than twofold 
over most of this plot for two molecules of equal maxi
mum length Li, but with opposite extremes of relative 
thickness, M. Clearly, Li does not characterize the 
partitioning very well when different molecular shapes 
are present.

A Comparison of Parameters to Characterize Partition
ing. We have alluded to the possible value of the mean 
external diameter, L, as a parameter to characterize the 
partitioning of diverse molecules. In the random-plane 
model, as we have shown, L completely characterizes 
the partitioning of rigid molecules no matter how com
plex the molecular shape. We must determine if L 
has any correlating ability in other pore networks. In 
Figure 7 we consider the same pore network (pores of 
circular cross section) and molecules as in Figure 6 but 
plot K  against sL instead of sLi. The closeness of the 
curves (i.e., the relative small differences in K  at, a 
given value of L with constant s) demonstrates that L 
is a good measure of partitioning in this pore network 
also. It is superior to Li, as shown by the narrow band 
between the extreme curves in Figure 7 compared with 
the broad band of Figure 6.

Figure 7. Plots of K  against sL  for molecules with various 
M  values in circular pores.

Figure 8. Plots of K  against 3.16 sLe for capsule-shaped 
molecules of variable shape in circular pores.

In the early history of gel filtration chromatography, 
the radius of gyration, Lg, was implied to be a crucial 
partitioning parameter.4 In Figure 8 we show K vs.
3.16 sLe for the same group of molecules and circular 
pores. The constant coefficient, 3.16 (« lO'^) ,  is 
fixed to make the curve for spherical molecules (M  =  
1) coincide with that of Figures 4, 6, and 7 (also Figures 
9-11). Density is assumed constant. The band be
tween the extreme curves (M  =  0 and 1) is narrower 
than that for the K-sLi plots (Figure 6), but severalfold 
wider than the band for the K-sL  plots. However, for 
M >  0.4, Lg provides very good correlation.

The same comparison can be made using “ dumbbell” 
molecules. This example is chosen for its mathematical 
convenience in making additional comparisons. Re
call that our molecules have two hemispheres capping a 
right-angle cylinder. The cylinder can be replaced by 
a thin, rigid connecting rod of negligible mass. It is 
obvious that such a change will not alter the partition 
coefficient, since any molecular configuration previously 
overlapping the wall must continue to do so, etc. 
Also parameter L will remain unchanged. Thus the 
K  vs. sL plots yield the same narrow band shown in 
Figure 6. The radius of gyration depends very much 
on this shape change; when this is calculated and the
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Figure 9. Plots of K  against 3.16 sL g for “ dumbbell”  
molecules of variable M  in circular pores.

K vs. 3.16 sLg plots are constructed, Figure 9 results. 
The band is broader than before (Figure 8). This 
calculation points to a basic flaw in the radius of gyra
tion as a principal partitioning parameter. First, it 
receives a contribution from interior groups, even com
pletely shielded groups, which clearly have no influence 
on partitioning in any kind of exclusion system. (For
tunately the exterior groups are weighted more heavily.) 
Second, it has a spurious dependence on local mass, a 
relevant consideration if regional density différences 
exist in the system, e.g., the viruses whose outer shells 
are chemically unlike the enclosed DNA.

Similar objections apply to the use of molecular 
weight (or molar volume) as a correlating parameter. 
Within a fixed family of macromolecules (e.g., all 
spheres or all random chain polymers of a given kind), 
molecular weight (along with most other imaginable 
size parameters) will adequately specify partitioning. 
However, such parameters are questionable in compar
ing different classes of macromolecules and thus in 
predicting the behavior of one class from data collected 
for a different class. This is illustrated in Figure 10, 
where we examine the effect of the volume-related 
parameter Lv, the diameter of a sphere whose volume 
equals that of the given molecule.

More recently the equivalent hydrodynamic radius 
or diameter has been proposed for the characterization 
of partitioning.12 While this parameter is relatively 
difficult to calculate for odd-shaped molecules, it is 
easily measured through viscosity experiments. In 
order to test this parameter, we have used an equation 
by Perrin for the friction coefficient of prolate ellipsoids 
of revolution.13 We have then assumed that the hy
drodynamic behavior of a prolate ellipsoid can be 
approximated by that of a “ capsule” -shaped particle of 
equal length and girth. In this way we are able to 
construct approximate partitioning curves which show 
the effect of equivalent hydrodynamic diameter, Lh, 
Figure 11. This figure shows that Lh well character
izes the partitioning in the range M =  0.4-1.0. For

Figure 10. Plots of K  against sL v in circular pores.

Figure 11. Plots of K  vs. sLh for various M  values 
in circular pores.

“ thinner”  molecules (M <  0.4), the correlation becomes 
increasingly unsatisfactory.

The foregoing results show that the mean external 
length, L, is somewhat more satisfactory than other 
commonly used parameters in characterizing partition
ing in the random-plane and circular-pore models. 
The next most successful parameter appears to be the 
radius of gyration. These two measures are tested side 
by side in one more model network, that consisting of 
uniform, parallel planes, in order to gain a modicum of 
confidence that the above conclusion is broadly appli
cable. In Figures 12 and 13, analogous to Figure 7 and 
8 except for the change in pore geometry, we show the 
relevant calculations. Clearly L is less successful than 
before (Figure 7). (Still another plot, for rectangular 
pores, suggests that the divergence of curves in Figure
12 is unusually large. This is not shown here.) Figure
13 shows the radius of gyration plots (this correlation is 
also worse than before (Figure 8) and less satisfactory 
than that provided by L).

We conclude that L is somewhat more successful than 
other molecular size parameters proposed for character-

(12) H. Benoit, Z. Grubisic, P. Rempp, D. Decker, and J. G. Zilliox, 
J. Chim. P h y s 63, 1507 (1966).
(13) F. Perrin, J. Phys. Radium , [7] 5, 497 (1934).
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sL

Figure 1 2 . Plots of K  against sL  for molecules with various 
M  values in uniform, parallel planes.

Figure 13. Plots of K  against sL  for capsule-shaped molecules 
of variable shape in uniform, parallel planes.

izing partitioning in a group of model pore networks 
and, therefore, will possibly best characterize partition
ing in real porous media. The fact that L rigorously 
fulfills this function only for a random-pore model sug
gests that the randomness of real porous systems would 
not impair our ability to make such correlations.

Conclusion
The general theory of macromolecular partitioning in 

inert porous media is rather easily formulated, eq 1. 
The true difficulty comes in reasonably characterizing 
the laboratory system, in evaluating the integrals 
applicable to that system, and then in finding a reason
able common grounds for a wide range of systems.

It is likely impossible to characterize rigorously the 
partitioning of various complex macromolecules in ar
bitrary and irregular porous media by any single or 
simple group of measurable parameters. Each unique 
bump or fold in the pore wall will contribute its own 
singular effect to the exclusion of a given molecule. 
If we sacrifice the description of such detailed inter
actions, we will perhaps be able to divide our systems 
into rough classes which can be approximated by 
various models, such as those used here. This pro
cedure presupposes that a given pore network or group

of molecules can be clearly associated with a given 
model or models. In this approximation partitioning 
is characterized by simple parameters, but it remains 
only an approximation. However, microscopic porous 
networks are notoriously random, suggesting that little 
additional sacrifice in accuracy would usually attend 
the common grouping of most systems and the attempt 
to find a parameter or group of parameters to approxi
mate the behavior of all.

The latter approach is suggested here. Results with 
various models confirm that the dimensionless parame
ter sL reasonably characterizes partitioning. This 
term, conveniently, is the direct product of the molecu
lar parameter L and the network parameter, s.

The choice of s to represent the porous network is 
made because (1) s, as the reciprocal hydraulic radius, 
is a reasonable common denominator for the behavior 
of different pore types, (2) surface area is the most 
general and well-defined measure of pore size, and (3) 
the exclusion phenomenon is basically a geometrical 
surface effect, depending primarily upon surface area 
and only secondarily upon the more subtle details of 
surface configuration and curvature. We recognize 
that the secondary effects may be far from negligible. 
For instance, surface-roughness corrections will be 
necessary when the probe molecule which measures 
surface area and the partitioning macromolecule “ see” 
different surface areas.

Parameter L is suggested strictly by the theory of 
random pores bounded by plane surfaces. It has quite 
generally, of course, the main attributes which describe 
the tendency of a molecule to overlap with surfaces.

Assuming that sL characterizes a system according to 
some known function, L for the macromolecule can be 
rather easily obtained from measured K  values. This 
dimension, being an average length, would help confirm 
structural or size hypotheses or aid in choosing between 
alternate conformations in solution. It promises to be 
simpler in application than the hydrodynamic radius, 
since the latter is difficult to relate theoretically to 
complex structures.

This approach would have many of the advantages 
that accompany the measurement of other physical 
parameters by chromatographic means, including the 
achievement of solute purification simultaneous with 
the measurement process.14
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Appendix. Principal Symbols
General Coordinates. 

r Positional vector

(14) J. C. Giddings and K. L. Mallik, Ind. Eng. Chem., 59, 18 
(1967).
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tfc Orientation “vector” Ä Mean area of projection
X Conformational “vector”
r Radial coordinate jrore.
e, <t> Polar and azimuthal angle do Width or diameter of pore cross section

d i Length of pore cross section
Physicochemical Parameters. d x Mean spacing between planes perpendicular to the x axis

fp, «b, eM, ÉMNj €Mp Energies V d if d o

K Partition coefficient s Pore surface per unit free volume
K Local partition coefficient f ,fi Distribution in pore size
k' Partition coefficient for molecules with r Porosity

given orientation and conformation
1, ?i Nonintersection probabilities t  iber.

ttx Mean area per fiber parallel to the x axis
M olecule. h Fiber length per unit volume

L \ Polar length lo Fiber diameter
L o Equatorial diameter
L Mean external diameter Molecule pore.
L x Length of projection of a molecule into the x axis a L o /d o

M Lq/Li ß Li/cLq
A x Area of projection into the plane perpendicular to the ß' (Lx -  L o ) / (do -  L o )

x axis p' (dt -  L o ) / (do -  L o )

Electromotive Force Studies in Aqueous Solutions at Elevated 

Temperatures. X . The Thermodynamic Properties of HC1-KC1, 

HCl-RbCl, HCl-CsCl, HCl-MgCl2, HCl-CaCl2, HCl-SrCl2, 

and HCl-AlClj Mixtures1

by M. H. Lietzke and H. A. O’Brien, Jr.2
D e p a r t m e n t  o f  C h e m is t r y ,  U n i v e r s i t y  o f  T e n n e s s e e ,  K n o x v i l l e ,  T e n n e s s e e ,  a n d

C h e m is t r y  D i v i s i o n ,  O a k  R i d g e  N a t i o n a l  L a b o r a t o r y ,  O a k  R id g e ,  T e n n e s s e e  ( R e c e iv e d  M a r c h  1 1 ,  1 9 6 8 )

The activity coefficient of HC1 in HC1-KC1, HCl-RbCl, HCl-CsCl, HCl-MgCl2, HCl-CaCl2, HCl-SrCl2, and 
HCI-AICI3 mixtures has been studied as a function of total ionic strength, temperature, and composition of 
the mixture. At constant temperature and ionic strength the logarithm of the activity coefficient of HC1 
in the mixtures varies linearly with the ionic strength fraction of salt, in conformity with Harned’s rule. The 
activity coefficients of the salts in the mixtures were calculated by using the parameters describing this varia
tion and those for the variation of the activity coefficients of the respective salts with ionic strength in the 
pure salt solutions. The corresponding parameters for four systems previously studied are also given to cor
rect certain inconsistencies between those values and the parameters reported in this paper.

In previous papers in this series the thermodynamic 
properties of HCl-NaCl,3 HCl-BaCl2,4 HCl-LaCl3,6 
and HCl-GdCh6 mixtures were described. The present 
paper extends these studies to mixtures of HC1 with 
KC1, RbCl, CsCl, MgCl2, CaCl2, SrCl2, and A1C1,. In 
all of this work measurements of the emf of the cell 
P t-H 2 (p =  l)|HCl(m2), MCl,(m,)|AgCl, Ag, where 
MCI* is the appropriate metal chloride, have been com

bined with measurements of the osmotic or activity co
efficient of the salt to calculate the thermodynamic

(1) Research sponsored by the TJ. S. Atomic Energy Commission 
under contract with the Union Carbide Corp.
(2) This paper is based on a dissertation by H. A. O’Brien, Jr., 
presented to the Department of Chemistry of the University of 
Tennessee in partial fulfillment of the requirements for the Ph.D. 
degree, 1968.
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Table I : Observed Values of the Emf in Volts for the Cell Pt-H2 (p  — 1)|HC1 (to2), KC1 (m3)]AgCl 
(Ag and Deviations“ of the Emf Values Calculated from Smoothed Activity Coefficients)

m 2 ms 25 60 90 125 150 175

0 . 1 2 4 2 0 . 3 6 7 1 0 . 3 1 0 7  ( - 5 ) 0 . 2 9 8 4  ( +  1 0 ) 0 . 2 8 1 6  ( 0 ) 0 . 2 5 8 4  ( - 3 ) 0 . 2 3 8 9  ( - 1 0 )

0 . 2 5 2 6 0 . 2 3 9 9 0 . 2 9 1 5  ( - 2 ) 0 . 2 7 7 2  ( + 7 ) 0 . 2 6 0 1  ( + 1 1 ) 0 . 2 3 4 9  (  +  1 1 )

0 . 3 5 8 5 0 . 1 1 0 5 0 . 2 8 3 0  ( + 2 ) 0 . 2 6 6 6  ( - 7 ) 0 . 2 4 6 5  ( - 2 8 ) 0 . 2 2 1 2  ( - 1 7 ) 0 . 2 0 0 8  ( - 3 ) 0 . 1 7 9 3  ( + 2 3 )

0 . 2 4 6 8 0 . 7 3 8 8 0 . 2 7 5 0  ( - 4 ) 0 . 2 5 7 4  ( + 2 ) 0 . 2 3 8 9  ( + 1 )

0 . 4 9 8 7 0 . 4 8 3 8 0 . 2 5 5 5  ( + 2 ) 0 . 2 3 6 0  ( - 2 ) 0 . 2 1 6 7  ( +  3 ) 0 . 1 8 8 9  ( - 6 ) 0 . 1 6 7 6  ( - 6 ) 0 . 1 4 6 1  ( + 8 )

0 . 7 3 6 6 0 . 2 4 6 0 0 . 2 4 4 4  ( + 1 2 ) 0 . 2 2 4 4  ( + 1 ) 0 . 2 0 2 8  ( - 1 0 ) 0 . 1 7 5 7  ( + 4 )

° The deviations are given in parentheses after each reported emf as the observed emf values less the values calculated from smoothed 
activity coefficients. Thus a positive deviation indicates that the emf reported here is algebraically larger.

Table II: Observed Values of the Emf in Volts for the Cell Pt-H2 (p  =  1)|HC1 (m 2 ), RbCl (ro3)jAgCl 
(Ag and Deviations“ of the Emf Values Calculated from Smoothed Activity Coefficients)

-T e m p , °C -
m i ms 25 60 90 125 150 175

0 . 1 2 1 1 0 . 3 7 2 3 0 . 3 1 2 6  ( - 5 ) 0 . 2 8 2 8  ( +  1 2 ) 0 . 2 5 9 6  ( + 1 6 ) 0 . 2 3 8 5  ( - 5 ) 0 . 2 1 9 0  ( + 9 )

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

0 . 3 6 8 9 0 . 1 2 3 7 0 . 2 8 2 4  ( + 3 ) 0 . 2 6 5 9  ( + 9 ) 0 . 2 4 8 8  ( +  1 6 )

0 . 2 4 5 0 0 . 7 2 2 2 0 . 2 6 8 2 ( 0 ) 0 . 2 5 0 0  ( - 1 8 ) 0 . 2 3 3 8  ( - 1 6 ) 0 . 2 1 4 3  ( - 6 )

0 . 4 8 8 4 0 . 5 0 0 0 0 . 2 3 4 0  ( + 2 3 ) 0 . 2 1 6 6  ( + 3 5 ) 0 . 1 8 6 0  ( - 2 4 ) 0 . 1 7 0 4  ( + 1 1 )

0 . 7 1 6 8 0 . 2 2 4 3 0 . 2 4 4 2  ( + 4 ) 0 . 2 2 3 2  ( - 5 ) 0 . 2 0 1 6  ( - 1 6 ) 0 . 1 7 3 9  ( - 1 9 )

“ See footnote a, Table I.

Table III: Observed Values of the Emf in Volts for the Cell Pt-H2 (p  = 1)|HC1 (m2), CsCl (m3)|AgCl 
(Ag and Deviations“ of the Emf Values Calculated from Smoothed Activity Coefficients)

T e m p ,  °C -
m 2 ms 25 60 90 125 150 175

0 . 1 1 3 6 0 .3 5 5 4 0 . 3 1 3 6  ( - 2 ) 0 . 3 0 0 3  ( + 2 ) 0 . 2 8 4 4  ( + 3 ) 0 . 2 6 2 2  ( + 1 4 ) 0 . 2 4 1 6  ( - 1 )

0 . 2 3 3 0 0 . 2 4 9 1 0 . 2 9 3 8  ( + 1 ) 0 . 2 7 8 8  ( + 8 ) 0 . 2 6 0 9  ( + 5 ) 0 . 2 3 6 6  ( +  1 4 ) 0 . 2 1 5 6  (  +  1 1 ) 0 . 1 9 1 3  ( - 5 )

0 . 3 5 0 4 0 . 1 2 9 6 0 . 2 8 0 9  ( - 1 2 ) 0 . 2 6 4 1  ( - 1 8 ) 0 . 2 4 4 9  ( - 2 6 ) 0 . 2 1 9 7  ( - 1 5 ) 0 . 1 9 8 1  ( - 1 6 ) 0 . 1 7 5 1  ( - 1 1 )

0 . 2 1 9 0 0 . 6 7 3 0 0 . 2 7 7 8  ( + 9 ) 0 . 2 6 0 2  (  +  1 5 ) 0 . 2 3 9 0  ( + 9 )

0 . 4 4 3 3 0 . 4 6 6 7 0 . 2 5 7 1  ( - 4 ) 0 . 2 3 8 1  ( + 3 ) 0 . 2 1 7 0  ( - 6 ) 0 . 1 9 1 1  ( + 8 ) 0 . 1 6 9 9  (  +  1 0 ) 0 . 1 4 6 9  ( + 1 0 )

0 . 6 8 2 0 0 . 2 5 0 0 0 . 2 4 3 6  ( - 1 5 ) 0 . 2 2 4 1  ( - 7 ) 0 . 2 0 2 4  ( - 1 5 ) 0 . 1 7 4 4  ( - 1 1 ) 0 . 1 5 1 9  ( - 1 3 ) 0 . 1 2 8 7  ( - 6 )

0 See footnote a, Table I.

properties of both HC1 and the salt in the HC1-MC1* 
mixtures.

Experimental Section
The experimental apparatus and the preparation of 

the electrodes and solutions were the same as described 
previously.7 In the case of the HC1-KC1, RbCl, and 
CsCl mixtures the measurements were carried out in 
the temperature range 25-175°, while in the case of the 
HCl-MgCl2, CaCl2, SrCl2, and A1C13 mixtures the 
measurements were extended only to 60°. Solutions of 
total ionic strength approximately 0.5 and 1.0 were 
used in which the ratio of HC1 to MCI* was varied. 
No drift of emf with time was observed after the cells 
attained equilibrium. In general, the values were more 
reproducible in the solutions containing a higher frac

tion of acid, and values taken at the same temperature 
were reproducible, with few exceptions, to at least ±0.5 
mV.

Results and Discussion
The treatment of the results in the case of the systems 

studied in the present paper was the same as that fol
lowed in the study of the HCl-NaCl mixtures.3 Each 
emf value was corrected to 1.00 atm of hydrogen pres-

(3) M . H. Lietzke, H. B. Hupf, and R. W . Stoughton, J. Phys. 
Chem., 69, 2395 (1965).
(4) M . H. Lietzke and R. W . Stoughton, ibid., 70, 756 (1966).
(5) M . H. Lietzke and R. W . Stoughton, ibid., 71, 662 (1967).
(6) M . H. Lietzke and R. W. Stoughton, ibid., 72, 257 (1968).
(7) R. S. Greeley, W. T. Smith, Jr., R . W . Stoughton, and M. H.
Lietzke, ibid., 64, 652 (1960).
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Table IV : Observed Values of the Emf in Volts for the Cell
Pt-H2 ( p — 1)|HC1 (m2), MgCl2 (ma)|AgCl (Ag and 
Deviations“ of the Emf Values Calculated from 
Smoothed Activity Coefficients)

•Temp, °C-
1712 m s 25 40 60

0.1237 0.1206 0.3177 ( - 8 ) 0.3132 ( - 1 ) 0.3054 ( - 5 )
0.2509 0.0816 0.2973 (+11) 0.2919 (+19) 0.2820 (+ 8 )
0.3761 0.0322 0.2821 ( -1 3 ) 0.2757 ( - 8 ) 0.2655 ( -1 3 )
0.2518 0.2376 0.2805 ( - 3 ) 0.2748 (+ 4 ) 0.2653 ( - 1 )
0.4998 0.1522 0.2589 ( - 4 ) 0.2515 ( - 4 ) 0.2407 ( - 7 )
0.7614 0.0710 0.2448 (+ 7 ) 0.2374 (+15) 0.2253 (+ 9 )

“ See footnote o,, Table I.

Table V : Observed Values of the Emf in Volts for the Cell 
Pt-H2 (p  = 1)|HC1 (m2), CaCl2 (ms)|AgCl (Ag and 
Deviations“ of the Emf Values Calculated from 
Smoothed Activity Coefficients)

■Temp, °C-
7712 ma 25 40 60

0.1219 0.1181 0.3182 ( - 2) 0.3143 (+ 7 ) 0.3068 (+ 2 )
0.2463 0.0757 0.2969 (+ 2 ) 0.2910 ( - 3 ) 0.2816 ( -1 2 )
0.3400 0.03583 0.2874 ( - 2) 0.2821 ( +  9) 0.2728 (+ 7 )
0.2436 0.2393 0.2829 ( - 3) 0.2774 (+ 9 ) 0.2669 ( -1 )
0.4775 0.1556 0.2613 ( - 5) 0.2540 ( - 2 ) 0.2428 ( - 7 )
0.7291 0.07612 0.2462 (0) 0.2391 ( +  11) 0.2263 ( - 1 )

“ See footnote a, Table I.

Table VI : Observed Values of the Emf in Volts for the Cell 
Pt-H2 (p =  1)|HC1 (m ), SrCl2 (m2)|AgCl (Ag and 
Deviations“ of the Emf Values Calculated from 
Smoothed Activity Coefficients)

■Temp, °C-
7712 ms 25 40 6 0

0.1210 0.1245 0.3175 ( - 6 ) 0.3141 (+ 8 ) 0.3062 (0)
0.2469 0.0824 0.2961 ( -6 ) 0.2910 (+ 4 ) 0.2815 ( - 4)
0.3672 0.0403 0.2857 (+17) 0.2777 (+ 6 ) 0.2673 (0)
0.2443 0.2552 0.2801 ( -1 0 ) 0.2750 (+ 7 ) 0.2651 (+ 4 )
0.4899 0.1581 0.2596 ( -4 ) 0.2527 (+ 5 ) 0.2400 ( - 13)
0.5991 0.0767 0.2559 ( -5 ) 0.2482 ( - 2 ) 0.2364 ( - 7)

“ See footnote a, Table I.

sure by subtracting (RT/2%) ln /H2, where the hydrogen 
fugacity, / h„ was taken equal to the hydrogen pressure. 
The corrected emf values, E, at each ionic strength 
were then plotted as a function of temperature, and 
the values were corrected to round values of tempera
ture. These values are given in Tables I-VII.

The activity coefficient y± of HC1 at each tempera
ture and set of concentrations in the mixtures was 
evaluated by using the Nernst equation and previous 
values8 of the standard potential, E°, of the Ag-AgCl 
electrode. In this equation m2 and m3 are the molalities

RT
E — E ° --------In [m2(m2 +  xmf)]

SF

2RT
In y± (1)

of HC1 and the appropriate salt, respectively, while T is 
the absolute temperature, R is the gas constant, and fF 
is the Faraday. The factor x has a value of 1 for the 
systems involving univalent salts, 2 for the systems in
volving divalent salts, and 3 for the HCI-AICI3 system.

Plots of In y±(HCl) vs. the ionic strength fraction of 
salt were made at each temperature and total ionic 
strength for each of the systems. In all cases the plots 
were linear within experimental error and within the 
deviations of the ionic strength from the “ constant 
value”  in conformity with Harned’s rule, as previously 
observed in the case of the HCl-NaCl mixtures.

Expressions for y ± of HCl and MCI in the Mixtures. 
The activity coefficients of HCl were smoothed as to 
HCl and MCI* concentrations and temperature in the 
same manner as described previously.3 Hence the 
logarithm of the activity coefficient of the HCl was as
sumed to be given by

In 72 =  -S p vV 7/ ( l  +  1.5V Î )  +

j
21

312

B22 +  

C222 +  21

( y  -  B ^ X ,  

/C 223 \
\ j  ~ Cm)

+

X 3 +

( f t .  +  C- J ~  W (2)

while the corresponding equation for the salt was as
sumed to be

I n  73  =  - S p v V 7 / ( l  +  1 . 5 V Ô  +

f , l [ j  +  ( a , -  y ) * « ]  +

A c j y *  +  2 -  +

( t  +  -  y H  (3)

where S is the Debye-Hiickel limiting slope, p is the 
density of water, and I  is the total ionic strength. In 
these equations Bi} and Cijk are interaction coefficients, 
the subscript 2 referring to the acid (HCl) and the sub
script 3 to the salt. Z 2 and Z 3 are the ionic strength 
fractions of acid and salt, respectively, in the mixtures. 
Values of the remaining symbols, f h f2, j, and k, the 
values of which depend upon the valence of the salt in 
the mixture, are listed in Table VIII. Since, as noted 
previously, Harned’s rule seems to apply for the acid 
in the mixtures, the coefficient of the Z 32 term in eq 2 is 
zero; i.e., Cm +  (C233/fc) — (2Cm/j) — 0, for all the 
systems reported in this paper.

(8) M. H. Lietzke and R. W. Stoughton, J. Phys. Chem., 68, 3043 
(1964).
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Table VH: Observed Values of the Emf in Volts for the Cell Pt-H2 (p = 1)|HC1 (m2), A1C13 (m3)|AgCl 
(Ag and Deviations" of the Emf Values Calculated from Smoothed Activity Coefficients)

-T e m p , °C -
m 2 mz 25 3 0 35 4 0 4 5 50 55  60

0.1188 0.0586 0.3243 (+ 5 ) 0.3229 (+ 3 ) 0.3214 (+ 3 ) 0.3199 (+ 4 ) 0.3182 (+ 4 ) 0.3166 (+ 5 )
0.2469 0.0374 0.3003 (+ 8 ) 0.2961 ( - ■17) 0.2947 (-1 2 ) 0.2944 (+ 5 ) 0.2919 ( +  1) 0.2897 (+ 1 )
0.3783 0.0165 0.2835 (--1 ) 0 .2814(--2) 0.2795 ( +  1) 0.2770 ( - 1 ) 0.2729 (-2 1 ) 0.2699 ( - -23) 0.2671 (+ 3 )
0.2500 0.1221 0.2866 (+ 4 ) 0.2847 (+ 4 ) 0.2828 (+ 5 ) 0.2802 (0) 0.2786 (+ 7 ) 0.2763 0.2708 (+ 2 )
0.5014 0.0807 0.2614 (--3 ) 0.2594 ( - 1) 0.2573 ( +  1) 0.2548 ( +  1) 0.2520 (0) 0.2491 ( - -3) 0.2461 ( - 5 )
0.7581 0.0386 0.2447 (--4 ) 0 .2419(--8) 0.2395 ( - 6 ) 0.2374 (0) 0.2258 (+ 3 )

“ See footnote a, Table I.

Table VIII : Values of / 1, / 2, j ,  and k to be used in Eq 2 and 3

Salt
type h h 3 k

MCI 2 3 1 1

MC12 Va 2 3 9
MCI3 1 3A 6 36

The coefficients Btj and Cm are, of course, tempera
ture dependent. If the coefficients are expressed as

Bit =  B'iQ +  B " it/T;
Cm =  C'm +  C "m/T (4)

they are consistent with temperature-independent ex
cess free enthalpies and entropies, i.e., excess over the 
molality and Debye-Hiickel parts. If the coefficients 
are expressed as

Bit = B'it +  (B "J T ) -  B " 'iq log T (5)

and

Cm =  C'm +  {C "m/T) +  C "'m log T (50

then they give rise to excess enthalpies varying linearly 
with temperature and excess entropies varying linearly 
with In T. It was found that when eq 2 was used to 
describe the variation of In 7 ±  (HC1) in the HC1-KC1, 
HCl-RbCl, and HCl-CsCl mixtures, it was possible to 
express the Bn as in eq 5 and the Cin as in eq 4. Con
vergence difficulties in the least-squares fit were en
countered when an attempt was made to use both eq 5 
and 5'. This probably means that in the ionic strength 
range studied (to 1.0 m) the contribution of the B 
terms is much more important than that of the C terms 
(hence the difficulty in determining as many parameters 
in the C coefficients). This same behavior was re
ported in the case of the HCl-NaCl mixtures.3

In the case of HCl-MgCl2, HCl-CaCl2, HCl-SrCl2, 
and HCI-AICI3 mixtures, the emf measurements were 
made only from 25 to 60°. This narrower temperature 
range did not permit the estimation of as many parame
ters describing the temperature dependence of the co
efficients. Hence in the study of these mixtures both 
the Ba and C'y2 coefficients were expressed as in eq 4.

The values of S '22/ B "22, B "'m B %  B " 23, B "'n, C"222, 
C"'222, C'ra, and C"m  were obtained directly by the 
least-squares fit of eq 2, while the values of C"233 and 
C "m were obtained by the application of Harned’s 
rule, C222 +  (Cm/k) — (2C223/j )  =  0. The additional 
parameters needed for calculating the In 73 values 
(eq 3), namely, the coefficients B33 and Cm for the pure 
salt solutions, were evaluated by the method of least 
squares using activity coefficient data9 on these solu
tions at 25°.

The parameters for calculating the various B and C 
coefficients are given in Table IX . The parameters 
for the HCl-NaCl, HCl-BaCl2, HCl-LaCl3, and HC1- 
GdCl3 systems previously studied are also given to 
correct certain inconsistencies in the published values;

Figure 1. Plots of log Y(salt) vs. ionic strength fraction of HC1 
at 25° for HCl-NaCl, HC1-KC1, HCl-RbCl, and 
HCl-CsCl mixtures.

(9) R . A . Robinson and R . H .  Stokes, “ Electrolyte Solutions,” 
Academic Press, New  Y o rk , N . Y . ,  1955, Appendix 8.10.

Volume 72, Number IS December 1968



4412 M. H. Lietzke and H. A. O’Brien, Jr .

Table IX: Parameters of the B and C Coefficients (Eq 2 and 3) on a Common Logarithm Basis

HCl-NaCl
= 1.86790 B "n  =  --59.3857 T>/ff & 22 = -0.283880

B'.a = 2.72578 B " 23 = - 121.853 Tit ft & 23 = -0.39708
#33 — 0.0061030 (at 25°)
C'm = 0.0258302 C "  222 = -6.73533
C'm = 0.0132623 C " 223 — -4.90705
C f2S3 = 0.0006944 C ” m  = -3.07877
CzZ3 0.00260143 (at 25°)

HC1-KC1
B fn = 4.21977 B ".n =  - 171.663 TDftfr> 22 = -0.627825
B ' 23 = 6.26286 B ” w = - 319.157 Jifff & 23 = -0.908563
Bw = -0.0149227 (at 25°)
C'm = 0.0351923 C " m  =  --13.3788
C'm = -0.00654506 C " m = 1.58631
C'm = -0.0482824 C" 233 = 16.55142
Cm = 0.00389896 (at 25°)

HCl-RbCl
B 'n = 4.81120 B ".a =  - 220.359 Jifff & 22 -0.706169
B',i = 9.90811 B "  23 =  - 591.959 Jifff -O 23 = -1.40034
Bzz = -0.0253282 (at 25°)
C'm = 0.00171577 C " m  = 0.268611
C'm -0.152656 C " m  = 58.8894C'm= -0.307028 riff __t-' 233 — 117.510
C 333 = 0.00607747 (at 25°)

HCl-CsCl
B'n = 3.98135 B " m =  - 163.200 Tit fta  22 = -0.589402
B ' 23 - 7.18090 B "  23 = - 376.183 Jifff23 = -1.03797
B33 = -0.0428693 (at 25°)
C'm = 0.0125601 C " m  = -7.27713
C'223 = -0.00513225 C "22, = 4.67404
C'm = -0.0228246 C " m = 16.6252
Czzz = 0.00781711 (at 25°)

HCl-MgCl2

B '22 = 0.109829 B '\ , = --16.3675
B 'n = 0.412489 B "n  =  - 103.858
Bzz = 0.301615 (at 25°)
C' 222 = -0.0581506 C" 222 = 17.5945
C ' 22Z = -0.231623 0**223 — 73.4094
C' 233 = -0.8663826 C" 233 = 282.1059
Czzz -0.131846 (at 25°)

HCl-CaCli
B '22 = 0.0393685 S " 22 = 3.52212
B ' 2Z = -0.0802115 B "  23 = 70.8553
B z z = 0.134729 (at 25°)
C'222 = -0.00766993 C ' 2 2 2  = 3.64253C'm= 0.0598873 C " 223 =  --24.0431
C'233 = 0.4283532 C" ' 233 = - 177.0414
Czzz 0.003627376 (at 25°)

HCl-SrCl,i
B '22 = 0.191441 B "22 = 45.6564
B '23 = -0.198303 B "22 = 97.6033
B z z

= 0.104545 (at 25°)
C '222 = -0.0978938 0**222 — 33.1445C'223 = -0.0403692 C"'223 = 14.2616
C'm = 0.638829 C" 233 =  - 212.7309
C333 = 0.006354318 (at 25°)
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Table IX (Continued)

HCl-BaCl2
B'n = 2.64886 B " n  = -98.6722 T>lll _T5 22 — -0.397120
B'n = 11.1291 B " k = -510.7983 T>lll _  D 23 — -1.638268
Bz3 = 0.1707873 (at 25°)
C'm = 0.0321406 C " m  = -10.2650
C '223 = 0.0633759 C " m  = -22.16523
C  233 = 0.09099 C " m  = -40.60638
Cm = 0.06586335 (at 25°)

HCl-AlCl,
B '22 = 0.0685392 B "n  = -3.96990
B 'n = -0.497682 B "  23 = 244.765
Bn = 0.514398 (at 25°)
C '222 - -0.621122 C " 222 = 18.9971
C'ì 23 — -0.0227609 C "m  — -7.55938
C"283 = 1.629084 C " 283 = -774.6082
Cm = 0.00607768 (at 25°)

HCl-LaCh
B'n = 2.52103 S " 22 = -87.0994 B'"22 = -0.380853
B'n « 29.1766 B " w = -1596.85 B " ' , ,  = -4.17835
Bn as 0.290756 (at 25°)
C '222 = 0.0303565 C " m  = -9.44179
C'223 = -0.0602743 C " m  = 19.8402
C'm = -1.816124 fill _v 233 - 577.9868
Czn = 0.03092964 (at 25°)

HCl-GdCU
B '22 = 2.41185 B ” n  = -67.2133 T>tn _22 — -0.372759
B 'n = 28.8136 B " n  = -1598.56 T>m _  23 — -3.99226
B n — 0.375081 (at 25°)
C '222 = 0.0663522 C "m  = -21.9425
C' 223 a= -0.225857 C "223 = 22.6755
C 'm = -5.09896 fill _  C 233 — 1062.04
Cm = -0.680408 (at 25°)

some were given on a common logarithm basis and 
some on a natural logarithm basis. Since plots of the 
logarithm of the activity coefficient of HC1 in all the 
mixtures studied in this work vary linearly with the 
ionic strength fraction of the salt in the mixtures and 
are similar to those for the HCl-NaCl,3 HCl-BaCl2,4 
HCl-LaCl3,6 and HCl-GdCl36 mixtures, they are not 
shown here. Instead, it is interesting to compare the 
activity coefficient behavior of HC1 in the various acid- 
salt mixtures containing 0.5 ionic strength fraction of 
salt at total ionic strengths of 0.5 and 1.0. In all cases 
the log y(HCl) values at 7 =  0.5 are lower (more nega
tive) than the corresponding value at 7 =  1.0 at 25° and 
higher (more positive) at 175°. The crossover points 
seem to be a function of the valence type of the salt. 
In the case of the HCl-alkali metal chloride mixtures 
the crossover points fall in the range 100-125°; with 
the HCl-alkaline earth chlorides the crossover point is 
about 90°; and in the HCl-trivalent metal chlorides 
mixtures the crossover point is about 60°. Hence the 
higher the valence type of the salt the lower is the cross
over temperature.

Figures 1-3 show how the log 7 (salt) varies with 
total ionic strength and fraction of acid at 25° for the

various mixtures. In all cases the log 7  values are 
lower at 7 =  1.0 in the pure salt solutions and then, 
with the exception of the HCl-BaCl2 and HCl-LaCl3 
mixtures, cross the 7 =  0.5 curve. The following addi
tional observations can be made concerning the ac
tivity coefficient behavior of the salt in the mixtures.

1. In the case of the HCl-NaCl mixtures (Figure 1), 
both curves are concave upward. In the HC1-KC1 
system the plots are linear; that is, both the HC1 
and the KC1 obey Harned’s rule in the HC1-KC1 mix
tures at 25°. In the HCl-RbCl and the HCl-CsCl mix
tures the log y(salt) vs. X(HC1) plots are concave 
downward. Note that in the HCl-RbCl mixtures the 
activity coefficient of the RbCl becomes greater than 
unity at high fractions of acid in solutions of total ionic 
strength 1.0.

2. In the case of the HCl-alkaline earth chloride 
mixtures (Figure 2), the activity coefficient curves are 
concave downward in the HCl-MgCl2 mixtures and 
concave upward in the remaining systems.

3. In the HCI-AICI3 and HCl-GdCl3 systems, the 
log y(salt) plots at 7 =  1.0 cross the plots at 7 =  0.5; 
both sets of curves are concave upward. There is no 
crossover in the log 7  (salt) plots for the HCl-LaCl3 mix-
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Figure 2. Plots of log Y(salt) vs. ionic strength fraction of 
HC1 at 25° for HCl-MgCl2, HCl-CaCl2, HCl-SrCl2, 
and HCl-BaCl2.

tures and the curves are concave downward. The ac
tivity coefficient behavior of the A1C18 thus more closely 
resembles that of GdCls than of LaCls in the corre
sponding HCl-salt mixtures. This behavior is not 
qualitatively unexpected since Al(III) is the least basic 
and La(III) the most basic of the three metal ions.

Values of the emf, E, were calculated, using the pre
viously determined E° values and the B and C values 
for the smoothed activity coefficients (Table IX ), for 
each experimental point in each of the systems. The 
algebraic difference between the observed E values and 
those calculated are given below the observed E values 
in Tables I-VII.

Figure 3. Plots of log 7 (salt) vs. ionic strength fraction of HC1 
at 25° for HC1-A1C13, HCl-LaCl3, and HCl-GdCl3 mixtures.

The relationship between the B and C coefficients as 
defined by eq 2 and 3 and the a coefficient of Harned’s 
rule as well as the expressions for the partial molal free 
energy, Gt, the partial molal enthalpy, Ht, and the 
partial molal entropy, St, for component q may be 
calculated using the expressions previously reported10 
in the study of the HBr-KBr and the HCl-LaCl36 mix
tures.
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(10) M. H. Lietzke and R. W. Stoughton, J. Phys. Chern., 67, 2573 
(1963).
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Phase Transformations in the Praseodymium Oxide-Oxygen Systems 
High-Temperature X-Ray Diffraction Studies

by D. Arthur Burnham and LeRoy Eyring
Department o f Chemistry, Arizona State University, Tempe, Arizona 85281 (Received March 19, 1988)

High-temperature X-ray diffraction was used to study the stability regions of the intermediate phases in the 
praseodymium-oxygen system. The isobaric studies of the PrO -̂Ch system, in which the reaction path was 
traced in reduction on heating and then in oxidation on cooling, confirmed that single phases existed in regions 
indicated by previous tensimetric studies and that two phases existed in regions showing hysteresis in the iso
baric studies. X-Ray isothermal studies, made to examine hysteresis effects, indicated that hysteresis loops 
encompassed diphasic regions and that the composition of the end members of the diphasic gap was virtually 
constant. An attempt to interpret and rationalize these results in terms of coherent intergrowth is made 
with examples of somewhat similar behavior in other systems.

Introduction
Recently, phase-analysis data from many sources 

on the praseodymium oxide-oxygen system have been 
reviewed and combined with extensive isobaric studies 
to yield a plausible phase diagram and a reasonable in
terpretation of phase transformations in this elaborate 
oxide system.1 Figure 1 is a temperature-composition 
projection of the PrCh-Cb phase diagram thus derived 
showing the existence of several ordered intermediate 
phases of narrow composition range belonging to a 
homologous series, Pr„0 2K- 2, and at higher temperar 
tures two immiscible phases covering nearly the entire 
composition range of Pr()z, 1.5 <  x <  2.0.

In addition to providing information establishing 
the phase relationships shown in Figure 1, the isobaric 
studies of Hyde, et al.,1 proved to be a rich source of 
detailed information concerning the route of transforma
tion between the phases including hysteresis behavior. 
The latter had been revealed earlier in the isothermal 
investigations of Ferguson, et al.,2 and especially Faeth 
and Clifford.3

The present investigations continue an effort to 
understand the relationship between nonstoichiometry 
and ordered intermediate phases in oxides and the 
nature of hysteresis in chemical systems.

The high-temperature X-ray diffraction studies re
ported here were undertaken to compare phase rela
tionships observed by this technique with those ob
tained principally by tensimetric measurements and 
with X-ray results from quenched samples and also 
to procure an X-ray diffraction history of events during 
excursion of a hysteresis loop. Such studies should pro
vide valuable additional information concerning the 
nature of hysteresis for which the ideas of a domain struc
ture have been convincingly advanced.1

Experimental Part
Diffractometer traces were produced using a Norelco

diffractometer. Copper radiation (Xm =  1.54051, X«2 =  
1.54433, and =  1.3921) was produced by a Philips 
X-ray diffraction unit. A scan rate of 0.5° (20)/min 
was used. The Bragg reflection angles were read 
directly as 26 values at the center of the diffraction 
peaks which were determined in the following manner. 
Horizontal chords were drawn at regular intervals across 
the upper two-thirds of the peak profile. A line was 
drawn through the midpoints of each of the chords. 
The angle where this line intersected the peak envelope 
was recorded as the peak center. The diffraction angles 
and assigned Miller indices for a given phase were then 
punched on IBM computer cards.

The lattice parametèrs were determined by a least- 
squares analytical treatment with the aid of a CDC 
3400 computer. The program, which allowed cell- 
constant computation for any crystal system and pro
vided a convenient method of incorporating correction 
terms for various experimental errors, was kindly 
provided by Mueller, Heaton, and Miller, Argonne 
National Laboratory.4

The High-Temperature X-Ray Furnace. A high- 
temperature furnace and sample holder were constructed 
using the basic design of Mauer and Bolz.6 The design 
was modified as required to solve the specific problems of 
this research as described below.

The collimated X-ray beam entered the furnace

(1) B. G. Hyde, D. J. M. Bevan, and L. Eyring, Phil. Trans. Roy. 
Soc. London, Ser. A , 259, 583 (1966).
(2) R. E. Ferguson, E. D. Guth, and L. Eyring, J. Amer. Chem. Soc., 
76, 3890 (1954).
(3) P. A. Faeth and A. F. Clifford, J. Phys. Chem., 67, 1453 (1963).
(4) M. H. Mueller, L. Heaton, and K. T. Miller, Acta Crystallogr., 
13, 828 (1965).
(5) F. A. Mauer and L. H. Bolz, National Bureau of Standards 
Report 3148, U. S. Government Printing Office, Washington, D. C., 
1953; F. A. Mauer and L. H. Bolz, National Bureau of Standards 
Report 4685, TJ. S. Government Printing Office, Washington, D. C., 
1956.
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weight change (mg)

Figure 1. Projection of the praseodymium oxide phase diagram on the temperature-composition plane. Experimental points are 
indicated and dashed lines indicate assumed extensions. (See ref 1, p 589.)

through a beryllium window. The beryllium windows, 
each covering 83° of arc, sealed the furnace chamber, 
permitting X-ray diffraction patterns to be obtained 
while the sample was being heated in a controlled at
mosphere.

A support for the specimen plate, made from recrys
tallized alumina, was mounted in a slot in the furnace 
tube. The portion of the tube above the support was 
cut away to admit and exit the X-ray beam. Closely 
spaced heater wires were wound directly underneath 
the specimen plate. In addition, there was an inner 
alumina core concentrically located in the furnace 
tube and cut so that it fitted around the support. 
Part of the heater wire was closely wound on the inner 
core. This construction was designed to reduce radi
ation loss and minimize temperature gradients.

To reduce temperature gradients further, an aux
iliary shield heater was inserted above the sample. 
Platinum-rhodium heater wire was wound on a cres
cent-shaped alumina core forming a convex arc relative 
to the sample. This geometrical arrangement main
tained a source of heat above the sample and left a 
window for passage of X-rays up to 50° 9.

The sacrifice of the high-angle reflection was justi
fied in this instance, since the composition of the oxide 
under study is so temperature sensitive.

The primary heater element of the diffractometer fur
nace was made from platinum-10%  rhodium wire of 
0.033-in. diameter and was capable of producing 
temperatures of 1400° even in oxidizing atmospheres. 
The shield heater element was a 0.015-in. diameter 
wire of the same alloy. The electrical feedthroughs 
were Kovar glass high-voltage terminals.

Each heating element was controlled by a separate 
variable transformer supplied by a voltage-stabilized 
source. Voltage settings for the main heater and the 
shield heater were adjusted to provide a balance be
tween heat loss from the sample surface and heat gain 
from the shield heater. Proper settings were obtained 
from a series of calibration graphs, plotting the change 
in temperature for a given main power setting against 
increased power settings for the shield heater. The 
temperatures increased sharply when more power than 
necessary for a heat balance was supplied to the shield 
heater. The points where the slope of these plots 
changed was interpreted as the setting where balanced 
heating occurred.

A vacuum system and oxygen source were used to 
adjust the furnace chamber pressure in the interval 
ranging from 1 atm to 10~5 mm. Gas pressures above 
1 mm were measured manometrically; pressures at 
the low end of the range were indicated by an ion gauge.
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An isopropyl alcohol-Dry Ice-cooled trap integrated 
with the system maintained a low vapor pressure of 
water. A 6-1. ballast flask was included in the system 
so that pressures would be virtually independent of the 
furnace temperature.

The temperature of the sample was indicated by a 
platinum—platinum-10% rhodium thermocouple. The 
0.010-in. thermocouple leads entered the furnace cham
ber through a Conax fitting. The thermocouple junc
tion was placed in a groove cut in the alumina support 
plate and was covered with alumina cement. This 
positioned the thermocouple junction immediately be
low and in contact with the specimen plate.

Two features in the design of the diffraction apparatus 
created difficulties in temperature determination: 
the large size of the sample surface exposed (~ 1  cm2) 
and the slot openings for incident and diffracted X-ray 
beams. The thermocouple was calibrated in situ 
using silver powder and the lattice-expansion data of 
Simmons and Balluffi.6 The calibration curve showed a 
maximum low of 2° at 200°, crossed over zero correc
tion at 350°, and was 20° high at 800°. An average 
correction of —3°/100° was used for samples with 
similar thermal conductivity and emissivity.7

Sample Preparation and Procedure. Samples of 
praseodymium oxide (99.999% rare earth purity), 
obtained from American Potash and Chemical Corp., 
Lindsay Division, were heated to 850° for 12 hr in air 
to remove adsorbed water and C 02 and was stored in a 
desiccator over magnesium perchlorate. Portions were 
ground in an agate mortar and were applied in a toluene 
suspension to a specimen plate (1 X 2 cm) cut from 
Alundum reaction boats and ground to a uniform 0.020- 
in. thickness. The toluene quickly evaporated leaving 
a thin but uniform and adherent sample layer. The 
thinness of the sample reduced the temperature dif
ference through the oxide and prevented sample buck
ling.

The sample was observed to warp and buckle at 
higher temperatures when it was supported on plati
num sheet; therefore, although Alundum had thermal 
conductivity properties inferior to platinum, it was 
selected for the experiments. Diffraction patterns of 
rare earth oxide samples on Alundum substrates were 
identical with those on platinum, even at temperatures 
up to 1050°.

After preparation, the specimen plate was placed on 
the center of the alumina support in the diffractometer 
furnace. It was customary to record a diffraction pat
tern of the sample before any adjustment of pressure or 
temperature was made.

Isobaric studies were made on oxide samples by tak
ing diffractometer traces of the specimen at various 
temperature settings, first in reduction on the heating 
cycle and then in oxidation on cooling. Traces were 
made when thermal equilibrium was achieved following 
each new temperature setting. In order to study the

Phase Transformations in the PrOjf-C  ̂System 4417

P rO ,

Figure 2. Selected isobaric runs in the praseodymium oxide- 
oxygen system at normal pressures of 700, 320, 106, 57, 12 
and 5 torr. (See ref 8, p 2049.)

stability regions of the intermediate phases, a series of 
runs in the pressure range from 1 atm down to 3 mm 
of oxygen pressure were made. The isobaric data were 
supplemented with one isothermal run. The isobars 
and isotherms obtained from thermogravimetric analy
ses1'8 served as guides for establishing appropriate en
vironmental conditions of temperature and oxygen 
pressure. Figures 2 and 3 show the isobaric and iso
thermal data of Kordis and Eyring on very pure ma
terial.8

Experimental Results
Isobaric Studies in the Praseodymium Oxide-Oxygen 

System. Reduction-Oxidation Cycle at an Oxygen 
Pressure of 3~4 mm. A preliminary run at 3-4 mm

(6) R. O. Simmons and R. W. Balluffi, Phys. Rev., 119, 600 (1960).
(7) F. A. Mauer and L. H. Bolz, “ Advances in X -Ray Analysis,” 
W. M . Mueller, Ed., Plenum Press, New York, N. Y ., 1961, p 229.
(8) J. Kordis and L. Eyring, J. Phys. Chem., 72, 2044 (1968).
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1.50 1-60 1.70 1.80

Prc*
Figure 3. Isothermal runs of the praseodymium oxide-oxygen system at 1000, 900, 700 and 500°. (See ref 8, p 2050.)

Figure 4. Lattice parameters of praseodymium oxide crystals as a function of temperature. An isobaric reduction (O)~oxidation 
(□) cycle at oxygen pressures of 3-4 torr. The dashed curve is a quadratic least-squares fit of the data.

of pressure showed the feasibility of observing phase 
transformations by following the changes in cell sym
metry and lattice parameter during an oxidation-re
duction cycle. Most of the measurements were of the 
i phase (PrOi.714) and the bcc <r phase (PrOi.6+j) at

elevated temperatures (see Table I and Figure 1 for 
phase designation). The lattice parameter vs. tem
perature plot for this run is shown in Figure 4.

The sample of praseodymium oxide at the initiation 
of the heating cycle was composed entirely of the /3
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Table I: Lattice Parameters of the Ordered Phases at 25°

Phase
Obsd lattice 

parameters, A Lit. value, Aa

ß a = 5.468 ±  0.002 
(fee)

a = b =  5.466 
c = 5.461
a = 0 =  y  ~  00.08°
(triclinic)

e a =  5.481 ±  0.002
(fee)

a = 6 = c = 5.4820 
±  0.0005 

ct — f$ — 90.28° 
y  = 90.09°
(triclinic)

r a = 5.487 ±  0.004 
(fee)

a = 5.478 ±  0.001 
6 = 5.482 ±  0.001 
c = 5.496 ±  0.001 
a =  90.15°
0 =  90.50° 
y  =  90.91° 
(triclinic)

a = 5.510 ±  0.002 
«  = 89.68° ±  0.02 

(rhombic)

a = 5.5096 ±  0.0005 
a = 89.63°
(rhombic)

“ J. O. Sawyer, B. G. Hyde, and L. Eyring, Bull. Soc. Chirn. 
Fr. 1190 (1965).

phase (PrOi.833). Guinier powder diagrams of the 
3 phase which show splitting of the strong lines and 
many weaker superstructure lines were tentatively 
indexed as a trielinic pseudocell based on a fluorite cell 
of Pr02.9 The relatively strong superstructure lines 
and splitting of the fluorite-type reflections which char
acterizes the Guinier powder patterns of the /3 phase are 
not seen in the diffractometer trace. This is not sur
prising, since annealing periods of ~100 days were 
required to resolve the broad fluorite-type reflections 
in the Guinier patterns.9 Diffractometer traces did 
show definite peak broadening but lacked the resolu
tion required to index the patterns except on the basis 
of fee symmetry.

The first diffraction pattern taken during the heating 
cycle (521°) was apparently that of the f  phase (PrOi .773). 
The presence of the f  phase at 521° is in agreement 
with the 5-mm isobar shown in Figure 2 (path b-c). 
Guinier diagrams of the f  phase at room temperature 
show the cell symmetry to be triclinic:9 the (111) re
flection is split into four lines of equal intensity, while 
the (200) reflection is split into three lines of equal 
intensity. The diffractometer does not resolve these 
reflections into components which would indicate sym
metry lower than fee. Broadened peaks and an abrupt 
change in cell edge dimension distinguishes the f  phase 
trace from the /3-phase pattern.

By the time a temperature of 614° was reached, the 
cell had changed to the rhombohedral 1 phase and the 
cell edge had increased 0.03 A.

In the diffractometer trace of the 1 phase, the (220)

reflection of the fluorite-type cell is split into two com
ponents of equal intensity, while the (200) reflection 
remains singularly sharp. The observed peak splitting 
and peak width, both for these reflections and in the 
high-angle region, are in accord with those expected 
from a rhombohedral distortion of a fluorite cubic cell.9 
Ten lattice parameters were computed from the dif
fractometer data in the temperature interval 614- 
880°. Referring to Figure 2, it is seen that the pres
ence of the 1 phase in this temperature interval is in 
accord with the stability range indicated by path 
d-e  of the 5-mm isobar.

In Figure 4, a line drawn to represent a least-squares 
fit of the i-phase lattice parameters to a quadratic equa
tion (temperature is the independent variable) and ex
trapolated to 25° gives a parameter that agrees with 
literature values (see Table I).

Perhaps it should be noted that in isobaric runs the 
lattice parameter responds to changes both in tempera
ture and composition increasing with the former and 
decreasing with increase of the latter. Since reduction 
occurs on heating, the effects are additive in both direc
tions. This gives rise to moderate slopes for single 
phases of narrow composition range as seen for the 
1 phase in Figure 4 and steeper slopes for the a or a 
phases of variable composition as seen in later isobars.

The diffraction pattern taken after a temperature 
jump to 909° showed a further increase in lattice parame
ter of 0.03 A and a cell symmetry characteristic of the 
bcc C-type sesquioxide which has been designated as 
the a phase. The heating cycle was stopped at this 
temperature.

At 831° on the cooling cycle, the rhombohedral re
flections dominated the diffraction trace. The a phase 
present distorted the rhombohedral pattern because of 
superimposition of the mainline reflections of two 
phases. The i-phase reflections were clearly distin
guishable, but there were insufficient numbers of bcc 
reflections resolved for lattice-parameter computation. 
Six more points between 803 and 678° were observed 
during the oxidation cycle. The temperature at which 
a reflections disappeared could not be ascertained be
cause of the presence of the strong rhombohedral re
flections. The i-phase lattice parameters from the 
reduction and oxidation cycles were compared, and 
no significant differences were observed.10

Reduction-Oxidation Cycle at an Oxygen Pressure of
4-5-50 mm. The sample for this run was probably 
exposed to moist air during preparation, as evidenced 
by the presence of fluorite-type Pr02 in what was 
thought to be pure 3 phase. After heating the sample 
under vacuum to 270°, all Pr02 was reduced to 3 
(see Figure 5). The oxygen pressure over the sample

(9) J. O. Sawyer, E. G. Hyde, and L. Eyring, Bull. Soc. Chim. Fr., 
1190 (1965).
(10) X-Ray data are available (D. A. Burnham, Dissertation Abstr., 
27B, 3058 (1967)).
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Figure 5. Lattice parameters of praseodymium oxide crystals as a function of temperature. Two isobaric reduction runs (O, 0 )  at 
oxygen pressures of 45-50 torr. The dashed curves are quadratic least-squares fits to the parameters.

was then adjusted to 45 mm and the heating cycle was 
resumed.

Between 270 and 450°, the /3 phase existed as a single 
phase. The e phase (PrOi.so) was found at 462°— 
its presence shown only by the abrupt change in lat
tice parameter (0.01 A). Between 518 and 536°, 
another lattice-parameter change occurred. The small 
increase (0.005 A) made phase identification difficult, 
but it did correspond to the expected transition e -*■ 
f  (PrOi.778). Between 594 and 616°, a third lattice- 
parameter jump occurred (0.02 A), accompanied by 
a symmetry change from face-centered cubic (fee) 
to a rhombohedral cell, indicating the phase transition 
f  i (PrOi.714). Additional data up to 918° indicated 
only thermal expansion of the 1 single phase.

The diffraction patterns of the i phase were indexed 
on a hexagonal basis so that the a:c axial ratio could be 
calculated. A plot of the ratio against temperature 
showed that the hexagonal 1 phase had a virtually con
stant ratio of 1.071 over its entire range of existence 
(>300°). A  least-squares fit of the data was made, 
and the standard deviation of the axial ratios was 
found to be 0.002 and the maximum deviation 0.004. 
Since the composition change is small under these 
conditions, it is apparent that thermal expansion is 
essentially isotropic for 1 phase.

Above 918° the rhombohedral phase was reduced to

the bcc a phase. The changes in the diffraction pat
tern observed during the 1 -*■ a transition were the 
same as in the previous isobar: the main reflections 
sharpened considerably and the extra lines of the bcc 
phase appeared and the lattice parameter increased 
0.02 A.

The lines drawn through data points in Figure 5 
represent lattice parameters for each single phase. It 
should be stated that the least-squares fit was preju
diced, since at least one room temperature lattice 
parameter (quenched sample) was used in each calcu
lation.

A Reduction—Oxidation Cycle at an Oxygen Pressure 
of 100 mm. The cell constants from this run are plotted 
in Figure 6. A line representing a least-squares fit 
of thermal expansion data, drawn through all the 
constants from room temperature to 469°, and an 
extrapolated value of 5.486 ±  0.003 A was obtained at 
25°. This compared with the triclinic cell edge re
ported by Sawyer, et al.f for the e phase, a =  5.482 
±  0.001 A. Apparently the e phase was obtained in 
the low-temperature vacuum treatment and remained 
up to above 500°.

Between 502 and 635°, four cell constants were ob
tained with lattice parameters greater than expected 
for thermal expansion of a phase of narrow com
position range. Also, the diffractometer peaks had
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Figure 6. Lattice parameters of praseodymium oxide crystals as a function of temperature. Isobaric reduction at an oxygen 
pressure of 100 torr. The dashed curves are quadratic least-squares fits of the data.

sharpened significantly. The change corresponded 
to the thermogravimetric analysis isobaric data 
where a break from the e phase to the a phase 
(disordered high-temperature phase of variable com
position) occurs. This is represented by the path 
a-b of the 106-mm isobar shown in Figure 2. At 
670°, the cell symmetry had changed to the rhom- 
bohedral i phase and the cell constant suddenly in
creased ~'0.025 A. This temperature corresponded 
to the initiation of the diphasic region a -*■ i represented 
by the path b -c  on the tga isobar. The diphasic 
region, which has a range of existence of only 15° 
according to the tga diagram, was bypassed. From 
670 to 993°, only the i phase was observed. Changes 
in the O/Pr ratio of this phase, even over this extended 
temperature range, are only 0.00S, so that the change 
in the i lattice parameters was due primarily to thermal 
expansion. According to room temperature X-ray 
diagrams, a change of 0.005 in O/Pr corresponds to an 
edge dimension change of '~ 0.002 A.1

At 1025° there was a transition to body-centered 
cubic symmetry and an increase in lattice parameter of 
0.025 A. This phase change corresponded to the 
i —► a transformation represented by the path d-e 
in Figure 2. The remaining points up to 1077° show 
marked compositional changes of the a phase in ad
dition to thermal expansion. This expansion closely 
resembles that of the a phase.

Reduction-Oxidation Cycles at Oxygen Pressures of 
320 and 700 mm. X-Ray isobaric studies at oxygen 
pressures of 320 mm showed essentially the same fea
tures as the 700-mm isobar. The X-ray data are 
plotted in Figure 7. From room temperature to 430°, 
diffraction patterns showed only the 3 phase. Between 
478 and 701°, five diffraction patterns of the fee a 
phase were obtained. These were characterized not 
only by the sharpness of the pattern but also by the 
rapidly increasing lattice parameters, indicative of 
the compositional change expected for this phase.

The lattice parameters of the sample, at 700 mm, 
along the “ a slope”  gave lower values by ~0.008 A 
than the corresponding data in the 320-mm isobar. 
At the same temperature, the a composition differs 
by 0.02 O/Pr between 320 and 700 mm of oxygen pres
sure. According to room temperature X-ray data, 
this composition interval corresponds to a cell dimen
sion change of 0.008 A.

High-temperature diffraction studies were made of 
the a -► i conversion at 700 mm of oxygen pressure. 
At 863° the a phase predominated, but the i phase in
creased as the temperature was raised, as shown by the 
change in intensity of the reflections. The i phase 
present continued to change composition, as indicated 
by the shift in its diffraction pattern. At 992°, the 
highest temperature achieved, the a phase was still 
visible, but at this temperature t phase predominated.
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Figure 7. Lattice parameters of praseodymium oxide crystals as a function of temperature. A reduction path was made at 320 
torr (O) and twice at 700 torr (0  and 0 )  and an oxidation path was made at 320 torr (□). The dashed curves are quadratic 
least-squares fits of the data.

The X-ray results correspond to the reduction curve of 
the tga 700-mm isobar shown in Figure 2 and the in
terpretation given by Hyde, et al.1 The X-ray patterns 
indicated that at 320 mm of pressure the a -*■ i tran
sition was completed at 760°.

The predominance of i phase of the normal lattice 
parameters in the a -*■ a transition at 650 mm sug
gested that whereas the bulk sample did not reduce 
readily and completely to i as seen in the isobars per
haps the thin X-ray sample did. Therefore, an isobaric 
run on the thermal balance at 700 mm was started 
but was stopped at 870° where it was allowed to soak 
for several days. The temperature during this period 
was cycled at ± 5 °  with a period of about 20 min and 
was allowed to make an excursion of — 20 to 30° over 
the period of about 5 days. The sample composition 
under these conditions was observed to cycle in phase 
with the temperature showing reversibility for these 
small variations in stress, but no drift toward i composi
tion was observed during the experiment beyond that 
caused by temperature increase. There is no reason, 
therefore, to believe that the isobars do not reflect the 
composition of the thin X-ray samples.

The tga 320-mm isobar (Figure 2) shows a crossover 
of the vertical part of the reduction curve by the cooling 
curve in oxidation, indicating a composition greater

than experienced in this temperature range in reduc
tion. Lattice parameters measured at various tem
peratures along this oxidation curve showed no abnor
mal behavior in the rhombohedral phase. Evidently, 
the amount of a phase present was too small to be de
tected by the diffractometer.

The sharper order-disorder transition (i a) be
tween 1052 and 1083° was examined carefully and was 
observed to be diphasic all the way as o- grows at the 
total expense of i. A sample left overnight in the 
middle of the range did not change perceptibly in its 
diffraction characteristics.

An Isothermal Reduction-Oxidation Cycle at 699°. 
The isothermal study was conducted to examine 
by high-temperature X-ray diffraction the hysteresis 
loops manifest in isothermal tensimetric studies.2'3 
For purposes of comparison, the temperature-compo
sition isotherms of praseodymia reported by Kordis 
and Eyring8 are shown in Figure 3.

The /3 phase reduced to the t phase under vacuum 
conditions at 700°. Diffraction traces were made at 
each pressure setting, first in oxidation and then in 
reduction. X-Ray patterns at 10 and 90 mm showed 
only the i phase. At 130 mm of pressure, the first 
signs of distortion of the rhombohedral pattern were ob
served, indicating the presence of the a phase. Traces
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at 140, 160, and 200 mm showed increased distortion 
as the amount of a increased, but i remained the major 
phase. At 300 mm, the rhombohedral reflections were 
no longer detectable; the fee symmetry of the a phase 
remained.

The pressure was lowered to 147 mm for the first 
setting in reduction. Both the rhombohedral and fee 
phases were seen; the fee reflections distorted the i 
pattern. The two phases were also found at 125 
and 95 mm of pressure. The diphasic region existed 
at lower pressures in reduction than observed in oxida
tion. In addition there was a shift in the hysteresis 
loop upward in pressure. If the temperature were 
higher than thought by 10° this difference could be ex
plained.

The cell dimensions of the i phase remained constant, 
regardless of the pressure setting. It was difficult to 
judge how the composition of the a phase varied over 
the 300 mm of pressure range, since complete patterns 
were not obtained for this phase in diphasic regions. 
However, large composition changes would have caused 
perceptible movement of the fee reflections in the 
X-ray diagrams. It appears that the compositional 
changes observed in the tensimetric studies2'3 are 
changes in the relative amounts of the constituent 
phases in which each phase maintains virtually constant 
composition.

Thermal Expansion. The determination of the 
coefficient of thermal expansion is easily made once 
the lattice parameters for a given phase have been de
termined as a function of temperature. The thermal 
expansion data are reported in Table II as linear ex
pansion coefficients. The lattice parameters used in 
the calculations were taken from curves representing 
a least-squares fit of the data. Thermal expansion data 
were not calculated for phases with extended variable 
composition.

Table II : Thermal Expansion Data

L in e a r  c o e ff
o f  e x p a n s io n T e m p ,

O x id e P h a se (X 1 0 « ) ° C

PrOl .833 ß 9.9 400
PrOi.80 e 9.5 500
PrOl.778 i 9.7 580
PrOi.7i4 L 9.6 900
PrOi.6 4> (C  type) 8.7 900
PrOi.5 6 (A type) 9.9 (o axis) 

20.7 (c axis)
900

Discussion
The X-ray diffraction studies at high temperatures 

are consistent with the phase diagram shown in Figure
1 which was largely deduced from isobaric tensimetric 
curves such as those shown in Figure 2. In all in
stances where single phases were expected from the

previous work, single phases were observed in these 
X-ray studies.

In the interpretation of the tensimetric curves, 
nearly horizontal lines were viewed as two-phase 
regions in spite of their small slope. These regions 
were seen to be diphasic by high-temperature X-ray 
diffraction. For example, in the i -*■ <r transition which 
occurred over a 50° interval from 1052° at 320 mm 
of pressure, the cr phase grew at the expense of t as 
the temperature increased. Long waiting periods did 
not change the diffraction patterns.

All regions which exhibited hysteresis in the tensi
metric work had been interpreted as two-phase regions, 
even though they showed bivariant behavior of ap
preciable magnitude in one of their branches (called 
pseudophases* 1). This dissymmetry was evident in 
the X-ray results for both isobaric and isothermal 
studies. It was of interest to examine these regions 
in particular by X-ray diffraction.

The a -*■ i transition at 700-1000° is of special con
cern. Because of the shape of the curve (b-d Figure 
2), the compositions involved, and the occurrence of 
hysteresis, it had been concluded that in reduction a 
converts rapidly but incompletely to i at about 850° 
and that some a persists even at 1000°. This was con
firmed by X-ray diffraction.

The a — 1 pseudophase has some special kind of sta
bility toward small temperature fluctuations, as indi
cated in the Experimental Results described above. 
Such “ phases”  are observed when closely related 
structures transform with a loss of symmetry, especially 
when a disorder-order transformation occurs (i.e., 
a 1 or a i).

This behavior is explicable in terms of coherent in
tergrowth of domains of related phases.1 The domains 
are perhaps of the order of 5-20 unit cells Jn extent, 
which would make them at most about 100 A in linear 
dimension. If such domains were oriented at random 
or under severe strain, they should be amorphous or 
at least have very broad lines with poor resolution. 
Actually, two phases are observed in region c-d, Figure 
2, in reduction at 700 mm, and each phase gives quite 
sharp reflections. The t phase has a lattice parameter 
which shows only the normal expansion with tempera
ture, while the a phase observed is seen to reduce its 
composition but still persists at 992°. The X-ray re
sults would be consistent with the domain ideas only 
if the small domains are arranged in phase on the grid 
of the coherent heterogeneous matrix of the crystal 
in such a way that the diffracted beam is reinforced as 
though they were actually contiguous in crystallites of 
at least 500 A in linear dimension.

Crystallites larger than 500 A in linear dimension 
would not be expected to have the anomalous stability 
or to exhibit the hysteresis phenomena observed.

Recently, Andersson, et al.,u observed that the mixed 
oxide W4Nb26077 reported by others is an ordered
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intergrowth of the adjoining compounds WNbi20 33 
and W3Nbi4044. They reported that its structure 
contains two distinct structural elements, one charac
teristic of each of the adjoining compounds each finite in 
two dimensions but infinite in the other. They further 
suggested that ranges of homogeneity in such systems 
may be due to disordered intergrowth allowing the varia
tion in composition. Wadsley12 had earlier described 
naturally occurring nonstoichiometric hydrated va
nadium oxide minerals as intergrowths of two distinct 
structures.

4424

It is suggested that coherent intergrowth is re
sponsible for the behavior of these oxide materials, and 
studies of these regions are being continued both by 
tensimetric and X-ray methods.
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High-Temperature X-Ray Diffraction Studies of the Terbium Oxide-Oxygen 

and Mixed Cerium Terbium Oxide-Oxygen Systems

by D. Arthur Burnham, LeRoy Eyring, and J. Kordis
Department of Chemistry, Arizona State University, Tempe, Arizona 85281 (Received March 19, 1968)

High-temperature X-ray diffraction was used to study the stability regions of the intermediate phases in the 
terbium oxide-oxygen and the mixed cerium terbium oxide-oxygen systems and to clarify the nature of chemical 
hysteresis and “pseudophase” phenomena in such systems. These isobaric X-ray diffraction studies of the 
terbia system confirmed the major features of the phase diagram gained from previous tensimetric work. 
Also, in both isothermal and isobaric studies the presence of hysteresis was confirmed. It was shown that 
hysteresis loops encompassed diphasic regions and that the composition of the ordered phases of narrow homo
geneity range in diphasic regions remained virtually constant with temperature. X-Ray diffraction traces 
also showed that the pseudophases seen in oxidation were diphasic mixtures of the same two phases seen in 
reduction. In the ternary system (Ceo.2Tbo.8O J studied, no diphasic regions were observed. The resolution 
found in X-ray patterns of terbia, which distinguished the different phases, was lost when ceria was admixed. 
Line broadening in the X-ray diffraction patterns was thought to be a combination of incipient phase transi
tion of the terbia in the mixed oxide and variations in homogeneities of the crystallites because of the presence 
of cerium.

Introduction
The terbium oxide-oxygen system has recently been 

studied by Hyde and Eyring1 using an isobaric tech
nique which proved to be powerful in the clarification 
of phase relationships in the PrO* system.2 The isobaric 
runs together with other results on the TbO^-Cb and 
related systems were considered in detail. Figure 1 
shows a partial phase diagram of the system as derived 
from the isobars.

Kordis and Eyring have repeated some of the iso
baric and isothermal tensimetric studies on the TbCL-Ch 
system with a sample of greater purity (99.999%) 
than had previously been available.3 Some results of 
these experiments are shown in Figures 2 and 3. In 
addition, they made extensive tensimetric studies of the

CeÿTbi_ÿ0 ï -0 2 system.4 Some of the isobaric results 
of the Ceo^Tbo.sCh-Ch are shown in Figure 4.

Both the Tb0^-02 and Ce„Tbi_ÿ0 I- 0 2 systems 
show complex tensimetric behavior. The former af
fords an additional example (to that of the Pr()x- 0 2 
system2) of intermediate phases of narrow composition 
range (Tbra0 2M_2) separated by two phase regions and 
undergoing hysteresis and “ pseudophase”  formation. 
The mixed-oxide system exhibits incipient behavior 
in an analogous way ; however, in addition, there appears
(1) B. G. Hyde and L. Eyring, in “ Rare Earth Research. I l l , ”  L. 
Eyring, Ed., Gordon and Breach, New York, N. Y., 1966, p 623.
(2) B. G. Hyde, D. J. M. Bevan, and L. Eyring, Phil. Trans. Roy. 
Soc. London, A2S9, 583 (1966).
(3) J. Kordis and L. Eyring, J. Phys. Chem., 72, 2030 (1968).
(4) J. Kordis and L. Eyring, ibid., 72, 2044 (1968).
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Figure 1. Projection of the terbium oxide phase diagram on the temperature-composition plane. The experimental points are 
shown. (See ref 1, p 634.)

a nonstoichiometric phase analogous to the a phase 
of the PrOx- 0 2 system.

High-temperature X-ray diffraction studies of the 
PrOx- 0 2 system have been carried out5 to provide 
yet another window through which to view the com
plicated behavior of that system. Similarly, high- 
temperature X-ray measurements were undertaken in 
the TbOx and C e/T bi-/)*  systems to elaborate on the 
tensimetric studies.

Experimental Procedures
The high-temperature furnace, sample holder, and 

techniques used in the X-ray diffraction studies have 
already been described.6 The lattice parameters were 
determined by a least-squares analytical treatment with 
the aid of a Control Data Corporation 3400 computer.6 
The same sample of Ce0.2Tbo.8Ox was employed as by 
Kordis and Eyring4 in their tensimetric studies.

An Isobaric Study in the Terbium 
Oxide-Oxygen System

Reduction-Oxidation Cycle at an Oxygen Pressure of 
10 mm. Figure 2 indicates the tensimetric behavior 
to be expected of a cyclic run in the approximate vi
cinity of the 10 mm of oxygen isobar selected for X-ray 
study. The three phases observed in this investigation

had different cell symmetries and lattice spacing dif
ferences greater than 0.03 A. The lattice parameters 
are plotted in Figure 5. A tabulation of the known 
TbOx phases is given in Table I.

The triclinic 5 phase (TbOi.gis) is found to be the 
stable form at lower temperatures. The 5-phase X-ray 
patterns were indexed on the basis of the triclinic cell 
suggested by Baenziger, et aV The cell parameters 
calculated for this cell at 25°, based on a least-squares 
fit of 5-phase lattice parameters to a quadratic equation 
(temperature is the independent variable), are a — 
b =  c =  5.287 ±  0.005 A, a =  /? =  90.58°, and y  =  
90.00°.

The 5 phase was stable up to 469°. Between 469° 
and 490°, a transition to the t phase (TbCh.714) occurred. 
The relative amounts of two phases over this extended 
temperature range were constant for any given tem
perature—the peak profile did not change after 2-4 
hr (no further change was observed after 48 hr of 
standing). The transition to the 1 phase was complete

(5) D. A. Burnham and L. Eyring, J . Phys. Chem., 72, 4415 (1968).
(6) M. H. Mueller, L. Heaton, and K. T. Miller, Acta Cryetallogr., 
13, 828 (1965).
(7) N. C. Baenziger, H. A. Eick, H. S. Schuldt, and L. Eyring, J. 
Amer. Chem. Soc., 83, 2219 (1961).

Volume 72, Number IS December 1968



D. Arthur Burnham, LeRoy Eyring, and J. K ordis4426

Figure 2. Selected isobaric runs in the terbium oxide-oxygen 
system at normal pressures of 478, 201, 130, 53, 18, 
and 3 torr. (See ref 3, p 2034.)

at 505°. Between 505 and 753°, 13 lattice parameters 
were indexed on the basis of a rhombohedral pseudocell 
described by Baenziger, et al.,7 and were consistent 
with the change expected for thermal expansion of a 
single phase of narrow composition range. The cell 
parameters at 25°, based on an extrapolated value from 
a least-squares fit of the i-phase lattice parameters, are: 
a =  5.319 ±  0.004 A and a = 89.71°. This compares 
with the cell constants a =  5.319 ±  0.001 A and a = 
89.41° reported by Baenziger, et al.7

The diffraction patterns of the i phase indexed on 
a hexagonal basis gave an a : c ratio by a least-squares 
fit of 1.072, which was virtually constant over the en
tire temperature range.

Between 787 and 833°, the i —*■ a phase transition 
occurred. Reduction of the a phase was followed by 
X-ray diffraction to 940° before the oxidation cycle was 
begun.

Hysteresis loops in the terbium oxide-oxygen system 
are larger than the corresponding ones of the praseo
dymium oxide-oxygen system. The a phase exists 
at a lower temperature in oxidation than is the case in 
reduction. Samples were equilibrated until there was 
no further change in the X-ray patterns. X-Ray 
diffraction indicated a single phase pattern of a at 
810°, but at 743° the i phase appeared. At 702°, a 
complete diffraction trace showed the principal phase 
to be i, but a was still evident. Further cooling elimi
nated any trace of the a phase. The diphasic region 
existed over a 100-150° range in oxidation and only 
over a 60-70° range in reduction. At any point in 
the temperature range, the relative proportion of the 
two phases remained constant both times. Diffraction 
patterns taken after 24 hr of standing at temperature 
and compared with the initial traces showed no further 
change.

The i phase was observed down to 448° as a single 
phase. The thermal expansion curve of the i phase 
in oxidation is identical with that of the reduction 
curve. By 390° the i -*■ 8 phase transition had not 
occurred. The temperature was well below that 
seen for the diphasic region in reduction. The sample 
was then cooled rapidly to room temperature, and the 
diphasic region was bypassed. At room temperature, 
the pattern was that of the triclinic 8 phase.

An Isobaric Study of the Mixed Cerium 
Terbium Oxide-Oxygen System

Reduction-Oxidation Cycle at an Oxygen Pressure of 
10 mm. For purposes of comparison, the temperature- 
composition isobars of the Ceo^Tbo.sCL-Ch system ob
tained from tga studies reported by Kordis and Eyring4 
are included (see Figure 4). The resolution of the 
strong peaks that distinguished the different phases 
in the terbium oxide system was lost when cerium was 
admixed. In general, the quality of the diffractometer 
traces was poor. The low-angle peaks were reasonably 
sharp, but the Ka doublets of the high-angle peaks were 
unresolved. Long annealing times caused no per
ceptible improvement in the quality of the diffraction 
patterns. It was not possible to detect any phase trans
formations by change in cell symmetry. The lattice 
parameters calculated were all expressed in terms of 
the face-centered cubic lattice dimensions. The prob
able errors for the cell dimensions were high and the 
random scattering of data points rather large.

The high-temperature X-ray studies reveal an ir
regular lattice parameter expansion curve, as shown 
in Figure 6. Up to 406°, C eo /rbo /U  followed an 
expansion curve expected for a single phase of narrow 
composition. From 406 to 550°, the lattice parameters 
increased rapidly. A portion of an isobar at an oxygen 
pressure of 215 mm was studied by X-ray diffraction 
methods to see if the temperature range for which this 
rapid cell expansion occurred could be extended. The
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Table I : Some Properties of Phases in the Terbium-Oxygen System

O x id e C o lo r L a t t i c e  t y p e

TbOi.soo W h i t e b c c  ( C )

TbOi.eoo W h i t e M o n o c l i n i c  ( B )

TbOi.soo H e x a g o n a l  ( A )

TbOi.7is B r o w n R h o m b o h e d r a l

P s e u d o c e l l

T b O l .8 0 9 D a r k  b r o w n T r i c l i n i o

T b O l.8 2 3 D a r k  b r o w n R h o m b o h e d r a l

T b O i .9 5 D a r k  b r o w n f c c  ( F )

T b 0 2 D a r k  r e d f c c  ( F )

L a t t ic e  p a ra m e te rs , T e m p ,
Â  ° C

a =  10.729 750
a = 10.7281 ±  0.0005 
a = 10.752 ±  0.006

a =  13.92 I960
6 = 3.536 
c = 8.646 
ß = 100.2°

a =  3.84 2200
c = 6.13

a =  6.509 ±  0.002 813
a = 99° 21' ±  0 .5 ' 
a =  5.319 ±  0.001 
a =  89.41°

a — b =  e =  5.286 ±  0.001 790
a  =  b =  89.35° 
y  =  90°

a =  5.283 ±  0.001 332
a = 89.68°

a =  5.220 ±  0.001 350
a =  5.213 ±  0.002

a = 5.220 ±  0.003 200

a =  5.220 162

-E q u il  e o n d it io n s -

A t m P re ssu re R e f

h 2 1 atm a, b
c
d

n 2 1 atm a, c

h 2 1 atm e

Air 1 atm a. c

0 2 300 atm a, c

o2 1970 atm a, c

[O] Discharge tube a, c
[O] <3 mm of 0 2 f

h 2o 9
HC1 Air h
CH3COOH
HCIO4 306 atm a
H20

° J. B. MacChesney, H. J. Williams, R. C. Sherwood, and J. F. Potter, J. Chem. Phys., 44, 596 (1966). 6 S. J. Schneider andR. S. 
Roth, J. Res. Nat. Bur. Std., A64, 309 (1960). e N. C. Baenziger, H. A. Eick, H. S. Schuldt, and L. Eyring, J. Amer. Chem. Soc., 83, 
2219 (1961). * Y. B. Glushkova and A. G. Boganov, Izv. Ahad. Nauk SSSR, Ser. Khim., 1131 (1965). e M. Foëx, J. P. Traverse, 
and J. P. Contures, Compt. Rend., 260, 3670 (1965). 1 D. M. Gruen, W. C. Koehler, and J. J. Katz, J. Amer. Chem. Soc., 73,1475 
(1951). ° G. Brauer and B. Pfeiffer, J. Less-Common Metals, 5 ,171 (1963). h A. F. Clifford, “ Rare Earth Research, II,”  R. S. Vorres, 
Ed., Gordon and Breach, New York, N. Y., 1964, p 35.

lattice parameters in the 215-mm isobar were all smal
ler (greater oxygen content) than the corresponding 
data in the 10-mm isobar. In the isobaric curves it 
was also observed that at a given temperature the 
mixed oxide composition (oxygen content) increases 
with the oxygen pressure as indeed would be expected.

Returning to a consideration of the 10-mm isobar, 
the X-ray data for temperatures between 550 and 900° 
showed a smooth expansion curve, but with a greater 
lattice-parameter change than observed for the i phase 
of pure terbia. This was interpreted as indicative of 
a continual compositional change in this temperature 
zone. There was definite peak broadening as this 
temperature range was traversed. However, the 
peaks did not have the resolution of components or 
splitting necessary for identification of a crystal sym
metry lower than face-centered cubic. At tempera
tures above 900°, the diffraction peaks narrowed, but 
no extra lines indicating the presence of a body-centered 
phase were observed.

It can be seen in Figure 6 that the X-ray data for 
the oxidation cycle were similar to those in reduction. 
It is clear from the 392 isobar (Figure 4) that the sys
tem is reversible through the 5, a , and a t  regions 
(at signifies the pseudophase between the a  and i 
phases). This would suggest that there is in fact 
only a single phase in the whole of this composition in
terval and that a a -a i two-phase region seen in the 
PrOI- 0 2 is nonexistent. The X-ray results seem to 
confirm this difference also.

Isothermal Studies in the Terbium 
Oxide-Oxygen System

Reduction-Oxidation Cycle at 497°. At 1 atm of 
oxygen pressure only the triclinic 5 phase was observed. 
The first pressure adjustment from 1 atm to 70 mm 
had reduced the oxide sample to the rhombohedral i 
phase. Further reduction of pressure in five intervals 
of 10 mm down to pump vacuum each produced nearly 
identical diffraction patterns, in every case the i
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Figure 3. Isothermal runs of the terbium oxide-oxygen system at 1000, 900, 750, 600, and 500°. (See ref 4, p 2046.)

phase. From pump-vacuum conditions the oxygen 
pressure was increased in intervals of 25 mm. At 300 
mm the triclinic S phase appeared but i was still the 
predominant phase. These observations agree none 
too well with the 500° isotherm in Figure 3; hence a 
further X-ray isotherm was run at the nominally lower 
temperature below.

Reduction-Oxidation Cycle at 473°. When the pres
sure was adjusted to 1 atm of oxygen and the sample 
brought to thermal equilibrium for the run, only the 
5 phase was present. A series of pressure reductions 
was made to 100 mm and only the triclinic cell was 
seen. The rhombohedral i phase first appeared at 
90 mm of oxygen pressure, and the amount of this 
phase increased as further reductions in pressure were 
made. At pump vacuum, complete reduction to i 
had occurred.

In the oxidation cycle, the triclinic system did not 
show on the X-ray patterns until adjustment was 
made to an oxygen pressure of 120 mm. At 150 mm 
only the triclinic cell was observed.

The results of this isothermal run more nearly cor
respond to the tga diagram for the 500° cycle (see Figure
3). Hence the importance of fine temperature control 
and its precise measurement in the traversal of diphasic 
regions is emphasized.

Reduction-Oxidation Cycle at 902°. The start of the

reduction cycle in the high-temperature diffractometer 
furnace was made at an oxygen pressure of 150 mm 
where the X-ray pattern showed that there was a 
mixture of the t and cr phases. At 100 and 30 mm 
of pressure the rhombohedral phase was still detected 
in the presence of the a phase, but only the a phase re
mained when the reduction process was continued to 
vacuum conditions.

On the oxidation path, the first observation was made 
at 100 mm where only the a phase was seen. The 
reaction a —► i was still in progress at a pressure of 
200 mm, but at 300 mm if a was present the amount 
was too small to be seen. If these results are compared 
with the tga 900° isotherm shown in Figure 3, it is 
apparent that the i phase is more dominant than would 
be expected. This seems to be characteristic of dia
grams of the <u pseudophase as also observed in the 
isobars.

Thermal Expansion. A least-squares fit of the lat
tice-parameter data on the several oxide phases yields 
the coefficients of expansion listed in Table II. No 
composition change is assumed to occur over the tem
perature range in which measurements were made.

Discussion

It is possible to generalize to some extent from the 
experience gained in these experiments and those dis-
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C e 02T b 08O x

Figure 4. Selected isobaric runs in the nixed Ceo.iTbo.sOi-Ch 
system at nominal oxygen pressures of 392, 215, 107, 42, 10, 
and 4 torr. (See ref 3, p 2035.)

Table II

Linear coeff
of expansion Temp,

Phase present (X10«) °c

TbOi.812 (5) 9.0 400
TbOi.7H (0 8.5 793
Ceo.2Tbo. 8 0 i . 812+5 8.9 400

cussed earlier.6 High-temperature X-ray diffraction 
mirrors the tensimetric behavior of the oxide systems 
studied. Single-phase regions of narrow composition 
range seen in pressure, temperature, composition 
measurements appear as singly diffracting materials 
with almost no shift in lattice parameter except normal 
thermal expansion. In all cases where hysteresis or 
pseudophase behavior had been seen in the tensimetric 
work, two phases were seen in the X-ray diffraction

patterns. Furthermore, the appearance of two phases 
was skewed with regard to reduction or oxidation, a 
pattern consistent with the tensimetric hysteresis loops.

The hysteresis loops were always distorted by a 
relative retardation in the half of the loop traversed 
when the symmetry was reduced in the transition. 
For example, when the cubic (disordered) a phase 
transforms to t, the diphasic temperature range is ex
panded leading to the formation of the pseudophase, 
whereas the reverse part of the cycle is relatively crisp. 
The X-ray diffraction shows this very well. When 
i transforms to 5 phase, the tensimetric work indicates 
pseudophase formation at TbOi.8o which was not seen 
by X-ray diffraction perhaps because of the too small 
composition change between TbOi.so and TbOi.sis.

In the ternary system (Ce0.2Tb0.sOj,) studied, no 
diphasic regions were observed. The resolution found 
in X-ray patterns of terbia, which distinguished the 
different phases, was lost when cerium was admixed. 
The diffraction patterns showed changes in peak width 
that varied with composition. The line broadening in 
the X-ray diffraction patterns was thought to be a 
combination of incipient phase transition of the terbia 
in the mixed oxide and inhomogeneities of the crystal
lites because of the presence of cerium.

Convincing arguments have been used to show an 
agreement between observed isothermal hysteresis 
loops and the properties of a theoretical model of 
hysteresis based on the existence of domains.8 The 
energy that stabilizes the presence of domains of two 
coexisting phases results from surface effects and strain. 
There is coherence between the reactant and product 
since there is a close structural relationship between 
phases. The domain concept expressed in other terms 
becomes the microheterogeneity hypothesis of Ariya, 
et cd.9-10 The pseudophases appear when microdomains 
of two different phases become interlocked. There 
is an epitaxial relationship between microdomains 
which makes destruction of the cooperative arrange
ment difficult.

According to Ariya’s estimate, the microdomains 
range from 5 to 10 unit cells in linear dimensions. The 
X-ray patterns of diphasic regions where hysteresis 
was evident showed sharp diffraction peaks for two 
phases and with no apparent anomalies. Normally, 
X-ray powder methods require larger crystallite ( ~ 0.1 
/j.) for sharp diffraction patterns.

If the microdomains were part of a coherent poly
crystalline mass with random orientation with respect 
to one another, each microdomain would give inde
pendent reflections, and diffraction peak broadenings

(8) P. A. Faeth and A. F. Clifford, J. Phys. Chem., 67, 1453 (1963).
(9) S. M. Ariya and M. P. Morozova, Zh. Obshch. Khim., 28, 2617 
(1958); / .  Gen. Chem. USSR, 28, 2647 (1958).
(10) S. M. Ariya and Yu. G. Popov, Zh. Obshch. Khim., 32, 2077 
(1962); J. Gen. Chem. USSR, 32, 2054 (1962).
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TEMPERATURE °C

Figure 5. Lattice parameters of terbium oxide crystals as a function of temperature. Isobaric reduction (O, 0 ) oxidation 
(□, 0 ,  0 ,)  cycles at an oxygen pressure of 10 torr. The dashed curves are quadratic least-squares fits to the data.

Figure 6. Lattice parameters of Ce0.2Tb0.sOa; crystals as a function of temperature. Isobaric reduction (O, jC)-oxidation (□) 
cycles at 10 torr and a reduction fQ.) run at 215 torr. The dashed curves are quadratic least-squares fits to the data.
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would be characteristic of the shape and size of each 
unit.11

It is possible that microdomains could be so oriented 
with respect to each other that reflections from all 
planes in the “ crystal”  are in phase with each other. 
There are examples of intergrowth of similar substances 
in a single crystal. Evans and Mrose12 showed in their 
work on hydrated vanadium oxide minerals an inter
growth of two phases on a microscopic scale. The two 
phases were members of a homologous series H2n~2- 
YnOzn-t' haggite, n — 4 and “ phase B,”  n = 6 . 
Both have monoclinic symmetry and cell dimensions 
that differ only along the a axis and the angle /?. The 
superimposed X-ray patterns observed were sharp.

Because of the similarity in structure between the 
oxide phases studied in this work, there is coherence 
between microdomains which apparently permits sharp 
X-ray diffraction. The implication is that reflections 
from the coherent microdomains remain in phase, the

diffraction pattern showing all the characteristics of 
larger crystallites.

A recent study of mixed tungsten niobium oxides by 
Andersson, et al.,u suggests that a range of composition 
would result from disordered intergrowth of constituent 
phases in a way analogous to ordered intergrowth be
tween two adjacent homologous phases in the system.

The nature of intergrowth in rare earth oxides will 
be quite different and should be investigated further 
by p, t, x and high-temperature X-ray methods.
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Anomalous Temperature Dependence of Kinetic Carbon 
Isotope Effects and the Phenomenon of Crossover

by Thomas T.-S. Huang, William J. Kass, Warren E. Buddenbaum, and Peter E. Yankwich1
Noyes Laboratory o f Chemistry, University o f Illinois, Urbana, Illinois 61801 {Received March 25, 1968)

The effects of diagonal and off-diagonal stretching force constant variations on the temperature-dependent 
and temperature-independent factors in the intramolecular isotopic rate constant ratio for the decomposition 
of oxalic acid-13C have been explored. Crossover (change in sense with respect to unity) of the temperature- 
dependent factor is not observed when the reaction coordinate consists of a single internal coordinate dis
placement. When a zero frequency is achieved by employing one large off-diagonal force constant (two ele
ments in the reaction coordinate), crossover is observed only if the basic diagonal force field is asymmetric 
at one or more isotopic bonds. If the reaction coordinate contains three or more elements (two or more non
zero off-diagonal force constants are employed), anomalies of temperature dependence can be generated with 
symmetric diagonal force fields. Two new techniques for study of the effects of systematic variation of the 
composition of the reaction coordinate are introduced and/or applied.

Introduction
The early calculations of Urey2 showed that in a 

number of cases equilibrium constants of isotopic ex
change reactions change with temperature from a re
gion in which K  is greater than unity to one in which it 
is less than unity, or the reverse. This phenomenon, 
which has since become known as crossover, has been 
established experimentally for 13C only in the carbon 
dioxide-calcite and carbon dioxide-dolomite gas-solid 
exchange systems.3 Crossover is found rather infre
quently in Urey’s tabulations. However, recently,

Stern, Spindel, and Monse4 have observed frequent 
occurrence of crossover and of more complex anomalies 
of temperature dependence in extensive calculations of 
small-molecule isotope exchange reactions of 180  and 
16N. For comparison with results to be reported here,

(1) Presented in part before the Fifth International Symposium on 
Stable Isotopes, Leipzig, Oct 1967.
(2) H. C. Urey, J. Chem. Soc., 562 (1947).
(3) D. A. Northrup and R. N. Clayton, J. Geol., 74, 174 (1966).
(4) M . J. Stern, W. Spindel, and E. U. Monse, J. Chem. Phys., 48, 
2908 (1968).
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Figure 1. Types of temperature dependence of isotope 
exchange equilibrium constants observed by Stern, Spindel, 
and Monse.4 Letters are their type designations; numbers 
are the value of + 1  on the common ordinate scale. For 
positive values of InK the heavy isotope concentrates in the 
first-named species: A, H 16NOa-I6NO; — B, cis-H180 N 0-N 180
Cl; - C ,  cfs-HON 180 -N 180  Br; D, F180N 02-N 180+; - E ,  
15N 0F - i6N 02_ ; F, cts-H 18ONO-N1800 .

certain of their type results have been replotted in 
Figure 1.

Wolfsberg and Stern6’6 pointed out the complex 
manner by which thermal excitation of vibration con
tributes to an isotope effect and alluded to the fact that 
the contributions of the excitation terms could result in 
complex temperature dependences, and they showed6 
how certain force constant changes, between isotopic 
reactant and transition state, could produce a secon
dary deuterium kinetic isotope effect almost tempera
ture independent over a range of 200°. However, 
there has been no computational exploration in search 
of crossover or other anomalies of temperature depen
dence of kinetic isotope effects of 13C or other second- 
row atoms.

We write an isotopic rate constant ratio in the form

k / k '  =  (TIF) (TDF) (1)

The temperature-independent factor (TIF) arises in 
the reaction coordinate and is the T =  °o limit of k/k', 
while the temperature-dependent factor (TDF) arises 
in the genuine vibrations of the normal molecules and 
activated complexes. There is no factor like TIF in an 
isotope exchange equilibrium constant; therefore, ad
ditional possibilities for crossover exist in isotope rate 
effects because the senses with respect to unity of TIF 
and TDF are not necessarily the same. That is, a

Figure 2. Crossover and large temperature dependence 
anomalies in 1SC isotope effects: gas-solid isotope exchange:
A, C02-dolomite;3 B, C02-calcite;3 decomposition rate effects, 
intermoleculear: C, oxalic acid, in dioxane;10 D, oxalic acid 
in glycerine;11 E, malonic acid in sulfuric acid;12 decomposition 
rate effects, intramolecular: F, oxalic acid-/i2, gas phase;8 
G, oxalic acid-d2, gas phase;9 H, malonic acid in quinoline;13
I, malonic acid in dioxane;14 J, oxalic acid in glycerine.11 
L (x ) =  100 In x.

kinetic isotope effect might have associated with it a 
TDF of “ normal”  temperature dependence (e.g., Stern, 
Spindel, and Monse’s type A) and yet exhibit crossover 
because TIF lay on the opposite side of unity.

Some of the available experimental results on kinetic 
carbon isotope effects cannot be satisfyingly explained 
unless the occurrence of crossover is postulated,7 but 
crossover has actually been observed only in the intra
molecular 13C isotope effects in the gas-phase decompo
sitions of oxalic acid-/i28 and oxalic acid-d2.9 These rate 
results and the equilibrium data of Northrup and 
Clayton are plotted together in Figure 2.10-14

Rationale and Objectives of This Investigation. An 
isotope exchange reaction may be written in the form

A +  B ' = A ' +  B (2)

Calculation of its equilibrium constant involves knowl
edge of and/or assumptions concerning two molecular

(5) M. Wolfsberg and M. J. Stern, Pure Appl. Chem., 8, 225 (1964).
(6) M. Wolfsberg and M . J. Stern, ibid., 8, 325 (1964).
(7) P. E. Yankwich and W. E. Buddenbaum, J. Phys. Chem., 71, 
1185 (1967).
(8) G. Lapidus, D. Barton, and P. E. Yankwich, ibid., 70, 3135 
(1966).
(9) G. Lapidus, D. Barton, and P. E. Yankwich, ibid., 70, 1575 
(1966).
(10) T. T.-S. Huang and P. E. Yankwich, unpublished experiments.
(11) W. A. Buddenbaum, M. A. Haleem, and P. E. Yankwich,
J. Phys. Chem., 71, 2929 (1967).
(12) P. E. Yankwich, R. L. Belford, and G. Fraenkel, J. Amer. 
Chem. Soc., 75, 832 (1953).
(13) P. E. Yankwich and R. L. Belford, ibid., 76, 3067 (1954); 
E. M. Grigg, Aust. J. Chem., 9, 252 (1956).
(14) P. E. Yankwich and R. M. Ikeda, J. Amer. Chem. Soc., 82, 
1891 (1960).
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geometric configurations and two force fields. Stern, 
Spindel, and Monse4 have dissected Urey’s condition2 
for the occurrence of crossover in such an equilibrium, 
showing that a crossover may occur when a large vibra
tional frequency with small isotope shift in species A 
is paired with a small vibrational frequency with large iso
tope shift in species B. Alternate addition to A and B 
of frequencies of increasing magnitude but isotope shifts 
of decreasing size may yield additional crossovers, all 
this within the harmonic approximation. These 
workers studied all the possible 130  and 15N exchange 
reactions among 14 small-molecule species, employing 
for each the best force field available. They found no 
correlation between the occurrence of temperature de
pendence anomalies in the equilibrium constant and the 
structures of the molecules, and, similarly, they found 
that examination of the actual frequency distributions 
of the molecules did not provide a means for predicting 
the type of temperature behavior.

Formally, the situation for kinetic isotope effects is 
similar. In the case of an intermolecular isotope effect, 
with A regarded as the normal molecules and B as the 
transition state, the analogy is particularly close 
(differing only in there being one less genuine vibra
tional frequency in B, that giving rise to TIF) and one 
might expect crossovers and other anomalies of tem
perature dependence to occur in k/k', though perhaps 
with lesser frequency because of the usually assumed 
similarities between normal molecules and activated 
complexes. The situation is quite different when an 
intramolecular isotope effect is considered, for in the 
calculation of the appropriate rate constant ratio only 
the geometry and force field of B are involved; there is 
no pairing possible between two different species (such 
as A and B) of large and small frequencies with small 
and large isotope shifts.

The investigation reported here is of intramolecular 
isotope rate effect calculations for a simplified model of 
the decomposition of oxalic acid-1EC. This system was 
selected because: (a) crossover in the temperature de
pendence of k/k' has been observed experimentally and
(b) it affords with a minimum number of atoms a max
imum in kinds of bond isotopy situations (the C— C 
bond is always isotopic in both activated complexes; 
the C = 0  and C— 0  bonds, while isotopic in both com
plexes, may have different force constants in the two; 
and the O— H bonds are never isotopic).

To decrease the possibility of temperature-depen
dence anomalies being generated and thus increase 
their significance if observed, low-frequency variation 
and isotope shift contributions to k/k' from bends, wags, 
and torsions were minimized by maintaining the asso
ciated force constants at fixed values; only stretching 
force constants were treated as parameters.

Description of Calculations and Methods
Notation. The isotopic rate constant ratio calcu

lated was k2/h in the notation of Lindsay, McElcheran, 
and Thode.16

13COOH — >- 13C 02 +  H 12COOH (3)
2,,

12COOH — 12C 02 +  H 13COOH (4)

The ordinate in all graphs is L(x) =  100 In x, the log
arithmic form effecting the convenient separation L- 
(k/F) =  L(TIF) +  L(TDF).

Vibrational Frequency Calculation. The normal
mode vibrational frequencies (harmonic approximation) 
were calculated via Wilson’s16 FG matrix method on an 
IBM 7094 digital computer; Schachtschneider’s17 orig
inal programs were modified18 for this application.

Geometry and Basic Force Fields. The geometry as
sumed for oxalic acid was based on the results of Shi- 
bata and Kimura,19 except for the OH bond length and 
COH bond angle which derive from the data for formic 
acid obtained by Lerner, Dailey, and Friend.20 The 
molecule is assumed planar with carbonyl groups trans; 
hydroxyl hydrogens are in juxtaposition with opposite 
carbonyl oxygens.21-24

Values of the diagonal force constants, Fu, were 
based on various literature sources1617'26 or were set by 
us at “ reasonable”  values.26 All off-diagonal or inter
action force constants, Fi}, were set equal to zero. The 
unsymmetric force field, U, was obtained from the sym
metric force field, S, by changes in Fn, F-rh and F-r„ 
equivalent to 1/ 2 unit changes in bond order, the related 
changes in internal displacement coordinates being in 
imitation of a particular three-element reaction coor
dinate. Values of the input parameters are shown in 
Table I.

The Potential Function, Reaction Coordinate, and Asso
ciated Frequency, v\. General methods, reported in an

(15) J. G. Lindsay, D. E. McElcheran, and H. G. Thode, J. Chem. 
Phys., 17, 589 (1949).
(16) E. B. Wilson, Jr., J. C. Decius, and P. C. Cross, “ Molecular 
Vibrations,”  McGraw-Hill Book Co., Inc., New York, N. Y., 1955.
(17) J. H. Schachtschneider and R. G. Snyder, Spectrochim. Acta, 
19, 117 (1965).
(18) Certain modifications were kindly provided us by Professors 
M . Wolfsberg and M . J. Stern; others were developed in our laborar 
tory by L. B. Sims and W. E. Buddenbaum.
(19) S. Shibata and M . Kimura, Bull. Chem. Soc. Jap., 27, 485 
(1954).
(20) R. G. Lerner, B. P. Dailey, and J. P. Friend, J. Chem. Phys. 
2 6 ,  680 (1957).
(21) Changes in geometry within limits of physical and chemical 
reasonableness produce relatively small changes in calculated kinetic 
isotope effects.6,22 The balance between effects of geometric and 
force field changes has been detailed by Stern and Wolfsberg.23'24
(22) P. E. Yankwieh and A. E. Veazie, J. Amer. Chem. Soc., 80, 1835 
(1958).
(23) M. J. Stern and M. Wolfsberg, J. Chem. Phys., 45, 2618 (1966).
(24) M . J. Stern and M . Wolfsberg, ibid., 45, 4105 (1966).
(25) L. Jensorsky, Z. Chem., 3, 453 (1963).
(26) Although the details of our findings will depend on the force 
constant values, none of the general observations are modified by the 
modest alteration of the selected values within limits appropriate 
for the oxalic acid normal molecule.
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Table I : Values of Input Parameters“'6

--------------Fiid-
No. s u

Coordinate (0 field field

Ci—C2‘ 1 4 .5 2 .2 5
02=0 2 12.0 12.0
Ci=0 3 12.0 12.0
C 2—0 4 5 .0 5 .0
Ci—0 5 5 .0 7 .5
02—H 6 7 .0 7 .0
Oi—H 7 7 .0 3 .5
0=C —O 8, 9 1 .0 8 1 .0 8
0=C —C 10, 11 0 .7 1 0 .7 1
O—C—C 12, 13 0 .7 7 0 .7 7
C—O—H 14, 15 0 .7 0 0 .7 0
C—C(=0)—0 16, 17 0 .6 0 0 .6 0
H—O—C—C 18, 19 0 .3 0 0 .3 0
0—c —c = o 20, 21 0 .3 0 0 .3 0

“ M asses are in  a tom ic m ass units. b B on d  distances (A ng
strom s): C—C, 1.54; C—O, 1.37; C=0, 1.22; 0—H , 0 .96 ; 
bon d  angles (degrees): 0 = 0 — O, 125; 0=C —C, 122; 
C— 0— H , 108. c Ci w ill appear in  the C02 prod u ct. d Stretch
ing force  constants are in m d y n /A ; bend, w ag, and torsion 
force  constants (tabu lated  in  that order) in  m dyn  A.

earlier publication from this laboratory,27 have been 
developed for forcing some arbitrary vibration of the 
activated complex

Xi =  RiS (5)

where S is a column of some complete set of internal dis
placement coordinates, Sjt to be a normal mode with 
preselected frequency v\. The necessary condition is 
that F satisfy the relation

FG(R1)t =  M R,)* (6)

where Rj is an eigenvector of FG; once F satisfies eq 6, 
there will exist an eigenvector of F which is closely re
lated to Ri. If this column vector is (Ai)*, then

F(A1)t =  (F*)u(AJ) t (7)

where (F°)n can be regarded as the force constant for the 
motion Xj (Qi in the more common notation), which for 
vi imaginary (or zero) is identified as the reaction coor
dinate. For the special case v\ =  0, the two versions of 
the reaction coordinate are related simply by

Ri =  cAiG-1 (8)

where c is a constant.
Generally, Rx and Ai are similar, but among the ad

vantages of an exploratory investigation via Ai is that 
the number of its nonzero elements, for v\ =  0, never 
exceeds the number of diagonal force constants, Fu, 
employed in the computation of the F{j required to 
generate the zero frequency (or one, if a single stretching 
force constant is set to zero). This property makes it 
convenient to develop the transition state either by 
writing Ai and then calculating the few required F{j

(variant RC: the reaction coordinate restricts the force 
field) or by selecting values for a few Ftj according to 
some rule (vide infra) and then observing the resultant 
simple Ai (variant FF: the force field restricts the reac
tion coordinate).

This paper reports results obtained via the RC and 
FF variants of the Ai approach, with vi =  0; a similar 
study employing the Ri approach is in progress and will 
be reported elsewhere.

Types of Calculation. We report below the results of 
four kinds of calculations, the principal differences 
among them being the complexity of the reaction coor
dinate and the method for achieving a value of zero for 
the vi associated with it: type I: one nonzero ele
ment in Ai, one Fu =  0, S and U fields (variants RC 
and FF are the same); type I I : one geometric mean 
Ftj =  ±  (FiiFjJ) 1/2 +0 , two nonzero elements in Ai, (Au 
and Ajj), S and U fields, variant FF; type III: three 
nonzero elements in Ax (Au), three Ftj ^  0 (which 
are linear combinations of the Fkk), U field, varia n 
RC; type IV : two (or three) F{j = ±  at){F tiFjf)'^ ^  
0, i common, 2 (aw)2 =  1, three (or four) nonzero ele
ments in Ai, (Au and the A i}, V field, variant FF.

Results and Discussion
Type I Calculations. The values of L(TDF) ob

tained by setting one Fit =  0 in the U field are plotted

Figure 3. L(TDF) vs. $ (type I calculations, U field). Data 
for Fu, F m, or F-n =  0 are too close to those for E  to show on 
this scale. The light broken lines are the limits of L(TIF). 
(For both the S and U fields, L(TIF) values are: 11, 0 ; 
n ,  + 0 .0 8 3 5 ; 33 =  - 2 2 ;  ^  =  + 0 .0 9 8 0 ; 55 =  ~ U ;  66 
=  + 0 .0 0 9 2 ; 77 = - 6 6 . )

(27) W. E. Buddenbaum and P. E. Yankwich, J. Phys. Chem., 71, 
3136 (1967).
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0  = 1000 /T °K
Figure 4. L(TDF) vs. 8 (type I calculations, S field):
------, S-field results;-----------, AUU = HU — ETJ. L(TIF)
limits are the same as in Figure 3. 665 and A66J7 coincide, 
as do 77S and A77U. In the inset, the ordinates are 
displaced and are 100X main scale; abscissas are unchanged.

vs. 6 = 1000/T°K in Figure 3; similar results for the 
S field appear in Figure 4. The graph marked E in 
each case is based on a calculation for the whole force 
field; that is, it is the plot of L(K eq) =  L(E) for the iso
tope exchange reaction.

H 0 0 12C i 13C20 0 H =  H 0 0 13( Y 2C20 0 H  (9 )

All of these results are of Stern, Spindel, and Monse's 
type A (see Figure 1); they exhibit what anyone would 
call “ normal”  temperature dependence. There are no 
crossovers in L (T D F); because the signs of L(TIF) and 
L(TDF) are always the same, there are no crossovers in 
L(k/k'). However, as L(k/k') becomes large, the plot 
of L(TDF) may show slight concavity toward L(E), as 
is the case for 22 (be., F22 = 0) in Figures 3 and 4. This 
is what one would expect for a model exhibiting a distri
bution of high and low vibrational frequencies, and 
such a frequency mix effect can be understood most easily 
in terms of the behavior with changing u (u = hv/kT 
of the Bigeleisen-Mayer28 separative-effect function, 
G(u). Because the L(TIF) obtained with this type of 
calculation are so small and the regions of near lin
earity of L(TDF) vs 6 so extensive, all of these results 
conform between 0 = 1  and 4 (at least) with the linear 
relation between L(TDF) mean T  and AL(TDF)riiI.2;29'30 
in turn, that relation can be derived from any of 
the several “ y”  relations of Bigeleisen and Wolfs- 
berg.31

Comparison of similar S and U data exposes some 
small effects of the asymmetry of the U force field which 
arise in the actual dependence of ÿ  on the reaction 
coordinate32'33 through differences among the appli
cable subsets of the elements of G. The relative sen
sitivités of L(TDF) to the zeroed Fu are listed in Table 
II; the calculation is of yti =  [(L(TDF)<4 — E/FH]6s=i. 
Except for the case of F55, where the difference arises 
directly from the change in its value between the S and 
U fields, the asymmetry effects reflected in the differ
ences between A UU and iiSu arise in the shifts in value 
of yu{S) to yu(U); further, differences in the magni
tudes of related y’s account for the unsymmetrical dis
position of related iiU with respect to EU (e.g., for the 
difference in magnitudes of A22 U and A33 U).

Table II : Sensitivity of L(TDF) to the Zeroed F ti at 0 =  4

ii V i i ( S ) vuW)

11 +0.0000 +0.0131
22 +0.5590 +0.5743
33 -0.5590 -0.5637
44 +0.6746 +  0.6908
55 -0.6746 -0.6304
66 +0.00054 +0.00054
77 -0.00054 -0.0011

Although these asymmetry effects for type I calcu
lations are so small as to be merely curiosities, we show 
later that different techniques for defining the reaction 
coordinate and obtaining v\ =  0 increase their magni
tude, as well as that of L(TIF), so that they contribute 
significantly to the sizes of certain anomalies of tem
perature dependence.

Type II Calculations. An and An are the only 
nonzero elements in the reaction coordinate eigenvector 
when the condition v\ — 0 is obtained by including 
Ffj = ± {F iiFj]) i/t in F, which is diagonal otherwise;35 
here, F = +  implies asymmetric motion and Ftj =  — 
implies symmetric motion in the coordinates Si and 
^ ,36- 38 and

(28) J. Bigeleisen and M. G. Mayer, J. Chem. Phys., 15, 261 (1947).
(29) P. E. Yankwich and H. S. Weber, J. Amer. Chem. Soc., 78, 
564 (1956).
(30) P. E. Yankwich and R. M. Ikeda, ibid., 81, 1532 (1959).
(31) J. Bigeleisen and M . Wolfsberg, Advan. Chem. Phys., 1, 15 
(1958); eq 11.16, 11.29, 11.30.
(32) A. J. Kresge, N. N. Liehtin, K. N. Rao, and R. E. Weston, 
Jr., J. Amer. Chem. Soc., 87, 437 (1965).
(33) W. E. Buddenbaum, W. G. Koch, and P. E. Yankwich, J. 
Phys. Chem., 70, 673 (1966).
(34) For brevity, this style of reference will be employed hereinafter 
in several situations distinguishable from the context. Here, the 
phrase is to be read: “ . . .between the plots vs. 6 of the difference 
[L(TDF) for F a  =  0, U  field] -  [L(TDF) for K eq, U field] and 
[L(TDF) for F a  =  0, S field].”
(35) H. S. Johnston, W . A. Bonner, and D. J. Wilson, J. Chem. 
Phys., 26, 1002 (1957).
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Table III : Values of F,v and L(TIF), Type II Calculations

F i j a ------------ — — ¿ ( T I F ) 3------------------------- . F  i ja --------------------------- A C T IF )-

ij IS field) F i j  =  + F  i j  — — (U field) F i j  =  + F i j  =  -

12 7.3485 +0.2563 -0.1540 5.1962 +0.1854 -0.1265
13 7.3485 -0.2563 +0.1540 5.1962 -0.1854 +  0.1265
14 4.7434 +0.3138 -0.1538 3.3541 +0.2490 -0.1419
15 4.7434 -0.3138 +0.1538 4.1079 -0.2092 +0.1297
16 5.6125 -0.0269 +0.0285 3.9686 -0.0195 +0.0204
17 5.6125 +0.0269 -0.0285 2.8062 +0.0267 -0.0285
23 12.0000 0 0 12.0000 0 0
24 7.7460 +0.2077 +0.0106 7.7460 +0.2077 +0.0106
25 7.7460 -0.0456 -0.0471 9.4868 -0.0308 -0.0292
26 9.1652 +0.1008 +0.0512 9.1652 +0.1008 +  0.0512
27 9.1652 +0.0835 +0.0617 6.4807 +0.0780 +  0.0501
34 7.7460 +0.0456 +0.0471 7.7460 +0.0456 +0.0471
35 7.7460 -0.2077 -0.0106 9.4868 -0.2160 -0.0044
36 9.1652 -0.0835 -0.0617 9.1652 -0.0835 -0.0617
37 9.1652 -0.1008 -0.0512 6.4807 -0.1008 -0.0387
45 5.0000 0 0 6.1237 +0.0242 +  0.0164
46 5.9161 +0.0792 +0.1076 5.9161 +0.0792 +0.1077
47 5.9161 +0.0829 +0.1027 4.1833 +  0.0749 +0.1013
56 5.9161 -0.0829 -0.1027 7.2457 -0.0787 -0.1020
57 5.9161 -0.0791 -0.1077 5.1235 -0.0627 -0.1081
67 7.0000 0 0 4.9498 -0.0030 -0.0032

“ This quantity with positive sign is the (F,-,)o employed in calculations of types III and IV; vide infra. The round-off error in 
these values is ±0.0001. 6 F in mdyn/A; L(TIF) = 100 In (TIF).

Alt/Au =  ± (F ii/Fidl/t (10)

The results of calculations of L(TDF) for Fi} =  + ,  
S field, are shown in Figure 5; the values of the Fi} and 
L(TIF) are collected in Table III. There are no cross
overs in L(TDF) or in L(k/k'), L(TIF) having always 
the same sign as L(TDF). An imperfect division of 
the L(TDF) plots into magnitude classes can be made 
on the basis of the results shown in Figure 3 for type I 
calculations. Assign to each i or j  an L(TDF) directive 
effect number S, as shown in Table IV ; then, the slope 
of the plot of L(TD F)(i vs. 6 (=  1000°K/T) is roughly 
proportional to 5t +  &j, with the following exceptions:
(a) 163i and 17 are sign reversed, as are 25 and 34, and
(b) 2 5  and 3 4  are too small. No similar classification is 
possible for L(TIF), though its sign is predicted cor
rectly with exception (a) just noted.

Like the graphs in Figures 3 and 4, all in Figure 5 are 
Stern, Spindel, and Monse’s type A. It should be

Table IV : Directive Effect Numbers, 5,

*
1 1 (potentiator)“
2 +2
3 - 2
4 + 1
5 - 1
6 +0
7 - 0

° + 1  with 6j — +  ; — 1 with 5,- =  —.

noted that the nonzero values of L(TDF) where i and j  
are nonadjacent coordinates (i.e., having no atom in 
common, e.g., 36) would not be predicted from the first- 
order high-temperature approximation31'39 because 
such Gtj are zero; however, the elements of G _1 en
tering the exact calculation are not subject to this lim
itation.

The graphs in Figure 6 are the N-field results for 
Fa =  — instead of + ;  there are no crossovers in 
L(TDF). Where i and j  are adj acent and isotopic coor
dinates,40 L(TDF) has a sign which is the reverse of 
that which obtains when Ftj =  + ,  and it is decreased in 
magnitude; i6(—) is the same as i7 (+ ), and i7(—) the 
same as $ ?(+ ); there are no other significant effects on 
L(TDF). In Table III one sees that all of the L(TIF) 
change in magnitude with the sign change in Fi}, but 
only for those in the group l j  does sign reversal take 
place; because of this, there are small crossovers (near

(36) The general relation is F ij =  ± ([F „ -  — (F°)n][F/,- — (F°)u ])'/•, 
or, in terms of the curvature parameter d of Willi and Wolfsberg,37)38 
(F°)u [ F a  +  F -  (F»)„] = F u F j j  -  (F,vp  = d <  0, where d <  0 
corresponds to curvature in the potential barrier and n  =  ni. As 
n  increases from zero, elements in Ai other than A u  and A ij  assume 
relatively small nonzero values; however, in a manner sensitive to 
the identity of i  and j , there may be quite significant effects of these 
Aik on both /.(T il1) and / . (T I)F) for values of n  as small as a few 
hundred cm -1 .
(37) A. V. Willi and M. Wolfsberg, Chem. Ind., 2097 (1964).
(38) A. V. Willi, Can. J. Chem., 44, 1889 (1966).
(39) J. Bigeleisen, “ Proceedings of the International Symposium on 
Isotope Separation, Amsterdam, 1957,”  North Holland Publishing 
Co., Amsterdam, Netherlands, 1958, pp 121-157.
(40) This condition arises because the isotope functions as the sensor 
of relative motion only in adjacent coordinates.
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Figure 5. L(TDF) rs. 6 (type II calculations, S field, F,y =
+  ). The light broken lines are the limits of L(TIF). For 
46 and 47 (as well as 66 and 67) the results differ slightly but 
by less than the thickness of the curve at the largest values of 
6 indicated; the values for 46 are the higher.

6 = 0.1,104 °K) in L(k/k') for 24 and 35 (and the graphs 
of these show strong low-temperature curvature to
ward E).

Figure 7 is a collection of L(TDF)<y vs. 6 for Fi} =  + ,  
U field. The asymmetry of the force field has resulted
in crossovers in L(TDF) for 36, 37, 56, and 57; the
crossover region is shown with an expanded ordinate 
scale for these four and for E in Figure 8a. Some of 
these crossovers disappear and others come into being
when L(TDF) and L(TIF) are added to form L(k/k'); 
these effects are noted in the caption to Figure 7. The 
values of L(TIF), as expected, are the same for the 
situation [ / (+ )  as for <S(+), except where i or j  =  1, 5, 
or 7; there are no sign reversals and, usually, where 
there is a change in value, L(TIF) for [ / (+ )  is the 
lower in absolute magnitude, the exceptions being 35 
and two which were zero with *S(+), 45 and 67. Because 
the values of Fn, Fa, and Fv are different in the S and 
U fields, all cases where i or j  =  1, 5, or 7 correspond to 
somewhat different eigenvectors in S (+ ) and [ / ( + ) ;  
therefore, effects of the [/-field asymmetry must be de
rived from consideration of those few ij which do not 
contain those coordinates. The reaction coordinate is 
unaffected by the force field asymmetry in 23, 24, 26, 
34, 36, and 46. Figure 8c contains plots for these ij of 
AAL(TDF)„, which is ijU (+ ) -  EU -  ijS (+ ),6 * * * * il the

1000 /T °K
Figure 6. L(TDF) vs. 9 (type II calculations, S field, F a  =
—). The light broken lines are the limits of L(TIF). Between 
46 and 47, the values for 47 are the higher 
(56 and 67 similarly).

difference between the two force fields of the deviation 
of ij from its corresponding E. Where is of
appreciable magnitude, at least 0.3 at 9 =  4, these differ
ences are small (1-5%  of L (T D F )); in the case of 23, 
however, the entire deviation from E arises in the asym
metry of the U force field. In no other case is the 
effect of desymmetrizing the force field sufficiently 
large to alter the basic shape of any of the curves with 
respect to that of E, and if F<3- is not changed in value 
there is no important change down to 200° K  in the rel
ative position of ij and E.

Certain of the features of the crossovers demon
strated thus far are worthy of consideration in the con
text of laboratory experiments. First, the angles of 
intersection with the L(TDF) = 0 line are all much 
lower than would seem to be required in explanation of 
some of the experimentally observed anomalies of tem
perature dependence (curves A, F, and G, Figure 2). 
Partly, this is because the calculated crossovers occur at 
relatively high temperatures, above which the fraction
ation effects are small. The angle of incidence might 
well increase if the crossover temperature were lowered, 
though a lower crossover temperature does not guar
antee a larger high-temperature extremum.

Results for [/-field calculation, with Fu =  —, are dis-

(41) ES = 0.
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Figure 7. L(TDF) vs. 9 (type II calculations, U field, F ,j 
= + ). The light broken lines are the limits of L(TIF). The 
short heavy dashes near E  indicate the position of that graph 
in the central clump of curves. The double underlines refer to
the occurrence of crossover: • • • •, absent,------ , present;
the upper underline refers to L(TDF), the lower underline to
L{k/k'). (For example,........is read: There is no crossover
in L(TDF), but, because L(TDF) and L(TIF) have opposite 
sign, in the case of 25, there is a crossover in L(k/k').)

played in Figure 9; the crossover region is enlarged in 
Figure 8b, and the plots of A A L =  i jU ( - )  — EU — ijS 
( —) are shown in Figure 8d. The character of these 
results, except for effects which at present would be 
likely to be undetectable experimentally, is generally as 
expected from the discussion above of the sequelae of 
changing the force field from S to U and/or the sign of 
F\3 from plus to minus; however, the number of inter
sections of ij curves is greater than in Figure 7.

The input parameters selected for the S force field 
were appropriate to the situation in the normal mole
cule; this has been the approach in the few published 
kinetic isotope effect calculations of type II .86'37'38'42-44 
The failure of the S field to yield crossovers or any other 
kind of temperature dependence anomaly led us to al
terations of the diagonal force field reflective of the 
changes in bond order which might be expected at the 
transition state. The U field which resulted is, of 
course, as arbitrary as any other; however, though the 
effects of further force field variations are suggested by 
comparison of the 5-field and [/-field results, a few of 
these were subjected to direct test. Some of the results

Figure 8. L(TDF) vs. 9 (type II calculations with U field):
(a) F ij = + , (b) F ,j = - .  AAL(TDF) = i j ü  -  E U  -  
ijS vs. 9 (type II calculations with U  field): (c) F ,j =  + ,
(d) Fij =  —. The results for 57 are shown because of its 
interesting change of sign with temperature.

of these additional computations are collected in the 
parts of Figure 10. The selection of ij = 15, 17, and 
57 was made because their components Fu are different 
in force fields S and U; F&5 was selected for variation 
because it is associated with the bond-order changes 
between S and U, Fn because it is not.

Because the coordinate <S2 is in none of the selected 
ij, variation of Fn has no effect on any of the L (T IF ); 
as expected, L(TIF) is shifted for 15 and 57 when E66 is 
changed. L(E), which is not shown, fies very close to 
the curves marked 77(12) and 77(7.5); thus its position 
and variation can be inferred accurately. Considera
tion of the results collected in Figures 5-7, 9, and 10, 
checked by many additional calculations which are not 
detailed here, leads to the general statements in Table 
V concerning the effects of diagonal force constant var
iations on L{E) and the factors of L(k/k'). To a first 
approximation, such effects are additive,31 but with in
creasing Fu, the effect of unit increase decreases,45 as

(42) P. E. Yankwich and P. D. Zavitsanos, J. Phys. Chem., 68, 1275 
(1964).
(43) P. E. Yankwich and P. D. Zavitsanos, Pure Appl. Chem., 8, 
287 (1964).
(44) P. E. Yankwich and P. D. Zavitsanos, J. Phys. Chem., 69, 
918 (1965).
(45) For example, at 9 = 4, AZ.(B)/&F22 = —0.398 if Fn = 12, 
but -0 .336  if Fn =  18.
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Figure 9. L(TDF) vs. 6 (type II calculations, U  field,
F ij = —). (See the caption to Figure 7 for an explanation of 
the underlines.)

Table V : Indicators for Effects on L (E ), 
L(TIF),y, and L(TDF),-, of Diagonal Force 
Constant Variations: A = + “ '6

-Indicator for-
k AL(E) al(tif),v A L (T D F )ti-

1 0 lj, i f  F , ,  — + ; — 8 , i f  
F ^  = - ;  o th e r  i j ,  0

AsTIF

2 — 52 i  o r  j  =  2 , — 8 2 ; o th e r  i j ,  0 — 62

3 — S3 i  o r  j  =  3, — 83; o th e r  i j ,  0

4 ~ « 4 i  o r  j  = 4 , — 8 4 ( fo r  2 4 ,  

+  8 4 ) ;  o th e r  i j ,  0

- 5 4

6 ■—S5 i  o r  j  — 5 , — 85  ( fo r  3 6 ,  

+ 8 5) ;  o th e r  i j ,  0

— Sg

«■ The indications for sign of AL are correct, but for magni
tude are only approximate. The rules for the very small effects 
when k =  6  or 7 are complex. b Example: AF22 = + ,  — 82 = 
— 2 (Table IV). According to the above, this force constant 
alteration lowers L {E ) and all L(TDF),,; L(TIF),-, is lowered 
if i  or j  = 2 ; it is unaffected otherwise.

expected from the behavior of the vibrational excita
tion factor, EXC, defined by Wolfsberg and Stern.6 
This makes it possible to generate ij curves having 
closely similar properties but which correspond to 
different reaction coordinates, such as 15(8) and 57 
(10) in Figure 10a. On the other hand, when the ele
ments of two ij  differ in the manner of their isotopy, the

1 2  3  4  1 2  3  4

1000/T°K
Figure 10. Effects of certain F a  variations on L(TDF) vs.
6 for selected ij (type II calculations, F a  = +  or —):
------, i j  = 5 7 ; ---- , i j  — 1 7 ; -------—, i j  =  15. Basic force field
is U ; F a  is shown in parentheses; ij is shown for (7-field value 
of Fa. The number of heavy dots following the curve 
label is the number of crossovers in L{k/k').

L(TDF) curves can be made to intersect, as do 57(10) 
and 17(6) in Figure 10c.

Fundamentally, all of the various ij curves have sim
ilar shape (except 24 and 85 with Fu =  —, vide supra), 
and intersections among those related to a given E are 
rare; therefore, if two ij curves are to traverse a given 
span of 6 with significantly different slopes, they must 
be related to different E (i.e., to significantly different 
and internally noncompensating diagonal force fields). 
Even for modest variations in the force field, calcula
tions of type II exhibit over a limited range of 6 (and 
for most experiments the span of 6 is only 0.4-0.7) con
siderable variety of temperature dependence. For ex
ample, if they were experimental observations between 
6 =  2.5 and 3.5, certain of the curves in Figure 10a 
would be described as follows: 17(8), large isotope 
effect (IE) with normal temperature dependence (T D ); 
57(8), moderate IE with abnormally small TD normal 
in sign; 57(10), moderate IE with TD abnormal in sign 
and magnitude; 75(10), moderate IE with TD normal 
in sign but abnormally large; and 75(12), large IE with 
TD somewhat larger than normal.

Results obtained from type II calculations are char
acterized by rather small values of L(TIF); this ap
proach thus suffers certain limitations on the variety of
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Figure 11: L(TDF) vs. 9 (type III calculations, U field, with 
F n  varied; numbers adjacent to curves are values of Fn)
other F a  have 17-field values shown): ——-, K ( E ) ; ------ - —,
Ai = A n -A n : A n  =  + 1 : — 0 .5 : +  l; — —, Ai = A n : An,: A n  
= + 1 : —1: +  1; O O O, • • •, tests of the ij additivity 
relationship for the two Ai with F 22 = 12; OOOO and •••• , 
calculated —L(TIF). The light horizontal double lines are 
drawn at the positions of — L(TIF) for these two Ai; these 
double lines are “ zero”  if the ordinate scale 
is read as L(k/k').

experimental observations it might be expected to ex
plain. For example, among the results shown in Figure 
2 those for systems F, G, and possibly D, might be re
produced via type II models; all of the others seem to 
require larger Z/(TIF)’s than such models can yield.

Type III Calculations. The initial conditions in this 
type of calculation are that Ai consist of three elements, 
Alt, A\}, and Aih, and that vi =  0. In a calculation 
preliminary to the solution of the secular equation, the 
off-diagonal elements of F are obtained in terms of the 
Fu (here three in number) related to the selected ele
ments of Ai, which are Fu, F}}, and Fkk;27 the composi
tion and values of these force constants are shown in 
Table V I.46 The graphs in Figure 11 show the results 
for the U force field (F22 = 12) and for two lower values 
of F22; in Figure 12, similar results are shown for Fu 
below, at (7.5), and above the I/-field value.

The curves in Figures 7 and 9 show that the direc
tive influences on L(TDF), with respect to L(E), of the 
individual F(j are as follows: 15, negative if Fi} =  + ;  
17, negative if Ftj =  —, positive if Fi} =  + ;  and 57, 
negative if Ftj =  + .  Since the 17 effects are small, it 
is not surprising that the shapes of the curves in Figures

Figure 12. L(TDF) vs. 9 (type III calculations, U  field, with 
F55 varied; numbers adjacent to curves are values of F 55; 
other F a  have [/-field values shown). Curve families designated 
as in Figure 11.

11 and 12 are very similar to those in Figure 7, where 
all Fi} =  + .  This similarity suggested to us a test of 
an additive relationship between the results for the 
component L(TD F)W and the three-element L(TD F)lijt. 
The primary effect of the asymmetry of the U field with 
respect to the S field would be removed by considering 
all contributions in terms of the deviations from L(E)V; 
of course, one could not tell whether a “ slight”  failure 
of the additivity test arose in a secondary effect of asym
metry or in some other factor, such as incorrect selec
tion of the linear combination coefficients, without a 
very much more detailed exploration. The linear com
bination function is

L(TDF)m -  E =  £  ati[L{TD F)y -  E] (11)

In the notation employed earlier, and rearranged, eq 11 
predicts the value for L(TDF)i67 to be

157 = m,(15) +  an(17) +  a61(57) -
E(au +  an +  «57 — 1) (12)

The curves plotted with open and solid circles in 
Figure 11 are Z/(TDF)i57 vs. 6, calculated via eq 12 for 
the two reaction coordinates indicated; in these computa
tions, with all Fu at 17-field values, the atj are the ratios

(46) The coefficients of the diagonal force constants F„„ in the terms 
comprising the F,j are ( - l ) m(Ai„) V(2Ai,-Ai,), where m =  1 if n 
=  i or j, but =  0 if n =  k.
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Table VI: Composition and Values of F {j for Type III Calculations

Composition 6
-------------------- Fu----------------

7.56 to « 0*
( = (Fij)/(Fij) 0)°

An : 2I 15 : An — 4"1 : —0 .5 :4”1
Fu — + 1  • OFn 4~ 0 • 2 5 OF55 — 1 • OFn 0.25 0.625 1.25 0.1521
Fn =  —0.5Fu +  0.125F65 -  0 .5F„ -2 .125 -1 .938 -1 .625 0.6905
F57 == —l.OFn ~b 0.250/^66 “b 1 • OF77 2.75 3.125 3.75 0.6099

An: Ai5:Ai7 = —|— 1 : —1.0: —1-1
F15 =  +0.5Fn -f- 0.500F65 — O.5 F77 2.375 3.125 4.375 0.7607
Fn =  — 0 .5Fn +  0.500F,S -  0.5F „ 0.125 0.875 2.125 0.3118
Fsi — — 0 .5Fn -|- 0 • 500jP55 4~ 0.5F 77 3.625 4.375 5.625 0.8539

“ The (Fjj)o are the single-parameter values listed in Table III; these a,-: are for Fm = 7.5. 1 Since St is not part of the reac-
tion coordinate in these calculations, these values of F iS are employed for any value of Fn  (Figure 11).

of the individual Ftj shown in Table VI to the Ftj which 
yielded v\ = 0 in the calculations of type II (Table III). 
The agreement for L(TDF) is fair, but the analog of eq 
12 for L(TIF) does not predict the value of the tempera
ture-independent factor nearly so well. Earlier we 
argued that the comparative rarity of intersections 
among the various ij curves obtained for type II cal
culations was due to the fact that fundamentally all 
such were of the same shape; the same argument ac
counts for the failure of any of the ij graphs to inter
sect that for E. The intersection near 0 = 1.75 of the 
calculated and “ predicted”  ijk plots and the failure of 
the additivity relation to predict L(TIF) both suggest 
that graphs in similar regions of the L(TDF) vs. 6 field 
of type II and type III functions may actually have 
slightly different shape and that other selections of 
ijk and Ai might yield, at least, an intersection of 
¿(TD F)y* and L(E). Earlier, temperature indepen
dence of a large kinetic isotope effect has been assumed 
to arise in a large T IF ; intersection of L (TDF) ,• jk and L (E) 
would provide an alternate basis for such a situation. 
(In fact, neither a zero frequency4 nor nonzero Ft/s6 are 
necessary for a plateau in TDF.)

Type IV  Calculations. When v\ =  0 and Aj has n 
nonzero elements, the several Fi} for calculations of 
type III are obtained from the n simultaneous equa
tions

F(A1)t = 0 (13)

If n >  3, the number of Ftj is greater than n and cer
tain of them become parameters, along with all of the 
F{{.2’’ The set of nonzero parameters can be limited 
conveniently to the Fu by the requirement that some i 
be common in the nonzero F^ related to the elements of 
Ai. Then the fth equation of the set of n from eq 13 is

£  FijAij =  0 (14)
3

(and has n nonzero elements), while the remaining equa
tions j, n — 1 in number, are

FtjAu +  FjjAij =  0 (15)

Let the subscript 0 indicate a value appropriate to a 
type II calculation, which employs but one Fi} to 
achieve n — 0. Then

(F y)o2 = (Fj<)0(F ]j)o (16)

and, since

(F i}) o = — (Aij/Au)o(Fjj)o =
-(A u / A 1M F it)o (17)

we have

(Ajj/AuW =  (E<i)o/ (Fj})o (18)

For eachy ^  i, eq 15 and 16 may be combined to yield

(F ij) / (F v) o =  (An/Au)/(Aij/Au)<i =  atj (19)

where a(j has been defined for an earlier purpose 
(Table VI).

When the n — 1 equations j  are substituted into the 
ith equation, we have

(Fu)o -  £  (FjjUAij/AuY =  0 (20)
39*1

or

£ .  {(Fj}y(Fu\](Aij/Auy  =  1 (21)

When the ratios of diagonal force constants are re
placed by eq 18, we obtain the useful result

£  [(Aij/AuY/iAu/AuV] =  £  («„)• =  1 (22)
jVi jr**

Equations 19 and 22 furnish the basis for calculations of 
type IV.

Type IV and type III calculations differ in character 
primarily in that completely independent selection of 
the several elements of Ai is possible in the latter but 
not in the former. The more limited type IV calcula
tions are the more convenient for exploratory purposes.

Some of the significant features of results obtained 
via calculations of type IV are displayed in Figure 13; 
the elements of Ai are identified and values of the sev
eral atj are listed in Table VII. Part a of the figure
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Table VII: Reaction Coordinates Used for Figure 13; Type IV Calculations

Reaction
ordinate i i k “ •j aik ail L(TIF)“

A l 5 1 3 7 +0.707 +  0.500 +0.500 -0.1895
A2 -0 .707 +0.500 +  0.500 +0.0768
A3 +0.707 +0.500 -0 .500 -0.1630
A4 +0.707 -0 .5 0 0 +0.500 -0.3890 (-0 .4201)'
Bl 3 1 5 7 +0.500 +0.707 +0.500 -0.1557
B2 +0.500 -0 .707 +  0.500 -0.4768 (-0 .4181)
B3 +0.500 +0.707 -0 .500 -0.0975
Cl 7 1 2 5 +  0.500 +0.707 +0.500 +0.0152
C2 +0.500 -0 .707 +0.500 +0.3217
C3 +  0.500 +0.707 -0 .500 -0.2312 (-0 .2881)
C4 -0 .500 +0.707 +0.500 +0.0044
D 1 2 3 5 +0.500 +0.500 +0.707 -0.1538
G 3 1 5 +0.707 -0 .707 -0.4042
H 5 1 3 +0.707 -0 .707 -0.3985 (-0 .4166)
J 1 3 5 -0 .707 +0.707 (-0 .1062)
L(0.4) 4 1 2 +0.400 -0 .917 (+0.3004)
L(0.6) +0.600 -0 .800 (+0.3958)
L(0 .8 ) +0.800 -0 .600 (+0.4156)

“ Where the basic force field is S, the value is shown in parentheses.

Figure 13. L(TDF) vs. 0 (type IV calculations): (a) several 
four-element reaction coordinates, U  field; (b) effects of 
changing sign of one F a, all three of which were +  for the base 
reaction coordinates Al, Bl, and Cl, U-field; (c) effects of 
variation of F22 (all other F a  at (7-field values) on E  crossovers 
of results for reaction coordinates G and H; values of F22 
shown in parentheses; (d) effects of reaction coordinate 
variations on the production of crossovers in computations 
employing the S force field.

contains plots of L(TDF)im vs. d for several four-ele
ment reaction coordinates; the U force field was em

ployed. In these examples the atj have various signs, 
as do the Ftj derived therefrom; if Au is taken always 
to be positive, the signs of the several Ajj, etc., are op
posite to those of the related aiJt as required by eq 15. 
Two kinds of crossover are illustrated: A4 will cross 
the L(TDF) =  0 line at very low temperatures (indi
cating that this kind of result can be obtained via cal
culations of type IV as well as those of types II and
II I ) ; B2 and C3 cross the equilibrium constant curve, 
£7(12), an important feature not previously observed.47 
The type of plateau exhibited by B2 is similar to those 
generated in some type III calculations (Figures 11 
and 12) but differs in that the isotope effect is larger 
because of the crossover of E; the plateau for reaction 
coordinate D is an extreme example of the type found 
earlier for (F^)0 =  +  and — (in type II calculations, 
Figures 7 and 9) but differs in that the high-tempera
ture isotope effect is practically zero out to 6 =  1.2. 
Because all of the L(TIF)’s for the examples in Figure 
13a are opposite in sign to the L(TD F)’s, L(k/kr) for 
these coordinates will exhibit an additional crossover at 
high temperatures. Comparison of the L(TIF) values 
in Tables III and VII reveals that those obtained for 
type IV calculations are often larger in absolute mag
nitude than those for type II. We have observed that, 
all other things being equal, L(TIF) increases in size 
with the number of Fi} employed to achieve v\ = 0 ; al
though the signs and approximate magnitudes of L

(47) Calculations of type I I I  can be made to yield crossovers w ith 
respect to E, though no results of that kind are among the results 
reported here. T h e  fundamental shapes of type I I  curves are such 
that crossing of E  cannot occur w ith  them w ithin the limitations of 
force field variation imposed on this study. W ere the lim itation 
“ F it  =  0 except where required to produce vi =  0” removed, it  
would be possible to generate E  crossing w ith  a kinetic isotope effect 
of normal temperature dependence (Stern, Spindel, and Monse’s 
type A )  through use of small Fij in  the force field for E.
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(TIF) and L(TDF) can be inferred from the type II 
results for the Fi} employed in a type IV calculation, 
this relation of L(TIF) to the number of Ftj implies 
that simple additivity is not an adequate description of 
the relation among type II and type IV results (vide 
infra).

Part b of Figure 13 illustrates an interesting aspect of
II-IV  additivity failure. Results obtained in type II 
calculations for (Fs7)0 and (Fb7)0 are the same for (F{j)0 =  
+  or —, except at the highest temperatures. If II-IV  
additivity obtained, the results for reaction coordinates 
A l, B l, and C l should be unaffected by a switch in sign 
of one of these off-diagonal force constants. A l be
comes A3 when F& is switched from +  to —, and B l 
becomes B3 when F37 is switched from +  to —; in the 
case of both these pairs the effect of the sign switch is 
very small (shown by thickening of the curves at low 
temperatures). However, the reaction coordinates C2, 
C3, and C4 differ from C l only in the change of sign of 
F57 from +  to —, and in each case the effect of this 
switch is substantial on both L(TDF) and L(TIF). 
The rationalization of these apparently divergent ob
servations lies in the fact that in coordinates A and B 
the common element is 5 and S, respectively, while in C 
it is element 7 ( a nonisotopic coordinate); in type II 
calculations only very small shifts in L(TDF) were ob
served when as (Fi7)o was changed from +  to —).

Part c of Figure 13 is a test of diagonal force constant 
effects on E crossovers for reaction coordinates G and 
H; FVi was varied. The maximum separation between 
ijk and E at high temperatures is little affected by the 
value of F22, but the position of this maximum separa
tion is shifted to higher temperature as Fn increases. 
Note that in several cases there are crossovers of 
L(TDF) = 0 as well as of L(E), and, since L(TIF) and 
L(TDF) are opposite in sign at high temperatures, 
L(k/k') will exhibit an additional crossover in that 
region in all cases.

Part d of Figure 13 is a test of the relation of the 
E crossover to the asymmetry of the U force field. 
These calculations were performed with the S force 
field, and it is apparent that E crossover does not de
pend for its origin on diagonal force field asymmetry. 
(The result for H(14) is included to show how a variety 
of reaction coordinates coupled with modest changes in 
force field can result in very similar L(TDF) curves.)

Figure 14 shows the results of systematic changes in 
the signs of Fi} and Fik for four reaction coordinates of 
similar composition and having equal absolute values 
of afj and aik. A few crossovers of L(E) are observed, 
but none of L(TDF) =  0 within a temperature range 
convenient for experiment. These graphs provide an 
important test of the simple additivity relation, for eq 
11 predicts that the plots for 4—  and — |-48 should be 
disposed symmetrically with respect to E; in no case 
is this relation even approximated.

The simplest situation in which the influence on

© = 1 0 0 0 / T°K
F ig u re  14. L ( T D F )  is . 0 (ty p e  I V  calculations). Effects of 
system atic changes in  the signs of the eq ually  w eighted 
F a  and Fik  for four reaction coordinates. T h e  sign pairs 
are for i j  and ik  placed in  ascending num erical order.

calculated isotope effects of systematic variations in 
the elements of a type IV reaction coordinate can be 
studied occurs when Ai has three elements and two off- 
diagonal force constants, Ftj and Fik, are varied from 
the minimum through zero to maximum values.49 
Because of the great significance of E crossing in 
type IV calculations, exploration of three-element Ai 
effects was limited to the S force field, in which any 
crossover is an E crossover.

The number of type IV calculations possible for 
this model is very large;60 our discussion is restricted 
to those types of - esults which appear to occur with 
the greatest frequency. The first examples are the 
related triad (17, 57), (15, 17), and (15, 57); these 
differ only in the choice of the internal coordinate to be 
considered common, i, from the triplet (1,5,7). (This

(48) I .e ., F tj  =  + ,  F ik =  -  and F y  =  - , F ik =  + .

(49) T h e  extremal values of these force constants are (F y )  o, +  and 
— , and (F it )o, +  and — . F o r convenience, in the remainder of this 
discussion the symbol (F y )o  will be taken to represent a positive 
magnitude. Then , a i,  and F y  always have the same sign; see 
eq 19.

(50) F o r the model and isotope effect studied here there are 105 
different pairings of an i j  and an ik  possible. Use of the S  force 
field converts 102 of these to pairs whose members are related simply 
to each by reversal of ffie sign of L ( T D F ) .  T h e  calculations can be 
classified on the basis of the magnitude and sign of respective com
ponent type I I  i ( T D F ) y  and whether their signs change when F y  
is switched from positive to negative value (see Figures 5 and 6 ); 
however, the results o: the calculations do not conform to such a 
classification scheme.
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Figure 15. L(TDF) vs. a (type IY calculations). In this 
figure ij = 17 and ik = 67; the difference between (fVOo 
= +  and — results is very small and is not shown. The 
following remarks apply to Figures 15-19: solid curves are 
L(TDF) vs. a ij at various values of 9; the dotted curve is 
L(TIF) vs. a ij; the dashed curve is L(TDF) vs. cut at the 
low temperature 9 =  5. For the purposes of these figures, 
i j  and ik are placed in ascending numerical order internally 
and with respect to each other; thus the symbol +  — means 
that in that region an  =  +  (as is F a )  and aik =  — (as is 
F a ). The symbol ( +  ) on the dashed curve indicates where 
one would find the 9 = 5 point for aij = +1 were the ab
scissas an, instead of an- In the bond diagram, the common 
coordinate i  is double circled.

triplet was selected because the difference between the 
S and U fields resides in these Fu.)

The results for calculations with ij — 17, ik = 57, are 
shown in Figure 15. Equations 15, 19, and 22 permit 
one to follow the exchange of “ motion” (relative to that 
in the common coordinate (S7) between coordinates Si 
and »So as an is varied. Suppose one starts at the 
point an =  0, «57 = + 1  and follows the arrow into the 
“  +  +  area”  of the calculation, continuing around the 
isotherm to the starting point. Initially (see Table
VIII) there is no motion in Si (An = 0), while that in 
Ss is at a maximum and antisymmetric with respect to 
that in (S7 (A 15 =  —). As we follow the curve, motion 
in Si antisymmetric to that in Si increases, passes 
through a maximum, decreases, and then is replaced 
by motion symmetric to that in Si which follows the 
same course; correspondingly, the motion in S6 anti
symmetric to that in Si decreases, is replaced by motion 
symmetric with respect to that in Sj which reaches a 
maximum, then decreases, and is replaced by anti
symmetric motion which reaches a maximum. In 
this calculation, coordinates 1 and 5 are both isotopic 
and one might expect the isotope effects at an = —1, 0, 
and + 1  to be connected to each other without inter
vening extrema; this is obviously not the case.

Isotherms in Figure 15 are distorted 8’s. There are 
two convergence regions, near |an| =  0.6. Because

Table VIII: Exchange of “ Motion” between Coordinates 
/Si and S5 in a Circuit of an Isotherm of the Map of the 
Type IV Calculation: ij =  17, ik = 67 (Figure 15)

‘Area” an ctn Au° Ait“ An

1' 0 + 1 0 — 1.1832 + 1

+ + I + 0 .7 0 7 1 + 0 .7 0 7 1 - 0 .8 8 1 9 - 0 .8 3 6 6 + 1

l + 1 0 - 1 .2 4 7 2 0 + 1

+ - j
+ 0 .7 0 7 1 -0 .7 0 7 1 - 0 .8 8 1 9 + 0 .8 3 6 6 + 1

I 0 - 1 0 +  1.1832 + 1
- 0 .7 0 7 1 -0 .7 0 7 1 + 0 .8 8 1 9 + 0 .8 3 6 6 + 1

1 - 1 0 +  1 .2472 0 + 1

- + \
I - 0 .7 0 7 1
l 0

-0 .7 0 7 1
+ 1

+ 0 .8 8 1 9
0

- 0 .8 3 6 6  
- 1 .1 8 3 2

+ 1
+ 1

“ Normalized to A 17 = + 1 .

these convergences he so that L(TDF) <  0, the pla
teaus which they represent on plots of L(TDF) vs. 
d are replaced by regions in which crossover occurs 
(at progressively higher temperatures) as |a17| in
creases.

Extrema are observed for L(TIF) and for L(TDF) 
at each temperature in each of the four sign “ areas” 
of the calculation ( +  +  , H— , etc.) but not at simply 
related values of an. For such intermediate extrema to 
occur, it is apparently a sufficient, but not a necessary, 
condition that coordinates j  and k have an isotopic 
atom in common.

Results for ij — 15, ik = 17, are plotted in Figure 16. 
Because the data for Fn = +  and F17 =  — lie so close 
together, only those for Fn = +  are plotted (except 
at 6 =  5). There are two convergence regions in the 
complete set of curves, both very close to ai5 =  0. The 
17 +  or — values of 7v(TDF)n are so small that the 
crossover regions are extremely narrow and would be of 
little importance to an attempt at matching a cal
culated crossover to an experimentally observed 
one.

The last calculations in this triad are those for ij =  
15, ik =  57, shown in Figure 17. (Again, results for 
F67 = — are not shown because they lie so close to 
those for F67 =  +  .) The convergence regions are 
now well displaced from ai} =  0 ; plateaus are observed 
near ai6 =  —0.5, and the area of crossovers is broad, 
extending from an = —0.28 to —0.46. Near ai5 = 
+  1, L(TDF) is practically independent of a, but as 6 
increases above 3.5 a minimum in the curves appears 
which moves to progressively lower values of a.

Figure 18 displays graphs for the pair ij = 27, ik =  
57. Results of this type are cousins of the variety 
shown in Figure 15, the most important difference 
being that extrema in L(TIF) and L(TDF) are not ob
served at intermediate values of atj. If the data for 
F57 =  — had been plotted as well as those for Fbi =  
+  , two close pairs of convergences would have been 
shown. As in Figure 15, these pairs are well separated; 
as in Figure 17, the slopes of the curves near the areas
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Figure 16. L(TDF) vs. a  (type IV calculations, ij =  15, 
ik = 17). Results for Fn =  — are shown only at 8 =  5 
(ticked dashes).

Figure 17. L(TDF) vs. a  (type IV calculations, ij = 15, 
ik =  57). The difference between F57 = +  and — results is 
very small and is not shown.

of convergence is sufficiently high that crossover occurs 
only over a modest range of a{j values, here about 0.1 
unit wide.

The only other type of results which appear to be 
frequent of occurrence and different from those dis
played in Figures 15-18 is shown in Figure 19; the 
graphs in this figure are for ij =  14, ik =  24- There 
are two convergence regions: that near a» =  —0.9 
coincides with L(TDF) = 0, neither a plateau nor cross
overs in plots of L(TDF) vs. d would be observed for 
any negative value of au\ the convergence near 
au =  + 0.5 does not include the lowest values of 0, 
so both plateaus and crossovers would be observed over 
a rather wide range of au (perhaps as wide as 0.3 unit). 
The L(TIF) curve bears little resemblance to those for

Figure 18. L(TDF) vs. a (type IV calculations, ij =  27, 
ik = 57). Results for Fm =  — are shown only at 9 = 5 and 
for the F?, = +  case (ticked dashes).

Figure 19. L(TDF) vs. a  (type IV calculations, 
i j  =  H , ik — 24).

L(TDF), as was found also for data of the type shown 
in Figure 17.

Conclusion
This research has explored the effects of diagonal and 

off-diagonal stretching force constant variations on the 
temperature-dependent and temperature-independent 
factors in the intramolecular isotopic rate constant ratio 
for the decomposition of oxalic acid-13C. These 
variations correspond to reaction coordinates which 
consist of up to four internal coordinate displacements; 
in all cases, the “ vibrational”  frequency associated 
with the reaction coordinate was taken as zero. Cross
over (i.e., change in sense with respect to unity as a 
function of temperature) in the temperature-depend
ent factor in k/k' is not observed when the reaction 
coordinate contains but a single element. Reaction

Volume 72, Number 13 December 1968



4446 R. P. R astogi and N. B. Singh

coordinates consisting of two elements (one nonzero 
off-diagonal force constant) yield crossover only if the 
basic diagonal force field is asymmetric at one or more 
isotopic bonds. Many of the details of the results for 
two-element reaction coordinates can be related to the 
results obtained with single-element reaction coordi
nates.

When the reaction coordinate contains three or more 
elements, crossovers in the temperature-dependent 
factor can be produced with symmetric diagonal force 
fields, as can “ plateau”  regions where the isotope effect 
is almost constant over a wide range of temperature. 
The details of such results, which require for their gen
eration the use of two or more nonzero off-diagonal force 
constants, can be inferred only generally from those 
obtained with one such off-diagonal force constant 
value and therefore can be related to the results for 
single-element reaction coordinates only with difficulty. 
That is, with increasing complexity of the reaction 
coordinate, consideration of the isotope effect conse
quences of the motion to be those of a superposition of 
individual internal coordinate displacements becomes 
an increasingly inaccurate approximation.

This research has shown that crossover and other

anomalies of temperature dependence can be generated 
(in a model system chosen for its impediments to such 
generation) by reasonable adjustments of the transi
tion state force field. Whether or not the results re
ported here constitute a demonstration that such ano
malies are prevalent in kinetic isotope effects is a matter 
of judgement and can be established firmly only by 
exploration of the behavior of a number of different 
model systems. Intermolecular isotope effects may be 
expected to have different properties than intramolecu
lar isotope effects. Further, the inclusion of bending 
force constants among the parameters varied should 
drastically alter the frequency with which anomalies of 
temperature dependence are observed. When the 
possibilities thus afforded are added to those expected 
from selection of an imaginary frequency (as opposed to 
a zero frequency) for the reaction coordinate motion,27 
the task of exploring even a single reaction is seen to be 
truly enormous, unless only four or five atoms are 
involved in the transition state. Methods for system
atizing such exploration remain to be developed.
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Solid-State Reactivity of Picric Acid and Substituted Hydrocarbons

by R. P. Rastogi1® and N. B. Singh
Department of Chemistry, Gorakhpur University, Gorakhpur, U. P., India (Received April 18, 1968)

The solid-state reactivity of picric acid +  acenaphthene, picric acid +  0-naphthylamine, and picric acid +  
pyrocatechol has been investigated. The results show that diffusion in the solid state is controlled by surface 
migration, in conformity with the earlier finding by Rastogi and Singh. It is found that molecules having a 
smaller size and molecules having greater symmetry are more favorable for surface migration.

Introduction
Solid-state reactions between picric acid and naph- 

thols, recently investigated by Rastogi and Singh,lb 
are a novel class of solid-state reactions, since the 
kinetics are controlled by surface migration. The rate 
of advance of the product layer when the reactants 
are kept adjacent to each other is given by

e  =  2 ktte~vi (1)

where £ is the thickness of the product layer at any time 
t, and k( and p are constants. If A and B are the two 
reactants kept adjacent to each other and the reaction 
progresses in the direction of the arrow, the surface

migration of A would take place in the manner shown 
below

o
~ A I B ~

Using this model of surface diffusion, Rastogi and 
Singhlb have shown that

ki =  imrriD0e~E/RT (2)

where D0 is the diffusion coefficient, E is the energy of

(1) (a) Visiting Professor, Department of Chemistry, Indiana Uni
versity, Bloomington, Ind. (b) R. P. Rastogi and N. B. Singh, J. 
Phys. Chem., 70, 3315 (1966).
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activation, and n and r are the number and radius of the 
particles of B, respectively. Very little is known about 
the mechanism of surface migration. The purpose of 
this paper is to get an insight into the nature of mech
anism. Surface migration would be expected to be 
favored by symmetrical and planar molecules, since 
such molecules can move on the surface relatively easily 
as compared with unsymmetrical molecules, particu
larly when the surface is not perfectly smooth. The 
unsymmetric molecules would get entangled on the 
surface. In order to examine this point, the solid-state 
reactivity of acenaphthene, /3-naphthylamine, and pyro- 
catechol, which have varying degrees of asymmetry, 
has been studied. The influence of the size of the 
molecules on solid-state reactivity has also been investi
gated. The results are reported in this article.

Experimental Section
Materials and Purifications. Picric acid (BDH) was 

purified as described earlier.lb Acenaphthene was first 
distilled under vacuum and then recrystallized from 
absolute alcohol. The melting point of the purified 
sample was 94.2°. Pyrocatechol and /3-naphthyla
mine were purified by successive recrystallization from 
distilled water. The melting points of the purified 
samples were 103.8 and 111.0°, respectively.

Kinetic Study of the Solid-State Reaction. The pro
cedure employed for studying the kinetics of the solid- 
state reaction between (i) picric acid and acenaphthene, 
(ii) picric acid and /3-naphthylamine, and (iii) picric 
acid and pyrocatechol was the same as described ear
lier.113’2 The kinetics were also studied when the reac
tants were separated by a known distance. Such a 
study could not be made for /3-naphthylamine, since a 
negligible reaction occurred under such conditions. 
Six to seven runs were made for kinetic studies at each 
temperature and for a definite particle size.

Equation 1 fits the kinetic data when the reactants 
are in contact. On plotting log (f2/t) against £, a 
straight line is obtained. The parameters of eq 1 for 
different temperatures and for different particle size are

Table I : Influence of Temperature on ki 
(Particle Size, above 150 mesh)

Temp
(±1). k i , V,

R eactan ts °C cm*/hr cm“1

Acenaphthene 25 (2.50 ±  0.00) X 10~4 35 ±  8
35 (3.33 ±  0.14) X IO“ 4 22 ±  8
45 (7.92 ±  0.00) X IO“ 4 14 ±  8
55 (1.47 ±  0.06) X 10~3 14 ±  8

/S-N aphthylamine 35 (2.44 ±  0.07) X 10-5 55 ±  1
55 (7.92 ±  0.00) X 10“6 57 ±  1
65 (1.25 ±  0.02) X 10-4 57 ±  1

Pyrocatechol 45 (1.54 ±  0.28) X IO"3 19 ±  2
55 (2.34 ±  0.06) X IO” 3 14 ± 2
65 (5.47 ±  0.13) X 10-3 15 ± 2

given in Tables I and II, respectively. These are the 
mean parameters obtained from six runs.

Table II: Influence of Particle Size on ki (45 ±  1°)

Particle
size, ki, P.

Reactants mesh cm 2/h r cm -1

Acenaphthene“ 120-150 2.23 X 10“ 3 13 ±  1
170-200 1.51 X IO”3 13 ±  1
200-240 1.14 X IO“3 16 ±  1
240-270 4.77 X IO“ 4 12 ±  1

Pyrocatechol“ 100-120 1.51 X IO“ 3 14 ±  2
120-150 1.34 X IO“3 21 db 2
170-200 1.02 X 10-3 20 ±  2
200-240 4.35 X IO"4 18 ± 2

“ The higher values of k, as compared with those reported in 
Table I are due to the fact that since in the latter case the 
particle size was above 150 mesh the material contained large 
numbers of particles finer than 270 mesh.

Table III: Kinetic Parameters When the Reactants are 
Kept Apart (Partizle Size, above 150 mesh)

Temp
(±D, d, k, P',

Reactants °c cm cm2/hr cm-1
Acenaphthene 45 1.401 5.6 X 10-« 2.5

0.825 2.8 X 10“6
0.467 6.2 X 10“6
0.218 1.5 X IO“4

55 1.283 3.0 X IO“6 2.0
0.835 5.7 X IO"6
0.567 1.1 X i o - 4
0.253 2.2 X IO”4

65 1.252 1.5 X IO“4 1.3
0.909 1.7 X IO"4
0.617 2.6 X IO“ 4
0.335 3.8 X IO“ 4

Pyrocatechol 45 0.810 2.5 X IO-6 2.3
0.763 3.3 X IO“6
0.446 6.1 X IO-6
0.256 9.6 X 1Ò-®

65 1.496 4.9 X IO“6 1.5
1.226 8.3 X IO“6
1.006 10.6 X IO“6
0.815 12.5 X IO“6

When the reactants are separated by a distance d, the 
kinetic data are fitted by the equation

e  =  kt +  c (3)

where k and c are constants, k is found to depend on d 
in the following manner

k =  A'e~p'd (4)

where A' and p' are constants and d is the length of the 
air gap. When log k is plotted against d, a straight line

(2) R. P. Rastogi, P. S. Bassi, and S. L. Chaddha, J. Phys. Chem., 
66, 2707 (1962).
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is obtained. The parameters of eq 4 are given in 
Table III.

When log fc4 is plotted against 1 /T, a straight line is 
obtained. The values of the energy of activation (E), 
the free energy of activation for diffusion (AG*), the en
tropy of activation for diffusion (AS*), and the enthalpy 
of activation for diffusion (AH*) are given in Table 
IY. From Table IV, it appears that except for a- 
naphthol, the entropy of activation for diffusion in all 
cases is negative. This means that the entropy in the 
activated state is less than that in the initial state. 
In other words, the activated state is more ordered. 
It is evident that the vapor-phase diffusion would in
volve a disordered state and AS* would then be posi
tive. This means that vapor-phase diffusion is not 
significant in the above reactions. This is also con
firmed by the lower values of energy of activation as 
compared with the heat of sublimation.

Table IV: Energy of Activation, Enthalpy of Activation, Free 
Energy of Activation, and Entropy of Activation for Diffusion

Particle E, AH*, AG*,
AS*,
ca l/

size, kcal/ kca l/ kcal/ mol
Reactants mesh mol mol mol deg

Acenaphthene Above 150 11 11 12 - 6
0-N aphthylamine Above 150 11 10 14 -1 3
Pyrocatechol Above 150 10 9 13 -1 3
a-Naphthol“ Above 150 19 18 18 +  18
/9-Naphthol“ Above 150 10 9 14 -1 4
Naphthalene3 100 11 10 17 -2 3
Phenanthrene6 100 8 8 23 -4 9
Anthracene4 100 6 5 23 -5 8

“ See ref lb. 4 R. P. Rastogi, P. S. Bassi, and S. L. Chaddha, 
J. Phys. Chem., 67, 2569 (1963).

We will now examine the dependence of k , on particle 
size. If temperature is kept constant, it follows from 
eq 2 that

k { =  dr2 (5)

where 6 =  4mrD0e~E/RT. It is found that k{ varies 
directly with the square of the radius of particle, since 
when ki is plotted against r2 a straight line is obtained. 
This further confirms the fact that surface migration 
plays an important role in solid-state diffusion in the 
present case, in agreement with our earlier finding.lb

Table V shows how k t depends on the size of reactant 
molecules. It appears that surface migration of bulky 
molecules is more difficult as compared with simpler 
molecules. This is expected.

In order to understand the nature of surface migra
tion, it is interesting to compare the values of k f for 
molecules having different degrees of asymmetry. It 
would be easier for a flat molecule to drift on the surface, 
The asymmetry would depend on the dipole moment,

Table V : Influence of Molecular Size on k{ 
(Particle Size, 100 mesh; 45 ±  1°)

ki,
Reactants cm 2/h r Ref

Ôoh 1.51 X 10“ 3 a

CO 4.68 X IO“ 4 b

o 9

4.80 X IO-4 b

CCO 2.39 X 10 b

“ This work. 4 R. P. Rastogi, P. S. Bassi, and S. L. Chaddha, 
J. Phys. Chem., 67, 2569 (1963).

Table VI: Dependence of ki on Dipole Moment 
(Particle Size, above 150 mesh; 35 ±  1°)

Reactants

Dipole 
moment, ** 

D
ki,

cm 2/h r Ref

CO 0.00 4.22 X 10-* a

H,C— CH2 

¿ 0
0.79 3.35 X IO'1 b

OH

0 0
1.91 1.84 X 10-« c

CO" 2.01 6.74 X IO“6 c

CO"1 2.12 2.44 X 10~6 b

° R. P. Rastogi, P. 
Chem., 67,2569 (1963).

S. Bassi, and 
4 This work.

S. L. Chaddha, J. Phys. 
c See ref lb. d See ref 3.

and hence the values of k t should decrease with an in
crease in the values of the dipole moment.3 The trend 
of values recorded in Table VI justifies this conclusion.

In order to ascertain the extent of asymmetry in a 
molecule, the coordinates of the center of gravity of 
acenaphthene, a-naphtol, /3-naphthol, and /3-naphthyl- 
amine with respect to the center of gravity of naph
thalene as the origin were estimated. The line joining 
the carbon nuclei in 9 and 10 positions was taken as the 
y axis, whereas the plane of the naphthalene molecule 
was taken as the x-y  plane. The coordinates of the 
center of gravity are given in Table VII. It is clear 
from Table VII that as the asymmetry increases

(3) A. L. McClellan, “ Tables of Experimental Dipole Moments,”  
W. A. Freeman and Co., San Francisco, Calif., 1963.
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Table VII : Coordinates of the Center of Gravity

Molecules® X V z

Naphthalene 0.00 0.00 0.00
Acenaphthene 0.00 0.550 0.00
a-Naphthol 0.089 0.371 0.00
/3-Naphthol 0.397 0.115 0.00
j3-N aphthylamine 0.403 0.150 «0 .00

a The data for bond distances and bond angles were taken from 
structure reports (N. V. A. Oosthoek’s Uitgevers Mij, Utrecht, 
1948-1957). For the purpose of calculation the first four mole
cules are considered to be planar.

the value of kt decreases. In the case of a-naphthol, 
/S-naphthol, and /3-naphthylamine the shift of the 
center of gravity r (r =  V a ;2 +  ?/2 +  z2) is 0.381,0.413,

and 0.432, respectively. The values of kt also show this 
sequence, showing thereby that the asymmetry of the 
molecules plays an important role in the solid-state 
reaction where surface migration plays a predominant 
role.

From the above study, surface migration may be 
pictured as follows. The surface of the reactant which 
diffuses into the other is in a state of disturbance. The 
molecules at the surface have a tendency to vaporize. 
However, they sometimes find it easier to drift on the 
surface. The tendency of surface migration is affected 
by the asymmetry of the molecules. In a similar 
manner, bulky molecules have a smaller tendency for 
surface migration.

Acknowledgment. N. B. S. is thankful to the Council 
of Scientific and Industrial Research for supporting the 
investigation.
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Adsorption Characteristics of Water-Soluble Polymers. I. 

Poly (vinyl alcohol) and Poly(vinylpyrrolidone) at the 

Aqueous-Air Interface

by J. E. Glass
Research and Development Department, Union Carbide Corporation, Chemicals and Plastics, 
South Charleston, West Virginia 25803 {Received April 24, 1968)

Relatively little is known about the interfacial characteristics of adsorbed macromolecules. This article 
relates part of a general investigation into the interfacial behavior of water-soluble polymers. The surface 
tension of two classes of water-soluble polymers, poly(vinyl alcohol) and poly(vinylpyrrolidone), were studied 
as a function of concentration, time, temperature, and molecular weight. The investigation of polymeric 
alcohols, with varying degrees of acetylation, showed the surface activity function to be relatable to the poly
mer’s cohesive energy density. A linear relationship was not observed between hydrocolloids of different 
chemical structure. This observation is discussed with respect to the contributing factors of a polymer’s 
total cohesive energy density and surface tension parameters. The surface activities of vinyl alcohol-vinyl 
acetate (11- 12%) copolymers are observed to have negligible to slightly positive temperature coefficients. 
In contrast to this, a poly(vinyl alcohol) material with less than 1% acetylation is observed to exhibit a strongly 
exothermic adsorption behavior. Examination of vinylpyrrolidone polymers reveals that both high and low 
molecular weight species also possess negative surface activity-temperature coefficients. Employing an 
exponential, Fickian model, equilibrium values and diffusion coefficients were calculated from the time depen
dence of the surface activity measurements. Thermodynamic parameters of adsorption were determined from 
the equilibrium values.

Introduction

Models pertaining to the solution theory1-8 of 
macromolecular adsorption have been suggested over 
the past 20 years. (There are numerous publications 
dealing with the statistical mechanics of isolated, inter
facial macromolecules. References to earlier works 
are given in ref 1-3.) The adsorbate has been ana
lyzed as an isolated species1-3 and as an entity capable 
of interfacial interactions.4-8

In connection with the theoretical treatment of the 
adsorption phenomena, there has been rather extensive 
publication of data covering adsorption from solution 
at solid interfaces.9-18 The facts established from 
such polymer adsorption studies have been reviewed by 
Stromberg,16 Patat,17 and Silberberg.18 (Numerous 
studies have been made of macromolecular adsorption 
at solid interfaces. Reference to data prior to 1964 
may be found in three16-18 reviews on this subject.) 
Investigations have provided similar data with respect 
to spread19 films. In contrast to these areas, little is 
known about the surface tension characteristics of syn
thetic polymer20-26 solutions.

This study deals with the relatively neglected area of 
macromolecular adsorption at the aqueous-air interface. 
The investigation is involved with the determination of 
the thermodynamic parameters of adsorption, the num
ber of polymer segments present in the interfacial region 
(the Gibbs excess functions), and the relative inter

facial intrinsic diffusion coefficients. As such, it is a 
study of the surface activity of water-soluble polymers 
as a function of concentration, time, temperature, and 
molecular weight.

(1) A. Silberberg, J . Chem. Phys., 48, 2835 (1968).
(2) F. L. McCrackin, ibid., 47, 1980 (1967).
(3) C. A. J. Hoeve, ibid., 44, 1505 (1966).
(4) M. L. Huggins, Makromol. ('hem., 87, 119 (1965); ■/. Amer.
Chem. Soc., 86, 3535 (1964).
(5) J. Llopis and J. A. Subirana, J . Polym. Sci., 60, 113 (1962).
(6) T. Kawai, ibid., 35, 401 (1959).
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2991 (1967).
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(12) F. W. Rowland and F. R. Eirich, ibid., Part A -l, 4, 2033, 2401 
(1966).
(13) C. Thies, J . Phys. Chem., 70, 3783 (1966).
(14) B. J. Fontana, ibid., 70, 1801 (1966).
(15) R. R. Stromberg, D. J. Tutas, and E. Passagalia, ibid., 69, 
3955 (1965).
(16) R. R. Stromberg, “ Treatise on Adhesion and Adhesives,”  
Vol. 1, R. L. Patrick, Ed., Marcel Dekker, Inc., New York, N. Y ., 
1967, Chapter 3.
(17) F. Patat, E. Killmann, and C. Schliebener, Fortschr. Hoch- 
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(19) For a review of this area, see G. L. Gaines, “ Insoluble Mono- 
layers at Liquid—Gas Interfaces,”  Interscience Publishers Inc., 
New York, N. Y ., 1966.
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Experimental Section
Surface tension measurements were conducted at 

25, 50, and 70° (±0 .1 °) using the drop-weight method. 
A stalagmometer with a ground-glass tip was employed. 
The tip of the apparatus was enclosed in a glass con
tainer with a vertical side arm for pressure equilibra
tion. The readings were taken in a constant-tempera
ture bath. A Hallikainen temperature-control unit was 
employed. The apparatus was cleaned with chromic 
acid and distilled water prior to each determination. 
After the initial cleaning the stalagmometer was rinsed 
with the aqueous polymer solution to be investigated. 
This procedure allowed for adsorption of polymer mole
cules onto the glass surface previous to the actual de
termination. The data were calculated using the cor
rection factors of Harkins and Brown.27 At least 20 
drops were averaged for each determination. Nitro
gen gas inlet and vacuum-outlet micrometer metering 
valves were employed with the stalagmometer in order 
to regulate the development of the drop’s growth. 
Droplet lifetimes of 10, 30, and 60 sec were investi
gated. The precise lifetime could not be achieved in 
every determination; the readings were corrected 
to the exact times desired (10, SO, and 60 sec) by a 
Lagrangian interpolation. All of the values listed in 
the various tables of this report were calculated with 
an IBM 360 computer. The calculations were per
formed in a two-part program. Results from the first 
program are shown in the various figures. A second 
program, not incorporating very low concentration 
data, employed counter systems which facilitated cal
culation of the various Gibbs equilibrium isotherm 
parameters. When applicable, least-squares analy
sis was employed in the determination of each value. 
The experimental accuracy, depending upon the poly
mer’s concentration and surface activity, varied from 
±0.2  to ±0.6 dyn/cm. Owing to the experimental in
accuracies at low concentrations, the thermodynamic 
parameters of adsorption cannot be determined ac
curately at infinite dilution. It was necessary that 
these parameters be proportioned from the more re
liable higher concentration data.

The interaction between the surface viscoelastic 
property of an aqueous polymer solution and the rate 
of drop formation affects only slightly the absolute 
nature of the surface tension determinations. This 
viscoelastic parameter is presently under investigation. 
Preliminary evidence, at the low concentrations em
ployed in this study, indicates that it does not affect 
the relative nature nor the significance of the findings. 
This observation is supported by the agreement of 
parts of this study with the studies on poly (vinyl al
cohol) via the pendant-drop method24 and also by the 
studies of polyethylene glycol via the capillary-rise 
method20 and via the ring-balance method21 at higher 
concentrations (for the latter studies see the ensuing 
paper on the ethylene oxide polymers).

The polymers employed in these investigations were 
commercially obtained materials. They were dried to 
a constant weight and gave a negligible ash residue. 
Each of the polymeric materials was dissolved in dis
tilled water which had been previously degassed with 
high-purity nitrogen. The molecular weight distribu
tion of the poly(vinylpyrrolidone) samples (General 
Aniline and Film Corp.) was determined by sedimenta
tion velocity measurements. The molecular weight 
distribution in this series of polymers was found to be 
greater than a random distribution. The weight- 
average molecular weight of the poly(vinyl alcohol) 
samples (Wacker-Chemie and the Du Pont Co.) was 
obtained from commercial literature.28 The per cent 
hydrolysis of the polymeric alcohols was determined 
by a caustic acid titration procedure.

Theoretical Model
An exponential model

7T =  -irme~k/t (1)

where x is the surface pressure at time t, x„ is the 
surface pressure at infinite time, k is a constant, and 
t is the time in seconds, was assumed for the adsorption 
of macromolecules at the aqueous-air interface. This 
model was based upon results obtained with the 88-  
89% hydrolyzed poly(vinyl alcohol) (PVA) solutions. 
Such a model is consistent with the PVA aging ex
periments observed previously via the pendant-drop 
technique.24 With several polymer solutions a time 
dependence of the surface tension parameter was not 
observed. In these instances the values obtained were 
equated to equilibrium values. In order to obtain the 
finite time interval required to reach the exponential 
equilibrium value when a time dependence was ob
served, a rate of decrease in the surface tension with 
time function, a, was selected

X

A value of 10-8 was selected for the rate-of-decrease 
function, since this value was found to give an approxi
mate equilibrium time greater than that observed by

(20) E. L. Lovell and H. Hibbert, J. Amer. Chem. Soc., 62, 2144 
(1940).
(21) A. Couper and D. D. Eley, J. Polym. Sri., 3, 345 (1948).
(22) A. Katchalsky and I. Miller, J. Phys. Chem., 55, 1182 (1951).
(23) C. Capitani and G. Righi, Ind. Chim. Beige., 20, Spec. No. 691, 
695 (1955).
(24) H. L. Frisch and S. Al-Madfai; J. Amer. Chem. Soc., 80, 3561, 
5613 (1958).
(25) K. Fukawa, T. Asakura, and H. Daimon, Kobunshi Kagaku, 
18, 596 (1961).
(26) S. Hayashi, C. Nakano, and T. Motoyama, ibid., 21, 300 
(1964).
(27) W . D. Harkins and F. E. Brown, J. Amer. Chem. Soc., 41, 499 
(1919).
(28) “ Gelvatol: Polyvinyl Alcohol, Properties and Uses,”  Shawinigan 
Resins Corp., Technical Booklet, Springfield, Mass., 1964.
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an independent technique29 for surfactant molecules. 
This approximate equilibrium time, together with the 
Gibbs excess function calculated from the equation

r 1 dy 
RT d In c (3)

was employed in the equation

where r  is the surface excess concentration (mol/cm2), 
N is the concentration (mol/ml) in the bulk solution, 
and /,(eq) is the time required to reach a surface pressure 
equal to within 10~8 the value at infinite time, for the 
calculation of the relative diffusion coefficients. Excess 
parameters calculated via the Silberberg modified 
adsorption equation18 will be presented in a future 
paper. The diffusion model is a simplified form of the 
one first derived by Ward and Tordai.30 The model has 
been shown to be adequate for a diffusion process to 
the mercury-aqueous interface in the reduction of 
cuprous ions31 and for the interfacial diffusion of poly- 
(methacrylic acid).32 The concentration dependence 
is removed from the relative diffusion coefficients 
through the equation

D =  A (1  +  kDC) (5)

Modified empirical Schofield-Rideal and Henry’s 
law equations were employed to evaluate thermody
namic parameters of adsorption. A similar approach 
had been reported by Cassel and Formstecher.33 The 
modified equations employed are two approaches, 
suggested by Ross and Chen.34 An analysis of the 
results based upon the macromolecular considerations 
of Flory and Huggins is being completed and will be 
reported in the near future.

Results
The surface tension characteristics of aqueous poly- 

(vinyl alcohol) solutions, via the pendant-drop method, 
had been previously examined by Al-Madf ai and Frisch.24 
Their investigations were conducted at relatively high 
concentrations (0.5 and 1.0 wt % ) and were con
cerned with the dependence of the surface tension 
parameter upon the age of the solution drop surface. 
These workers24 suggested that the magnitude of the 
observed relaxation times shows diffusion to be the 
controlling factor to interfacial adsorption. Fukawa 
and coworkers,26 employing a vertical-plate method, 
suggested that aging is not simply a diffusion process 
at high concentrations of PYA. The authors invoke 
a steric barrier by adsorbed macromolecules which in
hibits further interfacial diffusion. Hayashi and co
workers26 have shown, via the weight-drop procedure, 
that the surface activity of vinyl alcohol-vinyl acetate 
copolymers is related to the copolymer’s chemical con

I og (conc.)i Wt.%

Figure 1. Surface activity-temperature dependence of 
poly(vinyl alcoholpaqueous solutions: 0 , 89.0% hydrolysis,
1.3 X 105 weight-average molecular weight, 25°; <>, 89.0% 
hydrolysis, 1.3 X 106 weight-average molecular weight, 50°;
♦, 89.0% hydrolysis, 1.3 X 10s weight-average molecular weight, 
70°; 3, 99.3% hydrolysis, 1.2 X 10s weight-average molecular 
weight, 50°; #  , 99.3% hydrolysis, 1.2 X 105 weight-average 
molecular weight, 70°.

stitution. This investigation indicated that block 
copolymers are more surface active than random vinyl 
alcohol-vinyl acetate copolymers.

The surface pressure values, relative intrinsic inter
facial diffusion coefficients, and thermodynamic parame
ters of adsorption for the poly(vinyl alcohol) and poly- 
(vinylpyrrolidone) families are given in Tables I—III. 
The temperature dependencies of the poly(vinyl alcohol) 
materials are shown graphically in Figure 1. The

(29) E. B. Greenhill, Trans. Faraday Soc., 45, 625 (1949).
(30) A. F. H. Ward and L. Tordai, J. Chem. Phys., 14, 453 (1946).
(31) P. Delahay and I. Trachtenberg, J. Amer. Chem. Soc., 79, 2355 
(1957).
(32) I. R. Miller, Trans. Faraday Soc., 57, 301 (1961).
(33) H. Cassel and M. Formstecher, Kolloid Z., 61, 18 (1932).
(34) S. Ross and E. S. Chen, Ind. Eng. Chem., 57, No. 7, 40 (1965).
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log (conc.)iWt. %
Figure 2. Surface activity-hydrolysis dependence of 
poly (vinyl alcohol )-aqueous solutions: O, 77.5% hydrolysis,
1.0 X 105 weight-average molecular weight, 25°; 3, 88.7% 
hydrolysis, 1.0 X 10* weight-average molecular weight, 50°;
4 , 89.0% hydrolysis, 1.3 X 105 weight-average molecular 
■weight, 50°; 3, 99.3% hydrolysis, 1.2 X  105 weight-average 
molecular weight, 50°,

89% hydrolyzed vinyl alcohol-vinyl acetate copolymer 
displays a slightly endothermic adsorption character
istic. The 99% hydrolyzed polymeric alcohol exhibits 
a relatively strong exothermic behavior.

The effect of the copolymer’s per cent hydrolysis on 
the solution’s surface activity is shown in Figure 2. 
The effect of molecular weight, in the 89% hydrolysis 
range, also is shown in Figure 2. The lower the per 
cent hydrolysis the more surface active the vinyl alco
hol copolymer. The 77% hydrolyzed material was not

investigated at 50° since the product precipitates from 
aqueous solution at approximately 46°. The 99%  
hydrolyzed polymeric alcohol was not investigated at 
25° because it precipitates from solution on standing 
at room temperature.

The present investigations of low and high molecular 
weight, 88-89% hydrolyzed poly(vinyl alcohol) samples 
reveal data which contrast with those obtained by Al- 
Madfai and Frisch.24 In their investigation of low 
molecular weight polymers, the higher molecular weight 
material exhibited the greater surface activity. A 
random-coil configuration, for such low molecular 
weight materials, would not be predicted.36-38 A 
different adsorption rheology could account for the 
different surface activity-molecular weight dependence 
noted in the present work. The observed difference 
in this investigation is not due to a difference in in
trinsic diffusion coefficients, since this parameter was 
found to be smallest for the lower molecular weight 
material. In independent coalescence studies of liquid 
drops, a real difference in the stabilizing behavior was 
evident between the low and high molecular weight 
polymeric alcohols. The low molecular weight ma
terial exhibited a strong interfacial aging characteristic 
with time, i.e., a rigid gel-like film formed that could be 
siphoned from organic-aqueous interfaces. A cursory 
examination of methyl cellulose materials, which possess 
approximately the same surface tension characteristics, 
reveals that these materials also exhibit an aging effect 
at a liquid-liquid interface. The aging tendency of the 
low molecular weight methyl cellulose species was found 
to be greater at a given time interval than that noted 
for a correspondingly higher molecular weight material. 
This faster aging tendency of moderately surface ac
tive macromolecules probably reflects a greater reorien
tation ability of lower (to ca. 10,000) molecular weight 
species. As such this aging tendency may represent a 
change of monolayer state, i.e., from a gaseous type 
to a liquid or condensed-liquid type monolayer. This 
type of reorientation and phase-change capability is 
presumably not significant for the more compact 
species (<10,000 mol wt). The initiation of such a 
phase change could account for a slightly greater seg
ment density of the lower molecular weight species at 
room temperature.

The time dependence of the surface activity function 
for the 89% hydrolyzed vinyl alcohol-vinyl acetate 
copolymer is shown in Figure 3. A reproducible time 
dependence of the surface activity parameter could not 
be obtained for the 99% hydrolyzed material.

(35) H. Marzolph and G. V. Schulz, Makromol. Chem., 13, 120 
(1954).
(36) P. Doty, J. C. Mitchell, and A. E. Woodward, J.  Amer. Chem. 
Soc., 79, 3958 (1957).
(37) J. A. Faucher and R. W. Callard, unpublished results.
(38) R. D. Lundberg, F. E. Bailey, and R. W. Callard, J. Polym. 
Sci., Part A -l, 4, 1563 (1966).
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Table I : Adsorption Parameters of Poly(viny alcohols) at the Aqueous-Air Interface
Surface

Time excess
required Relative intrinsic function

W t-av % hy- Temp, -Concn— -------------Surface pressure,6 dyn /cm ------------ * to reach diffusion coeff, (KW),
mol wt drolysis“ °c W t % M 10 sec 30 sec 60 sec Equilc equil, hr (Do), cm 2/sec m ol/cm 2

1.2 X 10s 9 9 . 3 50 0.859 X 1 0 -8 1 .8211
0.430 X 10 ~7 2.29
0.859 X 10 ~7 2.49 0.108
0.430 X 1 0 -6 2.96
0.859 X 1 0 -« 3.19

70 0.850 X 1 0 -8 0.81*
0.425 X 1 0 - 7 1.06
0.850 X 1 0 - 7 1.16 0.053
0.425 X 1 0 -« 1.41
0.850 X 1 0 -« 1.58

1.0 X 1 0 4 8 8 . 7 25 0 .0 0 2 0 0.199 X 1 0-^ 3.40 5.38 6.04 6.77 7.29
0.0030 0.299 X 1 0 ^ 4.51 6.83 7.57 8.40 6.93
0.0040 0.399 X 1 0 -« 5.21 7.84 8.69 9.62 6.88 7.82 X 10~18 1.57
0.0050 0.499 X 1 0 -« 5.98 8.66 9.51 10.43 6.55
0 .0 1 0 0 0.997 X 1 0 -« 8.29 11.23 1 2 .1 1 13.06 5.92
0 .1 0 0 0 0.997 X 1 0 -8 18.07 19.90 20.39 2 0 .8 8 3.34

50 0.198 X 1 0 -8 3.16 4.52 4.95 5.41 6.45
0.296 X 1 0 -8 4.27 6 .1 2 6.69 7.32 6.45
0.395 X 1 0 -« 5.19 7.27 7.90 8.60 6.24 9.47 X IO '18 1.62
0.494 X 1 0 -« 6 .0 1 8.18 8.84 9.55 5.98
0.988 X 1 0 “ 8 9.10 11.14 11.72 12.33 4.84
0.988 X 1 0 -8 18.26 20.41 20.99 21.58 3.59

70 0.196 X 1 0 -8 2.61 3.66 3.99 4.34 6.26
0.293 X 1 0 -8 3.95 5.38 5.82 6.28 5.99
0.391 X 1 0 -8 4.92 6.62 7.13 7.68 5.87 10.5 X 10~18 1 .6 6
0.489 X 1 0 -« 5.68 7.59 8.16 8.77 5.80
0.978 X 1 0 -8 8.35 10.61 11.27 11.96 5.27
0.978 X 1 0 -8 18.21 20.37 20.95 21.54 3.60

1.3 X 104 89.0 25 0 .0 0 2 0 0.160 X 1 0 - 7 2.60 4.29 4.86 5.51 7.62
0.0030 0.239 X 1 0 - 7 3.51 5.60 6.29 7.06 7.34
0.0040 0.319 X 1 0 - 7 4.26 6.55 7.29 8 .1 2 7.05
0.0050 0.399 X 1 0 - 7 4.93 7.30 8.05 8.88 6.74 8.5 X 10 1.44
0 .0 1 0 0 0.798 X 1 0 - 7 7.16 9.66 10.41 1 1 .2 2 5.89
0 .1 0 0 0 0.798 X 1 0 ^ 13.26 15.48 16.09 16.72 4.23
0 .2 0 0 0 0.160 X 1 0 -8 14.44 16.32 16.83 17.35 3.77

50 0.158 X 1 0 - 7 2.74 4.01 4.41 4.84 6.63
0.237 X 1 0 - 7 3.78 5.50 6.04 6.63 6.59
0.316 X 1 0 - 7 4.48 6.55 7.21 7.92 6.64
0.395 X 1 0 - 7 5.12 7.40 8 .1 1 8.89 6.52 12.1 X 10-18 1.61
0.790 X 10 - 7 7.40 10.06 10.87 11.74 5.97
0.395 X 1 0 -8 12.54 14.98 15.67 16.38 4.54
0.790 X 1 0 -« 14.43 16.31 16.82 17.34 3.77
0.158 X 1 0 -8 16.25 17.38 17.68 17.98 2.80

70 0.156 X 1 0 - 7 2.95 3.76 4.00 4.25 5.30
0.235 X 1 0 - 7 4.14 5.41 5.79 6.19 5.58
0.313 X 1 0 - 7 4.97 6.52 6.98 7.47 5.61
0.391 X 1 0 - 7 5.63 7.46 8 .0 0 8.58 5.71 15.8 X IO“ 18 1 .6 6
0.782 X 10 - 7 7.69 10.30 11.08 11.92 5.82
0.391 X 1 0 -8 12.91 15.65 16.42 17.23 4.72
0.782 X 1 0 -8 15.02 17.19 17.78 18.39 3.95
0.156 X 1 0 -8 16.79 18.49 18.94 19.40 3.34

1.0 X 10‘ 77.5 25 0 .0 0 2 0 0.192 X 1 0 - 7 2.87 5.56 6.56 7.73 8.74
0.0030 0.288 X 1 0 - 7 4.04 8.45 10.16 1 2 .2 1 9.24
0.0040 0.383 X 1 0 - 7 5.30 10.65 1 2 .6 8 15.09 8.99
0.0050 0.479 X 1 0 -8 7.02 12.57 14.54 16.81 8 .2 1 5.20 X IO '18 4.31
0 .0 1 0 0 0.959 X 1 0 -8 14.05 17.79 18.86 2 0 .0 0 5.22
0.0500 0.479 X 1 0 -8 20.75 22.85 23.40 23.97 3.33
0 .1 0 0 0 0.959 X 1 0 -8 22.51 24.02 24.41 24.80 2.73

Mole per cent hydrolysis determined by a caustic acid titration procedure. 6 x =  7 0  — yBoin. c Calculated from exponential 
model (eq 1). * Average values for 10-, 30-, and 60-sec data; a time dependence was not observed.
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Table II : Thermodynamic Parameters of 
Poly(vinyl alcohol) Adsorption

Wt-av 
mol wt

% hy
drolysis®

Temp,
°C

AF,
kcal/
moF

AH,
cal/
mol6

AS,
eub

1.2 X 106 99.3 50 -13.0
70 -13.3 -9240 11.7

1.0 X 104 88.7 25 -10.7
50 -11.7 348 37.3
70 -12.4 105 36.5

1.3 X 105 89.0 25 -12.1
50 -13.2 376 42.1
70 -14.1 172 41.5

1.0 X 105 77.5 25 -12.3
“ Per cent hydrolysis determined by a caustic acid titration 

procedure. b Thermodynamic functions determined from modi
fied Gibbs equations.34

Figure 3. Surface activity-time dependence of 89.0% 
hydrolyzed poly (vinyl alcohol )-aqueous solutions (25°):
O, exponential equilibrium value; O, 10 sec;
9, 30 sec; •, 60 sec.

Investigation of high and low molecular weight 
poly(vinylpyrrolidone) materials revealed a different 
type of adsorption isotherm. The data are shown with 
respect to their temperature and molecular weight 
dependence in Figure 4. The pyrrolidone polymers 
show slightly exothermic adsorption characteristics. 
No time dependence was observed. Data representa
tive of the time studies and of the scatter in surface ac
tivity measurements are shown in Figure 5. It was

Figure 4. Surface activity of polyvinylpyrrolidone)-aqueous 
solutions: 9, 9.1 X105 weight-average molecular weight, 50°; 
•, 9. IX  10s weight-average molecular weight, 70°; ♦, 2.5 X104 
weight-average molecular weight, 70°.

Figure 5. Scatter in poly(vinylpyrrolidone)-aqueous solution 
data (9.1X106 weight-average molecular weight, 50°); O,
10 sec; 9 , 30 sec; •, 60 sec.

difficult to obtain reproducible results in the pyrrolidone 
series.

The recent work of Assarsson39 has revealed the pyr
rolidone ring structure to be strongly hydrated. Little 
tendency toward migration to the interface would

(39) P. G. Assarsson, Ph.D. Thesis, Polytechnic Institute of Brook
lyn, 1966, P. G. Assarsson, Dissertation Abstr., 28B, 641 (1967).
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Table III: Adsorption Parameters of Poly(vinylpyrrolidones) at the Aqueous-Air Interface

Surface
Surface excess
pressure function /------------------- Thermodynamic parameters-

W t-av Temp, Concn, (equil),° (1(W), A F, AH,
mol wt °c M dyn /cm m ol/cm 2 kcal/m ol cal/m ol

1 X 10' 50 0.869 X 10-» 1.21
0.109 X 10-' 2.00
0.141 X 10'8 2.91
0.217 X 10-' 4.31
0.326 X 10~8 4.50
0.434 X 10-' 4.58 1.30 -14.4
0.543 X 10“* 4.62
0.109 X 10-7 4.71
0.543 X 10-7 4.78
0.109 X 10-' 4.80

70 0.860 X 10“* 1.26
0.107 X 10-' 1.93
0.215 X 10-* 3.74
0.322 X 10~8 3.94
0.430 X 10-» 4.00 1.05 -15.3 -1030
0.537 X 10-« 4.04
0.107 X 10-7 4.14
0.537 X 10~7 4.29
0.107 X 10-' 4.35

5 X 10s 50 0.198 X lO"7 1.38 •
0.316 X lO"7 2.11
0.395 X lO"7 2.46
0.632 X lO"7 3.17
0.790 X lO“7 3.45 0.58 -12.2
0.119 X 10-« 3.68
0.158 X 10-' 3.77
0.198 X 10"» 3.85
0.395 X 10-« 3.97
0.198 X lO“6 4.34
0.395 X 10-' 4.46

70 0.196 X lO"7 1.10
0.313 X lO-"7 1.72
0.391 X lO“7 2.03
0.626 X 10-7 2.67
0.782 X 10~7 2.90 0.47 -12.9 -764
0.117 X 10“» 3.10
0.156 X 10-« 3.22
0.196 X 10-« 3.31
0.391 X lO“6 3.53
0.196 X 10-» 3.98
0.391 X 10-« 4.14

a A time dependence of the surface activity function was not discernible; values obtained were approximated to equilibrium condi
tions.

therefore be anticipated. In view of the Gibbs excess 
functions expected from cohesive energy density con
siderations, Assarsson’s observations could account for 
the relatively low surface concentrations observed with 
pyrrolidone entities.

Discussion
The Gibbs excess functions within the poly(vinyl 

alcohol) series are related to the increasing hydrophobic 
character of the molecular species. The hydrophobic 
character of the molecules is related to their solubilities

and therefore to the cohesive energy densities40 of the 
macrostructures. The cohesive energy density func
tion, since it reflects the negative potential energy of 
attraction, also will reflect the relative cohesional forces 
between macromolecules in the interfacial region; 
the lower the cohesive energy density, the greater will 
be the increase in the surface activity for a given amount

(40) J. H. Hildebrand and R. L. Seott, “The Solubility of Non
electrolytes,” 3rd ed, Reinhold Publishing Corp., New York, N. Y., 
1950; J. H. Hildebrand and R. L. Scott, “ Regular Solutions,” 
Prentice-Hall Inc., Englewood Cliffs, N. J., 1962.
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POLYMER COHESIVE ENERGY DENSITY 
[Cal./cc]

Figure 6. Surface concentration vs. total polymer cohesive 
energy density (cal/cc): poly(ethylene oxide): ♦, 400 
number-average molecular weight; 0, 2.4 X 10® weight-average 
molecular weight; polyvinylpyrrolidone): V, 2.5 X 104 
weight-average molecular weight; A, 9.1 X 105 weight-average 
molecular weight; poly(vinyl alcohol): O, 77.5% hydrolysis,
1.0 X 105 weight-average molecular weight; ©, 89.0% 
hydrolysis, 1.3 X 106 weight-average molecular weight;
•, 99.3% hydrolysis, 1.2 X 10s weight-average 
molecular weight.

of interfacial material. Taking these parameters as 
such within the poly(vinyl alcohol) and polyvinyl
pyrrolidone) series, the Gibbs excess functions are not 
linearly related to the cohesive energy density (Figure
6) of the macromolecules. In order to substantiate 
further the nonlinearity of these parameters, data ob
tained with ethylene oxide polymers (see the ensuing 
article) are shown in Figure 6 with the poly (vinyl 
alcohol) and poly(vinylpyrrolidone) data. The non
linearity is probably related to the complexities of the 
cohesive energy density41-43 and surface tension44 
parameters. The molecular cohesive energy density 
function has been analyzed to be the summation of 
three independent factors: polar, nonpolar, and hy
drogen bonding. A similar analysis has shown the 
surface tension of water to be a function of hydrogen 
bonding and dispersion force contributions. It is pos
sible that the hydrogen bonding contributions to the 
surface tension and to the cohesive energy density of 
the system relate to bulk solubility and the tendency 
of the macromolecules toward interfacial migration. 
It also is likely that the nonpolar and polar contribu
tions of the surface activity and the cohesive energy 
density parameters relate to the cohesional interactions 
of the adsorbed polymers in the interfacial region and, 
consequently, to the decrease in the surface tension at 
a given surface concentration. The effect of these 
contributing parameters would be a functional relation
ship of these various factors to the over-all surface 
activity of the aqueous polymer solutions. The co

hesive energy density values shown in Figure 6 were 
calculated from molecular parameters obtained from a 
multiple regression analysis of over 500 compounds by 
Martin, Hoy, and Price.46 The values in Figure 6 
are total cohesive energy values. Procedures for the 
calculation, through the sum of Small’s values,46 of 
the individual contributing molar parameters (polar, 
nonpolar, and hydrogen bonding) to the cohesive 
energy density function are being developed in our 
laboratories.

The relative intrinsic interfacial diffusion coefficients 
calculated from the time dependence of the surface 
activity measurements are given in Table I for the vinyl 
alcohol-vinyl acetate copolymers. A wide variety of 
mechanistic interpretations may be given the inter
facial adsorption of macromolecules. A discussion of 
the adsorption process is given in the following article 
with the interpretation of the poly (ethylene oxide) re
sults.

As indicated by the adsorption free energy functions 
in Tables II and III, there is a substantial driving force 
for macromolecular interfacial adsorption. In gen
eral, the interfacial adsorption of macromolecular 
species results from a total increase in the entropy of 
the system. The total entropy change upon adsorp
tion is the sum of two competing entropic factors indi
cated in eq 6. The configurational entropy, ASp, is

A/St =  ASp +  A$h (6)

lost upon interfacial adsorption, inhibiting the adsorp
tion process. The ASn term favors adsorption of the 
macromolecular species and is the dominant factor in 
adsorption. This term arises from three sources: 
(1) liberation of water molecules from the aqueous- 
polymer interface, (2) liberation of water molecules 
from the aqueous-air interface, and (3) from the total 
entropy of dilution of the bulk phase during the ad
sorption process.

It is evident from the data that the entropy term, with 
one exception, provides the impetus for adsorption at 
the aqueous-air interface. The higher the molecular 
weight of the polymer, the more favorable the entropy 
term. The vinyl alcohol-vinyl acetate copolymers 
are characterized by a relatively small endothermic ad
sorption process; entropic forces are the dominating 
factors in adsorption. In contrast to this, the polymeric 
alcohol with less than 1%  acetylation is characterized 
by a rather dominant enthalpic term. These results

(41) R. F. Blanks and J. M. Prausnitz, Ind. Eng. Chem., Fundam., 
3, 1 (1964).
(42) J. L. Gardon, J. Paint Technol., 38, 43 (1966).
(43) C. M. Hansen, ibid., 39, 104, 505, 511 (1967).
(44) F. M. Fowkes, J. Phys. Chem., 66, 382 (1962); F. M . Fowkes, 
“ Contact Angle, Wettability and Adhesion,”  Advances in Chemistry 
Series, No. 43, American Chemical Society, Washington, D. C., 1964, 
p 99.
(45) R. L. Martin, K. L. Hoy, and B. A. Price, unpublished results.
(46) P. A. Small, J. Appl. Chem., 3, 71 (1953).
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are consistent with the well-known solubility charac
teristics of polymeric alcohols. The solubilization of 
polymeric alcohols with low acetylation content is an 
endothermic process; i.e., it is necessary to supply 
heat in order to disrupt the intermolecular hydrogen 
bonding that exists in the bulk polymer. The low 
acetylated polymer on standing at room temperature 
will precipitate from aqueous solution. The enthalpy 
parameter indicates that with increasing acetylation 
the hydroxyl functions of the polymer are more easily 
hydrogen bonded by the solvent water molecules. The 
breakage of this solvation facilitates an endothermic 
adsorption process. It is exceedingly difficult, how
ever, to solvate the low acetylated material. The high 
degree of intermolecular hydrogen bonding in the low 
acetylated species facilitates a more compact macro- 
molecular configuration. This compact structure does 
not provide an efficient means for obtaining a high 
interfacial segment density. The small entropy parame
ter associated with the adsorption supports a compact 
adsorption configuration for this high molecular weight 
polymer.

Data from the investigation of poly(vinylpyrrolidone) 
solutions, Figures 4 and 5, are characterized by rela
tively poor experimental accuracy. Analysis of the 
data (Table III) indicates a negative temperature 
coefficient for both high and low molecular weight 
species. The exothermic adsorption behavior of pyr- 
rolidone polymers indicates that an intermolecular 
interaction is competing effectively with the intra
molecular hydrogen bonding of the polymer by aqueous 
solvent molecules.

A decrease in the polymer’s hydrodynamic volume 
would be expected to give both a more favorable

4458

total entropy factor and an increased interfacial seg
ment density. This prediction would be valid for a 
material whose adsorption is characterized by a high 
loop density distribution. In an effort to evaluate this 
hypothesis organic additive-poly (vinylpyrrolidone) sys
tems were investigated. Previous investigations47 have 
shown that certain additives can either expand or 
contract the hydrodynamic volume of vinylpyrrolidone 
polymers in aqueous solution. Investigation of these 
organic-polymer complexes did not reveal any notice
able change in the surface activity function attributable 
to the polymer’s hydrodynamic volume. The question 
of the relationship between a polymer’s hydrodynamic 
volume and its surface activity is considered in more 
detail in the poly (ethylene oxide) studies related in the 
following paper.

In summary, the data contained in this report indi
cate that the surface activities of polymer-aqueous 
solutions are nonlinear with respect to the polymer’s 
cohesive energy density. This may be related to the 
complexities of the surface activity and cohesive energy 
density parameters. The driving force for adsorption 
of a water-soluble polymer at the aqueous-air inter
face arises from an entropic contribution. One excep
tion to this observation is noted with a 99% hydrolyzed 
poly (vinyl alcohol). In this latter case the driving 
force for adsorption arises predominately from an en- 
thalpic contribution. It is suggested in this case that 
a high degree of internal hydrogen bonding results in 
a coiled structure which negates any substantial entropic 
contribution to the adsorption process.

(47) P. Molyneux and H. P. Frank, J. Amer. Chem. Soc., 83, 3169, 
3175 (1961).

J. E. Glass
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Adsorption Characteristics of Water-Soluble Polymers. II. 

Poly (ethylene oxide) at the Aqueous-Air Interface1

by J. E. Glass
Research and Development Department, Union Carbide Corporation, Chemicals and Plastics, 
South Charleston, West Virginia 2580S (.Received April 24, 1968)

The surface tension characteristics of polyethylene o--;de) derivatives were examined as a function of concen
tration, time, temperature, and molecular weight, me effects of the polymer’s adsorption rheology and the 
degree of alkyl substitution upon the surface tension of ethylene oxide derivatives were also examined. A 
high (106) molecular weight material exhibits a slightly positive surface activity-temperature coefficient. The 
adsorption characteristics, as a function of concentration and time, remain approximately constant in the 
104 to 106 molecular weight range. Below a molecular weight range of 104 the surface activities of the 
aqueous solutions exhibit a marked dependence upon polymer molecular weight; i.e., the surface tension values 
decrease with decreasing degree of polymerization. In contrast to the high molecular weight material, an 
ethylene oxide polymer of 400 molecular weight exhibits exothermic adsorption characteristics. The marked 
surface activity dependence is characterized by a decreasing entropy factor and by an increasingly compact 
rheological structure. Both factors are independently associated with the polymer’s decreasing molecular 
weight. An examination of alkyl-substituted triethylene glycol derivatives supports the above conclusions 
and provides insight into the adsorption rheology of poly (ethylene oxides). Contrary to previous investiga
tions, this study indicates that all ethylene oxide adducts from the trimeric to the 2.4 X 106 molecular weight 
polymer have portions of their structures oriented out of the interfacial region. The surface activity of ethylene 
oxide copolymers, as a function of concentration, reveals unique polynomial behaviors. These adsorption 
characteristics are interpreted as the first observed reorientations, by surface tension measurements, of inter- 
facially adsorbed macromolecules.

Introduction
In studies of reactions related to carbohydrates and 

polysaccharides, Lovell and Hibbert2 studied the sur
face activity of aqueous poly(ethylene glycol) solu
tions via the capillary-rise method. This extensive in
vestigation neglected the effects of polymer adsorption 
on the glass-capillary interface and the variation of 
contact angle with polymer molecular weight. The 
study observed the surface tension parameter as a func
tion of concentration and molecular weight. Couper 
and Eley,3 employing the ring-balance procedure, re
corded the aqueous surface tensions of four polyeth
ylene glycols), ranging in molecular weight from 1000 
to 6000. Both investigations were inconclusive in 
elucidating the principles governing the behavior of 
polymeric glycols.4 Lovell and Hibbert postulated that 
polyethylene oxide) entities with greater than 18 
ethoxide units tended to orient out of the interface as 
in the case of fatty acids. Couper and Eley proposed 
that the adsorbed ethoxide macromolecules lie ap
proximately flat at the aqueous surface. The data ob
tained in the present investigation strongly indicate 
that all poly (ethylene oxide) entities, ranging from the 
trimeric to the polymeric species of 2.4 X  106 molecular 
weight, have portions of their structures oriented out 
of the interfacial region.

The present investigation was concerned with de
termining surface concentrations, thermodynamic and 
rheological aspects of adsorption, reorientational ability

of adsorbed species, and relative interfacial intrinsic 
diffusion coefficients of polyethylene oxide) derivatives.

Experimental Section
The experimental details of this investigation are 

described in the preceding paper. Except for four ma
terials the polyethylene oxide) derivatives studied were 
commercially obtained samples. The 10,000 and 
the methoxyl-initiated 13,000 poly(ethylene oxide) 
polymers and the diethyl- and dimethyltriethylene gly
col derivatives were laboratory-prepared samples. 
The molecular weight distributions of all high molecular 
weight poly(ethylene oxide) derivatives were found to 
be broader than a random distribution. The tri
ethylene glycol materials were rectified by distillation 
on a Nestor-Faust spinning band column. Vpc analy
sis of the distilled trimeric entities showed the com
mercial materials to be of excellent purity. The di
methyl and diethyl derivatives contained approxi
mately 2% impurity. The impurity judged by its re
tention time was the parent compound, triethylene 
glycol. The vpc analyses were determined on a Car- 
bowax 20M column using a flame ionization detector.

(1) Presented in part at the 155th National Meeting of the American 
Chemical Society, San Francisco, Calif., April 1968.
(2) E. L. Lovell and H. Hibbert, J. Amer. Chem. Soc., 62, 2144 
(1940).
(3) A. Couper and D. D. Eley, J. Polym. Sci., 3, 345 (1948).
(4) A. Katchalsky and X. Miller, J. Phys. Chem., 55, 1182 (1951).
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Table I : Adsorption Parameters of Poly(ethylene oxides) at the Aqueous-Air Interface

W t-av Temp, -C on cn --------------------•
mol wt °C W t % M 10 sec

2.4 X 106 25 0.0009 0.374 X 10“» 0.64
0.0010 0.415 X 10-9 0.84
0.0013 0.540 X IO“» 1.18
0.0020 0.831 X 10~9 2.08
0.0030 0.125 X 10~8 4.31
0.0040 0.166 X 10~8 6.16
0.0050 0.208 X 10~8 7.30
0.0100 0.415 X 10~8 9.30
0.0500 0.208 X IO“7 10.04
0.1000 0.415 X IO“7 10.13

50 0.371 X IO“9 0.94
0.412 X IO- 9 1.07
0.535 X IO“9 1.52
0.823 X IO“9 2.61
0.124 X IO“8 4.70
0.165 X 10-8 6.99
0.206 X 10~8 8.79
0.412 X IO“8 10.12
0.412 X 10~7 10.69

70 0.407 X IO“9 1.82
0.530 X IO“9 2.61
0.815 X IO-9 4.10
0.122 X IO“8 6.25
0.163 X 10“8 8.77
0.204 X 10~8 10.08
0.407 X 10~8 10.92
0.407 X IO-7 11.14

4.3 X 10s'
1.3 X 104 25 0.0005 0.383 X IO“7 1.26

(methoxyl 0.0006 0.460 X IO“7 1.70
initiated) 0.0007 0.537 X IO“7 2.19

0.0008 0.614 X IO“7 2.71
0.0009 0.690 X 10~7 3.36
0.0010 0.767 X IO"7 4.17
0.0020 0.153 X 10-« 9.11
0.0030 0.230 X IO“6 9.58
0.0050 0.383 X IO"6 9.78
0.0100 0.767 X 10-6 9.90
0.1000 0.767 X 10“6 10.09

1.0 X 104 25 0.0005 0.499 X IO“7 1.00
0.0006 0.598 X IO'7 1.38
0.0007 0.698 X IO'7 1.75
0.0008 0.798 X IO-7 2.20
0.0009 0.897 X IO-7 2.69
0.0010 0.997 X IO“7 3.27
0.0020 0.199 X 10-« 8.70
0.0030 0.299 X 10“6 9.00
0.0050 0.499 X IO“6 9.12
0.0100 0.997 X IO“6 9.17
0.1000 0.997 X IO"6 9.29

1.0 X 103 25 0.0010 0.997 X 10"* 2.29
0.0020 0.199 X IO“5 2.94
0.0030 0.299 X IO“6 3.41
0.0040 0.399 X IO“6 3.72
0.0050 0.499 X 10-6 3.99
0.0100 0.997 X 10 ~5 4.76
0.0200 0.199 X IO“4 5.52
0.0500 0.499 X IO“4 6.16

■Surface pressure, dyn /cm - 
30 sec 60 sec Equil

Time 
required 
to reach 

equil, 
hr

Relative intrinsic 
diffusion coeff 
(Da), cm 2/sec

3.42 5.20 7.91 13.94
3.92 5.77 8.48 13.37
5.11 7.37 10.62 13.02
7.18 9.79 13.34 11.97
8.75 10.44 12.46 9.05 4.85 X IO“12
9.45 10.51 11.70 7.04
9.75 10.48 11.26 5.79

10.17 10.40 10.64 3.22
10.38 10.46 10.55 1.97
10.42 10.49 10.57 1.81
2.17 2.67 3.30 9.85
2.73 3.45 4.36 10.40
4.20 5.41 6.96 10.83
6.70 8.48 10.73 10.44
8.55 9.94 11.54 8.33 9.21 X 10~12
9.73 10.57 11.48 6.19

10.29 10.71 11.13 4.27
10.78 10.95 11.13 2.70
11.04 11.13 11.21 1.91
3.63 4.31 5.12 8.93
5.41 6.49 7.78 9.18
8.37 10.00 11.95 9.09

10.02 11.28 12.69 7.39 10.9 X 10“ 12
10.83 11.42 12.03 4.94
11.08 11.34 11.61 3.30
11.27 11.36 11.45 1.93
11.42 11.49 11.56 1.71

3.86 5.11 6.76 11.40
4.84 6.28 8.16 1 1 .0 1
5.70 7.24 9.19 10.52
6.49 8.07 10.03 10.04
6.95 8.33 9.99 9.18
8.06 -9.51 11.21 8.74 7.44 X 10“16
9.98 10.22 10.45 3.26

10.14 10.28 10.43 2.56
10.22 10.34 10.46 2.28
10.29 10.39 10.49 2.12
10.39 10.47 10.54 1.83
3.97 5.60 7.90 12.63
4.93 6.78 9.31 12.13
5.72 7.69 10.34 11.72
6.46 8.46 11.06 11.16
7.17 9.15 11.69 10.65 4.13 X IO“ 1*
7.67 9.49 11.74 9.93
9.47 9.67 9.87 3.12
9.58 9.73 9.88 2.69
9.63 9.77 9.90 2.52
9.67 9.79 9.92 2.46
9.72 9.83 9.95 2.30

2.80“ 2.91 4.33
3.57 3.71 4.24
4.00 4.14 3.87
4.31 4.44 3.71 3.21 X IO"20
4.55 4.67 3.50
5.32 5.44 3.22
5.92 6.01 2.55
6.36 6.40 1.71

Surface
excess

function
(1 0 «>r),

m ol/cm 2

2.99

3.61

3.60

2.98

3.03

0.440
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Table I (Continued)

W t-av Temp,
mol w t °C

50

4.0 X 102 25

50

70

150.17 (trieth
ylene glycol)1*

Time 
required 
to reach

Concn--------------------. ----------------Surface pressure, dyn /cm ----------------s equil.
Wt % M 10 sec

0.988 X 10 ~6
0.198 X 10-6
0.296 X 10
0.395 X 10 “5
0.494 X 10-6
0.988 X 10-6
0.198 X 10 - 4
0.494 X 10 "4

0.0020 0.499 X 10 0.54
0.0030 0.748 X 10 ~6 0.65
0.0040 0.997 X 10~6 0.76
0.0050 0.125 X 10-" 0.86
0.0100 0.249 X 10 ~4 1.17
0.0500 0.125 X 10 -« 2.18
0.1000 0.249 X 10 ~3 2.72
0.2000 0.499 X 10-3 3.58

0.494 X 10~6
0.741 X 10“6
0.988 X 10
0.124 X 10 - 4
0.247 X 10 ~4
0.124 X 10- 3
0.247 X 10“3
0.494 X 10 - 3
0.489 X 10-'
0.733 X 10-6
0.978 X 10 ~6
0.122 X 10~4
0.244 X 10
0.122 X 10 ~3
0.244 X 10 ~3
0.489 X 10~8

30 sec 60 sec Equil hr

2.946
3.60 
4.05
4.37
4.61
5.37 
6.12 
6.80

0.79“ 0.86 5.97
1.04 1.14 6.56
1.23 1.35 6.63
1.36 1.50 6.57
1.77 1.93 6.22
2.71 2.83 4.51
3.08 3.16 3.39
3.45 3.42 1.89

0.786
0.98
1.11
1.21
1.52
2.29
2.62
2.94

0.67*
0.82
0.92
1.01
1.27
1.89
2.14
2.56

Relative intrinsic 
diffusion coeff 
(Do), cm 2/sec

2.63 X 10"22

Surface
excess

function
(10l°D,

m ol/cm 2

0.410

0.239

0.174

0.132

‘ No difference was noted in values obtained at drop rates of 30 and 60 sec. b A time dependence of the surface pressure was not 
discernible; values obtained were approximated to equilibrium conditions. '  See Table IV. “ See Table III.

Theoretical Model
The exponential, Fickian model employed to calcu

late the adsorption parameters of water-soluble poly
mers is described in the preceding paper.

Results
The data obtained in the adsorption studies of 

ethylene oxide materials are presented in Tables I-IV . 
Representative data are plotted in Figures 1-6. The 
adsorption isotherms at 25 and 70° for the 2.4 X  106 
molecular weight poly (ethylene oxide) material are 
shown in Figures 1 and 2. The time-dependent iso
therms resemble the time-dependent characteristics of 
undecanoic acid6 and octyl alcohol.6,7 The extreme 
curvature differences of the 10-, 30-, and 60-sec readings 
in the 10-3 wt %  concentration range invalidates the 
use of the exponential model over the complete iso

therm. In the linear Gibbs region the exponential 
model appears valid for the calculation of equilibrium 
surface pressures. As illustrated in Figures 1 and 2 
the higher the temperature the smaller the difference 
between the surface pressure-time measurements. This 
results in a smaller “ kink”  in the calculated equilibrium 
curve. The same observation is noted when one de
creases the weight-average molecular weight from 106 
to 104. Except for the small time-dependent varia
tions, the adsorption isotherms are similar in appearance 
over the molecular weight range from 104 to 106.

It will be noted from the data that the 2.4 X 106

(5) D. G. Derviehian, Kolloid Z 146, 96 (1956).
(6) C. C. Addison, Phil. Mag., 36, 73 (1945).
(7) R . S. Hansen and T. C. Wallace, J. Phys. Chem., 63, 1085 
(1959).
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Table II : Thermodynamic Parameters of 
Poly( ethylene oxide) Adsorption

W t-av Temp, A F, AH, AS,
mol wt °C kcal/m ola cal/m ol° eu°

2.4 X 10s 25 -1 4 .4
50 -1 5 .6 568 50.2
70 -1 6 .7 569 50.3

4.3 X 105 25 -1 3 .3
1.3 X 104 25 -1 1 .5

(methoxyl 
initiated) 

1.0 X 104 25 -1 1 .5
1.0 X 10s 25 - 9 .4

50 -1 0 .2 -3 7 31.6
400 25 - 7 .9

50 - 8 .4 -1460 21.5
70 - 8 .8 -1910 20.1

150.17 25 - 3 .9
(triethylene
glycol)

° Thermodynamic functions determined from modified Gibbs 
equations (S. Ross and E. S. Chen, Ind. Eng. Chem., 57, No. 
7, 40 (1965)). Figure 2. Surface activity-time dependence of 2.4 X 106 

weight-average molecular weight polyethylene oxide)-aqueous 
solutions (70°): O, exponential equilibrium value; O,
10 sec; 30 sec; •, 60 sec.

log (cone.)Wt. %

Figure 1. Surface activity-time dependence of 2.4 X 10a 
weight-average molecular weight poly (ethylene oxide )-aqueous 
solutions (25°); O, exponential equilibrium; O, 10 sec; 3,
30 sec; •, 60 sec.

molecular weight polymer possesses a positive tempera
ture coefficient in its surface activity functions. The 
low molecular weight (number-average molecular weight 
of 400) material has a negative coefficient. It also 
is evident that there is a marked decrease in the surface 
pressure parameter with decreasing polymer molecular 
weight. This latter effect is shown graphically in 
Figure 3.

Figure 3. Surface activity-molecular weight dependence 
of poly(ethylene oxide)-aqueous solutions (25°, 60-sec. data): 
$2.4 X 106 weight-average molecular weight; 1.0 X 
103 number-average molecular weight; f ,  400 number-average 
molecular weight.

The time dependence of the surface pressure func
tion for the trimeric materials is not discernible via 
the weight-drop method (the materials are of low
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Table HI: Adsorption Characteristics of Triethylene Glycol Derivatives (Aqueous Solutions, 25°)

Surface Free
Surface excess energy® of Cohesive energy density of
pressure function adsorption -bulk material, cal/m l-------------,------------- —Concn----------------------• (30 sec), (io>°n, (AF), Non-

Compd w t  % M dyn /cm m ol/cm 2 kcal/m ol polar Polar Total

Triethylene glycol 1.0000 0.664 X 10~2 1.53 0.668 -3 .8 7 77.60 67.00 144.60
2.0000 0.133 X 10“ 1 2.52
5.0000 0.332 X 10-1 4.39

Triethylene glycol, 1.0000 0.607 X lO"2 3.44 1.15 -4 .4 0 71.57 44.22 115.78
monomethyl ether 2.0000 0.121 X 10“ 1 5.29

5.0000 0.304 X lO“ 1 8.14

Triethylene glycol, 1.0000 0.559 X 10-2 5.30 1.40 -4 .7 0 65.77 37.33 103.22
monoethyl ether 2.0000 0.112 X lO“ 1 7.59

5.0000 0.280 X 10- 1 10.93

Triethylene glycol, 1.0000 0.559 X lO“ 2 6.30 1.46 -4 .8 0 62.88 17.47 80.28
dimethyl ether 2.0000 0.112 X 10“ 1 8.61

5.0000 0.280 X lO“ 1 12.09

Triethylene glycol, 1.0000 0.483 X 10-2 11.50 1.82 -5 .2 5 62.88 17.47 80.28
diethyl ether 2.0000 0.967 X 10-2 14.63

5.0000 0.242 X 10“ 1 18.80

“ AF  determined from modified Gibbs equations (S. Ross and E. S. Chen, Ind. Eng. Chem., 57, No. 7, 40 (1965)); 30-sec values ap
proximated as equilibrium conditions.

Figure 4. Adsorption characteristics of triethylene glycol 
derivatives (25°, 30-sec data): O, R  =  H, R ' =  H;
3, R = CH3, R ' =  H; ❖ , R = C2H5, R ' = H; •, R = CH3, 
R ' = CH3; ♦, R = C2H5, R ' =  C2H5.

molecular weight and the concentrations employed are 
high). The T functions denoted in Table III were de
termined at a drop life of 30 sec and were approximated

to equilibrium values. The cohesive energy density 
parameters of the triglycol materials also are listed in 
Table III. The adsorption isotherms are shown in 
Figure 4.

The investigation of high molecular weight ethylene 
oxide copolymers (Table IV) reveals rather interesting 
results. In these investigations, comonomer units of 
1-butylene, propylene, and styrene oxide were incor
porated with the ethylene oxide structure. It is 
evident from Figure 5 that the copolymer structures 
exhibit rather unusual polynomial behaviors. In
stead of leveling to a relatively constant surface pres
sure at higher concentrations, the three copolymers 
exhibit a steady increase in surface pressure. These 
increases in surface pressure can be interpreted as re
orientations of the copolymers to allow the more hy
drophobic segments to reposition themselves within 
the interfacial region. A time-dependent reorienta- 
tional effect was not observed using the weight-drop 
method; this phenomenon will be investigated via the 
pendant-drop technique. The relative cohesive energy 
values of the hydrophobic comonomer units reflect, 
to a first approximation, the increases in surface pres
sure observed. Owing to variation of the comonomer 
content with each sample and the lack of information 
with respect to the relative block or random nature of 
the comonomer structures, further analysis of the 
data is not attempted. The time dependence of one 
of the copolymers is illustrated in Figure 6. The 
molecular weight values listed in Table IV for the co
polymers are approximations; they were obtained 
through the use of viscosity measurements with the
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Table IV : Adsorption Parameters of Poly(ethylene oxide) Copolymers at the Aqueous-Air Interface (25°)

% Time Surface
struc- required excess

ture® in Approx6 to reach function
Comonomer
structure

ethoxide
polymer

wt-av 
mol wt

equil,
hr

(10“ D,
mol/cm2Wt % M 10 sec 30 sec 60 sec Equil

None 4.3 X 105 0.0008 0.186 X 10-* 0.96 3.46 4.76 6.54 12.16
0.0009 0.209 X 10 “8 1.11 3.98 5.47 7.53 12.16
0.0010 0.232 X io~® 1.28 4.47 6.10 8.34 12.03
0.0020 0.464 X io~8 4.27 8.18 9.63 11.32 8.68
0.0030 0.696 X 10 -« 8.15 9.74 10.18 10.65 4.55
0.0040 0.928 X 10-s 9.27 10.11 10.33 10.56 3.18 3.33
0.0050 0.116 X 10-7 9.67 10.29 10.46 10.62 2.70
0.0100 0.232 X 10~7 10.26 10.63 10.73 10.83 2.05
0.0500 0.116 X 10-* 10.52 10.87 10.96 11.05 1.94
0.1000 0.232 X 10 -• 10.60 10.90 10.98 11.05 1.80

Propylene oxide 7.7 1.5 X 106 0.0005 0.332 X 10-® 0.95 2.92 3.87 5.12 11.41
0.0008 0.532 X 10-® 1.80 5.44 7.17 9.45 11.31
0.0010 0.665 X 10-® 2.43 6.72 8.66 11.16 10.85
0.0016 0.106 X 10 ~7 5.81 9.22 10.38 11.24 8.51
0.0020 0.133 X 10 ~7 8.35 10.24 10.77 11.33 4.85
0.0030 0.199 X 10-7 9.60 10.99 11.37 11.76 3.95 3.63
0.0040 0.266 X 10 ~7 10.17 11.43 11.77 12.12 3.68
0.0050 0.332 X 10“7 10.48 11.75 12.09 12.44 3.64
0.0100 0.665 X 10 ~7 11.24 12.88 13.33 13.79 3.97
0.0500 0.332 X 10~® 15.65 18.09 18.75 19.44 4.09
0.1000 0.665 X 10-* 19.00 22.06 22.90 23.77 4.16

1-Butylene oxide 3.4 2.6 X 10s 0.0005 0.192 X 10-® 0.48 1.86 2.62 3.67 12.54
0.0008 0.307 X 10-8 1.12 4.40 6.19 8.70 12.56
0.0009 0.345 X 10-® 1.38 5.09 7.06 9.78 12.30
0.0010 0.383 X 10-8 1.61 5.69 7.79 10.68 12.09
0.0020 0.767 X 10-® 5.22 9.60 11.18 13.01 8.40
0.0030 0.115 X 10 -7 9.31 10.83 11.25 11.68 4.19 4.19
0.0040 0.153 X 10-7 10.07 11.33 11.66 12.01 3.68
0.0050 0.192 X 10-7 10.55 11.73 12.04 12.36 3.50
0.0100 0.383 X 10-7 11.87 13.19 13.55 13.91 3.50
0.0500 0.192 X 10-8 16.38 19.13 19.89 20.67 4.24
0.1000 0.383 X 10-8 19.58 23.56 24.67 25.84 4.63

Styrene oxide 1.3 4.6 X 106 0.0005 0.108 X 10-8 0.49 1.74 2.40 3.31 12.17
0.0008 0.173 X 10-8 1.04 4.11 5.80 8.17 12.62
0.0010 0.217 X 10-8 1.65 5.30 7.09 9.49 11.62
0.0016 0.347 X 10-8 4.03 9.11 9.62 11.98 10.21
0.0020 0.434 X 10-8 6.39 9.64 10.69 11.84 6.90
0.0030 0.650 X 10-® 8.90 10.49 10.93 11.38 4.36 3.94
0.0040 0.867 X 10-® 9.50 10.70 11.02 11.35 3.71
0.0050 0.108 X 10-7 9.85 10.82 11.08 11.34 3.29
0.0100 0.217 X 10-̂ 10.55 11.23 11.41 11.58 2.68
0.0500 0.108 X 10-8 12.85 14.11 14.45 14.79 3.30
0.1000 0.217 X 10-8 15.04 16.77 17.23 17.70 3.54

“ Determined with a Varian HR 100 nmr spectrometer (100°, 4 %  solution in heptadeuteriodimethylformamide). b Approximate 
weight-average molecular weight obtained through application of viscosity measurements with Mark-Houwink parameters for homo
polymer.

Mark-Houwink parameters determined for the homo
polymer. Since the molecular weights are approxima
tions, no thermodynamic parameters or relative diffu
sion coefficients are reported for these materials.

Discussion

The 25° data obtained in these investigations strongly 
complement those previously determined by the capil

lary-rise method.2 In the initial stage of this study, 
a ring-balance method was employed; this procedure 
was noted to give erratic results at low concentrations. 
In the previous ring-balance measurements3 of the 
4000 and 6000 molecular weight polyethylene glycols, 
an inflection was not observed in the adsorption iso
therms, and consequently, the calculations were not 
based upon the Gibbs linear region. The omission of
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log (cone.) t Wt. %

Figure 5. Adsorption characteristics of ethylene oxide 
copolymers (25°, 10s weight-average molecular weight, 30-sec 
data): 3, poly(ethylene oxide) homopolymer; 9 , 1.3 
mol % styrene oxide copolymer; V, 7.7 mol % propylene 
oxide copolymer; <>, 3.4 mol % 1-butylene oxide copolymer.

the correct Gibbs parameters led to the conclusion that 
there were no interfacial orientation effects for poly
ethylene oxide) entities.

In an effort to discern the adsorption rheology of very 
low molecular weight ethylene oxide adducts, a series 
of alkyl-substituted derivatives of triethylene glycol 
were investigated. The data shown in Table III 
indicate that even the trimeric species is not completely 
adsorbed in the interfacial region. An average of 1.82 
of the 3 hydrophobic segments are adsorbed. This 
conclusion can be deduced by applying simple models 
to the data given in Table III. Comparison of various

log ( cone . )  ; Wt. %

Figure 6. Surface pressure-time dependence of ethylene 
oxide-propylene oxide (7.7 mol % ) copolymer-aqueous 
solutions (25°): O, exponential equilibrium value; O, 10 
sec; 3, 30 sec; •, 60 sec.

adsorption models with the data either over- or under
estimates the adsorption capabilities of the lesser al
kylated derivatives. In brief, if any of the five tri
ethylene glycol derivatives investigated could be ex
pected to adsorb in a flat zig-zag manner, it would be 
the diethyl ether material. Assuming that the five 
hydrophobic segments of this compound are completely 
adsorbed, one can deduce, from the observed Gibbs 
excess functions, that an average of 1.82 of the 3.00 
hydrophobic segments of triethylene glycol are inter- 
facially adsorbed. Analysis of this nature is more 
informative than correlation2 of molecular volumes with 
Gibbs excess function areas, since it provides a relative 
and consequently more accurate method of deducing 
adsorption rheology. The data indicate that even 
with the low molecular weight trimeric species, a poly
ethylene oxide) adduct does not lie in a flat zig-zag 
fashion at the aqueous-air interface.

As discussed in the preceding article, variations in 
the surface activity of solutes are most likely related to 
the variety of factors contributing to the surface ten
sion and solubility parameters. A listing of the polar
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and nonpolar contributions to the cohesive energy 
density parameters of the triethylene glycol materials is 
given in Table III. They are not very informative with 
respect to interfacial analysis because the hydrogen 
bonding component (and its associated hydration) 
is not listed. The contributions to the cohesive energy 
density by the hydrogen bonding capability of the 
solutes are not available at this time. Since all non
ionic, water-soluble materials are soluble by virtue of 
the hydrogen bonding phenomenon, this parameter is 
vital to an understanding of the surface activity of 
solutes in aqueous solution.

The adsorption of macromolecules from the bulk of 
the solution can be depicted as occurring in two stages: 
(1) diffusion from the bulk of the solution to the sub
surface phase and (2) movement from the subsurface 
phase to the surface layer with possible orientation of 
the adsorbing species. Lovell and Hibbert2 observed 
(capillary-rise method) that 8 hr was required to 
obtain equilibrium for dilute solutions of polyethylene 
glycols). At the relatively high concentrations of 
0.5 and 1.0% wt (pendant-drop method), 20 min was 
required8 for equilibration of ethylene oxide-propylene 
oxide block copolymers in tetralin solutions. These 
values agree in magnitude with the equilibrium times 
calculated from the empirical and theoretical models 
employed in this report.

The variations of the relative intrinsic interfacial 
diffusion coefficients with temperature agree with what 
would be predicted for bulk diffusion rates; i.e., the 
coefficients increase with increasing temperature. For 
high molecular weight materials the diffusion times 
determined by the exponential, Fickian model ap
proximate values close to bulk parameters. The 
diffusion times can, of course, be altered to fit the 
bulk diffusion parameters by adjusting the rate of de
crease factor, a (eq 2 in the preceding paper). From 
analysis of the diffusion coefficients (Table I), it is 
evident that the calculated values are in contrast to 
the data obtained in bulk solutions; i.e., the interfacial 
diffusion coefficients are smaller for the lower molecular 
weight entities. In an attempt to interpret this ab
normality three factors may be considered to influence 
the adsorption phenomenon; they are (1) steric hin
drance by the adsorbed molecules already in the inter
facial region to the adsorption of additional species, (2) 
cohesional interaction between the adsorbing molecule 
and those already adsorbed, and (3) a desolvation 
energy barrier for the adsorbing species. There is 
definitely a cohesional interaction between adsorbing 
and adsorbed molecules at the aqueous-air interface; 
this is determined via Schofield-Rideal analysis of the 
data. This analysis is not discussed in this paper. 
Large macromolecular species in the interfacial region 
can also be anticipated to offer steric hindrance to the 
adsorption of incoming polymeric entities. The results 
anticipated from both arguments would suggest a

reversal in the diffusion coefficients; i.e., lower mo
lecular weight polymers would have larger diffusion 
constants. The third possible consideration, a desolva
tion energy barrier for the adsorbing species, has been 
proposed9-11 in studies concerned with the adsorption 
characteristics of low molecular weight compounds.

The data presented in Table III indicated that the 
hydroxyl end groups influence the surface activity of 
the trimeric species. In a cursory examination of 
polyethylene oxide) data at room temperature, a re
lationship between an increasing surface activity and 
decreasing importance of the hydroxyl end groups 
might be postulated. Such a postulate would also ap
proximate a mechanism to explain the decrease in dif
fusion coefficients. Although appealing, the desolvation 
mechanism is not consistent with the data of these in
vestigations. This mechanism would not explain the 
difference in diffusion coefficients of the high molecular 
weight species. No substantial difference in the hydra
tion characteristics of the high molecular weight mate
rials would be expected. The thermodynamic parame
ters derived from the temperature-dependence studies 
also negate such a relationship. For example, it is un
tenable to propose that the hydroxyl end groups in
fluence the exothermic adsorption process of the 400 
molecular weight species.

It is therefore concluded that the variation in the 
observed diffusion coefficients arises from a difference 
in the relative driving force for adsorption. The only 
plausible alternative explanation for the observed 
trend in interfacial diffusion rates is an interaction be
tween drop rate and surface viscoelastic properties of 
the aqueous polymer solutions. An investigation of 
the surface viscoelastic properties is currently under 
study in our laboratories. Preliminary results indicate 
that it is not a significant factor in the calculated dif
fusion coefficients.

The thermodynamic data clearly point to a surface 
activity-entropy relationship. A decrease in the en
tropy factor with decreasing polymer molecular weight 
results in a decreased surface pressure. Frisch and 
Simha12 have postulated that the surface pressure 
function will decrease with decreasing polymer molecu
lar weight. This prediction was based upon the in
creasing significance of a configurational entropy loss 
with decreasing polymer molecular weight. In a later 
paper, Frisch8 obtained experimental support for this 
concept. The thermodynamic data presented in Table 
II, together with the data previously obtained by

(8) H. L. Frisch and S. Al-Madfai, ./. Amer. Chem. Soc., 80, 3561, 
5613 (1958).
(9) C. M. Blair, Jr., J. Chem. Phys., 16, 113 (1948).
(10) C. C. Addison and S. K. Hutchinson, J. Chem. Soc., 3387, 3395 
(1949).
(11) F. H. Garner and P. Mina, Trans. Faraday Soc., 55, 1616 
(1959).
(12) H. L. Frisch and R. Simha, J. Chem. Phys., 27, 702 (1957).
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Callard and Faucher,13 adequately explain the adsorp
tion characteristics without envoking a configurational 
entropy factor. Above a molecular weight of 6000, 
Callard and Faucher observed that the viscosity- 
molecular weight exponential parameter was 0.78; 
below a molecular weight of 6000, the constant was 
0.29. Their findings indicate that the low molecular 
weight species is a very compact structure. This com
pact structure is relatively inefficient in providing a 
high interfacial segment density. The trimeric species 
is more efficient in providing interfacial segments than 
is the nonameric species (the 400 molecular weight 
material). If as surmised above the trimeric species 
has an average of 1.82 adsorbed segments, a compact 
spheroidal nonameric species is even less efficient 
(< 10% ) in providing hydrophobic segments for in
terfacial adsorption.

The relative inefficiency of a compact adsorbing 
species was demonstrated in the preceding paper with a 
low acetylated poly (vinyl alcohol) material. In the 
high molecular weight polymeric alcohol the decreasing 
entropy parameter is obtained, at approximately con
stant polymer molecular weight, by varying the ace
tate content. In both the lower molecular weight 
poly (ethylene oxide) and the high molecular weight, 
low acetylated poly (vinyl alcohol), the adsorbing species 
is a rather compact structure which cannot provide a 
substantial number of interfacial segments. The de
crease in the surface activity is not related to an in
creasingly competitive configurational entropy term since 
the relative entropy loss of a contracted solution struc
ture would be minimal.

Contraction in the hydrodynamic volume of a poly
mer molecule could be expected to affect favorably the 
entropy of adsorption and provide, in an interfacially 
adsorbed looped structure, a higher interfacial segment 
density. The addition of inorganic electrolytes to 
aqueous solutions of poly (ethylene oxide) derivatives 
has been shown14 to decrease the hydrodynamic volume 
of polyethylene oxide) derivatives. Multivalent an
ions are very effective in decreasing the polymer’s 
hydrodynamic volume; monovalent electrolytes are 
less effective. In these investigations it has been ob
served that the addition of potassium sulfate (0.36 M) 
results in a 2.0 dyn/cm increase in the surface pressure 
(0.1 wt % , 25°) of the 2.4 X 106 molecular weight 
species. Equivalent or higher concentrations of po
tassium chloride do not effect a notable increase in the 
surface pressure of poly(ethylene oxide) solutions. The 
change in surface pressure noted by the addition of 
potassium sulfate is observed despite a competing elec
trolyte effect. Although the multivalent electrolyte de
creases the polymer’s hydrodynamic volume, the 
Mark-Houwink viscosity-molecular weight parame
ters indicate that the contraction of a high molecular

weight species is much less than that noted for the low 
molecular weight entities without electrolyte addition. 
The increase in surface pressure through the addition of 
inorganic electrolytes was achieved at polymer concen
trations in excess of that required for complete surface 
coverage. The increase in surface pressure could be 
achieved only if the adsorbed species is characterized by 
a high degree of unadsorbed segments (a looped adsorp
tion rheology).

In summary, it has been shown that all ethylene 
oxide adducts from the trimeric to the 2.4 X 106 molecu
lar weight polymer have portions of their structures 
oriented out of the interfacial region; polyethylene 
oxide) derivatives are not adsorbed in a completely flat 
zig-zag interfacial arrangement at the aqueous-air 
interface. The surface activity of polyethylene oxide) 
solutions is observed to decrease below a molecular 
weight of 104. This molecular weight range corre
sponds to the transition region for random coil forma
tion of poly (ethylene oxide) molecules in solution. 
The driving force for adsorption is entropic for the high 
molecular weight (106) polymer; enthalpic contribu
tions play a significant role in the adsorption of a lower 
molecular weight (400) material. A decrease in the de
gree of polymerization results in a diminishing entropy 
of adsorption. It is suggested that the marked surface 
activity-molecular weight dependence results not only 
from a decreasing entropy term but also from an increas
ingly compact rheological structure. In the 400 
number-average molecular weight species, rheological 
compactness permits approximately 10%  of the hydro- 
phobic segments to interfacially adsorb, whereas with 
the trimeric entity approximately 70% of available seg
ments are adsorbed. Finally, reorientational effects 
were observed in high molecular weight ethylene oxide 
copolymers.

The studies described in this and in the preceding 
paper represent part of an investigation to determine 
the factors governing the surface behavior of water- 
soluble polymers. The data obtained in these in
vestigations are presently being interpreted in terms 
of the polymer solution theories of Huggins and Flory 
in terms of the more empirical Schofield-Rideal and 
van der Waals-Gibbs modified equations,16 and via 
Silberberg’s modified adsorption equation.16 The anal
yses are being completed and will be reported in the near 
future.

(13) R. W. Callard and J. A. Faucher, unpublished data, quoted by 
F. E. Bailey and J. V. Koleske in “ Nonionic Surfactants,”  Vol. 1, 
M. J. Schick, Ed., Marcel Dekker, Inc., New York, N. Y ., 1967, p 
803.
(14) F. E. Bailey, Jr., and R. W. Callard, J. Appl. Polym. Sci., 1, 
56 (1959).
(15) S. Ross and E. S. Chen, Ind. Eng. Chem., 57, No. 7, 40 (1965).
(16) A. Silberberg, J. Phys. Chem., 66, 1884 (1962).
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Absorptions and Fluorescences of 2-Phenylnaphthalene, 

2'-Methyl-2-phenylnaphthalene, and l-Fluoro-2-phenylnaphthalene. 

Spectroscopic Evidence for the Equilibrium Conformation 

of the Lowest Excited States1

by Homer E. Holloway, Robert V. Nauman, and James H. Wharton
Department of Chemistry, Louisiana State University, Baton Rouge, Louisiana 70803 {Received April 29, 1968)

The absorption and fluorescence characteristics of 2-phenylnaphthalene and two of its derivatives, 2'-methyl- 
2-phenylnaphthalene and l-fluoro-2-phenylnaphthalene, are reported. In the case of 2-phenylnaphthalene a 
gap of 1770 cm-1 is observed between the absorption and the fluorescence emission. Comparison of this gap 
with those observed from 2'-methyl-2-phenylnaphthalene (610 cm-1) and l-fluoro-2-phenylnaphthalene (510 
cm-1) suggests that the shift is due in part to a Stokes shift associated with rotation during the lifetime of the 
excited state (~1290 cm-1) and in part to solvent stabilization of the excited state (~480 cm-1). Comparison 
of the solution absorption and solution fluorescence with the crystal absorption indicates that in the equilibrium 
ground state molecules of 2-phenylnaphthalene in solution are distributed about an angular conformation 
while in the lowest excited state the molecules are distributed about a planar or near-planar conformation. 
The data indicate that the mean conformation of 2'-methyl-2-phenylnaphthalene is angular in both the equi
librium ground and lowest excited states and that of l-fluoro-2-phenylnaphthalene is planar in both the equi
librium ground and excited states. Significant and unusual temperature effects are observed in the spectrum 
of 2'-methyl-2-phenylnaphthalene. The conformations of eight other derivatives of 2-phenylnaphthalene are 
derived from similar analyses of their spectra.

The influence of the steric effect on the ultraviolet 
absorption spectra of polynuclear aromatic hydrocar
bons has been the subject of numerous theoretical 
and experimental papers.2-7 Unfortunately most of 
these studies have been carried out on biphenyl for 
which no structure can be observed in the solution 
absorption spectrum or have been carried out under 
conditions which limit the observation of structure. 
These featureless spectra preclude a critical test of 
theory and in addition do not encourage further experi
mentation.

The spectra of the 2-phenylnaphthalenes show dis
tinct electronic transitions with some vibrational 
structure, and significant temperature effects are ob
servable. In addition the spectra provide considerable 
information concerning the conformations and the 
energy effects associated with changes in conformation. 
Thus the 2-phenylnaphthalenes constitute a much 
superior testing ground for theoretical models of com
posite polynuclear aromatics.

Experimental Section
Purification of Solvents. Phillips pure grade 3- 

methylpentane and isopentane were purified in the 
following manner. The commercial solvents were 
repeatedly washed with fuming sulfuric acid, then rinsed 
consecutively with distilled water, saturated sodium car
bonate solution, and distilled water again, were dried

over magnesium sulfate for 24 hr, and were distilled at a 
rate of 10 drops/min through a 2-ft column filled with 
glass beads. These solvents were considered to be 
satisfactory when the absorption characteristics of un
saturated impurities had been eliminated and there 
was no detectable solvent emission with maximum spec
trometer sensitivity. Gas chromatographic analysis 
showed that the purified 3-methylpentane contained 
20%  2-methylpentane.

Preparation and Purification of Compounds. 2- 
Phenylnaphthalene. Commercial grade 2-phenylnaph
thalene contains an anthracene as an impurity which 
could not be completely removed. Pure synthetic 
2-phenylnaphthalene was prepared by the following 
method. Di-2-naphthoyl peroxide was prepared by 
the procedure described by Kharasch and Dannley.8 
The peroxide was allowed to react with benzene as

(1) Adapted from the Ph.D. dissertation of H. E. Holloway, Louisi
ana State University, 1967.
(2) R. N. Jones, J. Amer. Chem. Soc., 67, 2127 (1945).
(3) R. A. Friedel, M. Orchin, and L. Reggel, ibid., 70, 199 (1948).
(4) H. Suzuki, Bull. Chem. Soc. Jap., 32, 1340 (1959).
(5) Y . Gondo, J. Chem. Phys., 41, 3928 (1964).
(6) R. Grinter, Mol. Phys., 11, 197 (1966).
(7) A. Golebiewski and A. Parczewski, Theor. Chim. Acta, 7, 171 
(1967).
(8) M. S. Kharasch and R. L. Dannley, J. Org. Chem., 10, 410 
(1945).
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described by Hey and Walker.9 The solid product was 
fractionally sublimed giving large plates of 2-phenyl- 
naphthalene which melted at 104°.

l-Fluoro-2-phenylnaphthalene. This compound was 
prepared from 2-phenylnaphthalene by a four-step 
reaction sequence. l-Amino-2-phenylnaphthalene was 
prepared by the procedure outlined by Hey and Law- 
ton.10 The l-amino-2-phenylnaphthalene was diazo- 
tized by NaN02 in a 49% hydrofluoric acid solution at 
0.5°. To the diazotized mixture was added NaBF4 
which precipitated the diazonium fluoroborate. The 
yellow precipitate was separated by filtration, was 
washed with methanol and ether, and then was dried 
under vacuum. The product was decomposed by 
heating, and l-fluoro-2-phenylnaphthalene was ob
tained as the product. The l-fluoro-2-phenylnaph- 
thalene was separated from the reaction mixture by 
steam distillation. Four crystallizations from ethanol 
gave white needles which melted at 60°. Carbon- 
hydrogen analysis confirmed the empirical formula of 
the compound.

2'-Methyl-2-phenylnaphthalene. This compound was 
prepared by the procedure outlined by Friedel, 
Orchin, and Reggel.11 The crude reaction product 
was purified by four crystallizations from methanol 
followed by two fractional sublimations. The puri
fied sample melted at 46.0-46.5°.

Apparatus and Methods. The absorption spectra of
2- phenylnaphthalene, 2 '-methyl-2-phenylnaphthalene, 
and l-fluoro-2-phenylnaphthalene were measured 
with a Cary Model 14 spectrophotometer. 3-Methyl- 
pentane was used as the solvent for all compounds 
when the absorption spectra were measured at room 
temperature, and a 1:6 mixture of 3-methylpentane- 
isopentane was used to form rigid glassy solutions at 
77 °K. The latter solvent forms a very transparent 
glass that does not shatter the 1-cm2 quartz cells when 
they are cooled in liquid nitrogen.

The fluorescence emission spectra were measured with 
the Cary Model 14 spectrophotometer which was oper
ated in the single-beam mode. The emitting sample 
was placed at the normal site of the visible light source. 
The sample holder was designed in such a manner that 
the emitting sample is located at the focal point of the 
visible optical system and that front-surface excitation 
was obtained. The samples were excited by use of a 
specially designed Cary Model 15 monochromator that 
was coupled with a 450-W xenon light source. The 
emissions were all measured from solutions of rigid glassy
3- methylpentane at 77°K. All emissions were excited 
at 2800 A (35,710 cm-1). No photolytic effects were 
observed in the low-temperature emission spectra.

Spectra and Analysis
The room-temperature absorption spectra of 2-phen

ylnaphthalene, 2'-methyl-2-phenylnaphthalene, and 1- 
fluoro-2-phenylnaphthalene are shown in Figure 1.

4469

Figure 1. Room-temperature absorption spectra of
2-phenylnaphthalene (-------------), l-fluoro-2-phenylnaphthalene
(--------- ), and 2'-methyl-2-phenylnaphthalene ( ..........),
(solvent, 3-methylpentane).

The electronic transitions are identified by Clar’s no
tation as o  ~  320 mju, p ~  287 m p , /3 ~  250 mp, and 
/S' ~  212 mp. The three spectra are similar with 
respect to transition energies; however, significant 
and varying degrees of inhomogeneous broadening 
are readily apparent. If one assumes that near-equal 
absorption intensities should be observed for the same 
absorption band in each compound, then the degree of 
inhomogeneous broadening must increase in the order 
l-fluoro-2-phenylnaphthalene <  2-phenylnaphthalene 
<  2'-methyl-2-phenylnaphthalene. The observed 
broadening is best interpreted by assuming that there is 
superposition of the spectra of isomers; these con- 
formers are molecules that differ with respect to the 
angle between the phenyl and naphthyl ring planes. In 
view of this interpretation one might conclude that the 
extent of inhomogeneous broadening observed in 
the absorption spectrum depends only on the breadth of 
the molecular distribution with respect to angle in the 
ground electronic state. This assumption neglects 
the potential function associated with conformation 
in the excited states. The latter point is extremely im
portant to a discussion of band widths and contours 
and is a subject of discussion in another paper.12

Figure 2 shows the absorption spectrum and the 
fluorescence spectrum of 2-phenylnaphthalene in a 
rigid glassy 1:6 mixture of 3-methylpentane-isopen- 
tane at 77°K. The long-wavelength crystal absorption 
at room temperature is also shown. The absorption 
and emission frequencies are given in Table I. The 
low-temperature solution absorption spectrum shows

(9) D. H. Hey and W. E. Walker, J. Chem. Soc., 2217 (1940).
(10) D. H. Hey and S. E. Lawton, ibid., 378 (1940).
(11) R. A. Friedel, M. Orchin, and L. Reggel, J. Amer. Chem. Soc., 
70, 203 (1948).
(12) H. E. Holloway, R. V. Nauman, and J. H. Wharton, J. Phys. 
Chem., 72, 4474 (1968).
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Figure 2. Absorption and fluorescence spectra (77°K) of 
2-phenylnaphthalene (solvent, 1:6 3-methylpentane-isopentane). 
Room-temperature crystal absorption (C).

Table I : Absorption and Emission Frequencies of
2- Phenylnaphthalene, 2'-Methyl-2-phenylnaphthalene, 
and l-Fluoro-2-phenylnaphthalene (Solvent, 1:6
3- Methylpentane-Isopentane (77°K)

— 2-Phenyl-—  2'-M ethyl-2-phenyl- l-Fluoro-2-phenyl-

Band

naphthalene 
X, v,
À cm -1

naphthalene 
X, V,
A cm -1

naphthalene 
X, V,
À cm -1

(a) Absorption
a 3225 31,010 3215 31,100 3265 30,630

3180 31,450 3200 31,250
3070 32,570 3125 32,000

P 3010 33,220 2930 34,130 3010 33,220
2890 34,600 2825 35,400 2890 34,600
2780 35,970 2730 36,630 2780 35,970
2680 37,310 2640 37,880 2680 37,310

ß 2550 39,220 2500 40,000 2530 39,530
2465 40,570 2430 41,150 2460 40,650

ß' 2120 47,170 2130 46,950 2115 47,280
(b) Fluorescence Emission

3420 29,240 3280 30,490 3320 30,120
3545 28,210 3335 29,985 3480 28,740
3680 27,170 3455 28,940 3660 27,320
3825 26,140 3585 27,890 3870 25,840

3725 26,850

considerably more structure than the room-tempera
ture solution spectrum.

The first vibrational band of the a transition is ob
served at 3225 A (31,010 cm-1). Increasing the con
centration intensifies this weak band, but the spec
trum does not show any longer wavelength bands. 
However, if the solubility of 2-phenylnaphthalene is 
exceeded (as evidenced by a cloudy glass), additional 
bands beginning at 3430 A (29,150 cm-1) are observed. 
These longer wavelength bands coincide with those 
observed from a polycrystalline sample. These results 
are analogous to those observed for the similar molecule 
biphenyl for which it is known that the molecules are 
planar in the crystal.13 These comparisons and the fact 
that substituted 2-phenylnaphthalenes that cannot as

sume the planar conformation do not show the red 
shift convince us that in crystalline 2-phenylnaphtha
lene the molecules are planar. The band at 31,010 
cm-1 in the solution spectrum is assigned to be the 
0-0 band14 of the a transition for the molecule in solu
tion and that at 29,150 cm-1 is assigned to be the 0-0 
band of the a transition for the molecule in the crystal
line matrix. The 1860-cm-1 red shift of the crystal 
spectrum from the solution spectrum is attributed to a 
change from a nonplanar molecule in solution to a 
planar molecule in the crystal. In glassy solution at 
77°K the electronic transition is interpreted to be a 
transition from a nonplanar equilibrium ground state 
to a nonplanar Franck-Condon excited state, while in 
the crystal the transition is interpreted to be from a 
planar ground state to a planar Franck-Condon excited 
state.

The 0-0 band of the fluorescence emission from rigid 
glassy solution is observed at 3420 A (29,240 cm-1) and 
is red shifted 1770 cm-1 from the position of the 0-0 
band in absorption. The observed shift could be at
tributed to a failure to find other bands in absorption 
or fluorescence emission, stabilization of the Franck- 
Condon excited state by solvent interaction, a Stokes 
shift associated with a distance coordinate, and a 
Stokes shift associated with the angular coordinate or a 
combination of these effects. Since our arguments 
depend critically upon the absorption measurements, 
the measurements were carried out with a 0- 0.1 ab
sorbance scale and the base line was measured and 
subtracted. Thus the assignment of the 0-0 band in 
the solution absorption is believed to be correct. In 
addition, the Franck-Condon contour of the fluores
cence emission does not show the characteristics of a 
forbidden origin. This is a strong indication that the 
first band measured in emission is the 0-0 band and that 
the 1770-cm-1 shift is not the result of a Stokes shift 
due to a displacement of the excited-state potential 
function along a distance coordinate away from that of 
the ground state. Thus by elimination the shift be
tween emission and absorption is attributed to a 
Stokes shift associated with the angular coordinate 
and in part to stabilization of the excited state by sol
vent interaction.

Comparison of the fluorescence emission from rigid 
glassy solution with the room-temperature crystal 
absorption shows a partial mirror image relationship. 
The vibrational frequency measured in the fluorescence 
(1030 cm-1) compares favorably with the vibrational 
frequency measured in the crystal absorption (920

(13) A. Hargreaves and S. H. Rizer, Acta Crystallogr., 15, 365 
(1962).
(14) Here and in the discussion that follows, the term 0-0 band is 
used in the experimental sense of being the lowest energy band in 
absorption and the highest energy band in emission. In cases where 
the zero-point energy falls at different conformations for the ground 
and excited state, the experimental value of the 0-0 band energy 
must lose significance.
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cm-1) ; the ground-state vibrational frequency is higher 
as is normally observed. The 0-0 band of the fluores
cence emission is 90 cm-1 to the blue of the 0-0 band 
of the crystalline absorption. Solvent considerations 
indicate that the crystalline transitions should be red 
shifted from those in the hydrocarbon solvent for the 
same conformation of the solute molecule in each en
vironment. The vibrational similarity and near coin
cidence of the 0-0 bands between the crystal absorption 
spectrum and the solution fluorescence spectrum, as 
opposed to a 1770-cm-1 shift between the 0-0 bands of 
solution absorption spectrum and solution fluorescence 
spectrum, indicate that the equilibrium conformation 
of the lowest excited state of 2-phenylnaphthalene in 
rigid glassy solution closely approaches the conforma
tion of the molecule in the crystalline state.

Consistent with these observations is the interpreta
tion that for the equilibrium ground state in solution 
the molecules of 2-phenylnaphthalene are distributed 
about an angular conformation and that for the equilib
rium excited state the molecules are distributed about 
a planar or near-planar conformation. The shift be
tween absorption and emission is believed to be com
posed of a Stokes shift due to rotation from the angular 
to the planar conformation during the lifetime of the 
excited state and in part to solvent stabilization of the 
excited state.

Further support of our analysis is given by the ab
sorption spectra and fluorescence emission spectra of 
2'-methyl-2-phenylnaphthalene and l-fluoro-2-phenyl- 
naphthalene. These spectra are shown in Figures 3 
and 4, respectively, and the absorption and emission 
frequencies are given in Table I.

For 2'-methyl-2-phenylnaphthalene the shift be
tween the 0-0 band of the a transition and the 0-0 band 
of the fluorescence emission spectrum is only 610 cm-1, 
as compared with 1770 cm-1 in the case of 2-phe
nylnaphthalene. Both the absorption spectrum and 
fluorescence spectrum are blue shifted relative to those 
of 2-phenylnaphthalene, and bands at longer wave
lengths than those from glassy solution are not ob
served in the crystal absorption spectrum as they are in 
the case of 2-phenylnapthalene. Thus the steric 
interaction between 2'-methyl and either 1- or 3- 
hydrogen is evidently the predominate consideration 
in the balance between steric repulsion and reso
nance stabilization. Rotation in the excited state is 
effectively blocked and very little Stokes shift is ob
served. The data also indicate that the molecules in 
solution are distributed about an angular conforma
tion in which the average angle between ring planes 
is greater than that in the case of 2-phenylnaphtha
lene and that the equilibrium excited-state conforma
tion is very near that of the equilibrium ground state.

A dramatic temperature effect occurs in the absorp
tion spectrum of 2'-methyl-2-phenylnaphthalene, es
pecially in the region of the /3 and /3' bands. The

Xm ft
Figure 3. Absorption and fluorescence spectra (77°K) of 
2'-methyl-2-phenylnaphthalene (solvent, 1:6 
3-methylpentane-isopentane).

Figure 4. Absorption and fluorescence spectra (77°K) of 
l-fluoro-2-phenylnaphthalene (solvent, 1:6 3-methylpentane).

o
apparent band at 2250 A in the room-temperature ab
sorption spectrum disappears in the low-temperature 
spectrum; this band may result from the overlap of the 
/3' band with ¡3 bands of the various conformers. The 
¡3 and ¡3' bands in this compound have very unusual 
contours in the room-temperature spectrum. In the 
low-temperature spectrum the (3 band is somewhat 
broader than normal and two maxima appear. Com
parison with the /3 band of 2-phenylnaphthalene indi
cates that these two maxima may correspond to the dif
ferent conformational isomers which are expected for 
2 '-methy 1-2-pheny lnaphthalene.

The room-temperature and low-temperature absorp
tion spectra of l-fluoro-2-phenylnaphthalene are much 
sharper than those of either 2-phenylnaphthalene or 
2'-methyl-2-phenylnaphthalene. The spectrum is red 
shifted relative to that of 2-phenylnaphthalene, and the 
shift between the 0-0 band of the a transition and that 
of the fluorescence spectrum is only 510 cm-1. These 
data again indicate that the absorbing and emitting 
molecules are very similar. Replacement of the 1 hy
drogen with a fluorine is believed to remove a hydrogen- 
hydrogen repulsion and substitute a weak hydrogen- 
fluorine attraction. Support for the contention is 
obtained by comparing the approximate CF- • • H struc-
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Table II : Ground- and Lowest Excited State Conformations of 2-Phenylnaphthalene Derivatives

G ro u n d E x c it e d T e m p

C o m p d sta te sta te e f fe c t

2-Phenylnaphthalene Angular Planar Small
2 '-Methy 1-2-phenylnaphthalene Angular Angular Largë
l-Fluoro-2-phenylnaphthalene Planar Planar Small
l-Chloro-2-phenylnaphthalene Planar Planar Medium
l-Bromo-2-phenylnaphthalene Near planar Planar Large
6-Bromo-2-phenylnaphthalene Angular Planar Small
2 '-Fluoro-2-phenylnaphthalene Near planar Planar Small
2 '-Chloro-2-pheny lnaphthalene Near planar Planar Medium
2 '-Bromo-2-phenylnaphthalene Angular Angular Large
4 '-Chloro-2-pheny lnaphthalene Near planar Planar Small
4 '-Bromo-2-pheny lnaphthalene Near planar Planar Small

Figure 5. Geometry of 2-phenylnaphthalenes and the 
numbering system.

ture of l-fluoro-2-phenylnaphthalene (Figure 5) with 
the valence angle and bond distance for hydrogen 
bonding with fluorine. The C F - H  angle (~115°) 
and F- • H distance (^1.6  A) are very close to the 
IIP • • • H angle (120°) and F - - - H distance (1.34 A) 
observed in crystalline hydrogen fluoride.15

The experimental data indicate that in solution 
molecules of l-fluoro-2-phenylnaphthalene are dis
tributed about a planar configuration in both the 
equilibrium ground state and lowest excited state.16

Discussion

The high quality of the materials prepared for this 
study indicates that the experimental results are not the 
result of ubiquitous impurities. On the other hand, 
the analysis and/or interpretation of these experimental 
results may contain artifacts. Because of the com
plexity of these molecular systems most of the indi
vidual interpretations seem indefensible. However, the 
consistency of the analysis from system to system indi
cates strongly that our main attitudes are correct. 
These attitudes are that the conformation in both 
the equilibrium ground state and equilibrium excited 
state are determined by the balance between steric 
and resonant effects. The tendency toward planarity 
increases in the excited states because of increased 
resonance considerations. The magnitude of the 
steric effect gives rise to three situations. These are a

planar ground and planar excited state (weak repulsive 
or attractive steric effects, l-fluoro-2-phenylnaphtha- 
lene), an angular ground state and planar excited state 
(intermediate steric effects, 2-phenylnaphthalene), and 
an angular ground state and an angular excited state 
(strong steric effects, 2'-methyl-2-phenylnaphthalene). 
The magnitude of the shifts observed and the transi
tion energies are then indirect measures of the steric 
and resonant effects. The interpretations are not as 
simple and direct as one would like because contribu
tions from solvent stabilization, substitutional shifts, 
and a lack of structure in some systems make com
parison difficult.

The shift associated with solvent stabilization of the 
excited state can be estimated from the shifts observed 
from systems in which the conformations of the ground 
and excited states are indicated to be essentially the 
same. The average shift observed in these cases is 
480 cm-1. Thus the 1770-cm-1 shift observed in the 
2-phenylnaphthalene case is broken down into 1290 
cm-1 due to rotation in the excited state and 480 cm-1 
due to solvent stabilization of the excited state. The 
solvent shift may seem quite large; however, the lowest 
excited state of 2-phenylnaphthalene is calculated to 
have a dipole moment of 9 D .12 Thus the solvent 
shift is not unreasonable. The gap between the crystal 
absorption and crystal fluorescence of 2-phenylnaph
thalene has been measured to be 420 cm-1. This also 
supports the order of magnitude given for the solvent 
stabilization of the excited state.

Intuitively it seems that the glassy matrix should 
block or at least partially block the rotational relaxa-

(15) Y. K. Syrian and M. E. Dyatkina, “ Structure of Molecules and 
the Chemical Bond,”  Interscience Publishers, New York, N. Y ., 
1950, p 276.
(16) The fact that the fluorescence from l-fluoro-2-phenylnaph- 
thalene is 880 cm "1 to the blue of that from 2-phenylnaphthalene 
was of some concern. However, for l-chloro-2-phenylnaphthalene 
we find the fluorescence only 200 cm -1 to the blue of that of 2- 
phenylnaphthalene. The shift between absorption and emission 
is only 440 cm "1. Thus we conclude the blue shift for the 1-fluoro 
compound results from an inductive effect of the fluoro group. The 
data from the bromo derivative also support this conclusion.
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tion in the excited state. The emissions have been 
measured from more rigid alcoholic glasses and there is 
evidence that these solvents do partially block the ro
tational relaxation. In these solvents the bulk of the 
emission red shifts but shoulders are found at higher 
energy than in glassy 3-methylpentane. The relaxa
tion in any solvent is dependent upon the excitation 
energy. For example, in the measurements reported 
herein the emissions were excited at a 12-kcal/mol 
higher energy than the origin in absorption. Thus 
during the process of internal conversion and vibrational 
relaxation of the stretching modes considerable local 
heating of the matrix occurs. In view of this the effec
tive temperature in the microscopic region surrounding 
the solute molecule is unknown during the time of relax
ation. Since there is no significant shift between the 
room-temperature and 77 °K  fluorescence emission in 
the 3-methylpentane solvent, we conclude that this

rigid matrix does not block the relaxation process under 
the conditions of excitation used in these studies.

In all, 2-phenylnaphthalene and ten of its derivatives 
have been studied. A summary of the results is given 
in Table II. The temperature effect given is con
sidered large if major changes occur in the relative in
tensities of the electronic absorption bands as temper
ature decreases and small if relative intensities of the 
electronic transitions are unaffected by temperature 
changes in the range 77-300°K.
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The Electronic Structure and Spectra of 2-Phenylnaphthalene. Ground- and 

Excited-State Potential Energies as Functions of Molecular Conformation1

by Homer E. Holloway, Robert V. Nauman, and James H. Wharton
Department o f Chemistry, Louisiana State University, Baton Rouge, Louisiana 70803 (Received A pril 29, 1968)

The potential energy as a function of molecular conformation of the ground electronic state of 2-phenylnaph- 
thalene is considered to be the sum of the steric repulsion energy between nonbonded hydrogens and the ir 
delocalization energy. The computation of the steric repulsion energy as a function of molecular conforma
tion has been based on a model which includes both the van der Waals repulsion energy and the molecular 
deformation energy. The delocalization energy has been computed as a function of conformation by semi- 
empirical SCF-MO methods. For the ground electronic state the equilibrium conformation is predicted to be 
that with an angle of 30° between ring planes. The theoretical electronic spectrum has been computed by 
the semiempirical SCE-MO-CI method as a function of molecular conformation. The theoretical spectrum 
for the 30° conformation is found tb be in excellent agreement with the experimental spectrum. The 
potential energy as a function of molecular conformation of the excited electronic states has been estimated 
from the steric repulsion energy developed for the ground-state and the delocalization energies computed 
from the results of the configuration interaction calculations. A planar equilibrium conformation is predicted 
for the lowest excited state. The computations predict that thermal equilibration of the lowest excited state 
should give rise to a Stokes shift between the absorption and fluorescence spectrum of 920 cm-1. This agrees 
favorably with the experimental value of 1290 cm-1. The extent of inhomogeneous broadening of the absorp
tion spectrum as a function of temperature predicted from the ground- and excited-state potential functions 
has been found to be in good agreement with experimental observations. Finally, the dramatic temperature 
effect observed for the 0 band of 2'-methyl-2-phenylnaphthalene is qualitatively explained in terms of the 
potential functions of 2-phenylnaphthalene.

In the preceding paper the spectra of the 2-phenyl- 
naphthalenes have been analyzed in some detail.2 
Considerable information about the conformations 
and the energy effects associated with changes in con
formation was deduced from comparisons of the experi
mental spectra. In addition, there were observed sig
nificant temperature effects which could be interpreted 
only qualitatively by consideration of the experimental 
data alone.

Here we describe our efforts to compute the energy 
effects associated with changes in conformation of 2- 
phenylnaphthalene and to interpret quantitatively 
the temperature effects observed in the absorption spec
trum. Even a semiquantative agreement between 
experiment and theory requires rather accurate com
putations of the change in ground-state energy with 
conformation and of the change in excited-state energies 
with conformation.

Since o—7r separability is probably not a good approxi
mation for twisted composite polynuclear aromatics and 
since the a framework is important to the steric effects 
in the untwisted conformations, it would seem that a 
full o—7r computation is necessary. However, the 
equilibrium conformation of 2-phenylnaphthalene ap
proaches the planar conformation and hence the w—k 
interaction makes the greatest contribution to the 
“ delocalization”  energy in this range of conformation.
In addition, the <j-<r interaction can be included as an 
empirical, nonbonded hydrogen repulsion in which both

the van der Waals repulsion and the molecular distor
tion are included in the steric repulsion energy. Thus 
in the case of 2-phenylnaphthalene the latter approach 
is expected to give better results than those that can 
currently be obtained from a full 0—7r computation.

Methods
Electronic Energy States. As a guide to the interpre

tation of the electronic spectrum of 2-phenylnaphtha
lene, a computation based upon a configuration inter
action model of the Pariser-Parr-Pople type3 using 
SCF-MO’s as basis functions has been carried out. 
Since the computation consisted of a straightforward 
application of the method, only the empirical parame
ters and basic assumptions are recapitulated. The in
put data were based on the structure shown in Figure 1 
in which sp2 hybridization is assumed and all bond 
lengths are taken to be 1.40 A, except the interannular 
bond which is assumed to be 1.48 A. The latter dis
tance is based on the fact that the central bond in planar 
biphenyl has been measured to be 1.50 A 4 and the inter
annular bond in 2-phenylnaphthalene should be slightly 
shorter.

(1) Adapted from the Ph.D. dissertation of H. E. Holloway, Louisi
ana State University, 1967.
(2) H. E. Holloway, R. V. Nauman, and J. H. Wharton, J. Phys. 
Chem., 72, 4468 (1968).
(3) R. G. Parr, “ Quantum Theory of Molecular Electronic Struc
ture,”  W. A. Benjamin, Inc., New York, N. Y ., 1963.
(4) A. Hargreaves and S. H. Rizer, Acta Crystallogr., 15, 365 (1962).
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Figure 1. Geometry of 2-phenylnaphthalene (di and 
distances between nonbonded hydrogens).

The empirical parameters were /3UV° =  —2.39 eV for 
adjacent carbons in the ring skeletons, j3uv° =  0 for 
nonadjacent carbons, =  [$2,n(l — &,n)/<S(’(l  — 
(S0)] /3° cos 8 for the bonded carbons between rings,5 

=  11.08 eV, and yMV =  14.397/(1.300 +  E„v) 
eV /A .6

Calculations were made for the 0, 30, 45, 90° confor
mations. In the configuration interaction model for 
each conformation 25 singly excited configurations 
(4q_1'Iq) and the ground-state configuration were used. 
The computations were carried out with an IBM 7040 
digital computer using a program written by Bloor and 
Gilson.7

Steric Effects. Numerous authors have considered 
the steric effect in overcrowded molecules, especially in 
the case of biphenyl. Adrian8 has applied the “ perfect
pairing”  approximation of valence bond theory to a 
rigid molecular model. Goodwin and Morton-Blake9 
developed a simple nonbonded H -H  potential function 
by empirically fitting a function consisting of the Huckel 
molecular orbital resonance stabilization energy com
bined with an assumed form for the steric repulsion 
energy to the experimentally measured equilibrium 
conformation; again, a rigid model was assumed. 
Golebriewski and Parczewski10 developed a method for 
calculating the most stable conformation by minimizing 
the combined delocalization energy and the steric re
pulsion energy. The steric repulsion energy included 
the van der Waals repulsion energy and the molecular 
strain energy. This division of the steric repulsion en
ergy into two contributions appears to offer a better 
rationale than does that based on the rigid molecule; 
however, these authors did not develop a potential func
tion relating the steric repulsion to the molecular con
formation. In addition, the authors used the hard- 
sphere model for van der Waals repulsions developed by 
Coulson and Senet11; this model was later criticized by 
Coulson and Haigh.12 In the paper by Coulson and 
Haigh an extensive evaluation of steric interaction be
tween nonbonded hydrogens has been made, and 14 H-H 
van der Waals potential functions have been examined. 
These authors conclude that atoms are “ softer”  than 
they had been assumed to be.

In the evaluation of the steric effect in 2-phenylnaph
thalene, it is assumed that the steric potential function 
of biphenyl will closely approach that of 2-phenylnaph-

thalene. The merits of this assumption will be dis
cussed as the magnitudes of the various interaction 
terms are evaluated. Thus the analysis is in fact that 
for biphenyl. A general theory for the quantitative 
evaluation of the steric repulsive energy of planar bi
phenyls has been given by Westheimer and Mayer13 and 
has been applied to a calculation of rates of racemization 
by Westheimer.14 In this method the total steric repul
sion energy is given by

Es =  V2E « /A 2 +  U(dì) +  U(d2) (1)i

where af is the force constant associated with the dis
placement qt along the normal coordinate and U{d) 
is the van der Waals repulsion between nonbonded 
hydrogens separated by the distance dx or d2. The dis
tances dx and d2 are given by the equations

d\ — dio +  yibrfp
i (2)

d2 = d2o + (20

In these equations dw and ¿20 are the separations be
tween the nonbonded hydrogen pairs in the undis
torted planar molecule. In the case of biphenyl, dw 
and d20 are equal. The constants b{ and bt' are geo
metric factors which relate the increase in di and d2 
to the magnitude of the displacements. The minimum 
value of Es with respect to all possible variations in the 
normal coordinates that influence di and d2 is found by 
solving the set of equations given by

( ~ )  = 0 =  +V>qt Jqjĵ qi j

U(th) +  ~ U (d 2) (3) Oqt oqi

The van der Waals potential function used was that 
given by Muller15 and is

OQ1 O 1
U{d) =  —  +  63,335e_2'64Bd/“° kcal/mol (4)

(d/cbr
in which d is expressed in angstroms and a0 =  0.529 A. 
This equation was selected because (1) it was derived to

(5) Reference 3, p 100.
(6) N. Mataga and K. Nishimoto, Z. Phys. Chem. (Frankfurt), 13, 
140 (1957).
(7) J. E. Bloor and B. R. Gilson, “ Closed-Shell SCF-LCAO-M O,” 
Quantum Chemistry Program Exchange QCPE-71.1, Indiana Uni
versity, Bloomington, Ind., 1966.
(8) F. J. Adrian, J. Chem. Phys., 28, 608 (1958).
(9) T. H. Goodwin and D. A. Morton-Blake, Theor. Chim. Acta, 
1, 458 (1963).
(10) A. Golebriewski and A. Parczewski, ibid., 7, 171 (1967).
(11) C. A. Coulson and S. Senet, J. Chem. Soc., 1813 (1955).
(12) C. A. Coulson and C. W. Haigh, Tetrahedron, 19, 527 (1963).
(13) F. H. Westheimer and J. E. Mayer, J. Chem. Phys., 14, 733 
(1946).
(14) F. H. Westheimer, ibid., 15, 252 (1947).
(15) A. Muller, Proc. Roy. Soc., A154, 624 (1936).
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agree with the observed splittings in the infrared spectra 
that arise from the intermolecular force fields caused by 
overcrowding and (2) it appears to be one of the poten
tial functions that can be considered to be consistent 
with the experimental results in the analysis of Coulson 
and Haigh.

The vibrational force constants used are given in 
Table I. With the exception of the C-C interannular 
stretch, the force constants are those used by West- 
heimer in the case of 2,2'-dibromo-4,4'-dicarboxybi- 
phenyl. The force constant corresponding to the inter- 
annular stretch was calculated by means of an assumed 
linear relation between bond order and the stretching 
force constant. Carbon-carbon single and double 
bonds and benzene bonds were used as reference points.

Table II : Geometric Factors, 6/

V ib r a t io n bi bi'

Interannular stretch 1.00
C-C-H bend 1.08 X 10"8

C-H stretch
cm/radian

-0.50
Benzene rings 

6a + 8a 1.25 1.30
(6a + 8a)* 2.55 5.00
12 1.60 1.60

Table III : Contributions to the Sterie Repulsion 
Energy of Planar Biphenyl

Table I :  Values of the Force Constants, a, V ib r a t io n
D is p la c e m e n t

(«<>
E n e rg y ,

k e a l /m o l

V ib r a t io n a i
A. Model Including Ring Distortions

Interannular stretch 0.022 Â 0.21
Interannular stretch 6.1 X IO6 dyn /cm C-C-H bend 0.084 radian 1.76
C-C-H bend 0.86 X IO-11 dyne cm/radian2 C-H stretch 0.004 Â 0.02
C-H stretch 5.0 X IO6 dyn/cm (6a + 8a) 0.008 Â 0.12
Benzene ring (6a + 8a)* 0.002 Â 0.28

1° 45.9 X IO6 dyn/cm 12 0.004 Â 0.09
6 + 8 13.7 X IO6 dyn/cm 217(d) (d = 2.04 Â) 3.00
(6 + 8)* 450 X IO5 dyn/cm

5.4812 46.2 X IO6 dyn/cm
14 138 X 10s dyn/cm B. Model Neglecting Ring Distortions19 74.6 X 106 dyn/cm Interannular stretch 0.0235 Ä 0.24

“ The notation corresponds to that of Westheimer’s normal- C-C-H bend 0.0901 radian 2.01
coordinate analysis. 217(d) (d = 2.018 Â) 3.30

5.55

In the case of planar undeformed biphenyl the bond 
lengths have been taken to be the following: C-H,
1.08 A; ring C-C, 1.40 A; and interannular C-C, 1.48 
A. The bond angles were taken to be 120°. The 
choice of 1.48 A for the interannular bond length was 
based upon the bond distance measured for biphenyl in 
the vapor16 where sterie repulsion is absent. The dis
tortion of the molecule is assumed to be sufficiently 
small that second- and higher order terms relating the 
H-H distance to the magnitude of the vibration in 
question can be neglected. Only three of the ring vi
bration normal-coordinate force constants (6 +  8, 6 +  
8*, and 12) and the corresponding geometric factors 
have been used. Analysis shows that the remainder of 
the force constants are so large or that the geometric 
factors are so small that the rings are essentially undis
torted in these modes and thus the distortion energy is 
negligible. The geometric factors b{ and b{' are given in 
Table II.

Table III gives the displacements, the energy asso
ciated with the displacements, and the total sterie .repul
sion energy for planar biphenyl. The data show that 
the C-H  stretch can be neglected and that the strain en
ergy involving ring distortions is quite small (0.49 kcal/ 
mol) as expected.

In view of the small contributions of the ring distor
tions to the change in distance between nonbonded 
hydrogens and to the interaction energy, the calculation 
was repeated and the ring distortions and C-H  stretch 
were neglected. These results are given in Table III. 
Neglect of the ring distortions severely alters the contri
bution of the C -C -H  bend to the total energy but does 
not increase the total interaction energy significantly. 
Thus, because of the stiffness of the benzene rings, their 
distortions can be neglected in considering the total 
sterie repulsion energy; however, the error in the in
dividual contributions is apt to be quite large. The 
predicted 0.0235-A stretch of the C -C  interannular bond 
combined with the assumed 1.48 Â bond length for un
deformed biphenyl gives 1.5035 A for the interannular 
bond length in the planar molecule, a result that is in 
excellent agreement with experiment.4 In addition, the 
predicted 2.08-A nonbonded hydrogen distance is in fair 
agreement with the 1.97-Â distance estimated from ex
periment.17

(16) A. Almenningen and O. Bastiansen, K g l .  N o r s k e  V i d e n s k a b .  

S e l s k a b s  S k r i f t e r ,  4 (1958).
(17) See ref 12, p 543.
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With the assumption that ring distortions can be 
neglected, biphenyl serves as a good model for 2-phenyl- 
naphthalene, provided that the assumption that dw = 
(feo is justifiable in the case of 2-phenylnaphthalene and 
that d for 2-phenylnaphthalene and d for biphenyl are 
equal. Analysis of the bond orders of planar 2-phenyl
naphthalene indicates that dln =  1.79 A and dm =  1.81 
A, while d0 for biphenyl was 1.80 A. Thus a slight bend
ing (~0.003 radian) of the C -C -C  angles at the inter- 
annular bond would tend to make these distances equal 
and would involve very little strain energy (0.001 kcal/ 
mol). Thus the steric repulsion energy of planar bi
phenyl should be applicable to 2-phenylnaphthalene.

If one considers only the interannular stretch and the 
C -C -H  bends to be modes to relieve the van der Waals 
interaction, then calculation of the total repulsive en
ergy as a function of the angle between planes is con
siderably reduced in complexity. The calculation in
volves fixing the molecule at various angles, calculating 
the corresponding d0 which is given by

d0 = (12.50 -  9.24 cos 0)‘A (5)

and minimizing the repulsive energy. It is assumed 
that the hydrogens are displaced from each other along 
a line joining their undisplaced positions. The distor
tion involves both the in-plane and out-of-plane bending 
constants. The out-of-plane bending constant is 0.39 
X 10-n  dyn cm/radian2.18 The computation was 
made for the 0, 10, 20, 30, 40, and 60° conformations. 
The resulting repulsive potential function is given by 
the upper curve (Ea) in Figure 2.

Resonance Energy. Several semiempirical methods 
commonly used to calculate increased resonance sta
bilization due to twist have been examined. Most of 
these methods include as the major contribution the 
function

E M  =  2Prs/3ra cos2 e (6)

in which pra is the x bond order, /3rs is the resonance 
integral, and d is the angle between planes. Bond 
orders have been calculated by a variety of methods, 
while j3rs is generally selected to agree with the thermo
chemical data and an experimental picture of relatively 
free rotation. If the attitudes previously applied to 
biphenyl are applied to 2-phenylnaphthalene, the po
tential function obtained for the ground state indicates 
the planar conformation to be the most stable. In 
addition, the potential function shows very little energy 
variation. Thus there is predicted a broad molecular 
distribution which when combined with the transition 
energies calculated as a function of 6 suggests that the 
electronic absorption bands should be extremely broad. 
Both the planar ground-state conformation and ex
tremely broad bands are in complete discord with the 
experimental results. Without adjusting /? to an un
realistically small value and changing /3 between ground

Figure 2. Potential energy as a function of conformation 
for the ground electronic state (Eg, steric repulsion energy; 
E,r, delocalization energy; E t , total energy).

and excited states, the empirical methods developed for 
biphenyl are not applicable to 2-phenylnapththalene.

It seems more nearly consistent to use the same model 
to predict resonance stabilization energies that has been 
used to calculate state energies. Pople19 has success
fully used the SCF method to calculate ground-state 
resonance energies without making a significant adjust
ment of j3. Hence, the energy of delocalization across 
the interannular bond gained by untwisting the molecule 
is given by

E M  = 2 & 1 S )  -  2X X ( f )  (7)

E M  is the energy eigenvalue of the 7th SCF-MO at a 
given 6. The function obtained is shown as the lower 
curve (£?„) in Figure 2. A second-order correction to 
this function results from the variation in interannular 
bond length with the variation in angle between planes. 
This effect requires that the resonance stabilization plus 
steric repulsion should be minimized in one step. 
However, our f3 vs. bond length function is essentially 
invariant to the 0.02 A bond stretch predicted by the 
steric interaction.

For the jth  excited state the energy of delocalization 
across the interannular bond gained by untwisting the 
molecule is given by

Er/ 0 ) = E M  +  0Cj(e) — ai (^ j  (8)

in which ci](d) is the transition energy for the 6 confor
mation calculated from the configuration interaction 
model.

(18) R. C. Lord and D. H. Andrews, J .  P h y s .  C h e m ., 41, 149 (1937).
(19) J. A. Pople, T r a n s .  F a r a d a y  S o c . , 49, 1375 (1953); A. Brick- 
stock and J. A. Pople, i b i d . ,  50, 901 (1954).
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Results and Discussion
Ground-State Potential Function. The ground-state 

potential function (Er) is shown in Figure 2 and is the 
sum of Er (ft) and Ee (6). The minimum energy is pre
dicted at 6 =  30°. In the range —40° <  6 >  40° the 
function is relatively flat but is predicted to rise rather 
sharply above 40°. These results are consistent with 
the intuitive prediction that the equilibrium conforma
tion of 2-phenylnaphthalene should exhibit a greater 
tendency toward planarity than does biphenyl; the 
equilibrium angle in biphenyl has been determined to be 
42°.16 In addition the results are consistent with the 
analysis of the electronic absorption spectra of 2-phenyl
naphthalene. The absorption spectra indicate that the 
equilibrium conformation in the ground state is angular; 
spectra of molecules in rigid hydrocarbon glasses are 
being compared with computational predictions for 
molecules in the gas phase. The minimal portion of the 
potential function is so broad that one must work at low 
temperatures in order to observe sharper spectra that 
result from a narrow distribution of molecules; low 
vapor pressure with the resulting need for long path 
lengths that lead to appreciable scattering prohibits the 
observation of vapor spectra at low temperatures. 
Consequently, the undesirable but necessary alternative 
of observing the spectra of 2-phenylnaphthalene in 
solution was adopted.

The predicted molecular distributions at 300 and 
77°K, in which classical Boltzmann statistics are as
sumed, are shown in Figure 3. At room temperature a 
substantial population of the planar conformation is in
dicated, while at 77°K essentially no population of the 
planar conformation is indicated. Even at high tem
perature the molecular distribution is essentially con
fined to the region of ±40°. However, in the computa
tion of the steric repulsion energy and the delocalization 
energy <r-x separability was assumed, and in the case of 
molecules like 2-phenylnaphthalene o—x separability 
may be a rather poor approximation for the 90° con
formation. Thus at high angles the model assuming 
separate <r-<x (steric repulsion function) interaction and 
separate x -x  (delocalization function) must be a poor 
approximation. On the other hand, as 6 approaches 
zero, cr-7r separability is a much better approximation. 
Consequently, the contour of the potential function is 
considered to be a good approximation below 6 =  
45°.

Electronic Energy States. Figure 4 is a graphical 
representation of the bonding MO’s of the subsystems 
and shows the mixing of the localized MO’s that occurs 
as the molecule approaches the planar conformation. 
The solid line implies that a great deal of subsystem 
character (>90% ) is retained by the indicated MO’s 
in the planar composite system. Dotted lines imply 
very little contribution, while the dashed lines imply 
extensive delocalization. As indicated, the major effect 
arises from the mixing of the Bi orbital of benzene with

Figure 3. Molecular distribution functions for the ground 
electronic state at 77 and 300 °K.

16
15

14

13

Figure 4. A correlation diagram for the molecular orbital 
energy levels of planar and twisted 2-phenylnaphthalene.
The solid lines indicate the subsystem MO’s that make the 
greatest contribution (greater than 90%) to the delocalized 
MO’s while the dotted lines indicate the minor contributors.
The dashed lines indicate that the subsystem MO’s make 
essentially equal contributions to the delocalized MO’s. 
Configurational excitations are denoted by arrows 1-4. 
Excitations 1 and 3 show no charge-transfer characteristics, 
while excitations 2 and 4 show partial 
charge-transfer characteristics.

the Biu orbital of naphthalene. The MO’s of 2-phenyl
naphthalene can be classified as delocalized (5 and 7), 
partially localized (1, 2, 3, 4, and 8), and localized (6).
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Table IV : Transition Energies and Transition Moments

C o n fo r m a t io n s

Band0 Wave function b E h
-9 0 °------ n

M A E
- 4 5 °-----

M A E

CO O o

a; A  E
- 0 ° -----

M A E
E x p t l '

€

a — 'V8~1i rio 4.26 0.0 4.16 0.0 4.11 0.0 4.00 0.0 4.21 ~4 X 102
P 'F8_1'Ir9 4.50 0.80 4.40 0.75 4.35 0.80 4.29 0.90 4.33 1.25 X 104
ß 5.74 2.24 5.17 2.00 5.03 2.02 4.93 2.02 4.98 5.7 X 104
ß' 6.44 1.11 5.95 0.77 5.85 0.69 5.77 0.61 5.85 4.1 X 104

4'6~1’4r9 — 4'8_1’i'n 6.10 0.0 6.04 0.75 6.00 0.76 5.97 0.84
— 4'8_1’Î'l2 5.97 0.0 6.07 1.07 6.06 1.16 6.05 1.18

■g/j-LFs, — 'J>8-1'I'l3 6.27 0.05 6.29 0.49 6.29 0.47 6.29 0.45
6.19 0.35 6.52 0.58 6.57 0.42 6.92 0.54
7.12 0.0 6.73 1.06 6.69 1.08 6.67 1.11

'Î5~1'ÎTo — T',“1'!'« 7.00 0.0 6.94 0.51 6.93 0.52 6.59 0.17
“ Clar’s notation. b AE  in electron volts. ' Experimental values from Xma* of the room-temperature-solution spectrum.

Thus three types of nonpolar configurational excited 
states and three types of polar configurational excited 
states (charge transfer of varying extents) are included 
in the configuration interaction model. Consideration 
of only first-order configurational interaction indicates 
that the a and 0 transitions involve polar excited states 
(delocalized to partially localized), while the p transition 
involves a nonpolar excited state (partially localized to 
partially localized). Higher excited states include a 
great deal of charge-transfer character, giving rise to 
extensive charge-transfer mixing in the configuration 
interaction calculation.

The transition energies and transition moments ob
tained from the configuration interaction computation 
are given in Table IV along with the experimental re
sults. For all conformations with 6 less than 45°, the 
calculated spectrum is in satisfactory agreement with 
the experimental results. The calculation for the 30° 
conformation agrees best with the experimental results; 
however, this agreement must be considered to be 
fortuitous because of the limited accuracy of the compu
tation. It is significant that the calculated and mea
sured spectra are in agreement in the range of 6 pre
dicted to be pertinent by the ground-state potential 
function.

According to the configuration interaction model, the 
energy of the a and p transitions is not extremely sensi
tive to the angular conformation, while the energy of the 
0 transition is predicted to be very sensitive to the con
formation. This is interpretable in terms of mixing the 
charge-transfer excited states (Te~1'F9 — 4'8~1'f/n and 
4'5- 14r9 — T8“ 1'hi2) with the state corresponding to the 
/3 transition.

The experimental spectrum is compared with the cal
culated spectrum in Figure 5. Only those transitions 
which are computed to have nonzero transition mo
ments (except the a transition) are included in the cal
culated spectrum. As observed, the calculated spec
trum is in excellent agreement with the experimental 
spectrum for the a, p, and 0 transitions. The measured

Figure 5. Comparison of the theoretical spectrum of the 30° 
conformation with the experimental spectrum. Calculated 
transitions (solid lines and short dashed line) are those of 
Table IV  in the order of increasing energy. Lengths of solid 
lines are proportional to the transition moment squared, while 
the a  transition is dashed to indicate a transition moment of 
zero. The tall vertical dashed lines show the calculated upper 
and lower limits for the energy of the 0 transition (90 and 0° 
conformations, respectively).

intensity of the 0' transition is considerably higher than 
that predicted by the transition moment of the 4'7_1'frio 
transition. This indicates that a better interpretation 
of the band labeled 0' is the superposition of the 
'F 6 - 1 'F 9  —  'F8_14rn, and T , 6 _ 1 'I ,9 —  'F 8 ^ 1 'F 1 2  transitions. 
The sum of the squares of the corresponding transition 
moments gives a good account of the intensity observed 
for the 0' band. The tall vertical dashed lines in Figure 
5 indicate the range of energies calculated for the 0 
transition as the conformation is changed from 90 to 0°. 
The calculations indicate that no conformation has 
other allowed transitions in this range.

Stokes Shift. The potential functions for the ground 
state and first three excited states are shown in Figure 6. 
The excited-state potential functions are the sum of the 
delocalization energy (eq 8) computed for each excited 
state and the steric repulsion energy calculated for the 
ground state. Use of the ground-state steric repulsion
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Figure 7. Graphical solutions for the displacement along the 
interannular bond length corresponding to minimum steric 
repulsion energy for bond lengths of 1.46, 1.48, and 1.50 A in 
undeformed planar biphenyl.

between absorption and fluorescence than do the other 
resonance integrals. In addition the predicted ground- 
and excited-state conformations are acceptable. This 
analysis indicates that the theoretical results are not 
ultrasensitive to the value of the resonance integral 
between rings and that the best over-all results would be 
probably obtained with /3 ~  2.00 eV.

The sensitivity of the steric repulsion computation 
to changes in assumed coordinates has been investigated 
by varying the interannular bond distance for the un
deformed molecule from 1.46 to 1.50 A. The positions 
qi corresponding to the minimum energies are found 
by solving the system of equations defined by eq 3. 
For the stretching of the interannular bond length this 
equation takes the form

m ?  =  “  =  F ^ )  (11)oqi

for the planar molecule. Graphically, the solution is 
shown in Figure 7 using interannular bond lengths of 
1.46, 1.48, and 1.50 A for the undeformed molecule. 
Inspection shows that the qte and Ft(q{e) which enter 
into the energy are not very sensitive to the assumed 
interannular bond length. In Table VI the results of 
the total steric repulsion calculation are given for the 
planar molecule as a function of bond length. The 
results show that slight relaxations of the stretching and 
bending modes give rise to essentially constant non-

bonded hydrogen distances at very little cost in energy. 
Further analysis shows that the steric repulsion curves 
for the different interannular bond lengths rapidly 
converge as the angle between rings increases. The 
implication is that within reasonable limits the solutions 
to the steric contribution do not critically depend upon 
the assumed coordinates.

Table VI: Sensitivity of the Results to the Parameters.
Variation of Interannular Bond Length

U n  d e fo r m e d E q u il
b o n d b o n d H - H

le n g th , le n g th , d istan ce ,® S te r ic
A A A e n e r g y 6

1.46 1.4848 2.0101 6.18
1.48 1.5035 2.0181 5.50
1.50 1.5223 2.0269 5.03

“ Nonbonded hydrogen distance for the planar molecule. 
4 Steric energy for the planar conformation in kilocalories per 
mole.

Conclusions
The agreement between the experimental observa

tions and theoretical predictions in the case of 2-phenyl- 
naphthalene is extremely gratifying. This is especially 
true since our parameters have been taken from similar 
molecular systems. It seems possible within the frame
work of the computation to obtain a much better fit 
between experiment and theory by empirical methods. 
Perhaps this will be a worthwhile endeavor when more 
experimental data become available.

The initial success in the theoretical analysis of 
2-phenylnaphthalene indicates that a combined theoret
ical-experimental attack on the spectra of the 1- and 
2'-substituted 2-phenylnaphthalenes will provide con
siderable insight into the nature of intramolecular inter
actions. Thus far, 12 derivatives of 2-phenylnaph
thalene have been synthesized and are currently being 
studied.
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Heterogeneous Activation in Thermal Unimolecular Reaction111

by Kenneth M. Maloneylb and B. S. Rabinovitch
Department of Chemistry, University of Washington, Seattle, Washington 98105 (Received May 22, 1968)

The contribution of simple heterogeneity to the observed rate of reaction for thermal unimolecular systems has 
been examined. The equation of continuity was solved with appropriate boundary conditions. It is shown 
for spherical reactors that the magnitude of heterogeneous activation-deactivation effects is a function of the 
reactor size, the degree of falloff, temperature, and collision cross section. The variation of the concentration 
of activated substrate molecules as a function of the radial distance, r, of the pressure and collision diameter 
of the reactant and of the specific reaction rate of the reactant is illustrated, along with the behavior of a 
heterogeneity function H(E)' that ranges between the limits of zero (no heterogeneity) and unity (complete 
heterogeneity). Application is made to the ethyl isocyanide thermal isomerization.

Introduction
Homogeneous thermal unimolecular gas-phase re

actions are frequently studied in a spherical reactor 
as a function of pressure and temperature. It is 
desirable that the contribution of heterogeneity to the 
observed rate be quantitatively assessed. Hudson 
and Heicklen2 (HH) have made an important contri
bution to the treatment of this problem. They ex
amined the steady-state solution of the nonhomo- 
geneous differential equation

DV2C(r) +  R'(r) -  kvC(r) =  0 (1)

subject to the boundary conditions

= fcwC (r0) (r =  r„) (2)
dr

and

C(r) — finite (r =  0) (3)

where C(r) is the concentration of reacting molecules 
at radial distance r, D is the diffusion coefficient, R'(r) 
is the rate of homogeneous production or introduction 
of reactant molecules, fcv is the first-order rate constant 
for homogeneous reaction, r0 is the radius of the spheri
cal vessel, and kw is the velocity constant for the hetero
geneous wall reaction. Condition 2 takes into account 
reaction at the wall; condition 3 ensures a solution at 
r =  0 and is introduced because eq 1 has a singularity.

The solution of eq 1 for a sphere was given by HH, 
for R'ir) a constant, as

DC(r) 1
• R'ro2 "  K v

(Kw/Kv) sinh {K vvV/r0} / {K vvV/r0) .
[cosh \ K :h) +  (Kw -  1) sinh {K * \ / K wl/']

where K v = kvro2/D and K w = kvr0/D, and

Rv _  Kv . ________ Ky/3________  _ . .
=  3KW +  Kv‘/! coth {K v1/2} -  1 ( J

where Rv and Rw were defined by HH to be the total 
homogeneous and heterogeneous rates, respectively. 
Equation 1 may be made very general, but some appli
cations to a range of energy states (see below) will 
necessitate its restatement in the form of a set of equa
tions that span the range of energy states.

Equation of Continuity for 
Activation-Deactivation

HH considered as an illustration the simple but im
portant example of activation and deactivation of ex
cited molecules. In this case, C(r) becomes CE*(r), 
the concentration of activated molecules in unit range 
of energy at E; R ’ becomes RE, the rate of homo
geneous activation of molecules of reactant Ca to states 
at E, and may be taken as independent of r; kv is the 
specific rate constant for collisional deactivation in the 
gas phase; and kw is a similar quantity for wall de
activation. HH did not actually use their detailed 
formulation in their considerations but instead simply 
compared the rates of collision at the wall and in the 
gas phase. As is shown formally below, their compari
son corresponds to the limiting low-pressure situation 
for which kvCE*(r) ~  0 in eq 6 and kwCE*(r0) =  0 in 
eq 7 and which leads to eq 11.

We are interested in this illustration in connection 
with the evaluation of the contribution of wall activa
tion in an experimental study of unimolecular isocya- 
nide isomerization. While the simplified procedure is 
valid for the limiting low-pressure unimolecular case, 
the assessment of the contribution due to heterogeneity 
in general, i.e., in the falloff region, necessitates the 
detailed solution of the equation of continuity. This 
must be done for a range of energy states, since the 
specific reaction rate constant kE is a function of energy. 
Equation 1 of HH is formally modified as

(1) (a) Th is  work was supported by the National Science Founda
tion; (b) abstracted from the P h .D . thesis of K . M .  Maloney, 
U niversity of Washington, 1968.

(2) J . L .  Hudson and J . Heicklen, J. Phys. Chem., 71, 1518 (1967) *
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DV2CE*(r) +  kvB(E)CA2 -
KCE*{r)CA -  kECE*{r) =  0 (6)

where B{E) is the appropriate equilibrium distribution 
expression, and the second term represents RE'; kv 
is now defined to be the specific rate constant for gas- 
phase collisions; kE is the specific rate constant for the 
reaction. Only the most common case of a spherical 
reactor is examined, but these considerations can readily 
be extended to the cylindrical case with use of the 
development of HH. The reactant concentration Ca 
may be taken as constant. Equation 6 has implicit 
in it the strong-collision assumption. We rewrite the 
boundary condition 2 as

C,*(r) = (V (r „ ) (r = r„) (7)

CE*(r0) is evaluated from the subsidiary condition

- D d- ^ -(ro) =  fcwCB*(r0) - W E (r =  r0) dr

where the wall activation parameter, WE, is defined 
as

WE =  cB(E)Ca/4: =  KB(E)Ca

and the strong-collision properties of the wall are again 
assumed. Any other assumption than this upper 
limiting case for wall contribution would make the 
computations unnecessarily involved for present pur
poses.

Evaluation of eq 6 subject to boundary conditions 3 
and 7 leads to the following solution which is written in 
a form which may be readily compared with eq 4

and is given by kvr02CA/D. The total rate of chemical 
reaction for molecules in unit range at E, Rte, is

4:irr03k [Rn_ AV (ro) -  ReVfcvE\  
*\k e +  \ K vE sinh {K yE'/2\ ) X

(KvE1/2 cosh {K „ l/l) -  sinh {K v*I/2|)j (9)

The net contribution of heterogeneous activation to the 
reaction, RwB, is therefore RWE =  Rte — RyE, and the 
homogeneous rate in the absence of any wall effects 
is

■iirkECE*(ss)ro3/3 (10)

where Ce* (ss) =  [KCA/{kvCA +  kE) ]B(E)CA and 
CE*(ss) is the steady-state concentration that would 
prevail in the absence of heterogeneity. The above 
definitions differ from ref 1. In the low-pressure limit, 
with the use of the appropriate modifications of eq 6- 8, 
the total rate of reaction, R t e ,  is the total rate of acti
vation

4irr„3fcvB (E) Ca2/3  +  M k wB(E)CA (11)

which in effect is the relation used by HH in their ex
ample and which applies for kvCA <5C kK (i.e., p -*■ 0).

PCB*(r) =  Re[ _
r<>2 KvE

[(Kw/KvE)rJiE' -  WE] sinh {K vE'/2r/r0} (KvE1/2r)~l 
cosh {K yE1/2\ +  (Kw -  1) sinh \KvE'/2\ (K vE/r) - 1

(8)
It is useful to write the solution in another form

CE*(r) = +
rCvS

[Cg*^) — RE'/kvE] sinh {.K’vg1/¥/ro}ror~1 
sinh {K vE/2}

where

CE*(r0) =
Re’ ___________ WEr0 sinh {K yEh)
kvE +  D{KwE'2 cosh {K yE1/2\ -  sinh {K vEi/2

~1 ____________k w sinh { K yE/2}_______
{KyE /2 cosh { K ve1) — sinh \KyE

where K E = kEr02/D, kvE = KCA +  kE, and K vE =  
K v 4- K e. K v no longer retains the meaning given in 
connection with eq 4, since kv has been redefined in eq 6,

Contribution of Heterogeneity to 
Unimolecular Reaction Rate

We define heterogeneity (as it refers to activation- 
deactivation at the wall) in a general manner applica
ble to any pressure region in which a unimolecular 
reaction may be studied. For a given system, the 
contribution H to the total rate of reaction due to heter
ogeneity is measurable in terms of the excess of the 
total rate of reaction in the reactor volume in question 
over the corresponding homogeneous rate, i.e., the rate 
of reaction in a volume of the same size which is part 
of a reactor of infinite extent. Then

H{E) =  <C,*(r)) -  Cg*(ss)

and

H(E)' = 1 -  CE*(SS)/(CE*(r))

{CE*(r)) is the average concentration of excited mole-

j«ro / /»ro
CE*(r)r2 dr /  I r2 dr). The 

o / J o
quantity H(E)’ is defined for convenience to range 
between the limits of zero (no contribution due to 
heterogeneity) and unity (100%  heterogeneous acti
vation) .
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Figure 1. Concentration profiles of CE*(r)' vs. r for 1-, 12-, and 
200-1. reactors, respectively, with kE equal to the gas kinetic 
collision frequency at 10-s mm for a collision diameter, a, 
of 4.0 A (kE = 5.83 X 103 sec-1). Calculations have been 
made at 260°. Pressures begin at 10-4 mm and increase by 
factors of 10 to a pressure of 10-2 mm, above which CE*{r) 
becomes equal to CE*{ss) at all values of r and CE*{r)'
equals unity everywhere:---------■, 10-4 mm; • ■ • •, 10-s
m m ;--------- , 10-2 mm. These symbols are also used in
subsequent figures. The vertical lines at 6.20, 14.20, and 
36.28 cm represent r0 for the several reactors. The heads 
of the horizontal dashed arrows indicate the limiting 
concentration CE*(ro)' at each pressure.

Figure 2. Concentration profiles of CE*(r)' vs. r 
for kE corresponding to 10-1 mm with cr = 4.0 A 
(kE = 5.83 X 105 sec-1). The calculation has 
been extended to 10-1 mm (-• -• )•  At 10-4 mm, 
the system is in the second-order region.

The behavior of CE*(r) has been calculated at 260° 
from eq 8 for several vessels at three values of kK 
(equal to the collision frequency w at 10~3, 10-1, and 10 
mm), and for <ta =  4 and 7 A, and for a typical mass, 
wia =  60 (Figures 1-4). Cf *(r)' is the reduced con
centration C«*(r) in units of C£*(ss). These values of 
kE and a are representative of those of interest in con
ventional thermal systems. If kE »  to(10 mm), then 
the falloff behavior occurs at such high pressures that 
the wall effects characteristic of lower pressure studies 
do not enter; if kE <  co(10-3 mm), then a significant 
degree of falloff is not observable and such a system only 
can be examined close to the “ high-pressure”  region.

An important aspect of the behavior of CE*(r)' is not 
only the magnitude of the limiting value Ci *(r0)', 
which increases with decreasing pressure and with in
creasing value of kE, but also the distance rh at which

Figure 3. Here a has been increased to 7.0 A but otherwise 
the calculation is for the same conditions as in Figure 2, 
except that the system reaches the second-order 
condition at 10-s mm. The decreased effect of 
heterogeneity relative to Figure 2 is evident.

Figure 4. Concentration profiles of CE*(r)' vs. r for kE 
corresponding to 10 mm with a =  4.0 A (kE = 5.83 X 107 
sec-1). For all pressures above 10-3 mm the proximity of 
C b *(t Y  to unity everywhere, except at r = r0, is such that 
graphical representation of the area under the curves 
cannot be shown; the heads of the dashed arrows, however, 
indicate the limiting concentration CE*(ro)' in each 
instance. Above 10 mm CE*(r)' becomes unity. The 
system is in the second-order region at all pressures.

the quantity CE*(r) — CE*{ss) first becomes greater 
than zero. As the value of kE increases, for a given 
pressure and reactor size, rh approaches closer to r0 and 
the change in CB*(r0)' becomes very large. This be
havior is for the reason that the rate of wall activation is 
independent of kE, while CE*{ss) varies inversely with 
kE; also, as kE increases, the activated molecules react 
before they can diffuse any appreciable distance from 
wall, and the concentration perturbation at the wall is 
not propagated inward.

Figure 5 illustrates the variation of H(E)' as a func
tion of pressure in 1-, 12-, and 200-1. reactors, respec
tively, for the several kE and collision diameters.
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When CB*(r) becomes equal to C'£*(ss) for all r, H(E)' 
=  0. The arrow markers designate the respective 
threshold pressures below which each reaction (with 
characteristic rate constant kE) is in its own second-or
der region; the arbitrary but practical criterion was 
adopted that kB >  100 (JcvCA +  3fcw/r0) for second- 
order behavior. For each reaction, the magnitude of 
H(E)' at values of the pressure below the markers 
depends simply on the relative rates of wall and homo
geneous collision (activation) of A. At pressures above 
threshold, collisional deactivation as well as activation 
of AE* can occur at the wall so that the net rate of wall 
activation is reduced. It should be understood from 
the nature of Lindemann falloff that no effect on the

p (mm)

Figure 5. Summary plots of H (E )' vs. pressure for a =  4.0 
and 7.0 A. These plots illustrate the dependence of 
heterogeneity on pressure, reactor volume, k¡¡, and collision 
cross section. The top scale is for the 4.0-A case and the 
bottom scale is for the 7.0-A  case. That portion of each 
respective curve to the left of the arrows (positioned at the 
top of the figure for the 4 .0 -A  case and at the bottom 
of the figure for the 7.0-A  case) corresponds approximately 
to the second-order region for the values of kn in question.
The pressures at which the curves for the lowest kE (corresponding 
to 10 ~3 mm) enter the second-order region are below 10 mm.

observed rate constant due to “ heterogeneity”  may 
raise it above k„ for the reaction in its high-pressure 
equilibrium region—even though all activation were to 
take place at the wall. By contrast, the heteroge
neity effect is a maximum for a given reaction when it 
is in the second order.

The H(E)' curves given in Figure 5 were calculated 
for the assumed collision diameters of 4 and 7 A. For 
the former case the homogeneous collision rate is re
duced by one-third, all curves are moved to higher (by 
a factor of 3) pressures, and wall effects are enhanced.

The correct form (but not quantitative magnitude) of 
the pressure dependence of wall effects may be readily 
seen from the formulation of a simplified ratio of rates 
in terms of Lindemann-type expressions

Rt(E)/Rv(E) «
kvCA “f" k-n Ó

+  ~(kvCA +  kEyo

/  kyC A _

fcvCA +  kE

where Rt(E)/RV(E) is the ratio of total rate in an energy 
range at E (due to the homogeneous plus heterogeneous 
contributions) to the rate if only the first contribution 
were to enter. Then

Rt(E)/Rv(E) 1 +
kw

o 1 + r0
kw

(kwC\ +  kB)

(12)

and

H{E) ' ~  1 -  [RAE)/Rt(E)\

The first factor in the ratio of eq 12 describes the rela
tive importance of wall and homogeneous collisions; 
the second factor relates to the region of falloff in 
question, in the form of the relative importance of total 
and homogeneous rates of removal of activated mole
cules. For kw «  r0kvC\/3, the wall effect is unimpor
tant and the ratio approaches unity and H' =  0; 
for kE 5i> (kvC\, 3fcw/r0), the ratio has the full value of 
the first term, corresponding to maximum wall effect in 
the second-order region; for kE «  KCa, the system is 
in the high pressure and the ratio is unity and H (E) ' — 
0, independent of the importance of fcw ; and for 3kw/r0 
)2> kB ~S> kvCA, as the pressure of the system decreases 
the second factor decreases more slowly than the first 
factor increases and H' goes to unity— also, the ob
served first-order rate constant is in this circumstance 
equal to ka.

The simplification that entered the formulation of eq 
12 was the (implicit) premature spatial averaging of 
CE*(r) and its replacement by an (unspecified) aver
age.

Figures 1-5 provide a sufficient illustration of the 
dependence of H(E)' on various parameters so that 
semiquantitative estimates of H(E)' may be readily 
made for other systems. The variation of H' with 
temperature enters through the dependence of D and 
of the range of ic® on T, as well as of CA if pressure is 
kept constant. In the second-order region, H{E)' does 
not vary with T if CA is kept constant. In the falloff 
region, increase of T leads to increase of H{E)'. The 
magnitudes of these effects are illustrated in Figure 6 
for the case of a 12-1. vessel, with kE =  10“ 1 mm and 
<7 =  4 À. An actual system in which the average effec
tive value of kE, and the region of falloff, changes with 
temperature is more complex, but the expected vari
ation of H(E)' over a considerable range of tempera
ture is not large.
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Figure 6. Illustration of the variation of H {E )' with 
temperature in a 12-1. vessel at several constant pressures 
for Ue = 0.1 mm and <r = 4 A. The rate of change of 
H {E )' with temperature passes through a maximum with 
decreasing pressure. The variation of H {E )' at 10~4 mm, 
which is in the second-order region, is due to the variation 
of Ca with temperature at constant pressure.

Figure 7. Variation of the average heterogeneity function,
(H {E )'}, with pressure for the ethyl isocyanide system at 231° 
in three reactors. The arrow shows the pressure below 
which the reaction would be effectively in the second-order 
region in the largest vessel for the case a = 7 A; 
if a were less, {H (E )') would be increased.

The Cyclopropane Reaction
As a practical example, HH considered the cyclo

propane isomerization data which had been obtained 
by one of us;8 they used the limiting second-order 
formulation for a pressure of 1.53 X 10-:i mm in a 12-1. 
reactor at 500°. The reduced rate, fc/fc„ ,4 under these 
conditions is 6 X 10 ~3, which corresponds to a reaction 
order of5 1.75. One may estimate6 that a representa
tive value of kE for this system is 5 X 106 sec-1 at the 
degree of falloff in question. The limiting calculation 
given by HH overestimated the heterogeneous contri
bution by only ~ 15% .

Illustration : Ethyl Isocyanide Isomerization
Owing to the increased molecular complexity of ethyl 

isocyanide as compared with methyl isocyanide,6 the 
accessibility of the second-order thermal region de
creases significantly and makes rate measurements in 
the pressure regions where heterogeneity becomes im
portant unavoidable.

The effect of heterogeneity was calculated for this 
system for the several reactor volumes (0.5-200 1.), 
temperatures (190, 231, and 260°), and pressures used. 
The Marcus-Rice7 formulation was used to generate 
kB at 50-cm-1 intervals.8 The corresponding hetero

geneity functions H(E)' were calculated and averaged 
over the distribution function for the reacting mole
cules

m m  =  r H ' ( E ) - ^ ~ B ( E )  X 
J  Ee 00 +  KE

dE/ f ”  -  k* B(E) dE 
J e, oo +  kE

Summary plots of (H(E) ')  vs. pressure at the central 
temperature of 230.9° for the 0.5-, 12-, and 200-1. re-. o
actors with <ta =  7 A are given in Figure 7. Simple 
heterogeneity is estimated to become important below 
5 X 10~2 mm in the 12-1. reactor and below 1.5 X 10-8 
in the 200-1. reactor. The experimental results are in 
reasonable agreement.8

(3) B. S. Rabinoviteh, P. W. Gilderson, and A. T. Blades, J. Amer. 
Chem. Soc., 86, 2994 (1964).
(4) E. W. Schlag and B. S. Rabinoviteh, ibid., 82, 5996 (1960).
(5) D. C. Tardy and B. S. Rabinoviteh, J. Chem. Phys., 48, 1282 
(1968).
(6) F. W. Schneider and B. S. Rabinoviteh, J. Amer. Chem. Soc., 84, 
4215 (1962).
(7) R. A. Marcus and O. K. Rice, ./. Phys. Colloid Chem., 55, 894 
(1951).
(8) K. M. Maloney and B. S. Rabinoviteh, submitted for publica
tion.
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The Experimental Evaluation of k a in Unimolecular Reaction Systems1

by I. Oref and B. S. Rabinovitch

Department of Chemistry, University of Washington, Seattle, Washington 98105 (Received June 17, 1968)

Empirical methods described in the literature for the extrapolation of lower pressure data to k„ in thermal 
unimolecular reaction systems are examined. A systematic procedure is proposed wherein the plot of k~' 
vs. p~aL is extrapolated; « l is a parameter to be found from the data. Illustration of the method with experi
mental data is provided.

Introduction
There are several procedures by which the high-pres

sure limiting unimolecular rate constant km may be 
evaluated from rate data which do not extend to suffi
ciently high pressure. The most common of these, the 
extrapolation of k~l vs. p _1, is rooted in historical pre
cedent2 and is not based on any currently accepted 
theoretical concepts. We propose here a systematic 
method by which ka may be estimated from lower pres
sure data; the characteristics of this method are dis
cussed and are related to the (empirical) methods which 
are conventionally employed for this purpose.

Two general approaches may be used for the evalua
tion of fc„, one “ theoretical”  and the other practical 
and empirical. The extrapolation to by the “ theo
retical”  method may be made by fitting some rate 
function, such as that of Slater (S),2a Rice, Ramsperger, 
and Kassel,2b Marcus and Rice,3 or the quasi-theoretical 
form of Powell4 to the curvature of the observed rate 
constant-pressure plot in the region in question. Ob
viously, the difficulty here is the accuracy and reliability 
of the fit obtained, else the problem posed were solved; 
in fact, even when experimental data do range all the 
way to fc«,, the experimental curvature, e.g., as expressed 
by Kassel’s s, can be determined only roughly from 
typical data, e.g., As = ±  1 or 2. When the data do not 
extend to the high-pressure limit, or only extend over a 
limited range, it can be very difficult to establish the 
appropriate magnitude of Kassel’s s or Slater’s n 
(and hence of the range of k/ka involved) because the 
same range of slopes of the plot of log k vs. log p, from 
unity to zero, is traversed by all systems, whatever s or 
n, and because of the insensitivity of the functions. 
Hence, for incomplete data that may extend only over a 
limited range, the error in evaluation of the curvature 
increases and the value so obtained for k„ may be very 
inaccurate. In practice, this procedure has been 
scarcely used; its characteristics follow from standard 
statistical analysis and this note will not deal further 
with these other than to give some indirect insight 
below into the errors that may be generated.

The empirical procedures are very simple and easy to 
perform; they involve plotting the data in some form,

usually k~l vs. p~l (Hinshelwood, H) or k~l vs. p -0-' 
(Schlag and Rabinovitch, SR).6 The H plot is espe
cially inaccurate because for most systems the plot ap
proaches the ordinate in a near-asymptotic manner and 
the intercept is extremely difficult to evaluate; this ex
trapolation tends always to give an underestimate of 
The SR plot usually has less curvature than the H 
plot; it may give rise to an overestimate (usually) or 
underestimate of ka, depending on the curvature of the 
fall-off data, i.e., on the true value of n or s which 
characterizes the data. We wish now to examine the 
problems of extrapolation and the nature and relation 
between the various procedures. We suggest an ex
tension of these methods by which k,„ can be deter
mined in a more general way if the empirical method is 
chosen.

Rationale of Procedure
Consider the plot, k~l vs. p~a, where 0 <  a <  1. 

This graphical form when applied to a given set of 
experimental data will be found to be concave upward or 
downward depending on the value of a used. How
ever, for every set of data there is an aL which will 
roughly linearize the plot, fc_1 vs. p~“L. We have 
systematically evaluated oil with the use of the Slater 
quantity I n{0) to generate k/km. The function I„(d) 
was chosen because of its simple form: for this function 
the fall-off “ curvature”  of the dependence of k on p 
depends only on a single parameter n, by contrast with 
R R K 2 or RR K M 3 treatments. The Slater function 
does not necessarily give precisely the same shape as 
experimental data, but then neither does any theory, 
e.g., RRKM, even though more soundly based.

(1) This work was supported by the National Science Foundation.
(2) (a) N. B. Slater, “ Theory of Unimolecular Reactions,”  Cornell 
University Press, Ithaca, N. Y., 1959; (b) L. S. Kassel, “ Kinetics of 
Homogeneous Gas Reactions,” Chemical Catalog Co., New York, 
N. Y., 1932.
(3) R. A. Marcus and O. K. Rice, J. Phys. Colloid Chern., 55, 894 
(1951); R. A. Marcus, J. Chem. Phys., 20, 359 (1952).
(4) R. E. Powell, ibid., 30, 724 (1959).
(5) E. W. Schlag and B. S. Rabinovitch, J. Amer. Chem. Soc., 82, 
5996 (1960); B. S. Rabinovitch and K. W. Michel, ibid., 81, 5065 
(1959).
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Figure 1. Plot of the inverse function vs. 0- “ , for
the case n = 11 and for various values of a; « l = 0.65.

Figure 2. Variation of c*l  with n for various ranges of k/km . 
------ , 0.05-0.99; ...... , 0.05-0.5; ------, 0.1-0.99.

Figure 1 presents sample plots of vs. 9~a for
the case of Iu(e). It is seen that the curvature of the 
plot varies with the value of a; for a = 0.65, the plot is 
approximately a straight line. As shown in Figure 2, 
aL is a strong function of the value of n; but aL is also a 
weak function of the range of Figure 2
illustrates that al varies weakly with the proximity to 
unity, and with the range of the values of Jn(0) from 
which it is deduced, for the sample cases In(e) =  0.05- 
0.99, In(e) =  0.5-0.99, and / „ ( 0) =  0.05-0.5. For 
actual experimental data, n varies by at least one or two 
units over a wide range of falloff and consequently the 
best fit to the data should also vary on that account. 
This variability in aL forebodes the error engendered 
(whether by the present method or by the “ theoretical” 
fitting discussed first) by long extrapolation or by in
accurate or narrow range of data. It transpires that an 
experimental system of conventional accuracy must be 
close to the first-order region before any accurate con
clusion regarding ka can be reached. With this limi
tation, a procedure may be proposed for the evaluation 
of k„: the quantity is found by extrapolation of the
plot of fc_1 vs. p~aL; aL may be evaluated by the

Figure 3. Plot of the value of the extrapolated intercept 
of / „(0)_1 as a function of n, for various values of a. The 
range of k/k m used was 0.05-0.99.

n

Figure 4. Similar to Figure 3 but for a range of k/km from 
0.5 to 0.99.

weighted linear regression of k~l on p~a\ a faster, and in 
many cases satisfactory, alternative would be evalua
tion of aL by graphical trial and error. Before illus
trating the application of this procedure to experimental 
systems, it is desirable, first, to examine more generally 
the extrapolation of the Slater expression in order to 
illustrate the behavior to be expected for “ ideal”  
data.

The inverse Slater function, treated as a set of experi
mental data, was plotted vs. 6~a for a range of n and a. 
The value of the intercept, was in each case
found by fitting the k„k~l vs. B~a plot by least squares 
with a fourth-order and a tenth-order polynomial in 
6~a. The choice of order was arbitrary, but the two 
series gave agreement and both give a good fit to I„(e). 
Figures 3 and 4 indicate the results of the extrapolation 
based on the fourth-order polynomial. They illustrate 
the kind of improvement in the evaluation of k„ to be 
expected when the “ data”  emphasize a range closer to 
km (Figure 4 relative to Figure 3); errors in the evalu
ation of aL become unimportant, as is to be expected. 
Not shown is another set of intercept estimates evalu
ated as a function of n for the limited range 0.05-0.5 of 
k/k„: the errors are notably enhanced, especially for
lower values (<15) of n. We observe that a particular 
a can give rise to an over- or under-estimate of the 
value of k„ whose deviation depends on the n value
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Table I : Evaluation of from Experimental Data by Extrapolation Based on c* l

fcco (re- No. of fc/fc CO /------— pw =  0---------- « 'PW =  1---------- H -pw =  2---------
ported),® data range fc CO , fc CO , fc 00,

System T, °C 10_B sec"1 points of data ctL 10"5 sec-1 aL 10-* sec“ 1 «L 10“5 sec-1

CH3NC6 19 9 .4 7 .5 0 50 0 . 9 9 - 0 . 0 1 2 0 :7 7 9 .5 5 0 .7 8 8 .2 3 0 .7 8 8 . 2 2

2 3 0 .4 9 2 .5 99 0 .9 9 -0 .0 0 1 6 0 .9 2 4 2 .5 0 .9 0 6 6 .5 0 .8 9 9 3 . 5

2 5 9 .8 767 49 0 .2 7 -0 .0 0 1 8 0 .8 9 282 0 .8 8 418 0 .8 8 419
19 9 .4 14 0 .7 4 -0 .0 9 8 0 .7 8 7 .5 1
2 3 0 .4 14 0 .8 9 -0 .6 6 0 .4 7 103
19 9 .4 14 0 .9 9 -0 .7 4 0 .9 4 7 .6 1
2 3 0 .4 14 0 .9 9 -0 .8 9 0 .6 4 9 4 .7

C-CsW 500 6 1 .7 43 0 .9 6 -0 .0 8 1 0 .5 8 5 8 .0 0 .5 7 6 0 .1 0 .5 7 6 0 .1
14 0 .6 0 -0 .2 4 0 .5 8 5 3 .9
14 0 .9 1 -0 .6 0 0 .4 5 6 8 .3

n 2c v 27 0 .2 9 6 16 0 .4 2 4 -0 .0 0 8 0 .7 7 0 .0 8 0 .7 2 0 .1 5 0 .7 1 0 .1 8

0 This estimate of ka is the one given by the original workers6 in the case of CH3NC and by Johnston and White7 for the other systems. 
b Given as 0.23 by Powell;4 units of sec-1.

of the system. Finally, the H plot, which is ideal for 
n =  1, is particularly inaccurate and yields an under
estimate of fcco in every case; the SR value a = 0.5 is 
more accurate and is more appropriate for the higher n 
values usually encountered (ideally n =  18), but it leads 
generally to overestimation of k

Application of the method was made to experimental 
data for methyl isocyanide,6 nitrogen pentoxide,7 and 
cyclopropane.7 Table I summarizes the values of aL, 
w, pw, and ka obtained for the isocyanide and cyclo
propane systems over both the total and partial range 
of the reported data; w is a weighting factor defined as 
V&max, where A;max is the largest measured value of k, 
and which is intended to emphasize the higher pressure 
data; pw is the power to which w may be raised and 
which increases the weight of the higher pressure points. 
It is apparent that the data may be accurately and 
reliably extrapolated for the evaluation of km only 
when the data are reasonably close to For the
260° isocyanide data, which extend only to k/ka = 
0.27, k„ was originally fixed6 by use of the measured 
value of Ea and the observed values of fc„ at lower 
temperatures. These data provide an illustration of 
the possible errors in extrapolation of actual data to 
p =  ro; it is inappropriate to give much weight to data 
for which k/k„ < 0 .1 . The case pw =  0 corresponds 
to unsuitable weighting; pw = 2 is suitable for the 
present illustration, but the suitability of a particular 
weighting factor will in general depend on the range and 
detail of the actual data. This remark also applies to 
the fitting of “ theoretical”  functions.

A variation of the procedure described above would 
be to find an average intercept by the use of several 
values of a ; e.g., a = 0.5 and 1 may be used8 and the 
intercepts of the two plots averaged. However, it is 
apparent from Figures 3 and 4 that an uncritical averag
ing of intercepts could lead to larger rather than smaller

errors. As a matter of fact, for data which correspond 
to large n values it would be better to use only the inter
cept derived from the SR curve, rather than to average 
it with the value obtained from an H plot. A better 
way of proceeding by this method would be to use the 
values of a which bracket oil. For a >  aL, the plot of 
k~l vs. p~a is concave downward; for a <  « l, the plot is 
concave upward; these plots could, in one possible 
procedure, be made to yield identical intercepts.8 The 
possible advantage, if any, of this method over the first 
is simply the avoidance of the evaluation of c*l. Trial 
application was made to the methyl isocyanide, nitrogen 
pentoxide, and cyclopropane experimental systems, 
with pw =  0. The data were fitted by a least-squares 
procedure to fourth-order polynomials with use of 
Grant’s reduction method9 to solve the normal equation 
and to obtain the coefficients of the polynomial. In 
each case, three plausibly disparate values of a were 
guessed; no effort was made to optimize the range of a. 
The large variation of the intercept with a found (Table 
II), and which exceeds that suggested by Figures 3 and 
4, reflects the influence of experimental error. Inas
much as the choices for a are arbitrary, simple averag
ing of intercepts is here an unsatisfactory procedure.

By way of contrast, the Slater curve for n =  3 was 
again represented by a fourth-order polynomial (this 
choice of n is close to the experimental value, n =  4-5, 
for CH3NC). Good agreement within a few per cent 
was found between the individual intercepts for various 
a, and also between the average intercept and the 
theoretical value. This emphasizes the fact that the

(6) F. W. Schneider and B. S. Rabinovitch, J. Amer. Chem. Soc., 
84, 4215 (1962).
(7) H. S. Johnston and J. R. White, J. Chem. Phys., 22, 1969 (1954).
(8) L. F. Loucks and K. J. Laidler, Can. J. Chem., 45, 2795 (1967).
(9) F. B. Holdebrand, “ Introduction to Numerical Analysis,” 
McGraw-Hill Book Co., Inc., New York, N. Y ., 1956.
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Table II : Application of “Averaging Method” to Experimental Systems

N o .  o f
d a ta R a n g e k ( r e p o r te d ) , I n te r c e p t , k( a v ) ,

S y ste m o a p o in ts o f  k/km a <*L 1 0 "*  s e c -1 10 8 sec 1 0 -6  s e c -

c h 3n c 199.4 50 0.99-0.012 0.60 0.77 7.506 6.2 8.8
0.80 10.6
0.99 17.1

230.4 99 0.99-0.0016 0.60 0.92 92.55 0.92 61“
0.80 1.31
0.99 2.56

259.8 49 0.27-0.0018 0.60 0.89 767« 0.116 375
0.80 0.162
0.99 0.513

c-C3H6 500 43 0.96-0.08 0.40 0.58 61. V 1.45 63
0.50 1.58
0.60 1.71

n 2o 6 27 166 0.43-0.008 0.60 0.71 0.29° 3.48» 0.13'
0.80 7.85
0.99 12.0

Slater 15 1-0.03 0.60 0.83 (1.00) 1.10 1.03
(» =  3) 0.80 1.04

0.99 0.947

« Higher order polynomial or a value of pw >  0 improves the fit notably; the low value reflects the extreme range of k/k„ being fitted. 
6 Smoothed values. c Units of sec-1 and sec.

fluctuations of the experimental data in real systems 
contribute heavily to errors and difficulty in the esti
mation of

It has been as much our purpose in this note to 
clarify the problems of data extrapolation, and particu
larly to emphasize the doubtful conclusions that obtain 
from long extrapolation of even good data, as it has been

to suggest a particular procedure. We are not advo
cating the exclusive use of the empirical method. We 
conclude that evaluation of from lower pressure iso
thermal experimental data is a somewhat insecure boot
straps operation in which both “ theoretical”  and em
pirical procedures may be usefully employed to explore 
the vagaries of the data.
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Infrared Vibrational Properties of GeF2

by J. W. Hastie, R. Hauge, and J. L. Margrave
Department of Chemistry, Rice University, Houston, Texas 77001 (.Received May 29, 1968)

Infrared vibrational spectra for GeF2 have been observed both in the gas phase and in solid neon and argon 
matrices. Fundamental frequencies of v, = 692 cm-1 and v3 = 663 cm-1 were found and a bond angle of 94 ±  
4° was determined using isotope shift measurements. A third prominent absorption, at 676 cm-1, can be 
attributed to the presence of the dimer, (GeF2)2. The molecular parameters for GeF2 are compared with those 
of SiF2 and CF2.

Introduction

Recently the stability of molecular GeF2 over its 
condensed phase at low pressures has been established.1 
The absence of definite vibrational and geometrical 
information has, however, hindered the establishment 
of accurate thermodynamic data, via the third law 
through use of free energy functions, for this new spe
cies. Two other group IVa difluorides, CF2 and SiF2, 
now have well-established spectroscopic, structural, and 
thermodynamic properties.2-7 Although SiF2 and 
CF2 have proven to be generally very similar, there are 
some notable exceptions, such as an apparent insta
bility of Si2F4 as compared with C2F4. It is then of 
considerable interest to characterize GeF2 to the same 
extent as that achieved for CF2 and SiF2 with a view to 
understanding better the nature of the bonding in 
these species. GeF2 also provides a useful intermediate 
case between the expected predominantly covalent 
nature of SiF2 and the ionic nature of SnF2.

As a part of this program of characterization of group 
IV difluorides, the ir spectra of GeF2 vapors were 
studied. By analogy with the bent (100.9°) SiF2 
molecule, GeF2 should have three active vibrational 
frequencies in the ir region. One of these, the r2 
bending frequency, has been established from recent 
measurement8 of a progression involving this frequency 
for the ground (‘Ai) and first excited (*Bi) electronic 
states. A p2 value of 263 ±  5 cm-1 was determined. 
Also a considerable number of populated bending states 
were observed, e.g., at least ten in the ground electronic 
state. This fact, coupled with there being five signifi
cant isotopes of Ge, suggests the ir vibrational spectra 
might be broad and ill defined at the temperatures re
quired (~150°) to vaporize GeF2. Hence, it was 
decided to observe the spectra at low temperatures by 
trapping the species in inert gas matrices at liquid 
helium temperature. Normal gas-phase spectra were 
also recorded in order to analyze the matrix shift effect.

Experimental Section

Apparatus. The gas cell (Figure 1) was constructed 
with optics arranged so that double-beam spectra

could be recorded, thus eliminating the severe problem 
of atmospheric absorptions in the ir spectra.

For the matrix-trapping apparatus a liquid He cryo
stat with the following essential features was designed. 
The cold window (Csl) was seated onto a copper block 
using indium metal as a thermal seal. The tempera
ture of this block could be controlled to 1°K over the 
range 4.2-100°K by use of either gas or liquid flow inlet 
valves to the block or alternatively by adjustment of 
the flow rate through an outlet valve. The tem
perature of the block was measured with both a Cu- 
constantan thermocouple and a standard resistance 
thermometer. The window temperature was probably 
several degrees higher than that recorded from the cold 
block.

The molecular beam furnace consisted of a Pt-resis- 
tance heating coil and the sample was contained in a 
boron nitride Knudsen cell. The temperature of this 
cell was measured by using a Pt—Pt-10% Rh thermo
couple. A pumping system capable of producing a 
pressure of 10-7 torr without use of liquid helium was 
used. The presence of liquid helium reduced the pres
sure to 10-8 torr.

High-purity rare gas samples, after passing over a 
liquid N2 cooled surface, were introduced via two 1/ 8 
in. in diameter nozzles at a 45° angle to the cold win
dow. The sample molecular beam was introduced 
normal to the window and hence little or no premixing 
of the matrix and sample material occurred. After

(1) K. F. Zmbov, J. W. Hastie, R. Hauge, and J. L. Margrave, 
Inorg. Chem., 7, 608 (1968).
(2) K. F. Zmbov, J. W. Hastie, R. Hauge, and J. L. Margrave, 
Proc. Int. Symp. High Temp. Technol., 3rd, Asilomar, Conf. Grounds, 
Calif., in press. Published as supplied to J. Pure Appl. Chem.
(3) F. X . Powell and D. R. Lide, Jr., J. Chem. Phys., 45, 1067 
(1966).
(4) V. M. Rao, R. F. Curl, Jr., P. L. Timms, and J. L. Margrave, 
ibid., 43, 2557 (1965).
(5) D. C. Milligan, D. E. Mann, M. E. Jacox, and R. A. Mitsch, 
ibid., 41, 1199 (1964).
(6) K. C. Herr and G. C. Pimentel, Appl. Opt., 4, 25 (1965).
(7) V. M. Khanna, R. Hauge, R. F. Curl, and J. L. Margrave, 
J. Chem. Phys., 47, 5031 (1967).
(8) R. Hauge, V. M. Khanna, and J. L. Margrave, J. Mol. Spec- 
trosc., 27, 143 (1968).
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matrix formation, the window could then be rotated 
normal to the ir light beam. A Beckman IR-9 spec
trometer which covers the spectral region 400-4000 
cm-1 was used with both the gas cell and the matrix
trapping apparatus.

Procedure
For the gas-phase experiment, several grams of GeF2 

was prepared in the usual manner by reaction of GeF4 
with Ge metal at 300° and distilled for collection at 
room temperature. Mass spectrometric analysis indi
cated no volatile impurities in the degassed, pure white 
crystalline material. The sample was contained in a 
nickel boat at the center of the gas cell. An atmosphere 
of several torr pressure of dry argon was also introduced 
into the gas cell to help prevent condensation of ma
terial on the KBr windows.

GcF2 was vaporized at temperatures up to about 150° 
and spectra were recorded. Thus the growth of spec
tral peaks with both increasing and decreasing temper
ature, and hence sample concentration, allowed the un
equivocal identification of the GeF2 vapor spectra. 
By allowing the vapor to condense on the end windows, 
one could also obtain spectra for solid GeF2.

The matrix-trapping experiments were also carried 
out on vapor generated at 150°, and the matrix-form
ing conditions were as follows. From known vapor 
pressure data1 at 150° the total salt pressure within the 
Knudsen cell was in the region of 10_1 to 10~2 torr. 
With the Knudsen orifice at 0.13 mm in diameter, this 
pressure range would result in an effusion rate of be
tween 10“ 5 and 10_6 mol of GeF2/hr. The geometry of 
the apparatus ensures that only 0.5-1% of the effusing 
material reaches the cold window, and hence the rate 
of mass transfer to the window is 10-7 to 10 _8 mol/hr. 
Inert gas flow rates corresponding to 10-3 mol/hr were 
used. However, as the pressure of the vacuum cham
ber rose to nearly 10~4 torr, with these flow rates not all 
of the inert gas was effectively trapped on the window. 
Assuming that only 10% of the inert gas directed at 
the window was trapped would produce a matrix GeF2 
to rare gas mole ratio in the range of 103 to 104, indi
cating effective molecular isolation. A matrix-forming 
period of 30 min was usually sufficient to produce a

Figure 2. Gas-phase ir absorption over liquid GeF2.

suitable spectrum of GeF2. Background spectra were 
recorded on matrices formed under the same conditions 
of inert gas flow rate and Knudsen cell (empty) temper
ature, and no significant absorption features were 
noted.

Results and Discussion
A typical temperature-dependent spectrum observed 

in the gas phase over liquid GeF2 is indicated in Figure
2. The atmospheric C 02 absorption, produced by ad
justing the reference beam of the spectrometer to be 
slightly out of balance with the sample beam, was used 
as a calibration point. The known9 i>3 absorption of 
GeF4 was also noted, thus verifying the known tendency 
of GeF2 to disproportionate.1 In fact, this dispropor
tionation was a limiting factor in the generation of high 
GeF2 pressures, and hence only weak spectra, as shown 
by Figure 2, could be observed. The spectrum has a 
great similarity to that obtained7 previously for SiF2, 
and on this basis can be initially interpreted as an over
lapping of the fundamental n and v3 absorptions of 
GeF2. The matrix-trapped results will be seen to allow 
a more definite interpretation.

The results of matrix trapping in neon at near liquid 
helium temperatures are indicated by the spectrum of 
Figure 3, which was entirely reproducible. That is, 
destroying the matrix by heating to over 60 °K  and re
depositing a new one reproduced the results. A band 
in the region of 800 cm-1 may be readily assigned as the 
known v3 frequency9 of GeF4 which should be centered 
about 800 cm-1. The broad absorption shown in Fig
ure 3 over the range 640-580 cm-1 but extending to 
lower wave numbers compares with the solid GeF2 
absorption shown in Figure 2. Its ill-defined maximum 
is shifted in the matrix to lower energy by about 27 
cm-1. The remaining three absorptions may be cor
related with the main features found in the gas phase. 
If one allows for a matrix shift of about 8 cm-1 to lower

(9) K. Nakamoto, “ Infrared Spectra of Inorganic and Coordination 
Compounds,”  John Wiley & Sons, Inc., New York, N. Y., 1963.
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Figure 3. Ir absorption spectrum of GeF2 
matrix isolated in neon at ~5°K .

Figure 4. Ir absorption spectrum of GeF2 
matrix isolated in argon at ~5°K .

energies, the spectra of Figures 2 and 3 may be super
imposed. Spectra of GeF2 in argon matrices, as indi
cated in Figure 4, showed a more pronounced shift of 
about 15 cm-1 to lower wave numbers. It is of interest 
to note that an identical matrix shift was found7 for 
SiF2 in argon. The negligibly small shift observed for 
the v3 frequency of GeF4, which is nonpolar, supports the 
contention that frequency shifts are mainly a function 
of the dipole moments of the species for a particular 
matrix.

The extremely reproducible fine structure shown by 
several of the peaks in Figure 3 is interpreted as being 
the normal Ge isotope structure, rather than the often 
observed matrix splitting effect, for the following rea
sons. First, the effect could be reproduced using dif
ference matrix-forming conditions, such as rare gas-to- 
GeF2 concentration and window temperature. Second, 
the relative intensity of the fine structure absorptions

agrees with the known isotopic distribution in natural 
Ge, allowing for small changes due to overlap resulting 
from the instrumental resolution limit. The fact that 
the neon matrices allowed better resolution than argon 
is attributed to an annealing effect arising, since the 
matrix temperature, relative to the melting point of the 
rare gas solid, is effectively higher for neon than argon. 
This effect was verified by noting an improved resolu
tion in argon matrices with increasing temperature, as 
shown in Figure 4.

Species containing two or more Ge atoms would prob
ably not give rise to absorptions with clearly resolved 
isotope structure and on this basis the 671.5-cm_1 ab
sorption of Figure 3 is assigned to the Ge2F4 species. 
Dimeric and higher polymeric species are known from 
mass spectrometrie evidence1 to exist in equilibrium 
with GeF2 in the Knudsen cell, and the polymeric 
bands are not necessarily the result of poor matrix iso
lation. The ill-defined absorption around 598 cm-1 
(shown in Figure 3) may readily be correlated with 
solid GeF2 as shown in Figure 2. Further supporting 
evidence for the dimer assignment is the fact that solid 
GeF2 also produces an absorption in the same region 
(see Figure 2). Solid GeF2 is considered to have a 
structure that involves Ge-F bridging, as is molecular 
Ge2F4, and hence both could conceivably give rise to 
an ir absorption of similar energy.1

The remaining absorptions must be assigned as the 
v3 and vi stretches of GeF2. It is of note that these two 
well-defined features do not appear in the solid GeF2 
spectrum shown in Figure 2. With the contention 
that the fine structure of these two absorptions is 
attributable to Ge isotopes, an isotope-shift determina
tion can be made. The isotope assignments are listed 
in Table I, and the frequency separation of the 70Ge and 
76Ge difluoride species could be reproduced for different 
scans and different matrices to ±0.05 cm-1, i.e., of the 
order of less than 1% error. Using this separation, 
and the well-known relation between bond angle (2 a)

Table I : Isotope Separations for Ge-Containing Species

%
natural ✓— ----------------GeF2--------------------- > /■-------GeF4-

Ge
isotope

abun
dance „0,0

-------cm 1------------
A„ „M

------- , ,-------cm-
A v  v

1-------s
A v

70 20.5 658.9* 688.5 805.0
2 .1 2 .0 3 .0

72 27 .4 656.8 686.5 802.0
1 .8 1 .5 2 .7

73 7 .8
74 36.5 655.0 685.0 799.3

2 .0 1 .7 2 .6
76 7 .8 653.0 683.3 796.7

° VTO — i>76 — 5.9 cm -1 &V70 ~  7̂6 =  5.2 cm -1 . * For
(658.9/653.0)2, 2a = 94 ±  2° („,). d For (688.5/683.3)2, 2a = 
82 ±  3° (vi). * Absolute error ±  1 cm-1; relative error ± 0 .1
cm-1.
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Table II: Molecular Parameters of Some Group IVa Difluorides“

Molecule
V I ,

cm-1
V 2,

cm-1
VS,

cm-1
k i

mdyn/A
ks/l.1,

mdyn/Â
kn

mdyn/Â
Angle,“

deg
ra x /

Á
D x - m x , 5
kcal/mole

k i r u x / Ö x-H x i 
IO-7 dyn-cm

c f 2 1222 668 1102 4.54 2.21 9 104.9 1.30 108 1.56 ±  0.07
SiF2 855 345 872 4.90 0.456 0.18 100.9 1.595 150 1.49 ±  0.06
GeF2 692/ 263 6637 4.07 0.319 0.22 94 zt 4 1.73 ±  0.05 109 1.85 ±  0.1

° The frequency data for CF2 are from Milligan, et a l.f and Herr, et al.e The SiF2 data are from Khanna, et a V  b These data are 
summarized by Zmbov, et al,2 c Bond angles and internuclear separations for CF2 and SiF2 are from Powell, et al.,z and Rao, et at.,* 
respectively. d rMx for GeF2 estimated by comparison with the diatomic species (J. W. C. Johns and R. F. Barrow, Proc. Phys. Soc., 
A71, 476 (1958)). * The term is considered to indicate particular bond types and has been successfully applied to similarly bonded 
molecules for the prediction of dissociation energies (G. R. Somayajulu, J. Chem. Phys., 33, 1541 (I960)). 1 Values for the different 
isotopes of GeF2 are not listed as a larger uncertainty exists in determining the matrix shift from the ill-defined gas-phase spectrum. 
9 The more general force field calculation leads to an imaginary value of kn and hence only the simple valence field approximation was 
used.

and antisymmetric stretch frequency (v3), the following 
bond angles were calculated.10 Assuming the lower 
frequency absorption to be resulted in a calculated 
angle of 94 ±  2°, while the higher frequency absorption 
gave only 82 ±  3°. The only added uncertainties in
volved in these bond angle calculations are the anhar- 
monic corrections to the frequencies which may be 
neglected as this effect has been shown11 to be small in 
similar bond angle determinations on S02 and Se02. 
As CF2 and SiF2 have bond angles of 104.9 and 100.9°, 
respectively, the calculated value of 94 ±  2° for GeF2 
appears very reasonable. On the other hand, it is 
extremely unlikely that GeF2 should have a bond angle 
less than 90°, as complete separation of s2 and p2 va
lence orbitals in Ge would produce a 90° angle. On 
this basis it appears that the lower frequency should be 
assigned as vz and the higher one as the symmetric 
stretch m. Generally the more intense absorption can 
be attributed to and this is also the case for GeF2. 
The most realistic measure of the GeF2 gas-phase bond 
angle is 94 ±  4°, although the data can be reproduced 
to better than ± 2° for the angle in neon and argon 
matrices.

Valence Force Constants and Bonding
A number of attempts have been made to relate 

valence force constants to other molecular parameters, 
such as bond dissociation energies and internuclear 
separations, particularly within discrete groups of the 
periodic table (e.g., p 459, ref 12). It will therefore be 
useful to apply some of these relationships to the MF2 
species of group IVa.

The valence force assumption, which seems to apply 
well for the majority of triatomic C2v symmetry mole
cules,12 enables the molecular potential energy to be 
expressed in terms of a stretching and a bending force 
constant, k and k j l 2, respectively. For a more general 
valence force field, A: is a function of fci and kn where kn 
is a bond-bond interaction parameter and k\ is the sim
ple stretching force constant. The basic equations 
relating these constants to the molecular parameters

and fundamental frequencies are conveniently listed by 
Herzberg.13 This type of force constant determination 
does not require any internuclear separation parameters 
(which are not yet experimentally known for GeF2) for 
its calculation.

The evaluated force constants for CF2, SiF2, and 
GeF2 are listed in Table II, together with other known 
molecular constant data. The smallness of kn as 
compared with Aq indicates the validity of the valence 
bond approach for this set of molecules. Furthermore, 
the force constants for SiF2 compare well with those 
obtained previously7 by normal coordinate analysis.

The similarity in the variation of Dx_ m x  with the 
known D x-x  variation, in particular the maximum 
stability shown when X  is bonded to a second row atom, 
might be attributed to similar effects, i.e., a marked 
increase in the relative contribution of London forces to 
the bond energies in going from below to above the 
first octet in the periodic table.14 This effect is also 
necessarily reflected in the fcirMx/Dx-Mx values as 
shown in Table II. There appears to be a qualitative 
dependence of the quantity Av m x / D x - m x  on the M X  
electronegativity difference which may be more quan
titatively established when data become available for 
other similar species. The internuclear separations for 
C -F  and Si-F in the triatomic species are within 0.03 A 
of those for the diatomic species, and this was the basis 
for estimating the triatomic distance in GeF2 of 1.73 A 
as compared with the known diatomic value of 1.74 A. 
Also the similarity in the diatomic and triatomic inter
nuclear separations is in good accord with the observed 
small values of kn and the Linnet and Hoare relation15 
between these quantities.

The need for extra data is apparent before a better

(10) G. Herzberg, “ Infrared and Raman Spectra,”  D. Van Nostrand 
Co., Inc., Princeton, N. J., 1945.
(11) J. W. Hastie, R. Hauge, and J. L. Margrave, J. Inorg. Nucl. 
Chem., in press.
(12) G. Herzberg, “ Spectra of Diatomic Molecules,”  2nd ed, D. Van 
Nostrand Co., Inc., Princeton, N. J., 1950.
(13) As may be seen on p 187 of ref 10.
(14) K. S. Pitzer, J. Chem. Phys., 23, 1735 (1955).
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understanding of the trends thus far observed can be 
made, and further experiments in progress in this lab
oratory concern the other group IVa triatomic fluorides 
and chlorides.

Free energy functions for GeF2(g) have been cal
culated from the molecular parameters and frequencies 
given in Table II and are presented elsewhere.2

Acknowledgments. This work was supported by the 
United States Atomic Energy Commission and by the 
Robert A. Welch Foundation.

(15) J. W. Linnet and M. J. Hoare, Trans. Faraday Soc., 45 844 
(1949).

Thermodynamics of Binary Solutions of Nonelectrolytes with 

2,2,4-Trimethylpentane. III. Volumes of Mixing with 

Cyclohexane (1 0 -8 0 ° )  and Carbon Tetrachloride (1 0 -8 0 ° )12

by Elmer L. Washington and Rubin Battino3
Department of Chemistry, Illinois Institute of Technology, Chicago, Illinois 60616 (Received May 29, 1968)

Precise measurements of the volume of mixing of the two binary systems of cyclohexane-isooctane (2,2,4- 
trimethylpentane) and carbon tetrachloride-isooctane were made using a novel dilatometer over the range
10-80°. The volume of mixing for the cyclohexane-isooctane systems was extremely small and was either 
positive or negative depending on the temperature and composition. Generally, the deviations from ideality 
decreased with increase in temperature. The volume of mixing for the carbon tetrachloride system increased 
with an increase in temperature. At 80° the volumes of mixing for equimolar mixtures of isooctane with cyclo
hexane and carbon tetrachloride are —0.002 and 0.201 cm3 mol-1, respectively. At 10° these quantities are 
— 0.008 and 0.184 cm3 mol-1. The coefficients of thermal expansion were determined for each of the systems. 
Three theoretical treatments of the volume of mixing were examined.

Introduction
This paper reports a continuation of studies of binary 

solutions of nonelectrolytes with 2,2,4-trimethylpentane 
(isooctane).4-8 The volume change on mixing (volume 
of mixing) for solutions of nonelectrolytes is of interest 
for two basic reasons. First, it is necessary to know the 
volumes of mixing to convert experimental data ob
tained from constant-pressure processes to mixing at 
constant volume.910 Second, precise data on volumes 
of mixing can be used to test theories of solution and the 
liquid state.11-13 Wood and Gray14 demonstrated the 
importance of the volume dependence of the thermody
namic functions for solutions of nonelectrolytes.

Apparatus and Experimental Procedure
Description of the Dilatometer. The dilatometer is 

shown in Figure 1. The position of the four sets of 
markings separated by the three bulbs and the capacity 
of the bulbs were chosen so that a 10° rise in tempera
ture would bring the meniscus of the mercury (which 
confines the solvent or solution in the lower chamber)

from one set of markings to the next. The dilatometer 
is calibrated by the use of water confined by mercury. 
Once the dilatometer has been calibrated, the extent of

(1) Presented in part at the 152nd National Meeting of the American 
Chemical Society, New York, N. Y ., Sept 1966.
(2) This contribution contains material taken from a thesis by E. L. 
Washington, presented to the Graduate School, Illinois Institute of 
Technology, in partial fulfillment of the requirements for the degree 
of Doctor of Philosophy.
(3) Department of Chemistry, Wright State University, Dayton, 
Ohio 45431.
(4) R. Battino, J. Phys. Chem., 70, 3408 (1966); R. Battino and
G. W. Allison, ibid., 70, 3417 (1966).
(5) R. Battino, J. Phys. Chem., 72, 4503 (1968).
(6) S. E. W ood and O. Sandus, ibid., 60, 801 (1956).
(7) S. E. Wood, O. Sandus, and S. Weissman, J. Amer. Chem. Soc., 
79, 1777 (1957).
(8) S. Weissman and S. E. Wood, J. Chem. Phys., 32, 1153 (1960).
(9) G. Scatchard, Trans. Faraday Soc., 33, 160 (1937).
(10) R. L. Scott, J. Phys. Chem., 64, 1241 (1960).
(11) I. A. McClure, J. E. Bennett, A. E. P. Watson, and G. C. 
Benson, ibid., 6 9 ,  2759 (1965).
(12) G. C. Benson and J. Singh, ibid., 72, 1345 (1968).
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Figure 1. Dilatometer.

dilatation at four temperatures (about 10° apart) can 
be determined strictly by reading the position of the 
mercury meniscus. Several readings at slightly dif
ferent temperatures can also be made at one set of 
markings. After the mercury level has reached the 
uppermost set of markings, sufficient mercury is re
moved (and weighed) to bring the level to the lowest set 
of markings; then levels can be read at three additional 
10° intervals. Features of the dilatometer are that it is 
loaded with degassed solvents, few weighings are re
quired, a wide range of compositions is possible, and 
the compositions of the mixtures are determined 
directly by weighing.

The dilatometer was fabricated from Pyrex glass No. 
7740. The lower chamber is made from 16 mm o.d. 
tubing and has a capacity of about 11 cm3. Precision- 
bore capillary tubing of 1-mm i.d. had three bulbs of 
approximately 0.12-cm3 capacity blown into it. The 
etchings were spaced exactly at 1-mm intervals over a 
distance of 1 cm. Mercury heights in the capillary 
are read to ±0.02 mm with a cathetometer. The ex
pansion chamber at the top of the dilatometer is fitted 
with a ground-glass cap.

All liquids used including mercury are introduced 
into the dilatometer by means of chambers patterned 
after the one shown in Figure 2. In all cases the liquids 
are first degassed. The dilatometer connects to the

Figure 2. Delivery section of the vacuum line.

delivery section at the O-ring seal joint and the 0.7 
mm o.d. platinum capillary extends to just above the 
bottom of the dilatometer. The different chambers 
had delivery sections tilting upward away from the ver
tical either at 15 or 75°. Mercury and the first solvent 
of a mixture use the 75° angle, and water and the sec
ond solvent of a mixture use the 15° angle.

The dilatometer was calibrated by first filling it 
completely with mercury and then displacing about 9 
cm3 of the mercury with water. Excess mercury is 
removed (using a weight pipet shown in Figure 3) so 
that the mercury confining the water will appear at the 
lowest set of markings at the lowest temperature used. 
The platinum capillary on the weight pipet is lowered 
into the vertically held dilatometer, and mercury is 
removed by applying suction at the ground glass joint 
on the weight pipet. The volume of the dilatometer as a 
function of the temperature is obtained from the 
weights and densities of water and mercury. The 
volume, Vt(t, h), at temperature t was fitted to the 
equation Vt(t, h) =  F4°(fref) +  bthf +  (1.02 X 10-4)- 
(£ — fref). In this equation Uet is 16.0, 45.3, or 74.4°; 
the term Fi0(£ref) is the volume at irrj  for the 7th set of 
markings at ht =  0 ; ht is the specific height reading 
for one of the four sets of markings; bt is the slope 
(change of V{ with h{) for the zth set of markings; and t 
is the temperature at which Vt is measured. The 
values of bt and Vt° (tTet) were determined by a least- 
squares technique from measurements of hf and Vt(t) 
at a given tref for each set of markings. A derived value 
of the coefficient of expansion of Pyrex glass agreed

(13) W. B. Streett and L. A. K. Staveley, J. Chem. Phys., 47, 2449 
(1967).
(14) S. E. Wood and J. A. Gray, J. Amer. Chem. Soc., 74, 3733 
(1952); also see ref 7.
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within experimental error with literature values. The 
over-all reproducibility in Vf(t, h) was found to be 
within ±0.0003 cm3, which corresponds to an error 
of ±0.003 cm3 mol-1 in the volume of mixing.

For mixtures the dilatometer is first filled with mer
cury. Then the first solvent is added, displacing some 
of the mercury. After appropriate weighings the sec
ond solvent is added, also displacing some of the mer
cury. No attempt is made to keep the solvents sepa
rated since we are measuring the density of a solution 
of known composition as a function of temperature. 
The different angles of loading were chosen so as to 
displace mercury readily without having the solvents 
slip past the mercury into the capillary. After the 
dilatometer is filled, the mercury meniscus in the capil
lary is first set at the lowest set of markings at 10°. 
The position of the meniscus is then read at approxi
mately 10° intervals up to 80°, after removal of mer
cury as necessary. The compositions of the solutions 
were determined directly by weighing. The water 
thermostat was controlled to ± 0.002°, and tempera
tures were measured to ±0.003° with a platinum resis
tance thermometer calibrated at the triple point of 
water and the freezing point of benzoic acid (using cells 
calibrated by the National Bureau of Standards). 
Washington15 gives a complete description of the tech
niques used in making these measurements.

Purification of Materials. The isooctane used was 
Phillips Petroleum pure grade, 99 mol %  minimum. 
The carbon tetrachloride was Fisher's 99 mol %  certi
fied solvent. These materials were further purified by 
distillation in a 6-ft vacuum-jacketed distilling column. 
Subsequently, they were vacuum distilled from Cail2

into Pyrex glass ampoules for storage. Each ampoule 
contained about 40 cm3 of solvent. The density of the 
isooctane was determined to be 0.68778 g cm-3 at 25° in 
comparison to 0.68774,M 0.68775,16 0.68776,17 and 
0.68779 g cm-3.18 The density of the degassed isooc
tane as determined with the dilatometer in this work 
was 0.68788 g cm-3 at 25°. Hence a difference of 
0.00010 g cm-3 is evident between the degassed sample 
and the air-saturated sample, in excellent agreement 
with the value of 0.00011 g cm" 3 obtained by Wood and 
Sandus.8

The density of the carbon tetrachloride was 1.58444 
g cm-3 at 25°. This value for the density is somewhat 
higher than the value of 1.58430 g cm-3 measured 1 
year earlier on the freshly purified carbon tetrachloride. 
There was a definite change in the density during the 
storage period. However, all of the volume-of-mixing 
determinations were made using the higher density 
solvent. It is extremely doubtful that this relatively 
small change in density will significantly affect the 
volume of mixing results. As indicated by McLure 
and Swinton, “ excess volumes of mixing are usually 
little affected by small amounts of impurity.” 19 Other 
reported values are 1.5842914 and 1.58461 g cm-3.20 
The mean value of Timmerman’s21 more recent values 
is 1.58448 g cm-3 at 25°. The density of the carbon 
tetrachloride used in this work is in good agreement 
with this latter value. The density of the carbon tetra
chloride without air was found to be 0.00023 g cm“ 3 
higher than the air-saturated density at 25°, in com
parison with 0.0001914 and 0.00021 g cm“ 3.22

The cyclohexane was Phillips Petroleum research 
grade, which needed no additional purification. The 
density of the air-saturated cyclohexane was 0.77388 
g cm-3 at 25° in comparison with 0.77387,17 0.77381,14 
0.77379,23 and 0.77383 g cm-3.24 A difference of 
0.00005 g cm-3 was found in comparing the density 
of the degassed cyclohexane with air-saturated cyclo
hexane; Wood and Austin23 reported 0.00002 g cm-3.

The final resistivity of the purified water used in this

(15) E. L. Washington, Ph.D. Dissertation, Illinois Institute of 
Technology, Chicago, 111., 1966.
(16) C. B. Kretschmer, J. Nowakowska, and R. J. Wiebe, J. Amer. 
Chem. Soc., 70, 1785 (1948).
(17) D. B. Brooks, F. L. Howard, and H. C. Crafton, J. Res. Nat. 
B u t . Stand., 24, 33 (1940).
(18) “ Selected Values of Properties of Hydrocarbons,”  National 
Bureau of Standards Circular C461, U. S. Government Printing 
Office, Washington, D. C., 1947.
(19) I. McLure and F. L. Swinton, Trans. Faraday Soc., 61, 421 
(1965).
(20) J. A. Larkin and M. L. McGlashan, J. Chem. Soc., 3425 (1961).
(21) J. Timmerman, “ Physico-Chemical Constants of Pure Organic 
Compounds,”  Elsevier Publishing Co., Amsterdam, The Netherlands, 
1950.
(22) S. E. Wood and J. P. Brusie, J. Amer. Chem. Soc., 65, 1891 
(1943).
(23) S. E. Wood and A. E. Austin, ibid., 67, 480 (1945).
(24) G. Scatchard, S. E. Wood, and J. M. Mochel, J. Phys. Chem., 
43, 119 (1939).
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work was usually about 0.95 megohm cm. The mer
cury was triply distilled. The specific volume of the 
mercury was calculated from the formula (valid from
0 to 100°) given by Scheel and Blankenstein,26 and the 
density of mercury at 0° derived from the above equa
tion was found to be in excellent agreement with the 
table published by Bigg.26 The density of the water 
was calculated from the Tilton and Taylor equation.27 
The Tilton and Taylor equation is not valid above 45°, 
and Wood and Gray14 fitted corrections determined by 
White28 to provide density values in the range 45- 
85°. All values were converted to g cm-3 by the fac
tor 0.999973 ml cm-3.

Experimental Results
The specific volumes of isooctane, carbon tetrachlo

ride, cyclohexane, and the binary mixtures of isooctane 
with the latter two were determined over the whole 
range of composition at 25° and at each 10° interval 
from 10 to 80°. They were fitted by the method of 
least squares to an equation of the form

v = a +  bt +  cf2 +  dt3 (1)

where v is the specific volume and t is the temperature in 
degrees Centigrade. The values of the coefficients 
a, b, c, and d, which are functions of the composition, 
are given in Tables I and II. The standard deviations 
given in the last column of these tables are for the differ
ences between the specific volumes calculated from eq
1 and the experimental values.

Table I : Coefficients of the Specific Volume
Equations for Isooctane + Cyclohexane

Xia a 10% 10% 10M

Std 
dev 

(10» Av)

0 .00000 1.41203 1 .6046 2 .2 6 7 11 .16 1 .4
0 .15731 1.39311 1 .5825 2 .3 4 2 10 .03 1 .7
0 .17347 1.39100 1 .5816 2 .2 8 9 1 0 .48 1 .2
0 .27523 1.37753 1 .5760 2 .1 4 3 10 .91 2 .9
0 .41586 1.35774 1 .5551 2 .1 6 3 1 0 .43 2 .1
0 .50321 1.34453 1 .5429 2 .1 8 0 9 .7 4 2 .4
0 .51154 1.34317 1 .5488 1.981 1 1 .24 2 .2
0 .66476 1.31824 1 .5278 1 .9 95 10 .19 2 .5
0 .68365 1.31489 1 .5202 2 .1 0 7 9 .2 7 2 .2
0 .7 49 0 0 1 .30346 1 .5049 2 .2 2 0 8 .2 7 2 .4
0 .82880 1.28863 1 .4898 2 .1 9 2 8 .3 5 2 .0
0 .90212 1.27439 1 .4747 2 .1 7 4 8 .2 2 1 .3
1 .00000 1.25451 1 .4414 2 .2 8 7 7 .6 4 1 .6

<■ Xi is the mole fraction of cyclohexane.

The percentage increase in the volume of mixing was 
calculated by means of the relation

100AFM/F °  =  KXMZidi +  Z,ck) -  100 (2)

where 100AFM/F ° is the per cent increase in the vol
ume of mixing at constant temperature and pressure,

Table II : Coefficients of the Specific Volume Equations 
for Isooctane + Carbon Tetrachloride

std
dev

X3a a 10% 10% 10»d (10fiAu)

0 .0 00 0 0 1.41203 1 .6046 2 .2 6 7 11 .16 1 .4
0 .12601 1 .28269 1 .4624 2 .0 5 3 1 0 .16 1 .8
0 .26927 1.14797 1 .3145 1 .809 9 .2 5 1 .3
0 .37516 1 .05582 1 .2118 1 .694 8 .1 6 2 .1
0 .43881 1 .00324 1 .1520 1 .6 36 7 .4 9 2 .2
0 .53509 0 .92719 1 .0724 1 .4 08 7 .5 0 0 .9
0 .70463 0 .80329 0 .9 35 9 1 .172 6 .4 9 0 .7
0 .78383 0 .74923 0 .8 74 2 1.111 5 .7 7 0 .3
0 .83075 0 .71824 0 .8 41 8 1 .0 27 5 .5 7 1 .2
0 .88638 0 .68244 0 .7 99 4 0 .9 9 9 5 .1 6 0 .8
1 .00000 0 .61239 0 .7 22 8 0 .8 3 2 4 .8 8 1 .6

“ X 3 is the mole fraction of carbon tetrachloride.

di and d% are the densities of the pure liquids, Z\ and 
Z2 are the volume fractions of the pure liquids, and v, 
the specific volume of the solution, was calculated from 
eq 1. The values so obtained were fitted to the general 
equation

100AFm/F ° = Z,Z2{a +  13 Z i +  7Z X2) (3)

where the constants a, /?, and 7 are temperature de
pendent. Values a, /?, and 7 for the two systems are 
given in Table III. Subscript 1 refers to cyclohexane, 
2 to isooctane, and 3 to carbon tetrachloride. The 
over-all error in the molar volume of mixing, AFM, is 
±0.003 cm3 mol-1. Table IVshows AFM for both sys
tems at 25°. Mole fractions, X, may be calculated 
from volume fractions by X x = ZXV2° /[F i° — Zx(Fi° —
m .

The thermal expansion coefficients, a = O F / 
bT)p/V, for the pure liquids in the temperature range 
10-80° are given by

ai =  1.1478 X 10-2 +
(2.46 X 10-6)f +  (9.80 X 10- 8)i2 (4) 

a2 = 1.1340 X 10-2 +
(2.12 X 10-5)i +  (1.48 X 10- 7)i2 (5) 

a3 = 1.1791 X 10-2 +
(1.48 X 10-6)i +  (1.62 X 10-7)<2 (6)

The agreement with Wood, et ah,6'14 is excellent. At 
25° the coefficients of thermal expansion are: cyclo
hexane, 0.001215; isooctane, 0.001196; and carbon 
tetrachloride, 0.001226.

Graphs of the relative volume of mixing vs. the vol-

(25) K. Scheel and F. Blankenstein, Z. Physik., 31, 202 (1925).
(26) P. H. Bigg, Brit. J. Appl. Phys., 15, 1111 (1964).
(27) L. W. Tilton and J. K. Taylor, J. Res. Nat. Bur. Stand., 18, 205 
(1937).
(28) J. White, Ph.D. Thesis, Yale University, 1944.

Volume 72, Number 13 December 1968



4500 Elmer L. W ashington and R ubin Battino

Figure 4. The relative volume of mixing, A T m/F ° ,  of the 
cyclohexane-isooctane system at 10 and 25° vs. 
the volume fraction of cyclohexane.

Table in  : Coefficients for Eq 3

t, '—Cyclohexane 4* isooctane—«-—Carbon tetrachloride +  isooctane—»
°c IO«« ß « ß 7

10 5 .5 8 - 0 . 2 3 0 0 .8 0 9 - 0 .7 8 1 0 .6 1 2
20 5 .5 7 - 0 . 1 5 4 0 .8 1 6 - 0 . 7 6 4 0 .5 9 4
25 5 .0 6 - 0.122 0 .8 2 2 - 0 .7 7 1 0 .6 0 3
30 4 .5 5 - 0 . 0 9 4 0 .8 2 8 - 0 . 7 6 7 0 .5 9 7
40 3 .5 3 - 0 . 0 5 0 0 .8 4 5 - 0 . 7 6 2 0 .5 8 2
50 2 .4 6 - 0 . 0 1 8 0 .8 7 0 - 0 . 7 8 5 0 .5 9 4
60 1 .2 8 0 .0 0 4 0 .8 9 6 - 0 . 7 9 8 0 .5 8 2
70 0.00 0 .0 1 6 0 .9 2 6 - 0 . 8 2 0 0 .5 7 9
80 - 1 . 4 1 0.021 0 .9 6 2 - 0 . 8 4 4 0 .5 6 3

urne fraction of cyclohexane are given in Figure 4.
The S-shaped curves and the nearly ideal behavior
were unexpected for this system. The results at
25° are in good agreement with those obtained by 
Battino.4 At higher temperatures the volume change 
on mixing is essentially zero. Relative volumes for 
the carbon tetrachloride-isooctane system are given in 
Figure 5. The relative volume is found to be sym
metrical around the equal volume axis and increases 
with an increase in temperature. These results are 
also in good agreement with those obtained by Bat
tino6 at 25°.

Figure 5. The relative volume of mixing, A F M/F ° ,  of the 
carbon tetrachloride-isooctane system at 10, 50, and 80° 
vs. the volume fraction of carbon tetrachloride.

Table IV: Volumes of Mixing at 25°

Carbon tetrachloride +
-------- Cyclohexane +  isooctane------->

1 0 0 A F M/
-isooctane—

1 0 0 A F « /
Zi a f m Z> a f m F °

0 .10893 0 .0 1 0 0 .0 0 6 0 .0 777 4 0 .0 8 6 0 .0 5 5
0 .12083 0 .0 0 4 0 .0 0 3 0 .1 772 5 0 .1 5 5 0 .1 0 5
0 .19915 0 .0 0 4 0 .0 0 3 0 .2 598 2 0 .1 7 8 0 .1 2 7
0 .3 179 7 0 .0 0 0 0 .0 0 0 0 .3 137 3 0 .1 8 8 0 .1 3 8
0 .3 987 9 - 0 . 0 0 4 - 0 . 0 0 3 0 .4 022 3 0 .1 8 0 0 .1 3 9
0 .4 068 0 - 0 . 0 0 3 - 0 .0 0 2 0 .58241 0 .1 6 8 0 .1 4 3
0 .56493 0 .0 0 5 0 .0 0 4 0 .6 794 7 0 .1 4 2 0 .1 2 7
0 .58595 - 0 .0 0 9 - 0 . 0 0 7 0 .7 415 8 0 .1 2 8 0 .1 1 8
0 .6 614 8
0 .76020
0 .85786

- 0 . 0 0 3
- 0 . 0 1 0
- 0 . 0 0 9

- 0 .0 0 3
- 0 . 0 0 9
- 0 . 0 0 8

0 .8 201 8 0 .0 8 8 0 .0 8 3

Comparison of Theoretical and 
Experimental Results

To understand the volume of mixing, it is helpful 
to consider three different theoretical approaches. 
They are: (1) Flory’s* 29'30 reduced equation of state
approach as derived from a simple partition function;
(2) Prigogine’s31 corresponding state approach; and

(29) P. J. Flory, J. Amer. Chem. Soc., 87, 1833 (1965).
(30) A. Abe and P. J. Flory, ibid., 87, 1838 (1965); P. J. Flory and
A. Abe, ibid., 86, 3563 (1964).
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Table V : Parameters for the Pure Liquids for the Flory Calculation

t, v°, 103a,
Liquid °C cm3 m ol"1 deg-1

Cyclohexane 10 106.81 1.174
25 108.74 1.215
80 116.84 1.407

Isooctane 10 163.15 1.157
25 166.05 1.196
80 178.26 1.398

Carbon tetra 10 95.33 1.196
chloride 25 97.08 1.226

80 104.31 1.401

y,
cal cm “ 3 T*, P*

deg"* V cm3 mol-1 °K cal cm _i

0 .2 8 0 1.2709 8 4 .0 4 4686 128
0 .2 5 5 1.2901 8 4 .2 9 4726 127
0 .1 7 9 1.3699 8 5 .2 9 4858 119
0 .1 91 1.3671 1 2 8 .76 4729 8 6 .8
0 .1 7 9 1.2863 129 .09 4767 8 8 .3
0 .1 3 3 1.3682 130 .29 4868 8 7 .9
0 .2 9 8 1.2748 7 4 .7 8 4643 137
0 .2 7 3 1.2922 7 5 .1 3 4705 136
0 .1 91 1.3688 7 6 .21 4866 126

Table VI: Comparison of Observed and Calculated Excess Quantities 
for the Flory Calculation and the Scatchard-Hildebrand Equation

t, Xl2, ®Mt —AV^, cm3 mol'"1—
° c ri/n S i /  52 cal cm-3 02 caled V ° Caled“ Obsd Caled6

Cyclohexane +  Isooctane
(0.5 10 0.653 1.15 1.73 0.57 1.2707 1.2686 0.225 -0 .008 0.318

V, 0.5 25 0.653 1.15 1.34 0.57 1.2892 1.2878 0.145 0.007 0.351
(0.5 80 0.655 1.15 0.69 0.57 1.3704 1.3689 0.160 -0 .002 0.516

Carbon Tetrachloride +  Isooctane
(0.5 10 0.581 1.20 2.28 0.59 1.2728 1.2699 0.291 0.184 0.503

X 3(0.5 25 0.582 1.20 1.89 0.59 1.2905 1.2885 0.208 0.188 0.557
(0.5 80 0.585 1.20 0.98 0.59 1.3700 1.3648 0.168 0.201 0.816

“ Flory calculation. b Scatchard-Hildebrand equation.

(3) Scatchard and Hildebrand’s32’33 approach via regu
lar solutions.

The volume of mixing for the cyclohexane-isooctane 
system affords a severe test of any theory. In addi
tion to the volume of mixing being very small, it also 
changes sign around the equimolar axis, depending on 
the temperature under consideration. Calculations 
for this system were made at a mole fraction of 0.5 at 
10, 25, and 80°. Similar calculations were made for 
the carbon tetrachloride-isooctane system. The vol
ume of mixing for the latter system does not display 
an unusual composition dependence.

Flory’s approach29'30 is a statistical thermodynamic 
one using a reduced equation of state. The data for 
these calculations are presented in Table V. In this 
table, Ÿ0 is the molar volume, a is the coefficient of 
thermal expansion, y is (dP /dT)v or the thermal pres
sure coefficient (calculated from y =  a//3, where /3 
is the coefficient of compressibility), v is a reduced 
volume calculated from

v'h -  1 =  (a T /3)/(l +  aT) (7)

f  is a reduced temperature calculated from the reduced 
equation of state

f  = (vh -  \)/vh (8)

v* is given by Ÿ°/v and is the hard-core volume per

mole, T* = T/T and is the characteristic temperature, 
and P* = yTv1 and is the characteristic pressure.

The data for the mixtures are given in Table VI. 
To simplify the calculations Flory defined the molecular 
element or segment to be in correspondence for the two 
species such that n and r2 (where r is the number of 
elements or segments per molecule) are in the ratio of 
the respective molar core volumes V\* and i>2* or ri/r2 = 
Vi*/v2*. Also, si and s2 (where s is the number of inter- 
molecular contact sites per segment) are in the ratio 
of the molecular surface areas of contact per segment. 
For our calculations both molecules in each system 
were taken to be spherical such that the equation 
si/s2 =  (ryV2)~ 1/3 =  (vi*/v2*)~ ‘A could be used. The 
segment fraction per mole, <f>2, is fa = 1 — fa =  r2X 2/  
{nXx  +  r2X 2) and the site fraction, d2, is defined as <j>2 =  
02S2/ ( 0iSi +  02s2). The interaction parameter X n 
was calculated from X i2 = P i*[l — (si/s2)1/a(P2* / 
P i*)1/2].2 The interaction parameter was empirically 
adjusted both by Flory30 and Benson and Singh,12 but 
we did not follow this route in the calculation.

The reduced volume for the mixture, vM, was calcu
lated by first calculating a reduced temperature for the 
mixture

p, _  f <t>iPi*Ti +  4>'iP2*T‘i\ / /  _ <tnd2Xi2 \
M “  \ 4>J\* +  <feP2* / /  V ¿iPi* +
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The “ ideal”  reduced volume for the mixture, v°, is 
given by z5° = faii +  4>-iV-i- The “ ideal”  reduced tem
perature, f° , was calculated by using v° in eq 8. 
The excess reduced volume, vF‘, is then given by vE =  
(S°),/*(T — T0) / [ 4/ 3 — (v0)*7']. Vìi is then given by 
¿>m =  va +  wE and values of vM and v° are presented in 
Table VI. The excess molar volume, AFE, is then 
calculated from

AFE =  (XlVl* +  X2v2*)(vu -  v°) (9)

Columns nine and ten in Table VI compare the experi
mental excess molar volumes with those calculated from 
eq 9. The agreement is excellent for the carbon tetra
chloride-isooctane system. Indeed, there is better 
agreement here than for similar systems cited by Abe 
and Flory.30 In contrast, the agreement for the cyclo
hexane-isooctane system is good where we defined 
“ good”  as being within 0.1- 0.2 cm3 mol-1. Considering 
the near ideality of this system and the assumptions 
in the theory, the agreement must still be considered a 
success for the theory. We found no irregularities 
in the composition dependence calculated from the 
Flory theory for the cyclohexane-isooctane system. 
The calculations are quite sensitive to the a’s which 
are used. This sensitivity is the reason for the small 
discrepancies in the AFE calculated in this work and 
those calculated by Battino.4,6

Calculations based on Prigogine’s theory31 32 were 
found to be inadequate for both systems. Undoubt
edly, the failure of this approach is related to the r* 
values for the pure components differing by more than 
10%.8

The volume of mixing from regular-solution theory is 
defined as32,33

AFE =  (aT/S^iXi?!0 +  X 2V2°)(S1 -  S2)% Z 2 (10)

where a is the thermal expansion coefficient; 5, Si, 
and S2 are the solubility parameters for the solution, 
pure component 1, and pure component 2, respectively; 
and Zi and Z2 are the volume fractions. The values of 
Si and S2 were taken from Hildebrand and Scott’s mono
graph.33 The value of S was taken as the mean value 
of Si and S2. These parameters were assumed to be 
independent of temperature. This assumption was 
thought to be partially justified in that we were cal
culating differences. Hildebrand and Scott33 have 
indicated that “ for the kind of approximate agreement

which is all one can expect, it suffices to have self- 
consistent values of S for the various components at one 
temperature even though the experimental measure
ment is at quite a different temperature.”  Values of 5 
(cal'/! cm~3/2) for cyclohexane, isooctane, and carbon 
tetrachloride at 25° are 8.2, 6.9, and 8.6, respectively.

The volume of mixing as calculated from eq 10 is 
presented in the last column of Table VI. For com
parison, the observed volume of mixing is also fisted. 
It is evident that the agreement with experiment is 
poorer than in the case of the Flory calculation.

Hildebrand and Dymond34 have derived a new equa
tion relating the partial molal volumes to solubility 
parameters and (d/i’i /5 F )T

(F2 -  P2°)(c)E1/ c>F)t =  F2°(32 -  d1y  (11)

Equation 11 was applied to equimolar mixtures of the 
two systems under investigation. The calculated and 
observed values for F2 — F2° are given in Table VII. 
The agreement is poor. As pointed out by Hildebrand 
and Dymond,34 the agreement would be greatly im
proved if the solubility parameter for isooctane were
7.8 or 7.9 instead of 6.9. This discrepancy is typical 
for several other systems involving isooctane.

Table VII: Comparison of Observed and 
Calculated Values of V2 —

— ------— V, -  F°-
(Ò E  i/Ò IO t , C a le d

S o lu te cal cm-3 E x p t l (eq 11)

c 6h 12 7 5 .4 0 .0 2 3 .7 3
C C h 8 1 .0 0 .1 9 5 .9 2
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(31) I. Prigogine, “ The Molecular Theory of Solution,”  North- 
Holland Publishing Co., Amsterdam, The Netherlands, 1957.
(32) J. H. Hildebrand and R. L. Scott, “ Solubility of Non-Electro
lytes,”  3rd ed, Reinhold Publishing Corp., New York, N. Y ., 1950.
(33) J. H. Hildebrand and R. L. Scott, “ Regular Solutions,” Prentice- 
Hall, Inc., Englewood Cliffs, N. J., 1962.
(34) J. H. Hildebrand and J. Dymond, J. Chem. Phys., 46, 624 
(1967).
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Thermodynamics of Binary Solutions of Nonelectrolytes with 

2,2,4-Trimethylpentane. IV. Vapor-Liquid Equilibrium 

(3 5 -7 5 °)  and Volume of Mixing (2 5 °)  with Carbon Tetrachloride1

by Rubin Battino
Department of Chemistry, Wright State University, Dayton, Ohio J+5If8l (Received May 29, 1968)

The vapor-liquid equilibrium in the 2,2,4-trimethylpentane-carbon tetrachloride system was measured iso- 
thermally at 10° intervals in the range 35-75° and over the entire range of composition. The volume of mix
ing was measured at 25° and the maximum was 0.218 cm3 mol-1. The excess thermodynamic functions were 
calculated for the conditions of mixing at constant pressure and were found to be positive over the entire 
range of composition and temperature studied and small in magnitude (at 40° maxima are AGPE = 35.0 cal 
mol-1, AffpM = 44 cal mol-1, and ASPE = 0.23 cal mol-1 deg-1). The excess Gibbs function decreases slightly 
with increasing temperature, but the other functions are independent of temperature within experimental 
error. The constant volume thermodynamic functions are almost identical with the constant pressure func
tions. Good agreement was found with a theoretical treatment proposed by Flory and coworkers.

Introduction
The present paper continues the study of the thermo

dynamics of binary solutions with isooctane (2,2,4- 
trimethylpentane). The benzene-isooctane system was 
studied by Wood and Sandus2 and Weissman and 
Wood.3 The cyclohexane-isooctane system was stud
ied by Battino,4 Battino and Allison,6 and Washington 
and Battino.6 The volume of mixing for the carbon 
tetrachloride-isooctane system in the range 10-80° 
was measured in part III.6 In this paper we report 
the isothermal vapor-liquid equilibrium (35-75°) at 10° 
intervals and the volume of mixing at 25°, both over 
the entire range of composition. The excess thermody
namic functions were calculated for the conditions of 
mixing at constant pressure and were found to be posi
tive over the entire range of composition and temper
atures studied.

Isooctane has been chosen as the component of inter
est because it shows one of the smallest orientation ef
fects in the pure liquid phase for a common liquid. 
The difference in the heat capacity at constant volume 
of the pure substance in the liquid and ideal gas states 
is a good measure of the intermolecular orientation in 
the pure liquid. Wood, Sandus, and Weissman7 cal
culated this difference for isooctane (1.0 cal mol-1), 
cyclohexane (4.7 cal mol-1), benzene (4.9 cal mol-1), 
and carbon tetrachloride (3.4 cal mol-1). In view of 
the rather ideal nature of mixtures of isooctane with 
cyclohexane,4-6 it was of interest to determine the 
nature of mixtures of isooctane with carbon tetrachlo
ride.

Experimental Procedure
Materials. The isooctane used was the same as that

described in a previous paper4 (hereafter referred to as 
I) and had a density of 0.68780 g cm-3 at 25°. The 
carbon tetrachloride used was Fisher Certified 99 mol %  
and this material, which had a density of 1.58437 g cm-3 
at 25°, was used without further purification in the 
vapor-liquid equilibrium measurements. For the vol- 
ume-of-mixing measurements the carbon tetrachloride 
was purified by repeated distillation in a 6-ft packed 
column followed by a vacuum distillation from CaH2. 
The density of this material was 1.58430 g cm-3 
at 25°. This compares with the following values from 
the literature all at 25° and in grams per cubic centi
meter: 1.58429,8 1.58461,9 1.58429,10 1.58414,11 1.58- 
426,12 1.58437,13 1.58436,14 and 1.58425.16 The water

(1) R. Battino, presented in part at the 155th National Meeting of 
the American Chemical Society, San Francisco, Calif., April 1968.
(2) S. E. W ood and O. Sandus, J. Phya. Chem., 60, 801 (1956).
(3) S. Weissman and S. E. Wood, J. Chem. Phya., 32, 1153 (1960).
(4) R. Battino, J. Phya. Chem., 70, 3408 (1966).
(5) R. Battino and G. W. Allison, ibid., 70, 3417 (1966).
(6) Part III: E. L. Washington and R. Battino, ibid., 72, 4496
(1968).
(7) S. E. Wood, O. Sandus, and S. Weissman, J. Amer. Chem. Soc. 
79, 1777 (1957).
(8) J. A. Barker, I. Brown, and F. Smith, Discussions Faraday Soc., 
44, 142 (1953).
(9) J. A. Larkin and M. L. McGlashan, J. Chem. Soc., 3425 (1961).
(10) S. E. Wood and J. A. Gray, J. Amer. Chem. Soc., 74, 3729 
(1952).
(11) G. Scatchard, S. E. Wood, and J. M. Mochel, ibid., 61, 3206
(1939) .
(12) G. Scatchard, S. E. Wood, and J. M. Mochel, ibid., 62, 712
(1940) .
(13) G. Scatchard and L. B. Ticknor, ibid., 74, 3724 (1952).
(14) J. H. Hildebrand, B. B. Fisher, and H. A. Benesi, ibid., 72, 4348 
(1950).
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and mercury used were identical with the materials de
scribed in part I.

Apparatus. The volume of mixing at 25° was de
termined using the same apparatus and procedure as in 
I. The vapor-liquid equilibrium measurements were 
carried out in the same manner as in I. The vapor 
pressure of pure isooctane, which was used in the ref
erence still, was calculated from16 log P(torr) =  6.81984 
— [1262.490/(221.271 +  t)]. The vapor pressure of 
pure carbon tetrachloride was measured and fitted to 
the following equation by a least-squares technique: 
P(torr) =  9.775 +  3.7046i -  0.01378P +  0.001210f3. 
The standard deviation of the fit was ±0.23 mm, and 
the pressures calculated from this equation agreed to 
an average deviation of ±0.33 mm with ref 11 and 
±2.22 mm with ref 15. To be self-consistent in the 
calculations, the vapor pressures of carbon tetrachloride 
used in this paper were all calculated using the equation 
cited above.

Results
Volume of Mixing. Table I shows the composition, 

density, and relative volume of mixing at 25° for the

Table I : Densities of Carbon Tetraehloride-Isooctane 
Mixtures at 25°

,— C a r b o n  te tra ch lo r id e — ' d, , - io>avm/ v°-^
Xi Z, g  c m -8 O b sd C a lc d A (A V m / V « )

0.00000 0.00000 0.68780 0.00 0.00 0.00
0.12325 0.07595 0.75540 0.66 0.67 -0 .0 1
0.13074 0.08083 0.75972 0.72 0.70 0.02
0.24110 0.15666 0.82728 1.16 1.15 0.01
0.25016 0.16323 0.83315 1.18 1.18 0.00
0.34368 0.23440 0.89669 1.40 1.45 -0 .0 5
0.45447 0.32755 0.97983 1.66 1.62 0.04
0.47281 0.34399 0.99459 1.61 1.64 -0 .0 3
0.55905 0.42571 1.06764 1.70 1.65 0.05
0.57956 0.44628 1.08615 1.61 1.64 -0 .0 3
0.67131 0.54425 1.17391 1.54 1.53 0.01
0.69237 0.56821 1.19541 1.50 1.49 0.01
0.77751 0.67141 1.28808 1.27 1.28 -0 .0 1
0.79698 0.69654 1.31066 1.22 1.21 0.01
0.89745 0.83652 1.43665 0.76 0.76 0.00
1.00000 1.00000 1.58430 0.00 0.00 0.00

carbon tetrachloride-isooctane system. The data were 
fit by a least-squares technique to a function of the 
volume fraction, Z, and a function of the mole fraction,
X. Subscript 1 refers to carbon tetrachloride

AFM
- y f -  =  Z iZ2(0.01034 -  0.011301?! +  0.00672Z!2) (1)

A f M =  Z A (1.045 -  0.538X! +  0.350XF) (2)

The reproducibility of these measurements is ±0.003 
cm3 mol-1. The maximum AFM is 0.218 cm3 mol-1 
at a volume fraction of carbon tetrachloride of 0.35.

The composition of the vapor and liquid phases for

the vapor-liquid equilibrium measurements were de
termined from density measurements (to ± 0.00002 g 
cm-3) at 25°. The resultant error in determining 
the composition from the density measurements is 
± 0.00002 in the mole fraction and this is the error in the 
compositions listed in Table I. (The high precision in 
the composition is due to the very large difference in 
the density of the two components.)

x cci4
Figure 1. The vapor-liquid equilibrium at 35°.

Vapor-Liquid Equilibria. In Table II the results 
of the vapor-liquid equilibria measurements at the 
five temperatures investigated are presented; X t is the 
composition (of carbon tetrachloride) in the liquid 
phase, Yi is that in the vapor phase, and P is the total 
pressure. The remaining columns will be discussed 
later. The values in parentheses were not considered 
sufficiently reliable to incorporate in the calculations of 
the thermodynamic properties but were left in the table 
for purposes of comparison. The results for 35° are 
shown in Figure 1. The system shows small positive 
deviations from the (dashed) Raoult:s law lines at all 
temperatures investigated.

(15) R. R. Dreisbach, “ Physical Properties of Chemical Compounds. 
II,” Advances in Chemistry Series, No. 22, American Chemical 
Society, Washington, D. C., 1961.
(16) “ Selected Values of Properties of Hydrocarbons," National 
Bureau of Standards Circular C461, U. S. Government Printing 
Office, Washington, D. C., 1947.
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Table II: Vapor-Liquid Equilibria“

X i Y i
Dev in  

Y  i
P ,

m m
Dev in  

P

AG pE ,
ca l

m o l " 1
Dev in  
A G pe

d P / d F i
(o b s d )

Dev in 
d P / d Y i

0.1287 0.2714 -0.0034 94.17
35°
-0 .2 1 12.54 0.11 0.0904 —0.0016

0.3597 0.5703 -0.0055 120.43 -0 .3 2 31.19 1.29 0.1378 — 0.0045
0.4140 0.6210 -0.0048 126.04 -0 .3 1 33.66 1.09 0.1477 -0.0046
0.5493 0.7281 -0.0027 139.23 -0 .0 7 37.17 1.18 0.1676 -0.0037
0.5948 0.7590 -0.0025 143.11 -0 .2 4 36.32 0.37 0.1712 -0.0042
0.6726 0.8087 -0.0017 149.78 -0 .1 7 34.49 0.24 0.1756 -0.0037
0.7963 0.8788 -0.0036 159.58 -0 .1 5 28.03 1.15 0.1649 -0.0117

0.1278 0.2633 -0.0002 142.45
45°
-0 .0 1 11.36 0.05 0.1329 -0.0002

(0.3137) (0.5221) (0.0042) (173.13) (-0 .1 6 ) (22.31) (-2 .8 1 ) (0.1935) (0.0039)
0.4350 0.6350 0.0000 191.76 0.17 31.72 0.59 0.2215 0.0002
0.5636 0.7352 0.0009 209.20 -0 .0 4 33.15 -0 .5 9 0.2470 0.0017
0.7227 0.8371 0.0004 228.75 -0 .1 3 29.56 -0 .5 7 0.2571 0 . 0 0 1 1

0.8299 0.8980 -0.0017 240.54 -0 .4 6 22.02 -0 .4 3 0.2395 -0.0099

0.1264 0.2547 0.0026 208.91
55°

0.21 9.69 -0 .4 7 0.1895 0.0027
0.3076 0.4997 -0.0013 250.46 -0 .1 1 23.12 0.37 0.2588 -0.0018

(0.4288) (0.6280) (0.0069) (276.64) (0.31) (25.58) (-3 .0 2 ) (0.3175) (0.0136)
0.5601 0.7297 0.0041 302.17 0.26 29.75 -1 .6 7 0.3501 0.0118
0.7177 0.8300 -0.0003 329.39 -0 .2 5 28.10 -0 .3 6 0.3534 -0.0016
0.8276 0.8972 0.0007 346.88 -0 .5 1 20.04 -1 .2 8 0.3525 0.0053

0.1248 0.2473 0.0060 298.19
65°

0.45 7.41 -1 .6 0 0.2650 0.0092
0.3054 0.4929 0.0041 354.81 0.42 19.39 -1 .2 5 0.3603 0.0082

(0.4252) (0.6213) (0.0116) (390.33) (0.97) (21.57) (-4 .6 1 ) (0.4409) (0.0319)
0.5505 0.7117 -0.0009 423.47 0.29 29.99 0.95 0.4512 -0.0031
0.7159 0.8273 0.0014 463.79 0.08 26.00 -0 .6 2 0.4909 0.0096
0.8294 0.8959 0.0000 489.13 -0 .0 7 19.74 -0 .1 0 0.4734 0.0000

0.1250 0.2367 0.0028 416.75
75°

1.22 8.85 0.84 0.3505 0.0069
0.3060 0.4813 0 . 0 0 1 1 492.30 1.49 20.26 1.57 0.4717 0.0044

(0.4397) (0.6146) (-0 .0003) (545.36) (2.55) (27.76) (3.39) (0.5503) (0.0016)
0.5518 0.7083 0.0006 584.87 1.52 28.20 1.46 0.6058 0.0049
0.7146 0.8215 -0.0003 638.04 0.67 25.62 0.86 0.6366 -0.0015
0.8319 0.8954 -0.0004 673.13 -0 .0 1 18.49 0.17 0.6240 -0.0059

« The following are the average deviation and the standard deviation, respectively, for various terms: Yi, 0.0020, 0.0027; P, 0.36,
0.55; AGPE, 0.79, 0.93; dP/dFi, 0.0046, 0.0057.

Thermodynamic Functions
The excess chemical potentials are defined by

AMiE = mi ~  Mi0 -  R T  In X 1 (3)
where the standard states are the pure components. 
They were calculated from
AM1E = R T  In ( P Y x / P m )  +

(fin -  Fi«)(P -  Pr°) +
5(1 -  Y 1y p  +  (V i  -  fi°)(l -  P) (4)

By changing the subscripts, eq 3 and 4 are used to cal
culate Api2E. In these equations P is the total vapor 
pressure, P° is the vapor pressure of the pure component, 
X  and F are the mole fractions of the liquid and vapor

phases, respectively, Vi and Vi° are the partial molar 
volumes of the component in solution and the molar 
volume of the pure component, respectively, dn is the 
second virial coefficient, and T  =  273.15 +  t. The 
term 5 is defined by 5 =  2/312 — /3n — fe . In the deri
vation of eq 4 the equation of state for the vapor was 
the virial equation used to the second virial coefficient. 
The last term in eq 4 corrects the chemical potentials 
from the experimental pressures to 1 atm. The change 
in the thermodynamic functions for mixing at constant 
pressure were calculated for the change of state in 
which X i  mol of carbon tetrachloride at 1 atm of pres
sure and the chosen temperature T  and X 2 mol of iso
octane at the same conditions are mixed to form 1 mol 
of solution under the identical conditions.
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The second virial coefficients were calculated using 
Berthelot’s equation, a procedure justified by many 
workers.1718 The second virial coefficients are given 
by

Pu =  B „  -  (A u/ D  (5)
where A  = 27R T c3/Q iP c and B  = 9 R T e/128P c. For 
carbon tetrachloride the equation/3n = 71.4 — [(13.25 
X 107) /F 2] was found from T 0 = 556.25°K and P c =  
44.98 atm. For isooctane the equation ¡3<n =  123.2 — 
[(21.89 X 107)/T 2] was found from Tc = 544.30°K and 
P c = 25.5 atm. The experimental virial coefficients for 
carbon tetrachloride measured by Lambert, et a l.,* 17 18 
fit the above equation within their experimental error; 
those measured by Francis and McGlashan19 were more 
negative; and those measured by Bottomley and Rem- 
mington20 were less negative. The term fin was cal
culated by assuming the combining laws

B n  = (VsXBu17* +
and

A 12 =  (A iiAm )

Since we used a computer to calculate the excess 
chemical potentials according to eq 4, we decided to test 
the effect of varying the various terms in the equation 
on the numerical value of AmE. For this purpose we 
selected the data at 55° for X i  = 0.5601 for which 
AjiiE =  37.76 cal mol-1. In terms of the properties 
measured, it appears from Table III that the calculation 
of A îE is most sensitive to variations in the total pres
sure.

Table III: Effect on A*nE (37.76 cal mol *) of 
Variations in P, Pi°, X i, Yi, ßn, S, T, Fi°, and 
Vi -  Vi° at X i =  0.5601 and 55°

A ( A W E ), A (A W E ),

eal ca l
T e r m V  a r ia t io n m o l “ 1 T e r m V a r ia t io n m o l -1

p + 0 .1  mm 0.21 ßn +  10 cm3 0.02
+  1.0 mm 2.11 +  100 cm3 0.23

P i» + 0 .1  mm 0.17 S +  10 cm3 0.01
+  1.0 mm 1.71

T +  0.1° 0.01
X ! +0.0001 0.12 +  1.0° 0.11

+  0.0010 1.16
F i ° +  1.0 cm3 0.00

F r +0.0001 0.09
+  0.0010 0.89 Fi -  Fi» +  1.0 cm3 0.00

The molar excess change of the Gibbs free energy on 
mixing at constant pressure was calculated from a£ e =  
X iA fijE +  X2Ayu2E. The experimentally determined 
values of AG V‘ are given in Table II, and these values 
were smoothed by fitting the equation

AGE =  X tX i[a  +  b (X , -  X 2)] (6)

The coefficients a  and b in this equation were fit by 
least squares as a function of temperature, and the 
resulting equations are

a = 174.13 -  0.9368i (7)
b = 41.18 — 0.0038( (8)

The deviations (A<3pE(exptl) — A<3PE(calcd)) between 
the experimental and the smoothed values of A(3PE are 
given in Table II, and the standard deviation is ±0.93 
cal mol-1. These smoothed values were used to back- 
calculate Y i and P  with the use of eq 6-8 for each 
experimental point. The deviations from the experi
mental values are in columns three and five of Table II 
and are judged to be satisfactory.

The Redlich-Kister test for thermodynamic consis
tency requires that

J o (AM1E -  AM2e) dXi =  0 (9)
The data for 75° are shown in Figure 2, where the circles 
are the experimental points. The solid line was de
termined by a least-squares fit of the experimental 
points, and the dashed line was determined from the 
smoothed values (eq 6-8). The dashed line must sat
isfy eq 9, since eq 6 must satisfy the Gibbs-Duhem rela
tion on which the Redlich-Kister method is based. 
Table IV summarizes the results obtained for this test. 
The areas were determined by weighing cutouts. For 
comparison the ratio of the areas was determined 
(column four) for shifting the curves one standard 
deviation (third column) for the least-squares fit for the 
experimental points. The 35° data appear to be poor, 
but the remainder are quite satisfactory.

Table IV: Summary of Redlich-Kister Test

t, °c (+ > /(-)“
(+ )/(-)* '

cal -f" <7

35 0 .6 7 5 .0 0 .7 9
45 0 .9 2 4 .8 1 .0 8
55 1 .1 5 9 .7 0 .8 0
65 1 .3 4 5 .6 1 .1 2
75 1 .1 3 2 .1 1 .0 0

“ Ratio of plus to minus areas. 1 Ratio when A,uiE — A/12E is
increased by <r.

Weissman and Wood3 proposed a more stringent 
point-by-point test for thermodynamic consistency.
(17) J. P. Lambert, G. A. H. Roberts, J. S. Rowlinson, and V. J. 
Wilkinson, Proc. Roy. Soc., A196, 113 (1949).
(18) G. Scatchard and F. G. Satkiewicz, J. Amer. Chem. Soc., 86, 
130 (1964).
(19) P. G. Francis and M. L. McGlashan, Trans. Faraday Soc., SI, 
593 (1955).
(20) G. A. Bottomley and T. A. Remmington, J. Chem. Soc., 3800 
(1958).
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Figure 2. The Redlich-Kister plot for 75° data.

In their method the slopes dP/dFi for the experimental 
and smoothed values are compared. These slopes are 
calculated from

d Y t ~

__________ (Fi ~  Xx)[(.R7V W  -  25P ]___________
(R T / P ) +  X r fn  +  X2fe  +  (XrF22 +  X 2FF)S -  Vi

(10)
In Table II the eighth column gives the experimental 
values of d P / d Y i and the last column gives the devi
ations of the calculated values from them. The agree
ment between the observed and calculated values at 
each temperature are: 35°, 3.3%; 45°, 1.2%; 55°, 
1.5%; 65°, 1.5%; and 75°, 0.8%. The agreement is 
best at 75° and poorest at 35°, but the agreement is ex
cellent when it is observed that this sensitive test is 
comparing slopes.

Table V gives the excess thermodynamic functions 
for mixing at constant pressure at 40, 55, and 70° and 
for every 0.1 mol fraction. These values were calcu
lated from the smoothed data (eq 6-8). Since the 
constants a  and 6 in eq 6 were found to be linear func
tions of the temperature within experimental error, 
both AHpM and ASPE are independent of the tempera
ture. A check in the literature on systems comparable 
with the one investigated here show that it is not at all 
unusual for calorimetrically determined heats of mixing 
to have a negligible temperature dependence. The 
values of the thermodynamic functions are all positive 
over the entire range of composition and at all temper
atures investigated. The change in the Gibbs free 
energy decreases slowly with an increase in temper
ature. Figure 3 shows the thermodynamic functions at 
40°. The differences between the change in the ther
modynamic functions on mixing at constant pressure and 
on mixing at constant volume were calculated according

xcci4

Figure 3. The excess thermodynamic functions at 40°.

Table V : Excess Thermodynamic Functions
in Calories per Mole

X, 40° 55° 70° A#pm ASpE aâvm

0.1 9.3 8.1 6.8 13 0.084 26“
0.2 17.9 15.7 13.4 24 0.150 49
0.3 25.3 22.3 19.4 33 0.196 67
0.4 30.8 27.5 24.1 40 0.225 80
0.5 34.2 30.7 27.1 44 0.234 88
0.6 34.8 31.4 28.0 44 0.225 89
0.7 32.2 29.2 26.2 40 0.197 83
0.8 25.8 23.5 21.3 32 0.150 67
0.9 15.3 14.0 12.7 19 0.085 40

“ AFvM is calculated from the Scatchard-Hildebrand equa-
tion.

to equations developed by Scatchard21 and were found 
to be negligible for the free energy (about 0.03 cal 
mol-1) and nonnegligible for the entropy (ASPE — 
ASve = 0.040 cal mol-1 deg-1 at 40°) and the energy 
(AH vm  -  AFve =  12 cal mol-1 at 40°).
Discussion

Calculations were carried out for testing three theo
ries of solutions. The corresponding states average 
potential model was found to be not applicable owing to 
the disparity in the size of the molecules. The Scatch- 
ard-Hildebrand approach yielded some satisfactory 
correlations, and the Flory approach yielded some ex
cellent correlations.

The energy of mixing at constant volume can be 
calculated from the Scatchard-Hildebrand equation

AFvm = (XiFi0 +  X t V m i  -  5i)% Z2 (11)
The 5’s are solubility parameters and we used the fol
lowing values for them at 40, 55, and 70°: carbon tetra
chloride, 8.41, 8.21, and 8.01 and isooctane, 6.71, 6.55, 
and 6.38. The values of AE VM were calculated for each 
mole fraction at the three temperatures, but since the 
values only change 4 cal in this range, the average value
(21) G. Scatchard, Trans. Faraday Soc., 33, 160 (1937),
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Table VI: Parameters for the Pure Liquids for the Flory Calculation

V,
t, v, 10=« cal cm 3

L iq u id °c cm3 mol-1 deg-1 deg-1

Carbon tetra- 25 9 7 .0 8 “ 1 .2 2 9 “ 0 .273»
chloride 40 9 8 .9 1 “ 1 .2 6 5 “ 0 .248»

70 10 2 .88“ 1 .3 6 3 “ 0 .2 05»
Isooctane 25 166.06° 1 .197° 0 .1 79*

40 169.14° 1 .243° 0 .1 6 6 e
70 175.85° 1 .361° 0 .141°

S. E . Wood and J. A. Gray, J. Amer. Chem. Soc., 74, 3729 (1952).

r cm3 mol-1
T*,
° K

P *

cal cm -3
C ,

cm3 mol_J

1 .2927 7 5 .1 0 4697 136 1 .0 9
1 .3113 7 5 .43 4752 133 1 .0 6
1 .3536 7 6 .0 0 4836 129 1 .0 2
1 .2868 129.05 4760 8 8 .4 1.21
1.3072 129.39 4792 8 8 .8 1 .21
1.3533 129.94 4845 8 8 .6 1 .2 0

» G . A. Holder and E. Whalley, Trans. Faraday Soc., 58, 2095 
* A linear extrapolation of the 40 and 70 ° values. * W. A.(1962). ° S. E. Wood and O. Sandus, J. Phys. Chem., 60, 801 (1956).

Felsing and G. M. Watson, J. Amer. Chem. Soc., 65, 780 (1943), using the values for the coefficient of compressibility as calculated by
S. Weissman and S. E. Wood, J. Chem. Phys., 32, 1153 (1960).

Table VII: Comparison of Observed and Calculated Excess Quantities for the Flory Calculation for an Equimolar Mixture

X n ,  cal
t,

° G
ca l 

c m  " 3 02
<•------- m o l '
C a le d

-1-------

O b sd C a le d
- S ----------------------- .

O b sd

,____y
C a le d ’

c m 3 m o l -1------- ■>
O b s d

c
C a lcd °

al m o l -1—  
C a le d *

. -------- ItS 1
C a le d '

E, ca l  m o l ~ 
C a le d /

1_____„

O b s d

25 1 .8 8 0 .5 9 44 44 1 .2914 1.2890 0 .2 4 5 0 .2 1 6 “ 12 - 4 33 18 70
40 1 .4 9 0 .5 9 36 44 1 .3108 1 .3 087 0 .2 1 5 0 .192» 10 - 3 33 20 73
70 1 .1 4 0 .5 9 27 44 1.3549 1.3535 0 .1 5 4 0 .190» 9 0 33 24 80

“ This work. b See ref 6. ° From s(calcd) and AiSwb = AS,,!. d From 8(obsd) and AiSCOmb = ASia. ° From i(calcd) and ASoomb =
— E iX  In 0i +  X 2 In 0 2], where 0  is the segment fraction (see ref 4 or 22). 1 From zJ(obsd) and AScomb = — R [X i In 4>i +  X 2 In 0 2] .

is given in Table V. It is noteworthy that for the 
cyclohexane-isooctane system4 the experimental AGPE 
was about 9 cal mol-1 vs. a calculated A2?VM of 55 cal 
mol-1. Thus the increase in the calculated values of 
AE VM for the two systems is comparable with the in
crease in the experimental values of AGPE. The volume 
change on mixing can also be calculated from the 
Scatchard-Hildebrand approach. As in the case of the 
cyclohexane-isooctane4 system, we found much better 
agreement using the experimentally determined AGPE 
than those calculated from eq 11.

The statistical thermodynamic approach using a re
duced equation of state which was proposed by Flory 
and coworkers22 gave such excellent results for the 
cyclohexane-isooctane system4 that we were very 
interested in using it for the current system. The 
calculations were carried out as indicated4’22 using the 
parameters given in Table YI. The comparison of 
observed and calculated excess quantities is given in 
Table VII. The agreement for the heats of mixing is 
quite outstanding. The excess entropy, S E, is related to 
the residual entropy, S R, by

SB =  SR +  AiScomb -  ASia (12)
where A.S'id =  — R { X x In X x +  X ,  In X2) and ASoomb

is the combinatorial entropy appropriate to the system 
concerned. We calculated A$COmb from

A(SCOmb = —R (X i  In 4>i +  X i  In 4>i) (13)
although this equation has been criticized for over
correcting for disparities in molar volumes. The agree
ment between the calculated and experimental excess 
entropies is not very good, the calculated values being 
almost identical with those calculated in I. The agree
ment between the calculated and experimental volumes 
of mixing is outstanding. Abe and Flory22b also found 
very good agreement for volumes of mixing for a variety 
of systems. Benson and Singh23 found that the Flory 
theory correlated fairly well the excess enthalpy and 
excess volume for some aromatic-alicyclic systems.
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Steric Effect in the Radiolysis of cis- and trans-1,2-Dimethylcyclohexane1

by Manfred K. Eberhardt
Puerto Rico Nuclear Center, 2 Rio Piedras, Puerto Rico, and Institut fur Radiochemie der Technischen Hochschule Munich, 
Munich, Germany (Received M ay 31, 1968)

The radiolysis of c is - and irans-l,2-dimethylcyclohexane in the liquid phase was studied from 2 X  1020 to 16 X  
1020 eV/ml at a dose rate of 8.3 X  1018 eV/ml hr. The main products are H2, 1,2-dimethyl cyclohexene, 2,3- 
dimethylcyclohexene, 3,4-dimethylcyclohexene, 4,5-dimethylcyclohexene, octene-2, dimeric products, and 
isomerization. The trans compound shows a greater decrease in (?(olefin) with increasing dose than the cis  
isomer. Iodine (2 X 10-2 M )  reduces (?(H2) in the irans-l,2-dimethylcyclohexane from 3.54 to 2.36 
(A(6(H2)) = 1.18) but in the cis isomer the (7(H2) is only reduced from 3.70 to 3.05 (A((7(H2)) = 0.65). Our 
results suggest that the difference of unscavengeable hydrogen between the two isomers, 3.05 — 2.36 = 0.69, 
is due to molecular hydrogen elimination in the cfs-l,2-dimethylcyclohexane and that tertiary axial hydrogens 
lead preferentially to the formation of scavengeable hydrogen atoms. A similar behavior was observed with c is -  
and iraws-decalin. Evidence for opening and reclosure of the cyclohexane ring is presented.

Introduction
The radiolysis of cyclohexane has been the subject of 

intense investigation.3 Despite this there appears to 
be considerable controversy about the relative yields 
of different hydrogen precursors as well as the nature 
of these precursors. There are at least two precursors 
for hydrogen formation, one which is affected by radical 
scavengers and quenchers of excited states and one 
which is unaffected by these additives. The decrease 
in (j(H2) by radical scavengers has generally been at
tributed to the scavenging of thermal hydrogen atoms.4 
The formation of H2 from cyclohexane by molecular de
tachment has been investigated simultaneously by two 
groups of workers by irradiating mixtures of C6Hi2 and 
C6D i2. From the isotopic composition of the hydrogen 
produced, Nevitt and Remsberg5 concluded that no more 
than 25% of the total H2 was formed by direct uni- 
molecular detachment. Dyne and Jenkinson6 arrived 
at a G(H2 molecular) between 0.5 and 1.0.

In the present work we were mainly concerned with 
the mechanism of the molecular detachment process. 
Such a process appears to be impossible from the chair 
conformation of cyclohexane in the ground state in 
which the hydrogens on two adjacent carbon atoms are 
not eclipsed and therefore cannot form a four-center 
transition state.

I

A transition state like I is only possible in the boat
form or flexible form of cyclohexane. It therefore
appeared to us that the amount of molecular detach
ment should be dependent on the configuration of a
cyclohexane derivative. We have therefore studied 
the radiolysis of cis- and frans-l,2-dimethylcyclo- 
hexane.

Experimental Section
M aterials. cfs-Dimethylcyclohexane and irons-1,2- 

dimethylcyclohexane (puriss. cis - 1,2-grade) were ob
tained from EGA Chemie Steinheim bei Heidenheim, 
Brenz, Germany. The purity was checked by vpc anal
ysis. The only significant impurity was less than 1% 
of the other isomer. cis-Decalin and ¿rans-decalin were 
puriss. grade (Schuchardt and Co., Munich). The 
decalin contained traces of tetralin, which was removed 
by shaking with fuming sulfuric acid followed by dis
tillation in  vacuo.

Radiation. Irradiations were carried out with a 
60Co source. The dose rate was determined with the 
Fricke dosimeter, using a value of 15.6 for G(Fe3+). 
The dose rate was 8.3 X 1018 eV/ml hr. The total dose 
varied from 0.4 X 1020 to 16 X 1020 eV/ml.

A nalysis. Hydrogen was analyzed by vpc using a 
10-ft molecular sieve column at 50°. The hydrogen 
was detected with a thermal conductivity detector 
using argon as the carrier gas. The monomeric liquid 
products were analyzed by vpc on a 15-ft Carbowax 
20M column at 65° and a flow rate of 25 ml of He/min. 
For detection a hydrogen flame detector was used. 
The peaks have been identified by comparison with 
standard samples. 3,4-Dimethylcyclohexene and 4,5- 
dimethylcyclohexene were not separated under our 
conditions. The dimeric products were analyzed using

(1) Presented at the 155th National Meeting of the American Chemi
cal Society, San Francisco, Calif., March 1968.
(2) The Puerto Rico Nuclear Center is operated by the University of 
Puerto Rico for the U. S. Atomic Energy Commission under Contract 
AT-(40-l)-1833.
(3) J. W. T. Spinks and R. J. Woods, “An Introduction to Radiation 
Chemistry,” John Wiley & Sons, Inc., New York, N. Y., 1964, pp 319- 
325.
(4) L. J. Forrestal and W. H. Hamill, J. Amer. Chem. Soc., 83, 1535 
(1961).
(5) T. D. Nevitt and L. P. Remsberg, J. Phys. Chem., 64, 969 (1960).
(6) P. J. Dyne and W. M. Jenkinson, Can. J. Chem., 38, 539 (1960).
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Table I : Main Products in the Radiolysis of cis- and trans- 1,2-Dimethylcyclohexane

Isomer

Irradiation
time,
hr“ G( HO

cis 5 3.69
24 3.62
48 3.62
96 3.35

192 3.21

trans 5 3.60
24 3.58
48 3.49
96 3.59

192 3.24

° Irradiation at a dose rate of 8.3 X

X > D ) >•00)' d r

1.1 0.9 0.47
1.05 0.85 0.47
1.2 0.68 0.41
0.85 0.52 0.35

1.0 0.73 0.4
0.86 0.62 0.33
0.63 0.52 0.29
0.42 0.38 0.22

1018 eV/ml hr.

G(dimer)

0 .4
0 .5
0 .53
0.69

0.530.680.86
0.78

'octene-2) G(isomer)

0.48 2.2
0.35 1.95
0.4 1.6
0.4 1.4

0 0.9
0.65
0.62
0.56

D/C

6.1

4.0

the same column as for the low-boiling products, but 
the temperature was raised to 150°.
Results

The main products in the radiolysis of cis- and trcms-
1,2-dimethylcyclohexane are H2, 1,2-dimethylcyclo- 
hexene, 2,3-dimethylcyclohexene, 3,4-dimethylcyclohex- 
ene, 4,5-dimethylcyclohexene, octene-2, dimeric prod
ucts, and isomerizations (cis-^-trans and trans-^-cis). 
The G values of these products and their dose depen
dence are summarized in Table I. The different dimers 
have not been determined individually because of the 
multitude of different positional and configurational 
isomeric dimers, which have not been characterized to 
date. The G (olefin) values from Iran,s-1,2-dimethyl- 
cyclohexane show a greater dependence on dose than 
the cis compound. Table II shows some results of 
iodine-containing solutions of cis- and fraws-l,2-di- 
methylcyclohexane as well as cis- and frans-decalin. 
The trans isomers produce about twice as much scav- 
engeable hydrogen as do the cis isomers.

Table II : Effect of Iodine on (?(H2) in the Radiolysis of cis
soidi ¿rans-l,2-DimethyIcyclohexane and cis- and irores-Decalin

Compd Concn of Ï2, M ff(Hj) A (G(H2))

cis-l,2-Dimelhyl- 0 3.70
cyclohexane

l X 1 0 - 2 3.35
2 X 10~2 3.05 0.65

¿rares-l,2-Dimethyl- 0 3.54
cyclohexane

1 X 10~2 2.45
2 X 10 ~2 2.36 1.18

as-Decalin 0 4.3
1 X 10“ 2 3.95
2 X 10-2 3.58 0.72

iraws-Decalin 0 4.65
1 X 10~2 3.52
2 X 10~2 2.93 1.72

chair boat chair

Figure 1. Conformations of cyclohexane.

Discussion
In order to understand our results, let us first con

sider the stereochemistry of cyclohexane and the two
1,2-dimethylcyclohexanes.7 Cyclohexane has two
types of carbon-hydrogen bonds, equatorial bonds 
which lie in the plane of the cyclohexane ring and 
axial bonds which are either above or below the plane 
of the ring (see Figure 1).

Unimolecular hydrogen detachment is impossible 
from the chair conformation in the ground state. In 
the excited state, however, the true chair conformation 
may be slightly distorted in such a way as to allow 
unimolecular elimination. Since nothing is known 
about the structure of the excited state, we will try 
to rationalize our experimental results by considering 
only the ground state configuration. The cis-1,2- 
dimethylcyclohexane (Figure 2) has one axial and one 
equatorial methyl group, whereas the frons-l,2-di- 
methylcyclohexane exists in two conformational forms. 
The diequatorial form and diaxial form are readily in
terconvertible. The diaxial form (a, a) has four bu
tane-gauche interactions, corresponding to an interaction 
energy of 4 X 0.9 = 3.6 keal/mol, whereas the diequa
torial form (e, e) has only one such interaction. (See 
Figure 3.) The energy difference between the two 
conformers is therefore 3.6 — 0.9 =  2.7 kcal/mol. 
From the relationship AF  =  —2.3 R T  log K  it follows

(7) E. L. Eliel, “Stereochemistry of Carbon Compounds,” McGraw- 
Hill Book Co., Inc., New York, N. Y., 1962, p 204 ff.
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(a,e)

Figure 2. Conformations of czs-1,2-dimethylcyclohexane.

(a, a)

Figure 3. Conformations of (raras-1,2-dimethylcyclohexane.

cis trans
0.5 2.2 -  0.97 = 1.23

Figure 4. Isomerization reactions of
eis-1,2-dimethylcyclohexane. For reaction a, trans:cis =
2.2/0.9 (see Table I). G(ring opening and reclosing) =
2 X (1.23 +  0.5) = 3.46; (?(ring C-C bond breaking) =
3.46 +  0.48 =  3.94.

that 99% of the molecules are in the diequatorial form 
at room temperature.

The cfs-1,2-dimethylcyclohexane (Figure 2) can also 
exist in two conformations. Since the two forms have 
the same potential energy, half of the molecules exist 
in one form and half in the other. Since flipping from 
one chain conformation to another transforms all 
axial bonds into equatorial bonds and vice versa, twist
ing of the chair of cfs-1,2-dimethylcyclohexane in such 
a way as to allow unimolecular detachment is energeti
cally more favorable than in the trans isomer. We 
suggest therefore that the difference of unscavengeable 
hydrogen between the two isomers (3.05 — 2.36 =  
0.69) is due to molecular H2 detachment in the c is -1,2- 
dimethylcyclohexane. Okabe and McNesby8 reported 
a different mechanism for molecular H2 formation. 
In the gas-phase photolysis of CH8CD3 they found that 
molecular hydrogen is formed by splitting off two 
hydrogens from the same carbon atom. It appears 
doubtful whether these results obtained in the gas 
phase can be related to the present work in the liquid 
phase. Elimination of two hydrogens from the same 
carbon atom would not be expected to give different 
amounts of molecular hydrogen from cis- and irans-1,2- 
dimethy Icy clohex ane.

A 2 X 10-2 M  solution of iodine in trans- 1,2-di- 
methylcyclohexane shows a decrease in (?(H2) which is 
about twice as big as the decrease in the cis isomer. 
From this observation we conclude that axial tertiary 
carbon-hydrogen bonds lead preferentially to the for
mation of thermal hydrogen atoms. This surprising 
result prompted us to look for other examples of this 
kind. Table II shows the results of iodine solutions of 
cis- and (rans-decalin. We find again a much greater 
decrease in G(H2) in the frans-decalin than in the cis- 
decalin.

Additional evidence for the formation of molecular 
hydrogen in the radiolysis of cfs-1,2-dimethylcyclo- 
hexane can be obtained by examining the D / C  dis
proportionation) : (combination) ratios (see Table I). 
The D /C  ratio for (-butyl radicals has been reported as
4.4-4.6.9-11 The same ratio was found in the radiolysis 
of methylcyclohexane by Freeman,12 who concluded 
from this observation that there is no molecular hydro
gen formation from methylcyclohexane. The D /C  
ratio for trans-1,2-dimethylcyclohexane is about the 
same as for methylcyclohexane and ¿-butyl radicals, 
but cfs-1,2-dimethylcyclohexane has a D / C  of 6.1, 
which suggests molecular hydrogen formation. This is 
in agreement with the iodine scavenger experiments.

In the radiolysis of cyclohexane a lot of carbon- 
hydrogen bond breaking but little carbon-carbon bond 
breaking has been observed. This surprising fact has 
been explained by a cage effect, but direct experimental 
proof of this has been missing. Opening and reclosing 
of the cyclohexane ring can of course not be observed in 
unsubstituted cyclohexane. In the case of cis- and 
tra n s-l,2-dimethylcyclohexane, however, ring opening 
and reclosing can lead to isomerization. These isom
erization reactions and their G values are shown in 
Figure 4.

The disproportionation of tertiary 1,2-dimethylcyclo- 
hexyl radicals can lead to isomerization; i.e ., a radical 
derived from c is - l ,2-dimethylcyclohexane can dis
proportionate to give an olefin plus a trans isomer and

(8) H. Okabe and J. R. McNesby, ./. Chem. Phys., 34, 668 (1961).
(9) J. W. Kraus and J. P. Calvert, J. Amer. Chem. Soc., 79, 5921 
(1957).
(10) W. J. Moore, J. Chem. Phys., 17, 1325 (1949).
(11) R. N. Birrell and A. F. Trotman-Diekenson, J. Chem. Soc.. 
4218 (1960).
(12) G. R. Freeman, J. Chem. Phys., 36, 1535 (1962).
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vice versa. The amount of this isomerization, however, 
cannot be greater than the amount of olefin formation 
from these tertiary radicals, i.e ., 1.37 (0.9 ±  0.47) for 
the formation of the trans from the cis isomer. We 
found, however, a G value for the formation of trans-
1,2-dimethylcyclohexane of 2.2. There is only one 
other possibility for the isomerization of the cis isomer 
to the trans isomer and that is by opening and reclosing 
of the cyclohexane ring. This mechanism also explains 
the formation of octene-2 by intramolecular dispro
portionation. Intramolecular disproportionation and 
combination has been suggested previously by Free
man12 in the radiolysis of methylcyclohexane. Our re
sults provide experimental proof of such an opening and

reclosing of the cyclohexane ring. Isomerization fol
lowing ring opening can only take place if a carbon- 
carbon bond between or adjacent to the methyl groups 
is broken but not if any of the other three carbon-car
bon bonds of the cyclohexane ring are broken. Assum
ing equal probability for breaking of the six ring car
bon-carbon bonds, we arrive at an estimated G value 
for ring opening and reclosing of 3.46, which is about 
equal to the G value for carbon-hydrogen bond break
ing.
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W h e n  a  b e a m  o f  in te n s e  w h it e  l ig h t  is  d i r e c t e d  o n t o  o n e  s id e  o f  a  l ip id  m e m b r a n e  c o n s t i t u t e d  f r o m  p h o t o a c t i v e  
p ig m e n t s  a t  a  w a t e r - o i l - w a t e r  b i f a c e ,  c e r t a in  p h o t o e le c t r i c  p h e n o m e n a  a re  p r o d u c e d .  I n  th is  p a p e r  th e  
e x p e r im e n t a l  f in d in g s  o n  t h e  o p e n - c i r c u i t  p h o t o v o l t a g e  a n d  th e  p h o t o c o n d u c t i v i t y  o f  t h e  m e m b r a n e  a re  d e 
s c r ib e d . P o s s ib le  e x p la n a t io n s  f o r  t h e  o b s e r v e d  p h e n o m e n a  a re  d is cu s s e d . T h e  s ig n if ic a n c e  o f  th e s e  o b s e r v a 
t io n s  in  r e la t io n  t o  p h o t o s y n t h e s is  a n d  o t h e r  l ig h t - in d u c e d  p r o c e s s e s  w h e re  m e m b r a n o u s  s t r u c tu r e s  a r e  b e l ie v e d  
t o  b e  e s s e n t ia l  is  c o n s id e r e d .

Introduction
The high degree of orderliness and lamellar organiza

tion of chloroplasts in nature have been inferred from 
numerous studies.1-4 These studies have led to the 
suggestion by Bassham and Calvin5 that a crystalline 
lattice containing chlorophyll molecules and other 
compounds may be involved in the photosynthetic 
apparatus. They further suggested that such an 
organized structure of light-sensitive pigments may pos
sess photoconductive properties resembling those of 
organic semiconductors. That the photoconductivity 
may exist in chlorophylls had been suggested earlier by 
Katz.6 Investigations carried out by Eley,7 Nelson,8 
and others9-11 using thin films or compressed disks of 
chlorophylls and their related compounds have indeed 
demonstrated the existence of photoinduced electrical 
effects. In a number of publications, Arnold and co
workers12 have observed semiconductive properties in 
chloroplast and chromatophore preparations. It should 
be mentioned that all these experiments were carried out 
either in  vacuo or a dry state. Although these earlier in
vestigations are significant in their own right, two im

portant questions remain to be answered, (i) Can the 
photosynthetic pigments be organized in the form of
(1) R. Sager and G. E. Palade, Exp. Cell Res., 7, 584 (1954).
(2) A. J. Hodge, J. D. McLean, and F. V. Mercer, J. Biophys. 
Biochem. Cytol., 1, 605 (1955).
(3) E. Steinman and F. S. Sjôstrand, Exp. Cell Res., 8, 15 (1955).
(4) For further references, see (a) E. Rabinowitch, Discussions 
Faraday Soc., 27, 161 (1959); (b) J. B. Thomas, “ Primary Photo
processes in Biology,”  North-Holland Publishing Co., Amsterdam, 
The Netherlands, 1965, pp 127-135.
(5) J. A. Bassham and M. Calvin, “ The Path of Carbon in Photo
synthesis,”  Prentice-Hall, Inc., Englewood Cliffs, N. J., 1957, 
Chapter 12.
(6) E. Katz, “ Photosynthesis in Plants,”  Iowa State College Press, 
Ames, Iowa, 1949, p 287.
(7) D. D. Eley, Nature, 162, 819 (1948).
(8) R. C. Nelson, J. Chem. Phys., 27, 864 (1957).
(9) D. R. Kearns, G. Tollin, and M. Calvin, ibid., 32, 1020 (1960).
(10) A. Terenin, E. Putzeiko, and I. Akimov, Discussions Faraday 
Soc., 27, 83 (1959).
(11) B. Rosenberg and J. F. Camiscoli, J. Chem. Phys., 35, 982 
(1961).
(12) (a) W. Arnold and H. K. Sherwood, Proc. Nat. Acad. Sci.
U. S „  43, 105 (1957); (b) W. Arnold and R. K. Clayton, ibid., 46, 
769 (1960); (c) W. Arnold and H. K. Maclay, Brookhaven Symp.
Biol., 11, 1 (1959).
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thin membrane, preferably of the order of molecular 
thickness (''MOO A) which is assumed to exist in the 
native state, in an aqueous environment? (ii) In case 
such ultrathin membranes could be formed, would they 
exhibit light-induced electrical phenomena, such as 
photovoltaic effect and photoconductivity? The pres
ent work has been initiated with the aforementioned 
questions in mind.

Recently, techniques have been developed for the for
mation of ultrathin membranes from a variety of sur
face-active materials including brain proteolipids, phos
pholipids, synthetic surfactants, and oxidized choles
terol. These ultrathin membranes (<90 A thick) in 
aqueous media have been termed variously as bimo
lecular, black, or bilayer lipid membranes (henceforth 
abbreviated BLM). The BLM have been extensively 
investigated and shown to be the closest approach to 
natural membrane models.13 From various physical 
properties together with the previously deduced argu
ments, the structure of the BLM is considered to be 
liquid crystallinelike and lamellar in organization.14 In 
view of these facts, the recent formation of BLM from 
photosynthetic pigments has now permitted investiga
tions of the effect of light on these BLM.15 The present 
paper reports the photoelectric phenomena exhibited by 
these membranes separating two aqueous solutions, 
which hitherto have not been known.
Experimental Details

1 . A pparatus. The experimental setup for the 
measurement of the photovoltaic effect and photocon
ductivity is shown in Figure 1. The inner chamber of 
the cell assembly was made from a Teflon beaker (10 
ml). A small hole (1.86 mm) was first punched through 
the wall of the beaker. A recessed groove was then 
machined out around the wall of the opening (see insert, 
Figure 1), which served as a reservoir for the lipid solu
tion. The outer chamber was made of Pyrex glass, a 
portion of which was flattened to facilitate both the 
illumination and the observation of the membrane. 
The illumination of the membrane was provided by a 
tungsten lamp (500 W) which was installed in a lamp 
housing (Wild Heerbrugg Instruments, Inc.). The 
front aperture of the lamp housing was fitted with a 
quartz collector, a heat-absorbing filter, a gray filter, 
and two colored glass filters. A Keithley electrometer 
(610B) and a high-speed picoammeter (Keithley Model 
416) were used to measure the photovoltage, the photo
conductivity, and the resistance of the membrane. A 
selected voltage from a calibrated source could also be 
applied to the electrodes placed across the membrane 
which separated the two aqueous phases. Either a pair 
of saturated calomel or platinum electrodes was used. 
In certain cases, current-voltage curves of BLM in 0.1M  
KI (made with water saturated with iodine) were mea
sured with a controlled potential polarographic analyzer 
(EUA-19, Heath Co.). The temperature of the cell was

Figure 1. Schematic diagram of experimental setup for 
measurement of photo-emf, photoconductivity, and 
dark conductivity of thin and bilayer lipid membranes:
A, concave mirror; B, 500-W tungsten lamp;
C, quartz collector; D, field diaphragm; E, filter carrier 
assembly; F, shutter; G, focusing lens; H, Pyrex glass 
chamber; I, Teflon chamber; J, electrodes; L, stirring bars;
M, water jacket; N, magnetic stirrer; BLM, bilayer lipid 
membrane (or thin lipid membrane). Lower insert shows 
an enlarged view of the aperture in the Teflon chamber:
O, front view, P, cross section (side view); R, Teflon support.

controlled by a water jacket (joined at the bottom of the 
cell assembly), and the aqueous solutions were stirred 
magnetically. To control the exciting light, a shutter 
was interposed in the light path which was used both for 
timed and instantaneous illumination.

2. L ip id  Solutions. All membranes (black and thin 
layer) were formed from a mixture of photosynthetic 
pigments dissolved in an alkane solvent. The pigments 
purchased from commercial sources were used without 
further purification. For BLM formation, a solution of 
chlorophyll (3.5%) and xanthophyll (5.2%) in n-octane 
(w/v) was used. Also used in this study were fresh 
pigments obtained from spinach leaves according to the 
procedure of Strain and Svec.19 No apparent differ
ences in the photoelectric effects of the membrane were 
observed between the fresh and commercial prepara
tions.

3. Procedure. Most membranes studied were formed 
in 0.1 M  KC1. The experimental techniques employed 
in the BLM formation have been previously de- 
scribed.13’17 For thin layer membrane studies, a large 
drop of lipid solution (which usually would not thin 
spontaneously) was introduced to the opening in the 
Teflon chamber. The membranes during the formation 
stages were observed under green light at 40 X magnifi-
(13) For a review, see H. T. Tien and A. L. Diana, Chem. Phys 
Lipids, 2, 55 (1968).
(14) H. T. Tien, J. Theor. Biol., 16, 97 (1967).
(15) H. P. Ting, W. A. Huemoeller, S. Lalitha, A. L. Diana, and 
H. T. Tien, Biochim. Biophys. Acta, 163, No. 4 (1968).
(16) H. H. Strain and W. A. Svec in “ The Chlorophylls,”  L. P. 
Vernon and G. R. Seely, Ed., Academic Press, New York, N. Y., 
1966, p 21.
(17) P. Mueller, D. O. Rudin, H. T. Tien, and W. C. Wescott, J. 
Phys. Chem., 67, 534 (1963).
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cation. All measurements were carried out with the cell 
assembly in a shielded enclosure to reduce spurious 
electrical effects. The electrodes, apart from the tips 
immersed in the aqueous solution, were covered with 
black rubber tubing and were well shielded from the 
light. Using the usual notation, the cell may be written 
as

salt aqueous thin lipid
bridge electrolyte membrane or BLM

solution on Teflon support
aqueous salt 

electrolyte bridge (1) 
solution

When the membrane was illuminated without imposing 
any external voltage, a light-induced emf was generated, 
which was measured by the electrometer and recorded. 
Both the dark and photocurrents of the membrane were 
measured by applying a small voltage (usually 10 mV) 
across the membrane. In certain cases, the photo
current was also measured without dark current flowing. 
Action spectrum for the photovoltaic effect was ob
tained by use of monochromator (Bausch and Lomb 
Model 33-86-02) in place of the carrier assembly (see 
Figure 1). All experiments were carried out at 22 ±  1°.
Results

1. B lack or B ilayer L ip id  M em branes (B L M ) and 
T hin  L ip id  M em branes. In the present investigation 
two types of lipid membranes were used. Although 
they are termed “membranes,” it should be understood 
that they are formed in  situ  on a hydrophobic support 
immersed in an aqueous solution. In the case of BLM, 
the black area is surrounded by a thick layer known as 
the Plateau-Gibbs border, which is hundreds of thou
sands times thicker than the black membrane.18 The 
thicknesses of BLM and thin lipid membranes used 
were, respectively, about 100 A and 0.1 cm. The black 
area in the BLM constituted usually about 25% of the 
total area in contact with the aqueous solution. In 0.1 
M  KC1, the dark resistance of the BLM was about 2 X 
106 ohm-cm2. However, in 0.1 M  KI +  I2 the mem
brane resistance was one order of magnitude lower.

As illustrated in Figure 1, the aqueous solutions in the 
two compartments are connected through the aperture 
(marked “BLM”) in the Teflon chamber when the 
membrane is not present. When a BLM or a thin lipid 
membrane is formed in the aperture, two aqueous solu
tion-membrane interfaces or a biface is created. The 
word “biface” is used here to stress the intimate nature 
of the two coexisting interfaces whose significance will 
be made clear in the course of the discussion of the re
sults. Since the electrical resistance of the membrane 
(henceforth referring to either BLM or thin lipid mem
brane, unless otherwise stated) is several orders of mag
nitude higher than the bathing media, the aqueous solu
tion on each side of the membrane serves essentially as

an electrical contact between the membrane and the 
external measuring instruments (see eq 1). We can 
therefore define the polarity of the biface following the 
established convention in electrochemistry. For a 
driven cell the cathode is the side of the biface where 
electrons enter or the site of reduction, and the other 
side of the biface is where the oxidation takes place. 
An exact opposite nomenclature is used for a generating 
cell in which the anode of course has a positive polarity.

2 . L ight-Induced P hoto-em f. In the absence of an 
external electric field, a photovoltage was detected when 
one side of the membrane was illuminated. For a 
BLM constituted from chloroplast pigments separating 
two 0.1 M  KC1 solutions, the observed photo-emf was 
about a few millivolts. Three typical photo voltage 
recordings are shown in Figure 2. It can be seen that 
the rise portion of the curve consists of two distinct steps 
and is very reproducible. The initial rise is rapid (~0.1  
sec or less). The measurement of the rise time of the 
light-induced voltage was limited by the rise time of the 
recorder used. The second rise portion of the curve is 
seen to be much slower, which did not show sign of 
saturation as long as the exciting light was incident on 
the membrane. In contrast, the time course of the 
light-induced voltage in a thin lipid membrane exhibited 
a greater tendency to saturation (see Figure 3). Typi
cal light-induced voltages in thin lipid membranes ob
tained in three different runs are, respectively, 20 mV 
(in about 3 min), 27.5 mV (in about 4 min), and 23.5 mV 
(in about 5 min).

3. Light In ten sity  and O pen -C ircu it Photo-em f. The 
measured photo voltages as a function of light intensity 
of a thin lipid membrane are shown in Figure 4. These 
values were obtained after the membrane had been 
illuminated for 60 sec. Following the convention 
stated earlier (Results, section 1), the sign of the illumi-

Pigure 2. Light-induced voltages in a BLM constituted from 
a mixture of photosynthetic pigments in n-octane. Curves 
from three different runs are superimposed.

(18) H. T. Tien, J. Gen. Physiol., [2] 52, 125 (1968).
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Figure 3. Light-induced voltages in a "hin lipid 
membrane (~0.1 cm thick) formed from spinach chloroplast 
pigments in n-octane.

Figure 4. Open circuit photovoltage vs. light intensity 
for a thin lipid membrane prepared from spinach 
chloroplast pigments in n-octane. Readings were taken 
after 1 min of illumination.

nated side of biface was negative. Observations were 
also made with bands of light which had been isolated 
with optical-glass filters. Little photo-emf was de
tected when using green light (530-550 vaff). A small 
voltage ( ~  1-2 mV) was induced with blue light (400- 
550 m/Lt). The greatest effect was observed when yel
low light (500-800 m/x) was used to illuminate the mem
brane. It is worth noting that the voltage induced by 
yellow light required an induction period of about 20 
sec. The maximum photo-emf obtained in the last case 
was about 5 mV after the membrane had been illumi
nated for about 5 min. Attempts were also made to ob
tain the action spectrum of the membrane for the photo
voltaic effect. Preliminary results indicated that the

Figure 5. Action spectrum of a thin lipid membrane 
of spinach chloroplast pigments in 0.1 N  KC1.

Figure 6. Variation of open circuit voltage in response to 
illumination of a thin lipid membrane separating two aqueous 
phases: region A, alternate 15-sec illumination and 
darkness; region B, alternate 10-sec illumination 
and darkness.

peak responses occurred at 475, 680, and 745 m/u, which 
corresponded very roughly with the peaks of absorption 
spectrum for the same pigments in the bulk solution. 
The action spectrum of the photovoltaic effect of a thin 
lipid membrane is shown in Figure 5.

4- E ffect o f  A lternate Illum ination  and D arkness on 
M em brane Photovoltage. Figure 6 shows typical re
sponses of a thin lipid membrane to illumination cycles. 
Region A of Figure 6 was obtained by illuminating the 
membrane for 15 sec, followed by an equal period of 
darkness. In region B, the period between the illumina
tion and darkness was of 20-sec duration. Similarly, 
the kinetics of changes for a BLM (25% black) on two 
different time cycles are shown in Figure 7. There are 
two distinct steps which can be clearly seen when the 
exciting light is switched on. On the other hand, the 
decay curves exhibit no such complicated time course in 
either thin lipid membranes or BLM.

5. Light-Induced Current. Figure 8 shows the mea
sured current response as a function of time for a typical 
BLM (curve A) and for a thin lipid membrane (curve 
B ). In the case of BLM, the black area in contact with 
the aqueous solution was about 25% of the total area. 
The current flowing through the membrane was mea-
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Figure 7. Photovoltaic effect of a black lipid membrane 
produced from chloroplast pigments (spinach leaves) 
in n-octane. The curve illustrates membrane voltage vs. 
time in response to photoactive light.

Figure 8. Typical behavior of light-induced current 
vs. time: curve A, BLM with 10 mV applied; curve B, 
thin lipid membrane under 50 mV of external voltage.

sured with a picoammeter and was recorded continu
ously during the run. The dark currents in both cases 
reached their final values very shortly after the voltage 
was applied across the membrane via the electrodes. 
Upon illumination with exciting light, the time course of 
BLM was complex. The photocurrent at first increased 
for a few seconds and then decreased and was then 
followed by another rise. For several BLM observed, it 
was found that the second rise in current resulted in
variably in membrane rupture when the total current 
was about 2-3 times the dark current value. However, 
if the exciting light was switched off during the second 
phase, the current dropped briefly and rose to a new 
steady value as can be seen in Figure 8 (curve A). In 
contrast, thin lipid membranes formed from the same 
pigment solution displayed no such peculiar time course 
(see Figure 8, curve B). In the latter case, both the 
rise and decay followed an exponential course. It is of

significance to note that, in either BLM or thin lipid 
membranes, the dark current after illumination was 
substantially higher than the dark current prior to ex
posure to exciting light. It seems probable that there 
might be effects superimposed upon that due to photo
chemical reaction in the membrane or at the solution- 
membrane interface.

6 . D ark and Photocurrent as a F unction  o f A p p lied  
Voltage. Both the dark and photocurrent of a thin 
lipid membrane were measured as a function of increas
ing applied voltage. The results were obtained with 
the illuminated side of the biface at either positive or 
negative potential. The results of a typical run for a 
thin lipid membrane are presented in Figure 9. In the 
range of field strength examined, both the dark and 
photocurrents were ohmic up to 100 mV. The slight 
asymmetry in the case of dark current is probably not 
significant, since a slight concentration difference or 
electrode potential difference could exist across the 
membrane. The ratio of negative-positive currents 
was constant as a function of applied voltage and did not 
seem to level off at higher voltages. The ratio of photo-

Figure 9. Variation of dark and photocurrent as a function 
of applied voltage. The upper curves were obtained 
with the side of biface facing photoactive light at positive 
potential; the lower curves are the illuminated side of 
biface at negative potential. A thin lipid membrane 
(•—'0.1 cm thick) was used.
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currents (i~ / i+) was about 1.6. However, for a case of 
BLM studied, it was found that the photoconductivity 
of the membrane was less than the dark conductivity, 
irrespective of whether the illuminated side was at a 
positive or negative potential.
Discussion

1 . The P hysica l State and M olecular Organization o f  
the M em brane. The general organization of the bi
molecular or black lipid membranes has been considered 
previously.14 The evidence at hand favors a liquid 
crystalline structure in which the hydrophilic portion of 
the molecule is situated at the aqueous solution-mem
brane interface. The interior of the BLM is believed to 
be similar to that of liquid hydrocarbon saturated with 
water. The experimental facts in support of this pic
ture come from the following lines of evidence: (a)
the liquid nature of the BLM can be demonstrated by 
the fact that a BLM may be probed with a fine object 
(thin wire or hair) which can be moved within the mem
brane and then withdrawn without rupturing the mem
brane; (b) the “hydrocarbonlike” interior is deduced 
from the materials used, (c) recent water permeability 
studies have shown that to a firs* approximation the 
BLM may be considered as a continuous liquid hydro
carbon layer of less than 100 A thick (the permeability 
coefficient for water of such a layer would be expected to 
be about 35 y/ sec  as estimated from the solubility and 
diffusion data) ;19 (d) the dc resistance of the BLM is
about 108 ohm-cm2. This corresponds to a bulk re
sistivity of about 1014 ohm-cm. The resistivity of most 
wet liquid hydrocarbons is of the same order of magni
tude; and (e) the dielectric breakdown strength of the 
BLM is usually in the range of 105 to 106 Y/cm, which 
again corresponds closely to that o: a long-chain liquid 
hydrocarbon. In view of these facts, it seems reason
able to consider that the interior of the BLM is es
sentially a thin, continuous layer of liquid hydrocar
bon with dissolved water.

Although the exact chemical composition of the 
BLM and thin lipid membranes under study is not 
known, the rough correspondence between the absorp
tion spectrum of the lipid solution used and the action 
spectrum for the photovoltaic effect (Figure 5) provides 
very good evidence that the membranes are composed 
of the principal photoactive pigments of the spinach 
chloroplasts. In the discussion which follows, the most 
important photosynthetic pigment chlorophyll (or Chi) 
will be chosen as a typical pigment. From the struc
tural viewpoint, the chlorophyll molecule can be con
sidered as a so-called amphipathio compound, in that 
one part of the molecule is hydrophilic and the other 
hydrophobic. Therefore, on the basis of energetics at the 
water-oil-water biface,14'18 the molecules in the BLM 
should be oriented in such a way that the phytol groups 
extend inward and can be held by van der Waals forces, 
while the polar groups (i .e ., porphyrin plates) are lo

cated at the aqueous solution-membrane interface. 
However, owing to the presence of dissolved water in the 
membrane, it is also conceivable that some of the Chi 
molecules might adopt orientations other than the one 
just described. The absorption peak in Figure 5 in the 
long-wave region around 745 m y  suggests that the pig
ments in the membrane are highly organized to give the 
absorption shift. This fact appears to be consistent with 
the absorption spectra of crystalline chlorophyll films 
and monolayers at air-water interfaces.20-22 The bifacial 
tension of the membrane obtained recently is about 3-4 
dyn/cm. This implies that those chlorophyll molecules 
situated at the biface in the membrane are tightly com
pressed together.16 It seems likely therefore that the 
porphyrin plates of the molecules would be oriented 
more or less perpendicularly to the biface. On the basis 
of this information, it is estimated that the average area 
occupied per porphyrin group is much less than 75 A2.

2. The Origin o f the Observed L ight-Induced P h e
nom ena in  the P resent M em brane System . Since all 
photoelectric effects probably owe their origin to one 
basic phenomenon of the generation of charge carriers 
under illumination, the observed effects may be ex
plained if we can provide some answers to the two most 
important questions: (i) that of the mechanism of
charge generation in the membrane upon exposure to 
light and (ii) that of the mechanism of charge transport. 
In view of the preliminary and qualitative nature of the 
data, only a speculative explanation will be given at this 
time. Theoretical considerations are reserved for dis
cussion in later publications when more quantitative 
data become available.

In explaining the photovoltaic effect in the BLM, the 
charge-injection scheme suggested by Kallmann and 
Pope23 may be used. From the nature of the experi
mental arrangement indicated in eq 1, it may be argued 
that a greater number of excited pigment molecules will 
be produced at the illuminated side of the biface. The 
excited molecular state may exist in the form of an 
exciton as a result of absorption of photoactive radia
tion. For reasons not yet known, an exciton thus 
produced is capable of not only moving around from the 
site of generation but also of dissociating into an electron 
and a positive hole. This resulting charge separation is 
believed to be responsible for the observed photo-emf in 
the membrane. For a thin lipid membrane (~0.1 cm 
thick) which possesses a “bulk phase” (this is also true 
for a BLM owing to the presence of the Plateau-Gibbs 
border around the black area), the so-called Dember

(19) P. Schatzberg, J. Polym. Sci., 10, 87 (1965).
(20) E. E. Jacobs, A. S. Holt, R. Kromhout, and E. Rabinowiteh, 
Arch. Biochem. Biophys., 72, 495 (1957).
(21) H. J. Trurnit and G. Colmano, Biochim. Biophys. Acta , 30, 434 
(1958).
(22) G. L. Gaines, Jr., W. D. Bellamy, and A. G. Tweet, J. Chem. 
Phys., 41, 2572 (1964).
(23) H. Kallmann and M. Pope, J. Chem. Phys., 32 , 300 (1960).
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Figure 10. Scheme for light-induced phenomena in lipid 
membranes constituted from chloroplast pigments in an alkane 
solvent separating two aqueous solutions (Chi, chloroplast 
pigments as typified by chlorophyll; AQ, aqueous 
solution; hv, photoactive light; Chi*, an excited chlorophyll 
molecule): this is an illustration of a BLM (or a thin 
lipid membrane) at a water-oil-water biface; B, upon 
absorption of photoactive light, an excited species is formed, 
which may be an exciton; C, the excited species or exciton 
is then dissociated into an electron, —, and a positive hole,
+ , (this event causes the biface to be charged as indicated 
by the positive and negative signs). Hatched 
areas represent either thin lipid membranes or 
bilayer (black) lipid membranes (BLM). See the details 
in the text.

effect may also be operative for the light-induced volt
age.24 Here, a thin lipid membrane (or the Plateau- 
Gibbs border in a BLM) is pictured as similar to that of 
a homogeneous semiconductor. Upon absorption of ex
citing light, a concentration gradient of charge carriers is 
produced across the biface. If we assume that the 
electrons and holes thus produced have different mo
bilities and lifetimes, a separation of charges in the 
membrane will result, hence the observed photovoltaic 
effect. As is mentioned in section 3 of the Results, the 
illuminated side of the biface becomes negative, which 
implies that a larger concentration of holes must be 
present at the “dark” side of the aqueous solution- 
membrane interface. The sequence of events leading to 
a spatial charge separation in a lipid membrane con
stituted from photoactive pigments is illustrated in 
Figure 10.

The question as to what is the mechanism by which 
charge carriers move through the lipid membrane is 
partially answered by the nature of postulated carriers 
(holes and electrons). However, it is known that BLM 
constituted from materials other than photoactive pig
ments are also capable of charge transport.13 In these 
cases, it is generally accepted that the conducting 
species are ions present in the membrane and in the 
bathing solution. It would appear therefore that the 
lipid membranes formed from photoactive pigments 
must be capable of ionic conduction as well. At pres
ent, it is not known to what extent the charges are being 
transported by ions in the membrane since, even in the 
dark, it is conceivable that some electrons and holes 
could be generated thermally or by an external field. 
In the case of electronic conduction, it should be men
tioned that the charges may be conducted in the mem
brane via the conjugated double bonds of the carotenes 
and xanthophylls which are abundantly present in the
The Journal of Physical Chemistry

extracted chloroplast pigments used in the present 
work.

3. Significance o f  the P resent F indings in  R elation  to 
N atural M em branes. It is of immediate interest that 
the present membrane models offer a unique opportu
nity to the study of membrane-associated phenomena in 
the biological systems. Two outstanding examples are 
photosynthesis and related phenomena,25'26 and the 
visual process.26'27 In both of these cases membranous 
structures are known to play a crucial role. In 
the case of photosynthesis, the primary event is be
lieved to be the conversion of light energy into chemical 
energy that can be utilized by the green plant. The 
molecular construct of this important energy transducer 
is not known but has been postulated by many in
vestigators.2829 As mentioned in the Introduction, the 
photosynthetic pigments in the chloroplast are highly 
organized in two-dimensional lamellar layers, as re
vealed by electron microscopy. Further, it is believed 
that the close packing of pigment molecules in the 
organized arrays is essential for efficient energy transfer. 
The present findings demonstrate that an ultrathin 
membrane of lamellar structure constituted from chloro
plast pigments in an aqueous environment can indeed 
function as an energy-transducing system. The pres
ent Chl-BLM behaves like a photocell whose maximum 
power output is estimated from the available data to be 
about 10“ 13 W (at the light intensity used).

In connection with the primary event, a further ques
tion may be asked concerning the fate of electrons and 
holes produced in the lipid membrane, as depicted in 
Figure 10C. The following scheme is suggested along 
the lines previously proposed by Bassham30 and by 
Calvin.28 The observed facts may be expressed for
mally in terms of the following steps
photoactive pigments (ground state) +  hv — ►

photoactive pigments (excited) 
Chi +  h v — *  Chi*

ionization

Chle +  HsO+ — ►  Chi +  [H] +  H; 
©  +  |H 20  — ►  i 0 2 +  H+

(2a)
(2b)

(3)

(4)

(5)
The explanation of these equations is as follows. In eq 
2 the photoactive pigment as typified by chlorophyll is 
excited by light. The excited molecule is ionized by an

(24) F. Gutmann and L. E. Lyons, “ Organic Semiconductors,”  
John Wiley & Sons, Inc., New York, N. Y ., 1967, p 516.
(25) For references see Brookhaven Symp. Biol., 19, 303 (1967).
(26) W. D. McElroy and B. Glass, Ed., “ Light and Life,”  The Johns 
Hopkins Press, Baltimore, Md., 1961.
(27) G. Wald, Science, 162, 238 (1968).
(28) M. Calvin, Brookhaven Symp. Biol., 11, 160 (1959).
(29) A. A. Benson, J. Amer. Oil Chem. Soc., 43, 265 (1966).
(30) J. A. Bassham, Brookhaven Symp. Biol., 11, 26 (1959).
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unknown mechanism (possibly via exciton migration), 
leading to the production of a free electron and a positive 
hole. Since the illuminated side is negative with re
spect to the “dark” side, it is suggested that the sepa
rated electron is localized at the aqueous solution- 
membrane interface (possibly in the porphyrin ring), 
as shown in Figure 10. Equations 4 and 5 represent in 
essence the photolysis of water using the highly or
ganized lipid membrane structure as a barrier to sepa
rate the products of oxidation and reduction. This 
grossly oversimplified scheme is adapted merely as a 
convenient working hypothesis for further work. (See 
the paragraph below and ref 31). One would predict 
therefore from eq 5 that oxygen would be liberated at 
the site where hole discharge takes place. Experiments 
are being conducted to test whether 0 2 evolution will 
occur using these lipid membranes.

In conclusion, it should be mentioned that a number 
of provocative formulations of the primary photo
physical and photochemical processes in photosynthesis 
have been proposed. The presently widely accepted 
scheme has its origin traceable to the conception of Van 
Niel.31 The various current models call for the coop
eration of two light quanta of different energy absorbed 
by separate pigment systems.32-38 Whether we can make 
use of the BLM and the thin lipid membranes formed 
from the chloroplast pigments together with other 
relevant constituents to test these formulations and to 
give further insight into the photosynthetic process 
remain to be demonstrated.
Summary

(1) It is shown that lipid membranes constituted

from photoactive pigments exhibit both the photo
voltaic effect and photoconductivity in aqueous solu
tion.

(2) It is suggested that the charge carriers produced 
by exciting light are in the form of electrons and holes.

(3) In these membranes the mode of conduction is 
both ionic and electronic.

(4) It is pointed out that the present membrane 
system is a useful model in the understanding of visual 
process, photosynthesis, and related phenomena in 
which membranes are known to be important.

(5) A scheme is proposed to account for the fate of 
photogenerated electrons and holes in the membrane. 
The membrane, considered as a photocell, should be 
capable of effecting photolysis of water.
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A Kinetic Study of the Reaction of Water and t-Butyl 

Alcohol with Sodium in Liquid Ammonia1

by Robert R. Dewald and Richard V. Tsina2
Department o f Chemistry- Tufts University, Medford, Massachusetts 02155 (Received June 3, 1968)

The reaction of two weak acids, water and ¿-butyl alcohol, with sodium in liquid ammonia has been studied
k\conductometrically at —33.9°. The kinetic data are consistent with the general mechanism: ROH +  NH3 ^

kzNH4+ +  RO- and NH4+ +  e,m~ -* NH3 -(- 0.5H2, where R is ¿-butyl and H. For ¿-butyl alcohol, fa was found to be (2.5 ±  0.7) X 10-6 M _1 sec-1 and fa/fa = 1.3 ±  0.3. The values found for water were fa — (7 ±  2) X 10-6 M ~ l sec-1 and fa/fa = 0.55 ±  0.16. The bimolecular rate constant, fa, is estimated to be (4 ±  2) X 106 M ~ l sec“1 at -33.9°.

Introduction
Alcohols react readily with solutions of alkali metals 

in liquid ammonia with the evolution of hydrogen and 
the formation of alkoxides.34 Kraus and White,4 
in work of a qualitative nature, reported that the reac
tion between sodium and ethanol in liquid ammonia 
was vigorous at first but rapidly slowed down, with 
the result that after 2.5 hr the reaction had gone to only 
70% completion. They noted that extensive precipi
tation occurred. Later, Kelly, et a l . , 6  reported kinetic 
data for the ethyl alcohol-sodium ammonia system. 
Using ammonia labeled with tritium, these workers 
followed the progress of the reaction by monitoring the 
volume and activity of the evolved gas (H2 and HT). 
They found that the reaction was initially first order 
in EtOH and zero order in Na. Between 25 and 50% 
completion, the reaction order was found to be indefi
nite, but during the last 50%, the reaction was slower 
and followed second-order kinetics, first order in both 
metal and alcohol. Only one set of characteristic data, 
however, was reported. Recently, Jolly6'7 evaluated 
these data using a Powell plot based on the presumed 
mechanism

k\ROH +  NH3 NH4+ +  RO - (1)
ki

NH4+ +  eam” - iV  NH3 +  0.5H2 (2)
where R is ethyl. If the ammonium ion concentration 
is at a low steady-state value, the rate law

— d(eam~) =  fc1fc3(eam-)(N H 3)(ROH)
df fc,(RO-) +  fc3(eam-) ( }

is obtained. Jolly found that the mechanism, (1) and 
(2), was at least qualitatively compatible with the data 
reported. The best Powell plot fit to the data was ob
tained by setting fa = 8 X 10~3 sec-1 and fa/fa = 6 X 
103. It was found initially,6 however, that in the region

/  =  0.10-0.40, where /  is the fraction of the reaction, 
the experimental points deviated unaccountably from 
the theoretical curve, but the fit was later7 consider
ably improved when the formation of a complex between 
ethanol and the ethoxide ion was introduced. Jolly7 
pointed out that this assumption is quite arbitrary. 
One might further note that Kelly, e ta l., employed rela
tively large concentrations of ethyl alcohol (0.2-0.4 M )  
and sodium (0.2-1.0 M ),  since fairly large amounts of 
gas were needed in order to perform an accurate analy
sis. The observations of Chablay3 and Kraus4 lead 
one to suspect that some precipitation of sodium 
ethoxide probably occurred,7 the effect of which on the 
observed reaction kinetics is not a priori predictable.

We have studied the reaction kinetics of sodium with 
the two weak acids, water and ¿-butyl alcohol, with the 
aim of obtaining kinetic data in a system in which pre
cipitation was not occurring. Water has been shown 
to react readily with sodium-ammonia solutions.8 
Pleskov9 reported that solutions of sodium in liquid 
ammonia may be employed as a rapid method for the 
determination of small quantities of water. The ob-

(1) Presented in part before the Physical Chemistry Division at the 
154th National Meeting of the American Chemical Society, Chicago, 
111., Sept 1967.
(2) This paper is part of a thesis submitted to Tufts University in 
partial fulfillment of the requirements for the degree of Doctor of 
Philosophy.
(3) E. Chablay, Ann. Chim. (Rome), 8, 145 (1917).
(4) C. A. Kraus and G. F. White, J. Amer. Chem. Soc., 45, 768 
(1923).
(5) E. J. Kelly, H. V. Secor, C. W. Keenan, and J. F. Eastham, ibid., 
84, 3611 (1962).
(6) W. L. Jolly, “ Non-Aqueous Solvent Systems,”  T. C. Wad- 
dington, Ed., Academie Press, New York, N. Y., 1965, p 39.
(7) W. L. Jolly, Advances in Chemistry Series, No. 50, American 
Chemical Society, Washington, D. C., 1965, p 27.
(8) W. C. Fernelius and G. W. Watt, Chem. Rev., 29, 195 (1937).
(9) V. A. Pleskov, Zavadskaya Lab., 6 , 177 (1937); Chem. Abstr., 
31, 61351 (1937).
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served reaction, which is almost certainly due to sol
vated electrons, eam~, can be written

eam-  +  H20  —> 0.5H2 +  OH- (4)
in which NaOH precipitates readily.10 Chablay3 noted 
that tertiary alkoxides are more soluble than secondary 
or primary alkoxides. Consequently it was felt that 
precipitation might best be avoided by using ¿-butyl 
alcohol as one of the weak acids in this study. By em
ploying low reactant concentrations, we have suc
cessfully avoided precipitation during the course of the 
reaction.
Experimental Section

Ammonia (Matheson) was condensed in  vacuo in a 
trap containing sodium metal. The blue solution was 
stored in this trap in contact with an iron magnet until 
the extent of the autodecomposition reaction

Na +  NH3 —>  NaNH2 +  0.5H2 (5)
was considerable. About half of the ammonia was 
distilled into a second trap which had been evacuated 
and flamed until the pressure stabilized at less than 2 X 
10~6 torr. The ammonia was then distilled back into 
the trap containing the sodium. The blue solution 
was next frozen with liquid nitrogen and degassed. 
The second trap was again evacuated and flamed. The 
cycle of distilling back and forth, freezing, degassing, 
and flaming was repeated at least five times. The 
ammonia was then stored in contact with sodium, dis
tilling enough for one or two experiments into the second 
trap just prior to use. Sodium (United Mineral and 
Chemical Co.) was distilled twice in  vacuo and was 
stored in Pyrex capillaries. Ammonium bromide 
(Fisher reagent) samples were prepared by placing the 
salt in break-seal tubes which were sealed off under 
vacuum after evacuation to about 10“6 torr.

The reaction of the two weak acids with sodium was 
followed conductometrically in an apparatus similar 
to that described elsewhere.11 The reaction vessel was 
constructed of Pyrex and had a calibrated bulb for 
volume determination. The conductance cell11 and 
break-seal tubes containing samples of the reactant 
and solid NH4Br were sealed onto two side arms. The 
electrodes were either gold-plated platinum or in a few 
cases gold-plated tungsten. The cells were calibrated 
with standard KC1 solutions using the data of Jones 
and Bradshaw.12 Either a high-precision ac bridge 
similar to that described elsewhere13 or a Wayne Kerr 
Universal bridge B 221A was used. The procedure 
followed in measuring the resistance of the solution is 
also described elsewhere.11

The ¿-butyl alcohol (Fisher Certified) was first dis
tilled through a 3-ft packed column, and the middle 
fraction was introduced into a trap. The alcohol was 
next degassed by repeated freezing and evacuation. 
It was then distilled in  vacuo into a second trap into

which sodium metal had been distilled. After the 
sodium had completely reacted, the alcohol was de
gassed by repeated freezing and pumping. The alcohol 
was distilled into tared break-seal tubes which were 
then sealed off under high vacuum and weighed. Water 
samples (starting with doubly distilled conductance 
water) were also prepared as described above, except 
the sodium metal was omitted. During the course of 
our investigation it became apparent that very small 
quantities of water would be necessary for some experi
ments (around 5 X 10~8 mol or less). These samples 
were prepared by equilibrating the water reservoir at 
an appropriate, thermostated temperature with evacu
ated bulbs of known volume on the vacuum line. The 
contents of the bulbs were then transferred to break- 
seal tubes, held at liquid nitrogen temperature, and 
then sealed under high vacuum.

The procedure followed for the sodium-ammonia 
solution preparation in the Pyrex apparatus is described 
elsewhere.11 We feel that this technique is instru
mental in removing traces of water from the walls of the 
apparatus as well as dissolved H2 gas from the solution. 
After the blue solution had been thoroughly degassed, 
the apparatus was disconnected from the vacuum line 
and immersed in a refrigerated bath at —33.9 ±  0.2° 
(Dow Corning No. 200 silicone fluid was used as the 
bath liquid.) The resistance of the sodium-ammonia 
solution was subsequently monitored as a function of 
time for approximately 1 hr to ensure stability. Next, 
the break-seal containing the ¿-butyl alcohol or water 
sample was broken, the solution was mixed, and the 
resistance of the mixture was followed as a function of 
time.

Bright platinum electrodes were found to be unsuit
able for making measurements after either the alcohol 
or water was added to the sodium-ammonia solution, 
probably because of contamination of the electrodes by 
hydrogen evolved during the reaction. The gold- 
plated electrodes, however, were found to be quite 
suitable for taking conductance measurements in the 
reacting systems. This observation is consistent with 
the findings of Windwer and Sundheim14 in a study of 
the solutions of the alkali metals in ethylenediamine.

In the experiments with ¿-butyl alcohol, after the 
reaction rate became negligible (unbleached solution), 
the evolved H2 gas was pumped through three liquid 
nitrogen traps using mercury leveling bulbs and was 
collected in a calibrated gas buret in which the volume 
and pressure of the gas were measured. During the
(10) M. Skossarewsky and N. Tchitchinadze, J. Chem. Phys., 14, 
11 (1916).
(11) R. R. Dewald and J. H. Roberts, J. Phys. Chem., 72, 4224 
(1968).
(12) G. Jones and B. C. Bradshaw, J. Amer. Chem. Soc., 55, 1780 
(1933).
(13) G. E. Smith, Ph.D. Thesis, Michigan State University, 1963.
(14) S. Windwer and B. R. Sundheim, J. Phys. Chem., 66, 1254
(1962).
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pumping, the blue solution was frozen and kept at 
liquid nitrogen temperature. Next, solid ammonium 
bromide was added, via a break-seal, to the blue solu
tion, and the remainder of the H2 gas was collected. 
Finally, the total amount of metal could be determined 
from the stoichiometry of the reactions

NH4Br +  Na —> 0.5H2 +  NH3 +  NaBr (6)
ROH +  Na — ►  0.5H2 +  RONa (7)

in which R is ¿-butyl. The initial sodium concentra
tion, as determined from the evolved H2, was in good 
agreement with the value determined from the initial 
resistance of the sodium-ammonia solution.

In this work, the conductivity measured for the 
reacting mixture was taken to be due to sodium alone, 
and the contribution to the conductance by either of 
the weak acids was considered to be negligible. Sup
port for this procedure is apparent from the following 
data: for a 10“2 M  solution of water in liquid am
monia at —33.9°, the specific conductance16 is 2.45 X 
10-7 ohm-1 cm-1 compared with 1.06 X 10-4 ohm-1 
cm-1 for a 10“4 M  sodium-ammonia solution11 at the 
same temperature. Similarly, the contribution to the 
total conductivity due to alkoxides and hydroxides10 
produced was considered negligible in the initial phase 
of the reaction from which data were used in calculating 
rate constants. Conductance-concentration data ob
tained in this laboratory11 for sodium-ammonia solu
tions were used in the calculations.
Results

a. The R eaction o f  t-Butyl A lcohol with Sodium  in  
L iquid  A m m onia . Table I contains a summary of the 
results obtained from the reaction of sodium with t- 
butyl alcohol in liquid ammonia at —33.9°. Figure 1 
shows three sodium concentration vs. time plots. It 
should be noted that the alcohol is present in excess. 
As shown in Figure 1, the sodium reacts rapidly at first 
and then the reaction rate levels off to an almost 
negligible change with time, even though the solution

Table I : Kinetic Data for the Reaction of Sodium with 
i-Butyl Alcohol in Liquid Ammonia at — 33.9°

R u n
n o.

10**1, 
M ~ l s e c -1 k i / k i

lO M N a ],
M

lO n (C H a ) ,-
C O H ],

M

11B 3.3 1.1 6.07 5.14
28C 1.7 1.8 0.882 1.54
30C 3.8 1.5 1.34 4.57

102A 1.7 1.3 5.69 4.43
104A 1.7 0.78 5.46 2.14
113A 3.1 1.6 0.657 1.85
114 A 2.1 1.2 1.13 1.74
142A 2.3 0.97 0.405 0.805
Av 2.5 ±  0.7“ 1.3 ±  0.3“

“ Average error.

Figure 1. Sodium concentration, M , vs. time plots for the 
reaction of sodium with ¿-butyl alcohol at —33.9° in liquid 
ammonia: ■, run 114A; O, run 28C; •, run 113A.

remained blue. Other experiments using different 
initial concentrations gave similar results.

When sodium amide was present, as determined by 
following the conductance of a decomposing sodium 
solution (for 24 hr), no large drop in the initial sodium 
concentration was observed upon addition of the alco
hol. In this experiment the initial concentrations were 
about 1.2 X 10-3, 4.2 X 10"4, and 2.66 X 10~3 M  
sodium, sodium amide, and f-butyl alcohol, respectively. 
No precipitation was observed during the course of the 
reaction of sodium with ¿-butyl alcohol in any of the 
experiments. This observation is consistent with the 
reported greater solubility of tertiary alkoxides.3

b. The R eaction o f  W ater with Sodium  in  L iquid  
A m m onia . Table II lists the kinetic data obtained 
for the reaction of sodium with water in liquid am
monia. It can be seen that the range of concentrations 
covered is indeed very large. In experiments 31C, 
45B, and 46B (high concentrations) precipitation was

Table II: Kinetic Data for the Reaction of Sodium 
with Water in Liquid Ammonia at —33.9°

R u n
n o .

10*kh  

M ~ l s e c “ 1 k i / k i
1 0 * [N a ],

M
10*[H aO ],

M

29B 4.0 0.63 0.400 0.268
38B 5.6 0.87 0.175 0.116
34C 6.5 0.49 0.714 0.118
35C 8.0 0.32 0.535 0.0757
27B 12 0.21 1.53 0.123
46B a 0.76 82.3 89.3
45B a 0.58 28.7 275
31C a 0.55 84.7 18.8
Av 7 ± 2 b 0.55 ±  0.166

“ Data insufficient to calculate ki. h Average error.

(15) R. R. Dewald and R. V. Tsina, unpublished work.
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Figure 2. Semilogarithmic plots of sodium concentration,
M , vs. time for the reaction of sodium with water at —33.9° in 
liquid ammonia: O, run46B; ■, run 31C; □, run 27B;
#, run 38B.

observed during the course of the reaction. Owing to 
the rapid initial slope change in the above three ex
periments, the data were insufficient to calculate ki, al
though reasonable values of fc2/fc3 could be obtained. 
The five runs, 25C, 27B, 29B, 34C, and 38B, proceeded 
without observable precipitation and were used in 
calculating both h  and k2/k3. Figure 2 shows ex
amples of semilogarithmic plots of the sodium con
centration vs. time for the reaction of sodium with water 
in liquid ammonia at —33.9°.
Discussion

For both weak acids, water and ¿-butyl alcohol, the 
kinetic data can be best explained in terms of reactions 
1 and 2. This mechanism is similar to that suggested 
for other systems as outlined by Russell.16 For the 
scheme

dr _  40fci(a — x )(b  — x )  

d¿ b — x  +  (k 2/k3)x
(12)

in which a  =  (ROH)i; b =  (earn-);, x  =  (ROHR -  
(ROH) = (RONa), and 40 is the molar concentration 
of the solvent, ammonia, in the pseudo-first-order step, 
eq 8. Ingold, et a l.,17 have shown that when V 2 and 
V 3 (V n is the velocity of step n ) are similar and 
(RO_)i =  0, eq 12 may be integrated to yield
40&i¿ a ih / k i) ' a

------- r  ln — r +a — o J a  — b

~& ( W
_ a  — b _

(13)
The above expression was used to evaluate ki and 

k2/k3 for the ¿-butyl alcohol-sodium and water-sodium 
runs in Tables I and II. It might be noted, however, 
that Ingold, et a l.,17 have pointed out that eq 13 is not 
very sensitive to the choice of k2/k3, a choice of 1.0 in 
some of their data being about as good as a choice of 
1.2. The values of k2/k3 obtainable by this method 
therefore cannot be expected to be reliable to better 
than about 20%. Our precision ranges from 23% in 
the case of ¿-butyl alcohol experiments to 29% in the 
case of water experiments. In the latter case, the low 
concentrations needed to avoid precipitation are prob
ably reponsible for the somewhat higher imprecision.

For the case of the partly decomposed sodium solu
tion in which a substantial quantity of amide ion was 
initially present, it would be expected that the am
monium ion concentration would be small since

NH4+ +  NH2-  2NH3 (14)
is known to proceed far to the right.18 In this experi
ment a slow initial rate for the disappearance of sodium 
was observed upon addition of the alcohol. The slow 
reaction rate in this case would seem to substantiate the 
proposed two-step mechanism.

The equilibrium constant for the ammonolysis
H20  +  NH3 ^  NH4+ +  OH- (15)

ROH ¿ 1  RO - +  NH4+ (8)
ki

fcsNH4 +  eam-  — > NH3 +  0.5H2 (9)
in which ki pertains to a pseudo-first-order step, if the 
concentration of NH4+ is small so that at any time

— d(ROH) = — d(eam) _ 2d(H2) (1Q)
d t d¿ dt

in wet ammonia at —33.9° is unreported. We per
formed a conductance experiment16 in which known 
quantities of water vapor were added to carefully puri
fied ammonia (as determined from its conductivity), 
raising the water concentration from 3.56 X IO-6 M  to 
a final value of 8.69 X IO-3 M . We were able to esti
mate an equilibrium constant at —33.9° for reaction 
15 of about (4 ±  2) X 10“12, which is comparable with 
the value estimated at 25° by Clutter and Swift.19

the rate expression becomes
—d(eam) _  fcifc3(ROH)(eam~) 

d¿ fc2(RO_) +  fc3(eam-)
Equation 11 may be rewritten in the form17

(16) G. R. Russell in “ Techniques of Organic Chemistry,”  S. L. 
Friess, E. S. Lewis, and A. Weissberger, Ed., Vol. 8, Interscience 
Publishers, New York, N. Y ., 1961, Part 1, p 383.

(11) (17) E. D. Hughes, C. K. Ingold, S. Patai, and Y . Pocker, J. Chem.
Soc., 1230 (1957).
(18) H. Smith, “ Organic Reactions in Liquid Ammonia,”  Inter
science Publishers, New York, N. Y ., 1960, p 39.
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This result allows us to calculate a tentative value for 
the rate constant, fa, of reaction 2. We find, using the 
fa and fa/fa averages tabulated for the water-sodium 
reaction in Table II, a value of fa =  (4 ±  2) X 106 

sec-1 at —33.9° in liquid ammonia. We may com
pare this result with the results found for the com
parable reaction of the hydrated electron, ea„- , with 
the ammonium ion in water at zero ionic strength, 
as summarized by Rabani.20 The rate constants re
ported vary from 1.1 X 106 to 1.8 X 106 M~l sec-1 at 
ambient (presumably) temperature. Our estimate of 
fa appears to be in agreement with the work in the 
aqueous system28 and is also consistent with the rate 
of the reaction between cesium and ethylenediam- 
monium ions in ethylenediamine.21

Our kinetic data for the reaction of the two weak 
acids with sodium in liquid ammonia support the con
clusion that the mechanism for reaction 4 is reactions 
1 and 2.22 The average values of fa and fa/fa deter
mined in the present work are in generally poor agree
ment with the comparable constants deduced from the 
data of Kelly, et a l.,5 by Jolly.6'7 We feel that this

discrepancy may be due to unavoidable precipitation 
occurring when ethyl alcohol and sodium react at the 
concentrations employed by the former workers. We 
are now reinvestigating the kinetics of the reaction of 
ethyl alcohol with sodium in liquid ammonia. Also, 
the value reported in this work for the rate constant of 
the ammonium ion-solvated electron reaction is within 
the range of the stopped-flow method, and an effort is 
now being made in this laboratory to measure this con
stant directly.
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Vaporization Equilibria in the Sodium Chloride-Zinc Chloride System

by Donald W. Rice and N. W. Gregory
Department o f Chemistry, University o f Washington, Seattle, Washington 98105 (Received June 5, 1968)

Partial pressures of zinc chloride and of species of the form Naa,ZnCl2+I in equilibrium with condensed mix
tures of NaCl and ZnCl2, and with pure NaCl(s), have been derived from effusion and transpiration data. 
Evidence is found for the existence of the solid-state compound Na2ZnCl,t, for which values of AH °  = — 299 ± 
3 kcal mol-1 and S °  = 95 ± 4.5 cal deg-1 mol-1 at 625°K are derived. In the presence of NaCl(s), partial 
pressures of the complex in the vapor phase, assumed to be NaZnCl3(g), are only ca. 1% of those of ZnCl2 
at 600°.

Relatively little is known about the zinc chloride- 
sodium chloride binary system. A melting point study 
by Nikonowa, Pawlenko, and Bergman indicates the 
existence of only one solid-state intermediate com
pound, Na2ZnCl4, with an incongruent melting point 
around 410°.1 Its crystal structure has not been de
termined. Dijkhuis and Ketelaar studied NaCl-ZnCl2 
melts by emf methods at 600° and found that deviations 
from the ideal Temkin model appeared to be a maxi
mum around A Naci = 0.59; they suggested that this 
dissymmetry may be due to complex ion formation.2 
Ellis reported evidence from Raman studies for ZnCl3~ 
and ZnCl42- in KCl-ZnCl2 melts.3 Markov and Volkov 
observed that the volume change on mixing liquid NaCl

and ZnCl2 is negative for mole fractions of NaCl less 
than 0.5 and suggested the formation of complex ions.4 
We now report a thermodynamic study of this system 
in which vaporization characteristics between 300 and 
600° have been determined by effusion and transpor
tation experiments.
Experimental Section

The torsion effusion and Knudsen effusion apparatus,
(1) N. Nikonowa, S. P. Pawlenko, and A. G. Bergman, Bull. Acad. 
Sci. UBSS Classe Sci. Chim., 391 (1941).
(2) C. Dijkhuis and J. A. Ketelaar, Electrochim. Acta, 12, 795 
(1967).
(3) R. B. Ellis, J. Electrochem. Soc., 113, 485 (1966).
(4) B. F. Markov and S. V. Volkov, Ukr. Khim. Zh., 29, 945 (1963).
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cells and calibration procedures,6 6 and the quartz 
transpiration apparatus and method6-7 have been de
scribed previously; only features unique to the present 
application will be mentioned here.

Argon, at ca. 1000 torr and at flow rates between 10 
and 50 cm3 min-1, served as the carrier gas in trans
piration studies; partial pressures of the various com
ponents of the equilibrium vapor were independent of 
flow rate over this range. Argon was made to flow 
either directly over heated NaCl-ZnCl2 mixtures or 
first over a sample of pure ZnCl2, in a compartment ad
jacent to the main reactor and heated by a separate 
furnace to introduce the desired partial pressure of 
ZnCl2, and then over a sample of pure NaCl. Ideal 
gas partial pressures in the equilibrium vapor were 
deduced from the relative numbers of moles of Zn, Na, 
and Ar in the condensed sample. The total zinc trans
ported was determined by EDTA complexiometric 
analysis;8 sodium was determined with a Beckman DU 
flame photometer. Because solutions to be analyzed 
contained only 0.1-3.0 ppm of sodium, considerable care 
was necessary to prevent contamination. The pres
sure of argon was measured manometrically; the 
number of moles of argon flowing through the reactor 
was determined by measuring the pressure of the quan
tity collected (in a liquid nitrogen cooled trap) after 
expansion into a calibrated volume.

Samples of Baker’s Analyzed reagent grade ZnCl2 and 
Mallinckrodt analytical reagent NaCl were vacuum 
dried, and the ZnCl2 was vacuum sublimed prior to 
use. Mixtures were first melted under vacuum and 
then cooled slowly; the composition was verified by 
analysis for zinc and chloride (Mohr method). The 
solidified melts were ground and transferred to the 
transpiration reactor or to effusion cells in a drybox. 
X-Ray powder photographs were taken of samples in 
Pyrex or Lindemann glass capillary tubes, using a 
Debye-Scherrer camera and Cu Ka radiation.
Results and Discussion

The vapor pressures of zinc chloride above the pre
pared solid mixtures were derived from independent 
Knudsen and torsion effusion experiments between 315 
and 400°. At a given temperature pressures were con
siderably less than the equilibrium vapor pressure of 
pure zinc chloride6 and did not change as XNaci(bulk) 
was varied between 0.7 and 0.92. The torsion effusion 
and Knudsen data gave the same values (within experi
mental uncertainty, see Figure 1) for the pressure 
when it was assumed that the zinc effused as monomeric 
zinc chloride. Results showed no systematic de
pendence on cell orifice areas, which ranged between 
2 X 10-8 and 90 X 10-3cm2.

A least-squares treatment of all effusion data gave 
the equation
log Pzncu(torr) =

-(8195  ±  275)77- 1 +  10.57 ±  0.40 (1)

Figure 1. ZnCl2 pressures above solid mixtures of NaCl and 
ZnCl2 (eq 1 gives the solid line): Knudsen: cell 1, 14.07 
X 10~3 — cm2 orifice area; cell 2, 2.24 X 10~3 — cm2 orifice 
area; torsion: cell 1, 7.18 X 10-3 — cm2 total orifice area; 
cell 2, 90.9 X 10~3 — cm2 total orifice area. For the data 
points, ANaci and cell, respectively: Knudsen: •, 0.92, 1;
© , 0.83, 1; O, 0.73, 1; A, 0.74, 1 and 2; torsion: » ,  0.92,
1; + ,0 .7 4 ,1 ; X , 0.70, 2.

The data points and least-squares line are shown in 
Figure 1.

The observations are consistent with the conclusion, 
reached in the melting point study,1 that the solid ma
terial in the cells was a mixture of Na^ZnCh and NaCl. 
On this basis the mixtures had bulk mole fractions of 
Na2ZnCl4 between 0.24 and 0.90. Since ZnCl2 pres
sures were independent of the relative amounts of the 
two phases, the composition of these phases must have 
been the same in the different mixtures. Evidence for 
the composition of the complex solid was obtained 
from the following effusion experiment. An equimolar 
mixture of NaCl and ZnCl2 was placed in a torsion cell

(5) D. W. Rice and N. W. Gregory, J. Phys. Chem., 72, 3361 (1968).
(6) See the Ph.X). thesis of X). W. Rice, University of Washington, 
Seattle, Wash., 1968.
(7) R. R. Richards and N. W. Gregory, J. Phys. Chem.., 68, 3089 
(1964).
(8) H. A. Flaschka, “ EDTA Titrations,“  Pergamon Press Inc., 
New York, N. Y ., 1959, p 75.
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and brought to 288°. At this temperature the melting 
point diagram1 indicates the presence of a liquid phase 
with X NaCi ~  0.45 (XZnCi, ~  0.55) in equilibrium with 
Na2ZnCfi(s). The effusion pressure of ZnCl2 was 
observed to be much higher than values represented by 
eq 1 and to remain constant at 2.36 X 10-3 torr for 
some time, as expected when both liquid and solid 
phases are present. When the pressure began to fall 
rapidly (the value predicted by eq 1 was just below the 
limit of reliable measurement), it was assumed that the 
liquid phase had disappeared. The apparatus was then 
cooled; analysis of the solid remaining in the cell gave 
X Naci = 0.654, which, within experimental error, is that 
expected for Na2ZnCLi, 0.666.

X-Ray powder patterns of samples of the various 
mixtures with X NaCi s? 0.7 (XZnci2 0.3) showed the 
presence of at least one phase in addition to NaCl; 
NaCl lines were at spacings expected for pure sodium 
chloride. The pattern characteristic of ZnCl2(s) was 
not observed. The 52 lines (Table I) not attributable 
to NaCl were the same in all samples and are believed 
characteristic of Na2ZnCh. The pattern was too 
complex to permit an unambiguous assignment of 
crystal class and unit cell. An orthorhombic cell with 
a0 = 5.68 A, b0 = 10.0 A, and c0 =  14.1 A gave a 
reasonable correlation of the spacings.

Table I: NaiZnCh X-■Ray Powder Pattern

6, 1/d2 0, l/d2 0, l/d2
deg À "2 deg A -2 deg Â-2
6.45 0.0213 25.03 0.3031 35.10 0.5595
7.65 0.0300 25.83 0.3214 37.50 0.6273
8.45 0.0366 26.25 0.3311 39.03 0.6713
8.85 0.0401 27.38 0.3579 41.85 0.7534
9.43 0.0455 27.73 0.3666 42.20 0.7636

10.98 0.0614 28.20 0.3780 51.05 1.0236
11.95 0.0726 28.75 0.3915 52.08 1.0532
13.15 0.0876 29.30 0.4053 52.68 1.0704
14.68 0.1088 30.11 0.4261 58.05 1.2184
15.38 0.1191 30.60 0.4385 63.20 1.3483
17.13 0.1469 31.28 0.4564 63.90 1.3647
17.88 0.1596 31.85 0.4713 67.13 1.4368
19.13 0.1818 32.48 0.4882 69.13 1.4776
20.05 0.1989 32.85 0.4979 72.03 1.5312
20.68 0.2111 33.63 0.5192 73.28 1.5522
21.30 0.2234 34.12 0.5328 75.38 1.5844
24.30 0.2866 34.75 0.5498 76.80 1.6042

82.50 1.6633

From these observations we conclude that eq 1 char
acterizes the equilibrium

Na2ZnCl4(s) 2NaCl(s) +  ZnCl2(g) (2)
The standard enthalpy and standard entropy changes 
(standard states chosen as pure solids and the perfect 
gas state at 1 atm, respectively) for reaction 2 at 625° K, 
obtained by the van’t Hoff method (eq 1), are 37.5 ±

1.2 and 35.2 ±  1.3 cal deg-1 mol-1, respectively; 
these results, together with standard values for ZnCl2- 
(g)5 and NaCl(s),9 give (at 625°K) a standard entropy 
for Na2ZnCl4(s) of 95 ±  4.5 cal deg-1 mol-1 and AH °  
= —299 ±  3 kcal mol-1.

A ssociation  o f Sodium, Chloride and Z in c Chloride in  
the V apor Phase. In Knudsen experiments amounts 
of sodium in the condensates were detected which 
exceeded that expected from the sublimation of sodium 
chloride. Correction for the contribution of the 
sodium-containing species, which were only 0.1-1 mol % 
of the zinc, in the derivation of eq 1 was not necessary. 
To obtain sufficient amounts of sodium for an accurate 
determination, it was necessary to raise the temper
ature; effusion experiments above the melting point 
were unsuccessful because the liquid crept through the 
orifice. Transpiration experiments between 500 and 
600° led to transport of sufficient quantities of sodium 
to permit determination by flame photometric methods 
with good precision.

The transpiration data are presented in Table II. 
The contribution (~10%  maximum) from vaporization 
of sodium chloride was subtracted from the total 
amount of sodium collected;10'11 the remainder was 
attributed to species such as NaZnCl3(g). The specific

°  . 2  . 4  . 6  . 8  1 .0

PznClj (rnm)
Figure 2. The apparent pressure of NaxZnCU vs. the pressure of 
ZnCh(g), in equilibrium with NaCl(s). f  and § represent 
the upper limit “saturation” values, obtained when both 
a melt and NaCl(s) are present.

(9) K. K. Kelley and E. G. King, Bulletin 592, U. S. Bureau of 
Mines, U. S. Government Printing Office, Washington, D. C., 1961.
(10) J. E. Mayer and I. H. Wintner, J. Chem. Phys., 6, 303 (1938).
(11) T. A. Milne and H. M. Klein, ibid., 33, 1628 (1960).
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Table II : Transpiration Results

T e m p ,
F lo w
ra te ,

A r
p ressu re , 102 [A r ] , 105[Z n ] , 107 [N a ] ,

107[N a ] 
( fr o m  N a C l) , PznCIs, KPPNaZnCli,° K c m 3/ m i n m m m o l m o l m o l m o l m m m m lOUTs

847.2 51.0 973.4
Argon Passed over NaCl-ZnCl2(l) +  NaCl(s) Mixtures 

12.35 9.92 16.0 0.572 0.780 12.1 15.5
850.2 52.8 944.7 11.10 9.45 15.7 0.592 0.805 12.8 15.9
851.1 21.5 993.7 5.473 4.54 7.33 0.287 0.820 12.8 15.6
800.0 15.3 1034.0 8.110 2.95 3.18 0.056 0.376 3.98 10.6
799.0 16.1 1033.0 10.94 3.69 4.10 0.074 0.348 3.80 10.9
773.7 15.3 1012.2 5.205 1.28 1.08 0.012 0.249 2.07 8.31
770.4 15.8 1019.0 12.86 2.81 2.33 0.025 0.222 1.82 8.20
799.2 50.6 990.0 21.09 7.98 7.75 0.149 0.374 3.57 9.54
767.9 47.8 974.0 26.00 5.69 4.20 0.045 0.213 1.56 7.32

852.2 55.0 968.4
Argon-ZnCla

18.55
Mixture Passed over Pure NaCl(s) 
10.3 19.3 1.01 0.539 9.52 17.7

851.7 52.5 964.0 25.47 12.2 22.4 1.40 0.463 7.95 17.2
852.7 53.9 965.1 17.89 7.78 14.1 1.00 0.420 7.02 16.7
852.9 54.0 941.0 25.70 8.18 15.3 1.50 0.299 5.04 16.9
853.4 54.8 960.5 15.93 4.20 8.00 0.930 0.253 4.29 17.0
799.0 49.0 955.0 36.41 2.21 2.45 0.267 0.0579 0.571 9.90
800.4 49.5 951.0 23.22 2.29 2.70 0.171 0.0940 1.04 11.0
798.7 50.1 891.0 15.34 1.27 1.43 0.117 0.0737 0.759 10.3

molecular form of the vapor complex has not been estab
lished. However, a series of experiments in which solid 
NaCl, at a fixed temperature, was allowed to equilibrate 
with various partial pressures of ZnCl2 (all sufficiently 
small so no melt was formed) clearly demonstrated 
that the amount of sodium transported in complex 
molecules was proportional to the partial pressure of 
zinc chloride, Figure 2. This shows that complex 
molecular species containing more than one zinc atom 
per molecule were not present at significant concentra
tions. An effort to fix the sodium content of these 
molecules in a similar way was made by passing ZnCl2(g) 
over solid solutions of AgCl and NaCl. The activity 
of NaCl in such mixtures has been derived from emf 
measurements.12 However, at large mole fractions of 
AgCl, a liquid phase was formed at temperatures needed 
to generate measurable amounts of the vapor-phase 
complex molecules; zinc chloride dissolved in this 
liquid and activities of sodium chloride were no longer 
known. At low mole fractions of AgCl, melt formation 
was avoided, but the activities of NaCl were not well 
enough established by the emf data to permit one to 
differentiate between, for example, a linear or square 
dependence of the pressure of the complex on the NaCl 
activity.

Hence, the question as to whether the correct molec
ular form of the complex is NaZnCh, Na2ZnCh, or a 
mixture of these and/or perhaps molecules with even 
larger amounts of NaCl, cannot be answered at present. 
Forms corresponding to M'MX3 have been reported 
for the KCl-PbCk and RbCl-PbCh systems, although 
in neither is a 1:1 solid compound observed.13 Evi
dence for this molecular form was based on vapor den

sity experiments; however, the temperature (1345°K) 
was much higher than ours and these systems involve 
a different coordinating metal atom. Moss assumed 
without proof that the complex vapor molecules above 
KCl-ZnCl2 mixtures have the form KZnCl3.14 Bloom 
and Hastie pointed out the general lack of evidence to 
suggest the formation of significant amounts of alkali

Figure 3. Apparent equilibrium constants for NaCl(s) +  
ZnCl2(g) —► NaZnChfg). Transpiration: •, argon over 
NaCl-ZnCh(l) +  NaCl(s); O, argon-ZnCl2(g) over NaCl(s). 
A n»ci (Knudsen effusion, cell 1): + , 0.92; X, 0.83; A,
0.73, © , 0.74.

(12) M. B. Panish, F. F. Blankenship, W. R. Grimes, and R. F. 
Newton, J. Phys. Chem., 62, 1325 (1958).
(13) K. Hagemark, D. Hengstenberg, and M . Blander, ibid., 71, 
1819 (1967).
(14) H. I. Moss, Ph.D. Thesis, Indiana University, Bloomington, 
Ind., 1960.
(15) H. Bloom and J. W. Hastie, Aust. J. Chem., 19, 1003 (1966).
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halide-metal halide binary vapor complex molecules 
with more than one alkali metal atom.16

Table II includes equilibrium constants evaluated on 
the basis of an assumed reaction

NaCl(s) +  ZnCl2(g) —*■  NaZnCl3(g) (3)
The temperature dependence of these constants is shown 
in Figure 3, together with values deduced from the 
effusion data. Considering the large uncertainty in the 
sodium determinations for small quantities obtained in 
the low-temperature effusion studies, the agreement 
between the two independent methods is quite good. 
Because the pressure of the complex is such a small 
fraction of the partial pressure of ZnCl2, information 
concerning the molecular weight of the complex cannot 
be derived by comparison of effusion and transpiration 
data. The consistency of the two sets of data in no

way supports the assumption that NaZnCU is the 
dominant, vapor form of the complex.

A least-squares treatment of the transpiration data, 
based on reaction 3, leads to the equation

log K 3 =  -(2593 ±  250) T ~ 1 +  1.261 ±  0.315 (4)
This relationship gives the line shown in Figure 3. 
Apparent thermodynamic properties of NaZnCl3 may 
be readily derived from eq 4; however, discussion of 
these values will be deferred until experimental evi
dence for the molecular form of the vapor is available. 
It may be noted that the association enthalpy of NaCl- 
(g) and ZnCl2(g) ( — 42 kcal) appears substantial, only 
ca. 6 kcal less, for example, than the dimerization en
thalpy of NaCl(g) (—48 kcal).
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Reactions in the Cobalt-60 Irradiation of Pyridine and Methylpyridines
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y Irradiation of nitrogen bases found in shale oil has been studied as a possible means of enhancing their value. Pyridine, 2-methylpyridine, 3-methylpyridine, 4-methylpyridine, and 2,6-dimethylpyridine were subjected to cobalt-60 irradiation with total dosages of 2 X 107 to 2 X 10s rads. G values for hydrogen, methane, acetylene, methylacetylene, and polymer, as determined by gas-liquid partition chromatography and mass spectroscopy, are reported. Products resulting from rupture of bonds external to the ring, rupture of ring bonds, aromatic substitution, and intramolecular rearrangement are reported. Respective examples of each of the above reactions on irradiation of 2-methylpyridine are the formation of methane, acetylene, 2,4-di- methylpyridine, and 3-methylpyridine. Possible reaction mechanisms are discussed. Dealkylation of methylpyridines occurred but not in significant amounts.

Introduction
Shale oil contains relatively large amounts of nitrogen 

bases; thus, their investigation as a chemical source 
seems worthwhile. The nitrogen bases in naphtha- 
range shale oil products have been shown to be mostly 
C2-C 4 alkylpyridines which have limited commercial 
value. Conversion of these alkyl-substituted pyridines 
to pyridine and methylpyridine would enhance the 
value of these nitrogen bases. One possible type of 
reaction for this conversion would be a y-induced 
dealkylation. The obvious first step in such a study is 
to determine the effects of y irradiation on pure com
pounds. This paper reports the action of y irradiation 
from cobalt-60 upon pyridine, the three monomethyl- 
pyridines, and one dimethylpyridine.

Pyridine has been the subject of several y-irradiation 
studies, but there is no mention of the y irradiation of 
alkylpyridines. Pearce1-2 found that the main product 
of the y irradiation of pyridine was a polymer (G(poly- 
mer) =  3.14)3 that was about one-third bipyridines 
(G(bipyridine) = 1.06). Pearce also found small 
amounts of hydrogen (C(H2) = 0.018) and acetylene 
(no yield reported). In later work, Pearce and Ellison4
(1) C. K. Pearce, U. S. Department of Commerce, Clearinghouse for 
Federal Science and Technical Information, AD 286,058, Ft. M on
mouth, N. J., 1962.
(2) C. K. Pearce, Department of Commerce, Clearinghouse for 
Federal Science and Technical Information, AD 605,430, Ft. Mon
mouth, N. J., 1964.
(3) The G value is the number of molecules changed per 100 eV of 
energy absorbed.
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found that G(polymer) =  3.66 ±  0.54 and that the 
yield of bipyridines decreased with increasing dosage.

Klots and Johnsen5 compared the effects of y  ir
radiation on pyridine with the effects of y  irradiation 
on benzene and reported G values as follows: polymer 
from pyridine, 3.48; polymer from benzene, 0.99; 
acetylene from pyridine, 0.0341; and acetylene from 
benzene, 0.0194. They concluded that pyridine was 
less stable than benzene to irradiation.

By radical yield, Antoine6 also showed that pyridine 
was less stable than benzene to irradiation, and his 
G values for radical yield were 3.3 for pyridine and 0.78 
for benzene. He reported the following G values for 
his pyridine irradiation work: polymer, 3.8; a,a'-bipy- 
ridyl, 1.1; C2 hydrocarbons, 0.045; hydrogen, 0.025; 
and hydrogen cyanide, 0.020.

We report G values for gases and residue and report a 
qualitative analysis of materials of similar molecular 
weight to the starting compound. These products 
suggest types of reactions that have occurred including 
ring rupture, aromatic substitution, and intramolecular 
rearrangement.
Experimental Section

M aterials Irradiated. Samples of pyridine (99.92 
mol %),7 2-methylpyridine (99.91 mol %),8 3-methyl- 
pyridine (99.88 mol %),7 and 4-methylpyridine (99.98 
mol %)9 were obtained from American Petroleum Insti
tute (API) Research Project 52.

A sample of 2,6-dimethylpyridine was purified by 
preparative gas-liquid partition chromatography (glpc) 
using a 10% diglycerol column. The primary impuri
ties removed by this preparative glpc step were 3- 
methylpyridine and 4-methylpyridine. The primary 
impurities left in the 2,6-dimethylpyridine were a second 
dimethylpyridine and 2-methylpyridine. The purity 
of the 2,6-dimethylpyridine used in the irradiation work 
was determined to be about 98%. In all of the starting 
materials, no impurities were apparent in glpc analysis 
with a thermal-conductivity detector.

Sam ple P reparation . Four samples of 5 ml of each 
of the pyridines were sealed under their own vapor pres
sure in glass ampoules equipped with break-seal tips. 
Care was taken to exclude air from coming into con
tact with the pyridine while it was being sealed in the 
break-tip ampoules.

Irradiation. The samples were irradiated at the 
Bureau of Mines Albany Metallurgical Research 
Center in Albany, Ore. This Center maintains a 
100,000-Ci cobalt-60 source.10 Each of the 20 5-ml 
ampoules was irradiated at a dose rate of 1.44 X 107 
rads/hr. One sample of each compound received a 
dosage of 2.0 X 107 rads; one received three times this 
(6.0 X 107 rads); one received six times this (1.2 X 
108 rads); and one received ten times this (2.0 X 108 
rads). Ceric sulfate dosimetry was used to determine

the dose rate. A water bath maintained at 30 ±  2° 
enclosed the samples during the irradiation.

A nalyses. The irradiated samples were attached to 
a vacuum manifold and were fractionated into three 
materials: (1) compounds volatile at Dry Ice temper
ature (gases), (2) compounds volatile at room temper
ature but not volatile at Dry Ice temperature (liquids), 
and (3) compounds not volatile at room temperature 
(residues). The gases were transferred by a Toepler 
pump from the irradiation vessel through a Dry Ice trap 
to a buret where their volumes were measured. Quan
titative analysis of the gases was accomplished by the 
use of glpc with a time-of-flight mass spectrometer as an 
adjunct for the positive identification of the gases. 
Hydrogen and methane were determined using a 
column of 5-A molecular sieves and the other gases by 
use of a 35% dibenzyl ether column operated at 40°.

The liquids were qualitatively analyzed by glpc using 
a 15% Carbowax 20M column at 150° and a hydrogen- 
flame detector. Preparative glpc was used to concen
trate the liquid products for identification by mass spec
troscopy. Hydrogen cyanide was identified in the 
products from the irradiation of pyridine and 2-methyl
pyridine by an adaptation of the method of Fisher and 
Brown.11

The irradiation residues were examined by mass spec
troscopy. An internal-standard method of mass spec
tral analysis12 was used to determine the amounts of bi
pyridines and tripyridines present in the residue from 
the pyridine sample that had received the largest irradi
ation dosage.
Results

All of the G  values reported in this work are averages 
determined by weighing the results from a particular 
sample according to the ratios of total dosage reported 
earlier. For example, the G  value from irradiation of 
pyridine to 2 X 108 rads was given ten times the cre
dence of that for the sample irradiated to 2 X 107 
rads.

Gases. Table I lists the gases identified from the 
irradiations and the G values of these gases. In addi
tion to the gases listed in Table I, trace amounts of the

(4) C. K. Pearce and J. E. Ellison, Jr., J. Phys. Chem., 70, 1582 
(1966).
(5) C. E. Klots and R. H. Johnsen, ibid., 67, 1615 (1963).
(6) F. Antoine, Compt. Rend., 258, 4742 (1964).
(7) R. V. Helm, W. J. Lanum, G. L. Cook, and J. S. Ball, J. Phys. 
Chem., 62, 858 (1958).
(8) R. V. Helm and others, U. S. Bureau of Mines, Laramie Petroleum 
Research Center, personal communication, 1967.
(9) J. C. Morris and others, U. S. Bureau of Mines, Laramie Petro
leum Research Center, personal communication, 1967.
(10) S. D. Hill and F. E. Block, Bureau of Mines Report of Investiga
tion 6465, Albany, Ore., 1964.
(11) F. B. Fisher and J. S. Brown, Anal. Chem., 24, 1440 (1952).
(12) R. T. Keen, R. A. Baxter, L. J. Miller, R. C. Shepard, and 
M. A. Rotheram, Atomic Energy Commission Research and Develop
ment Report NAA-SR-4356, Canoga Park, Calif., 1961.
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Table I : G Values of Gaseous Products from the 7  Irradiation of Pyridine and Methylpyridines

2 -M e t h y l - 3 -M e t h y l - 4 -M e th y l- 2 ,6 -D im e th y l-
Gas P y r id in e p y r id in e p y r id in e p y r id in e p y r id in e

Hydrogen 0.036 ±  0.004“ 0.068 ±  0.003 0.086 ±  0.007 0.090 ±  0.020 0.108 ±  0.002
Methane b 0.008 ±0 .001 0.005 ±  0.001 0.010 ±  0.002 0.015 ±  0.002
Acetylene 0.028 ±  0.001 0.006 ±  0.001 0.005 ±  0.001 0.009 ±  0.001 0.004 ±  0.0002
Methylacetylene <0.001 <0.001 0.002 ±  0.001 0.003 ±  0.001 0.002 ±  0.0001

0.065 ±  0.004 0.083 ±  0.004 0.099 ±  0.007 0.113 ±  0.023 0.129 ±  0.001

“ ±  values are one standard deviation. 6 Not detected.

following gases were detected. From the irradiation 
of pyridine, butadiene and vinylacetylene were de
tected; from the methylpyridines, propylene was de
tected; and from all five compounds, ethylene and 
allene were detected.

Liquids. Those compounds which were not volatile 
at Dry Ice temperature but which were transferable 
at room temperature were examined qualitatively only 
and their compositions are listed on Table II. Hydro
gen cyanide was quantitatively determined only in the 
products of the irradiation of pyridine and 2-methyl- 
pyridine. The 6'(hydrogen cyanide) from pyridine 
was 0.010 ±  0.007, and from 2-methylpyridine it was 
0.004 ±  0.001. In the chromatograms of the liquid 
products there were no compounds with emergence 
times corresponding to acetonitrile, propionitrile, or 
acrylonitrile. Thus it was assumed that these com
pounds were not products of the irradiation. Note that 
in Table II some compounds are listed as both starting 
material and as products of a particular irradiation; 
identification of these compounds as products was 
through the increase in the size of the gas chromato
graphic peak, with increasing dosage, relative to other 
peaks in the chromatogram.

Table II : Liquid Products from the 7  Irradiation 
of Pyridine and Methylpyridines

2- 3- 4 - 2 ,6 - D i -
M  e th y l- M e t h y l - M  e th y l - m e th y l-

P r o d u c t “  P y r id in e p y r id in e p y r id in e p y r id in e p y r id in e

Pyridine x6,c X “ X X e
2-MP X c X e
3-MP X X
4-MP c X a X
2,3-DMP X X
2,4-DMP X X
2,5-DMP X X
2,6-DMP d c
3,5-DMP X
2,3,6-TMP X
2,4,6-TMP X

“ MP, methylpyridine; DMP, dimethylpyridine; TMP, tri- 
methylpyridine. 6 X  indicates that the compound is a product. 
e Present in starting material. d Obscured in gas chromatograph 
by main peak.

R esidues. The weights of the residues were used to 
calculate G values for the appearance of the polymer
ized pyridine molecules as residue. These G values are 
given in Table III.

Table III: G Values for the Residue from the 7  Irradiation
of Pyridine and Methylpyridines

C o m p d G  V a lu e

Pyridine
2- Methylpyridine
3- Methylpyridine
4- Methylpyridine 
2,6-Dimethylpyridine

2.26 ±  0.19“ 
1.62 ±  0  . 1 2  
2.22 ±  0.32 
2.30 ±  0.09 
1.06 ±  0 . 1 2

0 ±  values are one standard deviation.

Low-voltage mass spectra were obtained on all of 
the residues, and these spectra indicated that the resi
dues were very complicated mixtures. Figure 1 is the 
low-voltage mass spectrum of the residue from the 
pyridine sample that received the largest total dosage 
and Figure 2 is the low-voltage mass spectrum of the 
residue from the 3-methylpyridine that received the 
largest dosage. The largest peaks in these spectra are 
those corresponding to the bipyridine, tripyridine, and 
tetrapyridine polymers. For pyridine the G values for 
dimer and trimer are G (bipyridine) =  0.25 and G  
(tripyridine) =  0.045. As shown in these two spectra, 
there are peaks corresponding to 2 amu greater than the 
dimer, 2 and 4 amu greater than the trimer, and 4 amu 
greater than the tetramer. The presence of these peaks 
in the mass spectra of the polymerized pyridines indi
cates that there are other reactions responsible for the 
polymer than just those resulting from radical recom
bination.

Analysis of the residues from the pyridine radiations 
by glpc showed that the bipyridine produced consisted 
almost entirely of 2,2'-bipyridine with no 4,4'-bipyri- 
dine or 3,3'-bipyridine present. In addition to the 
2,2'-bipyridine, there was evidence of two other bi- 
pyridines present in these residues. Lack of easily 
available standards such as 2,3'-bipyridine and/or 
2,4'-bipyridine prevented positive identification of these
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i.o r

m/e

Figure 1. Selected peaks from the low-ionizing-voltage mass 
spectrum of the residue from the y  irradiation of pyridine.

Figure 2. Selected peaks from the low-ionizing-voltage mass 
spectrum of the residue from the y  irradiation 
of 3-methylpyridine.

other bipyridines by glpc emergence times. Pearce 
and Ellison,4 however, did report finding 2,2'-, 2,3'-, 
and 2,4'-bipyridines in the residue.
Discussion

Examination of the gases produced by irradiation of 
the various alkyl-substituted pyridines indicates some 
of the reactions that occur. Thus the appearance of 
acetylene, methylacetylene, and hydrogen cyanide in 
the products from the irradiation of 2-methylpyridine 
is most easily explained by simple ring rupture

HC=CH +  H3C— C=CH + HCN 

1 2 3

Each ring fragment is self-contained and no abstraction 
or addition of hydrogen is necessary to explain the 
products.

The formations of hydrogen and methane from the 
methylpyridines are the most important reactions from 
the standpoint of amount of gases produced. Methyl 
radicals are produced by the breaking of a ring carbon- 
substituent bond. The production of hydrogen radicals 
no doubt results from two reactions. The first would 
be by the breaking of a ring carbon-substituent bond;

the second reaction would be the production of hydro
gen radicals from the substituent methyl groups. 
That there is nearly twice as much hydrogen produced 
from the monomethylpyridines than from pyridine is 
evidence for the production of hydrogen from the 
methyl substituents.

The two a  hydrogens of the pyridine ring are impor
tant ring hydrogens in the production of hydrogen from 
pyridines. If we assume that the G  value of hydrogen 
from each of the a  hydrogens is 0.018, which is half of 
the total G value of hydrogen from pyridine itself, and 
if we assume a G value of 0.050 for the hydrogen pro
duction from the methyl group by subtracting 0.018 
from the G  value for 2-methylpyridine, we can calcu
late G(hydrogen) values for 3-methylpyridine, 4- 
methylpyridine, and 2,6-dimethylpyridine. The cal
culated value for 3-methylpyridine would be 0.086, 
which is the determined value as shown in Table I. 
The calculated value for 4-methylpyridine would be 
0.086, against the value of 0.090, and the value for
2,6-dimethylpyridine would be 0.100, against the value 
of 0.108 shown in Table I. Thus nearly all of the 
hydrogen produced from ring hydrogens is produced 
from the a  positions. Naturally the premise is not 
perfect owing to the effect that the substituent methyl 
groups have on electron distribution.

A methyl group appears to provide a protective effect 
as far as ring rupture is concerned. This protection is 
evidenced by the fact that the G values shown in Table 
I for acetylene plus methylacetylene production from 
the methylpyridines range from one-fourth to half as 
great as for the G  value for acetylene in the unsubsti
tuted pyridine. In addition, the amounts of methyl
acetylene from the methylpyridines are less than the 
amounts of acetylene. For example, 4-methylpyridine 
should produce equal amounts of acetylene and methyl
acetylene, but, as can be seen in Table I, three times as 
much acetylene as methylacetylene was produced. 
This suggests that in some cases the methyl group 
affords only temporary protection and that the pyridine 
nucleus was broken up after the methyl radical had de
parted.

The formation of the gases that occurred in minor 
amounts and that are not presented in Table I is more 
difficult to explain. Ethylene and propylene are 
probably produced by hydrogenation of acetylene and 
methylacetylene, respectively. Allene is probably 
produced by hydrogen rearrangement on methylacet
ylene. Vinylacetylene and butadiene from the unsub
stituted pyridine may be precursors of acetylene, al
though no similar compounds are found in the irradia
tion of the methylpyridines.

The compounds found in the liquid fractions also 
indicate some of the reactions that occur during radi
olysis of pyridines. The formation of dimethylpyridines 
from monomethylpyridines indicates that substitution 
of methyl radicals onto starting material occurs. An
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example is the formation of 2,4-dimethylpyridine in the 
irradiation products of 2-methylpyridine.

The formation of 3-methylpyridine and 4-methylpy- 
ridine upon irradiation of 2-methylpyridine could occur 
in one of three ways: (1) intramolecular rearrangement 
of the excited molecule, (2) addition of a methyl radical 
to a product radical resulting from the loss of a methyl 
radical from the monomethylpyridine, and (3) loss of a 
methyl radical from a product dimethylpyridine mole
cule. The latter two processes seem unlikely when one 
considers the concentration of pyridine or dimethyl- 
pyridines formed, less than 0.01%. This leaves intra
molecular rearrangement as the most likely process. 
Perhaps a x complex similar to those proposed by De- 
war13 is an intermediate product.

From the standpoint of amount of material reacted, 
the residue is the most important product in the irradi
ation of pyridine and the other methylpyridines. The 
polymers in the residue are formed either by free-radical 
aromatic substitution or by recombination of free radi
cals. Clouds of free radicals (spurs) are formed when 
energy is absorbed, and in these clouds recombination 
probably predominates. Pyridine free radicals are 
long lived, relative to other free radicals formed, and 
can migrate outside the cloud where aromatic substitu
tion would be the predominant process.

The amount of polymer produced from pyridine and 
from the methylpyridines, like the amount of hydrogen 
produced, is related to the position of the methyl group 
upon the ring. This effect is illustrated in Figure 3. 
Methyl groups in the position a  to the nitrogen reduce 
the amount of residue produced, but methyl groups in 
the j8 and y  positions have little effect. These results 
are in agreement with Wheland14 for free-radical sub
stitution on pyridine and the results of other free-radical 
substitution reactions on pyridines.1516

The result for Gf(residue) for pyridine in this work is 
not in perfect agreement with the values reported 
earlier (see the Introduction). However, our G  
(residue) for pyridine is in good agreement with the 
values for G'(residue) we obtained for the methylpyri
dines. Moreover, the way that the residue was sep
arated, i.e ., by allowing all other material to transfer to 
a Dry Ice cooled trap and weighing material left 
behind, would suggest that G(residue) values would be 
high rather than low because of pyridine not removed. 
The differences in G(residue), then, are probably due to 
the total dose that the samples received. The larger 
dose, with equal size samples, would yield a larger 
amount of residue, which should give greater accuracy 
in (r(residue) determinations. The total doses we used 
ranged from 4 to 400 times that reported elsewhere.1’2'4'6

It seems apparent that the pyridine free radical with 
the hydrogen missing from the position a  to the nitrogen 
is the most abundant for the following reasons: (1) all 
of the bipyridine formed is formed in the 2 position on at 
least one of the pyridine rings,4 and (2) the hydrogen

Figure 3. The effect of the number and position of methyl 
groups on polymer yield from the y  irradiation of pyridine and 
methylpyridines. The data points above the line represent 
3-methylpyridine and 4-methvlpyridine.

m/e
PYRIDINE 2-METHYL- 3-METHYL- 4-METHYL- 2,6-DIMETHYL- 

PYRIDINE PYRIDINE PYRIDINE PYRIDINE

Figure 4. Dimer, trimer, and tetramer peaks from  the 
low-ionizing-voltage mass spectra of the residues from  the 
y irradiation of pyridine and methylpyridines.

production is dependent on the position of the methyl 
group, as already mentioned.

Further evidence of the effect on residue formation of 
substitution on the a  position of the pyridine molecule 
is shown in the low-voltage mass spectrum in Figure 4. 
This figure shows the relationship between the amounts 
of bipyridines, tripyridines, and tetrapyridines. The 
peaks in these spectra are all normalized to the same 
height for the bipyridines. It can be seen that the 
amounts of tripyridines and tetrapyridines formed rela
tive to the bipyridines in the case of 2-methylpyridine 
and 2,6-dimethylpyridine are considerably less than for 
the 3-methylpyridine and 4-methylpyridine. This 
suggests again that free-radical substitution is most im
portant to the a  position in pyridine.

Hydrogenation of the pyridine ring can be used to 
explain the presence of substantial amounts of products

(13) M. J. S. Dewar, Bull. Soc. Chim. Fr., C, 71 (1951).
(14) G. W. Wheland, “ Resonance in Organic Chemistry,”  John 
Wiley & Sons, Inc., New York, N. Y ., 1955, p 484.
(15) D. H. Hey and E. W. Walker, J. Chem. Soc., 2213 (1948).
(16) G. A. Swan and P. S. Timmons, ibid., 4669 (1958).
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with molecular weights of 158 (bipyridine plus 2 amu), 
235 (tripyridine plus 2 amu), and 237 (tripyridine plus 
4 amu) in the products of the irradiation of pyridine. 
These same type products are also in evidence in the 
case of the methylpyridines. This hydrogenation can 
occur in three ways: (1) direct addition of hydrogen to 
the bipyridine or tripyridine, (2) addition of a pyridine 
free radical to a pyridine molecule with the subsequent 
abstraction of a single hydrogen, as shown in the se
quence

H

H

or (3) addition of a dihydropyridine free radical to a 
pyridine molecule with subsequent loss of a single hy
drogen atom

H H H

H H
H

The first possibility seems quite unlikely because of 
the small amount of bipyridine found in the products. 
The third way seems possible since it has been shown 
that a free radical is formed by the addition of a hydro
gen atom as well by the loss of the hydrogen atom dur
ing irradiation of pyridine at —170°.17-19 However, 
in an analogous situation with benzene, the dihydro
benzene free radical was less stable than the phenyl 
radical, disappearing altogether from the esr spectrum 
at —50°.20 Because no dihydropyridine was found, 
the second possibility shown above must be regarded 
as the most important for the production of dihydro- 
bipyridine. Both the dihydropyridine and the tetra- 
hydrobipyridine would be expected as products if, 
indeed, dihydropyridine free-radical formation is im
portant. A similar mechanism to the second possibility 
has been proposed to account for the production of 
cyclohexadienylbenzene in the irradiation of benzene.21

There are two main types of dimers, etc., that would 
be expected from irradiation of methylpyridines since 
hydrogen is produced from two sources—from ring 
hydrogens and from the methyl group. Both of these 
types would result from free-radical aromatic substi
tution on starting material. Other types described 
later are possible, but not probable, because of the

small amounts of free radicals compared with the large 
amounts of starting material.

One of the products that might be expected in the 
irradiation of the methylpyridines is that family of 
products called the 1,2-bisbipyridylethanes. As sug
gested previously, the methylpyridines probably yield 
“benzyl-” type radicals by loss of hydrogen. Samples 
of l,2-bis(2-pyridyl) ethane and the corresponding 
ethylene and their 4-pyridyl analogs were available; 
however, no peaks in the gas chromatogram of the 
liquid or of the residue product had peaks corresponding 
to the emergence times of the known samples. This 
suggested that those “benzyl-” type free radicals formed 
did not combine to give ethane derivatives.

The hybrid molecule resulting from the recombina
tion of a pyridyl radical and a “benzyl-” type radical 
was not detected, although the glpc emergence times 
of this kind of molecule could not be determined and it 
could well be that the peaks in the bipyridyl part of the 
chromatogram could be due to this type molecule. An 
example of such a molecule would be the recombination 
of the benzyl-type radical resulting from the loss of a hy
drogen in the methyl group in 2-methylpyridine with 
the radical resulting from the loss of a hydrogen in the 
6 position of 2-methylpyridine giving a 2-pyridyl-2'-(6- 
methylpyridyl)methane.

Conclusions
Several types of reactions occur when pyridine and 

methylpyridines are subjected to y  irradiation. The 
pyridine nucleus is ruptured, as shown by the produc
tion of acetylene, hydrogen cyanide, and methylacet- 
ylene. Substitution reactions are the most prevalent 
reactions. The substitution reactions form bipyridines, 
tripyridines, tetrapyridines, and dimethylpyridines. 
The dimethylpyridines are formed from the mono- 
methylpyridines by substitution reactions on the ring. 
Intramolecular rearrangements producing different 
monomethylpyridines from the starting material occur 
to a small extent. Thus 3-methylpyridine is formed 
from 2-methylpyridine. In general, the reactions that 
occur parallel those that occur when benzene com
pounds are irradiated, but the extent to which these 
reactions occur indicates that pyridines are less stable

(17) V. A. Sharpatyi, S. A. Safarov, and K. G. Yanova, Dokl. A ka i. 
Nauk. SSSR, 147, 863 (1962); Proc. Acad. Sci. USSR, Chem. Sea., 
147, 1070 (1962).
(18) C. David, G. Geuskens, A. Verhasselt, P. Jung, and J. F. M. 
Oth, M ol. Phys., 11, 599 (1966).
(19) K. Tsuji, H. Yoshida, and K. Hayashi, J. Chem. Phys., 45, 
2894 (1966).
(20) S. Ohnishi, T. Tonei, and I. Nitta, ibid,., 37, 2402 (1962).
(21) M. K. Eberhardt, J. Phys. Chem., 67, 2856 (1963).
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to irradiation than are the aromatic hydrocarbons. 
The most important product, by amount, is the residue. 
Dealkylation of methylpyridines is a relatively unim
portant reaction, suggesting that production of pyridine 
from methylpyridines by y  irradiation alone would not 
be of significant value in enhancing the value of shale oil 
products.
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The Chemical Model as Applied to Associated Liquid Solutions. 

The Ethanol-Heptane System
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The chemical model is developed for solutions where one component is associated. In essence, the idea is to consider the associated component (A) to consist of many species, Ai, Aj, . . . ,  Ar, which are in equilibrium according to reactions of the form Ai +  A,_i = A,-. Based on this assumption, it is shown that for all of the presently used models the chemical contribution to the free energy of mixing is derivable from the ideal entropy of mixing (i.e., in terms of mole fractions) for a multicomponent system or from Flory’s expression for the entropy of a heterogeneous polymer and a monomeric solvent. In this development, it is found that the thermodynamic functions ((?E, IIe , Se ) are indicators of the degree of association expressed as a chain size and also of the bond energies. Because of this connection, the success of a chemical model is shown to be sensitive to the size of r assumed in the above sequence. In particular, the case when r -*■ <*> and the equilibrium constants determine the concentrations of the various species is shown to be the best approach. A two-equilibrium constant (dimer constant and another which represents constants beyond the dimer) mole fraction model is found to give a good fit to the observed thermodynamic properties of the ethanol-heptane system up to the equimolar composition. Enthalpies and entropies of formation for the dimer were found to be about —8.5 kcal/mol and —22.0 cal/deg mol, respectively. Corresponding values for the linear species were found to be about —5.6 kcal/mol and —11 cal/deg mol. Also investigated is a comparison of the mole fraction and volume fraction formulations.

I. Introduction
A model which postulates chemical association, the 

chemical model, has been used extensively in the 
molecular interpretation of properties of certain classes 
of liquid solutions. We are especially interested in 
solutions containing one associating component A and 
one nonassociating component B, e.g., an alcohol in a 
nonpolar solvent.2-6 The associating component A is 
regarded as a collection of species Ai, A2, . . . ,  Ar in 
equilibrium according to the reaction A! +  A _̂i A,. 
By recognizing these chemical species we change our 
position from one of trying to describe strong inter
actions, which produce nonrandomness in the spatial 
distribution of the individual A molecules, to one of 
trying to describe weak interactions, which are in
effective in disturbing randomness in the spatial dis
tribution of the assumed species.

The repulsive forces which one attributes to the 
interaction between a polymeric A.} molecule and other 
molecules may be represented to some extent by at
tributing a volume to the A* molecule. This volume 
varies with the number j  of A units involved. Since 
the advent of polymer theories based on volume frac
tion statistics, it has been natural to assume that 
volume fraction statistics are required for the statistical

(1) (a) Address all correspondence to the University of Utah, Salt 
Lake City, Utah; (b) Union Carbide Professor of Chemical Engi
neering, Rennselaer Polytechnic Institute.
(2) (a) O. Redlich and A. T. Kister, J. Chem. Phys., IS, 849 (1947); (b) 
C. B. Kretschmer and R. Wiebe, ibid., 22, 1697 (1954).
(3) A. C. P. Hwa and W. T. Ziegler, J. Phys. Chem., 70, 2572 (1966).
(4) H. Renon and J. M. Prausnitz, Chem. Eng. Sci., 22, 299 (1967).
(5) I. A. Wiehe and E. B. Bagley, Ind. Eng. Chem., Fundamentals, 6, 
209 (1967).
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treatment of associated liquids and their solutions. 
Flory’s equations for heterogeneous polymer solutions6 
have been carried over to the case of associated solu
tions. These treatments have been fairly successful in 
the description of vapor-liquid equilibria, not so suc
cessful in the description of enthalpy and entropy 
changes upon mixing, and unsuccessful in explanation 
of the temperature dependence of the thermodynamic 
functions.3-6 It is possible that the volume fraction 
statistics are not completely suited to the treatment of 
associated solutions.

The purpose of this paper is to develop the chemical 
model from an expression for the entropy of mixing 
based on mole fraction statistics as applied to an ideal 
multicomponent system. The ethanol-heptane sys
tem is examined in detail because extensive thermody
namic data have been supplied by Van Ness, et a l.7~9 
Dielectric10-12 and spectroscopic (ir13-16 and nmr17-19) 
evidence concerning the structure of alcohols and their 
solutions will also be examined. Finally a comparison 
will be made of the volume fraction and mole fraction 
models.

II. Model Development
We take as our starting point the entropy of mixing 

for an ideal multicomponent system. The entropy of the 
mixture relative to a standard state in which the species 
are separated is (see Appendix I)
S' = (AS m +  S0) '  = In x B{ +

2 > /  In * /] +  X X 'V  +  ^b°Sb° (1)
where s /  is the molar entropy of pure j-mer. The 
superscipt f denotes the final or equilibrium state of 
the mixture, and the superscript 0 indicates a pure 
species at the temperature and pressure of the mixture. 
Before mixing the components A and B, the entropy of 
the system is
s '  = (a s m +  s ° y  =

In Xj +  X)n/s/ +  nB0sB0 (2)
where the superscript i denotes the initial or unmixed 
state containing the same species as the mixture at the 
same temperature and pressure. Thus the entropy of 
mixing for the binary system, AS™ =  S l — S', is
ASm =  — In zBf +

Z ( n /  In x '  -  n i  In x / ) ] +  £ ( n /  -  n , V  (3)
Equations 1 and 2 represent mixing processes in 

which there is no degradation of the polymer species. 
The chemical reaction which takes place in the actual 
mixing process is accounted for in (3) by the different 
mole numbers and mole fractions of the j -mers in the 
initial and final states. Equation 3 can be simplified 
by introducing the equilibrium constants (see Appen
dix II)

kj =  Xj/xi3 (4)
for the reactions described by j k i  ±5  k j .  Substitution 
of (4) into (3) yields
AS™ =  —R [n B° In x B +  nA° In {x\ / x\ )] —

R H i n f  — n,') In kj +  — w /)s/ (5)
where use has been made of the relation 2 jrij =  n A°. 
The second and third terms on the right side of (5) can 
be simplified further by using

g ?/ T  = - R  In kj =  (hjO/T) -  (SjO -  ja j») (6)
where A/ is the enthalpy change for the formation re
action j k  ±5  k j .  Putting (6) into (5), we find
AS™ = — R [n B° In x B +  nA° In (xi*/xi1) ]  +

Z ( n /  -  n/)hjO/T (7)
The first term on the right side of (7) is AG™/T, which 
can be verified by using the integrated Gibbs equation 
(G = "ArijUj) to form
AG™ = Gf - G ' =  £ ( » / „ /  -  n jW )  +

n B ° ( i x B  —  m b 1)  =  n A ° ( M i f  —  M i ')  +

n Bo(jiB -  m b ' )  ( 8 )

and then inserting the appropriate formulas for the 
chemical potentials together with the equilibrium con
dition, jn  1 = Hj. Thus the second term on the right 
side of (7) represents the enthalpy change of mixing 
divided by the temperature.

An analysis similar to the one given above can be 
developed using Flory’s expression for the entropy of 
mixing for a disoriented standard state

AS™ =  —R['Y^n:j In +  n B In $B] (9)
or the more general equation based on the quasi- 
crystalline standard state.6 In either case, it can be 
shown that the free energy of mixing is
(6) P. J. Flory, J. Chem. Phys., 12, 425 (1944).
(7) H. C. Van Ness, C. A. Soczek, G. L. Peloquin, and R. L. Machado, 
J. Chem. Eng. Data, 12 , 217 (1967).
(8) H. C. Van Ness, C. A. Soczek, and N. K. Kochar, ibid., 12, 346 
(1967).
(9) F. Pardo and H. C. Van Ness, ibid., 10, 163 (1965).
(10) G. Oster, J. Am. Chem. Soc., 68, 2036 (1946).
(11) P. I. Gold and R. L. Perrine, J. Chem. Eng. Data, 12 , 4 (1967).
(12) G. Oster and J. Kirkwood, J. Chem. Phys., 11, 175 (1943).
(13) H. C. Van Ness, J. V. Van Winkle, H. H. Richtol, and H. B. 
Hollinger, J. Phys. Chem., 71, 1483 (1967).
(14) N. D. Coggeshall and E. L. Saier, J. Am. Chem. Soc., 73, 5414 
(1951).
(15) U. Liddel and E. D. Becker, Spectrochim. Acta, 10, 70 (1957).
(16) M. Van Thiel, E. D. Becker, and G. C. Pimentel, J. Chem. 
Phys., 27, 95 (1957).
(17) G. C. Pimentel and A. L. McClellan, “ The Hydrogen Bond,” 
W. H. Freeman and Co., San Francisco, Calif., 1960.
(18) J. C. David, Jr., K. S. Pitzer, and C. N. R. Rao, J. Phys. 
Chem., 64, 1744 (1960).
(19) C. M. Huggins, G. C. Pimentel, and J. N. Shooling, ibid., 60, 
1311 (1956).
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AG m/ R T  = [wb° ln < j> -f-
nA° ln (0if/0i') ] +  £(«■ / — n f )  (10)

and the enthalpy of mixing is the second term on the 
right side of (7) multiplied by T.

The chemical model as developed above has some 
interesting general features. For example, thermody
namic properties can be expressed in terms of an aver
age chain length J  for the associated component

j  =  H j n j  =  wA°
X X  X X

( ii)
If J 1 and J f are the average chain lengths before and 
after mixing, then the enthalpy of mixing per stoichio
metric mole of the mixture can be expressed as

(12)
where H  is the energy of 1 mol of associative links, 
hj° — (j  — 1 )H . It is assumed here that H  is inde
pendent of j .  Since J 1 approaches unity in the limit of 
small xa°, the limiting value of A H m/xA°XB° is given 
by

( - ^ 0)  =  ( i  -  1 ) h  (13)\:rA0XB%AO=o \ J  /

In a highly associated liquid, such as ethanol, J 1 may 
be so large that the right side of (13) is approximately 
—H . It should be noted that the left-hand side of (13) 
is given by the left intercept in Figure 1. Other phys
ically significant intercepts which can be derived from
(7) are

((7e/.R Fza0£s°) sAo=o = In 7a° =  lnzi*
(G e /R T x a°Zb°)*a.= i = In 7b° =  In ,P  (14)

where (7E = A Gm — Gm (ideal) is the excess free energy 
of mixing.

Another interesting feature of the mole fraction model 
is its prediction of a volume change on mixing. Unlike 
the volume fraction model, the mole fraction model does 
predict such a change, and the prediction agrees quali
tatively with observed changes. The volume change 
can be interpreted as follows. Expressions 1 and 2 
for the entropy can be regarded as expressions of S  =  
k ln W , where W  is the number of ways to assign j-m ers  
and solvent molecules to cells or lattice sites. Since 
the number of j-mers changes upon mixing, there must 
be a corresponding change in the number of available 
cells. Thus the volume change can be formulated as
AFm = vc£ ( » /  -  n f )  =  W [ ( l / . / f) -  (1/J*)] (15)
where vc is the cell volume. Equation 15 has the same 
form as formula 12 for the heat t>f mixing. This simi
larity between the two properties is observed for the 
alcohol-normal hydrocarbon systems investigated by 
Van Ness and coworkers. (See Figure 2.)

Figure 1. Theoretical (2K  model) and experimental values of 
AHn'/xA°XB° for ethanol-heptane solutions at 333°K.

Figure 2. Theoretical (2K  model) and experimental values of 
AFm/xA°XB° for ethanol-heptane solutions at 333°K.

III. Extent of Dissociation
From the discussion above we see that the changes of 

thermodynamic functions with mixing are completely 
determined for the mole fraction model by the de
pendence of X i, X i, and xBf on the stoichiometric 
composition xA° and the equilibrium constants k} . 
The equations to be solved are

I lx/  +  xBf = 1
X W  = (.xa°/xb°)xb (16)

kj =  X]/(xiV, j  =  1, 2, 3, . . .

The equilibrium constants are to be determined from 
experimental data. It is very difficult and not very 
profitable to determine all of the kj values by curve fit
ting. On the other hand, it may be profitable to test 
various assumptions concerning the relative values of 
kj. For example, if it is assumed that the free energy 
change for the addition of one A unit, Ai +  A _̂i t=> 
A j, is independent of j ,  then it follows that k} is K 1^ 1, 
where K  is fc2, and there is only one adjustable parame
ter to be determined from the data. This case has been 
studied by Redlich and Kister.2“ They let j  go to in-
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Figure 3. Theoretical (2K  model) and experimental values 
of excess functions for ethanol-heptane solutions.

Figure 4. Theoretical (2K  model) and experimental values 
of excess functions for ethanol-heptane solutions.

MOLE FRACTION ETHANOL

Figure 5. Theoretical (2K  model) and experimental values 
of excess functions for ethanol-heptane solutions.

association model. As pointed out by Scatchard,20 
the continuous-association model of Redlich and Kister 
predicts thermodynamic functions which are symmetric 
about the equimolar composition. This kind of sym
metry is not observed experimentally (see Figures 3-5) 
and we are led to ask whether or not there is something 
wrong with continuous-association models.

Let us consider models for which the extent of associ
ation is finite. Suppose r is the largest number of 
monomer units associated in a single chain. Then the 
largest j-mer is A „  and r is the upper limit for the sums 
in (16). One of the interesting predictions of this model 
is the maximum value of GE, which is sensitive to r. 
In the limit of infinite kjt where GE is maximized for 
fixed r, it is easy to solve eq 16 for GE as a function of 
the stoichiometric composition (see Appendix III). 
If we maximize again, this time with respect to com
position, we obtain the values fisted in Table I. The 
experimental values of (GE//fT ')max for the ethanol-n- 
heptane system range from 0.5 to 0.6 (see Figures 3-5), 
and these values are typical for low-molecular-weight 
alcohols in inert solvents. Looking at Table I we see 
that the predicted maxima for G,E reach up to experi
mental maxima only if the chain length r is of the order 
of 10 or greater. Clearly we cannot expect to describe 
the alcohol-re-hydrocarbon systems on the basis of a 
mole fraction chemical model with just dimers and

(20) G. Scatchard, Chem. Rev., 44, 7 (1949).
finity in order to allow for association to an indefinite 
extent and to obtain what is called the continuous-
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Table I : Estimation of Chain Length 
from the Maximum of the GE Curve

Chain
length,

r «JE /RTW

Compn 
(i a °) at 

max

2 0.223 0.400
4 0.387 0.427
6 0.459 0.442
8 0.501 0.450

10 0.529 0.456

Chain
length,

r

Compn 
(za°) at 

max

15 0.571 0.466
21 0.594 0.472
50 0.647 0.485

100 0.668 0.493
CO 0.692 0.500

trimers and other small polymers. Furthermore, if 
the kj values are not infinite, as assumed for Table I, 
then the maximum chain length r must be even greater 
than indicated in order to bring GE up to the level of 
experimental values. Thus it appears that we may as 
well let r go to infinity. In view of this result we are 
led to reconsider the continuous-association model. 
The symmetry of Redlich and Kister’s model can be 
destroyed by altering the relation among the equilib
rium constants kj. Redlich and Kister used only one 
equilibrium constant as an adjustable parameter, and 
the introduction of additional parameters could cer
tainly improve the model. On the other hand, this 
approach is fruitless unless there is a drastic improve
ment for a modest increase in the number of parameters.

W e have found that the continuous association model 
with two independent equilibrium constants, k2 and k3, 
is very successful in accounting for some of the properties 
of the ethanol-heptane system. It is convenient here 
to deal with the constants K} for the reactions Ai +  
A^_i i=> Aj. W e treat A 2 =  k2 and A 3 =  k3/k2 as fitting 
parameters and assume that A 3 =  K3, j  >  3. There 
are good physical grounds for separating A 2 and K3 even 
if the other K} terms are not independent. The evi
dence will be discussed following the development of the 
two-constant model.

IV. The Two-Constant Model

W e have applied the two-constant model to the data 
of Van Ness and coworkers by determining the two 
equilibrium constants from GE data. The fitting pro
cedure is based on iteration equations for solving two 
simultaneous nonlinear equations in two unknowns.21 
The procedure can be described as follows.

W e start with eq 16 which can be combined to form a 
cubic equation for the monomer mole fraction y =
Xi

K3(K3 -  K2)yi +  [(As2 +  K2)xa° +  2 (A 3 -  A 2)]y2 +

(1 +  2KsxA°)y -  xA° =  0 (17)

The analogous equation for the initial monomer com
position is a quadratic equation which has one physi
cally significant root

x i 1 =

1.0 +  A 3 -  [(1.0 +  A 3)2 -  4 (A 3 -  A 2)] 'a 
2.0(A3 -  AO

(18)

The mole fraction x-& can be determined from Xi, A 2, 
and A 3. Thus the formula for GE

Ge (xa°, A 2, A 3) =

RT xA° In
Xi

X iX Au
+  xB° In Xb

Xb:] (19)

can be used to calculate GE at a particular composition 
from A 2 and A 3. Alternatively, experimental data for 
GE at two different compositions provides a determina
tion of A 2 and A 3. This is accomplished, following 
Singer, by introducing

î ,(A î , A 3) =  (fiT )-1 [GE(A2, A s, * a ,#)  -  G\) (20)

where the index i refers to a particular composition 
x a ° ,  and Gv\ is the corresponding experimental value 
for GE. The equations to be solved are g3 =  0 and g2 =  0. 
The iteration formulas are

A 2J =  A 2 -  I) - 1 [r/ssf/! -  gug2 ]

K3l — A 3 +  D-'[g22gi — g\2g2 ] (21)

where gi} is the derivative of gt with respect to Kj, and 
D is the determinant of the gtj matrix. More detailed 
formulas and the iteration program are given elsewhere.22

It was found that the iteration procedure outlined 
above converges only for solutions containing less than 
50 mol %  alcohol. Values obtained for A 3 were not 
sensitive to the composition pairs, but values for A 2 
were fairly sensitive. The following criteria were im
posed in order to assess the reliability of the K} values. 
(1) The values of A 2 and A 3 inserted into (19) must 
generate the GE data. (2) The temperature dependence 
of the Kj values must satisfy the van’t Hoff relation. 
(3) The Kj values together with the formation enthal
pies, derived from the temperature dependence of the 
Kj, must provide a good fit of the AHm data.

It was possible to find Kj values that satisfied all of 
the requirements mentioned above, as illustrated in 
Figures 3 -5 . The following equations give the adjust
able parameters

K j( T )  = [ - H j ( D  +  a ^ ] (  1 _  F \  a, T_
Kj(T°) R  \ T  T °)  +  R  T°

(22)

Hj{T) =  Hj(T°) +  aj(T -  T°)

K2(T°) =  53.88, H2 (To) =  —8850 cal, and (h =  7.50 cal 
deg-1 ; K3(T°) =  76.80, H3 (T") =  — 5500 cal, and a3 =

(21) J. Singer, “ Elements of Numerical Analysis,”  Academic Press, 
New York, N. Y „  1964.
(22) R. W. Haskell, Ph.D. Thesis, Rensselaer Polytechnic Institute, 
Troy, N. Y ,, 1967; available from University Microfilms, Ann 
Arbor, Mich.
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— 3.83 cal deg-1 . T° is 288.15°K. H} is the enthalpy values are reasonable when interpreted as entropy
change for the reaction A ! +  Aj_x = Aj. Enthalpies changes for the formation of single and double bonds,
and equilibrium constants are listed in Table II for

V. The Alcohol Structure

Table I I  : Two-Constant Model Pitting Parameters

T, Hi, m ,
°K K i Xa kcal/mol kcal/mol

3 4 8 .1 5 4 .0 0 1 4 .2 0 - 8 4 0 0 - 5 7 3 0
33 8 .1 5 5 .7 4 1 8 .1 3 - 8 4 7 5 -5 6 9 1
32 8 .15 8 .4 4 2 3 .4 4 - 8 5 5 0 - 5 6 5 3
31 8 .15 1 2 .77 3 0 .7 6 - 8 6 2 5 - 5 6 1 5
30 8 .15 1 9 .92 4 0 .9 9 - 8 7 0 0 - 5 5 7 7
2 9 8 .15 3 2 .1 5 5 5 .5 8 - 8 7 7 5 - 5 5 3 8
2 8 8 .15 5 3 .8 8 7 6 .8 0 - 8 8 5 0 - 5 5 0 0

several temperatures. The temperature dependence 
of the enthalpies is quite small, but recognizing this 
temperature dependence leads to substantial improve
ments in fitting the model to the data. The value ob
tained for Hz suggests that one hydrogen bond is formed 
in the reaction. The value for the temperature coeffi
cient a3 is reasonable if it is interpreted as a loss of heat 
capacity upon the formation of a bond. In the case of 
i f 2, the value obtained suggests that the dimer is pre
dominantly double bonded (see Figure 6a). This inter
pretation is supported by the increase of H2 with tem
perature (positive 02), which can be attributed to an 
increasing contribution from single-bonded dimers which 
would be expected at higher temperatures. The pre
dominance of double bonds in dimers is also indicated 
by the values for the entropy changes S2 and &  associ
ated with the formation of dimers and the extension 
of higher polymers. The entropy changes can be cal
culated from

-R T  In Kj =  -  TS} (23)

W e find the respective values for T, Si (eu), and S3 

(eu): 288, -2 2 .7 ,  - 1 0 .5 ;  348, -2 1 .3 , -1 1 .2 . These

R— cQ  ' ' '0 — R 
'"'H

(a) CYCLIC DIMER

We have found that a two-constant model can ac
count for the thermodynamic properties of ethanol-w- 
heptane mixtures over a substantial range of composi
tions and temperatures. The temperature dependence 
of the equilibrium constants suggests the existence of 
double-bonded dimers and higher polymers held to
gether primarily by single bonds. In this section we 
will briefly review evidence from other sources concern
ing the structure of the alcohols.

There are considerable infrared data13-16 for dilute 
alcohol solutions which show the existence of three ab
sorption peaks corresponding to the hydroxyl stretch
ing frequency of three apparently different hydroxyl 
environments or spectral species. These spectral spe
cies and their spectral characteristics are listed in Table 
III for ethanol. The important point in the present

Table I I I : Ir Spectral Species Observed 
in Dilute Alcohol Solutions

Wave
Spectral number,
species cm -1

Monomer 3630
Dimer 3500
Polymer 3350

discussion is the appearance of a dimer peak. It prob
ably represents a cyclic structure (see Figure 6a) as 
argued by Van Ness, et al. , 13 since if it were an open- 
chain structure, it would presumably contribute to the 
spectral monomer and polymer absorption peaks. 
Further infrared evidence indicating the existence of 
small cyclic structures comes from the matrix isolation 
studies of Van Thiel, Becker, and Pimentel.16 In this 
work a gas mixture of N 2 and methanol was condensed 
onto a silver chloride window at 20°K . Several spec
tral species were observed as shown in Table IV. The 
designation of the various peaks involves interpreta
tions, but it seems clear that these peaks represent

Table IV : Ir Spectral Species Observed 
in Matrix-Isolation Studies

R R
1 1 W aveO O

/ \  /  \ Spectral number,
H H H H H species cm 1

Y i i Monomer 3660
1 I 1R R R Dimer 3490

Trimer 3445
(b) LINEAR POLYMER Tetramer 3290

Polymer 3250
Structures of some alcohol species.
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short-chain structures in which the hydroxyl environ
ment is different from that of a hydroxyl group partici
pating in a linear-chain structure.

In agreement with the above conclusion is the evi
dence available from nuclear magnetic resonance spec
tra.17-19 Here it has been possible to determine the 
dimer bond energy28 by finding (S/Ta'Tb' + a» ^  at 
infinite dilution of the alcohol for several temperatures. 
For methanol and ethanol in CCLj, the Hi values were 
found to be —9.4 and —7.6 kcal/mol, respectively.18

Some of the best evidence at present concerning the 
structure of the alcohols comes from dielectric constant 
measurements. Such measurements allow determina
tion of Kirkwood’s correlation parameter,24 g. For the 
alcohols, we may represent g approximately by the 
formula

9 = 1  +  2 £ (c o s  y)j (24)

Here (cos y)j represents the average cosine of the angle 
between a given dipole and its jth shell of neighbors. 
For the pure alcohols experimentally determined g 
values are in the range 2.8-3.2. Kirkwood found a g 
value of 2.6 for an infinite chain. In his calculation, 
rotation is allowed about the bond but bending is not. 
Figure 6b shows the type of structure assumed for the 
linear polymer upon which Kirkwood’s calculation was 
based.25

Experimental results10-12 for solutions of an alcohol 
in an inert solvent give the typical g vs. xa° curve shown 
in Figure 7. The value g =  1.0 at infinite dilution 
means that there is no correlation between the dipole 
moments of the alcohol molecules; i.e., the solution 
consists of monomers so greatly separated that the 
individual dipoles are randomly oriented. However, 
the g value quickly becomes less than unity with in
creasing alcohol concentration. According to (24), 
this can happen only when there is a tendency for the 
dipoles to be in an antiparallel orientation. From a 
chemical point of view this indicates the presence of 
cyclic structures.

As the alcohol mole fraction approaches 0.2, g ap
proaches unity. This rise in g must result from an 
increase in the ratio of open-chain to closed-chain 
structures. At Xa° ~  0.2, g is again unity, and there 
must be a rough equivalence between the number of 
open- and closed-chain structures. It is interesting to 
notice that the chemical models predict average chain 
lengths of 2 -6  as the temperature varies from 348 to 
288°K  at this composition. (See Figure 8.) These 
numbers are probably indicative of the size of cyclic 
structures to be found in the pure alcohol. As the 
alcohol concentration exceeds 0.2, the correlation pa
rameter exceeds unity, indicating a predominance of 
open-chain structures. This predominance apparently 
reaches its maximum in the pure alcohol. It is inter
esting to note that lowering the temperature causes g 
to decrease in the low-concentration region and in-

4.0

3.0 

g 2 0

1.0 

0.0

Figure 7. The correlation parameter for 
alcohol-inert solvent solutions.

Figure 8. Theoretical chain lengths based on the 2K  model 
for ethanol-heptane solutions.

crease in the high-concentration region. Apparently 
both open- and closed-chain structures become more 
stable.

The thermodynamic, spectroscopic, and dielectric 
evidence leads us to the following description of the 
alcohol structure. Near the boiling point it probably 
consists mostly of double-bonded dimers and open 
chains of, say, 10 segments on the average. At lower 
temperatures the average chain length increases and 
the cyclic size increases. At 288° the former may be 20 
or 30, and the largest cyclic structures may be hexamers. 
We do not mean to imply by this that there are no small 
linear structures (2-6 segments) or no large cyclic struc
tures (greater than 6 segments). However it would ap
pear that the values of Hi and St, together with the cor
relation parameter values at low concentrations and 
also the above-mentioned spectroscopic evidence, 
strongly favor a large predominance of double-bonded 
dimers over the linear variety. As the number of seg
ments becomes larger, entropy considerations make the 
existence of higher cyclics less likely. Average chain 
length considerations together with the composition 
value at which the correlation coefficient begins to ex
ceed 1 would seem to indicate that cyclics beyond 6 seg
ments are of insufficient concentration to affect the

(23) The slope of the chemical shift 8 (i.e., the shift in the proton 
frequency measured from some standard such as a proton resonance 
in the methyl group) ns. composition at infinite dilution is obtained 
by extrapolating the measured shifts to infinite dilution.
(24) J. Kirkwood, J. Chem. Phys., 7, 911 (1939).
(25) L. Pauling, “ Nature of the Chemical Bond,”  Cornell Uni
versity Press, Ithaca, N. Y ., 1945.

The Journal of Physical Chemistry



T he Chemical M odel as A pplied to Associated Liquid Solutions 4541

B fl Í '
B f l A,

"À, A|

B B Ae
B A4 B

B B A,

(a) (b)
MOLE VOLUME

FRACTION FRACTION

Figure 9. Two-dimensional representations of lattices 
for mole fraction and volume fraction statistics.

alcohol properties measurably in the temperature range 
studied. Indeed, the thermal properties of ethanol 
seem to be well represented by just allowing the dimer 
equilibrium constant to be different.26 Thus it seems 
proper to conclude that the double-bonded dimer is the 
major cyclic at all temperatures but that dielectric 
constant values would require the inclusion of a few 
higher cyclics in the low-temperature range.

VI. Mole Fractions and Volume Fractions
In this section we will compare the descriptions of 

the chemical models which are based on mole fraction 
statistics with those based on volume fraction statistics. 
The basic difference between the two types of descrip
tions can be illustrated by the cell diagrams in Figure 9. 
In both diagrams there are solvent molecules B, one 
monomer unit of alcohol Ai, one dimer A2, and one tetra- 
mer A 4. Notice that the mole fraction description 
attributes one cell to anyj-mer whereas the volume frac
tion description attributes one cell to each formula mole
cule. If we imagine these species to be in chemical equi
librium, associating and disassociating, we can make 
the following comparisons. At infinite dilution of com
ponent A, only monomers are present; hence the two 
descriptions will be nearly equivalent. (If the molar 
volumes of A  and B are equal, the descriptions are 
identical.) At infinite dilution of component B the 
two descriptions will be greatly different.

An example of the difference between the descrip
tions appears in the determination from the model of 
the limiting value of hHm/xA°XB° at xA° =  1. This is 
the right-hand intercept in Figure 1. The value is not 
so easily found as in the case of the left-hand intercept, 
which is given by (13). The value of the right-hand 
intercept depends on the details of the model and the 
relations assumed for the kj values. On the other 
hand, the cell diagrams provide a means of approxi
mating the intercept value. W e assume that the 
intercept represents the enthalpy change for addition of 
a solvent molecule to a lattice containing only compo
nent A. In the case of the mole fraction description, 
this addition would nearly always prevent an associ
ative reaction from occurring. In the case of the 
volume fraction description, this addition would only 
prevent about 1 out of J associative reactions from 
occurring since, roughly speaking, the solvent molecule 
will only be in the neighborhood of a reacting site (i.e., 
end of chain neighbor) this fraction of the time. Thus

we expect the right-hand intercept to be about the 
same as the bond energy, — H°, in the mole fraction 
description, and only a fraction of that value (of order 
— H0/J ) in the volume fraction description. Exact der
ivations lead to the formulas listed in Table V. These 
expressions are all based on the one-constant model, 
kj =  K}~x, for the evaluation of the sums in (11). It 
is interesting to note that the volume fraction relations 
explain at least qualitatively the appreciable increase 
of this intercept with temperature as noted by Van Ness 
and coworkers. Thus, as the temperature increases, 
the average chain length decreases and the intercept in
creases.

Table V : Right-Hand Intercept Expressions
for Heat of Mixing

D escription (AH /xA °iB »)a:A“ =  1

Mole fraction id m  - 1 ] H °

Volume fraction
Disoriented std state - w ( K

p j \ (K  +  1 )  In 1

Quasi-crystalline std state 1
2 p j \ V *  K  +  l .

Comparing the predictions shown in Table V  with the 
experimental data, Figure 1, we find that the one-con
stant mole fraction model greatly overestimates the 
intercept. The two-constant model is better, as indi
cated in Figure 1, but it leaves much to be desired. It 
seems clear that for high alcohol concentrations the 
mole fraction description is bound to fail because it 
takes no account of the spatial extent of the associated 
species. In this range, the volume fraction description 
is undoubtedly a more accurate description. How
ever, there are several difficulties with the volume frac
tion description; these are outlined below.

As noted by Wiehe and Bagley,5 even when one al
lows for infinite association ( k j S  — c o ) ; one still finds 
difficulty in reaching the magnitude of GE found experi
mentally.27'28 Moreover, when the association con
stants are large, AHm is small, so that it is not possible 
(using the same parameters) to fit both AHm and AG,E 
data. This difficulty is resolved by allowing the ratio 
of the molar volumes to become a fitting parameter or 
by including a physical interaction term of the Van 
Laar-Hidebrand-Scatchard form. The latter al
ternative leads to the models of Kretschmer and 
Wiebe2b and Renon and Prausnitz.4 We have not

(26) A. V. Tobolsky and R. E. Thach, J. Colloid Sci., 17, 419 (1962).
(27) It is possible that part of the reason for the failure of the volume 
fraction model to achieve the proper magnitude is the fact that 
Flory’s approximation of W  in .S' =  k In W overcounts.
(28) H. Tompa, “ Polymer Solutions,”  Academic Press, New York, 
N. Y „  1956.
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included a physical interaction term in the two-con
stant mole fraction model. Both Redlich and Kister2a 
and Stokes29 found that the term does not account for 
more than a few calories in the mole fraction descrip
tion. Furthermore, in practice, the term assumes the 
role of a curve-fitting parameter which takes up the 
slack between the chemical model predictions and ob
served data and thus tends to make all models appear 
reasonable.

Another difficulty with the volume fraction descrip
tion enters because the model is a constant-volume 
model whereas most data are for constant pressure. 
Thus in applying the model one should transform the 
constant (T, P) data into constant (T, V) data. Only 
Kretschmer and Wiebe have considered this correction, 
which is significant with regard to AHm and ASm even 
though it can be neglected in the case of AGm.

Of the more recent volume fraction models we should 
also mention that of Hwa and Ziegler.3 They con
sidered a two-constant volume fraction model with a 
physical interaction term, but they did not make the 
correction due to a volume change, as mentioned above. 
They assumed that the dimer and higher polymer for
mation enthalpies were the same, and they did not try 
to satisfy the van’t Hoff relation. These restrictions 
may partly explain the strong temperature dependence 
of their calculated bond energies for the ethanol- 
methylcyclohexane system (be., —3590 kcal at 308°K , 
-1 7 7 9  kcal at 273°K , and -9 4 2  kcal at 248°K).

In summary, we have used an ideal-solution model of 
a multicomponent system to describe an alcohol-inert 
solvent solution. In particular we have determined 
two equilibrium constants (one for double-bonded di
mers and the other for the linear-chain polymers) from 
the Gf‘ data. We have used the van’t Hoff relation to 
describe their temperature dependence and thereby 
determine the formation enthalpies and the heat of 
mixing. We have then tried to show that these forma
tion enthalpies are consistent with data from other 
sources.

Acknowledgment. Acknowledgment is made to the 
donors of the Petroleum Research Fund, administered 
by the American Chemical Society, for partial support 
of this research.

Appendix I
Glossary of Symbols for Composition Variables
JlB0 = Ub! — nB! 

n ,1, rij'

n ! =  71b +  2 rij1
nA° = Xjnj1 = 2jn,A

x  o =  WA°
XA nA° +  JiB°
Xj1 =  n jf/n’

Moles of solvent (not associ
ated)

Moles of j-mer in solution 
and associated component, 
respectively 

Total moles of solution 
Stoichiometric moles of as

sociated component 
Stoichiometric mole fraction

j'-Mer mole fraction in solu
tion

Xj'  =  n p / Z n , '  =  X j f (x a ° =  1 )  

Xj =  Vj/VB = jP 

fi- 2A jfl^
d '  =  2 X j H i j 1 — d !  (x a ° = 1 )  
<t>jl =  XjrijGd<

<t>i' =  XjUj'/d'

4> Bf — n-B!/d!

j-Mer mole fraction in pure 
alcohol

Ratio of j'-mer to solvent 
molar volumes

pMer volume fraction in 
solution

j-Mer volume fraction in the 
associated component 

Solvent volume fraction

Appendix II
Equation 4 follows from (1) and (2). Since (1) 

represents an athermal mixing process, we may write

(AGm)f =  -T ( A S m)f =  RT(nB0 In xBf +  E V  In xf)

Taking the partial derivatives of both sides with re
spect to n / gives

p / — fi,° = RT In Xjf

Assuming chemical equilibrium, we have jm =  
which gives (4). This procedure applied to (2) gives

p} — Pj° = RT In x} 1

and similarly for the solvent using (1) we have 

MBf — mb0 =  RT In x-a
Appendix HI

We consider the case where the associated liquid 
contains the species Ai, A2, ..., Ar, but K  <», so that 
the following approximations are possible

X B 1 +  =  X b  +  X r  =  1

E ? W  . «-A0 a:A0̂ Bf
— p - =  rxr =  —  =  ----- <Tn n nB°

These equations can be solved to obtain

i _  rxB°
X b  X a °  +  t x b °

f _  X A°

X a °  +  rxB°

Now the condition of equilibrium gives pi =  (1 /r)pr so 
that Gl and G' may be formulated in terms of the r-mer 
chemical potentials instead of the monomer chemical 
potentials. Therefore

Gl = — pr +  wBy Bf (A5)r

(A l)

(A2)

(A3)

(A4)

G' — Pr' +  Ub°PB r

so that for 1 stoichiometric mol of solution

A Gm 
RT

•Ea0 ,  x T j

—  In —j  +  xB° In xB r xT

(A6)

(A7)

(29) R. H. Stokes, unpublished data.
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Now K  —► oo means x '  
energy is given by

(jE

R T
=  a; a0 In

— 1 and thus the excess free

(*rf) 1/r
X a °

+  xB° In Xb_

xB°
(A8)

At the maximum value of GE the activity coefficients of 
A and B are equal, so we have

Qcrf) 1/r =
Za° z B°

(A9)

Equations A3 and A4 may be combined with eq A9 to 
give the composition at the maximum. This calcula
tion gives

where c =  r /(r  — 1) and q =  1 +  [(r — l ) /r c]. Equa
tions A3 and A10 allow us to find the solvent activity 
coefficient as a function of the chain length. T his 
relation is

This gives us for (GE/ R T )max the equation

(All)

In ('VrOmax In 1 +

Xa° = (AIO) Table I gives (GE/ R T )max and a;a0 for the various values
of r.

Ionic Polymerization under an Electric Field. XII. Living Anionic 

Polymerization of Styrene in the Binary Mixtures of 

Benzene and Tetrahydrofuran

by Norio Ise, Hideo Hirohara, Tetsuo Makino, and Ichiro Sakurada
Department of Polymer Chemistry, Kyoto University, Kyoto, Japan (Received June 11, 1968)

The anionic polymerization of the lithium salt of living polystyrene was investigated in the binary mixtures 
of benzene and tetrahydrofuran (THF) at 25° in the presence and absence of an electric field. The apparent 
propagation rate constant increased with increasing field strength and dielectric constant. The electric field 
did not affect the ion-pair propagation rate constant, whereas it increased the fcp" A ‘/ 2 term; A:p"i s  thefree-ion 
propagation rate constant and K  is the dissociation constant of the ion pair. The observed field effect was larger 
than that calculated by the Onsager theory on the second Wien effect. This discrepancy is discussed in terms of 
kp" ,  which was found to increase with increasing field intensity. At a THF content of 60 vol % , the kB"  
reached a limiting value of ~105 M ~ l sec-1 when the field was intensified over 3 kV/cm. Evidence is presented 
which shows that the observed acceleration effect was not caused by the electroinitiation mechanism.

In previous papers, the influence of an electric field 
on polymerization reactions has been studied. The 
results have shown that cationic polymerizations can 
generally be accelerated, and the degree of polymeriza
tion of the polymers produced can be increased in the 
presence of a high-intensity electric field,1-6 whereas 
free-radical polymerizations are not influenced.1 Most 
recently it has been demonstrated that the monomer 
reactivity ratio in copolymerizations can also be affected 
by the field.7 These field influences have been shown to 
coincide with the changes caused by an increase in the 
dielectric constant of the solvent. This agreement

supports our interpretation that the field effects ob
served are due to the field-facilitated dissociation8 of the

(1) I. Sakurada, N. Ise, and T. Ashida, Makromol. Chem., 82, 284 
(1964); 95, 1 (1966).
(2) I. Sakurada, N. Ise, Y. Tanaka, and Y . Hayashi, J. Polym. Sci., 
Part A -l , 4, 2801 (1966).
(3) I. Sakurada, N. Ise, and S. Hori, Kobunshi Kagaku, 24, 145 
(1967).
(4) I. Sakurada, N. Ise, and Y . Hayashi, J. Macromol. Sci. Chem., 
A l, 1039 (1967).
(5) I. Sakurada, N. Ise, and Y . Tanaka, Polymer, 8, 625 (1967).
(6) I. Sakurada, N. Ise, Y . Hayashi, and M. Nakao, Kobunshi 
Kagaku, 25, 41 (1968).
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growing chain ends. Though this interpretation ap
pears reasonable, it lacks clear verification because of 
the intricate mechanism of the cationic polymerizations. 
Therefore, it is very interesting to study the field effect 
on much simpler systems.

As one such system, we have chosen a living anionic 
polymerization of styrene. This choice enables us to 
observe the field effect on the propagation step di
rectly. In the present paper, the binary mixtures of 
benzene and tetrahydrofuran (THF) are used as sol
vents, and Li+, which has been found to be strongly 
affected by solvents,9 is chosen as the gegenion. This 
particular combination of living polymer-monomer- 
initiator-solvent has been studied by Bywater and 
Worsfold,19 and the living anionic polymerizations in 
ethereal solvents have been investigated by the Syra
cuse and Mainz groups.11’12 The propagation has 
been shown to proceed by two states of the growing 
chain ends, namely free ion and ion pair. The rate 
constant of free ions has been found to be much larger 
than that of ion pairs.

A  brief description of the present work has been pub
lished earlier.13

Experimental Section
I. Purification of Reagents. A. Benzene. Com

mercial benzene was washed by the usual method, re
fluxed over CaH2 for 1 week after drying, and distilled 
under nitrogen atmosphere onto a N a -K  alloy. Using 
a high-vacuum line, the benzene was dried under violent 
stirring at room temperature, cooled down near to the 
melting point, and deaerated instantaneously. Several 
cycles of drying and deaeration were repeated and the 
benzene was distilled onto a Na mirror. After con
firming the brightness of the Na mirror, the benzene 
was distilled into ampoules with break-seals which 
were adequately flamed, and the ampoules were sealed 
off from the vacuum line.

B. Tetrahydrofuran. A  raw sample of TH F was 
dried and distilled at atmospheric pressure in the same 
manner as the benzene. Then, on the vacuum line, 
the TH F was brought into contact with the N a -K  
alloy. The deaeration was effected by cooling the 
TH F to —78° and then opening a cock to the vacuum 
line for about 10 min. Distillation into a trap at liquid 
nitrogen temperature did not occur. The adequately 
dried and deaerated TH F showed a characteristic blue 
color.

C. Styrene. Commercially available styrene was 
washed and dried by the usual method and distilled 
onto CaH2 under reduced pressure. The styrene was 
then dried using a vacuum line and CaH2 was cooled 
to the melting point and deaerated. The styrene was 
then distilled onto the Na mirror. The distillation was 
repeated until the brightness of the mirror did not dis
appear.

II. Preparation of Living Polymer. Following the

4544

method described by Fujimoto, et al.,u n-butyl bro
mide was allowed to react with metal lithium in ether 
and then the solvent was replaced by benzene. Using 
the butyllithium thus prepared, poly(styryllithium) 
with an approximate degree of polymerization of 15 
was prepared and used as the seed of the polymeriza
tion reaction.

III. Polymerization Procedures and Apparatus. As 
is well known, traces of oxygen, water, and carbon 
dioxide can inhibit living polymerization. In the pre
liminary experiments carried out under a nitrogen 
atmosphere in an open system, no reproducible results 
were obtained, and, in addition, the rate of polymeriza
tion was occasionally decreased by an application of an 
electric field.15 Thereafter, a high-vacuum-line tech
nique was always employed for purification of reagents 
and for polymerization.

Figure 1 shows our polymerization vessel. Ampoules 
A and B contained dilute and concentrated benzene 
solutions of the seed polymer, respectively, and am
poules C and D contained TH F and a benzene solution 
of the monomer. The polymerization vessel was con
nected to the high-vacuum line, evacuated, flamed, and 
sealed off. Then the break-seal on ampoule B was 
crushed, and the whole vessel was rinsed with the con
centrated solution of the living polymer. All the con
tents were then collected in container E and the vessel 
was washed by cooling the walls with a pad at Dry Ice- 
methanol temperature and condensing the benzene. 
From E the solvent was distilled into F, and E was

(7) I. Sakurada, N. Ise, Y. Hayashi, and M. Nakao, Macromolecules, 
1, 265 (1968).
(8) (a) M. Wien, Ann. Phys., 83, 327, 795 (1927); (b) M . Wien,
Phys. Z., 28, 751, 834 (1927).
(9) D. N. Bhattacharyya, J. Smid, and M. Szwarc, J. Phys. Chem., 
69, 624 (1965).
(10) S. Bywater and D. J. Worsfold, ibid., 70, 162 (1966).
(11) (a) D . N. Bhattacharyya, C. L. Lee, J. Smid, and M. Szwarc,
Polymer, 5, 54 (1964); (b) D. N. Bhattacharyya, C. L. Lee, J. Smid, 
and M. Szwarc, J. Phys. Chem., 69, 612 (1965); (c) M . van Beylen, 
D. N. Bhattacharyya, J. Smid, and M. Szwarc, ibid., 70, 157 (1966); 
(d) T. Shimomura, K. J. Tolle, J. Smid, and M . Szwarc, J. Amer. 
Chem. Soc., 89, 796 (1967); (e) T. Shimomura, J. Smid, and M.
Szwarc, ibid., 89, 5743 (1967).
(12) (a) H. Hostalka, R. V. Figini, and G. V. Schulz, Makromol. 
Chem., 77, 240 (1964); (b) H. Hostalka and G. V. Schulz. J. Phys. 
Chem. (Frankfurt am Main), 45, 286 (1965); (c) W . K. R. Barnikol 
and G. V. Schulz, ibid., 47, 89 (1965).
(13) I. Sakurada, N. Ise, H. Hirohara, and T. Makino, J. Phys. 
Chem., 71, 3711 (1967).
(14) T. Fujimoto, N. Ozaki, and M. Nagasawa, J. Polym. Sci., 
Part A, 3, 2259 (1965).
(15) It appears highly plausible that an unremoved trace of water 
can be electrolyzed by the application of the field to produce oxygen 
which can inhibit the polymerization. Thus the presence of the 
electric field gives rise to a “ negative”  field effect as mentioned in the 
text. The negative field effect has also been observed for free- 
radical polymerization of methylmethacrylate,1 when the monomer 
had been allowed to absorb water. In this connection, Khalestskii, 
et at., have reported16 the “ retarding”  influence of an electric field 
on radical polymerization. It appears to us that this influence is 
due to the electrolysis of foreign substances, since no detailed descrip
tion of reagent purification was given.
(16) M. M . Khalestskii and B. I. Sukhoruker, Vysokomol. Soedin., 
3, 1347 (1961).
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VACUUM

Figure 1. The apparatus used for kinetic studies of living 
polymerization under an electric field.

sealed off. The break-seals on ampoules A, C, andDwere 
crushed, and, by turning the whole vessel upside down, 
the dilute solution of living polymer was admitted into 
G, and TH F and the monomer solution into H. The 
apparatus was again turned upside down, the contents 
were vigorously shaken, and the mixture was allowed to 
collect in F. About 9 ml of the polymerizing solution 
was transferred into the attached optical cell, the cell 
was placed in a spectrophotometer, the recorder was 
switched on, and a high (dc) field was applied.

The quartz optical cell (optical path, 1 cm) was 
furnished with a pair of parallel platinum electrodes 
(cell constant, 0.15 cm ~ 7) . The spectrophotometer was 
an EPS-3T of Hitachi Manufacturing Co., Hitachi, Japan. 
The progress of polymerization was followed by monitor
ing the adsorption of styrene at 291.5 m¿i. The concen
tration of the living end was determined by measuring 
adsorption at 335 m/i at regular intervals during the 
polymerization. The temperature of the optical cell 
was believed to be maintained at 25 ±  0.02° by using 
a specially designed thermostated cell holder.

The spectrophotometric method was more appro
priate for our purpose than the capillary flow tech
nique, since a uniform electric field can be much more 
easily produced in the optical cell than in the capillary. 
By using spectrophotometry, the polymerization at 
concentrations of living ends lower than IO-3 M  could 
be investigated, as was noted earlier.llb At these con
centrations, the polymerization proceeded fairly slowly. 
It can be claimed, therefore, that the field was applied 
during the whole course of polymerizations, though a 
stationary high field was set up about 15 sec later after 
the onset of the polymerization.

The initial monomer concentration of styrene was 
usually about 25 times that of the living end. The di
electric constants of the solvent mixtures were deter

mined by using a capacitance bridge and a three-ter
minal guarded cell. The viscosity was determined 
with a Cannon-Ubbelohde viscometer.

The electric current caused by the application of the 
high field gives rise to two undesired phenomena, even 
though the current intensity was small. One is a tem
perature rise in the polymerizing solution. Under the 
present experimental conditions, calculations based 
on the assumption that the solution is adiabatic show 
that the maximum rise amounted to 1.0° in 30 sec, during 
which time most of the optical measurements were 
taken. According to control experiments performed 
without the cell holder mentioned above, a slow dis
tillation of the solvent from the cell to F took place 
during a prolonged period. This was prevented by 
using a cell holder and by keeping the room tempera
ture at about 25°. A  second perplexing effect of the 
electric current is the electrolytical production of active 
propagating species or polymerization-initiating species. 
Since the elimination of this effect is most essential to 
our experiments, this matter will be discussed at length 
in the Discussion section.

Results
The dielectric constant and viscosity of a series of 

mixtures of benzene and TH F at 25° are given in Figure
2. The observed values of the pure liquids are in ex
cellent agreement with the literature values. All of 
the polymerizations showed an internal first-order dis
appearance of styrene, as was observed previously.17 
The apparent propagation constant (fcp) determined 
from our measurements is given as a function of the 
inverse half-power of the polystyryllithium concen
tration in Figure 3. According to Szwarc, et al.,m

Figure 2. Dielectric constant (O), and viscosity(ü) of THF- 
benzene mixtures at 25°.

(17) C. Geacintov, J. Smid, and M . Szwarc, J. Amer. Chem. Soc., 
84, 2508 (1962).
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the intercept of this plot gives the ion-pair propagation 
constant (fcp') and the slope is equal to kp"K '/\ where 
kp"  is the propagation constant of the free ion, and K  is 
the dissociation constant of the ion pair.

The filled symbols and the blank ones in Figure 3 give 
the fcp values obtained in the presence of an electric field 
of 5 kV/ cm and in its absence, respectively. Thus it is 
clear that the electric field increases the kp"K ' /2 values 
for THF contents of 30, 40, 50, and 60 vol % . On the 
other hand, the electric field has no influence on the 
fcp' values, which were 10.8, 19.0, 31, and 48 M~x 
sec-1 at TH F contents of 30, 40, 50, and 60% , respec
tively.

Figure 3. Dependence of the appararent propagation rate 
constant on poly(styryllithium) concentration at 25°. THF 
content (vol % ): •, O, 60; ■, □, 50; A, A, 40; ♦, 0 , 30.
The filled symbols are for 5 kV/cm, and 
the blank ones are for 0.

By combining the kp"K '/l values observed in the 
absence of the field and the K  values (at 20°) reported 
by Bywater and Worsfold,10 approximate values of 
fcp" can be estimated to be 2 X  104, 3 X  104, 3.5 X  104, 
and 5 X  104 M~l sec-1 for TH F contents of 30, 40, 50, 
and 60 vol % , respectively. These values are in good 
agreement with those reported earlier,10 increasing 
with rising dielectric constant as was found earlier.10

A t TH F fractions of 10 and 20% , the fcp values were 
independent of the concentration of the living end both 
in the presence and absence of an electric field of 5 
kV/cm . The fcp' values were 2.07 and 5.7 M~l sec-1 at 
10 and 20% , respectively. No field effects on fcp and 
fcp' were observed.

Table I shows the field effects at various field 
strengths. The kp"K l/l values in the third column 
were determined based on the fact that fcp' is inde
pendent of the field strength. kPi-E''K '̂/2/kp,o"K0l/i 
is the ratio of the slopes of the fcp -l/V " [LE] plot where 
[LE] is the concentration of the living end, with and with
out an electric field, which denotes the field-accelerating 
effect. It should be noted that the ratio increases 
with increasing field strength.

Table I: Field Effects at Various Field Strengths on
the Living Anionic Polymerization of Styrene

TH F vol Field
kp"K 'n , jtp .E "A E‘ / V (JCe /-Ko) 1/2fraction, strength,

% kV /cm M~l/i sec-1 fcP,o"A o’ /2 (calcd)

40.0 0 0.05 1 i
1.8 0.06 1.20 1.027
4.0 0.09 1.80 1.056
5.0 0.11 2.20 1.070

50.0 0 0.11 1 1
1.0 0.12 1.09 1.012
3.0 0.16 1.47 1.037
5.0 0.20 1.82 1.061
7.6 0.33 3.00 1.093

60.0 0 0.42 1 1
0.5 0.46 1.09 1.006
1.0 0.57 1.46 1.011
2.0 0.77 1.83 1.022
3.0 0.88 2.10 1.033
5.0 0.91 2.16 1.055

Discussion
It would be useful to mention at first the temperature 

effect on the apparent propagation rate constant (fcp). 
According to Bywater and Worsfold,10 the activation 
energy (7i’act) of the propagation process of the present 
system decreases with increasing TH F content in the 
solvent. In the solvent mixtures, in which the field- 
accelerating effect was observed, the E value is be
lieved to be smaller than 4 kcal. Thus the temperature 
rise due to the Joule effect, which amounts at the most 
to 1.0° under our experimental conditions, should in
crease the f c p  value by 2% . The apparent increase in 
f c p  resulting from the application of the field, on the 
other hand, is 55% , which greatly exceeds the tempera
ture effect. Thus it was concluded that the observed 
field-accelerating effect is not due to the Joule effect.18

Next we turn to the possibility of the so-called elec
troinitiation mechanism.19 Control experiments were 
carried out using monomer solutions containing no 
polystyryllithium. Application of an electric field (5 
kV/cm ) resulted in no change in the styrene absorption 
at 291.5 mu and no living-end absorption at 335 m^, 
even when approximately the same quantity of elec
tricity was allowed to pass through the monomer solu
tions as in the case of polymerization. This fact rules 
out the possibility of the direct electron addition to 
the monomer by electrode reaction. Furthermore, it 
should be remarked that the time independence of the 
living-end concentration also excludes the possible role

(18) It is interesting to recall that in this laboratory field-accelerating 
effects were also observed for some cationic polymerizations which 
had negative apparent activation energies for their polymerization 
rates.
(19) See, for example: B. L. Funt, S. N. Bhadani, and D. Richard
son, J. Polym. Sri., Part A -l , 2871 (1966); N. Yamazaki, S. Naka- 
hama, and S. Kambara, Polym. Lett., B3, 57 (1965).
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Figure 4. Time dependence of the concentration of living ends 
under an electric field at 25°: a, d, e, polystyryllithium +
monomer +  solvent; b, c, polystyryllithium +  solvent.

of the electroinitiation mechanism as follows. As 
curve a of Figure 4 shows, the living-end concentration 
in most cases stayed practically constant within the 
polymerization period. This implies that the living 
ends can be neither produced nor consumed by elec
trode reactions. The possibility that an equal amount 
of living ends can be produced at one electrode and 
simultaneously be consumed at the other can also be 
eliminated by curves b and c in Figure 4, which were 
obtained for polystyryllithium solution without mono
mers in the presence of the electric field (5 kV/cm ). 
The results show that consumption, if it occurred at all, 
is only to a very small extent.

Furthermore, attention should be given to the fact 
that the field effect on the apparent propagation 
rate constant increases with decreasing living-end 
concentration (Figure 3), whereas the quantity of 
electricity being passed through the polymerizing solu
tion, which is calculable from the field strength and 
current intensity, increases with increasing living-end 
concentration. By this experimental fact, we can as
sert that the observed field acceleration is not due to 
electrolytically initiated polymerization.20

It is to be noted further that the trend of decreasing 
of [LE] in the early stage of polymerization, as demon
strated by curves b and e, could be observed only when 
the high-vacuum line was clumsily handled so that the 
decrease was due to the introduction of retarding 
agents by electrolysis. We note that the increasing 
tendency demonstrated by curve a is associated with the 
decreasing trend of the specific conductivity22 in the 
early stage of polymerization. The increase in [LE] 
was frequently observed when white precipitates were 
produced in n-BuLi solutions. F'robably, an impurity 
(presumably LiBr) was reduced to metal lithium, from 
which a living anionic polymerization with two living 
ends started. When all of the LiBr was electrolyzed, 
[LE] reached a constant value. It should be noted 
that the kp value was obtained from this constant 
value.

From the foregoing discussion, we conclude that the 
observed field-acceleration effect is not caused by the 
electroinitiation mechanism.23 In previous papers1-7 
we ascribed the observed increase in the rate of cationic 
polymerizations to the second Wien effect, and we 
anticipated, as mentioned at the beginning of this 
paper, that the present anionic polymerization can be 
enhanced under an electric field as a result of this 
effect. As a matter of fact, the results show that the 
propagation rate constant was increased by the field. 
However, it should be noted that the field influence was 
observed on the kp"K ' /2 term. This situation invites some 
critical remarks on the mechanism of the field ac
celeration.

We confine ouselves to the field effect on K, namely, 
the second Wien effect. If the observed field effect is 
wholly attributed to the second Wien effect, the 
* p,e" £ e,/!A p,o"IL>V! given in the fourth column of 
Table I should be equal to K ^ '/K ^ '.  According to 
the Onsager theory,24 the field effect on the dissociation 
constant can be written

(A e/ A o) ,/2 =  1 +  - b  +  ^ > 2 +  . . .  (1)

where b = (9.636 X  10-3)E /e T 2 for 1 :1-type electro
lytes, E is the field intensity in kilovolts per centimeter, 
and e is the dielectric constant. The fifth column of 
Table I gives the (Ke/K 0) 1/2 values calculated by eq 1. 
Evidently, the theoretical values are much smaller 
than the experimental ones given in the fourth column. 
This disagreement suggests first that the models and 
assumptions involved in the Onsager theory do not 
apply for the polymer systems. In this theory, the 
ions were assumed to be small metallic spheres. In our 
system, on the other hand, the living polymers having a 
degree of polymerization of about 15 at the onset of 
the polymerization exist in solvent containing benzene, 
which is a good solvent for polystyrene. Thus it is 
reasonable to assume a randomly coiled and partially 
free-draining model for the living polymers. This con-

(20) We recall here that the conductivity increase of weak-electrolyte 
solutions under high-intensity electric fields is independent of the 
pulse duration, if the latter is larger than the threshold value char
acteristic of electrolytes.21 This independence supports the con
clusion that the observed conductivity increase does not have its 
origin in the electrolysis but is due to the field-facilitated dissocia
tion of the weak-electrolyte molecules, or the second Wien effect.
(21) H. C. Eckstrom and C. Schmelzer, Chem. Rev., 24, 367 (1939).
(22) The specific conductivity was obtained from the field strength 
and current intensity. Being determined by such an inaccurate 
method, it is not intended to develop a quantitative discussion of 
conductivity. We note, however, that a linear relation was obtained 
between the logarithm of the equivalent conductivity and that of 
the living-end concentration with a slope of — */», indicating the 
coexistence of free ions and ion pairs.
(23) Various evidence against the electroinitiation mechanism was 
discussed for cationic polymerizations.1-7 Among them, the field 
influence on the monomer reactivity ratio in copolymerizations most 
definitely excluded the role of the electrolytical initiation,7 since the 
reactivity ratio is determined solely by the propagation process.
(24) L. Onsager, J. Chem. Phys., 2, 599 (1934).
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Figure 5. Field-intensity dependence of the free-ion rate 
constant at 25°. THF content (vol %):
O, 60; □, 50; A, 40.

tradicts the metallic sphere model. Accordingly, the 
failure of the theory does not exclude the second Wien 
effect as a potential factor causing the observed field ef
fect.25

The disagreement between theory and experiment 
may then be interpreted to imply that the free-ion rate 
constant (kp") becomes larger with increasing field in
tensity, if the Onsager theory correctly accounts for the 
field-facilitated dissociation phenomenon taking place 
in the present system. By using the Onsager theory 
and the observed values of kp kp,o "A 0I/i, 
kp ,k"  was calculated and is shown in Figure 5 as a func
tion of the field strength. In this calculation, the kPt0"  
value was taken as 5 X  104, 3.5 X  104, and 3 X  104 M~l 
sec-1 for TH F contents of 60, 50, and 40 vol % , respec
tively. It is seen from Figure 5 that kPie"  increases 
with increasing field intensity. At a TH F content of 
60 vol % , the kp,e"  reaches a constant value of ~ 1 0 5 
A-/“ 1 sec-1 above 3 kV/cm.

It has been suggested that the anionic growing chain 
ends of a free-ion type can be solvated by TH F mole
cules only weakly. llb'd If this is true, it would be tempt
ing to suggest that TH F molecules can be removed by 
the applied electric field so that the desolvated growing 
ends become more accessible to monomers. Further
more, the limiting value of /cp,E"  (■~105 M -1 sec-1) 
might be ascribed to the “ naked” growing ends. This 
interpretation appears to be supported by the experi
mental fact that &p ,e "  values at lower TH F contents 
(and hence at lower dielectric constants) increase more 
slowly with increasing field strength, as shown in 
Figure 5 ;28 in other words, the lower the dielectric con
stant, the higher the field strength necessary to strip 
the TH F molecules from the growing ends. This 
would be understandable if the solvation is primarily 
determined by the coulombic forces.

The desolvation theory seems to be acceptable at 
first sight. However, it is accompanied by the follow
ing defects. It should be pointed out that the intensity 
of the applied electric field (~ 1 0 3 V /cm ) is consider
ably lower than that due to a univalent ion, which may

N. Ise, H. H irohara, T. M akino, and I. Sakurada

Figure 6. Dielectric constant dependence of the ion-pair rate 
constant at 25°: O, present work; •, previous work;115 
---- , previous work at 20°.10

amount to as much as 107 V /cm  at 1-A separation. 
The calculation by the Born27 and Moelwyn-Hughes 
theories28 shows that it is impossible to remove the sol
vent molecules from the growing chain ends by an 
external field, although the application of these theories 
to the present case is fairly questionable. Thus if 
desolvation is responsible for the observed increase in 
kp", forces other than coulombic ones must be pre
dominant. This is inconceivable under the usual con
ditions.

From the foregoing discussion, it is clear that further 
studies are necessary in order to find out the true case 
for the observed field acceleration. High-precision 
conductivity measurements are urgently needed to 
judge the pros and cons of the interpretation in terms of 
the second Wien effect. Simultaneously, studies on 
the solvation state of the growing chain ends are also in
dispensable. Efforts along this line are currently 
being made in this laboratory.

These experiments show that the ion-pair propagation 
rate constant (kpr) is not affected by the electric field. 
The field intensity used in the present work was not 
high enough to vary the distance between charge cen
ters of the ion pairs.

The Laidler-Eyring theory29 on reaction rates be
tween dipole molecules can be written

d In k  = ___1 / W  , mb2 _  (2 )

J  e -  1 \ kT\rA 3 rB3 r * 8/  W
T 2 7 + 1 )

where n and r are the dipole moment and radius, respec
tively, and A  and B and *  indicate the reactants and

(25) A  most direct evidence for the W ien effect should be obtainable 
from the electric conductivity increase by the electric field. Th e  
conductivity determined as noted above was not, however, reliable 
enough to show the increase w ith increasing field.

(26) Experiments at field intensity higher than 8 kV /cm  were impos
sible because of electric discharge in the optical cell.

(27) M . Born, Z.  Phys., 1, 45 (1920).

(28) E .  A . M oelw yn-Hughes, Proc. Cambridge Phil. Soc., 45, 477 
(1948).

(29) K. J. Laidler and H . Eyrin g , Ann. N. Y. Acad. Sri., 39, 303 
(1940).
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critical complex, respectively. Figure 6 shows that 
eq 2 holds for the present systems. The filled circle, 
which denotes the result reported for 100% T H F ,nb

falls on the linear relation. The broken line in Figure 6 
gives the results reported previously for 20 °.10 The 
agreement is fairly satisfactory.

The Gibbs Free Energy of Transfer of the Alkali Perrhenates and 

Perchlorates between Pure Water and Pure Nitromethane

by G. R. Haugen
Department of Thermochemistry and Chemical Kinetics, Stanford Research Institute, Menlo Park, California 91fi25

and H. L. Friedman
Department of Chemistry, State University of New York at Stony Brook, Stony Brook, New York 11790 
(Received June 12, 1968)

Previously reported partition and salting-out experiments in the ternary system nitromethane, water, and 
electrolyte were combined with two series of new experiments to furnish the Gibbs free energy of transfer of 
each of the electrolytes between the various solvents. The determination of the partition of CsC104 between 
the equilibrium water and nitromethane phases and the determination of the solubility of LiRe04 in nitro
methane as a function of the concentration of added water are reported herein. The standard Gibbs free 
energies of formation at 25° of the ions Li, Na, K, Rb, Cs, CIO4, and Re04 in each of the solvents, of water 
saturated with nitromethane, of nitromethane saturated with water, and of pure nitromethane are reported. 
In addition, the standard Gibbs free energies of formation of the ions H, Cl, I, Cr(NH3)2(SCN)4, and PF6 in 
some of these solvents are reported. Both the electrostatic and nonelectrostatic contributions to the free 
energy of transfer of an ion from pure water to pure nitromethane tend to make this free energy more negative 
for larger ions. The Gibbs free energy of transfer of an electrolyte between pure water and pure nitromethane 
is accurately given by the Bom charging processes. The specific solvation effects are apparently more notice
able in enthalpies and entropies of transfer than the free energies.

Introduction
The changes in free energy, enthalpy, and entropy 

accompanying the solvation of a series of ions of similar 
structure are quantities that are fundamental to a 
molecular-level understanding of electrolyte solutions 
in the solvent. The changes in 'he same thermody
namic quantities accompanying the transfer of a series 
of ions from one solvent to another are also important. 
While more complicated than the solvation energies, 
the energetics of transfer have the advantage of being 
experimentally accessible for complex as well as for 
monatomic ions. A  recent study of enthalpies of 
transfer from water to several aprotic solvents1 il
lustrates what one may learn from such data, even with 
only a qualitative treatment.

The free energies of transfer are perhaps most directly 
determined by either emf cell measurements, including 
polarography, or by measurement of the ratio of the 
solubility of a salt in the two solvents, but it often 
happens that these methods are not applicable in a case 
of interest. The problem of obtaining accurate free

energy data in nonaqueous solvents is complicated by 
the increase in ion-ion interaction in the saturated 
salt solutions in these solvents and the difficulty of 
finding reversible electrodes that operate in these sol
vents. Furthermore, the systematic study of a group 
of similar ions is handicapped by the difficulty en
countered in finding a series of salts with the right prop
erties.

In a series of earlier publications2-4 we have worked 
out an indirect, but rather general, method for deter
mining free energies of transfer and applied it to the 
transfer of the alkali metal ions from water to nitro
methane.

This method comprises the following steps for the

(1) H. L. Friedman, J. Phys. Chem., 71, 1723 (1967).
(2) G. R. Haugen and H. L. Friedman, ibid., 60, 1303 (1956).
(3) H. L. Friedman and G. R. Haugen, J. Amer. Chem. Soc., 76, 
2060 (1954).
(4) G. R. Haugen and H. L. Friedman, J. Phys. Chem., 67, 1757 
(1963).
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transfer of the electrolyte M A  from pure water to pure 
nitro methane at 25°

M A (H 20 ) — >  M A (H 20 ')  (1)

M A (H 20 ')  — ^  M A (C H 3N 0 2') (2)

M A (C H 3N 0 2') — >  M A (C H 3N 0 2) (3)

where H 20 '  represents water saturated with nitro- 
methane (1.99 mol of nitromethane/kg of water) and 
CH3N 0 2' represents nitromethane saturated with water 
(1.27 mol of water/kg of nitromethane). The standard 
free energy change, A6), of the first process was deter
mined by measuring the salting out of nitromethane by 
M A  in aqueous solutions.2 The standard free energy 
change, AG2, of the second process was determined by 
measurements of the partition of M A  between aqueous 
and nitromethane phases in equilibrium.3 The stan
dard free energy change, AG3, of the third process was 
determined by measurements of the salting-out inter
action of water and M A  in nitromethane. The stan
dard state of the electrolyte is defined as a hypothetical 
1 m state in each case, but this is 1 mol of electrolyte/kg 
of water in the solvent range from H20  to H20 ',  while 
it is 1 mol of electrolyte/kg of nitromethane in the sol
vent range from CH3N 0 2 to CH3N 0 2'. The sum of 
these three processes is

M A (H 20 ) — ► M A (C H 3N 0 2) (4)

so the desired standard free energy of transfer, AG/, is 
easily computed from these data.

As has been emphasized in the earlier work,1-4 all of 
these standard free energy changes are additively con
stituted of ionic contributions, and this provides the 
possibility of an experimental check of the accuracy of 
the data for each process. For the present purpose, 
it also provides another advantage, namely, that dif
ferent salts may be employed in the various processes 
in order to facilitate the experimental work, so long as 
there is a sufficiently complete body of data to enable 
all of the desired salt transfers to be constructed by 
means of the ionic additivity principle.

In the present paper two series of new experiments 
are reported: one to determine A (A for CsC104 in order 
to obtain AG/ for perchlorates, as well as perrhenates, 
and one to determine AG/ for LiReCV

Measurement of AG/ for CsC104
The partition of CsC104 was studied by equilibrating 

accurately known amounts of CsC104, water, and nitro
methane at 24.92° and then analyzing each phase for 
CsC104 by an application of a conductivity method.4 6 
After equilibration, the two phases were carefully 
separated, the denser nitromethane phase was sampled 
from the bottom of the equilibration vessel through a 
Teflon stopcock, thus preventing trapping of small 
quantities of the water phase. The error in the material 
balance ranged from 2 %  low to 2 %  high. This is a

satisfactory agreement, in view of the low concentra
tion. The experimental partition coefficient (P =  
GchjnOjV C hsO2, where Gchjno, is the concentration of 
CsC104 in the nitromethane phase and Ch,o is the con
centration of CsC104 in the water phase) is given in 
Table I.

Table I : Distribution of Cesium Perchlorate between 
Water and Nitromethane at 24.92° (Equilibrium 
Electrolyte Molalities and Partition Ratios)

10jCh2O,
m

104CcH3NO2,
m 10

7.848 10.95 1.947
7.610 10.50 1.904
1.510 1.998 1.751
5.818 8.155 1.965
1.189 1.586 1.779

The partition coefficient extrapolated to infinite 
dilution2'5 was found to be 1.83 X  10-2 . This yields 
AG2 =  2.37 kcal/mol for CsC104.

Determination of AG3 for LiRe04
The material preparation and the measurement pro

cedures have been described earlier.4 A  few additional 
measurements were made in order to reduce the un
certainties in interpretation.

The results of all of the determinations of the solu
bility es (the molality of the electrolyte in the saturated 
solution) in nominally dry nitromethane are shown in 
Table II. In consideration of the likely errors in the 
various measurements, we take 1.0 X  10-4 m as the 
best value (the average of the three lowest measure
ments). The dependence of the saturation molality,

Table II : Solubility of LiRe04 in Dry Nitromethane at 25°

/■------------------------------ Drying procedure------------------------------ -
,-------A°------ s B 6 Cc , E 6 F /

Solubility, 213 156 151 97 93 109 288 250 189
urn

a Solvent fractionally distilled at 1 atm in a steady-state 
column as described in ref 4, dry salt. b Solvent from A dis
tilled from Drierite under high vacuum, dry salt. c Solvent 
from A distilled from P4Oio at 1 atm, dry salt. d Solvent from 
A distilled from P4Oi0 under high vacuum, dry salt. e Solvent 
from A; salt equilibrated with 0.3 m H20  in nitromethane, then 
washed in dry solvent. 1 Solvent from A; salt equilibrated 
with 0.06 m H20  in nitromethane, then washed with dry solvent. 
" Spectrograde solvent distilled from P4Oi0 at 160 torr in 50- 
plate column; solubility determined both conductometrically 
and gravimetrically. The figure given is the average of four 
determinations agreeing within 5 pm.

(5) G. R. Haugen, Ph.D. Thesis, University of Southern California, 
1962.
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Figure 1. The solubility of LiRe04 in nitromethane as a 
function of added water concentration at 25°. The smooth 
curve through the data is employed in the 
calculations in the paper.

eB, on w, the molality of water in nitromethane, is 
shown in Figure 1. As in an earlier work,4 e and w are 
both taken as the moles of solute per kilogram of nitro
methane in these ternary mixtures. The scatter of the 
data is large compared with what has been achieved in 
other systems,4 but the dependence of the solubility of 
the salt on the added water is much larger than in those 
other systems, so it seems worthwhile to proceed with 
an analysis of the data.

In view of the very large effect and the appearance of 
strong inflections in Figure 1, one may suspect that the 
interaction of LiReCh with H 20  in nitromethane is more 
of a chemical effect involving definite stoichiometry 
than a medium effect as found in the other systems.4 
However, it is found that for a series of solutions of 
compositions e =  2 X  10~4mandw <  10 _3m, the equiv
alent conductance at 25° is well represented by the 
equation6

A =  111 +  (1.3 X  104)u> (5)

The linear dependence on w is characteristic of a

medium effect. Furthermore, the large value of A in
dicates that the electrolyte is completely dissociated. 
On the other hand, the graph of A, as a function of e for 
solutions with w =  0.84 to, is found to be similar to the 
conductance curve for aqueous M gS04, which would sug
gest that the electrolyte is about 50%  associated at this 
value of w and e =  0.04 to. Such a small extent of 
association is hard to separate from activity coefficient 
effects.7 The extent of association is expected to de
crease with either increasing w or decreasing e, so the 
association is expected to be most important in the sat
urated solutions near w =  0.8 to. In case that the 
association takes effect over the whole range, 0.2 m <  
w <  1.27 m, the variation of the free energy could be 
diminished by 0.5 kcal/mol.s However, AGs is deter
mined in the limit of vanishing electrolyte molality; 
be., only the ion-water interaction contributes to the 
free energy, AGs.

For the interpretation of Figure 1, we need several 
results, obtained by Smith and Long8 in their study of 
the system LiRe04-H 20 . At 25° the solid phase in 
equilibrium with the saturated aqueous solution is 
LiReCh ■ 2H20 , and the solution is 12.6 to in LiRe04. 
Some other relevant results are summarized in Table
III.
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Table III : LiRe04 System at 25° 
(Data of Smith and Long8)

Activity AG°,
of water kcal/
at equil mol

LiRe04-2H20(s) —► LiReOi(aq) +  2H20(aq) 0.50 -3 .5 '
LiRe04-H20(s) +  H20(1) — LiRe04-2H20(s) 0.32 — 0.7
LiRe04(s) +  H20(1) —► LiRe04'H20(s) 0.11 - 1 .3

° The osmotic coefficient of the saturated solution is 1.53, 
close to that of 12.6 m LiNOj(aq): R. A. Robinson and R. H. 
Stokes, “Electrolyte Solutions,”  Butterworth and Co. Ltd., 
London, 1955, p 504. It was assumed that y ± is also the same 
as in 12.6 m LiN03(aq) (3.10), and AG° was calculated accord
ingly.

Now in Figure 1, as w ranges from 0 to 1.27 to, the 
water activity, aw, ranges from 0 to about 0.96, the 
latter estimated by applying Raoult’s law to the aque
ous phase in equilibrium with (wet) nitromethane. 
Therefore, the solid phase in equilibrium with the sat
urated solutions in Figure 1 ranges from LiRe04 at w =  
0 to LiRe04-2H20  at w = 1.27 to. Were the solutions 
of water in nitromethane ideal, the transition from the

(6) We are grateful to Miss T. Sun for technical assistance with these 
measurements which were made at the IBM  Research Center, York- 
town Heights, N. Y ., and to Dr. V. R. G. Moorti for the measure
ments at large w, which were made at Stony Brook.
(7) E. A. Guggenheim, Trans. Faraday Soc., 56, 1159 (1960).
(8) W. T. Smith, Jr., and S. H. Long, J. Amer. Chem. Soc., 70, 354 
(1948).
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anhydrous salt to the monohydrate would occur at 
w =  0.1 m, and the transition from the mono- to the 
dihydrate would occur at w =  0.3 m. However, we 
know from the incomplete mixing of water and nitro- 
methane at this temperature that the graph of aw as a 
function of w must be convex upward, so each of these 
transitions occurs at a lower value of w than indicated 
above. The available data do not provide any very 
clear signals as to where the transitions are, so we have 
assumed that the first is at w =  0.05 m and the second 
is at w =  0.20 m. The results are not very sensitive to 
these assumptions.

From these considerations and those in the earlier 
work,4 it follows that — AGt can be calculated as the 
sum of the three terms

/»0.05
(dMe/dw)e = 0 d W (6)

II =
/»0.20
1 (d n e/ d w )e=0  d wJ 0.05

(7)

III =
/»1.27
I (d/Ie/c)W>)e = 0 d W J 0.20

(8)

For term I, the general equation previously given4 re
duces to

I =  —2jRT In [es(w =  0.05)/e8(u> =  0)] =

— 3.14 kcal/mol (9)

For terms II and III, we need to consider equilibria of 
the form

AB„(s) < > A(soln) +  nB(soln) (10)

for which we derive the equation9 

(d/iA/dmiOmA =

<S(d/iA/d  In mA)mB ~  n(dMB/dmB)mA .
1 -  nmAS { ’

where S is the experimentally observed (Figure 1) solu
bility interaction coefficient

S =  - ( b  ln m A/^ r iB)8,AB„ (12)

For the present problem, we identify A  with the elec
trolyte and B with water. W e then have

(<W /d  In mA)mB ~  2RT (13)

(d/iB/^WB)mA ~  (R T /aB)(daB/droB)mA

so in the notation used elsewhere in this paper, we have 
for eq 11

(dixe/dw)e =

[2RTS — (nR T/ aw) (daw/dw) e ] /  (1 — neS) (14)

^  & / d w ) n,n-hydrate ( 1 5 )

W e make the additional assumption that the deriva
tive at fixed e in eq 14 is the same as the derivative at 
e =  0 , a reasonable approximation at the low values of

e in these experiments provided that water-induced ion 
pairing is negligible. Now we can evaluate the inte-
grals, defining II and III to get

II =  —3.00 kcal/mol (16)

III =  -3 .0 0  kcal/mol (17)

The result is that for LiRe04 we have AG3 =  9.14 
kcal/mol and A(?4 =  15.20 kcal/mol where, for A(?4, we 
have used the results of earlier work for A6/  +  AG?.

We may also calculate A(?4 as the difference in the 
standard free energy of solution of LiRe04(s) in dry 
nitromethane and in water. Estimating y± in the sat
urated solution in dry nitromethane as 0.97, we have

LiRe04(s) — LiRe04(CH3N 0 2)
(AG° =  10.9 kcal/mol)

while from Table III we have 

LiReOi(s) — >  LiRe04(H20 )
(A(?° =  —5.50 kcal/mol) 

The result is AG4 =  16.4 kcal/mol for L iRe04.

AGt Results
With the earlier measurements and the new data, we 

can compute AG4 for the alkali perchlorates and per- 
rhenates. The results are given in the second column 
of Table IV. They are not all independent determina
tions: in the computations of the steps AGi, AG2, and 
AGi from the data, extensive use has been made of the 
fact that all these standard free energies of transfer 
comprise additive ionic contributions.

Another test of these results may be made by calcu
lating A6’4 from the measured solubilities by means of 
the equation

AG4 2RT In [(7R7 )aq/(ytly)nitromethane] (18)

which is applicable when the solid phase in equilibrium 
with the saturated aqueous solution has the same com
position as that in equilibrium with the saturated nitro- 
methane solution. The m and 7  are, respectively, the 
molal salt concentration and the mean ionic activity 
coefficient in the saturated solution. The required 
data are summarized in Table IV and the resulting AG4 

is given in the last column. The agreement between 
values of A Gt determined by the two methods is excel
lent, except for LiRe04 and N aR e04, the salts for which 
AGz is the most difficult to determine. It is also for 
these salts that the estimation of 7 ±  for the saturated

(9) Provided that the activity coefficient correction for the electro
lyte in these systems is negligible, eq 11 is easily modified to take 
into account the association of the electrolyte: (6/ia/^ wb)wa =
[(2RTS/ot\/\ +  4/craA) — w (d^B /^B )m A ]/(l — nmAS), where 
a represents the degree of dissociation and k is the association constant 
(see ref 5 for the nonideal-solution case). As the electrolyte con
centration approaches a low value, the effect of ion pairing diminishes 
with respect to the ion-water interaction, and the modified equation re
duces to eq 14, providing that the observed slope, (d In e/dw)n, n-hydrate 
for each hydrate is independent of electrolyte concentrations. Figure 
1 demonstrates that this is apparently the case.
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Table IV : Standard Free Energy of Transfer from Pure Water to Pure Nitromethane at 25°

AGi
(solubility

Salt
(stepwise method) 

kcal/m ol
-̂-----------Satd aqueous solution------------ ■>

e
✓— “ Satd nitromethane solution---- >

10% y ± a
ratio method), 

kcal/m ol

LiRe04 15.2 ±  0.5 1 2 . 6 3 .16 0.96 0.97 16.46
NaRe04 9.52 ±  0.3 5.05 0.64“ 0.43 0.43 10.4

KRe04 5.47 ±  0.2 0.0408
0 .39d 
0.83e 0.374 0.93

10.1
5.4

RbRe04 4.36 ±  0.2 0.0380 0.83’ 0.905 0.90 4.4
CsRe04 3.34 ±  0.2 0.0246 0.85 1.36 0.89 3.4
KC104 5.11 ±  0.2 0.157 0.73 1.96 0.86 5.0
RbC104 3.96 ±  0.2 0.0675 0.79 2.88 0.84 3.6

“ All estimated by means of the Guntelberg equation: In y ±  = 1 +  \/l), where A  is the Debye-Hiickel limiting-law
coefficient for nitromethane. b This calculation is discussed in the section entitled Determination of AG3 for LiReO(. ‘  Assuming 
7±(NaRe04) = y±(NaC104) at the same concentration. d Assuming 7±(NaRe04) = 7±(N aN 03) at the same concentration. 
* Assuming 7±(M R e04) = y±(MC104) at the same concentration.

solution of the salt in pure water (column 6, Table IV) 
is most uncertain. There are characteristic uncer
tainties in the determination by eq 18, which are 
different from those in the stepwise method, so the ex
tent of agreement is good evidence that the stepwise 
method is reliable.

The Gibbs free energies of transfer allow the calcula
tion of the standard free energies of formation of the 
various ions in each of the solvents studied, water 
saturated with nitromethane, nitromethane saturated 
with water, and pure nitromethane. All of our data in 
this series are summarized in this way in Table V. The 
choice of AGf° (Na+) =  0 is arbitrary, but we do not have 
all the data needed for the usual H + convention.

Discussion
The transfer of the salt from pure water to pure nitro

methane may be represented by the following steps: 
(1) removal of the charges of the ions in the solvent 
water, (2) transfer of the discharged ions from water to 
nitromethane, and (3) recharge of the ions in nitro
methane.

Accordingly, the free energy of transfer, AG4, can be 
regarded as the sum of a mainly electrostatic term, 
A(?es, corresponding to the combined effects of steps 1 
and 3, and a nonelectrostatic term, AGnes, corresponding 
to the effect of step 2.

The nonelectrostatic term was identified with the 
free energy of transfer of the neutral species with the 
same atomic and electronic structures as the ions; the 
neutral species for the ions R e04~, H +, Na+, K +, Rb+, 
and Cs+ were approximated by the following species: 
0 s 0 4, He, Ne, Ar, Kr, and Xe. In Figure 2, we com
pare A(?es and A(7nt3 defined in this way. It should be 
remarked that both terms increase as the alkali metal 
ion gets smaller, but the effect is much larger for AGes. 
The broken curve in Figure 2 represents the analogous 
decomposition of A(?i +  AG2 into electrostatic and non
electrostatic parts. Apparently, water in nitromethane

Table V : Standard Free Energy of Formation (kcal/mol) 
at 25°, Relative to AG4°(Na+) = 0 (Hypothetical 
1 m Standard States)

Ion H jO°

10.6 wt 
% CH»NC>2 

(H jO 
satd with 
CHiNOa)

98.5  wt 
% CH sNO î 

(CH .N O j 
satd with 

HîO) c h ,n o 2

H + 62.59 62.40 61.89
Li + -7 .5 1 -7 .4 9 -7 .0 9 -1 .8 3
Na+ 1 0 . 0 0 0 . 0 0 0 . 0 0 0 . 0 0
K  + -4 .8 8 -5 .0 0 -6 .7 5 -8 .9 3
Rb + -4 .8 6 -5 .0 6 -7 .4 6 - 1 0 . 0 2
Cs + - 8 .2 1 “ -8 .4 3 -11 .55 -14 .39
CIO4- 60.02 59.81 65.30 69.17
Re04~ — 104.51d -104.81 -98 .87 -94 .99
c i - 31.24 31.39
I - 50.25 70.5*
Cr(NH3)2(SCN)4- t’ f  +0.94
p f 6- s° s" +3.26/

“ Free energies in water are from “ Selected Values of Chemical 
Thermodynamic Properties,”  National Bureau of Standards, 
Circular 500, U. S. Government Printing Office, Washington, 
D. C., 1952. 6 A(?t°(Na+) defined as zero in each solvent. 
0 H. L. Friedman and M. Kahlweit, J. Amer. Chem. Soc., 78, 
4243 (1956). d G. E. Boyd, J. W. Cobble, and W. T. Smith, 
ibid.., 75, 5784 (1953). ’ Estimated from the solubility data of 
D. T. Walden, Z. Phys. Chem. (Leipzig), A55, 683 (1906). 
/ Reported in Progress Report, Atomic Energy Commission 
Contract AT(11-1)-113, Project No. 2, Senior Investigator, 
Dr. H. L. Friedman, Department of Chemistry, University of 
Southern California, Los Angeles, Calif., 1953-1954. ° Unknown 
values.

has the same effect on Cs+, Rb+, and K + but a much 
larger effect on Na+ and a still larger effect on Li+. 
This very large effect on Li+ suggests selective solva
tion of the ion by water in nitromethane. However, as 
noted above, the conductivity measurements in mix
tures of small amounts of water and LiReOj with nitro
methane give no hint of a stoichiometric L i+ -H 20  inter
action.
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Figure 2. Correlation of electrostatic and nonelectrostatic
free energies of transfer: ------•, transfer from water to pure
nitromethane;---------- , transfer from water to nitromethane
saturated with w ater;------- , line of unit slope. The
abscissa values were calculated from the observed solubilities 
of the nonelectrolytes (H. L. Friedman, J. Amer. Chem. Soc.,
76, 3284 (1954)).

It is of interest to see how well AGea is accounted for 
by the difference in the Born charging process in water 
and nitromethane. There is the usual problem in 
evaluating this term, an uncertainty as to what to use 
for the ionic radii. For this comparison, we follow 
the suggestion of Voet10’11 that a solvent-characteristic 
term A+ is to be added to the crystal radii of cations and 
another term A_ is to be added to the crystal radii of 
anions. Then, using the A+ ,_ values for water, de
rived by Latimer, Pitzer, and Slansky,11 we find that 
AG'es is accurately given by the appropriate combina
tion of Born charging processes if in nitromethane we 
take A+ =  1.09 A and A_ =  0.00 A, as shown in 
Figure 3.12

This good agreement allows little encouragement for 
looking for specific solvation effects in the data. Such 
effects are apparently much more noticeable in enthal
pies and entropies of transfer than in free energies. 
However, the result that a larger A+ is required in 
nitromethane than in water (A+ =  0.85 A) indicates 
that, aside from the dielectric constant effect, nitro
methane is intrinsically a poorer solvent for cations 
than is water, whether because of the fact that the cat
ion cannot get so close to the center of negative charge

Figure 3. Comparison of the theoretical Bom charging 
equation with the electrostatic portion of the observed free 
energy of transfer: O, the transfer between pure water and 
pure nitromethane (NM) (A(anion) =  0.00, A(cation) = 1.09); 
•, the transfer between pure water and nitromethane saturated 
with water (A(anion) = 0.10, A(cation) = 0.99). The 
solid line represents the prediction of the Born charging 
equation, (z2/2){ [1 — (1/D h2o)]{ [l/(f?( +  ) +  AHjo(+ ))]
+  [ l / ( « (  —) +  Ah,o( - ) ] }  -  [1 -  (1 /B »m) ] { [1 /( « (+ )
+  A n m ( + ) ) ]  +  [ \ / { R {  — ) +  A n m ( — ) ) ] } } .

in nitromethane, the interpretation following from the 
discussion of A +  given by Latimer, Pitzer, and Slansky, 
or because of other effects such as solvent basicity, 
which are gathered into the parameter A + .

The fact that the A _  value found is less than that for 
water (0.10 A) is perhaps a clue that specific effects 
would be found in the free energies of transfer of a series 
of anions. The only comparison possible with the pres
ent data is for C104~ and R e04~; A(?4 is 0.4 kcal/mol 
larger for the latter. This is opposite to the trend with 
size exhibited by the positive ions. This may be a 
manifestation of known effects in aqueous solution, for 
example, R e04~ being less a structure breaker than 
C104~ ,13 and it shows the importance of gathering more 
data on thermodynamics of transfer.

(10) A. Voet, Trans. Faraday Soc., 32, 1301 (1936).
(11) W. M. Latimer, K. S. Pitzer, and C. M. Slansky, J. Chem. 
Phys., 7, 108 (1939).
(12) The crystal radius of R e04~ is estimated from the R e -0  bond 
length (1.84 A) and the van der Waals radius of oxygen (1.40 A) to 
be 3.24 A.
(13) M. Eisenstadt and H. L. Friedman, J. Chem. Phys., 48, 4445 
(1967).
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Tracer Studies of Acid-Catalyzed Reactions. VIII. Langmuir Kinetics 

in Cycloalkane Isomerization over Silica-Alumina

by Joe W. Hightower and W. Keith Hall
Carnegie-Mellon University, Mellon Institute, Pittsburgh, Pennsylvania 15213 {Received June 12, 1968)

A series of static, microcatalytic, and steady-state flow experiments, designed to study the kinetics of cyclo
propane and methylcyclopropane isomerization to olefins over silica-alumina, has demonstrated that the reac
tions may be reasonably well explained by a simple steady-state theory involving activation of the adsorbed 
cycloparaffin to a carbonium ion. The reaction orders varied between zero and first in different reactant 
pressure regions and increased toward unity as the temperature was increased. In general, the results could 
be explained by Langmuir-Hinshelwood kinetics. An isotopic-tracer technique was used to obtain informa
tion concerning the relative magnitude of the rate constants &_i and k2 which determine the fate of the adsorbed 
surface complex, i.e., the probability of its being desorbed as an unisomerized reactant or as an isomerized 
product molecule, respectively. Traditionally (Langmuir-Hinshelwood theory) k_i has been assumed to be 
much larger than ki, but for cyclopropane the two rate constants were about equal, and for methylcyclopropane 
ki was considerably larger than k_i. The treatment was therefore modified to agree with a simple picture in 
which cyclopropane is hydrogen bonded to an acidic hydrogen atom, becomes activated to a nonclassical 
carbonium ion, and either isomerizes or returns to the ground state.

Introduction

Acids have long been known to catalyze the isomeri
zation of cyclopropane and alkylcyclopropanes.1 A  
number of oxides2 are also catalysts for these reactions, 
and the activity of these solids has been attributed to 
their acidic nature. W e3'4 have recently used deute
rium tracers to demonstrate that over silica-alumina the 
isomerization of both cyclopropane (CP) and meth
ylcyclopropane (MCP) occurred via intermolecular 
hydrogen-transfer mechanisms, probably involving 
metastable (c-CnH2„+i®) surface complexes. These sur
face species were formed not by direct interaction with 
Brpnsted sites intrinsically present on the catalyst but 
by reaction of a substrate molecule with a proton 
supplied by a carbonaceous “ residue” (coke) which was 
rapidly formed on its freshly pretreated surface. A  
similar picture, involving a sec-butyl carbonium ion 
complex, also explained all of the observations for 
interconversion of the n-butenes over silica-alumina.6-8

Whereas several investigators have clearly shown 
that the n-butene reactions over such catalysts are first 
order in reactant, the kinetics of the cyclopropanes have 
not been firmly established. Roberts2 reported that 
no simple reaction order was followed during CP 
isomerization over several oxides. Bassett and Hab- 
good9 used a microcatalytic technique to demonstrate 
first-order kinetics over a relatively inactive sodium-X 
zeolite at high temperatures, and Larson, Gerberich, 
and Hall10 suggested that similar behavior occurred over 
amorphous aluminosilicates at lower temperatures.

In order to gain a clearer insight into the kinetics of 
CP and M CP isomerization over silica-alumina, these 
reactions were studied in static, microcatalytic, and

steady-state flow reactors. It is the purpose of this 
communication to show that the results can be reason
ably well explained by a Langmuir-Hinshelwood for
mulation. A  tracer technique was used to evaluate the 
relative magnitudes of certain rate constants in the 
Langmuir-Hinshelwood equation which heretofore have 
not been amenable to experimental observation.

Experimental Section
Catalyst. The Houdry M -46 silica-alumina (12.5%  

alumina) had a surface area of 270 m2/g  and was 
ground and sieved to 40-60 mesh for all experiments. 
Pretreatment included slowly heating under vacuum to 
530°, followed by calcining in 0 2 and overnight evacu
ation at the same temperature. The catalysts were 
preconditioned by treatment with several charges or 
pulses of reactant at the desired reaction temperature 
until the conversion rates became reproducible.

(1) C. R. Noller, “ Chemistry of Organic Compounds,”  W. B. 
Saunders Co., Philadelphia, Pa., 1957, p 831.
(2) R. M. Roberts, J. Phys. Chem., 63, 1400 (1959).
(3) H. R. Gerberich, J. W. Hightower, and W. K. Hall, J. Catalysis, 
8, 391 (1967).
(4) J. W. Hightower and W. K. Hall, J. Am. Chem. Soc., 90, 851 
(1968).
(5) J. W. Hightower, H. R. Gerberich, and W. K. Hall, / .  Catalysis, 
7, 57 (1967).
(6) J. W. Hightower and W. K. Hall, J. Phys. Chem., 71, 1014 
(1967).
(7) J. W. Hightower and W. K. Hall, J. Am. Chem. Soc., 89, 778 
(1967).
(8) J. W. Hightower and W. K. Hall, Am. Inst. Chem. Engrs., Sym
posium Series, 63, 122 (1967).
(9) D. W . Bassett and H. W. Habgood, J. Phys. Chem., 64, 769 
(1960).
(10) J. G. Larson, H. R. Gerberich, and W . K. Hall, J. Am. Chem. 
Soc., 87, 1880 (1965).
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Gases. Cyclopropane was purchased from Ohio 
Chemical and Surgical Equipment Co., and M CP was 
an API standard sample. Perdeuteriocyclopropane 
and M CP were obtained from Merck Sharp and Dohme 
of Canada, Ltd. The latter was purified by glpc, and 
all reactants were twice distilled from —78 to — 195° 
immediately before use. The Airco helium was passed 
through an activated charcoal trap thermostated at 
-1 9 5 ° .

Techniques. The same 1.0-g catalyst sample held in 
a tubular reactor was used for both the microcatalytic 
and steady-state flow experiments. The catalyst bed 
filled loosely a 1-cm i.d. glass tube to a depth of about 2 
cm. The temperature was maintained constant within 
± 0 .5 °  by means of a Thyratron regulated-resistance 
furnace above 100° and with a water bath below 100°. 
In the microcatalytic experiments, pulses of CP could 
be introduced by manipulation of stopcocks from a 5- 
cm3 doser into a stream of helium flowing at various 
rates over the catalyst at 1 atm total pressure. The 
pulse size was varied by using different pressures of CP 
in the doser and then diluting the hydrocarbon with He. 
Products were collected in a trap thermostated at 
— 195° before being flashed into another helium stream 
which carried them into a 30 ft X  0.25 in. propylene 
carbonate on Chromosorb W  glpc column at 0° for 
analysis.

In the steady-state flow experiments, H e-CP mix
tures were passed at a total pressure of 1 atm over the 
catalyst and through a constant-volume trap at room 
temperature. After steady-state conditions had been 
attained, the trap was by-passed and its contents were 
swept into the analytical glpc column. The partial 
pressure of the CP could be varied by means of a needle 
valve, but the absolute partial pressures could not be 
measured very accurately in these experiments. How
ever, a measure of the relative partial pressure was 
obtained from the chromatographic data. Because 
the trap had a constant volume, the sum of the areas 
under the product propylene and CP peaks (sensitivities 
for the two compounds were essentially the same) was 
directly proportional to the initial pressure of CP; 
hence, the ratios of the total areas gave the relative 
initial CP pressures in any two experiments.

In the static experiments, 30 mg (for MCP) or 100 
mg (for CP) of catalyst was placed in the bottom of a 
20-mm o.d. tube which extended 4 in. below a 250-cm3 
spherical reactor; the total reactor volume was about 
300 cm3. Measured amounts of reactants from a BET  
vacuum system were frozen into the reactor, which was 
then warmed rapidly to reaction temperature. Sam
ples amounting to 1 -5 %  of the total mixture were 
periodically removed for glpc analysis (a silver nitrate- 
ethylene glycol on firebrick column at 0° was used in 
addition to the propylene carbonate column for com
plete separation of the M CP products).

The same static reactor was used for the tracer ex

periments, where the reactants were 1:1  mixtures of 
perdeuterio and lightweight materials. The separated 
products were trapped at —195° and subjected to 
analysis for deuterium content at low ionizing voltages 
using a 6-in. radius Nuclide mass spectrometer. Under 
these conditions, fragmentation was less than 10% , 
and the usual corrections were made for naturally 
occurring 13C, as well as for fragmentation.

Treatment of Data. Static Experiments. Adsorption 
isotherms (vide infra) of cyclopropane on silica-alumina 
indicated that the quantity of the reactant adsorbed 
was negligibly small compared with that in the gas 
phase of the reactor. For this reason the reaction could 
be followed accurately by observing concentration 
changes in the gas phase. To obtain an estimate of the 
simple reaction order n (of course the reaction might be 
more accurately described by a more complicated 
expression but over a limited pressure range n may be 
relatively constant), the equation

dP  

d t
kPn (1)

was transformed into one involving fractional con
version, x, and the initial partial pressure, P0, by sub
stituting P = P0( 1 — x). The initial rate of conversion 
is

p- ( f )„ - <2)
This equation was normalized for a given series of ex
periments (each at the same temperature using the 
same reproducible catalyst sample) to the lowest initial 
partial pressure, P0°, which yielded the fastest initial 
fractional conversion rate, (cb/di)o0, as determined 
from aliquots of the gas phase. In logarithm form, a 
linear equation results, viz.

log
1 (dx/dOo

n — 1 (dx/d/.)o°
(3)

whose slope is l / (n  — 1).
According to the Langmuir-Hinshelwood hypothesis, 

the surface reaction of a single reactant can be formu
lated in terms of an adsorption isotherm11'12 depicted in 
the scheme

Under steady-state conditions, i.e., constant surface 
coverage 6, the number of molecules being adsorbed 
(hP(l — 6)) must equal the number being desorbed as

(11) C. N. Hinshelwood, “ The Kinetics of Chemical Change,”  
Oxford University Press, London, 1955.
(12) K. J. Laidler and I. M. Socquet, J. Phys. Colloid Chem., 54, 
519 (1950).
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reactants (fc_i0) plus those reacting to form products 
( m . This assumption results in the equation

hP
k—i ki k\P (5)

which becomes the normal Langmuir equation

6 =
KP

1 +  KP (6)

where the adsorption equilibrium constant K = k\/ 
(fc_i +  fc2). In the usual treatment fc_i is assumed to 
be much larger than fc2, and K  then becomes the ratio 
ki/k-i. Note that inhibition by product has been 
assumed negligible in this treatment.

If the rate is proportional to coverage, i.e.

- ( d P / d t )  =  h d  (7)

the reaction may be expressed in terms of initial frac
tional conversion rate (cb/di)o and initial pressure P0 
by the linear equation

1 =  _ L  , ? !  (Q)
(dx/dt)0 kJK k2 '

Again normalizing the results of a single series of ex
periments to the lowest initial pressure and the fastest 
initial fractional conversion rate, the equation be
comes

(ds/df),° =  1 +  KPo =  1 A /Po\
(dx/dt)0 1 +  KPo° 1 +  A +  1 +  A\Po0/  ( ’

where A =  KP0°. A  plot of (dx/di)^/(dx/di)a vs. 
P0/Po° should yield a straight line whose slope and 
intercept may be combined to give a value for K 
through the equation

K  =
slope

P0° (intercept)
(10)

In the Langmuir-Hinshelwood treatment, the nor
malized initial fractional conversion rates were plotted 
against Po/P0° to determine the adsorption equilibrium 
constant K  in eq 9. The extent of adsorption does not 
alter the definition of the fractional conversion rate 
determined from the gas phase in the steady-state re
actions.

Microcatalytic Experiments. Data from the micro- 
catalytic experiments could not be treated in the same 
way as data from the static and steady-state flow 
reactors because a significant fraction of each pulse was 
adsorbed on the catalyst. This caused pulse broaden
ing and destroyed the simple relationship between 
fractional conversion and the gas-phase pressure.

The Langmuir-Hinshelwood scheme may be applied 
to the microcatalytic data in the following way. Let 
V (cm3) be the unfilled volume in a 1 cm long bed con
taining weight W (g) of catalyst. At low conversions, 
where the partial pressure of product is negligible com
pared with reactant, the molar concentration of ad
sorbed reactant Q (per g) is related to the pressure 
through the equation

KQmP 
1 +  KP (12)

where Qm represents the specific monolayer capacity of 
the adsorbent and K  is the equilibrium constant pre
viously defined. The total number of moles, N, of 
reactant per 1-cm length of bed is then

PV KQmWP 
RT +  1 +  KP (13)

If one assumes that the reaction rate is proportional to 
the amount of material adsorbed (i.e., the surface re
action is rate controlling), the rate becomes

d N
"tt  =  h'QW =  dt

h ’KQnWP 
1 +  KP (14)

From its value, d may be calculated for any pressure 
from eq 6.

Once K  has been evaluated, an integrated form of eq 
7 may be used to relate the fractional conversion to 
time for a single reaction at initial pressure P0, viz.

-2 .3 0 3  log (1 -  x) -  KP0(l -  x) =

kji t -  KP0 (11)

A  straight line should be obtained when the entire left 
side of eq 11 is plotted against time.

Steady-State Flow Experiments. As with the static 
reactor, the reaction rates in the steady-state flow re
actor were reduced to fractional conversion where 
(dx/di)o represents the initial, or differential, reaction 
rate obtained by plotting x vs. reciprocal flow rate for 
small values of x. The reactant partial pressure could 
be varied over a limited range and the simple reaction 
order, n, determined from plots according to eq 3.

Equation 13 may be differentiated to yield

KQmW K 2QmWPdN  

dt
' Ü  +
RT 1 +  KP (1 +  K pyjd t~  (15)

which may be combined with eq 14 to give a complex 
equation relating dP/ dt to the other variables. At low 
conversions where the microcatalytic reactor approxi
mates a differential reactor, P —» P0 and

- (
dP\
dt Jo ~ V_ 

RT

h'KQmWPo

,(1 +  KP0) +  KQmW K2QmWP0 
1 +  KP0

(16)

which at low pressures (where KP0 «  1) reduces to

k2'KQmWP0=
V di Jo

(17)

R T +  KQ- W
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and at high pressures (KP0 »  1) reduces to

dP \ =  h Q r J V  

>df Jo V/RT
(18)

These equations can also be formulated in terms of 
fractional conversion by setting da; =  — d(N/N<>). 
Equation 13 gives Na when P =  P0. Dividing the 
corresponding members of eq 14 by those of eq 13 yields 
the desired relationship, which for the initial conditions 
reduces to

/d x \  =  r d ( iv /# o ) -

\df/o L df _o
hKQmWP0

(1 +  KP0) ^  +  KQmPaW 

and which can be inverted and rewritten as
1

(dx/di)o
JL V ,
h' +  h'KQmWRT +

PoV
k2QmWRT

— Z) 4  EP o (20)

where D = (1/Jfc,') +  (V /h ’KQmWRT) and E = 
V/k/QmWRT. For a given catalyst and temperature, 
D and E will be constants, and the initial rate will be a 
function only of P0. Within a given series of experi
ments, then, the initial rates may be normalized to the 
lowest initial partial pressure, P0°, which corresponds to 
the fastest initial fractional conversion rate, (cb/di)0°, 
viz.

(dz/dO o0

(dx/dt)0
D -)- EP o 
D +  EPf =

D EPp° fPa\
D +  EP<? +  D +  Ep A po0)

(21)

Equation 21 is analogous to eq 9 derived for the static 
reactor. It must be remembered, however, that P0 
is the initial partial pressure of the reactant after 
part of the pulse has been physically adsorbed.

Tracer Experiments. In the tracer experiments 
involving 1:1 mixtures of perdeuterio and lightweight 
molecules, the hydrogen atoms exchanged per molecule 
in the products were calculated7 from

(atoms exchanged) /  (molecule) =
n 2 n

J f i d i  +  J 2  (2n  — i ) d ,  (22)
4 =  0 4 =  71+1

where n is the number of carbon atoms in the molecule, 
and d { is the fraction of the molecules having i  deute
rium atoms.

Results
The kinetics of cyclopropane isomerization were 

investigated over silica-alumina by observing the effect 
of varying the initial partial pressure in static, micro

Figure 1. Plot showing the effect of initial partial 
pressure on initial reaction rate during cyclopropane 
and methylcyclopropane isomerization to olefins over 
silica-alumina. The slope is related to the simple 
apparent reaction order, n, through eq 3.

Figure 2. First-order plot of microcatalytic
conversion of cyclopropane to propylene over silica-alumina
for various pulse sizes at 150°; see eq 23.

catalytic, and steady-state flow reactors. In Figure 1 
the relative initial rates have been plotted against rela
tive initial pressures according to eq 3 to provide an 
estimate of the simple reaction order, n. Although such 
a plot is strictly applicable only for the static and 
steady-state cases, the microcatalytic results were in
cluded also. In this case, the initial pressures were 
assumed proportional to the pressure in the doser. The 
three sets of data for cyclopropane almost superim-
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Table I : Effect of Reactant Partial Pressure on Reaction Rate during Cyclopropane and 
Methylcyclopropane Isomerization over Silica-Alumina (Langmuir Treatment)

Initial Rei initial
Caled initial

Pressure Caled initial surface coverage,
Rei

initial rates,
Caled rei 

initial rates,
pressure, pressure, in doser, pressure, 0o = KPo/ (d z /d f)o / (1 +  KPo0)/
Po, mm Po/Po° mm Po, mm (1 + KPo) (dz/d0o° (1 +  KPo)

27.6 1.00
Cyclopropane, Static Reactor, 150°

0.37 1.00 1.00
56.1 2.03 0.54 0.79 0.72

101.7 3.68 0.68 0.53 0.50

1.00
Cyclopropane, Microcatalytic Reactor, 150° 

103 1.00
2.43 250 0.61
4.92 507 0.47
7.27 749 0.36

1.00
Cyclopropane, Flow Reactor, 150°

6.8 0.13 1.00 1.00
2.73 18.6 0.28 0.56 0.58
3.54 24.1 0.34 0.50 0.53
8.78 59.7 0.56 0.35 0.36
9.68 65.8 0.58 0.32 0.34

11.87 80.7 0.63 0.28 0.30

53 1.33
Methylcyclopropane, Static Reactor, 50°

0.45 0.75 0.89
106 2.65 0.62 0.51 0.61
40 1.00 0.39 1.00 1.00

212 5.30 0.77 0.36 0.38
53 1.33 0.45 0.75 0.89

159 3.98 0.71 0.40 0.47
40 1.00 0.39 0.97 1.00
80 2.00 0.56 0.61 0.72

posed and gave a reaction order of about 0.5 at 150°. 
The reaction order tended to increase toward unity 
at higher temperatures and to decrease as the temper
ature was lowered below 150°. A  plot of data from 
static M CP isomerization at 50° is also included in 
Figure 1; for it ? i ~  0.4.

In Figure 2 the results from the microcatalytic isom
erization experiments have been plotted according to 
the first-order Bassett and Habgood equation9

F° (  1 \
“ ' =  m K i C ” ( ” J  <23>

for various pressures of cyclopropane in the 5.0-cm3 
doser; k is the reaction rate constant, K' an adsorption 
equilibrium constant, R the gas constant, and W the 
weight of catalyst. Had the kinetics been first order, 
all curves in Figure 2 would have superimposed; ob
viously, this was not the case. Furthermore, the 
curves deviated from linearity at high contact time 
in a direction consistent with the reactions being less 
than first order. It is thus apparent that the equation 
of Bassett and Habgood9 cannot be used to fit our 
results.

After the first four to six pulses, the combined areas 
under propylene and cyclopropane peaks were propor

tional to the pressure in the doser and equal to the 
cyclopropane area in the blank determination for each 
pressure. Since the data of Figure 2 were taken on 
“ lined-out” catalysts, the observed deviations from the 
first-order law could not be attributed to a pressure- 
dependent process, e.g., polymerization of product ole
fin. The straight lines drawn tangent to the curves at 
low conversion in Figure 2 represent the initial rates, 
(dz/dOo, which were normalized before recording in 
column 6, Table I.

All of the data for both CP and M CP have been plot
ted in Figure 3 according to the normalized Lang- 
muir-Hinshelwood equations (eq 9 and 21), and the 
results are summarized in Table I. From the slope and 
intercepts of these plots, together with the absolute 
value of P0°, the adsorption equilibrium constant K 
could be calculated by eq 10. Since only in the static 
experiments were the absolute values of the initial 
pressure known, only in those cases could K  be deter
mined explicitly. For cyclopropane at 150°, K — 
0.0212 mm-1 ; for M CP at 50°, K  =  0.0157 mm-1 . 
However, since K is assumed to be a function only of 
the temperature according to Langmuir-Hinshelwood 
formulation, the value calculated in the static cyclo
propane experiments should hold for the steady-state
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Figure 3. Langmuir-Hinshelwood piot relating initial 
reaction rate to initial partial pressure during 
cyclopropane and methylcyclopropane isomerization to 
olefins over silica-alumina; see eq 9 and 21.

■  •  O, ED

Figure 4. Langmuir-Hinshelwood and first-order plots 
contrasting fit of time-dependent data from cyclopropane 
and methylcyclopropane isomerization to olefins 
over silica-alumina; shaded areas indicate deviation 
from linearity on first-order plots.

flow experiments at the same temperature as well. 
With this assumption the absolute values for the 
initial pressures can be calculated; these results are 
shown in column 4, Table I. The highest calculated 
initial partial pressure (80.7 mm) in the flow experi-

1 0 0 0 /  T ”K

Figure 5. Adsorption of cyclopropane on silica-alumina. 
Isosteric heat is 5.5 kcal/mol.

Figure 6. Exchange concentration curves for coisomerization 
of methylcyclopropane-doA over silica-alumina.

ment was in approximate agreement with a crude mea
surement which indicated about a 10:1 helium-cyclo
propane reactant mixture; this would correspond to an 
initial partial pressure of about 76 mm. The initial 
surface coverage, 0O, may also be calculated from K 
and the I\ values may be calculated from eq 6; the 
values are given in column 5, Table I.

The same isomerization data (from a static reactor) 
have been plotted for both reactants in Figure 4 in 
accordance with both time-dependent eq 11 and the 
first-order law. Linear curves were obtained with both 
reactants for the Langmuir-Hinshelwood model, but 
significant deviations from linearity were observed when 
the same data were plotted on a strictly first-order basis. 
In another experiment the Langmuir-Hinshelwood plot 
for cyclopropane at 150° showed a small deviation from 
linearity above 80%  conversion.

The volume of cyclopropane adsorbed on the catalyst 
was determined from the isotherms shown in Figure
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5. The isosteric heat of adsorption at 0.5 cm3 (N T P )/g  
was 5.2 ±  0.3kcal/m ol; Hall, Lutinski, and Gerberich13 
obtained a heat of adsorption of 5.5 kcal/mol from the 
variation of the chromatographic retention time with 
temperature in the same temperature region. Extrapo
lation of the data to 150° indicates that a pressure of 
over 200 mm would be required to cause 0.5-cm3 ad
sorption on 1 g of catalyst. It was reported earlier 
that an irreversible “ residue” amounting to about 1 
cm3 (N T P )/g  formed on the surface under reaction 
conditions.10 This would not, however, affect the 
pressure dependence.

The intercepts near 0.5 of the exchange concentra
tion curves in Figure 6 indicate that the M CP isom
erization reactions all involved an intermolecular 
exchange of one hydrogen atom.4 7'8 Similar data for 
CP are presented in ref 10. Intermolecular scrambling 
among reactant molecules accompanied isomerization, 
but this process was much more extensive for CP than 
for M CP.

Discussion
The results plotted in Figures 1 and 2 show that 

isomerizations of both CP and M CP to olefins over sil
ica-alumina have apparent orders significantly less than 
unity. Furthermore, the apparent orders were not 
unique but are functions of temperature and pressure. 
These are characteristics of Langmuir-Hinshelwood 
behavior, and the reasonably straight lines in Figures
3 and 4 indicate that both the initial pressure and the 
time-dependent requirements of that theory are fairly 
well satisfied by the data. The deviations from linear
ity which appear in Figure 3 are outside experimental 
error, however, and may reflect variation in the heat of 
adsorption with surface coverage or effects of lateral 
intermolecular interactions on the surface, both being 
conditions which would violate Langmuir assumptions.

The data have been treated according to the simple 
Langmuir-Hinshelwood model, which assumes each 
adsorbed molecule may either react on or desorb from 
the surface. The product distributions for M CP isom
erization reported earlier,3 together with the present 
tracer results and those for CP,10 suggest that B of eq
4 does not refer to the total adsorbed substrate but to a 
metastable (c-C„H2b+i +) surface species, which is 
formed by interaction of a reactant molecule with a 
proton donated by a polymeric surface “ residue.” 3'4

The heat of adsorption measured in Figure 5 (5.2 
kcal/mol) is about equal to the heat of liquefaction of 
cyclopropane, suggesting that most of the adsorption is 
physical. In the microcatalytic experiments, a sizable 
fraction of each pulse was adsorbed on the catalyst. 
From the data of Figure 5, it is estimated that about 
1 cm3 was adsorbed when the cyclopropane pressure 
was 400 mm at 150°. Even if there were no spreading 
of the pulse between the doser and the reactor, the 
P0 value used in eq 21 would be about 30%  smaller than

that originally measured in the doser. In principle, one 
could calculate the effective initial pressures after 
physical adsorption by applying the slope and intercept 
of the microcatalytic data in Figure 3 to eq 21; how
ever, this would only be possible if the monolayer ca
pacity Qm of the catalyst and the free volume V in the 
reactor bed were known accurately, viz.

KQmWRT +  Vf  slope \ 
KV Vintercept/

(24)

Furthermore, such a value would be only a crude esti
mate in a microcatalytic system because of the Gaus
sian shape of the pulse.14 Therefore, we have simply 
assumed the pressure over the catalyst is proportional to 
the pressure in the doser.

This physical adsorption may be a type of hydrogen 
bonding similar to that which Liengme and Hall15 
observed in the interaction of ethylene with hydroxyl 
groups in zeolites. They showed that the system has 
characteristics of physical adsorption and suggested a 
mechanism by which the hydrogen-bonded complex 
could be thermally activated to a carbonium ion. The 
present data may be explained in the same way. This 
picture is strengthened by the recent work of Joris, 
Schleyer, and Gleiter,16 who showed that cyclo
propanes act as proton acceptors in hydrogen bond
ing.

If B is the carbonium ion, eq 5 should be replaced by, 
e-9-

fca +H + ki
c-C3H 6(g) c-C3H 6(ads)

¡fed - H + k - 1

C-C3II7+ CH 3C H = C H 2 (25)

According to this scheme, adsorption and desorption 
are very fast compared with carbonium ion formation. 
A  simple steady-state treatment based on this model 
yields results which are formally identical with those 
already derived, i.e.

-dP/dt =  fc2(c-C3H7+) =  k'KP/( 1 +  KP) (26)

where k’ =  kik2/(k-i +  fc2) and K = kjk&. The 
chief difference is that values of K  (and values of 0O and 
Po derived therefrom) may be taken as realistic esti
mates of the surface properties. Moreover, the selec
tivity (fc2/fc_1) will not be the ratio of molecules which 
react to those which desorb. Rather, it will be the 
ratio of the metastable nonclassical carbonium ions of 
the type suggested by Baird and Aboderin17 which de-

(13) W. K. Hall, F. E. Lutinski, and H. R. Gerberich, J. Catalysis, 
3, 512 (1964).
(14) W. A. Blanton, C. H. Byers, and R. P. Merrill, paper given at 
the 154th National Meeting of the American Chemical Society, 
Chicago, 111., Sept 1967.
(15) B. V. Liengme and W . K. Hall, Trans. Faraday Soc., 62, 3229 
(1966).
(16) L. Joris, P. von R. Schleyer, and R. Gleiter, J. Am. Chem. Soc., 
90, 327 (1968).
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compose to the olefin to those which return to the 
ground state without isomerization. This ratio can be 
estimated in coisomerization experiments of the type 
shown in Figure 6. With MCP, the scrambling of iso
topes into the unreacted substrate was slow compared 
with isomerization; hence k2/k -1 > >  1 and k' ~ k\. 
With CP, these processes proceeded at a comparable 
rate;410 hence fc2/fc-i ~  1 and k' «  fci/2.

The metastable carbonium ion has been pictured4 
as lying in a relatively shallow potential well near the 
top of the reaction coordinate. The selectivity thus 
depends upon the relative heights of the barriers be
tween the carbonium ion and the olefin and between the 
ion and the reactant. With M CP, the latter is the 
highest so that the activation energy for the isomeriza
tion reaction may be identified with that for carbonium 
ion formation. With CP, it has been shown4’10 that 
the activation energy for isotope scrambling is very 
nearly equal to that for isomerization (19 kcal/mol), 
suggesting the same conclusion but with the reservation 
that the two barriers have nearly the same height.

In the present work we have shown that our kinetic 
results conformed reasonably well to a simple Lang- 
muir-Hinshelwood treatment. There is, however, an 
apparent discrepancy between the kinetic results and 
the physical adsorption data of Figure 5. Since the 
physical adsorption is much less than a monolayer under 
all reaction and adsorption conditions, it is possible to 
apply the monolayer Langmuir equation (eq 6) to the 
adsorption isotherms to obtain a value of KVm at each 
temperature. In eq 6, 9 = V /Vm, where F m is the 
monolayer capacity in cm3 (N T P )/g . Fm should be 
relatively insensitive to temperature and is probably 
about 20 cm3/g  (assuming each CP molecule covers 25 
A 2) or 15 em3/g  (if CP molecules adsorb on surface 
hydroxyl groups whose concentration is 1.5 X  1014/  
cm2 18).

Extrapolation of the K  values obtained from the 
adsorption data in the 0-100° temperature range to 
150° yields 2 -3  X  10-4 mm-1 which is two orders of 
magnitude lower than that obtained from the kinetic 
data. This means that the 9 values in Table I, which 
represent the coverage of active sites, are considerably 
larger than the 6 values calculated for physical ad

4562

sorption on the entire surface under comparable con
ditions. Hence, the hydrocarbon must be selectively 
adsorbed on a small portion of the surface, perhaps on 
Br0nsted sites of sufficient acidity to effect proton 
transfer by thermal excitation and thereby catalyze the 
reaction. The apparent kinetic and adsorption in
consistency could be resolved if these sites were the 
~ 1  X  1013/c m 2 “ residues” reported by Larson, et al.,10 
which act as sites for the reaction. For example, if 
the coverage at 150° and 100 mm is 0.68 (Table I), 
then the total adsorption on these sites should be about 
1 cm3 (N TP )/g . The value estimated for these 
conditions from data of Figure 5 is about 0.25 cm3 
(N TP )/g .

It must also be pointed out that the same kinetics 
can be equally well treated on the basis of a Freundlich 
isotherm

dP
=  kPV' (27)

from which eq 3 can be written with n =  1 /r. Figure 1 
represents both treatments, and the r values calculated 
from the slope are 1.9 for CP and 2.5 for M CP. As 
with n, r is not unique but decreases toward unity with 
increasing temperature.

Although both the Freundlich and Langmuir-Hinshel- 
wood theories reasonably well fit the kinetic data, 
neither gives perfect agreement, but both offer an 
improvement in the fit of the data. W e prefer the 
Langmuir-Hinshelwood development because it pro
vides a mechanism to account for the tracer data. 
These findings demonstrate the utility of isotopic tracers 
in determining reaction mechanisms.
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Cooperative Binding to a One-Dimensional Lattice. 

The Amylose-iodine-iodide Complex

by Friedemann W. Schneider,1 Charles L. Cronan,
Department of Chemistry, University of Southern California, Los Angeles, California 90007

and Sunil K. Podder
Department of Chemistry, University of California at Berkeley, Berkeley, California 94720 (Received June 12, 1968)

Adsorption isotherms describing the cooperative binding of identical species to a linear lattice are calculated 
exactly for any chain length by the use of the matrix method. The cooperative energy of interaction w between 
first nearest neighboring species characterizes the shape, whereas the magnitude of the intrinsic association 
constant K0 for a species bound to one site describes the position of the isotherm in a semilogarithmic plot. 
In the limit of infinite chain length the isotherm is equivalent to the quasi-chemical approximation in one 
dimension which is thus shown to be exact. A curve-fitting method which permits a quick determination of 
the stacking coefficient Kat (=exp(—w/RT)) and Ka for experimental systems is discussed. As an example 
the binding isotherm of iodine-iodide in the helical cavity of amylose has been determined by equilibrium 
dialysis at 10-2 M KI and 20.0°. For an effective chain length of 15 helical turns (n =  15), the curve-fitting 
method is in good agreement with a nonlinear least-squares fit to the theoretical expression; K,t =  90 ±  20 
(w = —2.62 ±  0.15 kcal/mol) and K<> =  (1.15 ±  0.29) X 104, the latter corresponding to AF0 =  —5.43 ±  
0.15 kcal/mol. Thus it is shown that the cooperativity in the linear amylose-iodine-iodide complex is moderate 
and that its main stability is derived from the intrinsic binding of a species to a helical turn.

Introduction
Cooperative structural changes between the helical 

and coiled forms of linear polypeptide chains have been 
described as quasi-one-dimensional phase transitions by 
Zimin and Bragg2 who used the matrix method for the 
calculation of the partition function. The elementary 
steps occurring in the cooperative transition are mono- 
molecular in nature. On the other hand, there are or
der-disorder transitions also of biological interest 
involving linear macromolecules whose elementary 
steps are bimolecular. Examples are the binding of 
small monomer molecules to linear macromolecules.3

This article presents a calculation of the equilibrium 
properties of a bimolecular cooperative order-disorder 
transition expressed in terms of a binding isotherm. 
Two statistical thermodynamic parameters character
ize the calculated isotherms: the cooperative energy of 
interaction between first nearest neighbors of adsorbed 
species and the intrinsic association constant of an 
adsorbed species with its polymer site. The former is a 
measure of the sharpness of the isotherm, whereas the 
latter determines the relative position of the isotherm 
when the degree of saturation is plotted vs. the loga
rithm of the equilibrium concentration of free species. 
All sites are considered as equivalent, and all monomer 
species, whether bound or free, are of the same type. 
It is assumed that the bound species are localized; 
i.e., they are placed in a periodic field representing the 
distribution of sites. The present matrix treatment is 
exact and valid for any chain length n. At infinite n

it is shown to be equivalent to the quasi-chemical ap
proximation in one dimension.4 5 Using combinatorial 
methods Steiner6 calculated one-dimensional adsorption 
isotherms including second nearest neighbor interac
tions. However, his expressions become very compli
cated especially for large n ( >  15) where the equations 
have to be solved numerically. On the other hand, the 
clarity and simplicity of the matrix method is much to 
be preferred for the present problem. Magee, Gibbs, 
and Zimm7 calculated the temperature dependence of 
the degree of saturation 6 (their p =  1) at constant con
centration of free species and obtained 6 via the in
ternal energy relationship which involves the graphical 
determination of slopes. A  sample calculation given in 
their article is restricted to one set of thermodynamic 
parameters.

One of the main objectives of this paper is to furnish 
a reliable and direct method to determine the degree of 
cooperativity in one-dimensional adsorption. This is 
achieved by a curve-fitting method which compares

(1) To whom correspondence should be addressed.
(2) B. H. Zimm and J. K. Bragg, J. Chem. Phys., 31, 526 (1959).
(3) R. F. Steiner and R. F. Beers, Jr., “ Polynucleotides,”  Elsevier 
Publishing Co., Amsterdam, The Netherlands, 1961.
(4) R. H. Fowler and E. A. Guggenheim, "Statistical Thermo
dynamics,”  Cambridge University Press, London, 1939.
(5) T. L. Hill, “ An Introduction to Statistical Thermodynamics,”  
Addison-Wesley Publishing Co., Inc., Reading, Mass., 1962.
(6) R. F. Steiner, J. Chem. Phys., 22, 1458 (1954)
(7) W. S. Magee, Jr,, J. H. Gibbs, and B. H. Zimm, Biopolymers, 1, 
133 (1963).
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Figure 1. Schematic representation of a linear array of free 
and bound sites in equilibrium with “disordered” 
monomer in solution.

theoretical template curves with experimental isotherms 
for a given n. The cooperative energy of interaction is 
obtained from the shape, whereas the intrinsic binding 
constant is determined from the position of the iso
therm using a semilogarithmic plot. An illustration is 
given for the amylose-iodine-iodide system at high 
iodide concentration. The “isosteric” heat of cooper
ative binding is a function of 6 and temperature, and 
it can be approximately determined experimentally by 
a Clausius-Clapeyron-type equation at constant 9.

Model and Statistical Weight Factors
The chainlike macromolecule consists of a linear 

array of equivalent and equidistant sites which can be 
either free or occupied by monomer species (Figure 1). 
Equilibrium exists between the ordered bound adsor
bate and its “ disordered” free-monomer concentration. 
There are two states for site i: it can either be free or 
occupied. Based on binary numbers the latter two 
states are indexed as 0 and 1, respectively. Since first 
nearest neighbor interactions are considered only, the 
probability of a given state k of site i depends upon the 
state l of the first neighboring site, the i — 1 state, for 
example.

W e can now write statistical weight factors Mlk as 
follows. For site i to be in an occupied state k and 
being preceded by site i — 1 which is in a free state l

disorder transition, the use of relative statistical weights 
is justified.

Partition Function

Following Zimm and Bragg2 a statistical weight 
column vector at + is defined which, for the case of first 
nearest neighbor interactions, consists of two compo
nents, one for each state of site i. The first component 
represents the statistical weight of all sites 1 to i where i 
is a free site, whereas the second component is the 
statistical weight of all sites 1 to i where i represents an 
occupied site. The vector at+ can be generated by 
defining a 2 X  2 matrix operator M such that

at+ =  Mla +

where

A row vector bt is now introduced which contains the 
contributions of the remaining sites i +  1 through n

hi =  wM“ - '

where co =  (1, 1). The partition function is

Q =  bf a,i+ =  hiMna+ (1)

i.e., Q represents the sum of all the components of the 
statistical weight vector an. An equivalent way of 
calculating Q is to start with the statistical weight 
vector for the first site which can be written down by 
inspection as

Then

Q =  coAP-1ai

Mqi = K0m

where K0 is the intrinsic association constant per site 
and m =  exp(—¡x/RT), where m is the concentration of 
free species in solution and n is their chemical potential. 
If an occupied site is preceded by an occupied site, there 
is a direct lateral “ cooperative” interaction between 
the two neighboring species which leads to an additional 
term Ket and

Mn =  mKoKst

where Kst ( = e~w/RT) is called the stacking coefficient,3 
w being the cooperative energy of interaction.

The statistical factor of a free site preceded by either 
a free or an occupied site is set equal to unity; i.e., 
Moo =  Mio =  1. This is to say that the statistical 
weight of a free site has been arbitrarily divided by the 
product of the internal partition functions of a free site 
in order to obtain the relative value of unity. Since we 
are interested in the thermodynamics of the order-

In order to calculate Mn the unsymmetrical matrix M 
is diagonalized, and the elements of the diagonal matrix, 
A, which are the eigenvalues of M, are then raised to 
the nth power

A" =  T~'MnT =

and

Mn = TAnT~1

where X0 and Xj are the eigenvalues of M. rT is the 
transformation matrix and has the following form for 
the present mode of interactions
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Statistical Weight Matrix

The statistical weight matrix M can be written in 
terms of the statistical weight factors M lk defined 
previously

M =  { koM K0mKBt)

Its eigenvalues are

Xo.i =  V2KI +  mKoKst) ±

V ( 1  -  mK0Ksty  +  4Km] (2)

The vectors bt and at are now expressed in terms of 
eigenvalues

h  =  — - [X0n+1-<(1 ~  Xi) +
Ao Ai

0 =  D
l  +  Rn+1 -

2fi(l -  R n) 

n( 1 -  R)

1 +
D

1 -  D
Rn+l

(9)

Equation 9 is similar to one obtained by Schwarz8 for 
the helix-coil transition in polypeptides. Thus eq 9 
represents the binding isotherm with the eigenvalues 
given in eq 2. For an infinite chain, n =  °°, the iso
therm expression is identical with the quasi-chemical 
approximation4-5 in one dimension which is thus seen 
to be exact. Since Rn ~  0 for n =  «>, eq 9 reduces to

en=a =  D (10)

Substitution and rearrangement leads to the more 
familiar form of the quasi-chemical approximation in 
one dimension

XiB+i - <(Xo -  1), X0B+1- < -  X ^ 1"*] (3)

and

1 /  V (1  -  Xi) +  -  1) \  .. .
Xo — Xi \(Xo* — Xi4)(Xo — 1)(1 — Xi) /

Substitution into eq 1 gives

q =  (i -  d )x0b+ i( i  +  Rn+l)  (5)

where D =  (X0 — 1 ) /(X0 — Xi) and R =  Xi/X0.

Degree of Saturation and Isotherm
The usual way to calculate the degree of saturation 

in an exact fashion is to consider all eigenvalues of M 
by use of eq 5 and

Alternately, a simple expression for 0 is obtained by 
expressing the degree of saturation of a chain n as the 
ratio of the sum of all occupied sites i and the number 
of all available sites n

0  =  -  X ) P i(oc) (6)
n « = 1

where is the probability that site i is occupied. As 
a consequence of eq 1

Pi(oc) =  (5i,ocUi,oe)/Q (7)

where 6 ii0 c and ait00 represent the second elements of 
hi and at (eq 3 and 4), respectively. Substitution 
leads to

p,(oc) =  ^ [D (l -  D)X0B+1] X
y

(1 +  Rn+1 -  Rn~i+1 -  Rf) (8)

-  I I I - * ) ’ " "  <u)

where p =  [1 -  40(1 -  0)(1 -  e~w/kT)}'h. The iso- 
steric heat of adsorption depends upon 0 and tempera
ture for the present one-dimensional cooperative sys
tem. For n =  00

AH(0) =  AH(8 =  0) -  w -  l )  (12)

where AH(8 =  0) is the (temperature-independent) 
heat of adsorption at zero coverage.

Discussion
A  comparison between Zimm and Bragg’s matrix 

operator2 (for ¡x = 1) and the present one shows a direct 
analogy between the two cooperative systems; namely, 
s =  niK0Kst and as =  mK0, where a is the nucleation 
parameter and s is the equilibrium constant for the 
addition of a helical turn to an already existing helix. 
This correspondence allows a similar discussion of the 
state of the macromolecule for the present case as that 
given by Zimm and Bragg for the helix-coil transition. 
The probabilities of the end site being occupied and of 
breaks in the stacks and the critical value of n at which 
stack formation starts for mK0Kst >  1 can be calculated 
in a similar fashion.

An important consequence of the present treatment 
is the relationship KBt =  I/o-. Thus in analogy to KBt 
the a parameter should show a temperature dependence; 
i.e., a =  exp(—wJkT). If w„ represents a free energy 
rather than an enthalpy and AHa =  0, then a is en
tropy controlled and it is indeed temperature indepen
dent as assumed by Zimm and Bragg.2 Very accurate 
data are necessary for such a distinction.

W e have calculated a number of template isotherms 
from eq 9 and 10 as a function of Kst and n on a Honey
well 800 computer (Figures 2 and 3). The steepness

Since R <  i (8) G. Schwarz, Habilitationsschrift, Braunschweig, 1966.
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Figure 2. Binding isotherms for n — 15. Degree of saturation, 9, as a function of K 0m for various values of K ,t.

Figure 3. Binding isotherms for an infinite chain. Degrees of saturation as a function of Ks>m for various values of K et.

of the isotherm increases for increasing Kat due to 
enhanced cooperativity. Likewise, for constant Kat >  
1 and increasing n the isotherm becomes steeper. 
Langmuir isotherms are obtained for Kst =  1, i.e., 
when no interaction exists between bound species. 
For infinite chain and large Kat the average size of a 
stack at 0 =  0.5 is equal to V Kst. The isotherm is then 
symmetrical with respect to the midpoint of the tran
sition which occurs at mK0Kst =  1. The coexistence 
of alternating stacks and regions of free sites is the very 
reason for the isotherms to be gradual rather than dis
continuous. __

For short chains, n <  V Ket, at 6 ~  0.5, approxi
mately half of the chains are almost completely filled 
while the other half are completely empty. For this 
situation the system displays an “ all-or-nothing” be
havior. At the midpoint of the transition mK0Kst X  1 
and the isotherm becomes nonsymmetrical.

Curve-Fitting Method
The calculated isotherms can be used as template 

curves in the form of a plot of 0 vs. log (K0m). Experi
mental curves of 0OxPti log mexpU at known n are 
compared with the above templates until an optimum 
fit of shape is obtained. The theoretical value of Kst

is then assigned to the experimental isotherm and K0 is 
determined from the relative position of the isotherm 
along the log (K0m) axis. Thus a quick and direct 
means is provided to determine the cooperative energy 
of interaction as well as the intrinsic association con
stant in one-dimensional adsorption. An application 
is given in the following.

The Amylose Iodine lodide System

The adsorption isotherm of iodine-iodide in the heli
cal cavity of amylose (DP (degree of polymerization) ~  
900) has been determined by equilibrium dialysis9 at 
10-2 M K I and 20.0° (Figure 4) for an amylose con
centration of 4.45 X  10-4 g/m l. Spectrophotometric 
measurements of isotherms9-11 at various iodide con
centrations indicate that the bound species are of 
variable composition according to I2-I&- , where b is a 
function of the over-all iodide concentration. At 10-2  
M  K I 6 is approximately unity or slightly larger; i.e.,

(9) C. L. Cronan, M.S. Thesis, University of Southern California, 
1968.
(10) F. W. Schneider and C. L. Cronan, Abstracts of Papers, 
Pacific Conference on Chemistry and Spectroscopy, Anaheim, Calif 
Oct 1967, p 36.
(11) C. L. Cronan and F. W. Schneider, submitted for publication.
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Figure 4. Binding isotherm of iodine-iodide in the 
helical cavity of amylose (DP = 900) as measured 
by equilibrium dialysis at 10 ~2 M  KI and 20.0°.
The full line represents the least-squares fit of the 
theoretical isotherm (eq 9, n  = 15) to the 
experimental points for K ,t =  86 and K a = 1.20 X 104.
The visual fit, K Bt = 90 ±  20, is practically equivalent in 
shape and cannot be distinguished from the above isotherm.

the predominantly bound species is approximately I3_ 
at 10-2 M K I .11

The experiments were performed with dialysis tubing 
containing 20 ml of 0.01 M K I with varying concentra
tions of I2 which was submerged in 80 ml of a 0.0045%  
amylose solution in 0.01 M  K I. Equilibrium was at
tained after 6 hr under constant magnetic stirring at 
20.0°. The outer and inner solutions were analyzed 
spectrophotometrically on a Beckman D K 2A spectro
photometer. The concentrations of free I3-  and free I2 
were calculated using e353 m„ 26 400 and e288 m|* 40,00012 
for I .r  and K =  866 M -1 (20.0°)13 for the triiodide equi
librium in solution. The contribution of free I2 can be 
neglected spectrophotometrically owing to its low 
extinction coefficient (e353 m„ 18 and e288 9512). A
small correction determined from standard runs was 
applied to the concentration of bound iodine due to the 
reaction of I2 with the dialysis membrane. Difference 
spectra were taken using the free triiodide solution in
side the dialysis tubing as a reference. The extinction 
coefficient of bound I3-  was found to be ~38 ,500 at 640 
mp. The absorption spectrum of the complex itself, 
without superposition of the relatively strong bands of 
free I3-  at 288 and 353 mp, is shown in Figure 5. The 
complex in this work shows an absorption band at ~ 3 4 3  
mju, a shoulder at ~ 4 6 0  mu, and the blue band at 607 
mp when 6 =  0.4. At almost complete saturation 
(6 =  0.95), the latter band is shifted toward a longer 
wavelength of ~ 6 2 5  mp, probably due to the onset of a 
second adsorption process or the association of filled 
helices.1114 The latter process makes it somewhat diffi
cult to determine precisely the limiting concentration of 
bound I3_  at complete saturation. Spectrophotometric 
studies9-11 indicate that at complete saturation ap
proximately 3.52 X  10-6 mol of I3-  was bound to the 
above anhydroglucose equivalent concentration of 
2.77 X  10-4 N, which leads to a ratio of 8 :1  anhydro-

4567

Figure 5. Difference spectrum of the amylose-iodine-iodide 
complex at 10-2 M  KI and 20.0°. Absorbancy 
vs. wavelength in millimicrons (nonlinear scale).
Notice the absence of an absorption band at 
288 m/i. For details see the text.

glucose molecules:bound I3~ species, in good agreement 
with recent work.15 The degree of saturation is cal
culated as the ratio of the concentration of bound I3-  
and the maximum concentration of bound I3-  at com
plete saturation. It is clear from the nonsymmetric 
shape of the experimental isotherm (Figure 4) that the 
effective chain length is considerably less than the 
maximum possible value of n =  110-150, for which a 
nearly symmetrical isotherm is expected. On the basis 
of mechanochemical degradation studies of amylose, 
Szejtli, el ah,16 have shown that an amylose-iodine com
plex of DP =  900 consists of approximately 7.6 helical 
segments, each segment having a number-average DP  
of about 118. If one converts this latter number to 
helical turns by use of the crystalline state value of 6 
glucose residues/helical turn17 or the above value of 8 
glucose residues/turn in solution, then these helical seg
ments consist of 15-20 helical turns each. If we assume 
that each turn of the helix acts as one adsorption site,17 
the value n ~  15 is justified for use in the theoretical 
model. The concept of helical segments has been re
affirmed by Paulson’s14 electric field studies.

Application of the visual curve-fitting method to the 
experimental points (Figure 4) leads to Kst ~  90 ±  20 
and K0 =  (1.15 ±  0.29) X  104, corresponding to w = 
— 2.62 ±  0.15 kcal/mol and AF0 =  —5.43 ±  0.15 kcal/ 
mol, respectively. In order to provide a check of the 
visual best fit, an independent nonlinear least-squares fit 
of the experimental points to the theoretical expression 
(eq 9) was calculated on a Honeywell 800 computer.18

(12) A. D. Awtrey and R. E. Connick, J. Amer. Chem. Soc., 73, 
1842 (1951).
(13) M. Davies and E. Gwynne, ibid., 74, 2748 (1952).
(14) C. M. Paulson, Ph.D. Thesis, University of California at 
Berkeley, 1965.
(15) S. R. Erlander, H. L. Griffin, and F. R. Senti, Staerke, 17, 151 
(1965).
(16) J. Szejtli, M. Richter, and S. Augustat, Biopolymers, 5, 5 
(1967), and references therein.
(17) R. S. Stein and R. E. Rundle, J. Chem. Phys., 16, 195 (1948).
(18) We thank Mr. Laszlo Engelman for the original nonlinear 
least-squares program and the University of Southern California 
Computer Science Laboratory for computing time.
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A minimum in the standard deviation in 6 (±0 .040)  
occurred for Kat =  86 (AFst =  —2.59 kcal/mol) and 
K0 =  1-20 X  104 (AFt =  —5.47 kcal/mol), in good 
agreement with the values obtained from the curve
fitting method. Thus the one-dimensional adsorption 
model indicates that the degree of cooperativity for 
the complex at 10-2 M K I is moderate and that the 
main source of the stability of the complex originates 
from the intrinsic binding of the species to one helical 
turn.

Reddy, et aZ.,19 and Robin20 suggested that the benza- 
mide-triiodide complex, whose crystal structure they 
determined, can be used as a model for the solid amylose 
iodine-iodide complex on the basis of the close similarity 
of their electronic spectra. If the proposed equivalence 
is accepted then the helical cavity (diameter, A) of 
the crystalline amylose accommodates a single triiodide 
chain in which the I3_  ions maintain their identity. In 
the linear chain, triiodide ions are bent by about 3° 
with respect to each other; their internal distance is 
<~2.92 A, and the distance of separation between ad
jacent I3”  ions is 3.80 A, as compared with the van der 
Waals distance of 4.6 A. The resulting close-range 
dispersion forces are believed to be mainly respon
sible1920 for the attractive nearest neighbor interaction 
between the similarly charged I3_  ions whose electro
static repulsion must be compensated. Higher then 
first nearest neighbor interactions might become impor
tant owing to the long-range electrostatic interactions. 
A matrix treatment such as that of Baur and Nosa-

now21 can be adapted to take such higher order inter
actions into account. On the other hand, the effective 
range of electrostatic forces is reduced at the relatively 
high ionic strength (10~2) used in this study.

Peticolas22 described the sigmoid temperature de
pendence of the 600-m/x complex absorption band as 
being due to a helix-coil transition of the amylose back
bone. The present work,9 however, suggests that it is 
mainly due to the temperature dependence of the bind
ing equilibrium. This view seems to be supported by 
temperature-jump studies1011 at 10~ 2 M  K I and 20.0°, 
which show concentration-dependent relaxation times 
in the millisecond region, as expected for bimoleeular 
elementary processes which take place during binding. 
On the other hand, a pure helix-coil transition of short 
helices as above should occur in a fraction of 1 nsec. 
Thus it is concluded that the amylose helix remains 
essentially intact during the binding process.

Acknowledgment. We thank Mr. P. K . Rawlings for 
performing the nonlinear least-squares calculations on 
a Honeywell 800 computer, and Miss Maymie Cheno- 
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(19) J. M . Reddy, K. Knox, and M. B. Robin, J. Chem. Phys., 40, 
1082 (1964), and references therein.
(20) M. B. Robin, ibid., 40, 3369 (1964).
(21) M. E. Baur and L. H. Nosanow, ibid., 37, 153 (1962).
(22) W. L. Peticolas, Nature, 197, 898 (1963); J. Chem. Phys., 40, 
1463 (1964).

Kinetics of the Li(H g)-Li+ Reaction in Dimethyl Sulfoxide

by David R. Cogley and James N. Butler
Tyco Laboratories, Inc., Waltham, Massachusetts 02154 (Received June 17, 1968)

The electrode Li(Hg)-Li+ has been studied in anhydrous LiCl-dimethyl sulfoxide (DMSO) solutions over 
the temperature range 20-34°. The standard rate constant, corrected for double-layer effects, of the Li(Hg)- 
Li+ electrode in LiCl-DMSO solutions at 25° is (2.9 ±  0.2) X 10~5 cm/sec. The Tafel equation with cathodic 
transfer coefficient a  =  0.75 ±  0.02 is obeyed over the current density range 10~5 to 3 X 10~3 A/cm2. The 
value of a  deduced from the concentration dependence of the apparent exchange current agrees with the value 
deduced from the Tafel equation. The enthalpy of activation at the reversible potential is 7.9 kcal/mol.

Introduction
Recent interest in high-energy batteries has given 

considerable impetus to research on the deposition and 
dissolution of active metals which can be used as battery 
anodes.1 However, the reactivity of lithium requires

that an electrolyte based on a nonaqueous aprotic 
solvent such as dimethyl sulfoxide (DMSO) be used.

(1) R. Jasinski, “ High Energy Batteries,”  Plenum Press, New York 
N. Y „  1966.
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In an earlier paper2 we reported exchange current 
values determined using a cell with two concentric pool 
electrodes. A transfer coefficient near 0.5 and an ap
parent exchange current of 5.4 X 10~4 A /cm 2 were 
deduced from the data for saturated (1.33 mol % ) lith
ium amalgam in 0.5 M  LiCl-DMSO. Because of 
the uneven current distribution on the electrodes, these 
results were somewhat in error. We report here the 
results of kinetic studies using a three-electrode cell 
with uniform current distribution and covering a range 
of concentrations and temperatures.

Experimental Section
Lithium metal, 99.96% (Foote Mineral Co.), and 

triply distilled mercury (Doe and Ingalls) were used for 
the preparation of the amalgams by dissolution of 
lithium metal in mercury. Lithium chloride solutions 
were prepared by adding lithium chloride, 99.999% 
(Anderson Physics Laboratories), to DMSO (Fisher 
Chemical Co.), which had been dried with Linde Molec
ular Sieves and filtered through a 10-20 n pore size 
glass frit. The water content of the solutions (analyzed 
by gas chromatograph) was less than 1.5 X 10 ~3 M 
(25 ppm).

Solutions and amalgams were prepared and the cell 
was assembled under argon in a drybox equipped with 
a vacuum transfer chamber and a gas-purification train 
(Vacuum Atmospheres Corp).

The cell is shown in Figure 1. The working elec
trode, W, counter electrode, C, and reference electrode, 
R, are amalgams of identical composition. W is a 
cylindrical pool, C is an annulus, and R  is a sheath of 
amalgam on a flat-ended piece of nickel wire sealed in 
glass. The design achieves the following objectives: 
(1) to provide uniform current density over the surface 
of the working electrode in the presence of low-conduc
tance nonaqueous electrolytes; (2) to minimize inter
electrode capacitance, thereby allowing measurements 
on a microsecond time scale; (3) to utilize materials 
compatible with lithium amalgams; (4) to provide for 
thermostating and sealing the cell against atmospheric 
contamination; and (5) to prevent diffusion of un
wanted reaction products from the counterelectrode to 
the working electrode.

In order to provide uniform current distribution over 
its surface, the working electrode was placed at the 
bottom end of the cylindrical Pyrex cell, approximately 
four cell diameters away from the annular counter
electrode. Uniformity of the current density was tested 
experimentally by positioning the reference elec
trode above the center of the working electrode and 
then above the working electrode near the side wall. 
Values of current calculated from the Tafel equation 
and observed overpotential values indicate that values 
of the current density at the sloping (edge) region of the 
working electrode are 4%  lower than at the center. 
Since approximately 80% of the working electrode

Figure 1. Cell for transient measurements with lithium 
amalgam electrodes.

area is within the flat region, the error caused by dif
ferences in calculated and real current densities is less 
than 1%  if the reference electrode is positioned above 
the flat (center) portion of the working electrode 
(which it was for our exchange current determina
tions).

In order to minimize decomposition of amalgams 
and electrolytes and to avoid catalysis of the electrode 
reaction, the cell was constructed of Pyrex glass (which 
is low in leachable heavy metals). The working elec
trode and counterelectrode leads were 10-mil platinum 
wire sealed through the Pyrex glass in such a manner as 
to avoid contact with the DMSO electrolyte.

A secondary reference half-cell (e.g., Ag|AgC104-  
DMSO) with a liquid junction was avoided, since this 
would be a possible source of foreign ions and the deter
mination of such a potential is unnecessary for the 
kinetic information we sought. The reference elec
trode consisted of a 20-mil nickel wire sealed in soft glass 
drawn to a 30-mil diameter. It was necessary to degas 
the nickel wire in a quartz tube under vacuum at 8003 
for 1 hr prior to making this seal in order to avoid gas 
bubbles in the soft glass. The sealed nickel wire was 
carefully sawed on a glass saw to yield a flat exposed 
nickel surface. Then the remainder of the reference 
electrode glass blowing was completed. The last step 
was to evacuate and seal the reference electrode.

After 1 week, the electrodes which had been prepared

(2) D. R. Cogley and J. N. Butler, J. Electrochem. Soc., 113, 1074 
(1966).

Volume 72, Number 13 December 1968



4570 D avid R. Cogley and James N. Butler

were tested with a Tesla coil; those which had leaked 
were discarded. Just prior to the experiment, the 
reference electrode was amalgamated by cathodization 
at approximately 1 mA/cm2 in 1 M  LiCl-DMSO fol
lowed by immersion in mercuric acetate-DMSO solu
tion (the concentration was half that of saturation). 
This was repeated several times. The potential of 
reference electrodes prepared in this manner was 950 ±  
50 mV positive of a lithium metal rod in LiCl-DMSO 
solution for cells which were not stirred during elec
trode cathodization or cycling. The thermodynamic 
value for a Li(s)|LiCl-DMSO|Li(Hg, satd) cell is 
943 mV.3 The reference electrodes were examined on 
a metallograph after rinsing in dilute aqueous acid, 
and the surface appeared granular and shiny, with a 
typical grain size of approximately 10~3 cm. This is 
evidence of a thin amalgam layer on the nickel surface, 
with a roughness factor of perhaps 5-10. The poten
tial drift of the amalgamated nickel substrate reference 
electrode was less than 2 mV/hr. This was well within 
our requirement of 50 ¡xV for the pulse period of 25 msec.

Nickel was chosen in preference to platinum as a 
reference electrode substrate because amalgamation 
and cathodization experiments indicated that solvent 
decomposition apparently occurred on Pt wires cath- 
odized as described above. It was impossible to 
achieve a stable potential with a Pt wire in LiCl-DMSO 
solutions except at potentials more than 1.5 V positive 
of the lithium metal.

After being filled with solution and amalgam, the 
cell was sealed (Figure 1), removed from the drybox, 
and thermostated by means of the water jacket.

Rectangular wave form current pulses were derived 
from a Wavetek function generator, Model 112, coupled 
with shunting resistors and diodes. The current was 
determined by observing the IR drop across a resistor 
in series with the cell. The potential response of the 
working electrode was monitored with an Analog 
Devices operational amplifier; its input impedance 
was greater than 1010 ohms and its rise time was less 
than 0.5 X  10~6 sec. The output of the operational 
amplifier was used to drive the oscilloscope, Tektronix 
Type 561A with a 3A7 differential preamplifier and a 
2B67 time base. The 3A7 preamplifier was calibrated 
with a bias box and a Fluke high-impedance differential 
voltmeter which was calibrated against an Eppley 
standard cell. The 2B67 time base was calibrated with 
a Tektronix Type 180A Time-Mark generator. De
tails of the pulsing circuit not included in this article 
are given elsewhere.4

Results and Discussion
Oscilloscope traces of the potential-time response of 

the working electrode and the IR drop across a resistor 
of known value were read by means of a Vernier scale 
and a magnifying glass with cross hairs. These readings 
were converted to overpotential and current values by

a simple computer program, employing the proper 
scaling factors and calibration values for the oscillo
scope scales involved.

The change in potential of the working electrode 
during the passage of a galvanostatic pulse was assumed 
to be the sum of (1) concentration polarization, (2) IR 
drop between the working and reference electrodes and 
(3) electron-transfer overpotential. For the experi
ments reported here values of concentration polarization 
were calculated6 and found to be less than 1%  of the 
total change in potential in all cases. At the beginning 
of each galvanostatic pulse a clear discontinuity in the 
potential-time curve was observed and this was as
sumed to be the IR drop between the working and ref
erence electrodes. The potential-time curves leveled 
off during the galvanostatic pulse, usually within 15 
msec. This ‘ ‘steady-state value of the potential’ ’ minus 
the IR drop was taken to be the electron-transfer over
potential.

A second computer program was used to do a least- 
squares fit on the data in the form of the Allen and 
Hickling6 equation given by Delahay7 as

=  In 7a° -  (anFr)/RT) (1)

The quantity on the left-hand side of the equation is 
treated as the ordinate and y is treated as the abscissa. 
The slope yields a, and the intercept a t -y =  0 gives the 
apparent exchange current. Dividing the exchange 
current values (amperes), / a°, by the electrode area, 
0.71 cm2, we obtain the exchange current density 
values fa°.

The standard exchange current density is defined as 
the apparent exchange current density corrected to unit 
activity (molar scale) of Li(Hg) and Li+ and is given 
by

The true exchange current density is defined as the 
standard exchange current density corrected for double
layer effects (assuming lack of specific adsorption of 
Li+ on Hg) and is given by

= is0 exp [—(an -  z)F<fo/RT] (3)

(3) D. R. Cogley and J. N. Butler, J. Phys. Chem., 72, 1017 (1968).
(4) “ Study of the Kinetics of Lithium in Aprotic Solvents,”  Final 
Report of Contract AF19(628)5525, Air Force Cambridge Research 
Laboratories, Hanscom Field, Bedford, Mass., Sept 1968.
(5) P. Delahay, “ New Instrumental Methods in Electrochemistry,” 
John Wiley & Sons, Inc., New York, N. Y., 1954, p 180.
(6) P. L. Allen and A. Hickling, Trans. Faraday Soc., 53, 1626 
(1957).
(7) P. Delahay, “ Double Layer and Electrode Kinetics,”  John 
Wiley & Sons, Inc., New York, N. Y „  1965, p 163.
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Table I : Experimental Current, I , and Overpotential, ij, Values

C onditions T e m p ,  °C I ,  m A 7], m V

0.00904 M  Li(Hg), 20.33 0.0105 -2 .8 5
0.0631 M  LiCl 0.0215 -5 .7 5

0.0599 -1 4 .8 9
0.1007 -2 2 .4 9

-0 .0 1 0 6 3.20
-0 .0 2 1 6.10
-0 .0 4 9 4 15.89
-0 .0 4 9 4 16.50
-0 .09 62 35.80

25.00 -0 .0 1 1 8 2.90
-0 .0 2 4 2 6.30
-0 .0 5 7 4 15.43
-0 .10 57 30.85

0.01125 -2 .7 7
0.02572 -6 .1 5
0.0657 -1 3 .8 0
0.109 -2 2 .9 9
0.109 -2 1 .3 6

34.40 0.01597 -2 .5 5
0.0314 -4 .6 5
0.0314 -4 .6 3
0.0820 -1 1 .5 8
0.0820 -1 1 .6 4

-0 .0 1 5 7 2.57
-0 .0 3 1 0 5.12

0.388 -3 9 .0 7
0.388 -3 9 .5 6
1.067 -6 5 .6 2
1.067 -6 5 .6 6
1.136 -6 9 .5 8
1.136 -6 8 .7 9

Conditions Temp, °C I ,  m A TI, m V

0.1219 M  Li(Hg), 25.00 0.0292 -0 .95 14
0.210 M  LiCl 0.0580 -1 .9 0

0.0580 -1 .9 0
0.146 -4 .6 5
0.146 -4 .6 4
0.311 -5 .1 2
0.595 -1 6 .3 2
0.595 -1 6 .3 9
1.542 -3 4 .3 7
1.542 -3 4 .3 4

-0 .0 2 9 2 0.94
-0 .0 2 9 2 0.95
-0 .1 4 4 5 5.08
-0 .1 4 4 5 5.06

0.00904 M  Li(Hg), 25.00 -0 .0 2 1 4 3.66
2.104 M  LiCl -0 .0 4 8 5 8.43

-0 .0 4 8 5 8.44
-0 .1 0 5 8 20.61
-0 .2 0 8 46.38
-0 .2 0 8 46.53
-0 .3 7 4 91.03
-0 .3 7 4 91.47
-1 .1 3 5 207.2
-1 .1 3 5 206.8
-2 .9 2 7 319.5
-2 .9 2 7 320.1

0.0503 -7 .2 9
0.0503 -7 .2 8
0.1276 -1 6 .8 7
0.1276 -1 6 .8 8
0.299 -3 2 .4 2
0.299 -3 2 .5 5
0.299 -3 3 .2

The heterogeneous rate constant (cm/sec) is given by

ia° X  103
fcB° =

nF

or, corrected for double-layer effects

tt° X 103
fct° = nF

(4)

(5)

Experimental values of i? and I  are given in Table I 
and the least-squares values of /„° and a are given in 
Table II.

In Figure 2 we present a plot of rj(obsd)/r;(calcd) vs. 
log I  for the Li(Hg)-LiCl data. The scatter is low and 
mass-transfer polarization is not evident. The experi
mental data fit the Tafel equation well.

Assuming a =  0.75 and electrode area 0.71 cm2, 
we compute the values given in Table III.

Values of excess charge, q, at the amalgam surface 
were obtained by graphical integration of the double
layer capacity vs. potential curve for 1 M LiPF6.8 
The values for LiPFe are expected to be quite similar 
to those for LiCl at highly negative potentials. The

Figure 2. Ratio of observed overpotential to calculated 
overpotential vs. log (current). Arrows indicate points 
which lie off scale.

double-layer capacity has been shown to be nearly in
dependent of the solute species at potentials negative 
of the point of zero charge, and we were thus able to ob
tain approximate values for q. fc (V) is related to q 
(C /cm 2) by the equation

(8) R. Payne, J. Amer. Chem. Soc., 89, 489 (1967).
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Table II: Transfer Coefficient and Apparent Exchange Current Values for the Li(Hg)/LiCl-DMSO Couple

[Li(H g)], Activity [LiCl], Activity Temp, 10*/.»,
Run M coeff° M coeff* °C ctc A '

Al 0 .00904 1 .0 05 0.0631 0 .621 2 0 .3 3 0 .7 4  ± 0 . 0 3 0 .8 9  ± 0 . 0 2
2 5 .0 0 0 .7 2  ± 0 . 0 3 1 .0 7  ± 0 . 0 2
3 4 .4 0 0 .7 7  ± 0 . 0 2 1 .6 6  ± 0 . 0 4

A2 0 .1 2 1 9 1.061 0.210 0 .5 1 5 2 5 .0 0 0 .7 4  ± 0 . 0 2 7 .7 9  ± 0 . 0 9
A3 0 .0 090 4 1 .0 05 2 .1 0 4 0 .3 7 2 2 5 .0 0 0 .7 6 3  ±  0 .0 0 3 1 .6 1  ± 0 . 0 3

“ Reference 3. 6 G. Holleck, D. R. Cogley, and J. N. Butler, unpublished results. 0 Least-squares fit to Allen-Hickling plot.

Table III: Exchange Current and Rate Constant Values at 25° Calculated for a  = 0.75 ±  0.02

l o w , q. 103it°, 10«fc8°, 10*fct°,
Run A /c m 2 /*C /cm 2 0», V A /c m 2 cm /sec cm /  sec

Al 11.3 ± 0 .3 - 20.20 -0 .148 2.7 ± 0 .4 11.9 ±  0.3 2.8 ±  0.4
A2 8.9 ± 0 .3 -20.54 -0 .118 2 .8  ± 0 .2 9.2 ± 0 .3 2.9 ± 0 .2
A3 8 .6  ±  0 .6 -20.56 -0 .063 4.4 ±  0.2 8.5 ±  0.6 4.6 ±  0.6

From the calculated values of kt° for runs A l and A2, 
we see that values determined at quite different con
centrations agree well. This may be taken as evidence 
that the proper value of a was used in the computation 
and thus that the reaction is a simple electron-transfer 
process and that adsorption of the reacting species at 
the double layer did not occur. The ktn value calcu
lated from run A3 is substantially higher than for the 
other runs. This may be accounted for by adsorption 
of lithium ion at the double layer in solutions of high 
lithium chloride concentration.

An Arrhenius plot of / a° vs. 10*/T is given in Figure 3 
for run A l. The enthalpy of activation9 calculated 
from the equation

is 7.9 kcal/mol.
There are no other investigations of electrode kinetics 

in nonaqueous solutions with which our results can be

Figure 3. Arrhenius plot of log 7°. vs. reciprocal temperature.

compared. The lithium-lithium ion reaction in DMSO 
appears to be quite different in its energetics from the 
same reaction in water, where the rate constant is 100 
times faster.10 The enthalpy of activation observed in 
DMSO is similar to that for slow reactions such as 
hydrogen evolution and heavy metal ion deposition in 
aqueous solutions. These results indicate that there 
is a considerable enthalpy barrier in the transition 
state as well as the expected entropy of activation re
sulting from reorientation of solvent molecules.
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Office of Aerospace Research, under Contract AF 
19-(628)-5525, but does not necessarily reflect endorse
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Symbols
Aflo* Real enthalpy of activation at the reversible potential, 

kcal/mol (eq 7)
a  Cathodic transfer coefficient
7 Current, amperes
n Equivalents per mole
F  Faraday constant, 96,500 C/equiv
y Overpotential, volts
R  Gas constant, 8.314 J/mol deg
T  Absolute temperature, degrees Kelvin
7»° Apparent exchange current, amperes (eq 1)
*»° Apparent exchange current density, A/cm2
i8° Standard exchange current density, A/cm2 (eq 2)
s Subscript s refers to reagents in standard state (unit

activity on the molar scale)
ft0 True (corrected for double-layer effects) exchange cur

rent density, A/cm2 (eq 3)
z Units of charge on species reacting at the double layer
4>2 Helmholtz potential at the double layer, volts (eq 6 )

(9) J. N. Agar, Discussions Faraday Soc., 1, 81 (1947).
(10) H. Imai and P. Delahay, J. Phys. Chem., 66, 1683 (1962).
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fcs° Standard heterogeneous rate constant, cm/sec (eq 4) e
kt° True heterogeneous rate constant, cm/sec (eq 5) 
q Excess surface charge at the double layer, C/cm2 (eq 6) C

Dielectric constant, 46.6 for DMSO 
Permittivity of free space (1.1128 X 10-5) 
Electrolyte concentration

The Molybdenum(VI)-Catalyzed Oxidation of Hydrazine 

by Methylene Blue

by T. Huang1 and J. T. Spence
Chem istry D epartm ent, Utah State University, Logan, Utah 84321  (Received June 17, 1968)

The Mo(VI)-catalyzed oxidation of N2H5+ by methylene blue (MB) has been studied at pH 1.60. The reaction 
was found to be kinetically pseudo first order, with the rate dependent on Mo(VI) and N2H5+ concentrations 
and independent of MB concentration. The rate constant and activation parameters are essentially identical 
with those for the oxidation of N2H5+ by Mo(VI). To obtain information on the catalyzed reaction, the oxida
tion of Mov2 by MB has also been studied and has been found to proceed at a much faster rate than the cata
lyzed oxidation of hydrazine and with first-order kinetics, again independent of MB concentration. The 
results for the catalyzed oxidation of N2H6+ have been interpreted in terms of a slow oxidation of N2H5+ by 
Mo(VI) giving Mo(IV), followed by a fast oxidation of Mo(IV) by MB to regenerate Mo(VI). Small quanti
ties of Mo(V) and MB radical, which are probably formed by competing reactions of Mo(IV) with Mo(VI) 
and the subsequent reaction of Mo(V) and MB, were detected by esr. A mechanism for the reaction involving 
Mo(IV), Mo(V), and MB radical as reactive intermediates is proposed.

Molybdenum is involved in the biological processes of 
nitrate reduction2 and nitrogen fixation.3 In the case 
of nitrate reductase and with other molybdenum en
zymes such as xanthine oxidase, flavin is also a neces
sary cofactor, and it appears that the metal ion may 
participate in electron transfer between substrate and 
flavin. As a model for such reactions, the molyb- 
denum(VI)-catalyzed oxidation of hydrazine to N2 by 
methylene blue (methylene blue is similar to flavins in 
its structure and redox properties) has been investi
gated.

methylene blue (oxidized) 
MB

leucomethylene blue (reduced). 
MBH

The oxidation of N2H6+ by methylene blue (MB) in 
the presence of Mo (VI) has been used as an analytical 
method for the estimation of hydrazine, but little is 
known of the mechanism of the reaction.4 Recent work

in this laboratory has shown that Mo (VI) oxidizes 
N2H5+ under the proper conditions and the mechanism 
of the reaction has been investigated.6 The results of 
that study indicate Mo (VI) is a two-electron oxidant, 
giving N2 and M ov2 as products (the M ov2 is 
probably produced via Mo(IV) as an intermediate). 
This suggested that the oxidation with MB proceeds by 
a similar mechanism, with the Mo (IV) or Mo(V) being 
reoxidized to Mo(VI) by the dye. This has been con
firmed by a kinetic study of the reaction and by an in
vestigation of the oxidation of Mov2 by MB.

Results
Kinetics of the Mo(VI)-Caialyzed Reaction. Straight 

lines and consistent values of the rate constant could 
only be obtained from the kinetic data when the reac
tion was treated as first order in N2H6+ and zero order 
in MB, according to the rate expression

(1) Abstracted from the Ph.D. dissertation of T. Huang, Utah State 
University, 1968.
(2) A. Nason, “ The Enzymes,”  Vol. 7, P. D . Boyer, H. Lardy, and 
K. Myrback, Ed., Academic Press Inc., New York, N. Y ., 1958, 
p 507.
(3) L. E. Mortenson, J. A. Morris, and I. R. Kennedy, Abstracts of 
Papers, American Society for Microbiology, Bacteriological Proceed
ings, 68th Annual Meeting, Detroit, Mich., 1968, p 133.
(4) R. Lang, Z . A n a l. Chem., 128, 165 (1948).
(5) T. Huang and J. T. Spence, J . P h y s . Chem ., 72, 4198 (1968).
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—d[MB] 
df

fci'[N2H6+]

Upon integration this gives the standard first-order rate 
equation. Additional kinetic data were collected at 
various temperatures and the activation energy and 
entropy were obtained from an Arrhenius plot. AF *  
for the reaction was calculated from Eyring’s rate equa
tion. The rate constants, obtained from the slopes 
of the first-order kinetic plots, and the activation 
parameters are found in Table I ; typical plots are given 
in Figure 1.

An esr analysis of the reaction mixture showed the 
presence of two signals at very low concentrations, with 
g values of 1.94 and 2.00, respectively. These were 
attributed to Mo(Y) monomer and methylene blue radi
cal (MBH •) ,6

methylene blue radical 
(MBH)

Kinetics of the Oxidation of Mov2 by Methylene Blue. 
Since the catalyzed reaction was found to be first order 
in N2H5+ and zero order in MB, it seemed likely that 
the dye is reduced in a fast step by either the Mo (IV) or 
Mo(V) formed by the reduction of M ov2 by N2H5+. 
Unfortunately, Mo (IV) is unstable in solution and its 
compounds are difficult to obtain. M ov2, on the other 
hand, is readily prepared by reduction of Mo (VI)6 and 
a study of its oxidation by MB was made in order to 
obtain more information concerning the mechanism of 
the Mo(VI)-catalyzed reduction of N2H5+ by the 
dye.

Figure 1. First-order kinetic plots for Mo(VI)-catalyzed 
oxidation of N2H6+ by MB: O, [Mo(VI)] = 4.91 X 1 0 M , 
[N2H6+]o = 1.91 X 10 “ 4 M , [MB], = 9.86 X KT6 M , 50°; 
A, [Mo(VI)] = 4.98 X IO" 4 M , [N2H6+]„ = 2.00 X 10~4 M , 
[MB], =  1.000 X 10 ~4 M , 70°; □, [Mo(VI)] = 4.91 X 
10 ~i M , [N2H6+]o = 1.82 X 10 ~4 M , [MB]» = 9.75 X 
10~6 M , 80°. Phosphate buffer, pH 1.60, y  =  0.22 M .

Figure 2. First-order kinetic plots for oxidation of Mov2 by 
M B : O, [Mov2]0 = 1.39 X 1 0 M , [MB]» = 1.34 X 1 0 M ,
40°; □, [Mov2]o =  1.79 X 10“ 4 M , [MB]» = 1.07 X 10“ 4 M , 
25°; A, [Mov2]o = 1-29 X 10~4 M , [MB]» = 1.29 X 10~4 M ,  
30°. Phosphate buffer, pH 1.60.

When Mov2 was added to an anaerobic solution of 
MB at 70° and pH 1.60, the blue color disappeared 
entirely within 10 min, indicating essentially complete 
reduction to the leuco form. The temperature was 
therefore lowered to 25°, where the kinetics could be 
conveniently followed. The stoichiometry was checked 
by adding a twofold excess of M ov2 to a known con
centration of dye and then measuring the remaining 
Mov2 spectrophotometrically at 289 m/i after the meth
ylene blue was essentially completely reduced. The re
sults confirmed the stoichiometric equation

MB +  Mov2 — >  MBH +  2MoVI

The order of the reaction was found by plotting the 
data using various rate laws and found to be first order 
in M o \  with the rate independent of MB concentra
tion, according to the rate expression

—d[MB] 
df fci"[Mov2]

This gives the standard first-order equation upon inte
gration, which was plotted to obtain the rate constants 
(Figure 2). Additional runs were made at different 
temperatures, allowing the activation energy to be ob
tained from an Arrhenius plot. The results are sum
marized in Table II.

Discussion
Previous work in this laboratory has shown that the 

oxidation of Mov2 by I2 and 0 2 is first order in M ov2, 
with the rate being independent of oxidant concentra
tion,6 as was found in the present study of the oxidation 
with MB. It therefore seemed likely that the oxida
tion by the dye proceeds by the same mechanism as the 
oxidation by I2 and 0 2. A comparison of the first-order

(6) E. P. Guymon and J. T. Spence, J. Phys. Chem., 71, 1616 (1967).
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Table I :  Mo(VI)-Catalyzed Oxidation of N2H5+ by MB at pH 1.60 and n = 0.22 M

Run
10M Mo(VI)],

M
lOMNUR + lo, 

M
10<[MB]o,

M
Temp,

°C min-1
kt',b

min-1

1 4.91 1.91 0.986 50 0.825 ±  0.01 1.68
2 4.91 1.88 0.450 60 1.42 ± 0 .0 2 2.89
3 4.98 2.00 1.000 70 2.90 ± 0 .0 3 5.83
4 4.91 1.82 0.466 80 5.20 ± 0 .0 6 10.6

° All rate constants are averages of two runs. 6 k2' = fc1'/[Mo(VI)]. E a = 14.7 kcal/mol, AS* = -6 .9  eu, AF* = 16.4 kcal/mol 
(calculated from k2' at 70°).

Table I I  : Oxidation of Mov2 by MB

10‘ [M oy i]o, 10MMB]o, n. Temp, 103fei",a
Run M M pH M °C min -1

1 2.48 1.27 1.60 0.22 25 5.20
2 1.79 1.07 1.60 0.22 25 4.90
3 2.50 1.72 1.60 0.22 25 5.50 av 5.18 ±
4 2.50 1.85 1.60 0.22 25 5.30 0.24
5 1.86 1.36 1.60 0.22 25 5.00
6 1.29 1.29 1.60 0.22 30 6.40 ±  0.30
7 1.29 1.29 1.60 0.22 35 14.8 ±  0.3
8 1.39 1.34 1.60 0.22 40 22.2 ±  0.5
9 1.29 1.29 1.65 0.22 30 5.90 ± 0 .1 5

For runs 6-9, fc," values are averages of duplicates. E ,  = 23.4 ±  0.2 kcal/mol.

rate constants and the activation energies for the re
actions gives strong support for this, since they are the 
same order of magnitude: M ov2 oxidation by I2:
k =  2.72 X 10~3 min“ 1, pH 1.65, 30°, n =  0.51 M, 
Ea =  24.3 kcal/mol;6 M ov2 oxidation by M B : fc/' =  
5.90 X 10-3 min-1, pH 1.65, 30°, p =  0.22 M, Ea =  
23.4 kcal/mol.

The difference between the two constants might be 
due to the difference in ionic strength, since a negative 
salt effect was observed in the oxidation by I2.6 It is 
also possible MB forms a weak complex with Mov2 
which could affect the rate somewhat.

It therefore seems likely the oxidations proceed by a 
similar mechanism, which was proposed to involve the 
dissociation of M ov2 into Mo (IV) and Mo(YI) as the 
rate-controlling step in the I2 oxidation (Mo(V) mono
mer as the reactive intermediate was ruled out in the 
oxidation of M ov2 by I2 on the basis that its rate of 
formation from the dimer, as measured by esr, is too 
slow to account for the over-all rate)6

Mov2 M oiv +  M oVI slow
k-1"'

MB +  M oIV MBH +  M oVI fast

From this mechanism, which is identical with that for 
the I2 oxidation with MB replacing I2 in the second step, 
the disappearance of MB may be written

—d[M B]/di =  fc2'"[M B ][M o(IV )] (1)

Applying the steady-state assumption to Mo (IV) and 
substituting the resulting expression into eq 1

-d[MB] [MB ] [Mov2 ]
d t fc_i'"[M o(VI)] +  fc/"[M B ] 

If /c /"[M B ] »  fc_i'"[M o(VI)]

(2)

—d[MB] 
df = V"[Mov2]

This is identical with the experimental rate law.
Taking into account all of the data reported here 

and the results of the investigation of the oxidation of 
N2H5+ by Mo(VI),6 the following mechanism is pro
posed for the Mo(VI)-catalyzed oxidation of N2H5 + 
by MB.

M oVI +  N2H6+ M oIV +  N2H2 (I)

H+ +  2N2H2 4 - N ,  +  N2H6+ (II)

M oIV +  MB — Mo VI +  MBH (III) 

M oIV +  M oVI 2Mov (IV)

Mov +  MB MBH- +  MoJ1 (V) 

2MBH- MB +  MBH +  H+ (VI)
k- 6

Reaction I is rate controlling and is identical with the 
rate-controlling step in the oxidation of N2H6+ by
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Mo (VI).6 Therefore, the rate constants for the two 
over-all reactions should be the same. When the ex
perimental rate constant for the catalyzed reaction, 
W  (Table I), is divided by the M o(VI) concentration, 
the new constant h/ is identical, within the experimen
tal error, with that obtained in the oxidation by Mo (VI) ,5

~ d(MB  ̂ =  fc/[N2H5+] =  hi' [N2H6+] [Mo(VI) ] 
at

W  =  fc,'[Mo(VI)]

For the Mo(VI)-catalyzed oxidation of N2H5+ by 
MB: h ' =  5.83 ±  0.06 M -1 min“ 1, pH 1.60, n =  0.22, 
70°, 7?a = 14.0 kcal/mol. For the oxidation of N2H6+ 
by M o(V I): k =  5.87 ±  0.05 M~l min“ 1, pH 1.60, 
n = 0.22, 70°, F a =  14.3 kcal/mol. Furthermore, the 
activation energies are seen to be essentially identical. 
Thus, the experimentally observed first-order reaction 
is actually pseudo first order, since the Mo (VI) con
centration remains constant.

In this mechanism, reactions II7 and III are fast, 
while reaction IV accounts for the presence of a small 
amount of Mo(V) monomer (as detected by esr). 
Since the monomer is known to dimerize readily,8 and 
no dimer was observed, either reaction IV is much 
slower than reaction III or the monomer reacts quickly 
with MB to form MBH- radical, as in reaction V, 
followed by a rapid disproportionation of the radical 
according to equilibrium VI (such disproportionations 
are well known9), thus accounting for the small g =
2.00 esr signal observed. Alternatively, if reaction V 
does not occur, the radical could still arise by equilib
rium VI. That equilibrium VI actually exists was 
demonstrated by the observation of a small esr signal 
at g = 2.00 in a solution of MB that had been partially 
reduced by dithionite under the reaction conditions.

The experimental rate law is obtained from the 
mechanism by the following treatment. The disap
pearance of MB may be written

~ d[1—  =  fc,[Mo(IV)][MB] +  
at

fc5 [MB] [Mo (V)] +
k-z [MB] [MBH](H +) -  h  [MBH • ]2 (3)

Mo(IV), Mo(V), and MBH- are reactive intermedi
ates and the steady-state assumption may be applied 
to each, which readily gives the expression

~ d^ IB] =  h  [Mo (VI) ] [N2H5+] (4)

Since [Mo (VI)] is constant, this gives the pseudo- 
first-order experimental rate law

~ d[̂ B] =  V [N 2H6+] h ' = h  [Mo (VI)]

The results suggest that Mo (IV) may be involved in

enzymatic reactions, in which case it would probably be 
stabilized by binding to the protein or coenzyme. This 
would account for the low percentage of total molyb
denum detectable as Mo(V) (using esr) for reduced 
xanthine oxidase,10 provided the ligand field of the 
enzyme is sufficiently distorted to lift the degeneracy of 
the t2g orbitals of Mo (IV). Studies of model complexes 
of Mo (IV) with biologically important ligands to test 
this possibility are planned.

Experimental Section
Chemicals. Methylene blue chloride, obtained from 

Hartman-Ledden Co., was used without further purifi
cation since recrystallization gave a product with e 
identical with that of the unrecrystallized material. 
Molybdenum(VI) and Mov2 stock solutions were pre
pared and standardized as previously described.6 Ma
terials for all buffers were reagent grade. Dithionite, 
used for reduction of MB, was obtained from J. T. 
Baker Co. All solutions were prepared from doubly 
distilled H20, since small amounts of Cu2+ and Fe3+ 
catalyze the autodecomposition of N2H„. Hydrazine 
sulfate solutions were prepared from Fisher Co. reagent 
and analyzed according to the method of Watt and 
Chrisp.11 Helium (99.99%), used for deaeration, was 
obtained from J. T. Baker Co.

The kinetics of the oxidation of N2H5+ and Mov2 by 
MB were determined by following the disappearance of 
the dye at 609 npi, using a quartz spectrophotometer 
cell which could be evacuated and filled anaerobically 
from a reaction vessel under He.6 After filling, the cell 
was sealed and placed in a constant-temperature bath. 
Readings were made periodically in a Beckman DU 
spectrophotometer equipped with a constant-temper
ature compartment. The concentrations of M ov2 
and N2H5+ were calculated from the stoichiometric re
lationships. In the stoichiometric determinations, 
M ov2 was measured spectrophotometrically at 289 mn 
after all of the MB had been reduced to the leuco form. 
All reactions were run in phosphate buffer, ¡j. =  0.22 M.

For esr measurements, samples were removed from 
the reaction vessel with a gastight syringe, transferred 
anaerobically to a quartz esr tube, frozen in liquid nitro
gen, and measured in a Varian V-4500-10 X-band esr 
spectrometer equipped with 100-kc field modulation.

Rate constants and activation parameters were ob
tained from the slopes of the appropriate plots, using 
the method of least squares. The g values were ob-

(7) W. C. E. Higginson, “ The Oxidation of Hydrazine in Aqueous 
Solution,” Special Publication No. 10, The Chemical Society, London 
1957.
(8) J. T. Spence and M. Heydanek, Inorg. Chem., 6, 1489 (1967).
(9) W. M. Clark, “ Oxidation-Reduction Potentials of Organic 
Systems,”  Williams and Wilkins Co., Baltimore, Md., 1960, p 184.
(10) H. Beinert and W. H. Orme-Johnson, “ Magnetic Resonance in 
Biological Systems,”  A. Ehrenberg, B. G. Malmstrom, and T. Vann- 
gard, Ed., Pergamon Press Ltd., London, 1967, p 221.
(11) G. W. Watt and J. D. Chrisp, Anal. Chem.., 24, 2006 (1952).
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tained by comparison with quinhydrone in alkaline 
ethanol.
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The Fluorescence of Protonated Azulenoid Systems

by R. C. Dhingra and J. A. Poole
Department of Chemistry, Temple University of the Commonwealth System of Higher Education, 
Philadelphia, Pennsylvania 19122 (Received June 20, 1968)

The emissive behavior of protonated Hafner’s hydrocarbons (viz., 3,5-dimcthylcyclopenta [ef]heptalenium,
3,5-dimethyl-8-phenylcyclohepta[cd]pentalenium, and 4-methylpentaleno[2,l,6-de/]heptalenium ions) and 
of certain protonated 1-substituted azulenes (viz., 1-trifluoroacetyl, 1-nitro, and 1-carboxy derivatives) have 
been examined in fluid solution at room temperature. Naphth [2,1,8-ede ]azulcne was also investigated and 
it was observed to emit anomalously. The fluorescence of the protonated species was normal except in two 
cases, where the emission originated from a high-energy singlet state.

In a previous publication1 we reported some of our 
experimental results concerning the anomalous emissive 
behavior of certain substituted, pm-condensed, non
alternant Hafner’s hydrocarbons. Subsequently, we 
observed the conservation of this anomalous emissive 
property in 1-trifluoroacetylazulene, 1-nitroazulene, 
and in 1-azuloic acid. In each case the emission was 
observed to originate from a high-energy singlet state.2 
While inquiring into the extent of molecular modifica
tion required for elimination of the anomaly, we initi
ated an experimental investigation of the properties of 
the protonated species, in absorption and in emission.

Experimental Section

Details can be found in ref 1 and 2. All absorption 
spectra were taken either in Spectrograde cyclohexane 
as the solvent or 60% sulfuric acid (except for the
4-methylpentaleno [2,l ,6-de/]heptalene, where perchlo
ric acid was employed, and naphth [2,l,8-cde]azulene, 
where concentrated sulfuric acid was required for 
protonation). Emission spectra were taken using 
fluorometric grade methylcyclohexane as the solvent. 
In all cases the temperature was 23.5 ± 1 ° .  It was 
generally observed that the ions exhibited more intense 
luminescence than the corresponding nonprotonated 
species.

Results and Discussion

In the case of azulene, it is known3 that reversible 
monoprotonation occurs to form the azulenium ion 
structure

Concerning certain substituted azulenes, Meuche and 
Heilbronner have reported4 that protonation of 1- 
nitroazulene in trifluoroacetic acid-sulfuric acid pro
duced only the act compound, the conjugate acid 
carrying the acidic proton on the nitro group rather than 
on the carbon atom in position 3. Similarly, Schulze 
and Long6 have shown that in 100% sulfuric acid, 
reversible, monoprotonation of certain 1-substituted 
azulenes occurs. For the -C H 3, -Cl, and -C N  deriva
tives, the protonation occurs at position 3, forming the 
vinyltropylium-like ion structure

However, for -N 0 2 and -COCF3 the evidence indicated 
that only the ad compounds were produced, by oxygen 
protonation

(1) R. C. Dhingra and J. A. Poole, J. Chem. Phys., 48, 4829 (1968).
(2) R. C. Dhingra and J. A. Poole, Chem. Phys. Lett., 2, 108 (1968).
(3) S. S. Danyluk and W . G. Schneider, J. Amer. Chem. Soc., 82, 997 
(1960).
(4) D . Meuche and E. Heilbronner, Helv. Chim. Acta, 4S, 1965 
(1962).
(5) J. Schulze and F. A. Long, J. Amer. Chem. Soc., 86, 322 (1964).
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In the case of 1-azuloic acid, the conclusions were some
what uncertain, and it is not clear how much protona
tion occurs at the 3 position. In the case of the three 
benzazulenes, Meier, Meuche, and Heilbronner re
ported6 protonation on the five-carbon ring.

The results quoted above concern the immediately 
formed species; in certain cases other tautomeric forms 
are produced after some time has elapsed.

Our results on the protonation of Hafner’s hydrocar
bons are illustrated in Figure 1. It is clear that only 
the 4-methylpentaleno[2,l ,6-de/]heptalene (shown at 
the bottom of the figure) emits anomalously after pro
tonation. This may be due to the fact that only in this 
case is an azulene moiety preserved upon protonation. 
Such protonation is expected to occur at a position on a 
five-membered ring (see, for example, the calculation 
of charge densities in a paper by Rosowsky, et al? ).

Figure 2 illustrates our results for the 1-substituted 
azulenes, and it is evident that the emission is normal in 
each case. Treibs and Scholz8 reported the emission 
of a number of ions of the azulenium-type structure. 
Although they did not report the emitting level, a 
comparison with the available absorption spectra9 indi
cates that the emission was normal.

In addition, we investigated the spectral properties 
of naphth [2,1,8-cde ]azulene.

The synthesis and absorption spectrum of this com
pound have been described by Gardner, et al.10 Heil
bronner, et al.,11 have carried out calculations of the 
energy levels and compared them with the experimen
tally observed spectra.

The absorption and emission spectra of this com
pound in methylcyclohexane and concentrated sulfuric 
acid are illustrated in Figures 3 and 4. The compound 
dissolves in concentrated sulfuric acid, giving a purple 
solution, from which, upon dilution, the hydrocarbon 
can be recovered. It can be seen that anomalous 
emission is exhibited in either solvent.

Therefore, it appears that protonation of a five- 
membered ring, or of an oxygen-carrying substituent on 
a five-membered ring, is sufficient to suppress the 
anomalous emission exhibited by these compounds.
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Figure 1. Absorption (••••) and emission (—) spectra of 
substituted Hafner’s hydrocarbons taken in fluid solution at 
room temperature, with concentrated acid as solvent. The 
exciting line is indicated in each case by a short vertical line 
in the short-wavelength region of the spectrum. The emission 
spectra were taken under the following experimental conditions: 
top: 1.1 X 10“ 3 M , sensitivity 30, 0.01 mm; middle: 0.6 X 
10~3 M , sensitivity 30, 0.3 mm; bottom: 2.5 X 10 ~4 M , 
sensitivity 50, 0.001 mm. The compound names are: top, 
3,5-dimethylcyclopenta [e/] heptalene; middle, 3,5- 
dimethyl-8-phenylcyclohepta[cd] pentalene; bottom, 
4-methylpentaleno [2,1,6-def] heptalene.
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(6) W. Meier, D. Meuehe, and E. Heilbronner, Helv. Chim. Acta 45 
2628 (1962).
(7) A. Rosowsky, H. Fleischer, S. T. Young, R. Partch, W. H. 
Saunders, Jr., and V. Boekelheide, Tetrahedron, 11, 121 (1960).
(8) W. Treibs and M . Scholz, Z. Phys. Chem. (Leipzig), 214, 118 
(1959).
(9) E. Heilbronner, “ Azulenes, Non-Benzenoid Aromatic Hydro
carbons,”  D. Ginsburg, Ed., Interscience Publishers, New York 
N. Y „  1959, pp 251-252.
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SPECTRA TAKEN IN CONCENTRATED H2S04

Figure 2. Absorption (•••■) and emission (—) spectra of 
certain 1-substituted azulenes taken in fluid solution at room 
temperature, with 60% sulfuric acid as the solvent. The 
exciting line is indicated in each case by a short vertical line 
in the short-wavelength region of the spectrum. The emission 
spectra were taken under the following experimental 
conditions: 1-trifluoroacetylazulene: 9.8 X 10“ 4 M ,
sensitivity 50, 0.001 mm; 1-nitroazulene: 6.9 X 10-4 M , 
sensitivity 50, 0.003 mm; 1-azuloic acid: 4.0 X 10-4 M ,  
sensitivity 30, 0.01 mm.

Exceptions to this occurred with pen-condensed systems 
containing four rings.

If one examines the data on the S2-Si energy gap for 
the alternant (benzenoid) hydrocarbons compiled by 
Platt and coworkers,12 the small gap for naphthalene is 
fairly typical. For the anomalously fluorescent non
alternants and substituted azulenes, the corresponding 
gap for azulene, which is large, seems to be typical. 
As can be seen from Table I, the energy gaps for the 
protonated species are similar whether or not anomalous 
emission is observed. In any case, the separation is of

Figure 3. Absorption (•••■) and emission (—) spectra of 
napht.h [2,1,8-cde] azulene taken in fluid solution at room 
temperature, with methylcyclohexane as the solvent. The 
exciting line was 355 m/i and is indicated by a short vertical 
line in the short-wavelength region of the spectrum. The 
emission spectrum was taken under the following conditions: 
2.4 X 10~4 M , sensitivity 50, 0.001 mm.

Figure 4. Absorption (••••) and emission (—) spectra of 
naphth [2,1,8-ale] azulene taken in fluid solution at room 
temperature, with concentrated sulfuric acid as the solvent.
The exciting line was 500 mp and is indicated by a vertical 
line in that region of the spectrum. The following experimental 
conditions were employed for observing the emission:
7.5 X 10~5 M , sensitivity 30, 0.003 mm.

the order of 6500-7500 cm-1 for cases exhibiting 
anomalous emission as compared with 1300 cm-1 in 
the case of naphthalene.

(10) P. D. Gardner, C. E. Wulfman, and C. L. Osborn, J. Aimr. 
Chem. Soc., 80, 143 (1958).
(11) P. Baumgartner, E. Weltin, G. Wagniere, and E. Heilbronner, 
Helv. Chim. Acta, 48, 751 (1965).
(12) J. R. Platt, et al., “ Systematics of the Electronic Spectra of 
Conjugated Molecules,”  John Wiley & Sons, Inc., New York, N. Y., 
1964.
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Table I : Si-So and Sj-Si Experimental Energy Spacings 
Corresponding to Maxima in the Absorption Spectra“

Compd or ion A E (Si—So) AF(S$r- Si) Ref

Azulene1 15,800 13,700 c
Naphthalene 34,800 1,300 d
N aphth [2,1, H-cde] azuleneb 17,725 6,450 e
Azulenium 28,400 10,200 f
Benz [a] azulenium 25,850 11,300 f
Benz [e] azulenium 22,600 4.825 f
Benz [/[azulenium 25,850 6,550
Heptalenium 24,200 9,575 f
3, 5-Dimethylcyclopenta[e/]- 19,608 6,708 e

heptalenium
3, 5-Dimethyl-8-phenylcyelo- 25,000 5,303 e

hepta[cd]pentalenium
4-Methylpentaleno [2,1,6-de/J- 13,330 7,503 e

heptalenium
N aphth [2,1,8-cde] azulenium 11,110 6,444 e
1-Trifluoroacetylazulenium 23,810 6,493 e
1-Nitroazulenium 21,978 4,689 e
1-Carboxyazulenium 22,222 5,349 e

“  The energy gap is given in cm b These substances emit
anomalously. c J. E. Bloor, Can. J . Chem., 43, 3026 (1965).
d I. B. Berlman, “Handbook of Fluorescence Spectra,” Academic 
Press, New York, N. Y ., 1965. * This work. 1 See ref 6 .

The fluorescent behavior of substances which violate 
Kasha’s rule13 is of some interest because the phenome

non bears a direct relation to the general problem of 
intramolecular nonradiative transitions, especially in
ternal conversions and intersystem crossing. Similarly, 
the fact that the radiative process is observed from 
excited electronic states above the first excited singlet 
means that for these substances the experimental 
lifetime of the emitting state has been increased due to 
the elimination or considerable reduction of nonradia
tive downward transformations. Such high-energy 
storage mechanisms are important and worth further 
investigation both from experimental and theoretical 
points of view.14'15
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(13) M. Kasha, Discussions Faraday Soc., 9 , 14 (1950).
(14) J. E. Bloor, Can. J. Chem., 43, 3026 (1965).
(15) I, B. Berlman, “ Handbook of Fluorescence Spectra,”  Academic 
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Standard Potentials of Potassium Electrodes and Activity Coefficients and 

Medium Effects of Potassium Chloride in Ethanol-Water Solvents1

by Aloys J. Dill, Leonard M. Itzkowitz, and Orest Popovych2
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Standard potentials of the potassium electrode and mean ionic activity coefficients of KC1 were determined 
at 25° from emf measurements on potassium amalgam-silver chloride cells in ethanol-water mixtures con
taining 100.0, 92.3, 80.3, 60.2, 40.0, 20.3, and 15.0 wt % ethanol. Changes in the standard free energy of 
KC1 upon transfer from water to each of the above nonaqueous media have been calculated. Variation 
of E°k with the solvent was interpreted in terms of ionic medium effects.

As part of an extensive study to determine the effect 
of the medium on the properties of electrolytes in 
ethanol-water mixtures, we measured the emf of po
tassium amalgam-silver chloride cells using dropping

K(Hg)(l)|K+, Cl-|AgCl(s); Ag(s) (I)

amalgam electrodes containing approximately 0.02

wt %  potassium. From emf measurements obtained 
on cell I with amalgams of accurately known compo
sition, we derived the standard potentials of the po

ll) Taken in part from the Ph.D. thesis of A. J. Dill, The City 
University of New York, July 1967.
(2) To whom inquiries should be addressed.
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tassium electrode, E°k, as well as the activity coeffi
cients and the medium effects for potassium chloride 
over the entire range of ethanol-water solvents. To 
date, activity coefficients of potassium chloride have 
not been reported for ethanol or for any of the ethanol- 
water mixtures. Values of E°K are known only for 
100%  ethanol3 and, of course, for water.

Experimental Section
Materials. USP 95% ethanol was purified by double 

fractionation, collecting 2.5 1. of a 5-1. charge. The 
final distillate had a density of 0.8067 g/ml at 25°, 
corresponding to 92.3 wt %  ethanol. USP absolute 
alcohol was purified in a similar manner, after a pre
liminary 12-hr refluxing over magnesium ethoxide. 
The purified 100% ethanol had a specific conductance 
of 10-8 mho cm-1 and a density of 0.7851 g/ml at 25°. 
Literature values are 0.78504 and 0.7851 g/m l.5 Re
agent grade potassium chloride was doubly recrystal
lized from deionized water and then was fused.

Preparation of Solutions. Ethanol-water mixtures 
were prepared to the approximate composition from 
95%  ethanol and distilled water, and their exact com
position in weight per cent ethanol was then calculated 
from duplicate determinations of density and inter
polated literature data on composition vs. density.46 
Stock solutions in all the solvents except pure ethanol 
were prepared by dissolving weighed amounts of po
tassium chloride. In absolute ethanol, a saturated 
solution was prepared and analyzed for chloride gravi- 
metrically by precipitation as silver chloride.

Preparation of Electrodes. The silver-silver chloride 
electrodes were of the thermal electrolytic type pre
pared by the procedure described by Bates.6 The 
electrodes used agreed with each other to better than 
0.05 mV. Potassium amalgam containing approxi
mately 0.02 wt %  potassium was prepared by electroly
sis of 1 N KOH. The electrolysis was carried out in a 
vessel which functioned as a separatory funnel, so that 
the amalgam could be drawn off from the KOH solu
tion. Mercury served as the cathode and a platinum 
wire served as the anode. Dry nitrogen was bubbled 
through the mercury during the electrolysis in order to 
stir the amalgam. After the electrolysis proceeded for 
the required period of time, the amalgam was drawn off 
into an evacuated vessel for storage. All further trans
fers of the amalgam took place under an atmosphere of 
dry hydrogen. The percentage of potassium in the 
amalgam was determined by decomposition in hot 
standard sulfuric acid and back-titration with a stan
dard base. In use, the amalgam contained in the 
reservoir was dropped through a 1-cm length of polaro- 
graphic capillary at a rate which varied from about one 
drop per second to about one drop every 5 sec. This 
capillary was fastened to the electrode assembly by 
means of a Teflon tubing connector, so as to facilitate 
replacement if it became clogged during a run. The

spent amalgam dropped through the solution into the 
trap at the bottom of the electrode compartment, where 
it was isolated from the bulk of the solution. Isolation 
of the spent amalgam was necessary to prevent reaction 
with the solvent. The reference electrode compart
ment was separated from the amalgam compartment 
by a sintered glass disk, to prevent hydrogen used for 
deaeration of the solution from reaching the silver 
chloride electrode. Electrical contact with the amal
gam was made by a platinum wire sealed into the neck 
of the electrode assembly.

Measurements. The 0.02% potassium amalgam was 
transferred to the dropping-electrode assembly under 
an atmosphere of dry hydrogen. The solution was 
placed in both electrode compartments and the cell was 
assembled. The assembled cell was placed in a water 
bath at 25.00°, controlled to better than ±0.01° by a 
Yellow Springs Instrument Co. Model 72 proportional 
temperature controller. The actual temperature of 
the bath was verified by means of a certified National 
Bureau of Standards thermometer. Each silver-silver 
chloride electrode used was stored overnight in the KC1 
solution in which it was to be used for emf measure
ments. The hydrogen used for deaeration was first 
passed through a Deoxo catalytic purifier and then 
through a presaturation tower containing the pure 
solvent . The potential of cell I was measured when the 
amalgam drops were fully formed. Readings at about 
10-min intervals were taken after the cell had been in 
the water bath for about 15 min. When consecutive 
readings agreed to about 0.2 mV, the potential was 
taken as final. Generally only three or four readings 
were necessary to reach a stable potential, which re
mained practically unchanged when equilibration was 
continued for an additional 0.5 hr. The measurements 
were carried out with an Electro Scientific Instruments 
Model 330 potentiometric dc voltmeter, which has an 
accuracy of 10 ppm of the reading. A certified Eppley 
Laboratories standard cell was used to check the stan
dard cell in the instrument.

Results and Discussion
Activity Coefficients. The potential Ei of cell I at 

25° is given by

Ej =  E° i -j- 0.05916 log dK(Hg) —
0.05916 log (aKUci) (1)

where E°i =  E°Agci — E°K(Hg) referred to E °n — 0 in 
the given solvent and aK(iie¡ is the activity of potas

es) N. A. Izmaylov, “ Electrochemistry of Solutions,”  Kharkov 
University Press, Kharkov, USSR, 1959, p 732.
(4) J. R. Graham, G. S. Kell, and A. R. Gordon, J. Amer. Chem. 
Soc., 79, 2352 (1957).
(5) N. S. Osborne, E. C. McKelvey, and H. W . Bearce, J. Wash. 
Acad. Sci., 2, 95 (1912).
(6) R. G. Bates, “ Determination of pH,”  John Wiley & Sons, Inc., 
New York, N. Y „  1964, p 281.
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sium in the amalgam. For purposes of evaluating 
activity coefficients of KC1, the term involving etK(Hg) 
is combined with E {J resulting in the equation

Ei =  E°' -  0.05916 log (aKaci) (2a)

where

E° ' — E\° -f- 0.05916 log ctK(Hg) (2b)

Substituting molar concentrations and activity coeffi
cients for activities and accounting for incomplete 
dissociation, we solve for the mean molar activity coef
ficient of KC1, / ±

log /±  = A() -  log (aCk c i )  (3)

where a is the degree of dissociation of KCI. The 
latter was calculated from the association constants of 
KCI available in the literature7 for those ethanol-water 
mixtures where ionic association is appreciable. An 
estimate of the activity coefficient, / ±, which is needed 
for the above calculation, was made from the Debye- 
Hückel equation in which the ion-size parameter for a 
given solvent was chosen by interpolation of the values 
of âj given by Hawes and Kay.7 While âj is not the 
best choice for use in the Debye-Hiickel equation, a is, 
fortunately, not a sensitive function of / ± . Experi
mental values of E\, Ckci, and the calculated values of a 
are given in Table I.

In order to evaluate E° ', eq 3 is rearranged with the 
usual assumption that for purposes of extrapolation log 
f± can be expressed as a function of ionic strength I

Ei +  0.1183 log (oCkci) =  E°' +  0.1183A/Vî (4)

From a plot of the left-hand side of eq 4 vs. I'1'1, E° ' is 
obtained by extrapolation to zero ionic strength. 
According to the Debye-Hiickel law, the function in 
eq 4 should be linear in very dilute regions, with any 
deviations from linearity occurring at higher concentra
tions of KCI. That the reverse is observed in some of 
our sets of data can be attributed to the well-known8 
corrosion of amalgam electrodes, which becomes ap
preciable at low electrolyte concentrations and in alco
hol-rich media. For this reason one or two data points 
at the lowest concentrations of KCI (of the order of 
10-3 M) were excluded from our calculations in some of 
the solvents (those points are designated in Table I 
with a footnote). The remaining data were analyzed 
with the aid of eq 4 using the method of least-squares 
programmed on an IBM 1620 computer. The f o r 

t r a n  program yielded the intercept E°' and the slope 
0.1183A of the best straight line representing our experi
mental points and evaluated the activity coefficients of 
KCI at even concentrations. At any ionic strength in 
the region studied here, the activity coefficient can be 
calculated from —log / ± =  A l'h. The constants of 
the linear extrapolation, E°' and A, and the cor-
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Table I : Emf-Molarity Data

EU Er,
i o ' C k c i a V 10sCk c i a V

100.0% Ethanol 92.3% Ethanol
0.6266 2.0293“ 2.8490 0.944 2.0206
0.6278 2.0264“ 5.0880 0.918 1.9978
1.2532 0.932 2.0024 6.1050 0.909 1.9908
1.5665 0.921 1.9955 7.1230 0.901 1.9850
1.5700 0.921 1.9950 8.1400 0.893 1.9791
1.8798 0.911 1.9860 9.1580 0.886 1.9750
1.8830 0.911 1.9869 10.750 0.877 1.9697
2.5064 0.893 1.9753
2.5110 0.893 1.9766 60.2% Ethanol
3.1330 0.877 1.9661 30.010 0.962 2.0947
3.1390 0.877 1.9656 40.010 0.955 2.0828

50.010 0.949 2.0732
80.3% Ethanol 60.020 0.943 2.0656

17.998 0.924 2.0347 70.020 0.938 2.0591
23.998 0.912 2.0226 80.020 0.934 2.0533
29.997 0.902 2.0139 90.020 0.930 2.0484
35.996 0.893 2.0067 100.03 0.926 2.0438
41.996 0.886 2.0010
47.995 0.879 1.9959 20.3% Ethanol
53.995 0.873 1.9915 5.0840 1 2.1187“

10.168 1 2.1295
40.0% Ethanol 20.336 1 2.1508

1.0040 1 2.2939“ 50.840 1 2.1937
2.0080 1 2.2700 81.344 1 2.2268
5.0200 1 2.2267 101.68 1 2.2575

10.040 1 2.1938
50.200 1 2.1200 15.0% Ethanol

100.40 1 2.0893 5.1150 1 2.1349“
10.230 1 2.1447
20.460 1 2.1662
51.150 1 2.2088
81.840 1 2.2417

102.30 1 2.2731
“ These data points were excluded from the least-squares

analysis.

Table II: Results of Linear Extrapolation of 
Experimental Data Using Eq 4

W t %  Range of
ethanol 10 V, M A A dh Eor, V  (std dev)

100.0 1-3 3.06 2.96 1.6445 (±0.00097)
92.3 2.7-9 2.45 2.51 1.7019 (±0.0004)
80.3 16-47 1.01 1.90 1.8087 (±0.0001)
60.2 30-100 0.556 1.24 1.9020 (±0.0003)
40.0 5-100 0.569 0.872 1.9503 (±0.0006)
20.3 5-100 0.404 0.649 1.9865 (±0.0004)
15.0 5-100 0.440 0.606 2.0012  (±0.0003)

responding theoretical Debye-Hiickel limiting slopes, 
ADh, are compiled in Table II.

The dielectric constants for the calculation of ADH 
were interpolated from Akerlof’s data.9

(7) J. S. Hawes and R. L. Kay, J. Phys. Chem., 69, 2420 (1965).
(8) K. Brâuer and H. Strehlow, Z. Phys. Chem. (Frankfurt am Mainl
17, 336 (1958). h
(9) G. Akerlof, J. Amer. Chem. Soc., 54, 4125 (1932).
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It seems that the Debye-Hückel limiting law may be 
valid for the KC1 solutions in 100 and 92.3% ethanol, 
where ionic strengths never reach 10~2 M. For the re
maining solvents, the experimental values of A are lower 
than their counterparts in the limiting law. The dis
crepancies between experimental and theoretical values 
of the activity coefficients can be reduced somewhat 
by expressing the latter with the aid of Debye-Hückel 
equation in the form —log f± =  A / '/s/ (  1 +  BälI/!) 
using the same literature values7 for the ion-size param
eter d as in the estimation of a, but the improvement is 
insufficient. Conversely, when experimental values of 
f ± are introduced in the above equation, the correspond
ing calculated d’s vary with ionic strength. Evidently, 
for those solutions where the experimental slopes, A, 
are effectively lower than the limiting slopes, our ap
parently linear relationships, —log f± =  A l'h, are 
merely approximations of some more complex functions 
of / .  Following a recent suggestion10 to express the 
emf of a reversible cell as a polynomial in J1/2, we re
write eq 4 as

y =  Ei +  0.1183 log (oCkci) =
E°' +  0.1183 Axf h +  0.1183 A J  +

0.1183A3/ ’a +  . .. (5)

This amounts to adding higher powers of l 'h to the ex
pression for the activity coefficient

—log/±  =  AJ. A +  A^I +  A% 1 A +  . . .  (6)

Using a polynomial curve-fitting program for those 
sets of data which did not follow the Debye-Hückel 
limiting law, we obtained the following constants for eq 
5 at the ethanol concentrations indicated

y =  1.9993 +  0.1183(0.6286/‘/s -  0.4495/)
(15.0%) (7a)

y =  1.9836 +  0.1183(0.6847/‘A -  0.6692/)
(20.3%) (7b)

y =  1.9478 +  0.1183(0.8757/I/! -  0.8002/)
(40.0%) (7c)

y = 1.8901 +  0.1183(1.475/1/! -  2.3922/)
(60.2%) (7d)

y =  1.8108 +  0.1183(0.8076 /I/! -  0.6900/)
(80.3%) (7e)

No significant improvement was achieved by extending 
this calculation to higher polynomials in I v\ The 
previously claimed10 theoretical validity of eq 5 is cor
roborated here to some extent by the fact that the coef
ficients Ai in eq 7a-e are in most cases closer to the 
Debye-Hückel limiting slopes than the corresponding 
parameters from the linear extrapolation. Values of 
E°' derived from the polynomials are within 1-2 mV of

their straight-line counterparts for all solvents except 
60.2% ethanol. For this composition, a plot of y vs. / ' A 
curves appreciably throughout the concentration range, 
so that a linear extrapolation represents a poor approxi
mation here.

In their analysis of emf measurements with potas
sium and rubidium amalgam electrodes in methanol, 
Brauer and Strehlow8 drew attention to the corrosion 
(decomposition) of the amalgams due to a reaction with 
the solvent and outlined a method of correcting for it. 
The decomposition of amalgam increases the activity of 
the alkali metal ion in solution and reduces the activity 
of the metal in the amalgam phase by a corresponding 
amount. It manifests itself in plots of — lo g /± vs. / ‘A 
and of y vs. / ' A as a curvature in the most dilute regions 
with a slope steeper than that predicted by the Debye- 
Huckel limiting law. The correction proposed by 
Brauer and Strehlow ascribes all deviation from the 
limiting slope in dilute regions (C <  0.01 M) to amal
gam corrosion. Whereas this approach seems plausible 
for their data in methanol, which do follow the limiting 
law at C 3; 0.01 M, it cannot be applied to ours, where 
the experimental slopes, A, are less than the theoretical. 
Even for 60.2% ethanol, in which the extrapolation via 
eq 4 showed an appreciable curvature, the correction 
was found to be inapplicable, as it led to negative 
values for that parameter which is supposed to represent 
an increase in potassium ion activity due to corrosion. 
Only the few isolated points in the most dilute solutions 
which we rejected did curve away from the otherwise 
linear plots of eq 4 and appeared to be examples of 
amalgam decomposition. In our work, amalgam de
composition was probably minimized by the use of 
hydrogen gas to purge the apparatus overnight prior 
to each run and to saturate the solutions continuously 
before and during the measurements. Hydrogen coun
teracts amalgam corrosion not only through deaeration 
but also by mass action.

Standard Potentials of Potassium. In any solvent 
which interacts with potassium metal, the standard 
potential of the potassium electrode, E° k, is arrived at 
by adding the standard potentials of the cells

K(Hg)(l) |K+, I -  (ethylamine) |K(s) (II) 

Ag(s); AgCl(s) | K +, Cl~
(given solvent) | K (Hg) (1) (III)

P t(s);H 2(g)|H+, C l-
(given solvent) | AgCl(s); Ag(s) (IV)

Lewis and Keyes11 measured the potential of cell II 
using an amalgam containing 0.2216 wt %  potassium. 
Since the potential of a cell of this type is independent

(10) D. Sen, D. A. Johnson, and R. N. Roy, J. Phys. Chem., 71, 1523 
(1967).
(11) G. N. Lewis and F. G. Keyes, J. Amer. Chem. Soc., 34, 119 
(1912).
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both of the concentration of electrolyte and of the 
nature of solvent (provided the solvent does not interact 
with potassium metal), its standard potential at 25° 
is given by

E°n = E — 0.05916 log aK(Hg) (8)

A table of activities of potassium in amalgams as a 
function of mole fraction is given by Armbruster and 
Crenshaw.12 From this table we interpolate the value 
of aK(Hg) =  0.02412 for the Lewis and Keyes amalgam 
(mole fraction of potassium, 0.011267). Combining 
this activity with the measured potential of cell II, 
Eu =  —1.0478 V (corrected to the absolute voltage 
standard), we obtain from eq 5, E°n =  —0.9521 V. 
Similarly, values of E°x were computed from those of 
E° ' via eq 2b by interpolating activities for our amal
gams from the data of Armbruster and Crenshaw.12 
Since cell III is the reverse of cell I, E °m  =  —E°i. 
The standard potential of cell IV was interpolated for 
our exact solvent compositions from the available liter
ature data.13-17

The activities of our amalgams and the standard 
potentials E°i and E°K are listed in Table III. Stan
dard potentials on the molal scale were calculated from 
those on the molar scale and the density of the sol
vents.4’5

E° (molal) = E° (molar) — 0.1183 log do (9)

As a double check on the activity of our amalgams 
and on the entire experimental procedure, we deter
mined E° i in water from measurements on five of the 
amalgams to be 2.1931 ±  0.0005 V (molar scale). 
The standard potential of potassium in water derived 
from it is —2.9230 V (molal scale). Literature values 
are —2.923412 and —2.926 V .18 On the other hand, 
values of E°i in 100% ethanol are reproducible only to 
a few millivolts, as they are subject to additional errors 
resulting from the preparation and analysis of saturated 
solutions of KC1. The standard potential of potassium

Table III : Standard Potentials and Medium Effects at 25°

w t  % E°i, E° i,
ethanol lO’ aK(Hg) M M

100.0 1.136 1.8187 1.8311
92.3 1.328 1.8721 1.8831
80.3 1.909 1.9696 1.9787 
6Û.2 2.282 2.0464“ 2.0526
40.0 2.206 2.1075 2.1111
20.3 1.377 2.1558 2.1575
15.0 1.325 2.1714 2.1728
0.0 . . .  2.19315 2.1932

Log Log
mTK + m7K —

,E° K log m7CI log mTH

-2 .865 6.121 0.987
-2 .757 5.242 2.803
-2 .799 3.626 2.099
-2.830 2.377 1.574
-2.8687 1.388 0.918
-2.9021 0.6034 0.353
-2.9136 0.3448 0.159
-2.9230 0.0000 0.000

° Here, the E ° '  from the polynomial expression (eq 7d) was
used in calculating E ° i. For all other compositions values of 
E ° '  used are those from Table II. b An average was determined
on five amalgams.

in anhydrous ethanol determined in this study does not 
agree well with the literature value of —2.847 V .3 
The E °' of potassium is more positive in ethanol-water 
mixtures than in either of the pure solvents. A pos
sible interpretation of this phenomenon in terms of 
medium effects for the potassium ion and for the proton 
is offered in the next section.

Medium Effects. The medium effect myit usually 
expressed in logarithmic form, is a measure of the dif
ference between the standard free energy of solute i in 
water (wG°t) and in the given nonaqueous solvent 
(s G\).

sG°t — wG°i =  RT In my( (10)

In recent years, considerable attention has been devoted 
to medium effects of single ions, with the aid of which 
it is possible, in principle, to correlate ion-activity scales 
and standard emf series in different solvents and to 
evaluate liquid-junction potentials at aqueous-non- 
aqueous interphases. Several new extrathermody- 
namic methods have been proposed for the estimation 
of medium effects for single ions,19-22 and the field has 
been partially reviewed.19-25

Thermodynamically allowed combinations of ionic 
medium effects are useful not only as starting points for 
estimation of their individual values but also as a means 
of testing the internal consistency of the latter. Two 
such combinations can be calculated from the E° 
values determined in this study at 25°

and

log mYK +  lOg m7ci
7770 777 0w -ft  I  —  s - ft  X

0.05916 (11)

log m7K — log mYH >E° K — wÆ°K
0.05916 (12)

(12) M. H. Armbruster and J. L. Crenshaw, J. Amer. Chem Soc , 
56, 2525 (1934).
(13) J. A. V. Butler and C. M. Robertson, Proc. Roy. Soc., A125, 
694 (1929).
(14) H. S, Harned and D. S. Allen, J. Phys. Chem., 58, 191 (1954).
(15) A. Patterson and W. A. Felsing, J. Amer. Chem. Soc., 64, 1478 
(1942).
(16) P. Seguela and J. Pariaud, Compt. Rend., 253, 1565 (1961).
(17) H. Taniguchi and G. J. Janz, J. Phys. Chem., 61, 688 (1957).
(18) K. Bràuer and H. Strehlow, Z. Phys. Chem. (Frankfurt am 
Main), 17,346 (1958).
(19) R. Alexander and A. J. Parker, J. Amer. Chem. Soc., 89, 5549 
(1967).
(20) M. Alfenaar and C. L. De Ligny, Rec. Trav. Chim. Pays-Bas 
86, 929 (1967).
(21) J. F. Coetzee and J. J. Campion, J. Amer. Chem. Soc., 89, 2513 
(1967).
(22) O. Popovych, Anal. Chem., 38, 558 (1966).
(23) See ref 6, Chapters 7, 8.
(24) R. G. Bates in “ The Chemistry of Non-Aqueous Solvents,”  
Vol. I, J. J. Lagowski, Ed., Academic Press, New York, N. Y ., 1966, 
Chapter 3.
(25) H. Strehlow in ref 24, Chapter 4.
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where subscripts s and w indicate that the E° was 
determined in the given nonaqueous solvent and in water, 
respectively, and is based on the standard state in the 
corresponding solvent. The combinations of the 
medium effects are compiled in the last two columns of 
Table II. The quantity log m7K — log m7H represents 
the difference in the standard free energy change ex
perienced by potassium ions and by protons upon trans
fer from water to a given ethanol-water mixture. If 
we had a way of apportioning this difference between 
the two ions, we could estimate the very useful medium 
effects for the proton log m7H- Values of log m7H 
throughout the ethanol-water range would enable us to 
correlate pH scales in water and in ethanol-water 
mixtures by referring all of them to a single aqueous 
standard. Model calculations of the solvation energy 
of ions focus mainly on the electrostatic component of 
the energy and apply poorly to the proton, where 
basicity of solvent undoubtedly makes a major contri
bution. On the other hand, a successful model has 
been developed by Stokes26 for the free energy of hy
dration of ions with a noble gas structure. This 
model, which accounts both for dielectric saturation in 
the vicinity of the ion and for increase in its radius due 
to hydration, was employed here to calculate the elec
trostatic standard free energy of potassium ions, Ge¡°, in 
water and in ethanol-water mixtures

Gei° (kcal/mol) = 166
2,8

.9  rc(rc +  2.8) +

D -1 ~ 
rc +  2.8.

(13)

where the crystallographic radius of the potassium ion, 
rc, was taken to be 1.33 A, D is the macroscopic dielec
tric constant of the medium, 2.8 A represents the in
crease in radius of the ion due to hydration, and 9 is the 
value assigned to the effective dielectric constant in the 
hydration layer. Omission of the “ neutral”  part of the 
solvation energy of potassium ions from the calculation 
of its medium effects amounts to adopting the “ zero- 
energy assumption,” which applies when the energy 
change experienced by a neutral molecule upon transfer 
from its gaseous standard state to its solution standard 
state is just that resulting from the accompanying 
change in volume. It has been demonstrated27 that 
the zero-energy assumption is superior to the alterna
tive “ inert gas assumption”  for the evaluation of 
hydration energies of individual ions. In the inert gas 
assumption, the neutral part of solvation energy of an 
ion is equated to the solvation energy of an inert gas 
molecule of the same size and may vary appreciably 
with solvent.

As shown in Table IV, the medium effect of the po
tassium ion calculated from the Stokes model increases 
steadily with increasing ethanol content, exhibiting the 
expected rise in solvation energy of an ion with de

Table IV: Calculated Single-Ion Medium Effects for Potassium 
and the Proton

Wt % 
ethanol

Log m7 K — 
log m7H

Log m7 K 
(caled from 

Stokes26 model)

Log mH 
(by dif
ference)

92 .3 2.803 0.711 - 2 .0 9 2
80.3 2.099 0.525 - 1 .5 7 4
60.2 1.574 0.305 - 1 .2 6 9
50.0 1 .22“ 0.225 - 1 . 0 0
40 .0 0.918 0.160 - 0 .7 5 8
30.0 0 .625“ 0.106 - 0 .5 1 9
20 .3 0.353 0.0651 -0 .2 8 8
15.0 0.159 0.0456 - 0 .1 1 3

Interpolated.

creasing dielectric constant of solvent. In contrast, 
the medium effect for the proton is negative throughout 
the ethanol-water range and decreases with increasing 
alcohol content. This means that in ethanol-water 
mixtures the proton exists in a lower energy state than 
in pure water, or that the mixtures are more basic than 
water. An independent corroboration for this con
clusion can be derived from the behavior of the Ham
mett acidity function, H0, in ethanol-water solvents. 
For a nonaqueous solution of acid HA at an analytical 
molality w iHa  and with a degree of dissociation a ,  the 
relationship between the medium effect of the proton 
and the H0 is

log m7H = -H o -  log raHa -  log a -  log s7h +

lo g ---------- b lo g --------  (14)
s7B m7B

where subscript s denotes the salt-effect activity coef
ficients and BH+ and B are the acidic and basic forms 
of the Hammett (amine) indicator, respectively. Be
cause medium effects are generally known to attain 
values orders of magnitude greater than salt effects, it 
is necessary to have some prior indication that the ratio 
m7BH+/m7B is likely to be close to unity before accept
ing the H0 function as an approximate measure of hy
drogen ion activity in a given solvent. According to a 
calculation by Strehlow,26 the electrostatic component 
of m7BH+ in alcohol solvents is indeed close to unity, 
while it is also reasonable to expect that its neutral 
component would tend to cancel with m7B. If one then 
applies the usual assumption that the salt-effect ratio 
s7bh+/s7b also deviates little from unity, the H0 
function can serve as a basis for estimating log m7n.

Braude and Stern28 reported that for HC1 solutions 
in mixtures of ethanol, dioxane, and acetone with water, 
the function — H0 passes through a minimum at ap
proximately equimolar solvent composition and then

(26) R. H. Stokes, J. Amer. Chem. Soc., 86, 979 (1964).
(27) R. M. Noyes, ibid., 84, 513 (1962).
(28) E. A. Braude and E. S. Stern, J. Chem. Soc., 1976 (1948).
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Figure 1. Comparison of calculated medium effects for the 
proton with the —H° acidity function28 in ethanol- 
water mixtures. The solid curve represents ( — H a — C h c i) 
from the data of Braude and Stern.28 Filled circles 
are values of log m7H esimated in this study.

rises steeply in the region of the pure solvents. Their 
conclusion was that water is more basic in mixtures with 
other solvents than it is in the pure liquid state. This 
increase in the effective proton affinity of the water 
molecules is believed to be brought about by a destruc
tion of water structure, upon which a larger number of 
basic sites on the water molecules are exposed for bond
ing with protons. In the vicinity of the pure solvents, 
the acidity function rises steeply, presumably due to 
replacement of hydronium ions with the corresponding 
nonaqueous oxonium ions. The curve in Figure 1 
represents an estimate of log m7H from the data of 
Braude and Stern for 0.1 M solutions of HC1 plotted as 
a function of ethanol-water composition in the form 
(—Ho — log C h c i ) ,  where C is the molarity of the acid. 
Our own estimates of log m7H from the last column of 
Table IV are shown as individual points. The two sets 
of estimates show good coincidence up to about 50 wt %  
ethanol, after which our calculated values of log to7h 
continue to decrease steadily, while the acidity function 
proceeds through its previously mentioned minimum 
followed by a steep rise. While the observed dis
crepancy could be due to the failure of either function 
to describe adequately the behavior of the medium 
effect for the proton in alcohol-rich media, it is most 
likely the failure of the Stokes hydration model. The 
latter presumes solvation by water molecules through
out the solvent range and was not meant to be applied 
in alcohol-rich solvents where it is likely to become in

creasingly erroneous due to solvation of ions by ethanol 
or by both ethanol and water. Furthermore, values of 
log m7H estimated by other independent methods29'30 
also show a steep rise in the region close to 100%  eth
anol, similar to that experienced by the —H0 function.

If for the sake of discussion we assume that — H0 does 
reflect the true behavior of the medium effect for the 
proton over the entire ethanol-water range, it is possible 
to calculate log „.yn for 100% ethanol from eq 14. For 
0.1 M  HC1, a  is 0.26 (K d is s  = 9 X 10-3),31 and s7 ± h c i , 

as an estimate of s7h, is about 0.35.3 Introducing into 
eq 14 these values as well as the density of ethanol to 
convert from molarity to molality, we obtain log 
m7H =  1-5, and (from the last column of Table III) 
log m7K =  2.5. Previous estimates for the medium 
effects of H+ and K+ ions in ethanol are, respectively,
3.9 and 4.032 and 2.5 and 4.1.33 Both pairs are, of 
course, internally inconsistent, since the experimentally 
observed value of log m7K — log myH =  1.0.

The variation of sE°k with ethanol-water composi
tion can now be analyzed in terms of the interplay be
tween the individual medium effects of the potassium 
ion and of the proton. The conventional standard 
potential of potassium SE°K, which is really SE°K —
s.E ° h  is directly related to the difference in the standard 
free energies of K+ and H+ion in nonaqueous solvents 
and in water (c/. eq 10 and 12). Because log m7K rises 
steadily with increasing ethanol content (SG°K in
creases) while log m7H (and s(?° h )  decreases, the stan
dard potential of potassium becomes increasingly posi
tive with respect to its aqueous value. It probably 
reaches a maximum somewhere between 90 and 100 wt 
%  ethanol, just prior to the steep rise in SG°H observed 
in several of the cited studies. The sudden increase in 
the free energy of the proton in the region near an
hydrous ethanol brings SE°K again close to its aqueous 
counterpart WE°K.
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Activation of Hydrogen at 79  °K by Supported Copper13

by J. E. Benson,lb Arden B. Walters,10 and M. Boudartld
Department of Chemical Engineering, Stanford University, Stanford, California 94305 (Received June 24, 1968)

A new catalyst containing 500 ppm of copper on magnesium oxide has been found to activate molecular hydro
gen at 79°K as evidenced by its ability to catalyze the H2-D 2 exchange at that temperature at a rate per sur
face atom comparable to that measured on metallic nickel. This catalyst is poisoned by adsorption of hydrogen 
at higher temperature. The nature of the surface sites responsible for the exchange is discussed.

Introduction
Active catalytic centers associated with electronic 

defects induced by irradiation of silica gel with alumi
num impurities were discovered by Kohn2 and studied 
in detail by various workers.3-8 Similar centers 
have been investigated by Lunsford and Leland6-7 
on magnesia with iron impurities. Several workers,8-10 
whose results have remained unpublished, have also 
described a catalyst which resembles those of Kohn 
and Lunsford in its unexpected ability to catalyze the 
hydrogen-deuterium exchange at liquid nitrogen tem
perature as well as in its deactivation by hydrogen ad
sorbed at higher temperatures. The catalyst consisted 
of 5 mol %  copper supported on magnesia, activated 
without irradiation by reduction and evacuation 
at high temperature. In view of the recent findings 
with irradiated catalysts, it became imperative to 
confirm and expand the previous results with special 
attention to the absence of impurities such as nickel 
that might be introduced during the preparation of the 
catalysts.

Experimental Section
All chemicals used were of high purity. The gases 

used were hydrogen (produced electrolytically) and 
deuterium (99.5% D2, obtained from the Matheson Co.). 
Both hydrogen and deuterium were purified by diffu
sion through palladium alloys prior to their use. Grade 
A helium was obtained from General Dynamics. Cata
lysts containing 5.0 and 0.05 mol %  copper on magnesia 
were prepared by impregnating Mallinckrodt analyti
cal reagent grade magnesia with a cupric nitrate solu
tion prepared by dissolving ASARCO copper metal 
(99.999+% Cu, <1 ppm of Ni) in Baker and Adamson 
reagent grade nitric acid (<0.05 ppm of Ni). A simple 
Pyrex flow system was used for the activation and reac
tion. The powder catalysts were protected from grease 
and other contaminants by liquid nitrogen traps on the 
upstream and the downstream sides of the catalyst 
chamber. Following impregnation, the catalysts were 
calcined in air at 673°K. Then they were activated 
in situ. The 5.0 mol %  Cu-MgO catalysts were re
duced for 24 hr in hydrogen flowing at a space velocity 
of 0.020 sec-1 at temperatures from 575 to 750°K and

then evacuated to 10-8 torr for at least 12 hr at the 
reduction temperatures before the exchange reaction 
was studied at temperatures from 79 to 373°K. The 
0.05 mol %  Cu-MgO catalyst was similarly activated 
at 733°K.

Approximately equimolar mixtures of hydrogen and 
deuterium were passed over the thermostated cata
lysts at atmospheric pressure. The gas mixtures were 
analyzed gas chromatographic ally by the method of 
Fujita and Kwan.11 The column, immersed in liquid 
nitrogen, was packed with 100-200 mesh alumina im
pregnated with 10 wt %  MnCl2. Helium at a flow of 
150 ml/min was used as the carrier gas. The separated 
isotopes were oxidized to the corresponding isotopic 
water molecules in a CuO column at 853 °K  to increase 
the sensitivity of detection in an Aerograph A90-P3 
gas chromatograph connected to a Honeywell-Brown 
recorder equipped with an integrator. The amount of 
each isotopic component was taken from the area of 
each recorded peak. The chromatographic system 
was calibrated for H2 and D2 by sampling equal amounts 
of pure H2 and D2 separately, and for HD by equili
brating H2-D 2 mixtures over a 0.6% Pt-Al20 3 catalyst 
at room temperature.

Results and Discussion
The previous studies8-10 showed that the unusual 

activity of the Cu-MgO catalyst for the H2-D 2 ex-

(1) (a) This work was supported by the National Science Foundation
under Grant No. NSF G K  2208; (b) Department of Chemistry,
Dickinson College, Carlisle, Pa. 17013; (c) National Science
Foundation Graduate Fellow; (d) to whom correspondence should 
be addressed.
(2) H. W . Kohn, J. Phys. Chem., 63, 966 (1959).
(3) H. W. Kohn and E. H. Taylor, “ Actes du Deuxieme Congres 
International de Catalyse, Paris, 1960,”  Vol. II, Editions Technip, 
Paris, 1961, p 1461.
(4) H. W . Kohn, J. Catal., 2, 208 (1963).
(5) Y . A. Meeshchenko and G. K. Boreskov, Kinet. Ratal., 6, 842 
(1965).
(6) J. H. Lunsford and T. W. Leland, Jr., J. Phys. Chem., 66, 2591 
(1962).
(7) J. H. Lunsford, ibid., 68, 2312 (1964).
(8) M. Alei, Jr., Ph.D. Dissertation, Princeton University, 1951.
(9) M. L. Snow, Ph.D. Dissertation, Princeton University, 1956.
(10) J. P. Manges, Jr., A.B. Dissertation, Gettysburg College, 1964.
(11) K. Fujita and T. Kwan, Japan Analyst, 12, 15 (1963).
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change in the region of 100°K was a consequence of 
suitable reduction and evacuation. Our study of the
5.0 mol %  Cu-MgO catalyst has verified these findings. 
Moreover, the activity was increased even further by 
long evacuation following reduction. These results 
are presented in Table I. The most active catalyst, 
activated at 750°K, equilibrated the H2-D 2 mixture at 
115°K.

Table I: Conversion (HD)/(HD)eqmi X 100 for Equimolar 
Hr D2 Mixtures over 5.13 g of 5% Cu-MgO“

Conversion %
Reaction Catalyst pretreatment temperatures

temp, ,--------------575° K-------------- • ,--------------750° K------------
•K A B A B

79 3 3 12 35
115 94 100
173 4 29 94
273 36 48 100 98
373 96 100 100

“ Pressure, 1 atm; reactor volume, 11 cc; H2-D 2 flow, 9.5 
¿imol/sec; space velocity, 0.020 sec-1 (for gas at NTP); catalyst 
pretreatment: A, reduced and cooled to reaction temperature in 
flowing H2; B, outgassed after reduction.

A slight dip in conversion with increasing temperature 
due to the deactivation of the catalysts by hydrogen 
was observed in this study and in the previous un
published work. The results presented in Table II 
demonstrate that exposure to hydrogen at higher tem
peratures deactivates the catalyst for the exchange at 
liquid nitrogen temperature but that this activity can 
be restored by high-temperature evacuation for suit
ably long periods of time.

Table II: Conversion (HD)/(HD)equu X 100 for Equimolar 
H2-D 2 Mixtures over 5.13 g of 5% Cu-MgO“

Successive conditions of treatment of catalyst 
prior to run

Temp,
°K

%
conversion 

at 79°K

Reduction and outgas 750 35
Flowing H2, 1 hr 373 28
Flowing H2, 3 hr 466
Outgas 6 hr 477
Outgas 10 hr 638 3
Outgas 18 hr 747 38

“ Pressure, 1 atm; reactor volume 11 cc; H2-D 2 flow, 9.5 
pmol/sec; space velocity, 0.020 sec-1 (for gas at NTP).

A magnesia sample treated with the same chemicals 
used in preparing the Cu-MgO catalysts was studied 
to discover if impurities other than copper were re
sponsible for the activity of the 5.0 mol %  Cu-MgO 
catalyst. Activated by reduction and evacuation at

780° K, the magnesia yielded negligible conversion at 
77°K and a conversion of only 60% at 273°K at a 
space velocity of 0.013 sec-1. This demonstrates that 
copper is essential to the catalytic activity observed 
for the Cu-MgO catalysts at low temperatures.

To see whether dilution of the copper on the mag
nesia support changes its activity per copper atom, 
we decided to reduce drastically the amount of copper 
used. A sample of 0.05 mol %  Cu-MgO catalyst was 
activated at 733°K. The exchange reaction was 
studied at a space velocity of 0.010 sec-1. A conver
sion of 17% was obtained at liquid nitrogen tempera
ture. Thus the catalyst, containing one hundred times 
less copper, was about one-fourth as active as the 5.0 
mol %  Cu-MgO catalyst. A conversion of 91% was 
observed at 117°K. After exposure to flowing H2-D 2 
mixtures at 211°K, the 77°K  conversion dropped to 
2%.

From these data a turnover number of 1.1 molecules 
of HD per minute per Cu atom in the sample was cal
culated for the 0.05 mol %  Cu-MgO catalyst at liquid 
nitrogen temperature. By contrast, a turnover num
ber of 5 X 10-9 min-1 for copper foil at 77°K was 
calculated from the data of Mikovsky, et al.,12 by 
using the reported activation energy to extrapolate 
from 600 to 77 °K. This demonstrates that metallic 
copper cannot be active for the exchange reaction at 
liquid nitrogen temperature. For metallic nickel, an 
excellent catalyst for the H2-D 2 exchange reaction, a 
turnover number of 2.2 min-1 was calculated at 1 
atm from the data of Eley and Norton13 for a clean 
nickel wire at liquid nitrogen temperature. Thus, per 
surface metal atom, our active catalyst is practically 
as active as bulk nickel for the exchange reaction at 
liquid nitrogen temperature.

In analogy with the catalytic center of Kohn and 
Lunsford, we propose that the anomalous catalytic 
activity observed in this work is due to an intermediate 
state of reduction of copper stabilized in the magnesia 
matrix at or near the surface. Quite clearly, copper 
metal is totally inactive at low temperatures. If, as is 
reasonable, adsorption of hydrogen requires two ad
jacent sites, it is unlikely that Cu+(d10) or Cu2+(d9) 
alone can account for the observed results. Instead, 
we assume that the reduction of Cu2+ ions leads to 
Cu+ ions and OH-  ions. Some of the latter, especially 
after evacuation of this partially reduced system at 
high temperature for long periods of time would then 
lead, by loss of hydrogen, to an O-  center, a positive 
hole trapped in the vicinity of a Cu+ ion. We ascribe 
the low-temperature activity of the Cu-MgO system 
to such V-centers, which are completely analogous to

(12) R. J. Mikovsky, M. Boudart, and H. S. Taylor, J. Amer. Chem 
Soc., 76, 3814 (1954).
(13) D. D. Eley and P. R. Norton, Discussions Faraday Soc. 41. 
135 (1966).

The Journal of Physical Chemistry



A pparent M olal Expansibilities of Some D ivalent Chlorides 4589

those first demonstrated by Kohn23 and Meeshchenko 
and Boreskov5 in the case of irradiated silica gel with 
aluminum impurities and by Lunsford7 in the case of 
irradiated magnesia with iron impurities. In par
ticular, the poisoning of the active sites by high-tem- 
perature adsorption of hydrogen receives a common 
explanation: with homolytic adsorption of H2 on 
Cu+0~, the dual center becomes (CuH)+(OH)~ 
and is inactivated. It is suggested that at low tem
peratures H2 is adsorbed in heterolytic manner on the 
same center to yield (CuH)(OH) reversibly.14

The identification of another electronic defect as
sociated with a catalytically active site would be of 
particular importance for further development of the 
electronic theory of catalysis. Work now in progress 
is directed toward such an identification. It includes

more detailed studies on hydrogen poisoning, further 
studies of the role played by the copper by means of 
electron paramagnetic resonance spectroscopy, and a 
search for the particular electronic defect responsible 
for the catalytic activity observed for the Cu-MgO 
system.
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Apparent Molal Expansibilities of Some Divalent Chlorides 

in Aqueous Solution at 25°
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The apparent molal volumes, <f>y, of dilute aqueous MgCl2, CaCl2, SrCl2, and BaCl2 solutions have been deter
mined at 1° intervals from 20 to 30° from precision density measurements. The apparent molal expansi
bilities, <j>e, have been calculated from the apparent molal volumes at various temperatures and have been 
equated to the infinite-dilution partial molal expansibilities (4>e° =  £°). The £°’s of the divalent chlorides 
increase in the order MgCl2 <  CaCl2 <  SrCl2 «  BaCl2. The £°’s of these salts were divided into their ionic 
components, £°(ion), by assigning a value for £°(C1~) =  0.046 ml/mol deg. The £°’s of the divalent cations 
can be represented by the equation £°(ion) =  —0.034(Z2/r) +  0.092 ml/mol deg. The £°’s of the divalent 
cations and other monovalent cations and anions are discussed by dividing F°(ion) into the following com
ponents: £°(int), the intrinsic expansibility; £°(elect), the électrostriction expansibility; and £° (struct), 
the structural expansibility. The F°’s and Ê ’s of ions in solution are also qualitatively examined by describing 
the hydration of an ion by the Frank and Wen model.

Introduction
The partial molar volume of salts at infinite dilution, 

F0, in aqueous solutions have frequently been used to 
obtain a better understanding of solute-solvent inter
actions.1-13 The F°’s of salts have been shown to be 
additive within experimental error;14 however, the 
separation of the F°’s of salts into their ionic com
ponents, F°(ion), cannot normally be made by direct 
experimental methods.16 Once F° of one ion is esti
mated by some correlation or curve-fitting method (by 
assuming some simple model for solute-solvent inter
actions), the F°’s of the other ions are fixed. Muker

jee16 has recently summarized the various estimates of 
F° of a proton, and it is generally agreed that F°(H+) is 
about —4.5 ml/mol at 25° in aqueous solution.

(1) T. J. Webb, J. Amer. Chem. Soc., 48, 2589 (1926).
(2) H. M. Evjen and F. Zwicky, Phys. Rev., 33, 860 (1929).
(3) J. D. Bernai and R. H. Fowler, J. Chem. Phys., 1, 515 (1933).
(4) O. Redlich and J. Bigeleisen, Chem. Rev., 30, 171 (1942).
(5) L. G. Hepler, J. Phys. Chem., 61, 1426 (1957).
(6) P. Mukerjee, ibid., 65, 740 (1961).
(7) S. W. Benson and C. S. Copeland, ibid., 67, 1194 (1963).
(8) J. Padova, J. Chem. Phys., 39, 1552 (1963).
(9) E. Whalley, ibid., 38, 1400 (1963).
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Various workers6-13 have attempted to divide F°(ion) 
into two components

F°(ion) =  F°(int) +  F° (elect) (1)

where F°(int) is the intrinsic volume of the ion includ
ing void space and F° (elect) is the decrease in volume 
due to électrostriction. It has been shown for some 
ions (Li+, F - , Be2+, Mg2+, and R4N+, for exam
ple) that another term may be necessary,1317-19 
F° (struct), the volume change due to changes in the 
structure of water (i.e., changes in the ratio of “ ice- 
like”  to “ non-icelike”  forms of water). Thus F°(ion) 
can be expressed by the equation

F°(ion) = F°(int) +  F°(elect) +  F°(struct) (2)

Since the various components of eq 2 may be small 
when compared with the absolute size of the ion 
(excluding void effects), it is difficult to determine the 
individual components of F°(ion) or to separate them. 
By looking at the effect of temperature on F°(ion), it 
is possible to solve this problem. Upon differentiation 
of eq 2 with respect to temperature, dF°(ion)/dT = 
£°(ion), one obtains the partial molal expansibility of 
an ion

£°(ion) =  £°(int) +  £° (elect) +  £° (struct) (3)

where £°(int) is the expansibility due to void-space 
changes (assuming the intrinsic size of the ion does not 
change with temperature), £°(elect) is the expansibility 
due to électrostriction changes, and £° (struct) is the 
expansibility due to changes in the structure of water.

In recent papers18-20 we have measured the apparent 
molal volume, <f>v, of a number of dilute aqueous salt 
solutions as a function of temperature. From these 
apparent molal volumes we have calculated the appar
ent molal expansibilities (fa = dfa/dT) and have 
equated them to the infinite-dilution apparent molal 
expansibility (the partial molal expansibility, fa0 =  
Ë0) . The £ 0’s of the salts have been divided into their 
ionic components, £°(ion), by assuming that £°(H+) =  
0.00018 and —0.012 ml/mol deg;19 the results of this 
division have been discussed by comparing the terms 
of eq 3.

In this paper are reported the fa ’s of dilute aqueous 
MgCl2, CaCh, SrCl2, and BaCl2 at 25°, calculated from 
precision density measurements made at 1° intervals 
from 20 to 30°. The results will be discussed by com
paring £°_(Mg2+) £°(Ca2+), £°(Ba2+), and £°(Sr2+) 
with the £°’s obtained for other ions.

Experimental Section
All the salts used were reagent grade Baker Analyzed 

chemicals and were used without further purification. 
The salts were dried in a vacuum desiccator at 70° for 
at least 1 week before use. The solutions were made 
by weight with doubly distilled water, degassed to

prevent the formation of bubbles on the magnetic 
float.

The magnetic float densitometer used to make the 
density measurements has been described elsewhere.21 
The densitometer was on the bottom of a constant- 
temperature bath that was controlled to better than 
±0.001° with a Hallikainen thermo regulator. The 
temperature of the bath was initially set and subse
quently was read to within ±0.002° with a Melabs 
platinum resistance thermometer.

Results
The densities of dilute MgCl2, CaCl2, SrCl2, and BaCl2 

aqueous solutions have been measured at 1° intervals 
from 20 to 30° with a magnetic float densitometer. 
The apparent molal volumes, fa’s, were calculated from 
the densities by using the equation

1000 (d° -  d) M
dd°m d (4)

where d° is the density of pure water,22 d is the density 
of the solution, M  is the molecular weight of the solute, 
and m is the molality of the solution (mol/1000 g of 
water). The apparent molal expansibilities, fa, for the 
various solutions were calculated from 4>v at various 
temperatures (fa =  dfa/dT). The average apparent 
molal expansibilities and the average deviations from 
the mean are given in Table I. Although these fa  
values were not made as a function of concentration, 
we have equated these fa  values to the infinite-dilution 
partial molal expansibilities, fa  =  £°. Since fa  does 
not vary considerably with concentration23'24 and the 
measurements were made on dilute solutions, the dif
ferences between fa  and £° are well within the experi-

(10) J. Padova, J. Chem. Phys., 40, 691 (1964).
(11) B. E. Conway, R. E. Verrall, and J. E. Desnoyers, Z. Phys. 
Chem. (Leipzig), 230, 157 (1965).
(12) J. E. Desnoyers, R. E. Verrall, and B. E. Conway, J . Chem 
Phys., 43, 243 (1965).
(13) E. Glueckauf, Trans. Faraday Soc., 61, 914 (1965).
(14) A. M . Couture and K. J. Laidler, Can. J. Chem.., 34, 1209 
(1956).
(15) R. Zana and E. Yeager, J. Phys. Chem., 70, 954 (1966); 71, 
521 (1967), reported the first estimates of the V°’s of ions based on a 
direct experimental method using an ultrasonic technique.
(16) P. Mukerjee, J. Phys. Chem., 70, 2708 (1966).
(17) F. J. Millero, ibid., 71, 4567 (1967).
(18) F. J. Millero and W. DrosLHansen, J. Chem. Eng. Data 13 
330 (1968).
(19) F. J. Millero and W. Drost-Hansen, J. Phys. Chem., 72, 1758 
(1968).
(20) F. J. Millero, W. Drost-Hansen, and L. Korson, ibid. 72, 2251 
(1968).
(21) F, J. Millero, Rev. Sci. Instrum., 38, 1441 (1967).
(22) L. W. Tilton and J. L. Taylor, J. Res. Nat. Bur. Stand., 18. 
204 (1937).
(23) H. S. Harned and B. B. Owen, “ The Physical Chemistry of 
Electrolyte Solutions,”  American Chemical Society Monograph No. 
137, Reinhold Publishing Corp., New York, N. Y ., 1958.
(24) F. Franks and H. T. Smith, Trans. Faraday Soc., 63, 2586 
(1967).

The Journal of Physical Chemistry



A pparent M olal Expansibilities of Some D ivalent Chlorides 4591

Table I : Apparent Molal Expansibilities of MgCl2, CaCl2, Table I I : Partial Molal Expansibility of
SrCl2, and BaCl2 Aqueous Solutions at 25° Ions in Aqueous Solution at 25°

Concn,
Apparent molal 
expansibility,0

Salt m ml/mol deg

MgCl2 0.06083 -0 .013  ±0 .009
CaCl2 0.06200 0.050 ±0 .017
SrCl2 0.04243 0.082 ±0 .020
BaCl2 0.07482 0.080 ±0 .029

“ It should be kept in mind that an error of 1 ppm in the 
density at concentrations of ~0.05 m  corresponds to an error 
of ±0.02 ml/mol in <t>v  or ±0.04 ml/mol deg in 4>e - Since all 
the measurements were made with the same apparatus, the 
relative comparison of <t>e is probably more accurate than the 
average deviations indicate.

mental error (0.009-0.03 ml/mol deg). We know of few 
other expansibility data for the divalent salts or ions 
at 25° that can be used to compare with our results. 
Noyes* 25 lists values for £°(M g2+), £°(Sr2+), and £°- 
(Ba2+) (respectively, equal to 0.004, 0.12, and 0.18 
ml/mol deg) where £ °(C k ) =  0 and £°(H +) = 0. 
These values were calculated from the tabulated and 
graphical information of Fajans and Johnson.26 Since 
£°(HC1) = 0.034 ml/mol deg and not 0 at 25°, the 
results are not very reliable, but they do agree with our 
results within the combined experimental errors. 
Dunn27 has recently measured F°(CaCl2) and F°(BaCl2) 
at 0.05, 5.0, 15°, and the £°’s extrapolated from these 
results (to 25°) agree within experimental error with 
our results for these salts (£°(CaCl2) =  0.08 ml/mol 
deg and £°(BaCl2) =  0.11 ml/mol deg). The E°’s 
of the divalent chlorides were divided into their ionic 
components, £°(ion), by assigning a value for £°(C1£) 
=  0.046 ml/mol deg.19 Table II lists the £°(ion) for 
these divalent cations and other ions along with the 
literature references18-20 23 and crystal radii.28

Discussion
The values of £° of the divalent ions (given in Table 

II) vary with the crystal radius (or the radius of the ion 
in solution) unlike values of F°(elect) of these ions.6 
The apparently constant électrostriction for the di
valent ions (and other polyvalent ions)6 is due to the 
other terms of eq 3, F°(int) and F°(struct), masking 
the effects of F°(elect). The variation of the E°’s of 
the divalent cations (as a function of crystal radius) is in 
opposite order to the £°’s of the monovalent cations. 
Thus the effect of temperature on the hydration of 
divalent and monovalent cations is different. Also, 
£°(ion) appears to be a much more sensitive probe of 
ion-solvent interactions than F°(ion).

If one assumes that the £ ° ’s of the divalent cations 
(Mg2+, Ca2+, Sr2+, and Ba2+) are mainly due to the 
electrostrictive expansibility, one would expect E° 
of these ions to be proportional to Z2/r (where r is the

r
(crystal E°( ion),

radius),0 ml/mol
Ion â deg Ref.

H + -0 .0 1 2 b
L i+ 0.60 -0 .0 1 4 c
Na + 0.95 0.032 c
K  + 1.33 0.023 c
R b + 1.48 0.016 c
Cs + 1.69 0.012 c
NH< + 1.48 -0 .0 2 8 d
Me.N + 3.47 0.033 d
Et.N + 4.00 0.054 d
Pr(N + 4.52 0.095 d
Bu,N + 4.94 0.177 d
M g2 + 0.65 -0 .1 0 5 e
Ca2 + 0.99 -0 .0 4 2 e
Sr2 + 1.13 -0 .0 1 0 e
Ba2 + 1.35 -0 .0 1 2 e
F - 1.36 0.035 c
c i - 1.81 0.046 c
B r- 1.95 0.050 f
I - 2.16 0.069 c
n o 3- 2.64 0.100 c
SO,2" 2.90 0.107 9

° The Pauling crystal radii as quoted in E. R. Nightingale, 
Jr., J . Phys. Chem., 63, 1381 (1959). 6 Calculated from £°(HC1) 
listed in ref 23 by assuming £°(C1~) = 0.046 ml/mol deg.19 
c Calculated from the -E°’s of the salts listed in ref 18 by as
suming E°(CI_) = 0.046 ml/mol deg.19 d Calculated from the 
£°’s of the salts listed in ref 19. 6 Calculated from the £°’s of 
the salts listed in Table I by assuming E°(C1_) = 0.046 ml/mol 
deg. ’  Recalculated from £°(KBr) given in ref 18 by using 
the data above 25° and comparing the nearly constant difference 
obtained between the values listed in ref 23 and ref 18. 0 Calcu
lated from £°(Na2SOi) given in ref 20.

crystal radius in ängströms). Figure 1 shows a plot of 
E° for the divalent ions (listed in Table II) vs. Z%/r. 
The slope of this line is found to be equal to 0.034 A 
ml/mol deg and the intercept equal to 0.092 ml/mol 
deg. The value obtained for the slope agrees very 
well with the theoretical value (0.027 A ml/mol deg) 
obtained by Noyes25 by differentiating the Drude- 
Nernst29 equation with respect to temperature

¿•(elect) -
— d r i  /d  In D\ 
d T LD\ dP )

~e2Z 2 
.  2 r (5)

The positive intercept indicates that there is a positive 
contribution to the E° of the divalent ions similar to 
nonelectrolytes and other ions. At present it is not

(25) R. M. Noyes, J. Amer. Chem. Soc., 86, 971 (1964).
(26) K. Fajans and O. Johnson, ibid., 64, 668 (1942).
(27) L. A. Dünn, Trans. Faraday Soc., in press.
(28) The Pauling crystal radii as quoted by E. R. Nightingale, Jr.f 
J. Phys. Chem., 63, 1381 (1959).
(29) P. Drude and W. Nernst, Z. Phys. Chem. (Frankfurt am Main), 
15, 79 (1894).
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Figure 1. Partial molal expansibility of some divalent ions 
as a function of 2 2/r, where 7 is the charge on the ion and r 
is the crystal radius in Angstroms.

possible to separate this positive E° effect (i.e., £°(int) 
+  E°(struct)) or say that is is not a function of the size 
of the ion. The curve can be made to pass through zero 
by adjusting £°(C1~) to a value of 0.092 ml/mol deg. 
This value for £°(C1~), however, appears to be quite 
high compared with other estimates.18'19'25 This divi
sion would also cause E° of almost all the cations in 
Table II to be negative (except Et4N+, Pr4N+, and 
Bu4N +) and all the anions to be positive, which seems 
unreasonable.

The £°’s of the simple monovalent cations and an
ions vary with size or radius in an inverse order (Table 
I). Thus, although various workers have been suc
cessful in treating the ion-solvent interactions of these 
simple monovalent ions by a common relationship, the 
E° results indicate that (1) the effect of ions on the 
structure of water (over and above the electrostrictive 
region) is very important and should not be neglected 
and (2) the effect of the ions on the structure of water 
is different for cations and anions of similar size and is 
not a smooth function of crystal radius or the charge on 
the ion.

Water is one of the few solvent systems where the 
EP’s of monovalent salts and ions have positive values 
at room temperatures. At temperatures above 50-70°, 
however, the E°’s of salts and ions are negative30 in 
water, as predicted from the simple continuum model. 
The F°’s of salts are also in their predicted order at 
temperatures above 50° (i.e., as a function of r3). It 
appears as though the structure of water (that is 
thought to exist at room temperatures) accounts for 
the positive E° and that at high temperatures the posi
tive effect disappears. The exact form of the E° due to 
the structure of water for various ions is quite compli
cated, and it is impossible at this time to predict the 
relationship of E° to the intrinsic properties of the ions. 
Until more is known about the structure of water at

room temperatures, the division of E°’s or F°’s of ions 
into various components may be entirely arbitrary.

Another qualitative approach to the division of the 
f ° ’s and £°’s of ions into individual components can be 
developed by describing the hydration of an ion in solu
tion by the Frank and Wen model.31 From this model 
the V° of an ion can be viewed as being due to the 
following four components: (1) the intrinsic volume of 
the ion, F°(int); (2) the electrostricted volume, V°- 
(elect), due to the water firmly attached to the ion; 
(3) the disordered volume, F°(disord), due to the 
disordered region surrounding the electrostricted re
gion of the ion; and (4) the caged volume due to the 
formation of structured or “ caged” water around the 
ion (this region is important for ions that have a hydro
carbon portion or possibly for highly charged ions). 
The effect of temperature on these various regions can 
likewise be divided into four regions: (1) the intrinsic 
expansibility, £°(int), which is the volume change due 
to the expansion of the ion (this term is probably very 
small and can be neglected for normal ions); (2) the 
électrostriction expansibility, £°(elect), which is due to 
changes in the electrostricted region; (3) the disordered 
expansibility, £°(disord), which is due to changes in 
the disordered region; and (4) the “ caged”  expansibil
ity, E°(caged), which is due to the changes in the 
“ caged”  or highly structured water around hydrocarbon 
portion of an ion (or possibly around highly electro
stricted ions where the disordered region is very 
small).

The F°(int) of the ion is equal to the volume of the 
ion calculated from the crystal radius, and if it is 
assumed that the ion is hard sphere, F°(int) =  2.52r3, 
where r is in ângstrôms. £°(int) is positive and very 
small for normal ions; however, it may be large for 
ions with hydrocarbon portions or simple hydrocarbon 
nonelectrolytes.

The F° (elect) and £° (elect) regions immediately 
surrounding an ion appear to be predictable in sign and 
order of magnitude from the simple continuum model 
or modifications to this model for dielectric saturation 
effects. F°(elect) and E°(elect) are both negative and 
proportional to Z 2/r.

The F°(disord) and £°(disord) region appears to be 
different for cations and anions of the same size, owing 
to the different orientation of the water molecules in 
the first electrostricted region. The size of the dis
ordered region depends on the temperature and magni
tude of the électrostriction region (i.e., Z2/r). For ions 
with a large électrostriction region (large Z2/r) the 
disordered region is very small or nonexistent; how
ever, for ions with a small électrostriction region (small 
Z 2/r  like the large monovalent ions) this region is very

(30) A. J. Ellis, J. Chem. Soc., 1579 (1966); 660 (1967).
(31) H. Frank and W. Y . Wen, Discussions Faraday Soc., 24, 133 
(1967).

The Journal of Physical Chemistry



Apparent M olal Expansibilities of Some D ivalent Chlorides 4593

important. The disordered region appears to become 
less important at high temperatures, causing the maxi
mum in F° of the simple monovalent salts near 50°.30 
At low temperatures or near room temperature the F° 
of the disordered region accounts for the F°’s of the 
large monovalent ions appearing to be larger in solutions 
than the crystal volume normally attributed to void- 
space effects. The E° of the disordered region ac
counts for the large positive values for the monovalent 
ions at room temperatures and the differences between 
the cation and anion E° dependence on size. The F°- 
(disord) and E°(disord) are both positive and become 
less important at high temperatures or as the structure 
of water is broken.

The F° and E° of the caged region which is impor
tant for ions with hydrocarbon tails (or possibly highly 
charged ions) has been discussed elsewhere.19 The 
F° (caged) is negative and increases in magnitude with 
the size of the hydrocarbon portion of the molecule. 
This region may also exist for highly charged ions and 
may be the cause of the constant F° (elect) observed 
by Mukerjee.6 The E°(caged) is positive and also 
increases in magnitude with size of the hydrocarbon 
portion of the ion. This positive contribution of 
£° (caged) may be the cause of the E°’s of the divalent 
cations appearing to be too large. Since £°(disord) 
can also cause the same positive effect, it cannot be stated 
with certainty which effect causes the positive contribu
tion to the E°’s of the divalent ions.

In conclusion, the experimental results of the F°’s 
and the E°’s of ions indicate that solute-solvent inter
actions are very dependent upon the structure of 
water. After the structure of water is broken down 
(i.e., at high temperatures), the solute-solvent inter
actions appear to be normal (or predictable in magni
tude and sign by a simple model). By saying that the 
structure of water is broken down it is not meant that 
water exists as only monomers but that one structured 
form responsible for the anomalous thermodynamic 
behavior32 disappears at high temperatures. Accurate 
measurements of the F°’s of solutes (and other thermo
dynamic data) in water are needed at temperatures 
above 50 ° . From these data it may be possible to obtain 
a better understanding of the effects of the structure of 
water and the changes in structure caused by ions at 
lower temperatures.
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(32) For example, the temperature coefficient of the isothermal com
pressibility of water: G. S. Kell and E. Whalley, Phil. Trans. Roy 
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Electronic Oscillator Strength of CF2

by A. P. Modica
Avco Space Systems Division, Wilmington, Massachusetts (.Received June 24, 1968)

A shock tube and samples of C2F4, CF2C12, and CF4 in argon diluent were used to prepare CF2 species for spectro
scopic study. Absorption spectra of these shocked mixtures, taken with a. Hilger medium quartz spectrograph, 
show a series of absorption bands from 2250 to 3000 A corresponding to those of the CF2 radical. In the region 
of strongest absorption (2400-2500 A) the bands appear to overlap completely. Absorption coefficients of the 
observed band system were determined at various wavelengths with a low-resolution radiometer. Integration 
of the absorption coefficients gave from theory electronic oscillator strengths of / abse = 0.034 (C2F4 data, 1804°K) 
0.032 (CF2CI2 data, 2085°K), and 0.024 (CF4 data, 2878°K). The uncertainty in these/-number values is esti
mated to be ±  10%.

Introduction
The 2500-A emission band system of the CF2 radical 

was first observed and reported by Yenkateswarlu.1 
Absorption2-6 and microwave7 spectra of CF2 have 
shown that the molecule is in a singlet ground state, 
xAi. The electronic oscillator strength of this band 
system has been estimated to be 0.01 to within a factor 
of 2 from a measured absorption coefficient at 2488 A .8 
Currently, the CF2 electronic oscillator strength is 
particularly useful in radiative heat transfer and optical 
diagnostic problems associated with fluorocarbon chem
istry in rocket combustion and reentry ablation. 
Therefore, it has become of interest to obtain an im
proved value of the /  number from measurements of 
the absorption coefficient over the entire band sys
tem.

Experimental Measurements
Absorption spectra of shock-heated argon mixtures 

containing, 1%  fluorocarbon were photographed on 
Eastman Kodak 103-0 plates with a Hilger medium 
quartz spectrograph (Figure 1). A xenon flash lamp 
was timed with the passage of the shock wave across 
the entrance slit (200 ¡1 ) of the spectrograph, and multi
ple exposures totaling 600 Msec were required to obtain 
spectra. Photographic plates were analyzed with a 
Jarrefl-Ash micro densitometer (Model 2310). The 
ratio of the per cent transmission of the absorbing gas 
flash lamp spectra to that of the flash lamp spectra 
alone was taken to be the relative transmission of the 
absorbing gas sample. Absorption coefficients for 
different wavelengths in the band system were deter
mined from spectrophotometric measurements, using 
an Engis SO502 grating monochromator (30-A triangu
lar band pass at half-peak-height) and a IP-28 photo
multiplier detector to monitor incident and transmitted 
light intensities. Output from a xenon-mercury arc 
lamp served as the source of ultraviolet light. Details 
of the shock tube and optical setup are given else
where.9

Ultraviolet Absorption
Argon gas mixtures of 1% C2F4, CF2C12, and CF4 

were shocked to temperatures around 1804 ±  23 
(C2F4 experiments), 2085 ±  45 (CF2C12 experiments), 
and 2878 ±  49°K (CF4 experiments). Thermochem
ical equilibrium calculations10 (Tables I—III) showed 
that under the experimental conditions chosen for 
study the parent fluorocarbon molecules were virtually 
all dissociated to CF2 radicals and halogen atoms. 
The absorption spectrum (Figure 2) obtained from 
these shock-heated fluorocarbon molecules was seen 
to consist of a series of diffused bands extending from 
about 2250 to 3000 A. The locations of these bands are 
found to closely coincide with those of the well-known 
CF2 ultraviolet absorption bands.4 It is believed from 
other experimental evidence that the spectrum observed 
in the present study is virtually due to only CF2 
species. Spectrophotometric measurements of the 
parent fluorocarbons before and after shock heating 
indicated a lack of absorption in the 2250-3000-A re
gion. The absorption coefficient measured at 2536 A 
in this work is found to be similar to that deduced from 
ultraviolet absorption in the pyrolysis of CF3H,U for 
which gas there is gas chromatographic evidence12 
indicating CF2 and HF are produced in splitting the 
molecule. Studies of the thermal dissociation of CF3

(1) P. Venkateswarlu, Phys. Rev., 77, 676 (1950).
(2) R. K. Laird, E. B. Andrews, and R. F. Barrow, Trans. Faraday 
Soc., 46, 803 (1950).
(3) D. E. Mann and B. A. Thrush, J. Chem. Phys., 33, 1372 (1960).
(4) A. M . Bass and D. E. Mann, ibid., 36, 3501 (1962).
(5) B. A. Thrush and J. J. Zwolenik, Trans. Faraday Soc., 59, 582 
(1963).
(6) D. E. Milligan, D. E. Mann, M . E. Jacox, and R. A. Mitsch, J. 
Chem. Phys., 41, 1199 (1964).
(7) F. X . Powell and D. R. Lide, Jr., ibid., 45,1067 (1966).
(8) F. W. Dalby, ibid., 41, 2297 (1964).
(9) A. P. Modica and J. E. LaGraff, ibid., 43,3383 (1965).
(10) J. J. Warga, <Soc. Ind. Appl. Math., 11,594 (1963).
(11) A. P. Modica and J. E. LaGraff, J. Chem. Phys., 44, 3375 (1966).
(12) E. Tschuikow-Roux, ibid., 42, 3639 (1965).
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Table I : Equilibrium Composition of a 1:100 C2F4-Ar Mixture at 1.3 Atm Total Pressure“

■Mole fraction o f species-
Temp, °K Ar CaF4 CF4 CFs CFa Fi F

1700 0.98 0.50 X IO“3 0.20 X IO“16 0.20 X 10“9 0.19 X 10 —4 0.21 X IO“27 0.79 X 10-“
1800 0.98 0.18 X 10~3 0.14 X 10-“ 0.63 X 10-“ 0.19 X 10“1 0.26 X IO“27 0.12 X IO“12
1900 0.98 0.71 X IO“4 0.13 X 10-17 0.23 X 10-“ 0.19 X IO“1 0.32 X IO“27 0.18 X IO-12

“ “JANAF thermochemical Tables,” Dow Chemical Co., Midland Mich., 1966, and Afff(CF3) = — 104 kcal/mol (A. P. Modica, J, 
Chem. P h ys. 48, 3283 (1968)) were used in equilibrium calculation.

Table II: Equilibrium Composition of a 1:100 CF2C12-Ar Mixture at 2.3 Atm of Total Pressure

Temp, /•------------------------------------------- --------------------------------------------------- M ole fraction of species----------------------------------
°K Ar CF 2CI2 CF ì CFa CFa Cla Cl Fa F

2000 0.97 0.25 X 0.65 X 0.43 X 0.97 X 0.12 X 0.17 X 0.19 X 0.14 X
io-« 10-15 IO “ 9 IO “ 2 io -2 IO “ 1 10-23 IO -10

2100 0.97 0.74 X 0.64 X 0.49 X 0.97 X 0.66 X 0.18 X 0.16 X 0.49 X
IO “ 7 io -29 IO “ 16 IO “ 2 I O - 3 IO “ 1 10-36 IO “ 17

2200 0.97 0.23 X 0.21 X 0.10 X 0.97 X 0.37 X 0.19 X 0.0 0.29
10 ~7 10-32 10 - 17 IO “ 2 IO “ 3 IO “ 1 io -18

Table III: Equilibrium Composition of a 1:100 CF4-Ar Mixture at 2.3 Atm of Total Pressure

Temp, ✓------------------------------------------------------------------------------------------------- M ole fraction of species-
°K Ar Cal'4 CF, CFa CFa Fa F

2800 0.97 0.12 X IO“6 0.19 X IO-3 0.52 X IO“3 0.90 X IO“2 0.20 X IO“6 0.19 X IO“1
2900 0.97 0.88 X IO"7 0.56 X IO”4 0.31 X IO“3 0.94 X IO-2 0.16 X IO“6 0.19 X IO“1
3000 0.97 0.64 X IO“7 0.16 X IO“4 0.18 X IO-3 0.95 X IO"2 0.13 X IO“6 0.19 X IO“1

Figure 1. The high-temperature absorption spectra of CF2: (a) xenon flash lamp; (b) shocked 1:100 C2F4-Ar gas mixture.

radicals13 show that these species do not absorb in the 
2250-3000-A region. Finally, in accordance with the 
equilibrium calculations, it was observed that for each 
of the fluorocarbon mixtures the absorption coefficient 
varied slightly (10% ) with a change in temperature of 
±  100°K. If species other than CF2 had been respon
sible for the absorption, larger changes in the absorption 
coefficients would have been noticed because of the 
relatively large variations in concentration for a 
± 100°K  change in temperature.

The absorption coefficient e„ of the CF2 radical was 
obtained from Beer’s law according to

In y  =  * L [ CF2] =  epLP* [X ]  = In (1)

where 70 and I  are the intensities of the incident and 
transmitted light beam, respectively; K  is the optical 
path across the absorbing gas; e„ is the absorption co
efficient, in l./mol cm; [CF2] is the CF2 species con
centration, p2i is the product of the shock density ratio; 
and [X] is the stoichiometric concentration of the un
shocked fluorocarbon to be completely dissociated. 
Experimentally the light intensity is measured by the 
detector output displayed on a Tektronix 535 oscillo
scope. The incident beam produces the deflection (H) 
immediately after the run and h is that from CF2 ab
sorption. An oscillogram record of CF2 ultraviolet 
absorption is shown in Figure 3. Measurements were

(13) A . P . Módica, J . Chem. P h ys., 48, 3283 (1968).
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2300 2400 2500 2600 2700 2800  2900
WAVELENGTH , A

Figure 2. Analysis of the absorption spectrogram from a shock-heated 1:100 CjFr-Ar gas mixture. The arrows show some 
wavelengths of known CF2 absorption bands.4

Table IV : CF2 Absorption Coefficient

■10 hy, l./mol cm-
x, A X, cm 1 2878 ±  49 °K 2085 ±  45° K 1804 ±  23°K

2150 46,511 0.32 ±  0.04
2180 45,871 0.29 ±  0.04
2225 44,943 0.50 ±  0.02
2235 44,742 0.59 ±  0.00
2250 44,444 0.67 ±  0.07
2300 43,478 0.88 ±  0.07 1.18 ±  0.09 1.39 ±  0.09
2350 42,553 1.22 ±  0.11
2380 42,016 2.14 ±  0.04
2390 41,841 2.62 ±  0.28
2400 41,666 1.60 ±  0.16
2450 40,816 1.68 ±  0.02
2482 40,290 1.87 ±  0.28 2.45 ±  0.18 2.99 ±  0.09
2537 39,416 1.59 ±  0.17 2.29 ±  0.09
2600 38,461 1.33 db 0.02 2.38 ±  0.10
2652 37,707 1.14 ±  0.10 1.24 db 0.18 1.31 db 0.03
2700 37,037 0.88 ±  0.04 1.03 ±  0.06 1.08 ±  0.05
2750 36,363 0.75 ±  0.02 0.76 ±  0.01
2804 35,663 0.55 ±  0.01 0.53 ±  0.03 0.45 db 0.01
2893 33,566 0.33 ±  0.01 0.28 ±  0.01 0.22 ±  0.01
2967 33,704 0.21 ±  0.01 0.10 ±  0.01

made from the steady absorption level where the chemi
cal relaxation period is completed and the gas is char
acterized by a constant temperature and density. 
The shock temperature and density ratios were obtained 
by solving the Rankine-Hugoniot equations with the 
measured shock velocity and JANAF thermochemical 
data of the appropriate species. Absorption coeffi
cients of the CF2 radical were determined for concentra
tions between 0.9 X 10~4 and 1.7 X 10-4 mol/1. The 
experimental results of the study are given in Table
IV.

Theoretical Interpretation
An expression for the electronic oscillator strength 

of a molecular band system can be derived from con
siderations analogous to those for atomic line absorption. 
Following Herzberg,14 the only difference between the 
intensity of an electronic, transition of a molecule and 
and that of an electronic transition in an atom is that 
in the molecule the total intensity is distributed over a

(14) G. Herzberg in “ Spectra of Diatomic Molecules,”  D. Van Nos
trand Co., Inc., New York, N. Y., 1950, pp 381-383.
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■ *—  TIME ----

Figure 3. The ultraviolet light absorption behind the 
shock wave into a 1:100 CF4-argon gas mixture 
(shock temperature, 2850 °K; [CF2] =
9.45 X 10~6 mole/1.; writing, 20 Msec 
between vertical lines).

large number of lines or over a continuous spectrum. 
For an electronic transition in absorption, the electronic 
oscillator strength is related to the integrated molar 
absorption coefficient (e„ l./mol cm) by

mc21000 r
u ‘  ~ N N N s

=  1.877 X 10-9/e,, dr
(2)

where m and e are the electronic mass and charge (4.802 
X 10-10 esu), c is the speed of light, and N is Avogadro’s 
number. To evaluate the oscillator strength of the 
CF2 absorption band, the experimental absorption 
coefficients were least-squares fitted with a fourth- 
order polynomial of the form

e„ = Oq +  a\vl +  a2r2 +  a3r3 +  a4r4 (3)

This procedure was adopted in order to cope with the 
statistical scatter in the data and permit numerical 
integration of the absorption coefficients with wave
length. The solid lines in Figure 4 are the results of 
the fits. In Table V, the oscillator strength of this 
work is presented along with the value estimated by 
Dalby.

3 4 0 0 0  36 0 0 0  38 0 0 0  40000 4 2 0 0 0  44000 4 6 000 

WAVELENGTH, C M '1

Figure 4. Variation of the CF2 absorption coefficient with 
wavelength and temperature. The solid lines are 
fourth-order least-squares fits of data.

Table V : Electronic Oscillator Strength of the
CF2(1Bi « - 4Ai) Band System

Ref Temp, °K /abs“

a 2875 0 .0 2 4
2085 0 .0 32
1804 0 .0 3 4

b 298 0 .0 1 4  ±  0 .0 0 6

“ This work; integration over wavelength interval 33,000- 
47,000 cm-1. b F. W. Dalby, J . Chem. P h ys., 41, 2297 (1964).

Discussion
The sources of error inherent to the present type of 

spectroscopy study have been considered extensively 
in a previous paper.15 Uncertainties in the recording

and measurement of the absorption oscillograms con
tribute less than 1%  error to the experimental oscillator 
strength. Light emission from the shocked gases did 
not occur; hence the absorption measurements were 
free from this interference. Data were taken from 
the oscillogram records after the steady-state absorp
tion was reached, where the temperature and density 
are constant and readily calculated from the thermody
namic properties of the dissociated gas mixture. The 
uncertainty in the measured shock velocity introduced 
a ± 20° error in the calculated shock temperature and 
an error of less than 1%  in the calculated density.

(15) J. A. Harrington, A. P. Modica, and D. R. Libby, J. Chem, Phys.. 
44,3380 (1966).
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Since the data were analyzed for conditions close to the 
shock front, boundary-layer effects on the shock tem
perature and density would have been unimportant. 
Absorption by species other than CF2 in the gas mix
ture would seem rather unlikely, based on arguments 
presented earlier in the text. Absorption coefficients 
for a given wavelength were averaged from measure
ments taken within a 100° temperature interval. This 
averaging amounted to about a 5% uncertainty in the 
absorption coefficients for wavelengths of strongest 
absorption and less for the other wavelengths in the 
band system. Theoretically, the oscillator strength is 
independent of temperature, since the energy of the 
total absorption band is constant. In the present study 
the absorption /  number was found to decrease by 
about 30% for a decrease in temperature of around 
1000 °K. Aside from the possibility of experimental 
error, the lower /  numbers at the higher temperatures 
may have resulted from the broadening of the absorp
tion band to wavelengths below 2250 A, where the 
radiometer and light source could not provide accurate 
optical measurements.

The high-temperature absorption spectrum reported

here is believed to be that of the singlet ground state of 
CF2 and not its triplet state, 3Bi. Because of extensive 
overlap of rotational states which apparently takes place 
at high temperatures, it cannot be resolved from the 
spectra obtained that splitting of the vibrational bands 
did occur indicating that the triplet state might be 
responsible for some of the absorption. However, 
Simons16 has estimated that the CF2 triplet is about 45 
kcal above the singlet ground state, which would make 
the number of molecules in the triplet state less than 
a factor of 10-3 at the temperatures considered in this 
study. Hence, it can be assumed that any contribu
tions to the absorption spectra by the triplet state 
would be insignificant.
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(16) J. P. Simons, Nature, 205, 1308 (1965).
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Effects of Matrix Polarity on the Optical and Electron Spin Resonance 

Spectra of Trapped Electrons in Organic Glasses1

by Alfred Ekstrom and John E. Willard
Department of Chemistry, University of Wisconsin, Madison, Wisconsin (Received June 25, 1968)

Trapped electrons produced by y irradiation of 13 organic glasses at 77 °K have optical absorption maxima 
(eV) and esr line widths which increase smoothly with increasing polarity of the matrix molecules, from 3- 
methylpentane to glycerol, consistent with a model in which the electrons are trapped in preexisting cavities 
in the matrix, the size of cavities which stabilize the electrons decreasing with increasing polarity. Trapped 
electrons in mixtures of alcohols in the glassy state show only one optical absorption maximum. This shifts 
from the energy characteristic of the first alcohol to that of the second as the mole fraction of the second is 
increased, indicating that the alcohol molecules are homogeneously mixed, and that each trapping site is 
composed of several molecules. Trapped electrons in mixtures of normal propanol and 3MP in the glassy 
state show two electron absorption peaks, one characteristic of each pure species, with preference for trapping 
in the alcohol phase, indicating aggregation of like molecules.

Introduction
Considerable evidence is available on the properties of 

trapped electrons in both polar and nonpolar organic 
matrices2 as observed by visible-infrared absorption,3 
esr,3d 3i’4 electrical conductivity,6 and luminescence 
measurements,6 but there is relatively limited evidence 
as to the physical nature of the trapping sites.

It appears plausible that the same type of forces may 
be responsible for stable trapping in the solid state at 
77 °K as are responsible for the relatively unstable 
“ solvation” of electrons in liquids at 300°K.3d'3e 
Jortner7 has proposed a hypothesis for the stabilization 
of electrons in liquids, in which the electron is regarded 
as creating a cavity in the liquid due to the short-range 
repulsion between the electron and the electrons of the 
medium. The electron is stabilized by the polarization 
of the molecules in the surrounding liquid. For polar 
molecules the trapping energy increases and the cavity 
size decreases with increasing polarity. In qualitative 
agreement with this hypothesis, the absorption maxima 
of the solvated electron in a series of liquid alcohols at 
25° 8 and glassy alcohols at 77°K3e show a red shift with 
decreasing dielectric constant of the alcohol. It might 
be expected that the line width of the esr signal of the 
electron would decrease with decreasing polarity of the 
medium, that is, with increasing minimum size of the 
trapping cavities and consequent decreasing interaction 
of the electron with the nuclei of the cavity walls. 
Such an effect seems to hold for several y-irradiated 
alcohols compared to ethers and for electrons prepared 
by the deposition of sodium in a few alcohols of different 
polarity.3d

This paper extends the available data on the optical 
and esr spectra of trapped electrons in y-irradiated 
organic glasses covering a range in polarity from 3- 
methylpentane (3MP) to glycerol. It examines the

correlation between the static dielectric constants, the 
visible-infrared absorption maxima, and the esr line 
widths, and between the absorption spectra of solvated 
electrons in the liquid state and trapped electrons in the 
glassy state. The properties of the electrons trapped in 
mixtures of components of differing polarity have also 
been studied.

Experimental Section
All materials were of reagent grade quality, whose 

purity was checked by gas chromatography as being

(1) This work has been supported in part by the U. .S. Atomic 
Energy Commission under Contract AT(11-1)-1715 and by the 
W . F. Vilas Trust of the University of Wisconsin.
(2) For recent reviews of this subject, see: (a) W . H. Hamill, “ Ionic
Processes in 7 -Irradiated Organic Solids at —196°C,”  a chapter in 
“ Radical Ions,”  L. Kevan, Ed., John Wiley and Sons, Inc., New York, 
N. Y ., 1968; (b) J. E. Willard, “ Radiation Chemistry of Organic
Solids,”  a chapter in “ Fundamentals of Radiation Chemistry,”  P. 
Ausloos, Ed., John Wiley and Sons, Inc., New York, N. Y ., 1968.
(3) (a) D. W. Skelly and W. H. Hamill, J. Chem. Phys., 44, 2891
(1966) ; (b) J. Lin, K. Tsuji, and F. Williams, J. Amer. Chem. Soc., 
90, 2766 (1968); (c) P. J. Dyne and O. A. Miller, Can. J. Chem., 43, 
2696 (1965) ; (d) J. Blandamer, L. Shields, and M. C. R. Symons, 
J. Chem. Soc., 1127 (1965); (e) B. G. Ershov, I. E. Makarov, and 
A. K. Pikaev, Khim. Vysokikh Energii, 1, 472 (1967); High Energy 
Chem., 1, 414 (1967); (f) J. E. Bennett, B. Milne, and A. Thomas,
J. Chem. Soc., 1393 (1967).
(4) (a) K . Tsuji, H. Yoshida, and K. Hayashi, J. Chem. Phys., 46, 810
(1967) ; (b) M. Shirom, R. F. C. Claridge, and J. E. Willard, ibid., 
47, 286 (1967) ; (c) K. Tsuji and F. Williams, J. Amer. Chem. Soc., 
89, 1526 (1967); (d) C. Chachaty and E. Hayon, J. Chim. Phys., 
61,1115 (1964) ; (e) D. R. Smith and J. J. Pieroni, Can. J. Chem., 43, 
2141 (1965).
(5) B. Wiseall and J. E. Willard, J. Chem. Phys., 46, 4387 (1967).
(6) (a) K. Funabashi, P. J. Herley, and M. Burton, ibid., 43, 3939 
(1965); (b) D. W. Skelly and W. A. Hamill, ibid., 43, 3497 (1965).
(7) (a) J. Jortner, ibid., 30, 839 (1959) ; (b) J. Jortner and S. A. Rice,
Advances in Chemistry Series, No. 50, American Chemical Society, 
Washington, D. C., 1965, p 7; (c) D. C. Walker, Quart. Rev., 21,
79 (1967); (d) J. Jortner, Radiation Res. Suppl., 4, 24 (1964); (e)
K . Fueki, J. Chem. Phys., 44, 3140 (1966).
(8) (a) M. C. Sauer, S. Arai, and L. M. Dorfman, ibid., 42, 708 
(1965); (b) S. Arai and M. C. Sauer, ibid., 44, 2297 (1966).
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greater than 99.9%. The alcohols were further dis
tilled from 2,4-dinitrophenylhydrazine sulfuric acid 
solution to ensure the absence of ketonic impurities. 
Methyltetrahydrofuran (MTHF), methylcyclohexane 
(MCHx), and 3-methylpentane (3MP) were purified as 
previously described.9 Degassing of the purified 
samples was accomplished by repeated freeze-pump- 
thaw cycles and included direct pumping on the liquid 
to ensure removal of C 02. All experiments were made 
with glassy rather than crystalline samples unless other
wise specified. Isopropyl alcohol at a concentration of 
1 mol %  was present in all samples of CH3OH to pre
vent crystallization.

Irradiations were made with a cobalt-60 source at a 
dose rate of 0.8-2.0 X 1018 eV g-1 min-1, the total dose 
being, typically, 2.4 X 1019 eV g-1. During the irradi
ation the samples were immersed in liquid nitrogen and 
positioned reproducibly adjacent to a cobalt-60 source.

Samples for optical examination were contained in 
flat, high-purity quartz cells, 2 X 0.5 cm, with a normal 
path length of 1 mm. On completion of irradiation, 
they were transferred to an optical dewar for spectro
scopic measurements, these operations being carried out 
in complete darkness to avoid bleaching of the trapped 
electrons. A Cary 14 spectrophotometer, modified to 
pass the infrared analyzing beam through the mono
chromator before passing through the reaction cell, was 
used. The esr measurements were made as previously 
described9 at a microwave power of ca. 0.01 mW. The 
esr line width measurements on the trapped electrons in 
alcohols were reproducible to ±  1 G.

Results
The optical absorption spectra at 77 °K  of trapped 

electrons in ten -/-irradiated alcohol glasses observed in 
this work are all similar in shape to the spectra of 
solvated electrons in the liquid alcohols,8 but are some
what narrower and are shifted 100-200 nm toward 
shorter wavelengths. This is illustrated in Figure 1 by 
the spectra in ethanol. The absorption spectra of 
solvated electrons in liquid alcohols shift to shorter wave
length with decreasing temperature8 but do not show 
the decrease in the width of the absorption band ob
served when the electrons are trapped in a glass.

The photon energy at the wavelength of maximum 
optical absorption by trapped electrons in y-irradiated 
organic glasses at 77° K  increases with increasing polar
ity of the matrix molecules, as shown in Table I and 
Figure 2 and reported earlier for a series of alcohols.* 3® 
This trend holds over a wide range from compounds 
which are essentially nonpolar to highly polar com
pounds. It is analogous to the trend8 of the absorption 
maxima for the solvated electron in liquid alcohols 
(Table I).

Paralleling the shift in the optical absorption maxi
mum of the trapped electron with polarity of the ma
trix, there is a continuous variation in the line width of

Figure 1. Comparison of the absorption spectra of the
solvated electron in liquid ethanol8 (------ ) and the trapped
electron in glassy ethanol at 77 °K (------ ).

Table I : Absorption Maxima and Esr Line Widths for 
Electrons in Media of Different Polarity

-----------300° K --------- , .------------77° K ----------
Rmax J Fmax,c

eV eV A H,d Ro,°
DBa photon - i photon"1 G au

Glycerol 4 2 .5 2 .3 5 2 .5 0 1 .4 0
Ethylene glycol 3 7 .7 2 .1 4 2 .4 1 15 1 .4 6
Methyl alcohol 3 2 .6 1 .9 6 2 .3 8 14 1 .4 8
Ethyl alcohol 2 4 .5 1 .7 7 2 .2 8 12 1 .5 0
n-Propyl alcohol 2 0 .1 1 .6 7 2 .2 2 12 1 .5 3
Isopropyl alcohol 1 8 .6 1 .51 1 .9 2 10 1 .6 5
ra-Butyl alcohol 1 7 .8 1 .8 2 2 .2 1 8 1 .5 3
Isobutyl alcohol 1 5 .8 1 .7 6 9 1 .6 9
n-Pentyl alcohol 13 2 .1 8 7 1 .5 1
f-Butyl alcohol 1 0 .9 1 .7 5 ' 1 .7 3
M ethyltetrahydro- 4 .6 0 .9 9 4 .2 2 .2 9

furan
Diethyl ether 4 .3 0 .8 9 3 .6 2 .4 2
3-Methylpentane 2 .0 0 .7 5 3 .0 2 .6 4
Methylcyclo 2 .0 0 .7 3 3 .0 2 .6 7

hexane

°  Static dielectric constant. b Absorption maximum of
“solvated” electron, ref 8. ' Absorption maximum of “trapped”
electron. d Esr line width. * Square potential well radius.
Calculated from E u  —*" $2p — 1 .0 5 x 7 2 « ,j2, ref 3d. * Value taken
from ref 3f.

its esr singlet. The esr spectra are illustrated in Figure
3 and the relationship between the line widths and the 
energies of the optical absorption maxima is shown in 
Figure 4.

When two alcohols such as ethylene glycol and iso
propyl alcohol or ethyl alcohol and isobutyl alcohol are 
mixed in various proportions, frozen to the glassy state 
at 77°K, and y-irradiated, the spectra of the trapped 
electrons produced show absorption maxima which vary 
continuously with change in composition, shifting 
toward shorter wavelength with increasing concentra
tion of the more polar component (Figures 5 and 6). 
This observation is analogous to the shifts in absorption

(9) M . Shirom and J. E. Willard, J. Phys. Chem., 72, 1702 (1968).
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Ds
Figure 2. Variation of energy per photon at the absorption maximum of the trapped electron with the dielectric constant of the medium.

Figure 3. Comparison of esr spectra of the trapped electron 
in glassy MCHx (A) and ethanol (B).

Figure 4. Esr line width (AH ) vs. the optical absorption 
maximum (eV) for the trapped electron in a series of 
y-irradiated organic glasses at 77°K.

spectra observed in a series of liquid alcohol mixtures8 
and in glassy ethylene glycol-water and glycerol-water 
mixtures.10

Figure 5. Effect of matrix composition on the absorption 
spectrum of the trapped electron in ethylene glycol-isopropyl
alcohol mixtures: ------ , pure ethylene g ly co l;-------, pure
isopropyl alcohol;............... , 0.4 mf isopropyl alcohol in
ethylene glycol; —•— , 0.7 mf isopropyl alcohol in 
ethylene glycol.

Figure 6 . Effect of matrix composition on the energy of the 
photon at the absorption maximum of the trapped electron:
X , ethylene glycol-isopropyl alcohol mixtures; •, ethyl 
alcohol-isobutyl alcohol mixtures.

In contrast to the mixtures of two alcohols or alcohols 
and water, y-irradiated glassy mixtures of n-propyl 
alcohol with 3MP show two absorption peaks attribut
able to trapped electrons, one characteristic of n -  
propyl alcohol and one characteristic of 3MP (Figure
7). Similarly, y-irradiated glassy mixtures of MTHF 
and ethyl alcohol have been reported11 to yield two 
absorption peaks, one characteristic of each pure com
ponent.

Figure 8 shows the change in concentration of trapped 
electrons in methylcyclohexane glass at 77°K as a 
function of y dose, as measured by infrared absorption 
at 1600 nm. This confirms earlier results,12 obtained
(10) B. G. Ershov, I. E. Makarov, and A. K. Pikaev, Khim. Vyso- 
kikh Energii, 1, 404 (1967); High Energy Chern., 1, 355 (1967).
(11) L. Shields, J , Phys. Chem., 69, 3186 (1965).
(12) M. Shirom and J. E. Willard, J. Amer. Chem. Soc., 90, 2184
(1968).
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Figure 7. Effect of matrix composition on the absorption 
spectrum of the trapped electron in «-propyl alcohol-3-
methylpentane mixtures:------- , pure «-propyl alcohol;
------ , 0.3 mf «-propyl alcohol in 3-methylpentane;
------ , 0.1 mf «-propyl alcohol in 3-methylpentane.

eV g' 1 x 10' 20

Figure 8 . The effect of y  dose at 77°K on the concentration 
of trapped electrons in (A) pure MCHx, (B) MCH +  5.0% 
2 -methylpentene-l, and (C) ethanol. The absorption in 
MCHx was measured at 1600 nm (scale at left) and in 
ethanol at 600 nm (scale at right).

by esr measurements and with less precise infrared 
techniques, which demonstrate that only a limited 
number of electron trapping sites are available in the 
glassy hydrocarbon matrix. Curve B of Figure 8 
shows that the enhanced electron population known to 
be obtained in the presence of 2-methylpentene-l6'13 is 
also subject to removal by products of the irradiation, 
and that the electron trapping sites are destroyed or 
preempted. Similar experiments on glassy ethanol at

77°K show no decrease in G (e~ ) up to at least 2 X 1020 
eV g“1 (curve C), indicating that, as in the case of 
methyltetrahydrofuran,12 more electron trapping sites 
are available than in the hydrocarbons or that the en
tity which removes trapped electrons in the hydro
carbons is not available to do so in the alcohol.

Incidental to these studies, it was noted that bleach
ing of the trapped electrons in alcohols, and particu
larly in methanol, resulted in a significant increase in 
the free-radical signal which underlies the electron 
singlet. This effect was absent in the case of nonpolar 
matrices, as previously reported.9
Discussion

The compounds used as matrices in the present 
investigation are all characterized by a negative elec
tron affinity, and so have no vacant orbitals capable of 
accommodating an additional electron. Consequently, 
the stabilized electrons cannot be considered as loca
lized on any particular molecule but must be stabilized 
by some other mechanism. This is further confirmed 
by the absence of hyperfine splitting of the electron esr 
signal.

The similarity between the visible-infrared spectra of 
solvated electrons in liquid alcohols and of trapped 
electrons in glassy alcohols suggests that the environ
ment of the electrons is similar in the two cases.

However, the electron lifetimes in the glasses at 77 °K 
are of the order of minutes to days as compared to 
microseconds in the liquids. This is, plausibly, the 
result of the fact that the stabilizing configuration of 
solvating molecules in the liquid is transitory, because 
it is subject to rapid disruption by thermal motions, 
whereas in the glass at 77 °K trapping occurs in rela
tively stable voids frozen into the matrix.

It is probable that reorientation of matrix dipoles 
under the influence of an electron is too slow a process 
to assist electron trapping.14'15 If this is the case, the 
electrons must be trapped in the alcohols in preexisting 
cavities which have configurations of favorably oriented 
dipoles determined by the molecular dimensions of the 
alcohols and the nature of the polymeric aggregates 
resulting from hydrogen bonding. Compounds which 
have the highest static dielectric constant in the liquid 
phase apparently form cavities capable of the most 
stable trapping.

There is evidence that even in the nonpolar hydro
carbon glasses, trapping occurs only in preexisting 
voids. The concentration of trapped electrons in 
hydrocarbon glasses previously investigated12 and 
further examined in the present work (Figure 8) passes 
through a maximum and then decreases with increasing 
dose, indicating that the number of trapping sites is
(13) J. B. Gallivan and W. H. Hamill, J. Chem. Phys., 44, 2378 
(1966).
(14) L. Kevan, Progr. Solid State Chem., 2 , 321 (1965).
(15) R. Schiller, J. Chem. Phys., 47, 2281 (1967).
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limited, and that these become filled and subsequently- 
removed or populated by nonparamagnetic non-ir-ab- 
sorbing species. Consistent with the conclusion that 
preexisting voids are required is the fact that trapping 
of electrons and positive charge does not occur nearly 
as effectively in organic crystals as in the corresponding 
glasses which, because of their random structure, may 
be expected to have a higher concentration of voids.16 
This is true despite the fact that electrons and positive 
charge can be chemically trapped in the crystals by ad
ditives such as biphenyl17 when the latter are present at 
concentrations as low as 10-8  mf. The yield, (7(bi- 
phenylide), is about 1, indicating that charge migrates 
extensively in the crystals without finding physical 
trapping sites. In the absence of scavengers it even
tually encounters a positive ion and is neutralized.

The Jortner theory, developed for liquid systems, 
assumes that the dipole orientation required for solva
tion occurs as a result of the presence of the electron. 
In the application of the theory to the glassy systems 
it must be assumed that the portion of the trapping 
interaction which is due to permanent dipoles is the 
result of configurations existing in the trapping matrix 
prior to the arrival of the electron.

In terms of the Jortner theory,7 the radii of the 
trapping voids may be estimated using the assumption 
that the energy per photon at the wavelength of 
maximum absorption is equal to the energy of the E u  
E 2p transition in a square potential well which is equal 
to 1.05tt2/2Z2o2, where R 0 is the cavity radius. As noted 
earlier,8e the radii so obtained for the glasses listed in 
Table I increase progressively with decreasing polarity 
of the matrix. The increasing esr line width with in
creasing polarity is consistent with this theory, if 
broadening of the esr line is attributable14’18 to inter
action of the electron with the nuclear magnetic mo
ments of the hydrogen atoms in the cavity wall. That 
such interaction is important is demonstrated by the 
fact that the line width of the trapped electron signal 
is 6 G in C2H5OD,19 as compared to 12 G in C2H5OH, 
as a result of the lower nuclear magnetic moment of D 
than of H.

The fact that the Xmax values and the esr line widths 
of the hydrocarbons fall in a consistent sequence, as a 
function of polarity, with those of the alcohols, is strong 
evidence that polarity rather than more specific features 
of the trapping species are dominating, and adds quali
tative support to the applicability of the Jortner model 
to electron trapping in glasses.

The curves of Figures 2 and 4, as drawn, extrapolate 
to the origin. This is consistent with the fact that the 
transition energy, E ia -*■  f?2p =  1.05tt2/2Eo2, approaches

zero as 720 becomes very large. An electron in a very 
large or infinite cavity is essentially a free electron. 
Such a free electron would be expected in an environ
ment of zero polarizability. Similarly, a free electron 
would be expected to exhibit a “zero” esr line width, 
consistent with the trend of the extrapolation of Figure
4.

A further interesting aspect of Figure 2 is that the 
value of the transition energy appears to approach a 
limiting value with increasing dielectric constant of the 
medium. Such a behavior may be expected if the 
radius of the cavities suitable for trapping electrons 
approaches a limiting value.

In n-propyl, n-butyl, and n-pentyl alcohols the 
transition energies are somewhat higher than the gen
eral trend but the branched isomers of these compounds 
give consistent values, suggesting that the linear 
molecules orient in such a way as to provide smaller 
cavities with greater trapping stability.31

The observation that electrons in mixtures of alcohols 
(Figure 5) give only one absorption peak, the maximum 
of which shifts to the red as the mole fraction of the less 
polar component increases, suggests random inter- 
molecular hydrogen bonding of the two alcohols to 
provide traps of polarity intermediate between those of 
either pure alcohol. The results confirm the concept 
that the electron is not trapped by an individual alcohol 
molecule but is contained by a group of molecules, the 
absorption energy being related to the composition of 
the whole group, as is also the case for solvated elec
trons in liquid alcohols.8

The absorption spectra of the electron trapped in 
n-propyl alcohol-3-methylpentane mixtures (Figure 7) 
show that the electron is preferentially trapped in an 
environment of n-propyl alcohol molecules, even at low 
n-propyl alcohol concentrations. As a result of their 
ability to form hydrogen bonds, alcohols are extensively 
aggregated in the form of dimers, trimers, and tetra- 
mers in a nonpolar solvent, even at very low alcohol 
concentrations, and this aggregation would be expected 
to be enhanced at low temperatures. These aggregates 
presumably form suitable traps for the electron, and 
are present in a sufficient concentration to compete 
favorably with those formed by 3MP molecules.

(16) M. A. Bonin, J. Lin, K. Tsuji, and F. Williams, Advances in 
Chemistry Series, No. 82 American Chemical Society, Washington, 
D. C „ 1968, Vol. II, p 269.
(17) A. Ekstrom and J. E. Willard, unpublished results.
(18) P. N. Moorthy and J. J. Weiss, Advances in Chemistry Series, 
No. 50, American Chemical Society, Washington, D. C., 1965, p 180.
(19) D . R. Smith and J. J. Pieroni, Can. J. Chern., 45, 2723 (1967).
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Radical Decay Kinetics in Organic Glasses. Spatial Effects and Isotope Effects1

by William G. French and John E. Willard
Department of Chemistry, University o f Wisconsin, Madisonf Wisconsin 64706 (.Received July 1, 1968)

Radical decay kinetics show that 3-methylpentyl radicals produced by y  irradiation of 3-methylpentane (3MP) glass at 77 °K disappear by combination at random with other radicals in the matrix rather than by geminate recombination or intraspur or intratrack combination. By contrast, 3-methylpentyl radicals produced by hydrogen abstraction by hot hydrogen atoms formed by photolysis of HI in 3MP glass decay much faster and by a process which is first order in dose rather than second order. This indicates that the mechanism of decay is combination of each radical with the geminate iodine atom left by the hot hydrogen atom which produced the radical. It is shown that the rate of decay of methyl radicals produced from methyl halides in organic glasses at 77°K may be either first order in dose and exponential with time (“pure” first order) or first order in dose and not exponential with time (“composite” first order) depending on the matrix. The pure or composite first-order processes must occur by geminate recombination, with the rate-determining process being the thermal relaxation of geometrical constraints placed on the radicals by the matrix. Of great interest is the observation that the rates of radical decay in perdeuterated 3MP and in perdeuterated methyl- cyclohexane glasses at 77 °K are very much slower than in the protiated matrices but approach the rates in the latter as the temperature is increased.

Introduction

The kinetics of disappearance of free radicals formed 
in organic solids by photolysis or radiolysis depend on 
the proximity and geometry with which radical partners 
are trapped. Methyl radicals produced from methyl 
halides in glassy 3-methylpentane (3MP) by photo
dissociation or dissociative electron attachment decay 
by a “pure”2 first-order process.3-5 Since the ther- 
malized radicals at 77°K do not abstract hydrogen from 
the 3MP,3’5 the first-order decay must result from re
combination of geminate partners trapped in the parent 
cage. The half-life (16 min at 77°K) is independent of 
whether the partner of the methyl radical is I, produced 
by photodissociation, or I - , Br- , or Cl- , produced by 
dissociative electron capture, and is the same for CD3 
as CH3, indicating that the rate-determining step is 
achievement of the necessary configuration of the radical 
for reaction, against the constraining forces of the rigid 
lattice. Ethyl radicals produced from ethyl halides by 
dissociative electron capture in 3MP or methyltetra- 
hydrofuran (MTHF) glass at 77°K decay by “compo
site” first-order processes.5 This indicates either gemi
nate recombination or combination of each radical with 
another radical produced in the same radiation “track.” 
If it is geminate recombination, which seems most prob
able,6 the radicals must be produced with a variety of 
orientations which have varying probability per unit 
time of thermal reorientation to achieve the reactive 
configuration. Thus a knowledge of the decay kinetics 
and decay rates of trapped species can be informative 
about their spatial distribution in a matrix and about 
the constraints which the matrix exerts on them.

In this paper we have used decay kinetics to answer 
the following questions. (1) Do the 3-methylpentyl 
radicals observable by esr in y-irradiated 3MP glass

disappear primarily by combination with other radicals 
produced in the same track or by random combination 
with radicals from other tracks? (2) Do 3-methyl
pentyl radicals formed by hydrogen abstraction by hot 
H atoms from the photolysis of HI in 3MP glass com
bine with the geminate iodine atom? (3) Do trapped 
CH3 radicals decay by pure first-order kinetics in all 
matrices, as they do in 3MP? (4) Does deuteration 
of a radical or deuteration of a matrix influence radical 
yields, decay kinetics, or decay rates?
Experimental Methods

The methods of reagent purification, degassing, y  
irradiation, and esr measurements used in the work of 
this paper are similar to those described previously.3'5 
The perdeuterated compounds used all had greater 
than 99.8% chemical purity, as shown by gas chromato
graphic analysis, and greater than 99% deuteration,

(1) This work was supported in part by U. S. Atomic Energy Com
mission Contract AT(11-1)-1715, by the W. F. Vilas Trust of the 
University of Wisconsin, and by a Public Health Service Fellowship 
(Fl-GM-28,853) from the National Institute of General Medical 
Sciences.
(2) We use the term “ pure”  first-order decay for a decay process for 
which a plot of the logarithm of the concentration of the decaying 
species vs. time is linear, and the term “ composite”  first-order decay 
for a process for which this plot is not linear but has a shape which is 
independent of the radiation dose (z. e. of the initial concentration 
of the decaying species). For “ composite”  first-order decay the plots 
for samples which have received different doses are superimposable 
after normalization for dose.
(3) R. F. C. Claridge and J. E. Willard, J. Amer. Chem. Soc., 87, 
4992 (1965).
(4) D. W. Skelly, R. G. Hayes, and W. H. Hamill, ./. Chem. Phys., 
43, 2795 (1965).
(5) M . Shirom and J. E. Willard, J. Phys. Chem., 72, 1702 (1968).
(6) Intratrack combination is excluded because an identical decay 
is observed with radicals resulting from photoionization of TM PD 
in a glass containing ethyl chloride. In this case no radiation 
“ tracks”  are produced.
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as shown by mass spectrometry. Temperatures of 
samples in the Yarian esr cavity were maintained within 
±1°K  in the range from 78 to 110°K, using a Varian 
variable-temperature device arranged to pass the 
flowing nitrogen through an additional coil immersed 
in liquid nitrogen. Temperatures were measured with 
a thermocouple placed in the cold nitrogen stream at a 
point 1 cm before it encountered the sample, with the 
reference junction in liquid N2 assumed to be at 77.0°K.
Results

Spatial E ffects. D ecay  o f  3 -M ethylpen tyl Radicals  
Produced by y -Irrad ia tion  o f 3 M P  Glass. The most 
probable mechanisms for production of 3-methylpentyl 
radicals7-9 during y  irradiation of 3MP glass are 
decomposition of an excited 3MP molecule (CeHu — *- 
C6H13 +  H) and proton transfer from a 3MP ion (Ce- 
Hh+ +  C6Hi4 -*■  +  C6Hi5+). Neither process is
expected to provide a geminate partner with which the 
radical can combine.10 Therefore, radicals must dis
appear by combination with other radicals. Figure 1 
shows that the decay kinetics are second order over at 
least the first 85% of decay. A similar slope is obtained 
independent of the initial dose (and hence the initial 
radical concentration). Thus the decay is second order 
with respect to dose as well as with respect to time. 
This is significant since radical decay by intraspur or 
intratrack combination might approximate second 
order with respect to time during the initial stages of 
decay but would be first order with respect to dose. 
Thus radicals produced by the y  irradiation of 3MP at 
77°K have essentially as high a probability of combining 
with radicals from other tracks as with those from the 
parent spur. The measurements of Figure 1 were 
made at 87 °K in order to obtain a conveniently rapid 
decay rate. Similar second-order decay has been ob
served at 77 °K by M. Vlatkovic of our laboratory on a 
sample with a higher radical concentration produced by 
a dose of 1.2 X 1021 eV g -1  and measured over a period 
of 100 hr during which 85% of the radicals decayed.

D eca y o f 3 -M ethylpentyl Radicals Produced by H ot H  
A tom s from  H I. Photolysis of HI with 2537A radi
ation produces hot H atoms with up to 1.8 eV of kinetic 
energy.11 In solid 3MP at 77°K these abstract hydro
gen atoms with a quantum yield of about 0 .2 ,12 forming
3-methylpentyl radicals.13 If the iodine atom from a 
photodissociated HI molecule is trapped in proximity to 
the radical formed by the hot H atom, it might be ex
pected that radical decay would occur by CeH13I for
mation from these geminate partners. This predicted 
geminate combination is confirmed by the kinetics of 
decay shown in Figure 2. Rather than the second- 
order decay found for random combination of radicals, 
these data indicate a composite first-order decay which 
is much faster. This was demonstrated in two experi
ments differing by a factor of 2 in initial concentration. 
Data for the decay of 3-methylpentyl radicals produced
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Figure 1. Second-order decay of 3-methylpentyl radicals in 
7-irradiated (2 X 1019 eV g-1) 3-methylpentane at 87°K.

Figure 2 . Decay of 3-methylpentyl radicals formed by 
photolysis and by radiolysis of 3-methylpentane containing 
8  X 10-a mf HI (77°K): •, 2 min of uv photolysis;
O , 1 min of uv photolysis; A, 5 min of y  irradiation. The 
initial concentrations of radicals after 2  min of photolysis, 1 
min of photolysis, and 5 min of y  irradiation were in the 
ratio 2 : 1 :2 .

by y  irradiation of a 3MP-HI glass, identical with that 
used for the photolysis experiments, are included in 
Figure 2 to illustrate the dramatic difference in decay 
characteristics. The decay of radicals from the HI 
photolysis cannot be attributed to reaction with HI,

(7) The esr spectrum of 3-methylpentyl radicals in 3MP glass at 
77 °K  has been previously reported by several investigators.8 The 
predominant radical is the secondary 3-methylpentyl radical,8 
whether formation is by y irradiation, hot^atom attack, or photo
sensitization.
(8) J. E. Willard in “ Fundamentals of Radiation Chemistry," P. 
Ausloos, Ed., John Wiley & Sons, Inc., New York, N. Y., 1968, 
Chapter 9.
(9) D. H. Henderson, Ph.D. Thesis, University of Wisconsin, 1968.
(10) Hydrogen atoms have never been observed in hydrocarbon 
glasses at 77 'K , presumably because they diffuse readily and com
bine with each other or radicals. If the proton-transfer process is 
responsible for radical formation, it is exothermic and not reversible.
(11) R. M. Martin and J. E. Willard, J . Chem. Phys., 40, 3007 
(1964).
(12) J. R. Nash, R. R. Williams, and W. H. Hamill, J . Amer. Chem. 
Soc., 82, 5974 (1960).
(13) S. Aditya and J. E. Willard, ibid., 8 8 , 229 (1966).
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since it has been shown that the rate is unchanged by 
changing the HI concentration from 10-2  to 10~3 M .13 
The fact that this decay is much faster than that of radi
cals produced by dissociative electron capture (with the 
exception of CH8 radicals) prompts the speculation 
that hydrogen abstraction does not disorient the 
trapped radical from its reactive configuration as much 
as dissociative electron capture.

Com posite First-O rder D ecay o f M eth yl Radicals in  
H ydrocarbon Glasses. It is a striking fact that 90% 
or more of methyl radicals formed by dissociative elec
tron capture in 3MP at 77°K show pure first-order de
cay kinetics,3 indicating that each radical is retained 
in the parent cage with its geminate partner and that in 
each case the configuration is very similar. To deter
mine whether this behavior of methyl radicals from 
methyl halides is dependent on the matrix, we have 
investigated their decay in a variety of organic glasses. 
Figure 3 shows the decay in 2-methylpentane (2MP) 
and in methylcyclohexane (MCHx). Decay in 2MP 
is slower than in 3MP and that in MCHx is slower than 
in 2MP. The decay in 2MP is shown to be composite 
first order by the superimposability of the curves for 
two doses, after normalization for dose. The shape of 
the MCHx curve and of the curves for all other matrices 
listed in Table I, except 3MP, is also typical of com
posite first-order decay. Table I lists the times re
quired for the decay of the first 50% of the radicals in 
several of the matrices studied. These decay times are 
independent of whether the geminate partner of the CH3 
radical is I -  or Cl-  in all of the matrices for which this 
test was made.

Isotope E ffects. Consistent with earlier observations 
on CD3,3 our results show that the decay rates of CD3 
radicals and CH3CD2 radicals formed from alkyl halides 
in 3MP at 77 °K by dissociative electron capture are 
indistinguishable from the rates of CH3 and C2H6.

Figure 3. Decay of CHa radicals in 7 -irradiated hydrocarbon
glasses containing 10~ 2 mf CH3C1 (77°K): m, 2MP
(2-min 7  dose); O, 2MP (10-min 7  dose); ■, 3MP; A, MCHx.

Table I : CH3 Decay in Hydrocarbon Glasses at 77°K

Matrix
Half-life,“

min
Viscosity,pi

3-Methylpentane 16 2 X 1012
3-Methylpentane-du 150 2 X 1012
2-Methylpentane 27 2 X 1013
3-Methylhexane 45 3 X 1018
4-Methylheptane 36 2 X 1025
Methylcyclohexane 60 1 X 1013
Ethylcyclohexane 50 4 X 1022
2-Methyltetrahydrofuran 1 0 4 X 10“

0 Time required for decay of first 50% of the radicals. 6 A. C. 
Ling and J. E. Willard, J. Phys. Chem., 72, 1918, 3349 (1968).

By contrast, if perdeuterated rather than protiated 
3MP glass is used as the matrix, the half-life of CII3 
at 77°K is increased from 16 to 150 min and that 
of C2H5 from 300 to 1500 min. The half-life of CH3 
radicals in MCHx glass at 77°K is 60 min, while in 
MCHx-dii it is greater than 1 day.

The above decay processes are pure or composite 
first order. To examine the effect of deuteration on a 
second-order process, we have 7 -irradiated 3MP- 
du glass. Both the yield of C6Di5 radicals (G(C6- 
Di3)) at 77°K and the rate constants for their decay at 
83 °K and above are the same, within experimental 
error, as the values for C6H13 radicals forrmed by the 
irradiation of protiated 3MP.

The effects of temperature on the decay rates of 
methyl and ethyl radicals produced by dissociative 
electron capture in both protiated and deuterated 3MP 
glass are shown in Figure 4. Similar data for methyl 
radicals in MCHx are shown in Figure 5. The rates 
for the protiated and deuterated systems approach 
each other as the temperature is raised. Figure 4 
also shows the variation of the second-order rate con
stant for the decay of 3-methylpentyl radicals in pro
tiated and deuterated 3MP glass as a function of tem
perature, and indicates the rate of change of viscosity 
with temperature.
Discussion

The results presented have answered the four ques
tions posed in the Introduction: (1) 3-methylpentyl 
radicals produced by the 7  radiolysis of 3MP glass 
disappear primarily by random combination with radi
cals from other tracks; (2) 3-methylpentyl radicals 
produced by abstraction of H by hot hydrogen atoms 
from the photolysis of HI in 3MP glass decay primarily 
by combination with the geminate iodine atom; (3 ) 
methyl radicals produced by dissociative electron 
capture in some organic glasses decay by composite 
first-order kinetics in contrast to the pure first-order 
kinetics observed in 3MP; and (4) deuterated radicals 
decay at the same rate as their protiated analogs. The 
yields of 3-methylpentyl radicals from the radiolysis
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of 3MP-rii4 and 3MP-AW are the same. The decay 
rates of radicals by geminate combination in 3MP-di4 
at 77°K are much slower than in the protiated com
pounds but approach the rates in the protiated com
pounds as the temperature is increased, while decay 
by random combination at 83°K and above14 is un
affected by isotopic substitution. These conclusions 
are discussed further below.

The fact that 3-methylpentyl radicals produced by 
7  irradiation of 3MP glass at 77°K disappear at a rate 
proportional to the square of the total radical concen
tration indicates that the average separation of the 
radicals within the spurs is sufficiently great so that the 
probability of intraspur radical encounters is negligible. 
The slowness of decay of the 3-methylpentyl radicals 
produced by y  irradiation as compared with radicals 
produced in juxtaposition to a geminate partner must 
result from the slowness of diffusion. For 3-methyl
pentyl radicals produced5 with G  = 1.6 and a dose of 
1019 eV g-1, the concentration before any decay would be
1.5 X 10-4  M , and the average distance of separation, if 
randomly distributed, would be 200 A. Assuming 
random distribution and a reaction on every radical- 
radical encounter, it may be estimated from the second- 
order rate constant, k, indicated by the data of Figure 1 
that the diffusion constant of the radicals at 87°K is 
2 X 10-16 cm2/sec (fc =  1.7 X 10-21 ml molecule-1  
sec-1  = Ixp/); the diameter, p, of the 3MP molecule is 
taken as 7 A). This value is within about one order of 
magnitude of the diffusion coefficient, D = 2 X 10~16, 
calculated from the Stokes-Einstein equation, D  =  
k T / 67n?r; if the radius of the 3MP molecule is 3.5 A, 
the viscosity15 at 87°K is 108 P and k is the Boltzmann 
constant.

The viscosities15 of 3MP at 77 and 87°K are 1012-6 and 
108. Within the accuracy of measurement the vis
cosity of perdeuterated 3MP is the same as that of the 
protiated compound.16 Thus it is to be expected, as 
observed at 83 °K, that the second-order decay constant 
should be nearly the same in the two media.

The fact that radicals produced by photolysis of HI in 
3MP glass decay by combination with the geminate 
iodine atom is consistent with the expectation that 
abstraction by hot hydrogen atoms occurs primarily 
from 3MP molecules in the walls of the parent cage. 
Competing with the abstraction process are deactiva
tion of the excited HI (or primary recombination) and 
cage escape accompanied by thermalization of the H 
atom. Previous evidence12' 13 shows that the ratio of 
HI stabilization to abstraction to thermalization is 
about 0.7:0 .2 :0 .1.

The decay of CH3 radicals from dissociative capture 
processes in organic glasses cannot be the result of H 
abstraction from the matrix.3'5 Likewise, neither type 
of 3-methylpentyl radical decay reported here can be 
the result of H abstraction. Such abstraction would 
follow first-order kinetics rather than the second order
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CH3  DECAY C2 H5  DECAY 3MP- DECAY

Figure 4. Temperature dependence of radical decay rates in 
3-methylpentane (0,A,Q) and 3MP-dn (*,A,B). Methyl 
and ethyl radicals formed by 7  irradiation (2 X 1013 eV 
g -1) of glasses which contained 10 “ 2 mf CH3CI and 
C2H5C1, respectively. 3-Methylpentyl radicals formed by 2 
X 1019 eV g - 1  irradiation of 3MP glasses.

Figure 5. Temperature dependence of CH3 radical decay rates 
in methylcyclohexane and MCHx-di4 glasses. CH3 radicals 
formed by 7  irradiation (2 X 1013 eV g-1) of MCHx containing 
10- 2  mf CH3CI.

observed in 7 -irradiated 3MP. Therefore, H abstrac
tion must be slower than second-order radical-radical 
combination at the concentrations tested. Conse
quently, the faster radical disappearance observed in 
the HI photolysis experiments cannot be due to H 
abstraction. H abstraction is also eliminated by acti
vation energy considerations and by the fact that it 
would replace each radical removed by a new radical, 
thus yielding no decrease in radical concentration. 
Experimentally the total radical concentration de
creases.

Pure first-order decay of 100% of the radicals in a 
system of the type discussed here implies that every 
radical is trapped with its geminate partner in its par
ent-solvent envelope. The fact that half-lives for re-
(14) This decay has been followed to 85% completion on samples 
which had received 7  doses of 1019 eV g -1. The decay rates a* 
77°K  of radicals produced by 2 X 1020-eV g -1 7  irradiation of proti
ated and of deuterated 3MP were followed to 25% decay and found 
to be identical with each other.
(15) A. C. Ling and J. E. Willard, J. Phys. Chem., 72, 1918 (1968).
(16) A. C. Ling and J. E. Willard, ibid,., 72, 3349 (1968).
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Homolytic Hydroxylation of Naphthalene in Oxygenated Aqueous 

Solutions by y  Radiolysis at Higher Temperatures1

by I. Balakrishnan and M. P. Reddy
National Chemical Laboratory, Poona-8, India (Received June 26, 1968)

G values for naphthol formation in the y  radiolysis of naphthalene dissolved in oxygenated water in sealed tubes rise from 0.28 to 1.44 over the temperature range 55-120° and thereafter fall. The solubilities of naphthalene and of oxygen in water appear to be the two major controlling factors. The temperature dependence of the ratio of a- and /3-naphthols in the product is discussed briefly in the light of what is known of the mechanism of homolytic substitution in aromatic hydrocarbons.

Introduction
The radiolysis of aqueous solutions of organic com

pounds provides information, on the one hand, regard
ing the fundamental processes of the radiation chem
istry of water, and, on the other, regarding homolytic 
reactions involving the hydrogen and hydroxyl radi
cals.2 Studies of homolytic hydroxylation of benzene 
by this method indicate yields of phenolic compounds 
of the order of 6'(OH) of water.3-6 Naphthalene is 
known to be 24 times as susceptible as benzene to 
homolytic phénylation,6 and yet the yield of naphthol 
in the radiolysis of its aqueous solution is only 0.01  of 
the phenol yield for benzene solution. The low solu
bility of naphthalene in water (~ 1 0 -4  M )  is evidently 
the cause of this anomaly. Addition of organic liquids 
to improve its solubility does not help, since the addi
tive diverts the OH radicals from naphthalene and 
seems to reduce the yields still further.7 As a last resort 
the oxygenated system containing only water and excess 
naphthalene was pressurized by heating in a sealed tube 
and irradiated. G  values of the expected order were 
thus obtained, as will be described below.
Experimental Section

M aterials. Triply distilled water, resublimed May 
and Baker “naphthalene scales,” and pure oxygen from 
heated permanganate crystals were used. A 1-kCi 
60Co y-radiation source was used for the irradiations, on 
the basis of the 15.6 value for the Fricke dosimeter. 
The dose rate was 4.7 X 1016 eV/ml min. The analyses 
were done using a Perkin-Elmer 350 spectrophotometer.

Procedures. A mixture of 0.20 g of naphthalene and 
50 ml of water was sealed off in a heavy-walled Pyrex 
bulb after replacing all of the air in solution with pure 
oxygen. The bulb was put into a furnace and after it 
had attained the required temperature ( ± 2°) the 
furnace was lowered into the radiation field. After 
irradiation, the bulb was taken out, cooled in air for 0.5 
hr, and opened.

Naphthalene was removed by ether extraction after

making the solutions alkaline. The naphthol product 
was coupled in alkaline medium (pH ~13) with p-nitro- 
benzenediazonium chloride and estimated spectro- 
photometrically according to a method reported re
cently.8

Results
Figure 1 summarizes the results. Three features 

stand out. The naphthol formation is linear in dose 
and the total yield rises from 0.29 to 1.44 over the 
range 55-130°. Thereafter the linearity is lost and 
the yield drops. Up to 130° the proportion of 0- 
naphthol in the product drops steadily and thereafter 
rises, particularly sharply beyond 150°. Three runs, at 
152, 160, and 170°, respectively, clearly confirm these 
trends in that they indicate a further drop in the total 
yield and a large increase in the proportion of (J-naph- 
thol.

Some of the available data9-12 on the temperature 
dependence of the solubility in water, of benzene and 
naphthalene, to be used in the discussion below, are 
listed in Table I.

The values of the yields are given in Table II.

(1) Communication No. 1153 from National Chemical Laboratory, 
Poona, India.
(2) G. Stein, Discussions Faraday Soc., 12, 232 (1952).
(3) (a) G. Stein and J. Weiss, J. Chem. Soc., 3245 (1949); (b) T. J. 
Sworski, ./. Chem. Phys., 20, 1817 (1952).
(4) G. R. Freeman and A. B. Van Cleave, Can. J. Chem., 31, 448 
(1953).
(5) P. V. Phung and M. Burton, Radiation Res., 7, 199 (1957).
(6) D. H. Hey and G. Ii. Williams, Discussions Faraday Soc., 14. 
216 (1953).
(7) N. B. S. N. Rao, P. S. Rao, and M. P. Reddy, Indian J. Chem. 
4, 244 (1966).
(8) I. Balakrishnan and M. P. Reddy, ibid., 6, 257 (1968).
(9) R. L. Bohon and W. F. Claussen, J. Am. Chem. Soc., 73, 1571 
(1951).
(10) A. N. Guseva and E. I. Parnov, Vestn. Mosk. Univ., Ser. II, 
Khim., 18 (4), 80 (1963); Chem. Abstr., 59, 133925 (1963).
(11) H. Cerfontain, Rec. Trav. Chim., 84, 491 (1965).
(12) N. C. Deno and C. Perizzolo, J. Am. Chem. Soc., 79, 1345 
(1957).
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Scheme I

benzene system. The mechanism of OH attack on 
naphthalene cannot be too different from that in the 
case of benzene.

Successive addition of OH and 0 2 to the aromatic 
species, leading to the equivalent of species A and B, 
was suggested by Proskurnin, 16 Waters,17 and Dorfman.18 
Step I, which is a fast, unimolecular reaction, was ob
served by Dorfman19 in the case of benzene. Boyland 
and Booth20 proved that the glycol, C, gives a-naphthol 
exclusively upon warming with acid. Sworski21 orig
inally advanced for the aqueous benzene system the 
equivalent of path III. Since it totally ignores the 
well-known addition of OH to aromatics, this mech
anism could account, at best, for a small part only of the 
phenol formed.

Step IV speculates about a reaction plausible at 
higher temperature. Ebert and Land22 observed that 
phenol reacts with OH from radiolyzed water to yield 
the phenoxy radical. If one visualizes this as the result 
of elimination of water from a radical intermediate 
formed by initial attachment of OH to phenol, then 
it is possible to see how a phenoxy-type radical could be 
formed from naphthalene via species B by an analogous 
process and result, at higher temperature, in polyhydric 
phenols.

Step V suggests a plausible alternative source (other 
than OH attack) from which phenolic compounds could 
come, particularly at higher temperatures.

Tem perature D ependence o f  Naphthol Form ation. 
The three main features of the effect of temperature on 
naphthol formation could be briefly correlated with the 
facts of the radiolysis of the aqueous benzene system on

the one hand, and, on the other, with what is known 
about homolytic substitution in naphthalene.

In the first place, there is a sharp rise in naphthol 
yield in going from 27 to 55° and then a slow rise up to 
130°, both clearly attributable to the increase in solu
bility of naphthalene. If factors of mechanism of re
action do play a role in this, one would expect a similar 
trend, even in the range 27-55°, in the aqueous benzene 
system, which is not found (c f . Table II), whereas an 
effect similar to the above is found3a if the concentra
tion of benzene is lowered below 10 ~ 3 M . Further, 
upon the introduction of sulfuric acid, known to reduce 
the solubility of naphthalene (cf. entry 3 in Table II 
and the solubility values quoted earlier), the yield of 
naphthol again drops sharply. Thus, it is clear that 
in the concentration range 2-5 X 10-4  M  naphthalene 
sees only a small fraction of the hydroxyl radicals emerg
ing from the spurs because of competition from H 02 as 
described earlier.

It is a telling fact that the highest naphthol yield 
attained is almost equal to G(phenol) = 1.54 estab
lished in a study of the aqueous benzene system con
ducted along with the present (to be submitted shortly) 
in which it was proved that a fraction of the total num-
(17) W. A. Waters, Discussions Faraday Soc., 14, 247 (1953).
(18) L. M. Dorfman, R. E. Buhler, and I. A. Taub, J. Chem. Phys., 
3 6 ,  549 (1962).
(19) L. M. Dorfman, I. A. Taub, and R. E. Buhler, ibid., 3 6 , 3051 
(1962).
(20) J. Booth and E. Boyland, Biochem. J., 44, 361 (1949).
(21) T. J. Sworski, Radiation Res., 1, 231 (1954).
(22) E. J. Land and M. Ebert, Trans. Faraday Soc., 63, 1181 (1967).
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Table II: Yields of Naphthol at Various Temperatures

Temp, Dose, [/9-naphthol], G (total
°C 10« X eV/ml % naphthol) G(phenol)

27 20-30 0.025 dh 0.003 1.54 ± 0.
55
55 (0.8 A7 H2SO4)

7-12 0.28 ± 0.019 
Below level of

~1.4

detection
94 4-8 0.81 ± 0.035

117 ~ 0 1.28 ± 0.13
130 2.82 ~0 1.44
146 1.41 10.9 1.05

2.82 7 0.94
4.23 5.9 0.46

a152 0.47 38.0 0.77
160 2.82 46.0 0.46
170 2.82 75.0 0.32

These are only apparent and not initial (true) G  values.

ber of OH radicals attack benzene to convert it into 
open-chain oxidized product13’23'24 with an enhanced 
consumption of oxygen. (?( — 0 2) even at room tem
perature is 5.3.5

A second feature of the temperature effect is the drop 
in naphthol yield at ~140° and above. This is ac
companied by a marked departure from linearity, so 
much so that what are reported are not true but only 
apparent G values. Now such a departure indicates 
either a product effect or depletion of reactant. The 
absence of a product effect in the 94 and 117° runs, in 
which much larger concentrations of naphthol and 
other products are built up in the course of the reaction, 
eliminates the first of these two possibilities. The 
reactant most likely to be depleted is oxygen. In the 
aqueous benzene system, at room temperature, for 
(r(phenol) =  1.54, G (— 0 2) = 5.3,6 and so, for an 
oxygen solubility of 1.2 X 10” 3 M  at 27°, depletion 
occurs at ~0.13 X 1020 eV/ml. The solubility at 100° 
drops to 7.6 X IO-4  M . At 120-130° when the naph
thol yield is «G(phenol) at 27° for aqueous ben
zene, depletion should occur at ~0.06 X 1020 eV/ml if 
the solubility is ~ 6  X IO” 4 M  at 120°. Christensen15 
has established that the G(phenol) for aqueous 
benzene gets nearly trebled somewhere in the tempera
ture range 100- 200°, and the phenol formation begins 
to depart from linearity from 150° on, even as the 
initial (true) G value rises sharply. Evidently there
fore the mechanism of hydroxylation changes con
siderably at this stage and phenol begins to be formed 
from other sources besides OH (c/. step V in the dia
gram, for instance). The (?( — 0 2) should go up at least 
by the same factor, while the solubility of oxygen must 
continue to diminish. Clearly, therefore, the forma
tion of naphthol would be expected to depart from 
linearity even for a dose of ~ 0.02  X 1020 eV/ml at some 
temperature not far above 130°. This is the most likely 
and the simplest explanation for such a departure re
ported here.

H om olytic Substitution in  Naphthalene. The third 
and most interesting feature of the temperature effect 
is the variation of the ratio of the a and /3 isomers in 
the product. In general, the a  isomer is favored26'26 as 
required by theory6 and in harmony with earlier find
ings.27 Starting at a relatively high 20-30% at 27° 
the /3 content drops to ~5%  at 94° and nearly vanishes 
in the range 120-130°. Homolytic hydroxylation by 
other means27 and phénylation28 29 also yields 20 and 
17-20% (3 isomer, respectively, at room temperature. 
However, phénylation at ~ 80° reduces the /3 isomer 
content30 to 10%. On the strength of the present 
results it is suggested that this difference observed by 
earlier workers is not accidental but is evidence of a 
temperature dependence of the path of homolytic sub
stitution.

Past 140° the /3-isomer content rises sharply, indi
cating a change in the mechanism of hydroxylation, as 
discussed earlier, and naphthol formation by other 
means besides OH attack.

The mechanisms of aromatic homolytic substitution

(23) J. Goodman and J. Steigman, J. Phys. Chem., 62, 1020 (1958).
(24) M. Daniels, G. Scholes, and J. Weiss, J. Chem. Soc., 832 (1956).
(25) The higher Gg values in ref 7 were based upon the absorption 
at 225 my, much of which has since been proved to be due to an 
unknown alkali-soluble material other than naphthol. The Ga 
values and the trend of the temperature effect, however, are essen
tially correct. The metal ion effect was actually due to interaction 
between the oxidized form of the ions and an organic radical other
wise yielding naphthol, long after the depletion of oxygen. It was 
an instance of the third of the three stages of metal ion action de
scribed lately.26“ Because of erratic behavior, the iodine complex 
method for a-naphthol26b has also been abandoned.
(26) (a) R. Broszkiewicz, Institute of Nuclear Research Report No. 
579-XVII-C, Warsaw, 1964, p 89; Chem. Abstr., 63, 17363d (1964). 
(b) P. S. Rao, N. B. S. N. Rao, and M. P. Reddy, Indian J. Chem., 
3, 408 (1965).
(27) E. Boyland and P. Sims, J. Chem. Soc., 2966 (1953).
(28) B. A. Marshall and W. A. Waters, ibid., 381 (1959).
(29) R. Huisgen and G. Sorge, Ann. Chem., 566, 162 (1950).
(30) R. Mohlau and R. Berger, Chem. Ber., 26, 1196 (1893).
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advanced hitherto17 have not satisfactorily explained 
how the H atom is removed from the intermediate 
addition complex. We venture to suggest that reaction 
I (in the diagram) observed and formulated by Dorf-

man19 is valid for all homolytic attack on aromatics 
and that homolytic substitution in general would be 
found to be meager, if not nonexistent, when oxygen is 
strictly excluded.

Polymer Studies by Gel Permeation Chromatography. IV. The Degradation 

of Polystyrene by Ultrasonics and by Benzoyl Peroxide

by William B. Smith and Harold W. Temple
Department of Chemistry, Texas Christian University, Fort Worth, Texas 76129 (Received, June 26, 1968)

The degradation of narrow range molecular weight samples of polystyrene has been carried out by ultrasonic 
radiation and by benzoyl peroxide decomposition. The changes in molecular weight distribution have been 
followed as a function of time. For ultrasonic degradation the change in distribution clearly showed a prefer
ential breaking near the center of the molecule. For the peroxide degradations, the curves were those result
ing from random attack along the polymer chains. Under the conditions used here, about 6 X  103 peroxide 
molecules decomposed for every polymer bond broken. A correlation of these data with extent theories is 
given, and a simple model for calculating the change in distribution is described.

The degradation of polymer molecules by the action 
of heat, light, ultrasonic radiation, and various chemi
cal reagents has proven to be a subject of great practical 
importance and equal theoretical interest. While many 
studies on polymer degradation have appeared, these 
have often suffered from the difficulties of characterizing 
the polymeric products which so often plague workers in 
the macromolecular field.

The development of gel permeation chromatography 
has provided the polymer chemist with a valuable tool 
for arriving at rapid, accurate molecular weight distri
butions, and we have taken advantage of it to achieve 
a deeper insight of the details of vinyl polymeriza
tion.1

While the studies of ultrasonic degradation are many, 
there is no agreement to date on the theory to be applied 
to the process nor any overwhelming experimental 
evidence that would allow one to decide among the 
various theories or to describe a better one. Experi
mentally, it is observed that the rate of disappearance of 
a polymer with a given degree of polymerization (DP) 
is first order. The reaction order is truly more complex, 
however, since the rate constant is a function of the 
gross polymer concentration and the chain length of the 
species undergoing degradation.2

The latter point has excited particular interest. It is 
agreed that for a given system there is some minimum 
chain length, characterized by DPe, below which no

degradation occurs. Above this minimum value 
Schmid3 proposed that the experimental rate was a 
linear function of the degree of polymerization as fol
lows: k{ = A(DPi — DPe), where K  is a true rate con
stant. Jellinek and White4 proposed a more complex 
model which was simplified for computational purposes 
to fc; = X(DPi — 1). Arguing from considerations of 
the energetics of the shock waves produced during the 
cavitational process, Gooberman5 derived a proportion
ality of ki to DP; exp(2.8). Ovenall and coworkers6 
returned to the Schmid postulation.

The above workers have considered also the distribu
tion of products from the fragmented molecules. In 
the Jellinek model all bonds in molecules greater than 
DPe are equally apt to break. Ovenall, et al.,6 assumed 
that bonds with DPe/2  units from either end of the 
chain would not break, while an equal probability

(1) (a) W. B. Smith, J. A. May, and C. W. Kim, J. Polym. Sci., 
Part A-2, 4, 365 (1966); (b) J. A. May and W . B. Smith, J. Phys. 
Chem., 72, 216 (1968); (c) J. A. May and W. B. Smith, ibid., 72, 
2993 (1968).
(2) G. Gooberman and J. Lamb, J. Polym. Sci., 42, 35 (1960).
(3) G. Schmid, Z. Phys. Chem., A186, 113 (1939).
(4) H. H. G. Jellinek and G. White, J. Polym. Sci., 6, 745 (1951).
(5) G. Gooberman, ibid., 42, 25 (1960).
(6) (a) D. W. Ovenall, G. W . Hasting, and P. E. M. Allen, ibid., 3 3 ,  
207 (1958); (b) P. E. M . Allen, G. M. Burnett, G. W. Hastings, H. W. 
Melville, and D. M. Ovenall, ibid., 3 3 ,  213 (1958); (c) D. W. Ovenall, 
ibid., 42, 455 (1960).
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Figure 1. Comparison of actual (left) and theoretical (right) distribution curves for 
ultrasonically degraded polystyrene (Mw = 860,000). The times are in minutes.

existed for rupture along the center segment. Goober- 
man and Lamb2 determined the distribution of material 
for a sample of degraded polystyrene using a turbido- 
metric technique and concluded that rupture preferen
tially occurred near the center of the molecules.

We have now examined in detail the change in molec
ular weight distribution for the ultrasonic degrada
tion of a number of polystyrene samples. Coupled 
with results from the literature, it is evident that the 
process cannot be described as random scission. In 
order to provide examples where random cleavage 
should prevail, the degradation of polystyrene with 
benzoyl peroxide has been studied also.
Experimental Section

Ultrasonic Degradations. Ultrasonic energy was 
provided by a Brownwill Biosonik probe7 operating at 
20 kHz and with a manufacturer’s rated output of 48 
W with the probe submerged about 0.8 cm. The 
reaction vessel was a glass cylinder 2 in. in diameter and 
6 in. deep cooled in an ice bath throughout the irradi
ation process. The temperature in the reaction vessel 
was maintained at 15 ±  3°.

Most studies were carried out using narrow-range 
polystyrene samples (Pressure Chemical Co., Pitts
burgh, Pa.) as follows, for M w- M n and their ratio, 
respectively: A, 867,000-773,000, 1.12; B, 411,000-
392,000, 1.05; C, 267,000-247,000 (Dow Chemical
S-108), 1.08; and D, 98,200-96.200, 1.02. Several 
samples of broad-range polystyrene were also prepared

by the bulk polymerization of styrene at 60° with ben
zoyl peroxide.

Samples were made up to the appropriate concentra
tion in tetrahydrofuran (THF) freshly distilled from

Table I : Change in Molecular Parameters with Time for 
the Ultrasonic Degradation of Polystyrene A (M w =  867,000)

Time,
min •Mw Mu M-w/Mu

0 841,300 763,200 1.10
2 816,000 711,000 1.15
4 795,900 661,400 1.20
8 779,000 624,000 1.25

12 719,400 559,800 1.29
14 661,400 472,000 1.40
16 650,800 483,500 1.35
20 629,900 458,000 1.37
30 553,900 394,500 1.40
60 344,300 248,500 1.38

120 218,400 156,200 1.40
180 171,000 130,500 1.31
240 140,800 103,200 1.36
300 125,800 94,500 1.33
600 85,800 67,400 1.27

Time,
hr

37 39,000 33,000 1.18
88 27,800 23,800 1.17

(7) Brownwill Scientific, Rochester, N. Y.
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Figure 2. Comparison of actual (left) and theoretical (right) distribution curves for 
ultrasonically degraded polystyrene (Afw = 411,000). The times are in minutes.

potassium hydroxide. The cell was filled, cooled while 
flushing with nitrogen, and then irradiated. Aliquots 
were withdrawn from time to time, diluted w'ith THF 
to about 0 .2% (w/v), and chromatographed as pre
viously described.lb Molecular weights and replot 
curves of weight fraction vs. degree of polymerization 
were also obtained as before.lb

Typical results for a run using sample A made up to 
20 g/1. are given in Table I. The replotted gpc re
sults for a series of samples are shown in Figures 1 and 
2 .

Rates for the degradation were determined by two 
different methods. The height of replotted gpc 
curves (as in Figures 1 and 2) is the weight fraction of 
that species. Using a series of concentrations of the 
various narrow-range samples it was possible to follow 
the course of the degradation by following the change in 
peak height as a function of time. It was found that 
the rate of change was first order for about the first 
50% of the degradation of the original material. Peak 
heights from the replotted curves (method A) or from 
normalized gpc curves gave equally good results as 
tabulated in Table II.

In another type of experiment a broader molecular 
weight range sample was chosen. The gpc replot 
curves were used, and the change in height was followed 
at various points on the curve above the molecular 
weight of the original maximum. First-order changes 
in weight fraction were noted throughout the early 
stages in the reaction. The rate increased above that

Table II : First-Order Rate Constants for Polystyrene 
Degradation from Replot Curves (A) or Glpc Curves (B)

P o l y m e r  ,— -----------------1 0 % , m i n -1 --------------------- n

c o n c n M e t h o d M e t h o d
D P “ g / 1 . A B

7980 19 32 28
7980 10 38.5 44
7980 5 87.4 89.8
3865 20 6.4 6.3
3865 10 15.1 16.3
3865 5 29.2 30.6
2470 20 5.3 5.2
2470 10 7.0 7.4
935 20 0.6 0.5

“ Degree of 
samples A-D in

polymerization at 
descending order.

distribution maximum for

expected in the latter stages of the decomposition. 
Typical results are shown in Figure 3 for a sample char
acterized by M w =  433,200 and M v / M n =  1.71.

P eroxide Degradations. With the exception of one 
series of runs in toluene, all determinations were carried 
out in benzene freshly distilled from sodium. Solutions 
of polymer and benzoyl peroxide, (BZO)2, were made up 
at room temperature, and 15-ml aliquots were sealed in 
ampoules after a thorough series of degassing cycles. 
Kinetic runs were made in an oil bath at 60.0 ±  0.01°. 
Samples were pulled at various times, and the polymer 
was precipitated by pouring it into 700 ml of methanol 
containing a small amount of hydroquinone. The
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oxide disappearance both in the presence and in the 
absence of polystyrene was determined. The unreacted 
benzoyl peroxide was determined by transferring the 
benzene solution from the reaction ampoule to a flask 
attached to a condenser. Glacial acetic acid (5 ml) was 
added plus ca. 10 g of potassium iodide. The mixture 
was refluxed for 5-10 min and cooled, and the liber
ated iodine was titrated with standard thiosulfate. 
Decomposition rates for the peroxide were first order, 
and the rate constants were determined graphically. 
Decompositions of benzoyl peroxide (40 g /1.) were 
determined in benzene solution of polystyrene samples 
A and D (10 g/1. each). Rate constants of peroxide 
disappearance for each case were determined as 0.014 
hr-1  at 60° and 0.20  hr-1  at 80°.

The number of polymer molecule bonds broken after 
a given time can be calculated from

_  Wo(DPo — DP,) 
= DP, (1)

where n 0 is the number of polymer molecules of initial 
DP0 which degrade to DP, after time /,.6b Typical re
sults (Table IV) for the decomposition of polystyrene 
under conditions described above for sample A gave 
the following results, where the entry for benzoyl per
oxide is the number of molecules decomposed as cal
culated from the above rate data.

Figure 3. First-order rate plots taken from gpc curves for 
ultrasonically degraded polystyrene (Afw = 433,200,
Afw/Mn = 1.71); curve, 10~3DP, and 103k (min-1), 
respectively: a, 4.5, 14.3; b, 5.0, 24.7; c, 5.5, 32.6; d, 6.0, 37.5; 
e, 6.5, 45.4; f, 7.0, 53.0; g, 7.5, 64.0; h, 8.0, 93.1; i, 9.0; 97.4

collected sample was vacuum dried at 50°. Weight 
losses ranged from 3 to 10%.

The rate of polymer degradation was followed by the 
change in peak height of the gpc replot curves as 
described above. The rates were first order, and the 
graphically derived rate constants are given in Table
III.

In another series of studies the rate of benzoyl per-

Table IV: The Degradation of Polystyrene (Sample A) 
with Benzoyl Peroxide in Benzene at 60°

Time,
hr 10-Ww M w /M n O 1 to

No. of 
(BZO)i 

molecules 
X 10 -»“

0 8.4 1.1
20 6.9 1.3 4.5 3.7
30 6.5 1.6 9.6 5.3
46 5.8 1.5 11.5 7.2
96 4.9 1.6 18.1 11.1

“ Bonds broken per 15-ml sample of solution.

Table III : Rates Constants for Benzoyl 
Peroxide Degradation of Polystyrene“

[ P e r o x id e ] , 10%,
g / 1 0 0  m l m i n  - 1 R e m a r k s

1.00 0.057 60°, toluene
2.02 0.16 60°, benzene
2.01 0.12 60°, benzene
4.00 0.28 60°, benzene
4.00 0.27 60°, benzene
6.00 0.39 60°, benzene
4.00 5.5 80°, benzene

“ Sample A (degree of polymerization at peak 7980) at 1.0 
g/100 ml.

Discussion
In order to obtain a detailed picture of what occurs 

during the ultrasonic degradation of a polymer, narrow 
molecular weight range samples of polystyrene in tetra- 
hydrofuran have been degraded, and the gpc data have 
been obtained after various times have been replotted 
on a scale linear in units of DP (Figures 1 and 2). A 
previous observation of Gooberman and Lamb2 has 
been amply confirmed, as it is clear from these examples 
that there is a high preference for molecular rupture 
near the center of each molecule. Thus those models 
which hypothesize random scission over the whole of 
the molecular length are clearly in error.

The rate of disappearance of polystyrene as measured
The Journal of Physical Chemistry
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Figure 4. Comparison of actual (left) and theoretical (right) distribution curves for the 
degradation of polystyrene (M w =  860,000) with benzoyl peroxide at 80°. The times are in hours.

either from normalized gpc curves or the replotted 
curves at the peak height was first order over the early 
stages of the reaction. The first-order rates for a series 
of narrow polystyrenes are given in Table II. Several 
points may be made regarding these data. First, the 
variation in rate constant with the degree of polymeri
zation is linear. While not shown, a plot of fcj vs. DPi 
for each of the three concentrations gave lines with 
intercepts around 800-1000. The 88-hr sample noted 
in the Experimental Section (Table I) had a DP„ of 
around 240, suggesting that the kinetically derived 
value of DPe must be somewhat too high.

Figure 3 shows the rate plots and constants taken 
from the gpc replot curves for a broad molecular weight 
sample. The curves were followed at various DP’s 
above the peak, the assumption being that all degrada
tion products would fall at DP’s below the peak. As 
noted, first-order behavior was observed. Further
more, the rate constants give an excellent linear plot 
vs. DPi. However, the intercept for zero rate would 
give a DPe value of 3700. This result is clearly too 
high. While the exact reason for this is not clear, it is 
evident that such rate studies are best carried out using 
narrow-range samples following the rate of disap
pearance of material at the peak where the change in 
height is maximum.

As evidenced in Table II, the reaction order for ultra
sonic degradation is psuedo first order. With increas
ing concentration the rate constant decreases in a non
linear fashion. Over the range studied here the con

centration vs. rate curves are approximately parabolic. 
Gooberman and Lamb2 have made rather similar ob
servations and have attributed the decrease in rate with 
increasing polymer concentration as due to the buildup 
of polymer networks and to increased viscosity which 
slow down the rate of cavity collapse and decrease the 
shock wave pressures.

Many studies have been carried out on the degrada
tion of polystyrene by peroxides in the presence of air, 
though the degradation by benzoyl peroxide alone has 
received only cursory study.8 Montgomery and Wink
ler8 noted that the degradation proceeded to a far 
greater extent when oxygen was present. In view of 
the potential mechanistic complications of the reaction 
with oxygen, we chose to carry out the degradation in 
the absence of oxygen.

The disappearance of benzoyl peroxide in benzene 
solutions of polystyrene was kinetically first order, and 
the rate was independent of the molecular weight of 
the polymer. The rate of polystyrene disappearance 
was followed from the change in the peak of the gpc 
replot curves as described above. The disappearance 
of polymer was pseudo first order, and the rate constants 
are listed in Table III where the dependence of peroxide 
concentration can be seen.

The number of bonds broken as a function of time for 
one sample were calculated from eq 1 and are listed in

(8) D. S. Montgomery and C. A. Winkler, Can. J. Res., B28 , 407, 
416, 429 (1950).
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d p  x i o' 3
Figure 5. Illustration of how a gpc replot curve was sectioned (right) 
and how the area of a zone was estimated and replotted (left).

Table IV along with the number of peroxide molecules 
decomposed as ascertained from the rate data. It is 
evident that the rupture of each polymer bond re
quires the reaction of about 6 X 103 peroxide molecules. 
An increase in the concentration of peroxide enhanced 
the rate of polymer degradation in a linear fashion, 
while the efficiency of the scission process remained 
the same. Similar results follow on increasing the 
temperature from 60 to 80°, in that the rates of both 
peroxide and polymer disappearance are increased 
about 20-fold while the degradation efficiency remains 
about the same.

The change in molecular weight distribution during 
the course of the peroxide degradation (see Figure 4) is 
quite different from that observed during the ultrasonic 
degradation (Figures 1 and 2). The initial distribution 
broadens but at no time shows the double maxima ob
served in the ultrasonic degradations. During the 
course of considering the nature of these changes in 
distribution, we developed the following rather simple 
model to allow a calculation of the change. Three fac
ets of the over-all problem may be seen.

First, the change in the rate of degradation with chain 
length must be known. This matter can be handled 
using the data in Table II, which indicates that for a 
given concentration the change in fc; is linear in DPi. 
From such a plot the values for any can be deter
mined.

Second, the region of chain breaking within each 
molecule that degrades must be known. The Jellinek4

model calls for random degradation over the entire 
chain length, while the Ovenall6 model excludes the 
region of DPe/2  from the rupture process. The cal
culation described below indicated that neither of these 
models reproduced the experimental curves.

Finally, the mode of distributing the breaks within 
the region where bond breaking can occur must be 
elucidated.

According to either model above the probability 
distribution of breaks is random. In considering a 
molecule with DP = 8000 and DPe around 800, it would 
make little difference if the distribution were considered 
to occur over the whole molecule or if the end regions 
of 400 were excluded. Furthermore, as concluded ear
lier, there is a marked preference for rupture near the 
center of the molecule. Thus one should perhaps con
sider a Gaussian-type distribution of breaks across the 
allowed region. Since this type of break pattern would 
pose computational difficulties, some simplifying as
sumptions have been introduced, as seen below.

The replotted gpc curve was first sectioned into 
vertical zones of ADP = 1000 (Figure 5). The area 
within each zone was approximated by a rectangle as 
shown and as described previously.115 These areas 
were taken as proportional to the amount of material 
having the average DP of the zone, and the amount of 
material decomposed during a small increment of time 
was then calculated from the first-order rate law and 
the appropriate value of fc, from the linear plot of the 
data in Table II. In starting a plot of the new distri-
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button curve the first act was to subtract the appropri
ate amount (areas) of degraded material from their 
original rectangles giving a new series of rectangles with 
smaller heights.

Next it was necessary to redistribute the degraded 
material. As can be seen in Figure 5, when material 
having an average DP of 11,000 is degraded in such a 
way that random degradation occurs over the interval 
of chain length between DP = 3500 and 7500, the 
redistributed material will appear as a triangle of area 
equal to the area of the amount of original material lost 
and spread over the interval 3500-7500.

The only question left to be decided is the size and 
relationship to DP of this center interval where the 
random degradation is to be allowed. Since the rate 
constants vary in a linear fashion with DP, it seemed 
reasonable that the size of the rupture interval should 
also. For purposes of calculation it was decided that 
DPe should be taken as 1000; i.e ., no degradation oc
curs below this value, and the rupture zone is zero. 
This obvious oversimplification should be important 
only in the latter stages of the degradation. The 
rupture zone at DP = 5500 was chosen by trial and 
error as 2000 , and all species from 1000 up were scaled 
to rupture proportionally.9 This material was then 
distributed on the new plot as described above, the 
total contributions of rectangles and the various 
triangles were summed, and a smooth distribution curve 
was drawn very much as described previously.lb

The results of this type of calculation are shown in 
Figures 1 and 2 for two of the polystyrene runs. As 
can be seen, the simple model described above seems to 
account quite well for the observed behavior. Curves 
calculated with the assumption that the rupture zone 
included everything within DPe/2  from the ends did 
not show the double maxima of the experimental 
curves.

The process described above was used to calculate 
curves for the peroxide decomposition. However, 
since it is reasonable that degradation proceeds with 
equal probability along the chain, completely random 
degradation was assumed. The results are shown in 
Figure 4. Again it is seen that the simple model 
proves a remarkably close picture of the change in 
molecular distribution for this type of degradation.
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(9) With a rupture zone of 3000 at DP = 5500, the curves tended 
to approximate random degradation. A zone of 1000 produced 
results closely matching the calculations with a zone of 2000 for low 
molecular weight polystyrene but produced a more sharply peaked 
distribution for the high molecular weight samples.
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Association in Mixed Alkali Halide Vapors

by J. Guion, 1 D. Hengstenberg, and M. Blander
Science Center, Aerospace and Systems Group, North American Rockwell Corporation, 
Thousand Oaks, California 91860 (Received July 1, 1968)

Vapor density measurements on the six binary alkali halide mixtures NaBr-KBr, NaBr-RbBr, NaBr-CsBr, 
KBr-CsBr, NaCl-CsCl, and KCl-CsCl, were made in a liquid gold isotensiscope. Association constants for 
the vapor species NaKBr2, NaRbBr2, NaCsBr2, KCsBr2, NaCsCl2, and KCsC12 calculated from these measure
ments did not fit a relation derived from simple conformal theory (eq 2). Our preliminary calculations indi
cate that interactions not included in the conformal theory as cation-cation and anion-anion van der Waals 
interactions and high-order terms due to the ion-induced dipole interactions are probably significant. The 
energetic factors involved in forming these molecules appear to be more complex than we anticipated. This 
implies that the analogous factors in molten salt mixtures are also more complex and difficult to understand 
than is presently believed.

Introduction
In this paper we present vapor density measurements 

of the six binary alkali halide vapor mixtures, NaBr- 
KBr, NaBr-RbBr, NaBr-CsBr, KBr-CsBr, NaCl- 
CsCl, and KCl-CsCl. The vapor densities are con
sistent with the presence of alkali halide dimer mole
cules in the vapor as well as with the vapor species 
NaKBr2, NaRbBr2, NaCsBr2, KCsBr2, NaCsCl2, and 
KCsC12. From our measurements we derive associ
ation constants for these six species, which are com
pared with a function of the interionic distances pre
dicted from dimensional considerations.

The thermodynamic study of compounds formed in 
vapors of ionic salts can provide data which will aid in 
understanding the fundamental interactions between 
ions. Because of the relative simplicity of the vapor 
species formed, one might expect that with association 
constants for a sufficient number of systems one would 
be able to unravel the different types of interactions 
which are significant in forming these associated mole
cules.

In this paper we will give a preliminary discussion of 
this point. Many studies of one-component alkali 
halides have been made2-6 and have been discussed 
theoretically.2'3’6 These studies have given consider
able insight into the significant interactions between 
ions. Few binary alkali halide mixtures have been 
studied quantitatively.2'7’8 Of the six systems we have 
investigated, the two binary chloride systems NaCl- 
CsCl and KCl-CsCl have been investigated pre
viously.8

One of the purposes of this work was to test the 
validity of a relation derived in a dimensional analysis of 
associations in binary vapors.6 For the equilibrium

A*X2 +  B2X2 2ABX2 (1)
the theory led to the relation

R T  In (K / i )  =  M  ( - —----- - M 2 (2)
\ c1a x  ¿ b x /

where M  is a function of temperature and of the anion. 
Mass spectrometric data for binary fluoride mixtures 
fitted eq 2 with M  ~  100. In this paper, we will com
pare our experimental results on chloride or bromide 
mixtures with this expression and with computer cal
culations of the energetics of these equilibria.

Because of an apparent discrepancy in the dimeriza
tion constants for NaBr, 3'5 we have repeated the mea
surements of Datz, Smith, and Taylor on NaBr, since 
these constants are necessary in our calculations.
Experimental Method

Our apparatus and technique were similar to those of 
Datz, Smith, and Taylor,3 and our modifications of this 
method have been described previously.411'9 A small 
weighed sample of salt is placed in a thermostated fused 
silica vessel of known volume which is connected to one 
side of a U tube containing liquid gold. The salt is 
completely vaporized at a fixed temperature and exerts 
a pressure on the liquid gold in one arm of the U tube. 
The liquid gold levels are equalized by introducing 
argon into the other arm of the U tube. The pressure

(1) On leave from the Laboratoire D ’EIectrochimie et de Chimie 
Physique du Corps Solide, Strasbourg University, Strasbourg, 
France. Partial support was obtained in a grant from the North 
Atlantic Treaty Organization.
(2) S. H. Bauer and R. F. Porter in “ Molten Salt Chemistry,”  
M. Blander, Ed., Interscience Publishers, New York, N. Y., 1964.
(3) S. Datz, W. T. Smith, Jr., and E. H. Taylor, J. Chem. Phys., 34, 
558 (1961).
(4) (a) K. Hagemark, M. Blander, and E. B. Luchsinger, J. Phys.
Chem., 70, 276 (1966); (b) K. Hagemark and D. Hengstenberg,
ibid., 71, 3337 (1967).
(5) I. G. Murgulescu and L. Topor, Rev. Chim., Acad. Rep. Papulaire 
Roumaine., 11, 1353 (1966).
(6) M . Blander, J. Chem. Phys., 41, 170 (1964).
(7) (a) R. C. Schoonmaker and R. F. Porter, ibid., 30, 283 (1959); 
(b) T. A. Milne and H. M. Klein, ibid., 33, 1628 (1960).
(8) (a) A. V. Tarasov, L. A. Kuligina, G. I. Novikov, Vestn. Leningr. 
Univ., Ser. Fiz. Khim., 115 (1966); (b) A. V. Tarasov, A. B. Pos- 
pelov, G. I. Novikov, ibid., 101 (1965).
(9) K. Hagemark, D. Hengstenberg, and M . Blander, J. Phys 
Chem., 71, 1819 (1967).
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of argon is measured and is equal to the pressure exerted 
by the salt. The deviations from ideal gas behavior are 
related to association of salt molecules so that one may 
derive association constants from these measurements.3

The sources of starting materials and their stated 
purities are: NaCl and KC1; Baker Analyzed reagent, 
99.9%; CsCl, Penn Rare Metals Division, Kawecki 
Chemical Co., 99.9%; NaBr and KBr, Mallinckrodt 
Analyzed reagent, 99.9%; and RbBr and CsBr, 
Electronic Space Products, Inc., 99.87%. The salts 
were dehydrated under vacuum at moderate temper
atures below the melting points. We used single crys
tals which yielded more reproducible results than pow
der. These were grown in an argon atmosphere from 
melts of dried salts and were stored over P20 5 in a 
vacuum desiccator. The originally clear NaBr crystals 
developed a fogged surface in storage at room tem
perature, probably due to water adsorption. Washing 
with dry methyl alcohol and storage at 180° eliminated 
this difficulty. No difficulties were encountered with 
the other salts.

of AX and BX sealed into the vessel and are related 
to the values of Wi by the expressions

n A X T  =  ilA X  +  2 w a sX 2 +  « a b x 2 (9)
W b X T  =  f t B X  +  2^ 82X 2 +  7lABXi

If we define the “ideal partial pressures” of AX and 
BX, pax“1 and pBXld, as the partial pressures these 
salts would have if they behaved ideally, then

„ id 
V AX Pax +  2pAiX2 +  Pabxs n AXTR * T

V
(10)

PBXd = Pbx +  2 pB!x2 +  Pabx2
u b x TR * T

V
(ID

then upon substituting for pA!x, and pB2x, from the 
expressions for the association constants KA and K B

K a =  A * T (7 W pax2) (12)
K b =  R *T (p B ix t/pBx2) (13)

we obtain from combining eq 7 and 10-13
Thermodynamic Calculations

For a binary mixture of the salts AX and BX, we
consider the equilibria

2AX A X 2 (Ka) (3)
2BX ^  B-Xz (Kb) (4)

AX +  BX ^  ABX2 (Kab:') (5)
and

A2X 2 +  B2X2 ^  2ABX2 ( k Ab = K ab,2\
K aK b )

(6)
where the units of the association constants K A, Kb,
and KAB' are liter per mole. The presence of significant 
amounts of other species, such as trimers, can be as
certained from the internal consistency of the data at 
different pressures and mole fractions of the two com
ponents and from mass spectrometric data.7 In gen
eral, the measurements were made at pressures low 
enough so that trimers were not significant.

If the only significant deviations from ideal gas be
havior are due to associations, then the total pressure 
is the sum of the partial pressures of all vapor species
p = S  Pi =  Pax +  PajXs +

PBX +  PB2X2 +  pABXs (7)
where the partial pressure, in millimeters, of a species i 
is given by

and where ni is the number of moles of i, V  is in liters, 
T  is in degrees Kelvin, and R *  is 62.360 1. mm mol-1  
deg-1. riAxT and wbxT are the total number of moles

Pax +  Pbx = 2p — (pAXld +  pBXld) (14) 
p -  PAxld =

Pbx +  (Kb/R T ) pbx2 -  (K A/ R * T )p Ax2 (15) 
When solved for pBX, we obtain the quadratic equation 
[ (K b -  K a )/ R * T ]P b x 2 +  {(2K A/ R * T ) X

[2p — (pAXld +  pBXld)] +  l}p Bx —
( K A/ R * T )[2 p  -  (pAXid +  pBxid) ] 2 =  0 (16)

From eq 10, 11, and 14-16 and our measured values of 
n Ax T, ?ibxT, V , T , and p, in addition to known values 
of K a and K B, we can calculate pAX and pBx- From 
these we may calculate pa2x2 and Pb2x2 using eq 12 
and 13. Using these partial pressures we may calcu
late Pabx2 from eq 10 or 11 and thus obtain K ab' 
and K ab, where

K Ab ' = 72*jT(pabxi/ paxPbx) (17)
K „  -  (IS)PA2X2PB2X2

Table I : Values of Ai and B\ in the Equation Log K\ =  
A i +  (Bi/T) Used to Calculate the Dimerization 
Constants, K i, of the Salt i

Salt Ai B i Ref

NaBr -3 .808 9,374 3
KBr -3 .407 8,378 4a
RbBr -3 .126 7,716 4b
CsBr -2 .226 6,072 4b
NaCl -3 .698 10,499 3
KC1 -3 .434 9,014 3
CsCl -3 .044 7,586 3
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Table II: Data Calculated from Vapor Density Measurements on the Six Binary Mixtures, NaBr-KBr, NaBr-RbBr, NaBr-CsBr,

104p, mol/1. T, "K PKNaBrj PKBr PKiBn PNaBr PNa2Br2 Log K'

NaBr-KBr
3.737 1327 4.438 11.131 1.207 6.604 0.950 3.699

(58.1% 1338 3.875 11.849 1.204 7.210 0.983 3.578
KBr) 1351 3.951 12.168 1.094 7.447 0.889 3.565

1363 3.154 13.099 1.109 8.257 0.941 3.311
4.471 1349 2.801 20.442 3.160 4.565 0.343 3.402

(78.6% 1355 3.656 20.246 2.896 3.954 0.238 3.586
KBr) 1366 2.541 21.575 2.909 4.958 0.327 3.306

1367 3.128 21.247 2.790 4.498 0.266 3.446
1378 2.384 22.344 2.735 5.215 0.313 3.245
1387 3.013 22.396 2.493 4.791 0.237 3.385
1397 2.749 23.099 2.383 5.110 0.239 3.307

4.302 1350 3.943 12.016 1.079 10.546 1.806 3.418
(50.0% 1360 3.744 12.440 1.034 11.014 1.738 3.365
KBr) 1378 3.950 12.760 0.892 11.491 1.518 3.365

1382 3.811 12.970 0.882 11.713 1.503 3.335
1399 3.734 13.457 0.792 12.311 1.356 3.294

4.623 1353 4.576 14.583 1.537 9.390 1.404 3.450
(57.0% 1354 4.301 14.813 1.568 9.592 1.447 3.408
KBr) 1355 4.448 14.746 1.536 9.530 1.411 3.427

1361 4.525 14.904 1.468 9.658 1.345 3.426
1369 4.470 15.224 1.401 9.928 1.287 3.402
1378 4.064 15.833 1.373 10.459 1.281 3.324
1383 4.342 15.795 1.295 10.413 1.195 3.358
1392 4.170 16.224 1.240 10.785 1.151 3.316
1396 3.815 16.628 1.248 11.146 1.173 3.253

10V, mol/1. T, °K PNaRbBrj PRbBr PRb2Br2 PNaBr PNa2Br2 Log K'
NaBr-RbBr

5.539 1340 4.408 24.598 3.104 5.535 0.565 3.432
(76.1% 1348 3.727 25.545 3.076 6.152 0.630 3.300
RbBr) 1355 4.183 25.657 2.884 5.938 0.538 3.365

1356 3.965 25.867 2.901 6.114 0.563 3.326
1366 3.798 26.576 2.762 6.399 0.545 3.279
1380 3.175 27.834 2.628 7.098 0.565 3.141
1390 3.619 28.071 2.419 6.915 0.476 3.208

5.107 1352 4.438 17.536 1.390 10.425 1.721 3.311
(57.5% 1363 4.603 17.798 1.277 10.693 1.579 3.313
RbBr) 1364 4.304 18.065 1.303 10.914 1.624 3.269

1374 4.023 18.632 1.251 11.428 1.576 3.209
1380 4.170 18.719 1.189 11.530 1.492 3.221
1389 4.316 18.901 1.108 11.722 1.384 3.227
1394 3.741 19.531 1.126 12.273 1.430 3.133

4.887 1328 5.084 16.751 1.638 7.717 1.281 3.513
(62.0% 1341 4.514 17.672 1.585 8.420 1.290 3.404
RbBr) 1346 4.457 17.906 1.544 8.593 1.261 3.386

1357 4.207 18.511 1.470 9.053 1.219 3.327
1368 3.915 19.043 1.404 9.545 1.183 3.262
1383 3.631 19.909 1.305 10.142 1.113 3.191
1384 3.907 19.726 1.268 9.975 1.064 3.234

3.767 1328 3.711 10.177 0.604 8.946 1.721 3.528
(48.4% 1340 3.568 10.529 0.569 9.412 1.633 3.478
RbBr) 1354 3.012 11.258 0.561 10.194 1.604 3.346

1361 2.877 11.506 0.545 10.502 1.561 3.306
1379 2.533 12.135 0.505 11.290 1.447 3.201
1382 2.322 12.371 0.509 11.523 1.454 3.147

10*p, mol/1. T, °K PNaCsBr2 PCaBr PCs2Br2 PNaBr PNaaBrj Log K '
NaBr-CsBr

3.914 1334 3.264 17.456 0.775 5.723 0.652 3.434
(68.4% 1338 3.371 17.466 0.750 5.716 0.618 3.450
CsBr) 1349 3.067 18.002 0.726 6.111 0.614 3.370

1359 3.138 18.187 0.681 6.222 0.562 3.371
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KBr-CsBr, NaCl-CsCl, and KCl-CsCl0
10ip, mol/1. T, °K PNlOsBrj PCsBr

NaBr-CsBr
PCsjB PNaBr PNajBr2 Log K'

1363 2 .5 0 2 18 .838 0 .7 0 7 6 .7 5 3 0 .6 3 0 3 .2 2 3
1367 2 .6 7 8 18 .783 0 .6 8 0 6 .6 91 0 .5 8 8 3 .2 5 9
1371 2 .8 01 18 .772 0 .6 5 8 6 .6 6 4 0 .5 5 6 3 .2 8 2
1385 2 .6 6 4 19 .226 0 .6 1 6 6 .9 8 8 0 .5 1 6 3 .2 3 4
1392 2 .5 81 19 .463 0 .5 9 7 7 .1 6 0 0 .4 9 8 3 .2 0 6

4 .5 21 1307 5 .4 2 6 15 .442 0 .7 6 9 6 .5 6 8 1 .2 2 4 3 .6 4 0
(6 0 .8 % 1330 4 .9 2 2 16 .453 0 .7 1 3 7 .4 49 1 .1 6 3 3 .5 2 0
CsBr) 1330 4 .4 8 4 16 .825 0 .7 4 6 7 .7 1 7 1 .2 4 8 3 .4 5 7

1339 4 .9 91 16 .617 0 .6 7 3 7 .6 31 1 .0 8 7 3 .5 1 7
1355 5 139 16 .877 0 .6 0 7 7 .9 21 0 .9 5 7 3 .5 1 2
1370 5 .1 1 6 17 .250 0 .5 6 0 8 .2 8 4 0 .8 6 9 3 .4 8 6
1375 4 697 17 .738 0 .5 6 8 8 .6 9 5 0 .9 0 1 3 .4 1 7
1393 4 435 1 8 .388 0 .5 2 9 9 .2 9 8 0 .8 3 0 3 .3 5 3
1395 4 .7 2 0 18 .178 0 .5 0 9 9 .1 3 1 0 .7 8 2 3 .3 9 3
1410 4 .2 9 1 18 .903 0 .4 8 9 9 .7 8 3 0 .7 5 3 3 .3 1 0

4 .5 0 7 1306 3 .8 9 8 2 0 .9 3 3 1 .4 26 4 .1 4 0 0 .4 9 3 3 .5 6 4
(7 5 .4 % 1314 4 .3 5 5 20 .861 1 .3 19 3 .9 2 7 0 .3 9 9 3 .6 3 9
CsBr) 1322 3 .6 6 1 2 1 .701 1 .3 3 0 4 .5 2 2 0 .4 7 6 3 .4 8 8

1329 3 240 2 2 .2 9 0 1 .3 20 4 .9 1 6 0 .5 1 3 3 .3 8 9
1346 4 .0 3 1 2 2 .229 1 .1 35 4 .5 5 9 0 .3 5 5 3 .2 0 2
1348 3 .9 11 2 2 .3 9 7 1 .1 33 4 .6 7 6 0 .3 6 4 3 .4 9 7
1353 3 .7 91 2 2 .6 6 3 1 .1 12 4 .8 2 9 0 .3 6 5 3 .4 6 6
1367 3 .5 1 2 2 3 .3 6 0 1 .0 52 5 .2 1 8 0 .3 5 8 3 .3 9 0
1370 3 .5 1 1 2 3 .4 5 8 1 .0 35 5 .2 5 6 0 .3 5 0 3 .3 8 6
1391 3 .5 7 3 24 .071 0 .9 2 0 5 .4 5 3 0 .2 9 2 3 .3 7 3

104p, mol/1. T, °K PCiKBrt PCsBr
KBr-CsBr

PCirBrt PKBr PKîBr2 Log K'

3 .6 5 8 1314 2 .0 9 5 14 .237 0 .6 1 4 8 .6 2 8 0 .8 4 6 3 .1 4 6
(5 8 .6 % 1322 1 .9 2 8 14 .544 0 .5 9 7 8 .9 1 8 0 .8 2 2 3 .0 8 8
CsBr) 1353 1 .7 74 15 .295 0 .5 0 7 9 .6 6 0 0 .6 7 4 2 .9 8 8

1364 1 .5 7 8 15 .679 0.4,86 10 .025 0 .6 4 2 2 .9 31
1366 1 .7 67 1 5 .548 0 .4 7 0 9 .9 11 0 .6 1 4 2 .9 9 0
1385 1 .7 12 15 .949 0 .4 2 4 10 .296 0 .5 3 8 2 .9 5 4
1390 1 .5 6 9 16 .170 0 .4 1 9 10 .502 0 .5 3 1 2 .9 0 4

4 .8 6 5 1322 3 .3 2 5 17 .163 0 .8 3 2 11 .769 1 .431 3 .1 3 3
(5 5 .2 % 1360 2 .9 7 8 18 .424 0 .6 9 3 13 .175 1 .1 6 0 3 .0 1 7
CsBr) 1371 2 .4 3 7 19 .166 0 .6 8 5 13 .899 1 .1 43 2 .8 9 3

1394 2 .2 7 9 1 9 .857 0 .6 1 2 14 .670 0 .9 9 3 2 .8 3 3
1400 2 .5 6 5 19 .741 0 .5 7 7 14 .604 0 .9 2 3 2 .8 9 0
1406 2 .2 9 3 20 .1 2 3 0 .5 7 2 1 4 .980 0 .9 1 2 2 .8 2 4
1429 2 .3 51 20 .591 0 .5 0 2 15 .515 0 .7 7 2 2 .8 1 7

4 .8 6 7 1329 3 .6 6 9 12 .565 0 .4 1 9 15 .198 2 .1 9 8 3 .2 0 2
(4 2 .3 % 1342 2 .7 3 7 13.621 0 .4 41 16 .367 2 .1 9 4 3 .0 1 2
CsBr) 1351 2 .5 3 6 13 .961 0 .4 2 9 16 .894 2 .1 1 0 2 .9 5 7

1369 3 .3 3 6 13 .554 0 .3 4 8 17 .095 1 .7 67 £ .0 9 0
1403 2 .5 9 0 14.801 0 .3 1 7 18 .956 1 .5 0 7 2 .9 0 7
1428 2 .4 9 7 1 5 .290 0 .2 7 9 19 .928 1 .2 86 2 .8 6 3

104p, mol/1. T, °K PKCsClî PCsCl
NaCl-CsCl

PCsiClj PKCl PKsCli Log K'

4 .7 4 6 1368 2 .9 41 10 .820 0 .4 3 5 8 .1 5 2 7 .3 8 3 S .4 5 4
(3 6 .1 % 1379 2 .3 7 7 11.491 0 .4 4 0 8 .8 1 4 7 .4 3 7 3 .3 0 5
CsCl) 1382 2 .5 3 1 11 .408 0 .4 21 8 .9 2 9 7 .3 3 1 3 .3 3 1

1392 2 .0 2 3 12 .018 0 .4 2 3 9 .5 6 3 7 .3 6 3 3 .1 8 4
1417 1 .7 23 12 .689 0 .3 7 2 10 .992 7 .0 3 4 3 .0 3 8

3 .9 8 3 1339 2 .4 9 0 1 8 .187 1 .6 57 3 .2 5 4 1 .7 62 3 .5 4 6
(7 2 .1 % 1350 2 .3 9 0 18 .680 1 .5 59 3 .4 8 8 1 .7 3 3 3 .4 9 0
CsCl) 1365 2 .0 5 9 19 .486 1 .4 55 3 .8 8 9 1 .7 5 0 3 .3 6 4

1381 2 .2 1 4 19 .933 1 .2 98 4 .1 4 4 1 .601 3 .3 6 3
1382 2 .2 3 0 19 .955 1 .2 88 4 .1 5 8 1 .5 8 9 3 .3 6 5
1396 2 .2 4 2 2 0 .4 1 8 1 .1 76 4 .4 2 7 1 .4 9 7 3 .3 3 4
1424 2 .1 7 8 2 1 .3 6 2 0 .9 8 7 5 .0 0 8 1 .3 36 3 .2 5 7
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Table II (Continued)
10 V, mol/1. T, “K PKCsClt PCsCl PCS2CI2 PKC1 PK2CU Log K '

4.647 1352 2.777 20.587 1.855 4.272 2.529 3.425
(69.1% 1363 2.669 21.132 1.746 4.569 2.484 3.371
CsCl) 1385 2.291 22.316 1.564 5.247 2.432 3.228

1406 1.759 23.553 1.421 6.002 2.415 3.038
1428 1.769 24.355 1.235 6.603 2.208 2.877

KCl-CsCl
4.930 1353 3.543 20.394 1.801 7.968 1.273 3.265

(66.2% 1363 3.061 21.176 1.754 8.519 1.290 3.159
CsCl) 1380 3.274 21.707 1.554 8.806 1.129 3.169

1390 3.436 21.971 1.443 8.934 1.035 3.181
1397 3.679 22.043 1.357 8.927 0.954 3.212
1412 3.860 22.444 1.219 9.125 0.843 3.220
1423 3.604 23.044 1.159 9.547 0.817 3.163

3.882 1337 2.795 17.113 1.498 5.300 0.685 3.410
(70.8% 1350 2.557 17.754 1.408 5.664 0.667 3.331
CsCl) 1381 2.609 18.752 1.148 6.096 0.535 3.294

1388 2.489 19.071 1.109 6.287 0.525 3.255
1396 2.612 19.219 1.042 6.306 0.482 3.273
1418 2.771 19.739 0.891 6.473 0.397 3.283

3.026 1327 2.024 10.240 0.596 6.919 1.321 3.374
(53.7% 1349 2.011 10.645 0.511 7.438 1.164 3.330
CsCl) 1367 2.002 10.958 0.451 7.846 1.044 3.298

1384 2.090 11.155 0.395 8.148 0.923 3.298
1401 2.081 11.424 0.351 8.498 0.827 3.273
1425 2.081 11.775 0.297 8.954 0.703 3.244

a p  is in millimeters.

The values of the dimerization constants we used were 
calculated from the equation

logK i =  A i  +  (B i/ T )  (19)
where A ; and B i are given in Table I.
Experimental Results

The necessary values for the dimerization constants 
of all the salts in our mixtures are available.3' 4 Be
cause of the apparent discrepancy in the data for 
NaBr,3 we have repeated the measurements for this 
salt at three different densities. As has been pre
viously discussed,3' 4 the dimerization constants were 
calculated from the relations

P a x  =  2 p  — j>Ax'd 

P a ,x ,  =  p ‘d -  V  

K A =  R * T ( P a ,x , / p a x 2)

The agreement with the reported values of Datz, Smith, 
and Taylor3 for log K A was good (±0.1) and there 
appears to be no discrepancy in the values reported in 
ref 3. NaBr exhibits the largest deviations from the 
predictions of the dimensional theory of any salt which 
has been measured.6 The data of Murguleseu and 
Topor6 are in agreement with these results.

The measurements for the binary systems NaBr- 
KBr, NaBr-RbBr, NaBr-CsBr, KBr-CsBr, NaCl-KCl, 
and NaCl-CsCl are given in Table II. For each binary 
system, we made at least three independent series of

measurements at different compositions. Values of log 
K Ab calculated from K a b ' appear to be constant at 
different compositions within an uncertainty of ±0.15  
and also differ little at different temperatures. Be
cause of the relatively narrow range of temperatures 
and the small temperature dependence, we could not 
establish a temperature dependence for .Kab . This 
means that, within experimental error, the energy of 
forming the mixed compound from the monomers 
(eq 5) is the average of the energy of dimerization of the 
two monomers.

In all cases, except for the mixture of NaCl with CsCl, 
the values of K A b / 4  are greater than unity. A value 
of K Ab/A greater than unity indicates that the tendency 
to form ABX2 is stronger than the “average” for the two 
dimers A2X 2 and B2X2. The experimental errors in 
K ab arise not only from errors in our measurements but 
also from errors in the dimerization constants of the two 
salts. We estimate that the cumulative errors in R T  In 
( - K a b / 4 )  are about ±1  kcal. Consequently, K A b / 4  

for the NaCl-CsCl system may be close to unity. In 
Figure 1 are plotted our measured values of R T  In 
( X a b / 4 )  vs. [(1/tZi) — (l/d 2) ]2. The values for the 
fluorides which have been measured in the mass spec
trometer7 lie close to a line plotted in the figure.
Discussion

It can be seen in Figure 1 that the values of R T  In 
(Kab/4) for the bromides are larger than for the fluo
rides or chlorides. If only coulomb interactions in-
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Figure 1. Plot of R T  In (Xab/4) v s .

[(1/iixx) — (1/<2bx)P for six binary mixtures.
The line labeled AU  represents the coulombic energy 
change given in Table III which was calculated 
from the simple model.

fluenced the magnitude of AAb/ 4, then there should 
be no difference between bromides, chlorides, and fluo
rides in a plot such as in Figure 1. Consequently, the 
differences indicate that other interactions are signifi
cant. Since vapor molecules are simple, fairly accurate 
calculations of the energetics are feasible. Thus, by 
comparing such calculations with our measurements, 
it is hoped that, in the future, we may gain 
insight into the magnitude of those interionic inter
actions which are important in mixtures. The impli
cations of such calculations are significant not only 
for salt vapors but also in understanding the relative 
importance of different interactions in molten salt 
mixtures where simple calculations are not feasible.

Some of the types of interactions which need to be 
considered may be deduced from previous calculations 
of the energies of formation of monomeric alkali 
halides and of the energies of association of the dimer 
molecules which have been made by several authors.10 
The general conclusion reached by most of these au
thors is that the three most significant interactions are 
the coulombic attractions and repulsions, the soft
core repulsion between ions, and the ion-induced dipole 
interactions. In ref 10c and d, the ion-induced dipole 
interactions were taken into account by the simple 
artifice of softening the repulsive potential. Because 
of the low coordination number of vapor molecules, 
the van der Waals (dispersion) interactions are rela
tively small in the monomers but may be significant in 
dimers.

A preliminary idea of the influence of the coulomb 
interactions and the soft-core repulsions on K Ab may 
be gauged by comparison of the data with calculations 
which include only these two interactions. Consider

given in Table III.

the equilibrium shown in Figure 2 . The energy change 
for this equilibrium was calculated taking into account 
only coulomb interactions and a repulsion representing 
the two extreme cases: (a) the soft inverse power poten
tial fc/r8 and (b) a hard-core repulsion. The energy 
change is

AE/ab =  2{7Ab — U A — U b (20)
where E7AB is the potential energy of the mixed alkali 
halide molecule, U A that of one dimer, and E/B that of 
the other. If the pair potential for the A+ and X~  
ions is written as

where from the minimization of U , k  =  (riAX7/ 8) and 
dAX is the internuclear distance for the monomer, then 
for the dimer AaX2

(Hxx/e2) = -2.586(0.8750)
d xx

and for B2X 2

-2.586(0.8750)
1.064307dAX

(E W e2) = -2 .126

-2.126
dAx (22)

(23)

where dBx is the internuclear distance for the monomer 
BX. The factor 1.064 which is calculated by mini
mizing E7ax arises because of the lengthening of the 
cation-anion distances in the dimer as compared with 
the monomer. For the mixed compound
U ab _  _   2_______2_  J _  ,
e2 dAx "  d B x " +  b +  c +

1 2:lc 2 k'

2 a +  (dAX" ) 8 +  (dBx " r
(24)

where fc' =  (dBX7/ 8 ). Core repulsions between ions 
of like sign were assumed to be negligible. Minimiz
ing U ab with respect to the three variables a, b, and c
(10) (a) E. S. Rittner, J. Chem. Phya., 19, 1030 (1951) ; (b) C. T. 
O’Konski and W. I. Higuchi, ibid., 23, 1175 (1955); (c) L. Pauling, 
Proc. Nat. Acad. Sci., India, A25 (1956) ; (d) T. A. Milne and D. 
Cubicciotti, J. Chem. Phya., 29, 846 (1958); (e) J. Berkowitz, ibid., 
29, 1386 (1958); (f) G. M. Rothberg, ibid., 34, 2069 (1961); (g) 
Y. P. Varshni and R. C. Shukla, ibid., 35, 582 (1961).
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Table III: Energies for the Equilibrium A2X2 + B2X 2 2ABX2 Calculated from the Model in Figure 2
Utilizing the Anion-Cation Pair Potential U — — (e2/r) + (he2/r8)

S a l t  p a i r dAX d B X a b

NaBr-KBr 2.5020 2.8207 1.9941 1.7454
NaBr-RbBr 2.5020 2.9447 2.0330 1.6934
NaBr-CsBr 2.5020 3.0722 2.0707 1.6409
KBr-CsBr 2.8207 3.0722 2.2125 2.0136
NaCl-CsCl 2.3606 2.9062 1.9559 1.5450
KCl-CsCl 2.6666 2.9062 2.0923 1.9028

c dAx ” 3bx" 103(Af7/e*)
10»[(l/dAX) 
-  (1/dBX)]»

2.2655 2.6501 3.0181 — 1.941 2.039
2.4154 2.6459 3.1571 — 3.509 3.610
2.5700 2.6420 3.3004 -5 .430 5.503
2.4241 2.9917 3.2820 -0 .893 0.842
2.4341 2.4925 3.1225 -5 .901 6.325
2.2939 2.8281 3.1048 -0 .960 0.956

led to three nonlinear equations which, when combined 
with the conditions

a2 +  V  =  (dAX" ) 2 (25)
a2 +  c2 = (dBX" ) 2 (26)

were solved on a computer. The results are given in 
Table III for the salt pairs studied for the case in which 
the core repulsion was represented by a very soft in
verse eighth power term.

These calculations of A H a b , in effect, are the same as 
— R T  In ( K a b / 4 )  at 0°K. The temperature depen
dence is unknown. Consequently, a direct comparison 
with our data is not possible. However, it is probable 
that the temperature coefficients are not very large, so 
that these calculations can provide us with consider
able information.

There are two points to be noted in these calcula
tions.

a. AU  when plotted vs. the parameter [(l/dAx) — 
(1/dfix) ]2, which is suggested by the dimensional theory 
used to derive eq 2 , yields an essentially linear plot. 
This linearity lends confidence in the validity of the 
derivation of eq 2 for coulomb attractions and a soft 
repulsion. Within small limits

AH = —330 ( ~ ----- - 1 ) kcal/mol (27)
\ « A X  « B X /

which is plotted in Figure 1.
A similar calculation for hard-core ions leads to a 

result which is smaller than this by about 9%. This 
relative insensitivity to the softness of the cores is an 
important result.

b. When dAx' <  d s x ', then in the mixed compound 
(Ia x  >  dAX" and dBx '  <  dBx ,r (i.e ,, the short interionic 
distances get shorter and the long ones longer).

Although these idealized classical calculations are for 
the energetics at 0 °K, they are significant as a point of 
departure. The bromides lie above the line represent
ing eq 27. This difference is, at least in part, related 
to the ion-induced dipole interactions. Calculation 
of the square of the electric intensity vectors, E2, for 
the ions using the data in Table III indicates that the 
changes in E2 on the anions are negative and approxi
mately proportional to the parameter [(l/dAx) — 
( I / ^ b x ) ] 2. Thus, to first order, the polarization of

the anions leads to a term of the form of eq 2 , and the 
parameter M  in eq 2 is more positive for salts with more 
polarizable anions. If the induced-dipole energy may 
be represented by (aE2/2), where a is a constant, then 
we find as a first-order approximation M  ~  330 [1 +  
0.3aw On] kcal/mol, where a  is given in 10-24 cm8. 
This expression, of course, does not take into account 
the changes in internuclear distances which result from 
the inclusion of the polarization interactions. The 
magnitude of this interaction is, relatively, very large 
and leads to significant changes in the interionic dis
tances. For example, the strong tendency of the more 
polarizable anions to be stabilized in regions of high 
field intensity leads to configurations in which the anion 
-anion distances are increased and the cation-cation 
distances are decreased. These changes will stabilize 
the dimers as well as the mixed compound. Our pre
liminary calculations show that, in general, the dimers 
are stabilized more than the mixed compound. Con
sequently, although the first-order contribution to M  
is positive, the change of the configuration of the mole
cules leads to higher order terms which are negative 
and may be large enough to lead to a net negative 
contribution to log (K / 4) from the ion-induced dipole 
terms. Further calculations of this and of the influence 
of temperature will be necessary for a quantitative 
evaluation.

Another interaction which may be of importance is 
the van der Waals (dispersion) interaction. A calcu
lation of the magnitude of these interactions using 
parameters given by Mayer11 shows that the cesium- 
cesium interactions in cesium halide dimers and the 
halogen-halogen interactions in lithium and sodium 
halide dimers are significant and in reactions such as 
reaction 1 may lead to significant (e.gr., ~ l - 3  kcal/mol) 
positive contributions to the energy changes in the 
fluoride systems in which LiF or NaF is one component 
and in the NaCl-CsCl system. These positive con
tributions result from the change of next neighbor 
cations of the cesium halide dimers and an increase in 
the distances between anions in the lithium and sodium 
halides in the other cases. The magnitudes of these 
van der Waals effects are very sensitive to the details 
of the calculation and are most sensitive to the softness
(11) J. E. Mayer, J. Chem. Phys., 1, 327 (1933).
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of the core repulsions. A precise determination of this 
possibility must await more detailed calculations now 
in progress.

The results for binary fluoride systems reported by 
Schoonmaker and Porter12 and for the NaCl-CsCl 
system lie below the measured values of R T  log ( K f 4) 
for the bromides. The higher order polarization terms 
and the van der Waals interaction terms are undoubt
edly important for at least a part of these differences. 
In addition, a calculation of the influence of temperature 
will be needed to correlate the absolute values of 
— AU  with R T  In (K / 4) and thus go further than our 
present discussion of the relative contributions to these 
quantities.

These conclusions are significant not only in under
standing the energetics in salt vapors but also in under
standing the corresponding effects in molten salt mix
tures. Kleppa and Holm13 have observed a difference 
between the heats of mixing in fluoride and bromide 
mixtures analogous to the one discussed here. We are 
now carrying out detailed calculations on the vapor 
molecules which we hope will aid in understanding the 
relative importance of different ionic interactions, 
especially of the higher order polarization and the anion 
-anion van der Waals interactions which have not been 
discussed previously.
Conclusions

We may therefore conclude the following.
a. Contributions to R T  In (K Ab/ 4) from the cou

lomb and ion-induced anion dipole interactions, to first 
order, depend upon the size parameters according to 
the relation

( W 4 >  -  M ( A -  -

Association in M ixed Alkali Halide Vapors

where M  is positive and is more positive the larger the 
polarizability of the anion.

b. The ion-induced anion dipole interactions are so 
large that terms higher than first order are very signifi
cant, especially for polarizable anions in salts where d, is 
small. These higher order terms lead to increased 
anion-anion distances and decreased cation-cation 
distances and generally make a negative contribution to 
R T  log (KAb/4).

c. For lithium and sodium halides, the separation of 
next nearest neighbor anions is larger in the mixed 
compound than in the dimer which leads to significant 
negative contributions to R  T  In (Aab/ 4) from van der 
Waals interactions. This contribution has not been 
discussed previously and may have analogies in molten 
salt mixtures.

d. For rubidium and cesium halides, the change of 
next nearest neighbor cations generally leads to signifi
cant negative contributions to R T  In (AAb/ 4) in a 
manner analogous to molten salt mixtures.14-16

A general conclusion is that the energetic factors 
involved in forming these molecules are much more 
complex than we anticipated. This implies that the 
analogous factors in molten salt mixtures are also more 
complex and difficult to understand than is presently 
believed.

Acknowledgm ents. The authors wish to thank Ste
phen T. Imrich and Dr. Jerome Spanier of this laboratory 
who carried out the computer solution of the nonlinear 
equations obtained from the model.
(12) R. C. Schoonmaker and R. F. Porter, J. Chem. Phys., 30, 283 
(1959).
(13) O. J. Kleppa and J. Holm, to be submitted for publication.
(14) M. Blander, J. Chem. Phys.. 36, 1092 (1962); 37, 172 (1962).
(15) J. Lumsden, Discussions Faraday Sac.. 32, 138 (1961).

4627

Volume 7$, Number IS December 1968



4628 Bruce H . Pava and Fred E. Stafford

Spectra of Gaseous Protio- and Deuteriooxalic Acids1

by Bruce M. Pava and Fred E. Stafford
Department of Chemistry and The Materials Research Center, Northwestern University, Evanston, Illinois 60201 
(Received July 1, 1968)

The ir spectra from 400 to 4000 cm-1 were obtained for gaseous oxalic acid and oxalic acid-d2- These are consistent with a chelated structure for the gaseous molecules. The carbonyl stretching frequencies of the dicarbonyl species X(CO)2Y correlate with the electronegativities of X and Y, as do the C =0 stretching frequencies in the XCOY system.

Introduction
In the spectra of a-alkoxy and a-keto carboxylic 

acids in dilute solutions, two OH stretching frequencies 
appear in the 3400-3600 cm-1 region. The higher 
frequency band was assigned to the free form; it ap
pears between 3500 and 3550 cm-1. The lower fre
quency band, 3400-3500 cm-1, was assigned to the 
proton-chelated form. It was found that the lower 
frequency band appears only when a five-membered 
internally hydrogen bonded ring can be formed.2

The ir spectra of pyruvic acid (PA), methylpyruvic 
acid (MPA), dimethylpyruvic acid (DMPA), and 
trimethylpyruvic acid (TMPA) have been studied also 
in the gas phase at approximately 100°. Two bands 
due to OH stretching modes were found in the 3400- 
3600 cm-1  region. The higher frequency band always 
appeared between 3560 and 3575 cm-1. The lower 
frequency band appeared between 3440 and 3470 cm-1. 
In the spectrum of trimethylpyruvic acid-d, two OD 
stretching bands were observed at 2559 and 2636 cm-1. 
Again, the higher frequency bands were assigned to the 
nonchelated structure; the lower frequency bands were 
assigned to the chelated structure3 (Table I).

Table I : The OH Absorption Frequencies of Gaseous Pyruvic 
Acid, Methylpyruvic Acid, Dimethylpyruvic Acid, 
and Trimethylpyruvic Acid at 100°“

■Frequency, cm "1
Acid Nonchelated Chelated

PA 3573 3465
MPA 3574 3463
DMPA 3570 3458
TMPA 

Reference 3.
3560 3441

Oxalic acid also has a proton-accepting group a  to 
the carboxyl group. Although the condensed phase 
has been extensively studied,4 6 particularly with respect 
to hydrogen bonding, only electron diffraction results6 
are reported for the vapor. This lack of data is 
probably due to the thermal decomposition of oxalic

acid. The purpose of this work is to determine the ir 
spectrum of gaseous oxalic acid to help deduce its struc
ture.
Experimental Section

The anhydrous oxalic acid was purchased from the 
Fisher Chemical Co. The anhydrous deuterated 
oxalic acid was prepared by repeatedly dissolving oxalic 
acid in D20  and evaporating under vacuum.

Because of the toxicity of oxalic acid, precautions 
were taken to keep it out of the air and off the body.

Spectra were obtained using a 1-m mullite cell with 
KBr windows. A side arm permitted the cell to be 
evacuated and refilled with argon. A Thermae, R. I. 
Controls, Minneapolis, Minn., was used to regulate the 
temperature and a Beckman IR-9 spectrometer was 
used to obtain the spectra. All spectra were taken in 
single-beam operation with the internal chopper.7

A cycle consisted of recording spectra at room temper
ature, next at a series of selected higher temperatures, 
and then again at room temperature. Every experi
ment was recycled at least once.
Data and Results

The spectra of gaseous oxalic acid and oxalic acid-d? 
were first observed at approximately 105°. At higher 
temperatures, white deposits sometimes coated the 
ends of the cell. Decomposition, at approximately 
140°, was evidenced by the appearance of bands due to 
carbon monoxide and formic acid as well as by the re
duction in intensity of the bands that were assigned to 
oxalic acid. The frequencies of the observed bands are 
in Table II and Figure 1.

(1) Supported by the U. S. Army Research Office, Durham, N. C., 
and the National Science Foundation through an undergraduate 
research grant.
(2) M. Oki and M. Hirota, Nippon Kagaku Zasshi, 81, 855 (1960).
(3) A. Schellenberger, W. Beer, and G. Oehme, Spectrochim. Acta 
21, 1345 (1965).
(4) R . G. Delaplane and J. A. Ibers, ./. Chem. Phys,, 45, 3451 (1966), 
and earlier references.
(5) J. Reynolds and S. Stemstein, ibid., 41, 47 (1964).
(6) S. Shibata and M . Kimura, BuU. Chem. Soc. Jap., 27, 485 (1954).
(7) S. M. Chackalackal and F. E. Stafford, J. Amer. Chem. Soc. 88 
723 (1966).
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Figure 1. The ir spectra of oxalic acid and oxalic acid-d» (bg, background; gc, grating change). No features were observed 
between 1000 and 400 cm-1. Note the scale change at 2000 cm-1.

Table II : Ir Absorption Frequencies of Gaseous 
Oxalic Acid and Oxalic Acid-A, 110-140°“

----------— Frequency, cm 1------------- •. Assignments

3485 sh 2575 sh O—H(D) str
1830 vs) 1820 vs\ C = 0  str1810 vsJ 1800 vsj
1325 s 1220 vs
1240 br

“ sh, sharp; vs, very strong; s, strong; br, broad; str, stretch.

Only one OH and only one OD stretching band were 
found for oxalic acid and oxalic acid-4- The observed 
OH and OD stretching frequencies correspond in shape, 
location, and relative intensity to those assigned to the 
proton-chelated structure of pyruvic acid3 (Table
I).For compounds of the type XCOY (X, Y = F, OH, 
Cl, CH3, H, etc.), it is known that the carbonyl stretch
ing frequency8-10 varies systematically with the elec
tronegativity11 of X  and Y, as discussed by Kagarise.12 
This relationship is shown by the open circles in Figure
2. That this correlation can be extended successfully 
to symmetric molecules of the type X(CO)2X is shown 
by the filled circles. In addition, the frequencies for 
the two carbonyls of CH3(CO)2OH correlate well if each 
is treated individually using, respectively, the electro
negativities of CH3 and OH (half-filled circles). The 
frequencies shown in Figure 2 are for oxalic acid and 
oxalic acid-4 , as well as for glyoxal,13 oxalyl chloride,14 
and methyl oxalate.

A very weak feature which may be a Q branch some-

Electronegativity

Figure 2. Carbonyl frequency (cm-1) vs. average 
electronegativity11 for gaseous XCOY (open circles),
X(CO)2X (filled circles), and CH3 COCOOH (half-filled 
circles); see the text. Points for isotopically substituted 
molecules (e.g., -OH and -OD) are connected by vertical lines 
and demonstrate the weakness of using frequencies for such 
a correlation. See the text. The data are from Nakamoto,8 
Bellamy9 (pp 135, 155, 165-67, 179), and Herzberg.10 Data 
concerning the X(CO)2Y systems are from B. D. Saksena 
and R. E. Kagarise, J. Chem. Phys., 19, 987 (1951), R. K. 
Harris, Spectrochim. Acta, 20, 1129 (1964), and this work.

(8) K. Nakamoto, “ Infrared Spectra of Inorganic and Coordination 
Compounds,”  John Wiley & Sons, Inc., New York, N. Y ., 1963.
(9) L. J. Bellamy, “ The Infrared Spectra of Complex Molecules,” 
John Wiley & Sons, Inc., New York, N. Y ., 1958.
(10) G. Herzberg, “ Infrared and Raman Spectra,”  D. Van Nostrand 
Co., Inc., Princeton, N. J., 1945.
(11) A. L. Allred, J. Inorg. Nucl. Chem.., 17, 215 (1961).
(12) R. E. Kagarise, J. Amer. Chem. Soc., 77, 1377 (1955).
(13) R. K. Harris, Spectrochim. Acta, 20, 1129 (1964).
(14) B. D. Saksena and R. E. Kagarise, J. Chem. Phys., 19, 987 
(1951).
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times appeared in the oxalic acid spectrum at 1817 cm-1 
between the two prominent branches of the C = 0  
stretching band. Low resolution and strong back
ground, however, prevented assigning it to the oxalic 
acid spectrum. Another similar feature appeared in 
the oxalic acid-c  ̂ spectrum at 1808 cm-1. This band 
also was too weakly resolved to be assigned to the spec
trum of oxalic acid-d-2.
Discussion

The OH stretching bands of oxalic acid and oxalic 
acid-di are consistent with a predominantly chelated 
structure. Although only one absorption frequency 
was found for the OH stretch in oxalic acid, a weaker 
one at a higher frequency could have been hidden by 
the water vapor background. In the oxalic acid-dî 
spectrum, however, this background was at a minimum, 
and the intensity of the second band, if present, was 5% 
or less of the chelated band intensity.

The assumption of a chelated structure for the two 
oxalic acids helps explain the planarity of the gaseous 
oxalic acid molecule deduced by Shibata and Kimura 
from electron diffraction data.6 Electron resonance 
structures, as invoked to explain the planarity of glycer- 
aldehyde, oxalyl chloride, and butadiene, also help to 
explain this planar structure.

In Figure 2, the three vertical lines connect points for 
isotopically substituted molecues in which X  and Y are 
H, F and D, F; H, OH and D, OH; and H, H and D, D. 
Quite clearly the CO frequency depends on the mass as

well as the electronegativity of X  and Y. Overend and 
Scherer15 have shown that the Urey-Bradley C = 0  
force constants are sensibly constant at 12.7 ±  0.1 
mdyn/A, as are the corresponding C = 0  bond dis
tances for Cl2CO, F2CO, and Br2CO. They have also 
offered an explanation for the observed variation of 
frequency. Subsequently k (CO) in H2CO has been re
ported16 to be 12.6 ±  0.2 mdyn/A. Shirk and Pimen
tel have shown that fc(CO) in HCO, FCO, and C1CO also 
are relatively insensitive to the electronegativity of the 
attached atom.

The case of the X2CO thus seems to be qualitatively 
different from those of X 3P 0 17 and X S02Y ,18 where the 
-PO and —S02 frequencies seem to be insensitive to the 
masses of X  and Y and where the change in MO force 
constants can be attributed to the coming into play of 
the 3d orbitals.
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Spectra of Metal /3-Ketoenolates. The Electronic Spectrum of Monomeric 

Nickel (II) Acetylacetonate and the Infrared Spectra of Matrix-Isolated 

Acetylacetonates of Cobalt(II), Nickel(II), Copper(II), and Zinc(II)

by J. P. Fackler, Jr.,1 M . L. Mittleman, H. Weigold, and G. M. Barrow
Department of Chemistry, Case Western Reserve University, Cleveland, Ohio 44106 {Received July 6, 1968)

The ultraviolet electronic spectra of several nickel(II) /3-ketoenolates in CHCls and hydrocarbon solvents are described and are shown to be consistent with the assignment of Cotton and Wise for the ~233- and ~268-m/x bands. The vapor ultraviolet spectrum of nickel (II) acetylacetonate also shows these same bands, as expected for a planar species. The infrared spectra of C02 matrix-isolated acetylacetonates of copper(II), nickel (II), cobalt-(II), and zinc (II) are reported between 650 and 2200 cm-1. These spectra suggest the existence of similar (planar) structures for the nickel(II) and copper(II) monomeric species and similar (tetrahedral) structures for the zinc (II) and eobalt(II) complexes. Since previous infrared studies of metal acetylacetonates have ignored the fact that the anhydrous complexes are polymeric, it is fortunate that only minor differences exist between the spectra of the matrix-isolated copper(II) complex, the complex which has received the greatest study, and the crystalline material.

Introduction
Numerous metal acetylacetonates are known to 

exist as oligomers in the solid state or in solutions of 
weakly coordinating solvents.2 As a result, the early 
investigations3 of the spectral properties of many of 
these complexes were subject to reinterpretation.4’6 
Since monomeric species of these acetylacetonates 
either were not known or are difficult to achieve, it 
has been assumed that the stereochemistry and spectra 
exhibited by the complex obtained from the ligand
1,1,6 ,6-tetramethylhept anedione (dipivaloylmethane,
H-DPM), where the bulky ¿-butyl groups prevent 
polymerization, would be essentially the same, as for 
the anhydrous monomeric acetylacetonate. Some 
evidence has been presented to support this view for 
the complexes of nickel(II) ,6 cobalt(II) , 4 copper(II) ,6 
and zinc (II) .7Dipivaloylmethane complexes of cobalt(II) and 
zinc (II) ,7 among other bivalent metal ions,8 have a M 04 
stereochemistry which is essentially tetrahedral, while 
the copper(II) and nickel(II) complexes6 display a 
planar M 04 structure. The acetylacetonate complexes 
of all four bivalent metal ions are polymeric. Only 
copper(II) acetylacetonate9 displays a stereochemistry 
in the crystalline phase which is even grossly similar to 
that of the DPM analog. Oligomeric nickel(II) and 
cobalt(II) acetylacetonates can be made to dissociate4'6 
at least partially in hydrocarbon solvents so some 
physical properties of the monomer can be deduced 
and compared with the DPM species. However, few 
studies have been conducted with these acetylaceton
ates under conditions which greatly reduce or elimi
nate oligomers.

While Shibata10 has indicated that nickel (II) acetyl
acetonate, Ni(acac)2, is planar in the gas phase, the 
results seemed sufficiently inaccurate to make them 
questionable. Thus we considered it desirable to 
verify this configuration for the gas-phase molecule 
by an alternate technique. By studying the ultraviolet 
spectrum of Ni(acac)2 and other nickel(II) d-ketoeno- 
lates at very low concentrations in hydrocarbon solvents 
and by comparing these spectra with the ultraviolet 
spectrum of Ni(acac) 2 in the gaseous phase, we have 
been able to confirm the fact that monomeric Ni(acac) 2 
is indeed planar. Furthermore, some interesting fea
tures of the ultraviolet spectra have been uncovered.

In addition to electronic spectral studies of Ni(acac)2, 
we have examined the infrared spectra of the cobalt (II), 
nickel(II), copper(II), and zinc(II) complexes under 
conditions suggestive of the presence of only monomers. 
Since low vapor pressures for the gaseous species pro-
(1) Author to whom correspondence should be addressed.
(2) (a) J. P. Fackler, Jr., Progr.Inorg. Chem., 7, 361 (1966); Advances 
in Chemistry Series, No. 62, American Chemical Society, Washington, 
D. C., 1966, p 580; (b) F. A. Cotton and R. Eiss,./. Amer. Chem. Soc., 
90, 38 (1968).
(3) G. Maki, J. Chem. Phys., 28, 651 (1961); 29, 162 1129 (1959); 
A. D. Liehr and C. J. Ballhausen, J. Amer. Chem. Soc., 81, 538 (1959); 
R. H. Holm andF. A. Cotton, ibid., 80, 5658 (1958).
(4) F. A. Cotton and R. H. Soderberg, Inorg. Chem., 3, 1 (1964).
(5) J. P. Fackler, Jr., and F. A. Cotton, J. Amer. Chem. Soc., 82, 5005 
(1960); 83,2818,3775 (1961).
(6) F. A. Cotton and J. J. Wise, Inorg. Chem., 5, 1200 (1966).
(7) F. A. Cotton and J. S. Wood, ibid., 3, 245 (1964).
(8) J. P. Fackler, Jr., D. G. Holah, D . A. Buckingham, and J. T. 
Henry, ibid., 4,920 (1965).
(9) L. Dahl, Mol. Phys., 5,169 (1962).
(10) S. Shibata, Bull. Chem. Soc. Jap., 30, 753 (1957).
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duce monomers,11 we have deposited these species in a 
carbon dioxide matrix held at 77 °K and have studied 
their spectra over the 650-2000-cm“1 region.
Experimental Section

Preparation  o f  Com pounds. All the compounds were 
prepared by standard methods described in the liter
ature1 and were purified by vacuum sublimation. The 
sublimation was effected at 116-120° for the zinc(II) 
compound, 130-135° for the cobalt(II) compound, 
195-200° for the copper(II) compound, and 230-235° 
for the nickel(II) compound.

The matrix gas, carbon dioxide, used was Matheson 
Coleman instrument grade purified by repeated distil
lation from an acetone-Dry Ice bath. No water bands 
were observed in a matrix of carbon dioxide purified by 
this method.

Solvents used were spectral grade when available. 
The hydrocarbons n-decane and n-undecane were 
shaken with 20% fuming H2SO4 until no further 
coloration of the acid layer was seen and then they 
were distilled. Spectral grade CHC13 was shaken with 
H2S 0 4(c), dilute NaOH, and water and was distilled 
from phosphoric anhydride to remove the ethanol 
stabilizer.

Spectral M easurem ents. Infrared spectra were re
corded on a Beckman IR-7 spectrophotometer, wave
length calibrated with polystyrene and C02. Electronic 
spectra at various temperatures were recorded with a 
Beckman DK-2 spectrophotometer using a thermo- 
stated high-temperature cell holder. The vapor spec
trum of nickel(II) acetylacetonate was obtained using a
6-cm quartz cell wrapped with a heating jacket. 
Approximately 50 mg of the complex was sealed into 
an unheated Pyrex side arm on the cell which was 
heated to ~190° and evacuated overnight. After 
cooling, crystals of the complex were tapped into the 
cell under vacuum. A background spectrum was re
corded on the Beckman DU spectrophotometer, and 
then the cell was heated to record the vapor spectrum 
of the complex at 190 ±  10°.

M a trix  Isolation . The glass cryostat used was of the 
double-Dewar design.12 The temperature of the copper 
block and of the cold window could be monitored with 
copper-constantan thermocouples. CsBr was used 
for the window material. The Knudsen cell, con
structed of Type 2020 carbon from Stackpole Carbon, 
was heated by wrapping the glass jacket with a heating 
tape. A constant check on the temperature of the cell 
was kept using an iron-constantan thermocouple. 
The temperature of the Knudsen cell during spray-on 
of the acetylacetonates was 27-31° for zinc, 84° for 
cobalt, 130-135° for copper, and 170-174° for nickel. 
Spray-on times were in the range of 6-10 hr, the carbon 
dioxide being deposited at a rate of approximately 0.5 
mmol/hr. The design of the spray-on apparatus, 
together with the lack of knowledge of the vapor pres

sure of the species, did not allow us to calculate the 
matrix-to-complex ratio, M : A. However, from a com
parison of the intensity of the absorption bands and a 
knowledge of the amount of C02 deposited, the M:A 
ratio for some of the complexes was estimated to have 
been varied by a factor of about 5 without any de
tectable difference being observed in the spectra of the 
species in the matrix.

M olecular Com plexity o f  Z in c(J I) Acetylacetonate in  
B enzene. The molecular weight of zinc(II) acetylace
tonate, mp 129-131°,13 was determined in benzene at 
concentrations up to 0.06 M  using a Mechrolab os
mometer. The average molecular weight obtained 
was 285 (calcd, 263). The ultraviolet spectrum in dec
ane shows a peak at 292 mp, e 2.1 X 104 1. mol-1  cm-1, 
which obeys Beer’s law to a concentration of ~ 1 0 -3  M , 
the maximum allowable concentration with which an 
ultraviolet spectrum could be obtained using 0 .1-mm 
cells.
Results and Discussion

E lectronic Spectra o f  N ickeK JI) C om plexes. The 
electronic spectrum in the ultraviolet region for the 
Ni(DPM ) 2 and Cu(DPM) 2 complexes has been dis
cussed recently by Cotton and Wise.14 These authors 
concluded that the electronic transition which occurs 
near 233 m/x (~43,000 cm-1) largely corresponds to a 
ox-*-3dIK (ligand-to-metal) charge transfer, based on 
molecular orbital calculations.16 The transition near 
268 m/x (^37,300 cm-1) is assigned to the ttl -►  7TL* 
transition expected in this region. These bands are 
labeled I and II, respectively.

The electronic spectra in the ultraviolet region for 
five anhydrous /3-ketoenolates of nickel(II) in CHCI3 

and hydrocarbon solvents are presented in Table I. 
These results lead us independently to make16 assign
ments for bands I and II similar to the assignments of 
Cotton and Wise.14 Furthermore, the shifts we have 
observed (Table I) in band I with changes in the ligand 
agree quite well with changes to be expected for a
o-L-'-metal charge transfer. In accord with earlier 
spectral studies on /3-ketoenolates of copper(II) , 17 
a ffL-*-metal charge-transfer band would be expected 
to shift to lower energy in the order Ni(acac) 2 >  Ni- 
(DIBM ) 2 >  Ni(DPM)2. The magnitude of the shift

(11) K. D. Carlson, J. P. Fackler, F. Kohl, and M. Uy, unpublished 
mass spectroscopic results; see also C. G. MacDonald and J. S. Shan
non, Aust. J. Chem., 19, 1545 (1966).
(12) J. Rogers, M.S. Thesis, Case Institute of Technology, 1965.
(13) G. Rudolph and M. C. Henry, Inorg. Chem., 3, 1317 (1964).
(14) F. A. Cotton and J. J. Wise, ibid., 6, 917 (1967).
(15) F. A. Cotton, C. B. Harris, and J. J. Wise, ibid., 6, 909 (1967); 
F. A. Cotton and J. J. Wise, ibid., 6, 915 (1967).
(16) M. Mittleman, M.S. Thesis, Case Institute of Technology 
1965.
(17) J. P. Fackler, Jr., F. A. Cotton, and D. W. Barnum, Inorg. Chem., 
2, 97 (1963); J. P. Fackler, Jr. and F. A. Cotton, ibid., 2, 102 (1963).
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Table I : Ultraviolet Spectra of Some /3-Ketoenolate Complexes of Nickel(II)

T e m p , ------- X, m/Lt; lo g  e-----
C om p lex ® S o lv e n t C o n cn , M °c O h I I I

Ni(acac)2 c 6h 12 7 . 0  x  1 0 - 4 25 298;4.34
71 298; 4.04" 265;4.04' 223; 3.88'

Ni(acac)2 CHCh 1 0 - 1 25 298; 4.34 265; 4.44 228
Ni(DPM)2 ChH24 10- 3 25 265; 4.61 233; 4.43
Ni(DPM)2 CHC1, 10-8 25 268; 4.76 233
Ni(DIBM)2° C10H22 10-8 25 304; 4.256 268; 4.20' 232; 3.97'

71
N ifD IBM y CHCl, 1 0 - 4 304; 3.86 268; 4.52 234; 4.34
Ni(3-CH3acac)2 c 6h 12 2.7 X IO- 3 25 313;4.106 263; 4.32' 223; 4.23'

71
Ni(3-CH3acac)2 CHCI3 1.6 X 10-8 25 263;4.41 224; 4.30
Ni(3-Cl-acac)2 c 6h 12 5.0 X 10-* 25 322; 4.30" 263«

’ 71d
Ni(3-Cl-acac)2 c h c i3 1.7 X 10-8 25 320;4.43 263; 4.52
Ni(3-Ph-acac)2 CJ112 3.9 X 10-8 25 316 ;4 .156 271; 4.23'

71
Ni(3-Ph-acac)j CHCla 2.4 X IQ"1 25 271; 4.54

° acac, acetylacetonate; HDIBM, diisobutylmethane; HDMP, dipivaloylmethane; H(3-CH3acac), 3-methyl-2,4-pentanedione; 
H(3-Cl-acac), 3-chloro-2,4-pentanedione; H(3-Ph-acac), 3-phenyl-2,4-pentanedione. b Intensity decreases with heating. '  Intensity 
increases with heating. d Decomposes with heating.

Figure 1. The ultraviolet spectrum of Ni(DPM)2:
--------- , Ni(DPM)2 in undecane;-----, Ni(DPM)2
in methanol.

even appears to be about the same for the copper (II) 
and nickel(II) complexes.

The band labeled Oh in Table I corresponds to the 
T-*- t* transition in the “ ionic,”  six-coordinate, pseudo- 
octahedral (paramagnetic) nickel (II) complexes where 
the coordination about the metal arises from either 
polymerization or adduct interaction. As readily seen 
in Figure 1, dissolution of Ni(DPM)2 in the coordinating 
solvent methanol, a solvent well known to produce a 
pseudo-octahedral, paramagnetic nickel (II) dipivaloyl
methane complex,18 produces a spectrum wherein the 
principal ultraviolet band appears near 300 mp. 
Hence we can confidently assume that the band labeled 
Oh in Table I is associated with the polymeric /3-keto- 
enolate species.

\ M I L L IM IC R O N S

Figure 2. The ultraviolet spectrum of NI(DIBM)2: --------- ,
Ni(DIBM)2 in chloroform;---- , Ni(DIBM)2 in
decane (25°); — -----, Ni(DIBM)2 in decane (71°).

The disappearance of the Oh band for Ni(3-CH3acac)2 
and Ni(3-Ph-acac)2 in CHC13 as opposed to its presence 
in a hydrocarbon solvent and the observation in Figure 
2 that the spectra of Ni(DIBM)2 in decane at 71° and 
CHC13 at room temperature are nearly identical clearly 
shows a dependence of the polymerization of the com
plex on the solvent. Ni(DIBM )2 has been known to 
exhibit a monomer-oligomer equilibrium in cyclohex
ane which is temperature dependent.5 Thus chloro
form interacts with the complex specifically to reduce 
the degree of polymerization at a given temperature.19 
This increased monomer formation in CHC13 is pre
sumably associated wbh the ability of the CHC13 to

(18) P. E. Rakita, S. J. Kopperl, and J. P. Fackler, Jr., J . In org . 
Nucl. Chem., 30, 2139 (1968) ,
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Figure 3. The vapor ultraviolet spectrum of Ni(acac)2:
---------, 190 ±  1 0 ° ;-----background (before heating).

hydrogen bond20 with the monomer more effectively 
than with the polymer.

From the results discussed above, it is quite apparent 
that the ultraviolet spectrum of Ni(acac)2 in the vapor 
phase at 190°, Figure 3, corresponds with the spectrum 
expected for a monomeric planar /3-ketoenolate com
plex of nickel (II). Recognizing the likelihood that a 
tetrahedral N i04 system would be paramagnetic and 
thus undoubtedly give rise to a significantly different 
ultraviolet spectrum (no tetrahedral N i04 species with 
/3-ketoenolates have been observed or are suggested for 
monomeric species in solution), the ultraviolet bands 
observed near 260 and 225 m/x clearly substantiate the 
presence of a planar configuration in the gas-phase, 
monomeric Ni(acac)2 species.10

Infrared Spectra. The energies of the spectral bands 
found in the region of 650-2000 cm-1 in a carbon dioxide 
matrix at 77°K, in a warmed matrix at room temper
ature, and in the polymeric material at 77°K are given 
in Tables II-V  for the four complexes investigated. 
The band positions reported by Nakamoto, et al.,21 
for the complexes in a KBr pellet are included for 
comparison. The infrared spectrum of the copper 
complex has come under thorough investigation by two 
independent groups. Nakamoto, et al.,21 and Mikami, 
et al.,22 have assigned all the spectral bands found for 
this compound in the solid state on the basis of normal 
coordinate analyses. The results obtained by these 
two groups are quite similar, but one must consider the 
results of the latter group to be the more reliable, as in 
their study the whole molecule was considered in the 
normal coordinate treatment (a D2h symmetry being 
assigned to the complex), whereas Nakamoto, et al.,21 
based their calculations on a 1:1 complex (symmetry 
C2v). Also, Mikami, et al.,22 considered all the atoms 
in their treatment, while Nakamoto, et al.,21 included 
only the skeletal atoms in their coordinate analysis. 
Both groups fitted their analyses to the spectrum of the 
polymeric Cu(acac)2 species, which, fortunately, is not 
significantly different from that of the monomer.

In comparing the infrared spectra taken at low tem-

Table II : Infrared Absorption Bands for 
Bis (acetylacetonato)copper(II ) (cm- 1 )

At 77° Ka At room KBr pellet
In CO2 matrix (not in matrix) temp6 (room temp)

1629 w
1582 s 1579 s 1580 s 1580 s

1557 s 1554 s 1554 s
1531 s 1531 s 1531 s 

1518 sh, s
1534 s

1462 m 
1426 m

1467 m 
1417 sh, s

1458 m 1464 m

1406 s 1410 s 1413 s 1415 s
1358 m 1354 m 1356 m 1356 m
1280 m 1277 m 1276 m 1274 m
1260 w 
1246 sh, w

1260 w 1261 w

1196 w 1191 w 1190 w 1190 w
1028 m 
1022 sh, m

1023 m 1021 m 1020 m

942 m 938 w 936 w 937 w
808 w 805 w 805 w 

784 sh, m
779 w 782 m 780 m 781 m

687 w 687 w 
652 w

684 w 
654 w

° Complex deposited from vapor without the C 02 matrix. 
6 Complex in a COj matrix warmed up to room temperature (w, 
weak; s, strong; m, medium; sh, shoulder).

peratures (viz. 77°K) with those at room temperature, 
one expects to find a sharpening up of the bands in the 
low-temperature spectrum owing to the decreased popu
lation of the higher vibrational states of the molecule. 
Hence bands at room temperature may well be resolved 
as doublets at 77°K. If one considers only the CH 
bands of the copper complex, it is seen that the ab
sorbances found at 1415, 1020, and 781 cm-1 in the solid 
state are split when the complex is placed into a carbon 
dioxide matrix at 77 °K. Further, except for the 1020- 
cm_1 band which is only weakly split in the matrix, 
this splitting is seen in the spectrum of the vapor- 
deposited complex23 at 77 °K. The spectra will be 
discussed individually for each of the four title com
pounds.

Bis (acetylacetonato) copper (II). For the copper
complex most bands appear at similar energies in both 
the matrix-isolated species and the sprayed-on solid at 
room temperature.23 There are some exceptions, but

(19) Red solutions of Ni(DIBM)a and Ni(3-Ph-acac)2, a color typical 
of the diamagnetic planar species, can be achieved in mixed hydrocar
bon-chloroform solvents at concentrations and temperatures where the 
absence of CHCU would cause the solutions to appear green (the 
six-coordinate species tend to be green or blue-green).
(20) T. S. Davis and J. P. Fackler, Jr., Inorg. Chem., 5, 242 (1966).
(21) K. Nakamoto, P. J. McCarthy, and A. E. Martell, J. Am . Chem. 
Soc., 83, 1272 (1961), and references cited within.
(22) M. Mikami, I. Nakagawa, and T . Shimamouchi, Spectrochim 
Acta, 23,1037 (1967).
(23) Vapor deposition of the complexes on the window at room tem
perature presumably gives the polymeric species, as this is the tech
nique used to grow single crystals of the complexes for X-ray studies.
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Table III : Infrared Absorption Bands for 
Bis (acetylacetonato)nickel(II) (cm-1)

In  C O 2 m a tr ix A t  7 7 °  K a A t  r o o m K B r  p e lle t
(7 7 °  K ) (n o t  in  m a tr ix ) t e m p 6 (r o o m  te m p )

1626 w 1617 sh, w
1572 s 1570 s 1588 s 1598 s
1564 sh, w 1572 sh, s
1533 s 1527 s 1517 s 1514 s
1461 w 1460 m 1450 m 1453 m
1428 m 1424 m
1399 s 1391 s 1393 s 1398 s
1362 m 1358 m 1368 s 1367 s
1293 w 1289 w
1264 w 1263 w 1262 m 1261 m
1252 sh, w
1194 w 1192 w 1196 w 1198 w
1087 sh, w
1036 m 1020 m 1020 m 1020 m
1023 m
955 m 927 m 927 m 929 m
945 m
808 m 778 m 777 m
782 m 765 sh, m 764 w 764 w
693 m 674 w 673 w

656 w 666 w

° See footnote a, Table II. 6 See footnote b, Table II.

Table IV : Infrared Absorption Bands for 
Bis (acetylacetonato )zinc(II ) (cm-1)

In  C O 2 m a tr ix A t  7 7 ° K ° A t  r o o m K B r  p e lle t
( 7 7 ° K ) (n o t  in  m a tr ix ) t e m p 6 (r o o m  te m p )

1579 s 1589 s 1597 s 1592 s
1528 s 1524 s 1528 s 1523 s
1457 m 1456 m 1463 sh 1464 sh
1427 m 1423 m 1450 m
1390 s 1397) s 

1383J sh, s
1402 s 1394 s

1363 m 1362 s 1375) 
1367 J S

1361 s

1267) 
1263J m

1268 m 1263 s 1264 s

1198 w 1198 w 1207) 
1197 J W

1197 w

1021 m 1017 m 1019 m 1019 m
931 m 925 m 928 m 927 m
777\r 
766 r*m

773 w 807) 
788J W

769 w

728)) w 717 J
° See footnote a, Table II. b See footnote 6, Table II.

these arise as discussed above owing to the observation 
of a doublet instead of the unresolved singlet. Cer
tainly the spectrum of the matrix-isolated species and 
that of the compound at 77 °K  are very similar, the 
absorption bands for the two species being in general 
within five wave numbers of each other. This fact 
tends to confirm the hypothesis of Mikami, et al.,22 
that even though the copper complex is not planar and

because the acetylacetonate ligand molecules do have 
C2v symmetry, the absorption bands of the complex 
may be discussed assuming a molecule of D2h symmetry. 
However, in the matrix-isolated species, a weak band 
is found at 1629 cm-1 which has not been accounted for 
by either Mikami, et al.,22 or Nakamoto, et al.,21 This 
band is also observed for the nickel complex ir. a carbon 
dioxide matrix and in the cobalt complex as a shoulder. 
It is absent in the zinc(II) complex. Further, in the 
copper complex, the strong band at 1554 cm-1 is found 
only for the polymeric and not for the matrix-isolated 
species. Nakamoto, et al.,21 assigned this band and the 
one at 1534 cm-1 to a mode consisting of 75% C = 0  
stretch and 25% C = C  stretch, but they indicated that 
they do not have a ready explanation why this band 
should be split. Mikami, et al.,22 did not attempt to 
assign this band. It therefore appears probable, since 
this band is not found in the matrix-isolated species, 
that the distortion of the complex from planarity, 
owing to intermolecular interactions, may be sufficient 
to cause this band to split. The spectra obtained in 
this work also differ from those measured by Nakamoto, 
et al.,21 in that we have observed an additional weak 
band at 1260 cm-1. This band is of similar energy for 
the polymeric species and for the matrix-isolated mole
cule. From the coordinate analyses, the band at 1274 
cm-1 has been assigned to a Blu transition arising 
from a C = C  stretch (28%) and a C— CH3 stretch (50%) 
mode. The 1260-cm_1 band is tentatively considered 
to result from the splitting of the 1274-cm_1 band, the 
complex having a symmetry lower than D2h. Absorp
tions are also found on the high-energy side of the 
1028-cm-1 band. The shape of this band varies on 
changing the temperature and also on going from poly
mer to monomer at liquid nitrogen temperature. 
Mikami, et al.,22 assigned a band at 1055 cm-1 (not 
observed by us or Nakamoto, et al.21) to a CH3 degen
erate rocking mode.

Bis(acetylacetonato)nickel(II). The general features 
of the spectrum of this planar, monomeric complex in 
the carbon dioxide matrix are very similar to eh at of the 
matrix-isolated copper species, which undoubtedly has 
a very similar structure. It is of interest to note that 
the 1582-cm-1 band of the copper complex has been 
shifted 10 cm-1 to lower energies in the matrix-isolated 
nickel complex, whereas the 1531-cm_1 band is nearly 
of the same energy ir. both the copper and nickel 
species. Since the 1582-cm-1 band is predominantly 
due to the C = C  stretching mode, whereas the 1531- 
cm-1 band is associated predominantly with a C = 0  
stretching mode, the change in the energy o; the 1582- 
cm" 1 band may possibly reflect a difference in the elec
tronic properties of the structure of the two complexes. 
Differences in the ir -*■ ir* transitions of the isomorphous 
Ni(DPM)2 and Cu(DPM)2 have been noted.6 Also, 
the 1582-cm~1 band in the copper complex is quite 
insensitive to the temperature of the complex or
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whether it is matrix isolated, but the band in the nickel 
complex is extremely sensitive to these conditions. 
Thus, as reported by Nakamoto, et al.,n the band ap
pears at 1598 cm-1 in a KBr pellet. It is shifted to 
lower energies (1588 cm“ 1) in the pure complex at room 
temperature and then is further displaced to 1570 cm-1 
when cooled to 77°K. The shoulder at 1564 cm-1 is 
considered to arise from the overlap of the two adjacent 
strong high-energy bands. The splitting of the band 
around 1028 cm“ 1 observed for the copper complex is 
much more prominent in the nickel complex. Further, 
the band around 950 cm-1 is split into a doublet, the 
maxima occurring at energies of 954 and 945 cm-1.

Bis(acetylacetonato)zinc(II). In the absence of 
polymerization, it is found that in general the tetra- 
coordinate zinc(II) complexes are tetrahedral.7 For 
the complex observed here, one expects the monomer to 
be tetrahedral. The species formed on vaporization 
of this complex was isolated in a carbon dioxide matrix. 
The infrared spectrum of the matrix-isolated species 
was found to compare closely with that of the copper 
complex, except that in the zinc spectrum no splitting 
of the 1020-cm_1 band was observed. Further, the 
CH out-of-plane bending mode is shifted to lower ener
gies in the zinc complex. This band still exists as a 
doublet, the band maxima lying at 777 and 766 cm-1. 
Based on the infrared spectrum in the region investi
gated alone, it is not possible to deduce a -priori the 
symmetry of the matrix-isolated species (however, see 
the discussion for Co(acac)2).

The infrared spectrum is dependent upon the physical 
conditions under which the investigation is made. As is 
found for the nickel complex, the absorption band arising 
from the predominantly C = C  stretching mode is shifted 
16 cm-1 to lower energies from the solid at room tempera
ture to the matrix-isolated species. A second band which 
does exhibit a very large shift on cooling is that band 
found at 1450 cm-1 at room temperature. Makami, et 
al,,22 assigned this band, for the copper complex, to a 
CH3 degenerate deformation (out of plane). It is noted 
that this band was not observed by Nakamoto, et ah,21 
in the KBr pellet of this complex nor in the nickel and 
copper complexes. The doublet (CH out-of-plane 
bending) near 800 cm-1 is a doublet at room temper
ature, a singlet at 77°K, and again a doublet in the 
matrix-isolated species. Furthermore, the energies of 
these bands vary appreciably. The room-temperature 
doublet at 788, 807 cm-1 is a singlet at 773 cm-1 for the

polymer cooled to 77°K. These bonds appear at 766 
and 777 cm-1 for the matrix-isolated complex.

Bis(acetylacetonato)cobalt(II). Tetracoordinated co- 
balt(II) has been shown to exist in both square-planar 
and tetrahedral configurations.4 A Co04 system such 
as is found in the monomer of this complex is expected 
to be tetrahedral (D2d).4 An essentially tetrahedral 
arrangement of the oxygens about the cobalt is found 
for Co(DPM )2.7 The infrared absorption spectrum of 
the matrix-isolated species is very similar to that found 
for the corresponding zinc(II) complex. The only 
band to show an appreciable energy shift is the CH3 
degenerate deformation band found at 1390 cm-1 for 
the zinc complex and 1402 cm-1 for the cobalt species. 
The doublet near 800 cm-1 in the matrix-isolated 
species is also present in the polymeric species at 77 °K  
but is absent in the room-temperature spectrum. A 
further point of interest is that the band at 1080 cm-1 
for the polymer at 77°K, which might be assigned to 
the CHS degenerate rocking mode according to the 
results of Makami, et al.,n on the copper complex, was 
absent in the matrix-isolated species. (See Table V.)

Table V : Infrared Absorption Bands for 
Bis(acetylacetonato)cobalt(III) (cm-1)

In  C O 2 m a tr ix A t  7 7 ° K ° A t  r o o m K B r  p e lle t
( 7 7 ° K ) (n o t  in  m a tr ix ) te m p 6 (r o o m  te m p )

1615 sh
1584 s 1588 s 1589 s 1610 s
1524 s 1518 s 1512 s 1513 s
1463 m 1461 m 1450 sh 1461 sh
1428 m 
1402 s

1421 m 
1396 s 1395 s 1398 s

1364 m 1358 s 1362 s 1366 s
1265 m 1258 m 1256 m 1261 m
1198 w 1196 w 1193 w 1199 w

1010 m
1080 w 
1018 m 1017 m 1020 m

929 m 924 m 922 m 931 m
776Ì 
766) m

807 w 
771 w 768 w 767 w

“ See footnote a, Table II ; b See footnote 6, Table II.
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Catalytic Polarographic Current of a Metal Complex.1 IV. Effect of the 

Electrode Double Layer on the Ni (11 )-o -Phenylened iamine Prewave2

by Lowell R. McCoy, Harry B. Mark, Jr.,
D e p a r t m e n t  o f  C h e m is t r y ,  U n i v e r s i t y  o f  M i c h i g a n ,  A n n  A r b o r ,  M i c h i g a n  4 8 1 0 4

and Lucien Gierst
D e p a r t m e n t  o f  C h e m is t r y ,  F r e e  U n i v e r s i t y  o f  B r u s s e l s ,  B r u s s e l s ,  B e l g i u m  ( R e c e iv e d  J u l y  8 ,  1 9 6 8 )

A study of the Ni(II)-o-phenylenediamine prewave has shown that a pronounced double-layer effect is ob
served when measurements are made of polarographs obtained with various types and concentrations of sup
porting electrolytes. The effect on the prewave is qualitatively consistent with theoretical predictions when 
the concentration of the electrolyte is not so high as to invalidate the assumptions employed in the theoretical 
treatment. The results of this investigation support the existence of a surface-controlled chemical reaction 
involving an adsorbed ligand and the nickel ion diffusing to the electrode. The conclusion by Tur’yan and 
Malyavinskaya that the chemical rate-limiting reaction involves the formation of an electroactive N i(II)- 
o-phenylenediamine complex in the bulk of the solution well beyond the influence of the electrode double layer 
is therefore incorrect. A quantitative analysis of the relationship between the height of the prewave and the 
potential of the outer Helmholtz plane indicates that the charge on the electroactive species in the rate- 
determining step is + 1  rather than + 2  as expected from the charge of the hexaaquonickel ion. The reason 
for this disagreement may lie in the adsorption behavior of the ligand.

A number of investigators2'3-7 have reported the 
appearance of prewaves during the polarographic re
duction of Ni(II) in the presence of complexing agents 
such as pyridine, o-phenylenediamine, ethylenediamine, 
triethylenetetramine, chloride ion, etc. These pre
waves can arise several hundred millivolts positive to 
the main reduction wave of Ni(H20 )62+. The height 
of the prewave varies directly with the concentrations 
of ligand and nickel ion. Shifts of the entire Ni(II) 
wave to more positive potentials in the presence of 
certain anions of the supporting electrolytes such as 
chloride and thiocyanate and large excesses of pyridi- 
nium salts have been recognized for some time and have 
been used as an analytical method of separating the 
nickel wave from that of other metal ions having similar 
half-wave potentials, i.e., cobalt.8 In these cases the 
complexing agent is present in great excess with respect 
to the nickel ion concentration, and no separate pre
wave can be distinguished.

From a study of the prewave obtained with Ni(II) 
and o-phenylenediamine, 2a"2b’4 it was concluded that 
the mechanism involved a rate-limiting chemical re
action between the hexaaquonickel ion and the ad
sorbed ligand in the sequence shown in eq 1 and 2. 
The adsorbed ligand is cyclically regenerated by the 
electrochemical reduction of the adsorbed complex. 
This view has been disputed by Tur’yan and Malyavin
skaya,9 who stipulated that the electroactive complex is 
formed in the bulk of the solution in a rate-limiting 
homogeneous reaction between the hexaaquonickel ion 
and the regenerated ligand diffusing outward from the 
electrode surface. These writers supported their con

clusion by a calculation of a reaction layer thickness 
based on an estimated equilibrium constant for the 
Ni(II)-~ligand complex.

Gierst10 has shown that the observed rate of an 
electrode process will be affected by the state of the 
electrode double layer where the reaction layer thick
ness for a rate-limiting chemical reaction is small relative 
to the thickness of the diffuse layer. A surface reac
tion involving an adsorbed ligand must fulfil this con
dition. Conversely, Turyan and Malyavinskaya9 state 
that their calculated reaction layer thickness (3 X 
10-4 cm) precludes any double-layer effect. As the 
structure of the electrode double layer can be varied at

(1) This research was supported in part by grants from -he National 
Science Foundation, Grants No. GP-4620 and G P-6425, and the 
U. S. Army Office of Research, Durham, N. C., No. DA-31-124- 
ARO-D-284.
(2) For other papers of this series see: (a) H. B. Mark, Jr. and C. N. 
Reilley, J .  E l e c t r o a n a l .  C h e m . , 4, 189 (1962); (b) H. B. Mark, Jr. 
i b i d . ,  7, 276 (1964); (c) H. B, Mark, Jr., L. R. McCoy, E. Kirowa- 
Eisner, and H. C. MacDonald, Jr., J .  P h y s .  C h e m . , 72, 1083 (1968).
(3) H. B. Mark, Jr. and C. N. Reilley, A n a l .  C h e m . , 35, 195 (1963).
(4) H. B. Mark, Jr., i b i d . ,  35, 940 (1964); J .  E l e c t r c a n a l .  C h e m . ,  
8, 253 (1964).
(5) Ya I. Tur’yan and G. G. Serova, Z h .  F i z .  K h i m . ,  31, 1976 (1957) ; 
Ya. I. Tur’yan, D o k l .  A k a d .  N a u k  S S S R ,  148, 848 (1962); Z h .  F i z .  
K h i m . ,  39, 257 (1965).
(6) I. V. Nelson and R. T. Iwamoto, J .  E l e c t r o a n a l .  C h e m . , 6, 234 
(1963).
(7) D. C. Oison, A n a l .  C h e m . , 39, 1785 (1967).
(8) I. M. Kolthofî and J. J. Lingane, “ Polarography,”  2nd ed, Vol. II, 
Interscience Publishers, New York, N. Y ., 1952, p 486.
(9) Ya I. Tur’yan and O. N. Malyavinskaya, E l e c t r o k h i m i y a , 2, 1185 
(1966); S o v .  E le c t r o c h e m . , 2, 1082 (1966).
(10) L. Gierst, T r a n s .  S y m p .  E le c t r o d e  P r o c e s s e s , 109 (1959).
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fcf(slow)
Ni(H20 )62+ +  ALads Ni(L)x (H20)ft_y2+ad3 +  FH20  (1)kb

A
—

fe e l (fast)
N i(LM H 20 )6_y2+ads — — > Ni(Hg) +  (6 -  F)H20  +  X Lad„

will by changing the nature and/or concentration of 
the supporting electrolyte, a study of the effects of these 
variables on the observed height of the prewave thus 
offers an experimental method of resolving this ques
tion.

This paper will present the detailed results of such a 
study of the Ni(II)-o-phenylenediamine (OPDA) sys
tem.11 The prewaves produced by this combination 
arise at potentials well separated from the main hexa- 
aquonickel wave, permitting calculations to be made 
with minimum interference or overlap from the main 
hexaaquo wave. Also the p ffa, of this ligand12 (pAa, = 
4.5) permits measurements to be made in a reasonably 
broad pH range (6.5-7.5) where little of the Ni(II) is 
present as the hydroxyl complex, and yet the ligand 
exists almost wholly in its nonprotonated form in this 
range.3'4

Experimental Methods

The methods and procedures employed in making 
the polarograms were generally the same as those re
ported previously2’3,4 with a few exceptions. The drop 
time of the dropping mercury electrode (dme) was 
controlled mechanically at 4.0 ±  0.05 sec.13 No 
maximum suppressors such as the Ca2+ ion, used in the 
previous investigations,2’3’4 were used here as they 
would complicate the double-layer studies. A three- 
electrode polarograph with a scan rate of 100 mV/min 
was employed.13

The supporting electrolytes and ligand solutions 
were prepared from triple-distilled water and analytical 
reagents. The latter were further purified where 
necessary by standard practices.13 As the ligand (o- 
phenylenediamine) solutions are unstable in the pres
ence of air, these were prepared using aliquots of 
deaerated electrolyte solution. Storage of the ligand 
solutions for prolonged periods was found to be feasible 
if these were frozen immediately after preparation and 
thawed just prior to use.

The pH of the polarographic solutions were adjusted 
to 7.0 ±  0.5 where necessary by the addition of an acid 
or base corresponding to the cation or anion of the 
specific supporting electrolyte. The pH was monitored 
continuously during the course of the polarographic 
measurements, as some drifting was evident in dilute 
solutions of unbuffered reagents. The temperature of 
the solution in the polarographic cell was maintained at 
25 ±  0.1°.

(2)

Qualitative Effect of the Type and 
Concentration of the Supporting Electrolyte

Where an electrochemical reaction is preceded by a 
surface rate-limiting chemical reaction involving an 
uncharged ligand, Gierst10 has shown that the following 
expression describes the relationship between the 
“ apparent”  and “ true”  velocities of the reaction

( ZF \
~ R T j  ®

In eq 3, v* is the apparent velocity of the reaction cal
culated from the wave height where the surface con
centration of a charged reactant is subject to perturba
tion by the electrode double layer; v0 is the true velocity 
that would be obtained in the absence of any effect 
from the double layer; Z is the charge of the reactant; 
and \p° is the potential of the outer Helmholtz plane.10 
The symbols, F, R, and T have their usual electrochemi
cal significance. For a preelectron-transfer association 
reaction taking place in the bulk of the solution, v0 is 
given by

Vo = [L]x VDKkt (4)
where [L] is the ligand concentration, D is the diffusion 
coefficient for the hexaaquonickel ion, X  is the stoichio
metric coefficient of the ligand, K  is the formation 
equilibrium constant for the Ni(II)-ligand complex, and 
ki is the forward reaction rate constant. As this rela
tionship has been derived for the case of a homogeneous 
equilibrium reaction of the type described by Tur’yan 
and Malyavinskaya,9 it is not directly applicable to the 
proposed surface-reaction mechanism.2’3'4 The quan
tity y/DKk{ may be calculated from the ratio of 
the observed prewave height to the diffusion-limiting 
height, using a relationship derived by Koutecky.14 
Where a double-layer effect exists, however, v* rather 
than v0 will be obtained by this process. The calcu
lated value of v* will then vary with i/° in the manner 
shown in eq 3. The quantity, Z, is expected to be + 2  
for the hexaaquonickel ion, and \p° will be negative over 
the electrode potential range of the prewave. Under 
otherwise identical conditions, v* and therefore the 
prewave height will decrease as i/° becomes less nega-
(11) See ref 2c for a preliminary communication of part of the results 
of this study.
(12) R. T. Morrison and R. N. Boyd, "Organic Chemistry,”  Allyn 
and Bacon, Inc., Boston, 1959, p 544.
(13) L. R. McCoy, Ph.D. Thesis, University of Michigan, Ann 
Arbor, Mich., 1967; L. R. McCoy, H. B. Mark, Jr., and L. Gierst, 
unpublished results, 1967.
(14) J. Koutecky, Coll. Czech. Chem. Commun., 18, 597 (1953).
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tive. At these electrode potentials, the Gouy-Chap- 
man relationship shows that \p° will decrease as 
the concentration of the supporting electrolyte is in
creased.15 Also for a given supporting electrolyte 
concentration, the choice of an electrolyte whose ions 
are specifically adsorbed will result in a more (anion 
adsorption) or less (cation adsorption) negative value 
of ip° than would be obtained for an electrolyte whose 
ions are not adsorbed. Thus measurement of polaro- 
grams obtained with various types and concentrations 
of electrolytes and with invariant reactant concentra
tions affords a ready means of observing the effect, if 
any, of the electrode double layer on the prewave.

In the study of the effect of variation of the concen
tration of the supporting electrolyte, lithium salts were 
used. The Li+ ion is the least specifically adsorbed 
cation available and its effects on \p° as a function of 
concentration are known.10 Lithium perchlorate and 
lithium nitrate were the preferred electrolytes in these 
investigations, as neither anion is specifically adsorbed 
to a significant degree at electrode potentials of concern 
to the prewave region at moderate concentrations10'16 
and neither forms stable complexes and/or ion pairs 
with the Ni(II) cation.13'16

Prewaves obtained using a series of concentrations 
of lithium perchlorate are shown in Figure 1. Within 
the concentration range shown here, attenuation of both 
the prewave and the main hexaaquonickel wave with 
increasing electrolyte concentration is evident. The 
same results were obtained where lithium nitrate or 
lithium acetate were employed as the supporting elec
trolytes. When the concentration of these electrolytes 
exceeded 0.5 M, however, the opposite effect was pro
duced, and the prewave either became static or began 
to rise in height with an increasing concentration of 
electrolyte. Prewaves obtained with the more con
centrated solutions are shown in Figures 2 and 3.

Figure 1. The effect of varying concentrations of lithium 
perchlorate upon the prewave height (low-concentration 
range, 5 X lO '4 M  Ni2+, 1.6 X lO“ 4 M  OPDA):
--------- , 0.05 M  LiCIO«;--------- , 0.1 M LiCICh;
------------ - o.2 M  L iC lO i;-------- , 0.5 M  LiCICh.

Figure 2. The effect of varying concentrations of lithium 
nitrate upon the prewave height (high-concentration range,
5 X 10-4 M  Ni2+, 1.6 X 10-4 M  OPDA): ------— , 1.0 M
LiN O s;--------- , 3.0 M  LiN03; ----------- , 5.0 M  LiNOa.

Figure 3. The effect of varying concentrations of lithium 
acetate upon the prewave height (high-concentration range,
5 X lO"4 M  Ni2+, 1.6 X 10-4 M  OPDA): --------- , 1.0 M
LiC3H30 2; -----------, 2.0 AT I. C2I I3()2; ------------ , 4.0 .1/ I .ill; II2( )2.

Coincident with the reversal of the trend of wave height 
with electrolyte concentration, a rather pronounced 
shift of both the prewave and main wave toward more 
positive potentials was observed in both lithium per
chlorate and lithium nitrate. Dandoy and Gierst17 
have noted this effect in the case of the hexaaquonickel 
wave alone, attributing the phenomenon to changing 
activity of the reactant ion in these very concentrated 
solutions.

In the concentrations <0.5 M, the observed changes 
in prewave height are therefore in accordance with the 
anticipated double-layer effect upon a surface reaction. 
At higher concentrations, the reverse is true. Inter
pretation of the results obtained in the latter case is

(15) P. Delahay, “ Double Layer and Electrode Kinetics,”  Inter
science Publishers, New York, N. Y ., 1965, p 42.
(16) L. Gierst, private communication, 1966.
(17) J. Dandoy and L. Gierst, J. Electroanal. Chem., 2, 116 (1961).
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Figure 4. The dependence of the rate parameter, X, 
and the mean ionic activity coefficient upon 
the concentration of lithium perchlorate.

subject to a number of uncertainties. These include 
pronounced activity changes for both reactants, an 
increase in specific adsorption of the electrolyte anion, 
salting out effects on the ligand,16 a possible increase in 
the equilibrium concentration of less highly aquated 
nickel ions (regarded by Dandoy and Gierst17 as the 
electroactive species in the absence of the ligand), and, 
perhaps, an increasingly dubious applicability of classi
cal double-layer theory. That activity effects may play 
a major role in the more concentrated electrolyte is 
indicated by Figure 4, where the change in the observed 
rate, v* (shown here as A, defined below), and the mean 
ion activity coefficient, y±, appear as functions of the 
concentration of this electrolyte. The concentration 
at which the prewave height reverses its trend is roughly 
coincident with an accelerating rise in y ± with concen
tration. The static behavior of the prewave in higher 
concentrations of lithium acetate may be attributed to 
the fact that the acetate ion forms a moderately stable 
(p-Kst =  1.0) complex with the nickel cation.18’19 

The experiments described above were performed 
with electrolytes whose anions are subject only to lim
ited degrees of specific adsorption.1016 The effect of 
changes in the electrode double layer on the prewave 
characteristics may also be studied by employing elec
trolytes whose anions are subject to different de
grees of specific adsorption. The halogen salts offer 
a convenient group of electrolytes for this purpose. 
Values of \f/°, obtained by Grahame and Soderberg20 
in 0.1 M solutions of KI, KBr, KC1, and NaF, are shown 
in Figure 5.21 The disparity in the values of \pa at 
electrode potentials from —0.6 to —0.9 V arises from 
the fact that the specific adsorption of these anions is 
different and decreases in the order I »  Br >  Cl >  F. 
At an electrode potential of —0.9 V, desorption of the an
ions is nearly complete, and the values of are the same 
for all of these salts. In view of the earlier discussion, a 
greater prewave height should result from more negative 
values of ^°. The polarographic results obtained with

Figure 5. Variation of the outer Helmholtz potential, \JA, 
with the electrode potential in 0.1 N solutions of
potassium halides: -------- , K F ; --------- , KC1;
----------- , K B r ;--------- , KI.

0.1 M solutions of the lithium halides are shown in Fig
ure 6, where it may be seen that the prewave heights 
are in the order predicted by the ip° values for these 
salts. The same order is retained also in 1.0 M  solu
tions.18 The prewave obtained with lithium iodide is 
particularly interesting, as desorption of the anion at 
more negative electrode potentials results in the appear
ance of a pronounced “ hump” in the prewave.

The effect of changes in the electrode double layer 
on the prewave was also investigated by varying the 
cation of the supporting electrolyte. Although Ca2 + 
is not specifically adsorbed, values of \p° for a 1:2 elec
trolyte will be significantly lower than those pertaining 
to a 1:1 electrolyte at the same concentration. Values 
of \f/° for the former type have been calculated by 
Grahame.22 The result of substituting calcium nitrate 
for lithium nitrate as the supporting electrolyte on the 
prewave height is shown in Figure 7. The decrease in 
prewave height is consistent with a decrease in \p°. 
Tetraalkylammonium ions are specifically adsorbed 
and thus also decrease values of ^°.23 24 A comparison

(18) L. G. Sillen and A. E. Martell, “ Stability Constants of Metal- 
Ion Complexes,”  The Chemical Society, Burlington House, London, 
1964, p  366.
(19) The polarographic study of Ni(II) and Ni(II)-com plex systems 
of this type shows numerous anomalous characteristics which cannot 
be explained in terms of the 'I'0 effect treatment given in this paper. 
Part of these anomalies appear to result from the formation of 
Ni(II)-aeetate complexes in the bulk of the solution. Also, it 
appears from double-layer capacitance studies that the acetate 
ion, although not specifically adsorbed to an appreciable extent,16 
effects the surface excess of the adsorbed ligand (H. B. Mark, Jr.,
H. C. MacDonald, Jr., and E. Kirowa-Eisner, unpublished results, 
1968).
(20) D. C. Grahame and B. A. Soderberg, Technical Report No. 14 to 
the Office of Naval Research, Amherst College, Amherst, Mass., Feb 
(1954).
(21) The electrode potential scale used here has been changed to 
see rather than the nhe scale used by Grahame.
(22) D. C. Grahame, J. Chem. Phys., 21, 1054 (1953).
(23) J. Koryta, Electrochim. Acta, 6, 67 (1962).
(24) A. N. Frumkin, Advan. Electrochem. Electrochem. Eng,, 1, 95 
(1961).
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potential . volts, s .c.e.

Figure 6. The effect of anion adsorption upon the Figure 8. The effect of cation adsorption upon prewave
shape and amplitude of the prewave (0.1 N  solutions of height: --------- , 0.1 N  lithium acetate;--------- , 0.1 N
lithium halides, 5 X 10~4 M  Ni2+, 1.6 X 10 " 4 M  OPDA): tétraméthylammonium acetate;-----------, without OPDA.
--------- , L iC l ;--------- , L iB r ;--------—, Lil.

Figure 7. Comparison of prewaves obtained in 0.1 N 
solutions of lithium and calcium nitrate (5 X 10-4 M  Ni2+, 
1.6 X IQ“ 4 M  OPDA): --------- , LiN03; --------- , Ca(NO,)s.

of the prewaves obtained in 0.1 M solutions of lithium 
acetate and tétraméthylammonium acetate appears in 
Figure 8. Interpretation of this result requires some 
caution, however, as adsorption of this cation may also 
decrease the reaction rate by a reduction in the effective 
electrode area. If adsorption of the ligand does occur, 
the cation competes for electrode surface area and may 
reduce the surface concentration 0: the reacting species. 
Studies of the effect of the alkali metal cations on the 
rates of other electrode reactions have shown that these 
produce an effect akin to that of cation adsorption, in
creasing in the order Li, Na, K, and Cs.17 Figure 9 
shows the polarograms obtained with lithium, potas
sium, and cesium nitrate supporting electrolytes. The 
results are again consistent with a double-layer effect on 
a surface-rate-limiting reaction.

Qualitatively, the results obtained in these investi
gations with a wide variety of concentrations and types 
of electrolytes are consistent with a pronounced double
layer effect on the prewave and clearly invalidate the

Figure 9. The effect of the alkali metal cations upon the 
height of the prewave (0.1 N nitrate solutions):
--------- , LiN03; -----------, KN 03; --------- , CsNOa.

concept of a rate-limiting “ bulk”  chemical reaction as 
proposed by Tur’yan and Malyavinskaya.9

Quantitative Analysis of the Prewave

It should be possible to verify quantitatively the 
mechanism described in reactions 1 and 2 using eq 3 
and 4. Some modification of eq 4 will be required first, 
however, if the reaction does involve an adsorbed ligand. 
The ligand concentration, [L], in eq 4 is defined in terms 
of a volume concentration. This difficulty can be 
avoided if the assumption is made that near-equilibrium 
coverage of the adsorbed ligand is attained quickly 
within the life of the drop. The surface concentration 
of the adsorbed species can then be effectively regarded 
as a time-invariant quantity. While this is ordinarily 
a dangerous assumption in view of the known slow 
attainment of equilibrium coverage by many adsorbed 
organic molecules, sufficient evidence was at hand to 
permit such an assumption as a reasonable first-order 
approximation at the concentration of OPDA used in 
the polarographic measurements.13’19 If Koutecky’s
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relationships14 for a heterogeneous electrochemical 
reaction are written in somewhat modified form26

l~  = F(\) (5)'I'd

i =  nFAkth C ^ > ] (6)

The quantity in brackets in eq 6 represents the surface 
concentration of the reactant species at time t. In 
the context of reaction 2, it may be equated with the 
surface concentration of the hexaaquonickel ion at the 
electrode surface. With the assumption that [L]ada is 
virtually a constant over the fife of the drop, fcfh, the 
normal heterogeneous rate constant, can then be re
placed by fcf[L]adsx, where fcf is the forward chemical 
reaction rate constant for reaction 1. The quantity X 
in eq 5 is then defined as

. fcf[L]ads \/t /ns
x "  V d  (7)

The quantity X calculated from the height of the 
prewave, is, however, clearly subject to the effect of the 
electrode double layer as shown in the previous section. 
The reaction velocity, v0, in eq 3 is now defined for a 
surface reaction as

V<s —  f c f  [ L ] a d s

The apparent velocity, v*, then becomes

* _
’ "  V I

(8)

(9)

These equations may then be combined in the form of 
eq 3 to give

, l,[L l.d .V <
X -  -  v i>  (10)

The above relationships have been derived on the 
basis that the rate of the electrode process is controlled 
wholly by the forward rate of the chemical reaction. 
They may be strictly applied therefore only to data 
taken at electrode potentials that are sufficiently nega
tive to the rising portion of the prewave to ensure that 
the rate of the charge-transfer reaction exceeds the 
chemical rate. Inspection of Figures 1, 3, and 6-9 
suggests that the applicable electrode potential ranges 
from about —0.8 to —0.9 Y see. At electrode po
tentials more negative than —0.9 V, serious interference 
from the main hexaaquonickel wave is encountered.

If a Henry’s law relationship is assumed to exist be
tween the surface concentration of the ligand and its 
bulk concentration (at low ligand concentrations), eq 10 
may be written as

, W /M L R 'V l  (
X  --------V 5 -------(U )

where [L]° is the bulk ligand concentration and Kh is 
the Henry’s law constant. The stoichiometric coeffi
cient, X, may then be evaluated through a series of 
measurements of the prewave height as a function of the 
ligand concentration in the same supporting electrolyte. 
If X is calculated at the same electrode potential in each 
case and if the adsorbed ligand surface concentration is 
not so large as to cause \p° to differ significantly from 
that of the electrolyte itself, the exponential term be
comes a constant. At a constant time of current mea
surement, eq 11 then becomes simply

log X =  constant +  X  log [L]° (12)

The results obtained in such an experiment are 
shown in Figure 10. The slope of the curves at lower 
ligand concentrations clearly indicates a 1:1 combining 
ratio for the ligand and the hexaaquonickel ion. The 
result is evidently not critically dependent on the 
choice of electrode potential. The deviation from 
linearity suggests that either a deviation from Henry’s 
law occurs or adsorption of the ligand is great enough 
to cause a significant change in as the concentration 
increases. It should be noted also that eq 12 would 
apply equally well to a bulk chemical reaction having a 
reaction layer thickness well within the diffuse zone of 
the double layer. In this instance, the Henry’s law 
approximation would not be involved, and greater rigor 
would be expected from the relationship. In a nega-

Figure 10. The dependence of the rate parameter, X, upon 
the bulk concentration of OPDA (0.1 N  lithium 
perchlorate solutions, 5 X 10 ~i M  Ni2+):
— O— , —0.85 V  see; — A —, —0.75 V  see.

(25) The original relationship derived by Koutecky“  was written 
in terms of the symbol x ; X used here equals v V n X -
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Figure 11. Dependence of the rate parameter, X, upon 
in 0.1 N  lithium perchlorate solutions (5 X 10~4 M  Ni2+,
1.6 X 10~4 M  OPDA): —O—, -0 .70  V;
—A—, -0 .75  V; — X — -0 .85  V.

tive sense, the observed deviation from linearity argues 
against this possibility. Unfortunately, changes in \p° 
by adsorbed ligand, even if this species did not partic
ipate in the electrochemical reaction, could also pro
duce the curvature noted in Figure 10.

If the experimental conditions involve changing \p° 
through the use of a range of concentrations of support
ing electrolyte at constant reactant concentrations, 
eq 10 may be employed to determine the dependence of 
X on this variable. If [L]adt> is reasonably insensitive to 
a range of electrolyte concentrations, it may be regarded 
as substantially constant under these conditions, and 
eq 10 is reduced to

ZF
log X =  constant -  g (13)

The results of such experiments using lithium per
chlorate and lithium nitrate are shown in Figures 11 
and 12. In both instances, the values of were 
taken from Russell’s26 tables after correction of the 
electrode potentials shown there to see. It has there
fore been assumed that anion adsorption is negligible 
in both instances. While this assumption is untenable 
at higher concentrations of these electrolytes, the data 
of Payne27 and Wroblowa, et al.,~s offer assurance that 
errors from this source are minor in the potential 
region of the prewave and at the electrolyte concentra
tions (<0.5 M) employed here. Figures 11 and 12 in
clude only the data calculated at this lower concentra
tion range of supporting electrolyte, where the predic
tions of the double-layer theory were found to be quali
tatively obeyed in the previous section. While a

4>° VOLTS
Figure 12. The dependence of the rate parameter, X, 
upon F  in 0.1 N  lithium nitrate solutions (5 X 10~4 
M  Ni2+, 1.6 X 10-4 M  OPDA): —A—,
-0 .75  V; —O—, -0 .80  V.

linear relationship between log X and log ip° is observed 
in these cases, the slopes of the lines do not conform to 
a reaction involving an uncharged ligand and the hexa- 
aquonickel with a charge Z =  + 2 . Dotted lines have 
been included on these figures with slopes equal to 
ZF/2.3RT, where Z equals + 1  and + 2 . To the extent 
that Z must be an integer, the experimental results 
agree more closely with a reactant charge of + 1 . The 
results obtained by Dandoy and Gierst17 in experiments 
involving the hexaaquonickel ion alone have shown that 
the electroactive species has a + 2  charge as expected. 
The cause of this difference could lie either in the behav
ior of the ligand or in the assumptions employed in the 
development of the relationship presented above. Of 
the latter, the treatment of [L]ads as a constant with 
respect to both time and electrolyte concentration is 
certainly suspect. On the other hand, experimental 
evidence obtained from differential capacitance mea
surements indicates that the errors introduced by these 
assumptions are not great enough to account for this 
charge value.18'19 This capacitance evidence does sug
gest, however, that adsorption of o-phenylenediamine 
may involve the coadsorption of the electrolyte anion. 
This aspect of this problem will be discussed in a sub
sequent paper.

(26) C. D. Russell, J. Electroanal. Chem., 6, 486 (1963).
(27) R. Payne, private communication of unpublished results to 
L. R. McCoy, 1966.
(28) H. Wroblowa, Z. Kovac, and J. O'M. Bockris, Trans. Faraday 
Soc., 61, 1523 (1965).
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Brillouin Spectra of Dilute Solutions and the Landau-Placzek Formula

by George A. Miller and Ching S. Lee
School of Chemistry, Georgia Institute of Technology, Atlanta, Georgia 30332 (Received July 8, 1968)

The intensity ratio of central to side peaks has been measured in the Brillouin spectra of several dilute solu
tions. The solvents, chosen for their known deviation from the Landau-Placzek formula, were benzene, carbon, 
tetrachloride, water, and ethylene glycol, with toluene included as a “normal” liquid. The concentration 
dependence of the intensity ratio was shown to be affected by a deviation from the Landau-Placzek relation. 
If one wishes to determine activity coefficients of binary solutions by measuring intensity ratios, careful con
sideration must be given to these deviations.

The resolving of the Brillouin spectrum or fine struc
ture of Rayleigh scattering offers an interesting new 
approach to the study of the intensity of light scattered 
by solutions. Since concentration fluctuations con
tribute to the unshifted central component of the 
scattered light, one can substitute the intensity of the 
Doppler-shifted side peaks for that of the incident beam 
as a reference. Then the Rayleigh ratio or the tur
bidity is replaced by the ratio of the intensities of the 
central peak to the two side peaks as the experimental 
quantity to be determined. One of us has developed 
the relationship of this ratio to concentration for binary 
solutions1 from the standard thermodynamic theory of 
light scattering. In the simplest form the result re
duces to the well-known Landau-Placzek (LP) formula 
J =  7 — 1 for a pure liquid, where J is the intensity 
ratio and 7 is the ratio of heat capacities at constant 
pressure and constant volume. However, for many 
liquids the LP formula is not an accurate one.

Light-scattering intensity measurements provide a 
tool for studying the nonideality of solutions or, as is 
more common, for determining the weight-average 
molecular weight of polymers in solution. In either 
case, if the Brillouin spectrum approach is to be used, 
it is necessary to be able to treat those instances in 
which the pure solvent does not obey the LP formula. 
With this in mind, we have measured intensity ratios 
for several deviant liquids with small amounts of a 
second component dissolved in them. The solvents 
studied were toluene (normal liquid), benzene and car
bon tetrachloride (internally relaxing liquids), water 
(liquid with very small thermal expansion), and 
ethylene glycol (structurally relaxing liquid). The 
concentrations of the solute did not exceed 10 mol %  
and were much less for the more nonideal solutions 
studied; hence we were working always within or 
close to the Henry’s law region of ideality. In what 
follows, we discuss the relevance of these measure
ments to the LP formula.

In most accurate form, the thermodynamic theory 
yields, for an ideal, binary solution, having a solute 
mole fraction of X21

J =

JT fòn  y  XiXï /òn y
Cp \ÒTJ +  RT \à x j

(1)

where T is the absolute temperature, P is the pressure, 
n is the refractive index, R is the gas constant, a is the 
thermal expansivity, v is the molar volume, and /3x 
and /3s are the two compressibilities. The partial 
differentiation always concerns the triad P, T, and X2. 
A good assumption for many liquids is that

which leads to the simplified form

J =  (7 — 1) +  (7 — l)KxiXi (3)
where

K  _  _Cp_ (dn/dx2)2
RT2 (dn/dT)2

Equations 1 and 3 may be thought in an approximate 
way to arise from the equation

(entropy fluctuation term) +  
j  _  (concentration fluctuation term)

(pressure fluctuation term)

We will take eq 3 as representing the behavior of a 
“ normal”  solution. Deviations from normal behavior 
may result first of all from the incorrectness of the 
assumption implied in eq 2, in which case the full 
eq 1 must be used. Then there will be cases where the 
solution is a relaxing fluid for which the simple thermo
dynamic theory is inadequate. For discussing deviant 
behavior of various kinds, we can write a slightly more 
general form of equation for the intensity ratio

(1) G. A. Miller, J. Phys. Chem., 71, 2305 (1967).
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J = A +  BKxiXi (4)

If we consider dilute solutions, then the coefficients 
A, B, and K, which are actually concentration de
pendent, will be essentially the values at infinite dilu
tion. Except for the refractive index increment which 
occurs in K, these coefficients will depend only on the 
properties of the pure solvent to a good approximation.

First, we will consider the error involved in introduc
ing eq 2. Coumou, Mackor, and Hijmans2 have 
studied this problem in relation to total isotropic light 
scattering. They introduced the parameter

pure liquid, as given by thermodynamic theory. R will 
be approximately equal to 7 — 1 but is given more 
precisely by the formulas discussed above. Let J0 
be the experimental intensity ratio of the pure liquid. 
The effect of a relaxation process will be that J0 >  R; 
the intensity of the side peaks will be multiplied by the 
factor (R +  1 )/(J0 +  1) and that of the central peak by 
the factor J0(R +  1 )/R(J0 +  1). For dilute solutions 
in which the solvent is a relaxing liquid, the intensity 
ratio is given, thus, by eq 4 with

A = Jo,' B =  R(J0 +  1 )/(R +  1) (7)

=  . , Px(àn/òT) 
X +  a(bn/bP)

which becomes zero if eq 2 holds exactly. Equation 1 
may be rewritten in terms of x by means of a factor

2x yx2
1 — x (1 — a:)2

to give a form of eq 4 in which

A =  B =
7 — 1 7 — 1
r + / 7  ~  1 +  27*

(5)

For many organic solvents, x is typically 0.01-0.05,2 
which means that A and B are some 2-10% less than 
7 — 1. For water, x is negative, and A and B are 
about 50% greater than 7 — 1 at 25°. At 4° the 
density of water goes through a maximum, and the 
above formulation in terms of x may not be used. 
Instead we have a =  7 — 1 =  0, and eq 1 becomes

Formally, this fits eq 4 with

However, in the complete coefficient of the concentra
tion term, bn/bT is cancelled out, i.e.

nK =  vh
RT \&n/bPj

which, we will see, allows us to ignore the probably 
rapid change of bn/bT with concentration in aqueous 
solutions at 4°.

Next, we will consider relaxation effects. In a re
laxing liquid the spontaneously generated sound waves, 
as represented by the pressure fluctuation term, trans
fer energy to nonpropagating modes of energy, thereby 
decreasing the intensity of the side peaks and enhancing 
that of the central peak.3-4 The summed intensity of 
these peaks remains the same as that predicted by 
thermodynamic theory. Let R be the value of J for a

In some cases the component of the central peak con
tributed by the relaxation process may be broad enough 
to appear to contribute partly to the intensity of the 
side peaks. Therefore, a reasonably consistent pro
cedure should be used to determine the relative intensi
ties of the three peaks, such that the relaxation com
ponent contributes the same amount to the side peaks 
at different concentrations.

Examples of liquids in which the relaxation is with 
internal modes of energy are carbon tetrachloride5 
and benzene.6-8 In viscous liquids, such as ethylene 
glycol and glycerol,4-9 the relaxation occurs with struc
tural or intermolecular modes of energy. We find eq 7 
quite inadequate for glycol solutions. Since no theo
retical treatment of Brillouin scattering from viscous 
solutions is available, we must consider the coefficient B 
to be unpredictable for such solutions.

Water is an interesting case experimentally, be
cause Jo is very small and difficult to measure in the 
face of small contributions from dust and instrument 
scattering. Values of J0 calculated by thermodynamic 
theory agree as well as can be expected with experi
ment.10 Since there are no relaxation effects here, we 
can assume that A = B for aqueous solutions. With 
the proper choice of solute, large values of J may be ob
tained from relatively dilute solutions. Therefore, B 
may be measured more accurately than A. At 4°, 
where J0 is truly miniscule (4 X 10-4), B is still a 
readily measurable quantity.

Our assumption about the limiting behavior of A 
and B warrants additional comment. In the limit of

(2) D. J. Coumou, E. L. Mackor, and J. Hijmans, Tram. Faraday 
Soc., 60, 1539 (1964).
(3) C. J. Montrose, V. A. Solovyev, and T . A. Litovits, J. Acoust. 
Soc. Amer., 43, 117 (1968).
(4) D . A. Pinnow, S. J. Candau, J. T. LaMacchia, and T. A. Litovitz, 
ibid., 43, 131 (1968).
(5) W . S. Gornall, G. I. A. Stegeman, B. P. Stoicheff, R. H. Stolen, 
and V. Volterra, Phys. Rev. Lett., 17, 297 (1966).
(6) J, L. Hunter, E. F. Carome, H. D. Hardy, and J A. Bucaro, 
J. Acoust. Soc. Amer., 40, 313 (1966).
(7) C. L. O’Connor and J. P. Schlupf, ibid., 40, 663 (1966).
(8) E. F. Carome and S. P. Singal, ibid., 41, 1371 (1967).
(9) D. H. Rank, E. M. Kiess, and U. Fink, J. Opt. Soc. Amer., 56, 
163 (1966).
(10) C. L. O’Connor and J. P. Schlupf, J. Chem. Phys., 47, 31 
(1967).
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He-Ne laser
(\ = 7 f

cell
- B — *■ 6328 A

cylindrical lens 
Interferometer 
spherical lens

r— pin hole 
[]  photomultiplier

Figure 1. Schematic of light>scattering apparatus.

Figure 2. Simplified diagram of scanning Fabry-Perot 
interferometer showing piezoelectric ceramic 
tube (P), multilayer dielectric mirrors 
(Mi, M2), micrometer adjustment for parallelism 
(X, Y). Mirror spacing (d) is adjustable.

infinite dilution, the derivatives dA/Z>x2 and bB/bx2 
will not be zero except by accident. The value of B 
obtained from a determination of J in dilute solutions, 
even if extrapolated to x2 =  0, will contain an unwanted 
increment, (dA/dx2)/K. This error may be kept small 
by choosing a solute-solvent pair with a large refractive 
index increment.

Experimental Section
Brillouin spectra were recorded at a scattering angle 

of approximately 90° as shown in Figure 1. A Perkin- 
Elmer Model 6320 He-Ne laser provided 10-mW radi
ation at 6328 A with a half-width of about 0.025 cm-1 
(0.010 A). The sample was contained in a standard 
square turbidity cell made by the Phoenix Precision 
Instrument Co. The cell was surrounded by a close 
fitting, electrically heated aluminum block for tem
perature control. The scattered light was gathered 
with a cylindrical lens of 10-cm focal length, which 
served to collimate the light parallel to the horizontal 
plane only. Thus the original scattering angle of a ray 
was preserved as it passed through the lens. The 
scattered light was analyzed with a piezoelectrically 
driven, scanning Fabry-Perot interferometer. A sim
plified sketch of the interferometer is shown in Figure 2. 
The actual mounting resembled that of the magnetically 
driven interferometers described by Fork, et al.n 
The 95% reflectant mirrors gave a finesse of about 60. 
Light emerging from the interferometer was focused by 
a 50-cm focal length lens onto a pinhole. The central 
spot of the interferometer ring system was then gathered 
by an EMI 9592-B photomultiplier with an S-10 
response. The signal was amplified through a Schoeffel 
M-600 photometer and was displayed on an X -Y  re
corder. The mirror spacing, d, was set at 10.67 mm, 
giving a free spectral range of 0.48 cm-1 and an over-all 
instrumental half-width of about 0.032-0.042 cm-1 
(arising from the laser line width, the interferometer 
finesse, and the size of the pinhole).

The voltage drive for the interferometer consisted of 
a stabilized 350-V power supply coupled with a 10-turn, 
250,000-ohm Helipot driven by the multispeed output 
of a synchronous motor. The same ramp voltage pro
vided the signal for the X  axis of the recorder. Thus 
the piezoelectric element of the interferometer remained

the only real source of possible nonlinearity in the 
frequency axis of the recorded spectrum.

The solutions were made from commercially available 
reagents without further purification. The benzene, 
toluene, carbon tetrachloride, glycerol, and ethylene 
glycol were Fisher Certified reagents. The naphtha
lene was Eastman Highest Purity, recrystallized from 
alcohol. The water was ordinary distilled.

Organic solutions were made dust free by a single 
filtration through a Millipore filter of 0.22-^ pore size 
under a slight excess pressure of nitrogen. The tur
bidity cell was first washed free of dust with the con
densing vapors of boiling carbon tetrachloride, and the 
solution to be studied was then filtered immediately into 
the cell. Aqueous solutions required repeated filtra
tion (about six times) to remove dust. Some of this dust 
came from the walls of the cell and could not be removed 
by steaming, hence the main purpose of repeated filtra
tion was to wash the dust from the cell. Using 
this fairly well standardized procedure on water gave a 
good indication of how much dust remained on the 
average in the solutions. The glycol solutions required 
two to three filtrations. Naphthalene dissolved in 
glycol only upon heating the mixture to about 80°. 
The most concentrated solution was definitely super
saturated at 25°.

The index of refraction of the solvents as a function of 
temperature and of the solutions as a function of com
position was determined on an Abbé-type Bausch and 
Lomb precision refractometer, using the laser as the 
illuminating source.

Results
A representative selection of recorder traces of the 

Brillouin spectra of the various solutions is given in 
Figures 3-7. Some variation in finesse of the inter
ferometer due to slight misalignment is to be observed. 
The occasional spikes were caused by a dust particle 
passing through the incident light beam. Undoubt
edly, small amounts of finer dust together with a trace 
of instrumental scattering added perhaps a few per cent 
to the intensity of the central peak in all our experi-

(11) R. L. Fork, D. R. Herriott, and H. Kogelnik, A vpl. Opt 3. 
1471 (1964).
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Figure 3. Spectrum of light scattered at 
25° from toluene (lower curve) and a solution of 
100 g of naphthalene/kg of toluene.

Figure 4. Spectrum of light scattered at 25° 
from benzene (lower curve) and a solution of 200 g of 
naphthalene/kg of benzene.

Figure 5. Spectrum of light scattered at 25° from 
carbon tetrachloride (lower curve) and a 
solution of 100 g of naphthalene/kg of 
carbon tetrachloride.

Figure 6. Spectrum of light scattered at 25° from 
water (lower curve) and a solution of 300 g of 
glycerol/kg of water.

Figure 7. Spectrum of light scattered at 25°
from ethylene glycol (lower curve) and a solution of 15 g of
naphthalene/kg of ethylene glycol.

merits. However, our method of following the con
centration dependence of J minimizes these sources of 
error, since, to the degree to which they were constant 
from one solution to the next, they were cancelled out. 
By the same token we did not try to identify the true 
base line of our Brillouin spectra and correct for overlap 
of adjacent peaks. Rather, we drew our base line 
through the minimum points on the trace between suc
cessive orders and divided the central peak from the 
Brillouin peaks by vertical lines at the minimum where 
they overlap. The areas marked off were then measured 
with a planimeter. The test of this method was that it 
produces intensity ratios in reasonable agreement with 
previously published values. This was indeed the 
case even for carbon tetrachloride where the internal- 
relaxation component is broad enough to produce severe
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Table I : Experimental Intensity Ratios, J

Wt of
solute (g)/ — Solvent-solute— -------------------------N

wt of sol- C ,H s-C io H , CeHe—CioH s C C U -C ioH s ,-------------- h 2o --C.HsO î-------------- , ,-------------- CaHiOi-CioHs--------- ------
vent (kg) (2 5 ° ) (2 5 ° ) (2 5 ° ) 4° 2 5 ° 2 5 ° 5 0 °

0 0 .4 32 0 .8 9 0 0 .7 5 2 0 .1 4 0 0 .1 4 0 0 .2 9 7 0 .2 0 6
5 0 .7 0 5

10 1 .1 36
15 1 .6 30 0 .8 8 4
20 0 .9 8 2
25 0 .5 1 5 1 .091
40 1 .0 70
50 0 .6 4 4 1 .3 83 0 .7 0 0
60 1 .1 43
75 0 .7 2 4 1 .5 94
80 1 .2 38

100 0 .8 3 6 1 .3 25 1 .8 09 1 .0 16
150 * 1 .5 67
200 1 .5 60 1 .9 40 1 .8 55
250 2 .2 1 0 1 .9 88
300 2 .4 4 0 2 .3 3 0

Table II : Solvent Parameters

Cp,
Temp, c a l / m o l

Liquid ° C deg - 1 0  >(àn/ì)T) 7 -  1 X R

Toluene 2 5 3 8 . 2 5 “ 5 . 5 F 0 . 3 6 " a. o is1’ 0 . 3 5

Benzene 2 5 3 2 . 5 2 6 6 . 2 7 / 0 . 4 3 " 0 . 0 4 6 ’ 0 . 3 8
Carbon tetrachloride 2 5 3 1 . 4 9 ' 5 . 7 4 / 0 . 4 5 " 0 . 0 2 8 * ' 0 . 4 2

Water 4 1 8 . 1 0 1 * 0 . 1 7 1 7 * 0 ( -  “ ) 3 . 7 1  X 1 0 - <  >'
Water 2 5 1 7 . 9 9 3 d 0 . 9 7 8 * 0 . 0 1 0 6 * - 0 . 1 5 8 * 0 . 0 1 4 5
Ethylene glycol 2 5 3 5 . 6 ' 2 . 5 7 2 ' 0 . 1 4 0 *

Ethylene glycol 5 0 3 7 .  r 2 . 6 5 9 / 0 . 1 8 3 *

“ J. S. Burlew, J. Amer. Chem. Soc., 62, 696 (1940). 6 G. D. Oliver, M. Eaton, and H. M. Huffman, ibid., 70, 1502 (1948). '  J. F. G.
Hicks, J. G. Hooley, and C. C. Stephenson, ibid., 66, 1064 (1944). * Reference 10. ' G. C. Parks and K. K. Kelly, ,/. Amer. Chem.
Soc., 47,2089 (1925); M. B. Neumann and I. A. Kurlyankin, J. Gen. Chem. USSR, 2, 317 (1632); I. B. Rabinovich and P. N. Nikolaev, 
Dokl. Akad. Nauk SSSR, 142, 1335 (1962). 1 Measured in this laboratory at 6328 A. " Values at 20° from H. Z. Cummins and R. W. 
Gammon, J. Chem. Phys., 44,2785 (1966); the temperature variation is not more than 0.2%/deg. * Calculated from y  — 1 = ToPvp/Cp 
using data from various sources: temperature dependence of density, “ International Critical Tables,”  Vol. I ll, McGraw-Hill Book 
Co., Inc., New York, N. Y., 1933, p 112; sound velocity, ref 9; and heat capacity, footnote e. ’ Reference 2. ’ Calculated from data
in ref 10 using eq 6.

overlap with Brillouin components. For ethylene 
glycol the Brillouin components of successive orders 
overlapped so much that it was necessary to measure the 
area of two Brillouin peaks combined.

The experimental intensity ratios (Table I) were 
plotted against XiX2 (Figures 8 and 9) in accordance 
with eq 4. The coefficient B was calculated from the 
limiting slope, as estimated visually. The quantities 
needed to calculate the limiting value of K  in dilute 
solutions (K0) are listed in Tables II and III. Also, 
values of B =  (J — J0)/K0xlx2 were calculated for 
each solution and extrapolated to zero concentration 
for comparison. (See Table IV.) We have included 
these latter plots for the aqueous solutions (Figures 10 
and 11) to show that the dust problem was rather severe 
in this case. For the other systems studied the values

of B obtained by the two kinds of plots agreed to better 
than 5%.

Table II includes the intensity ratio, R, calculated 
from thermodynamic theory. For the first three sol
vents, we used values of x determined by Coumou, 
Mackor, and Hi j mans, which are based on values of 
bn/dT and bn/bP at 5460 A. For water we were able 
to use values of these derivatives at the laser wave
length. We were unable to calculate R for ethylene 
glycol for lack of a value of bn/bP.

Table III lists our experimental values of A (i.e., J0) 
and B and the calculated values of B. For the non- 
aqueous systems, B was calculated by eq 7. Toluene 
behaved very nearly like a normal liquid. With carbon 
tetrachloride there is a 10%  discrepancy between the 
calculated and measured values of B. The overlap
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Table III : Solution Parameters

Solvent Solute
Temp,

°C ò n / Ò X 2a K o

Toluene Naphthalene 25 0.1502 16.10
Benzene Naphthalene 25 0.1768 14.68
Carbon tetra Naphthalene 25 0.2217 26.6

chloride
Water Glycerol 4 0.611 1.502 X IO6
Water Glycerol 25 0.580 3.585 X IO3
Ethylene glycol Naphthalene 25 0.400 489
Ethylene glycol Naphthalene 50 0.410 499

“ Measured in this laboratory at 6328 À.

Table IV: Intensity Ratio Coefficients

S o lv e n t - T e m p , -------------------—E x p t l ---------------------n B
so lu te ° C A B (c a lc d )

c ,h 8- c 10h 8 25 0.432 0 . 3 7 0 . 3 7
CsHs-CioHs 25 0.89o 0.52 0.52
CCU-C10HS 25 0.752 0.47 0.52
H20 -C 3H80 3 4 4.1 X IO-1“ 3.71 X IO“ 1
h 2o - c 3h 8o 3 25 0.0138,6 

0.0160“
0.0145

C2H6 0 2—C10IÎ8 25 0.297 0.37 0 .16d
C2H6O2—Cl qHs 50 0.206 0.20 0 .19d

0 From the zero intercept in Figure 11. b From the limiting 
slope in Figure 8. “ From the zero intercept in Figure 10.
d Assuming R =  y  — 1.

Figure 8. Excess intensity ratio of solutions at 25°.

between the central and side peaks was greatest here 
because of the broadness of the relaxation component. 
By our method, some of the intensity of this component 
was included in the side peaks, and, unless this appor
tionment was the same at all concentrations, a system
atic error may have been introduced. Benzene, on the 
other hand, fit quite well our treatment of relaxation, 
and in our benzene spectra there was very little over
lap.

For water we assumed no relaxation; i.e., A = B — 
R. The agreement with experiment is quite good, al-

Figure 9. Excess intensity ratio of solutions at 25°.

Figure 10. Intensity ratio coefficient for the 
concentration term of dilute aqueous glycerol at 25°.

Figure 11. Intensity ratio coefficient for the concentration 
term of dilute aqueous glycerol at 4°.

though we were not able to reduce the dust problem to 
insignificance. It must be admitted that, at 4°, K  is 
very concentration dependent, since small amounts of 
glycerol destroy the density maximum and greatly 
increase bn/dT. In fact we estimate that K  decreases 
by one order of magnitude over the concentration range 
considered. However, in the product BK, the term 
dn/dT is much less dominant and we could use K0 
to get a fictitious value of B which varied slowly with 
concentration and extrapolated readily to the true 
value at infinite dilution. Our data, nevertheless, 
are limited, because with our experimental setup we had 
difficulty operating at 4°.

To obtain an estimated value of B for ethylene glycol 
we assumed that R was equal to y — 1. At 50° we got 
normal nonviscous behavior with A == B =  y — 1. At 
25° the concentration fluctuation term was enhanced 
even more than the entropy fluctuation term; i.e., 
B > A >  y — 1. Our treatment of relaxation ap
pears to be inapplicable to viscous solutions.
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Conclusions
The intensity ratio of a real binary system follows 

the general form

J = A +  BKRTxi/ (dfi2)/dx2)

Activity coefficients or the excess free energy can be 
extracted from the concentration dependence of d/z2/  
bx2. To obtain the latter from experimental values of 
J , one must know the concentration dependence of the 
coefficients A, B, and K. For a normal solution these 
may be obtained from a few subsidiary experiments.1 
If either component of the solution deviates signifi
cantly from the LP formula, some assumptions must be 
made about A and B. Each system will present its own 
problems, but some generalizations are possible at this 
point. The role of A is minimized by choosing systems 
with large excess scattering. Conversely, one can study 
the concentration dependence of A if the excess scatter
ing is so small that any reasonable estimate of B will 
suffice. In a solution of two miscible liquids, at least 
one of which undergoes internal relaxation, B will 
probably not be much different from 7 — 1. The 
limiting values of B may be determined experimentally, 
and the concentration dependence of 7 — 1 will serve 
as a good guide to the concentration dependence of B. 
In aqueous solutions A is negligibly small and the 
limiting value of B may be calculated. The important 
terms in the concentration dependence of B are perhaps 
a and bn/bT, and it may be permissible to assume that 
/ST and bn/bP are concentration independent.

The determination of the molecular weight (M2) of 
polymers in solutions by light scattering is carried out

normally in very dilute solutions. If we let c be, say, 
grams of polymer per kilogram of solvent, then eq 4 
becomes

J = Jo +  BK'M2c

where

=  <V_ / bn/bc V  
RT2 \bn/bTJ

and Cp' is the heat capacity of 1 kg of solvent. Since 
the determination of M2 is directly affected by any 
uncertainty in the limiting value of B, it would be ad
visable to measure B using several solutes of known 
molecular weight. These need not be previously char
acterized polymers but, rather, simple compounds of low 
molecular weight like the ones used in the present 
study.

It has been tacitly assumed here that it is not gener
ally practicable to separate the relaxation peak from 
the rest of the Brillouin spectrum, since this requires a 
fortuitous relaxation time plus higher resolution and a 
perfectly aligned interferometer. Indeed such a sep
aration has been achieved with carbon tetrachloride 
and greatly simplifies the analysis, because addition of 
the relaxation intensity to that of the side peaks in
stead of the central peak gives a value of J equal to 
7 — l .6 Treated thusly, internally relaxing solutions 
would become normal ones.
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The Solubility of Helium, Nitrogen, Argon, and Ethane in 

N-Methylacetamide, a High Dielectric Solvent without 

Anomalous Structural Effects12

by R. H. Wood and D. E. DeLaney
Department o f Chemistry, University o f Delaware, Newark, Delaware 19711 (Received July 8 , 1968)

The solubilities of helium, nitrogen, argon, and ethane in N-methylacetamide (NMA) have been measured 
from 35 to 70° and values of the free energy, heat, and entropy of solution have been calculated. A Barclay- 
Butler plot of AHv vs. ASv indicates that NMA unlike water behaves as a normal polar solvent toward non
polar gases. The application of regular-solution theory gives values of the solubility which are far too low. 
The hypothesis that nonpolar solutes dissolve in NMA without disrupting the linear hydrogen-bonded chains 
of solvent molecules can explain both the solubility of inert gases in NMA and the fact that NMA dissolves 
large quantities of many nonpolar solutes.

Introduction
The present measurements represent a small step in 

the investigation of the structure and thermodynamics 
of N-methylacetamide (NMA) solutions. It is known 
that the structure of the water molecules plays an 
important role in determining the properties of aqueous 
solutions and that thermodynamic measurements are 
a useful way of investigating structural effects.3-11 
Thus it seems reasonable that a knowledge of the struc
ture of NMA and how this is affected by solutes will be 
useful for an understanding of NMA solutions.

In the crystalline state, the NMA molecules are 
hydrogen bonded together into long linear chains12 
with the nitrogen and oxygen atoms trans to each other. 
Infrared, Raman, dipole moment, and dielectric 
constant measurements indicate the presence in the 
pure liquid of long chains of molecules in the trans 
position.13-19 In addition, the dipole moment of a 
chain increases substantially with chain length.13-14.«,is 
The solubilities of nonpolar gases in NMA reported 
here can be explained by the hypothesis that small 
amounts of nonpolar solutes dissolve in NMA without 
appreciably disrupting the hydrogen-bonded chains of 
NMA molecules.

Experimental Section
The details of the gas solubility measuring apparatus 

are given elsewhere.20 Basically, the apparatus con
sisted of a gas buret and a solvent buret connected by 
a three-way capillary stopcock. A known amount 
of gas was quantitatively transferred to a known volume 
(about 100 ml) of degassed solvent, and the total 
pressure and volume of the system were observed when 
equilibrium was reached. Measurements at several 
temperatures were made and then the system was 
returned to the lowest temperature to check the initial

reading. Constant-temperature water circulating 
through a water jacket controlled the temperatures of 
the solvent and gas burets Degassing was checked by 
measuring the vapor pressure of the solvent and by 
compressing the vapor and looking for a residual 
gas bubble. The observed solubility did not change 
after 3 hr of equilibration, but for safety at least 12 hr

(1) This work was supported by a grant from the National Science 
Foundation which is gratefully acknowledged.
(2) Presented at the 155th National Meeting of the American 
Chemical Society, San Francisco, Calif., April 1968.
(3) D. D. Eley, Trans. Faraday Soc., 32, 1281, 1421 (1939).
(4) H. S. Frank and M . W. Evans, J. Chem. Phys., 13, 507 (1945).
(5) W .-Y. Wen and H. S. Frank, Discussions Faraday Soc., 24, 133 
(1957).
(6) D. N. Glew, J. Phys. Chem., 6 6 , 605 (1962).
(7) L. A. D ’Orazio and R. H. Wood, ibid., 67, 1435 (1963).
(8) G. Némethy and H. A. Scheraga, J. Chem. Phys., 36, 3382, 
3401 (1962); 41, 680 (1964); J. Phys. Chem., 66, 1773 (1962).
(9) A. Ben-Naim and S. Baer, Trans. Faraday Soc., 59, 2735 (1963); 
60, 1736 (1964).
(10) A. Ben-Naim, J. Chem. Phys., 42, 1512 (1965); 45, 1848
(1966) ; J. Phys. Chem., 69, 1922, 3240, 3245 (1965); 71, 448, 1137
(1967) .
(11) A. Ben-Naim and M. Egel-Thal, ibid., 69, 3250 (1965).
(12) J. L. Katz and B. Post, Acta Crystallogr., 13, 624 (1960).
(13) S. Mizushima, T. Simancut, S. Nagakura, K. Kuratani, M. 
Isuboi, H. Baba, and O. Fujioka, J. Amer. Chem. Soc., 72, 3490 
(1950).
(14) G. Leader and J. F. Gormley, ibid., 73, 5731 (1951).
(15) M . Davies and D. K. Thcmas, J. Phys. Chem., 60, 767 (1956).
(16) R. Linn and W. Dannhauser, ibid., 67, 1805 (1963).
(17) I. M . Klotz and J. S. Franzen, J. Amer. Chem. Soc., 84, 3461 
(1962).
(18) S. J. Bass, W. I. Nathan, R. M. Meighan, and R. H. Cole, 
J. Phys. Chem., 68, 509 (1964).
(19) L. A. Planche, H. B. Thompson, and M . T. Rogers, ibid., 69, 
1482 (1965).
(20) D. E. DeLaney, M.S. Thesis, University of Delaware, Newark, 
Del., 1968.
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was allowed for equilibration. In addition, approach 
to equilibrium from undersaturation and supersatura
tion gave identical results.

The solvent was recrystallized three times in a dry- 
box and typically had a water content of 0.04 mol %  
after a run. The helium, nitrogen, and argon were all 
high purity grade (99.99%) and the ethane was CP 
grade (99.0%).

Duplicate runs checked to within 0.5% for low 
solubilities (3 ml of gas/100 ml, of solvent) and within 
0.1%  for high solubilities (100 ml of gas/100 ml of 
solvent). As an additional check, the solubility 
of argon in water was measured at 25°. The result 
(,a =  31.05) agrees nicely with the value of Ben-Naim9 
(a =  31.21).

Results and Discussion
The experimental results were fit by the method of 

least squares to the equation

In X t =  (a/T) +  b In T +  c (1)

where X 2 is the mole fraction of gas in the solvent when 
the partial pressure of gas is 1 atm. The smoothed 
values at 5° intervals are given in Table I and the 
constants of the equation are given in Table II. The 
heat, free energy, entropy, and change in heat capacity 
on solution were calculated (Table III) by the equations

AG =  —RT In X 2 

AH =  —aR +  bRT 

AS =  (AH -  AG)/T 

ACP =  bR

The results in Table I show that the larger nonpolar 
gases are much more soluble in NMA than they are in 
water. This seems to be a general characteristic 
of NMA, because Dawson, Berger, Vaughn and 
Eckstrom21 have shown that unlike water, NMA will 
dissolve large amounts of nonpolar liquids. For 
instance, the following dissolve to an extent greater 
than 30 wt %  in N M A: dioxane, cyclohexane, toluene, 
pyridine, and naphthalene. If NMA solutions are 
compared with typical nonpolar solvents, the solu-

Table I : Solubilities of Helium, Nitrogen, Argon, and Ethane 
in N-Methylacetamide (35-70°) from Leasl^Squares Fit

T ,  ------------------------M o le  f ra c t io n  X  10* (a t  1 a t m ) ----------------------- -
°c H e liu m N it r o g e n A r g o n E th a n e

35.00 0.557 2.461 4.444 41.91
40.00 0.591 2.492 4.456 39.63
45.00 0.626 2.523 4.466 37.52
50.00 0.663 2.554 4.476 35.57
55.00 0.699 2.583 4.483 33.76
60.00 0.738 2.613 4.490 32.07
65.00 0.776 2.641 4.494 30.50
70.00 0.816 2.669 4.498 29.03

Table II: Constants in Eq 1

H e liu m N itr o g e n A r g o n E t h a n e

a -1152.5 -245.7 -399 .4 352.7
b 0“ 0“ -1 .1 2 -2 .3 2
c -6.0579 -7 .514 -0.0278 6.704

“ This was set equal to zero, since including this term did not 
appreciably help the least-squares fit.

Table III: Mole Fraction Solubility ( X104), Free Energy, 
Enthalpy, and Entropy of Solution of Helium, Nitrogen, 
Argon, and Ethane in N-Methylacetamide at 35°

G a s 1 0 * X 2

AG,
k c a l /
m o l“

A H ,
k c a l /
m o l°

AS ,
c a l /d e g

m o l

A C P,°
c a l /
d e g
m o l

He 0.557 6.00 2.3 -1 2 .0 0
n 2 2.461 5.09 0.5 -1 4 .9 0
Ar 4.444 4.73 0.1 -1 5 .0 - 2

C2H9 41.91 3.35 -2 .1 -1 7 .8 - 5

“ The estimated 95% confidence limits are: AG, about 0.01 
kcal/mol; AH, about 0.1 kcal/mol; and ACp, about 10 cal/deg 
mol.

bill ties in Table I are a little lower than those observed 
for nonpolar solvents.

Frank and Evans4 used a Barclay-Butler Plot22 
of ASV vs. AHV to show that nonpolar solutes in water 
created much more structure in the solvent than would 
be expected on the basis of the heat of interaction. 
This ability of a nonpolar solute to structure the water 
molecules around it has a very important influence on 
the properties of aqueous solutions.3-11 A Barclay- 
Butler plot of the present results on NMA solutions is 
shown in Figure 1. This plot shows that nonpolar 
solutes in NMA do not have an unusual effect on the 
structure of the solutions. The line marked nonpolar 
in Figure 1 is Frank’s23 modification of the Barclay- 
Butler correlation. It shows how the entropy of 
vaporization and heat of vaporization of nonpolar 
solutes in nonpolar solvents are related. The data 
for NMA are only slightly higher than what would be 
expected for a nonpolar solute in a nonpolar solvent. 
The slightly high entropy of vaporization shown by 
NMA solutions is a characteristic of many somewhat 
polar solvents. In contrast, the line marked water 
shows the very high entropies of vaporization of aqueous 
solutions of nonpolar gases. This means that the non
polar solutes do not appreciably affect the structure of

(21) L. R . Dawson, J. E. Berger, J. W. Vaughn, and H. Eckstrom, 
J. Phys. Chem., 67, 281 (1963).
(22) I. M. Barclay and J. A. V. Butler, Trans. Faraday Soc., 34, 
1445 (1938).
(23) H. S. Frank, J. Chem. Phys., 13, 493 (1945).
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Figure 1. Heat of vaporization vs. entropy of vaporization 
for gases in water, NMA, and nonpolar solvents.

NMA solutions and that the anomalous effects in 
water are not present in NMA solutions.

Another effect of the water structure around non
polar solutes is to produce a very large increase in the 
heat capacity of the solutions.3-6 Table IV shows 
that the change in heat capacity upon dissolving these 
gases in NMA is very small compared with the results 
for aqueous solutions. This reinforces the conclusion 
that these solutes do not affect the structure of the 
solvent.6-7

Table IV : Change in Heat Capacity on Dissolving 
Gases in N-Methylacetamide

G a s
✓----------------A C p, c a l /d e g -

N M A HiO“

He 0 24
N2 0 41
At - 2 38
c 2h « - 5 66

“ Values from D. N. Glew and E. A. Moelwyn-Hughes, 
Discussions Faraday Soc.t 15, 150 (1953).

The solubility of nonpolar gases in nonpolar liquids 
can be roughly predicted by applying the equations 
for a regular solution24 to the liquefied gas.26 The 
resulting equation is

- l o g  A 2 =  - l o g  AY +  0.4343(Vi/RT)(Si -  52)2 +

log (P ,/V i) +  0.4343[1 -  (ty F r )]  (2)

where Z 2‘ is the “ ideal solubility” 26 and 8 is the solu
bility parameter.24 When this is done for NMA 
solutions, the predicted solubilities are Vio- 1/ i 6 times 
the experimental solubilities.26

A very simple model will explain all of the properties

of NMA solutions discussed above. The model as
sumes that when small amounts of a nonpolar solute 
are dissolved in NMA the chains of NMA molecules 
are not appreciably disrupted but that the solute fits 
in between the chains. Thus toward a nonpolar 
solute, NMA behaves like a linear (but not rigid) 
polymer. The solute molecules are in contact with 
the nonpolar sides of the NMA polymer so that NMA 
behaves like a relatively nonpolar liquid toward these 
solutes. This explains why NMA dissolves so much 
ethane and why hydrocarbons are so soluble in it. In 
addition, the lack of any unusual entropy effects is 
also expected. Naturally, this assumption fails when 
polar solutes are introduced. The solubility of elec
trolytes in NMA is undoubtedly due to the solvation of 
the ions by the NMA. It is these two possible ways 
of interacting with solutes that explains why NMA is a 
good solvent for both electrolytes and nonpolar solutes.

The above model can be made somewhat more 
quantitative by applying eq 2 to the NMA polymer. 
If an n-mer is assumed, the equation for the solubility 
becomes

- lo g  Z 2° =  - lo g  AY +  0.4343(V ./S T ) («h -  82y  +  

log (P2/IV )  -  0.4343 [1 -  ( ? 2/W ) ]  (3)

where the superscript zero represents monomer values, 
and we have used V\ =  nVi° and Z 2 ~  nX2°.

There is very little difference between eq 2 and 3. 
If anything, eq 3 predicts a lower solubility than eq 2 
by a factor of 3 or so. However, there is a large 
difference in the solubility parameter 8 = ((AHv — 
RT)/Vi)‘/!. The appropriate solubility parameter 
for the n-mer is calculated from AHv for the process

nNMA(l) — > (NMA)„(g)

If the heat of hydrogen bonding in the gas phase is 
known, then it can be shown that the appropriate 
solubility parameter is

8x =  {(Sr0)2 +  [in -  l)/n ](A tf(H B ) +  R ^ / V ^

where AH(HB) is the heat of forming a hydrogen bond 
in the gas phase.

Unfortunately the heat of hydrogen bonding in the 
gas phase is not known. If the calculation is reversed, 
the gas solubility data are explained by a solubility 
parameter of 9.3 ±  0.3 and a chain length (n) of 15. 
This requires a gas-phase heat of hydrogen bonding of 
— 6.5 kcal/mol, which is the correct order of magnitude. 
The reported values of the heat of hydrogen bonding

(24) J. H. Hildebrand and R. L. Scott, “The Solubility of Non
electrolytes,” 3rd ed, Reinhold Publishing Corp., New York, N. Y., 
1950, p 240.
(25) J. Chr. Gjaldbaek and J. H. Hildebrand, J. Amer. Chem. Soc., 
71, 3147 (1949).
(26) The heat of vaporization of NMA, AHv = 13,290 kcal/mol, 
was obtained from L. R. Dawson, W. H. Zuber, and H. C. Eckstrom, 
J. Phys. Chem., 69, 1335 (1965).
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are —3.6 kcal/mol in benzene,27 —4.2 kcal/mol in 
carbon tetrachloride,28 about —8 kcal/mol in solid 
NM A,29 and —4.5 kcal/mol in liquid NMA.30

The model is crude enough that good agreement is 
not expected and the only conclusion is that the cor
rection for the heat of hydrogen bonding is of approx
imately the right magnitude to explain the results. 
For quantitative predictions, the experimental solu
bility parameter S = 9.3 should be used.

At high concentrations of nonpolar solute, the hydro- 
gen-bonded chains will break apart and this will have 
to be taken into account. Appropriate theories are 
available31-33 but there are no data to test them.
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Thermodynamics of Ionization of Deuterium Oxide

by Robert N. Goldberg1 and Loren G. Hepler2
Department o f Chemistry, Carnegie-Mellon University, Pittsburgh, Pennsylvania (Received July 9, 1968)

Heats of neutralization of HC1 (in H20) with NaOH (in H20) and of DC1 (in D20) with NaOD (in D20) have 
been measured calorimetrically. Heats of dilution of NaOD (in D20) have also been measured. Results of 
these measurements have been combined with other heat of dilution data to yield standard heats of ioniza
tion of H20  and D20  at 298°K. The results are AH° = 13,350 cal/mol for H20 and AH° = 14,488 cal/mol 
for D20. This A ff ° for H20  is in excellent agreement with results of several other calorimetric investigations 
but is smaller than a value derived from the variation of the ionization constant of H20  with temperature. 
Our calorimetric AH° for D20 is larger than the value derived from variation of the ionization constant of 
D20  with temperature. Standard states and concentration scales for aqueous solutions are discussed, fol
lowed by calculation of free energies and entropies of ionization of H20 and D20.

Introduction
Just as knowledge of thermodynamics of ionization 

of H20  is important for many aspects of chemistry in
volving acids and bases in ordinary water, knowledge 
of thermodynamics of ionization of D20  is important for 
this solvent. Since many earlier workers have also 
shown that comparison of thermodynamics of reactions 
taking place in H20  with thermodynamics of analogous 
reactions taking place in D20  can lead to useful infor
mation about solutes and the structures of aqueous 
solutions, it is clear that reliable and directly compa
rable data for ionization of H20  and D20  should be avail
able.

For H20  we have equilibrium constants for ionization 
at several temperatures that permit calculation of AG°, 
AH°, and AS° of ionization. Values of AH° derived 
from calorimetric measurements are also available. 
For D20  there are equilibrium constants at several tem
peratures but no calorimetric investigation of the en
thalpy of ionization. Since there are important dis

crepancies between the equilibrium and calorimetric 
data for H20, we have undertaken the calorimetric 
investigation of the enthalpy of ionization of D20  that 
is described in this paper. Results of our measure
ments are presented along with detailed comparison 
with enthalpies calculated from equilibrium data of 
earlier investigators. We also discuss in detail the 
important question of standard states for solutions in 
H20  and D20.

Experimental Section
The calorimeter used in this investigation and an 

earlier investigation of water-triethylamine mixtures3 
consisted of a dewar vessel (capacity ~300 ml) from 
Sears and Roebuck. This inexpensive vessel, which

(1) This paper is based on part of the Ph.D. Thesis of R. N. Goldberg, 
Carnegie-Mellon University, 1968.
(2) Some of the calculations and writing of this paper have been done 
at the University of Louisville.
(3) G. L. Bertrand, J. W . Larson, and L. G. Hepler, submitted for 
publication.
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was recommended to us by Professor Robert Wood of 
the University of Delaware, is constructed of very thin 
glass. It therefore has low heat capacity and did not 
cause serious thermal lags in our measurements. 
A bright chrome-plated copper flange was fastened to 
the top of this dewar with epoxy resin.

The calorimeter environment consisted of a large 
cylindrical aluminum block that was donated to us by
J. A. Nock of the Alcoa Research Laboratories for an 
earlier calorimetric investigation of molten salts.4 
Two cavities have been machined in the block to ac
commodate two dewars, but only one of these cavities 
was used in the present work. The 25-kg block sat in 
a constant-temperature bath that was controlled to 
0.005°.

A bright chrome-plated copper lid for the dewar 
could be bolted to the flange that was attached with 
epoxy glue to the dewar, with a Teflon gasket placed 
between the flange and lid. This calorimeter lid was 
permanently fastened with Tru-bore ground-glass 
tubing from Ace Glass and epoxy resin to a larger lid of 
aluminum that covered the hole in the aluminum block 
without quite touching the block. This aluminum lid 
was itself fastened with thin-walled Monel tubes to a 
larger aluminum plate that could be securely mounted 
above the large block and constant-temperature bath.

Shafts for the glass stirrer and the sample introduc
tion device slid through the Tru-bore tubes connecting 
the lid to the plate above. The stirrer was driven at 
350 rpm by a small synchronous motor. Calorimetric 
samples were contained in small glass bulbs that were 
fastened to the end of the rod sliding through the 
Tru-bore tube. Gentle finger pressure on the top of 
the rod caused the bulb to break on a three-fingered 
glass prong attached to the heater coil described below. 
After the sample was broken and finger pressure re
leased, a small spring caused the rod to return to its 
initial position. Careful experiments with water in 
both bulb and dewar showed that the heat effect associ
ated with introduction of samples was 0.003 ±  0.007 
cal.

The calibration heater was contained in a glass spiral 
made of 6-mm Pyrex tubing that was filled with mineral 
oil and epoxied to the copper lid. This coil was so 
placed that the stirrer passed through its center. The 
calibration heater consisted of a 300-ohm coil of bifilarly 
wound no. 40 manganin wire. Leads of no. 30 copper 
wire were silver-soldered to the heater. Resistance of 
the heater was determined by comparison with a 100- 
ohm standard resistor. Power for the heater was sup
plied by a Kepco Model ABC 40-0.5 dc power supply 
that was connected to a dummy heater in a circuit 
similar to that previously described.6 Two aged 100- 
ohm thermistors from Yellow Spring Instrument Co. 
were connected in parallel and contained in a straight 
Pyrex tube filled with mineral oil and epoxied to the 
copper lid. Leads to the thermistors were no. 26

manganin wire. Resistance changes were determined 
with a Leeds and Northrup G-2 Mueller bridge main
tained at 35° and a Keithley Model 150B amplifier. 
In an effort to minimize noise, all wires were carefully 
shielded and appropriate points were connected to a 
common ground. The thermistors were calibrated 
against an NBS-calibrated mercury-in-glass thermome
ter and were periodically checked at 25.00° against this 
same thermometer.

All H20  used was purified by distillation from a tin- 
lined still and was degassed just prior to use to remove 
dissolved carbon dioxide. A solution of hydrochloric 
acid from Baker Chemical Co. was used to prepare a 
stock solution of HC1. This solution was analyzed by 
precipitation of silver chloride.6 The average devi
ation of seven determinations made at different times 
through the course of the calorimetric measurements 
was 0.02%. A carbonate-free solution of sodium hy
droxide was prepared6 from NaOH pellets from Baker 
Chemical Co. and analyzed by titration with the already 
standardized HC1 solution. Repeated testing of this 
solution with barium chloride showed no detectable 
carbonate.

Deuterium oxide of stated isotopic purity 99.8+%  
was loaned to us by the U. S. Atomic Energy Commis
sion. Solutions of DC1 and NaOD in D20  were obtained 
from the Stohler Isotope Co. and diluted to the desired 
concentrations with D20  that had been previously de
gassed. The average deviation of seven analyses 
of the DC1 solution by precipitation of AgCl was 0.02%  
and repeated testing of the NaOD solution with barium 
chloride confirmed the absence of carbonate.

The heat of neutralization measurements for H20  
and D20  solutions were carried out identically in an 
effort to make the difference in the two resulting AH° 
values as significant as possible. All measurements 
were carried out with an excess of base so that presence 
of traces of carbonate could not cause appreciable error.

A semimicrobalance sensitive to 10 ~6 g was used 
for all weighings. Calibrated weights were used, and 
appropriate vacuum corrections were made.

A weighed amount of stock acid solution was added 
to the calorimetric dewar, to which a weighed amount 
of degassed water (H20  or D20 ) had been previously 
added. Stock solution of base was injected with a 
Teflon syringe into a weighed thin-walled glass sample 
bulb, which was sealed with a torch, weighed, and tied 
to the sample introduction rod with thread.

At least 1 hr was allowed for the calorimeter to ap
proach thermal equilibrium after it was assembled and 
placed in the aluminum block in the constant-temper-

(4) T. Hu, H. C. Ko, and L. G. Hepler, J. Phys. Chem., 68, 387 
(1964).
(5) W. F. O’Hara, C. H. Wu, ar.d L. G. Hepler, J. Chem. Educ., 38, 
512 (1961).
(6) E. H. Swift, “ Introductory Quantitative Analysis,”  Prentice- 
Hall, Inc., New York, N. Y „  1950.
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ature bath. During this time the dewar and its con
tents were brought to 25.00 ±  0.10° by means of the 
internal calibration heater. The reaction was then 
initiated by breaking the bulb. After a suitable period, 
the dewar and its contents were cooled to below 25° and 
slowly brought back to 25.00°. Then the system was 
calibrated by using the heater to bring about a temper
ature rise nearly identical with that caused by the re
action. All AH values were therefore obtained in terms 
of the defined calorie equal to 4.184 J.

Heat of dilution measurements for NaOD in D20  were 
also made. For these measurements a known amount 
of degassed D 20  was placed in the dewar and 1 drop 
of NaOD solution was added. Solutions of NaOD in 
D20  were placed in the sample bulbs. Two dilution 
measurements with NaOH in H20  yielded results in 
good agreement with heats calculated from data cited 
in Parker’s tabulation.7

In all cases the assigned reaction temperature was 
25.0°.8

Results
We describe the reaction of NaOH with HC1 in H20  

with the equation

^ N a O H -U H 20  +  HCL FH20  =
Bp

NaCl-TFH20  +  -  l^N aO H -ZH 20  (1)

A similar equation may be written for the reaction of 
NaOD with DC1 in D20, except that every H in eq 1 is 
replaced by a D. In both cases the following definitions 
hold: A =  mass in grams of basic solution in the sample 
bulb; a =  concentration (moles of NaOH or NaOD/g 
of solution) of basic solution in the bulb; B =  mass in 
grams of acidic solution added to the dewar; ft =  
concentration (moles of HCl or D Cl/g of solution) of 
acidic solution added to water in the dewar; C =  mass 
in grams of water (H20  or D20) added to the dewar. 
The coefficients U, V, W, and X  in eq 1 can be related 
to the measured quantities A, B,C, a, and P by

T J  _  1 ~
aMw

V =
C +  (1 -  ßMJB 

ßBMw

X  =
W

In these equations Mh, Ma, and Mw are the molecular 
weights of base (NaOH or NaOD), acid (HCl or DC1), 
and water (H20  or D 20 ).

The measured heat of neutralization is represented by 
Ah and the molar heat of reaction represented by AHN 
is calculated as AH^ — Ah/Bp. The standard heat of 
neutralization represented by AJ/N° is calculated from 
AHn by means of

AHn ° =  A //n +  7 ,r $ L(N a 0 H -t /H 20 )  +
BP

4>l(HC1-FH20 ) -  ^ (N a C b —* ~ H 2o )  _

(s - -
A +  AHcor (2)

In this equation heats of dilution are represented by 
4>l, the negative of the integral heat of dilution to in
finite dilution. Replacing each hydrogen in eq 2 with 
deuterium makes it applicable to the heat of neutraliza
tion of DC1 with NaOD in D20.

The results of our measurements with HCl and NaOH 
in H20  and calculations based on eq 2 are given in Table 
I. Heat of dilution data were taken from Parker’s 
tabulation.7 The average result of our 15 measure
ments (no measurements discarded) is A //N° =  —13,- 
350 cal/mol with the average deviation from this value 
being 25 cal/mol Uncertainties due to random and 
systematic errors in our calorimetric measurements 
(~ 15  cal/mol), analyses of reagents (~ 7  cal/mol), and 
heats of dilution (~ 15  cal/mol) lead to a total uncer
tainty of about ±25 cal/mol in our AHn° value.

In order to obtain the standard heat of neutraliza
tion from measured heats of neutralization in D20  it is 
necessary to have heat of dilution data for NaCl, DC1, 
and NaOD in D20 . Recent measurements by Wood9 
have yielded A$L =  $ LH(NaCl in H20) — $ LD(NaCl 
in D20) =  53.6m’ — 7.11m’ 2, while Wu and Friedman10 
have reported A$L = (34 ±  5)m' where m' is aqua- 
molality (moles of solute per 55.51 mol of solvent). 
The discrepancy between these A$L values is less than 
1 cal/mol when applied to our measurements in which 
m' <  0.04. Gary, Bates, and Robinson11 have calcu
lated L values for DC1 in D20  from results of their emf 
measurements at several temperatures. Their L values 
lead us to A4>L ^  40m’ . Because m' <  0.04 for the DC1 
solutions used in our neutralization measurements, the 
error introduced by an error of 25 in the constant will 
be no more than 1 cal/mol.

(7) V. B. Parker, “ Thermal Properties of Aqueous Uni-univalent
Electrolytes,”  Report NSRDS-NBS 2, U. S. National Bureau of 
Standards, U. S. Government Printing Office, Washington D C 
1965. ’ ‘ "
(8) F. D. Rossini, “ Experimental Thermochemistry,”  Interscience 
Publishers, New York, N. Y ., 1956.
(9) R. Wood, personal communication, 1968.
(10) Y . Wu and H. L. Friedman, J. Phys. Chem., 70, 166 (1966).
(11) R. Gary, R. G. Bates, and R. A. Robinson, ibid., 68, 1186 
(1964).
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Table I : Heats of Neutralization of NaOH with HC1 in H20

R u n
n o .

H C 1 ,“
g

N a O H ,6
g

- A h ,
ca l

-  A H n , 
c a l /m o l V e V e w c X e

A l l  cor,
c a l /m o l

— A # n ° ,  
c a l /m o l

1 7.98691 4.86371 104.36 13,326 24.73 2087 2119 7,585 -1 6 13,342
2 6.58521 3.75487 85.864 13,298 24.73 2519 2550 12,880 -1 0 13,308
3 7.20691 4.03148 94.446 13,366 24.73 2307 2337 13,332 - 7 13,373
4 5.20974 2.92452 68.251 13,361 24.73 3170 3200 17,838 -1 1 13,372
5 6.24873 3.49274 81.891 13,366 24.73 2652 2683 15,383 - 9 13,375
6 7.59243 4.24496 99.232 13,330 24.73 2192 2222 12,723 - 6 13,336
7 6.01309 3.38810 78.640 13,338 24.73 2754 2784 15,147 -1 0 13,348
8 7.06846 3.89257 92.528 13,351 24.73 2351 2381 15,166 - 5 13,356
9 11.36834 6.33247 148.11 13,288 24.73 1482 1512 8,880 +  2 13,286

10 7.30291 4.13707 95.707 13,366 24.73 2277 2308 12,132 - 8 13,374
11 9.39748 5.23980 123.11 13,361 24.73 1782 1812 10,566 - 2 13,363
12 8.03204 4.51980 105.22 13,361 24.73 2075 2106 11,552 - 7 13,368
13 8.14321 4.56479 106.05 13,282 24.73 2048 2079 11,691 - 6 13,288
14 9.14440 5.11294 119.74 13,355 24.73 1830 1860 10,642 - 3 13,358
15 5.93701 3.30448 77.948 13,390 24.73 2788 2818 16,638 - 9 13,398

“ HC1 solution contains 9.8049 X 10~4 mol of HCl/g of solution. b NaOH solution contains 2.060 X 10-3 mol of NaOH/g of solu-
tion. c To the HC1 in the dewar was added 286.7 g of H20 . Molecular weights used were: HC1, 36.461; NaOH, 39.997; H20 , 18.01534.

Table II:

Run
no.

Heat of Dilution Measurements for NaOD in D20

N a O D ,“  Ah, N a O D , 
g ca l m o l

A H ,  
c a l /m o l m'i m 'i6

[$LH(m'f) — 
■SLHÍm'i) -  

A R ]/(m 'f 
— m'i)

i 8 .09099 5 .5 3 4 0 .0 181 16 3 0 5 .5 2 .7 41 0 .0621 7 4 .3
2 7 .64274 5 .2 2 7 0.017112 3 0 5 .5 2 .7 41 0 .0 588 7 4 .8
3 6 .7 976 0 4 .5 8 4 0.015220 3 0 1 .2 2 .7 41 0 .0 524 7 4 .2
4 6.91481 4 .6 4 4 0 .015482 3 0 0 .0 2 .7 41 0 .0 5 3 3 7 3 .6
5 6 .20055 0 .8 9 7 0.007273 1 2 3 .3 1 .3 70 0 .0251 7 9 .3
6 4 .97573 0 .7 5 2 0.005837 12 8 .8 1 .3 70 0 .0 202 8 7 .0
7 4 .7 276 0 0 .6 9 3 0 .005545 12 5 .0 1 .3 70 0 .0 192 8 4 .9
8 5 .28790 0 .7 91 0 .006203 12 7 .5 1 .3 70 0 .0 214 8 5 .2
9 6 .1 867 0 1 .7 98 0.009398 19 1 .3 1 .801 0 .0 3 2 4 7 8 .6

10 9 .53483 3 .0 4 9 0 .014483 2 1 0 .5 1 .801 0 .0 4 9 4 8 3 .4

11 7.77811 2 .3 11 0 .011815 1 9 5 .6 1 .801 0 .0 405 7 8 .0
12 6 .78045 2 .1 51 0.010300 2 0 8 .8 1 .801 0 .0 354 8 7 .3
13 7 .71688 3 .8 8 0 0.014762 2 6 2 .8 2 .3 0 8 0 .0 507 7 7 .2

14 6 .86983 3 .4 68 0.013142 2 6 3 .9 2 .3 0 8 0 .0 452 7 9 .1

15 7 .49869 3 .7 2 8 0.014345 2 5 9 .9 2 .3 0 8 0 .0 493 7 6 .3

“ NaOD solutions contain 2.239 X 10~3 mol of NaOD/g of solution in runs 1-4, 1.173 X 10 3 mol of NaOD/g of solution in runs
5-8, 1.519 X 10~3 mol of NaOD/g of solution in runs 9-12, and 1.913 X 10~3 mol of NaOD/g of solution in runs 13-15. b In all runs
316.8 g of D20  was contained in the dewar.

Since there are no heat of dilution data available for 
NaOD in D20, we have measured heats that correspond 
to the dilution represented by

NaOD(m'i) = NaOD(m'f) (3)

A measured enthalpy change (Ah) for a dilution divided 
by the number of moles of NaOD gives the molar heat 
represented by

MI =  4>LD(m'f) — (4)

The results of our measurements are put into conve
nient form by way of

A $ l =  4>lh — 4 ld =  fci m ’  +  fc2m'2 (5)

that is combined with (4) to give

^LHpR'f) ~  4>LH(m'j) — MI _  
m't — m'i

fci +  fc2(m'f +  m'i) (6)

Our data that are reported in Table II have been used 
in constructing a graph. (^LH^'i) — <f>Lii/w'i) was 
calculated from Parker’s7 tabulation) of the left side of 
eq 6 against (m'{ +  m'i), from which we have obtained 
ki =  95.2 ±  6 and fc2 =  —7.5 ±  2.

The results of our heat of neutralization measure
ments with DC1 and NaOD in D 20  and calculations 
based on the “ D ”  version of eq 2 are given in Table III.
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Table III : Heats of Neutralization of NaOD with DC1 in D20

Run
no.

DCI,“
e

NaOH,1'
g

-A h ,
cal

-A H  N.
cal/mol Ve Ve w c X e

AHcor,
cal/mol

-  a h n °,
cal/mol

1 8 .76665 4 .0 804 0 125.381 14 ,238 2 0 .2 5 1844 1866 49 ,8 0 2 - 2 1 9 14 ,457
2 8 .28172 4.26321 118.605 14 ,257 2 0 .2 5 1949 1973 13 ,385 - 2 5 4 14,511
3 10.21102 5.28211 146.649 14,297 2 0 .2 5 1590 1614 10 ,547 - 2 5 3 14 ,550
4 10 .24028 5 .28464 146.465 14 ,239 2 0 .2 5 1585 1610 10 ,710 - 2 5 2 14,491
5 11.38303 5 .86407 162.553 14 ,216 2 0 .2 5 1431 1455 9 ,8 1 5 - 2 5 0 14 ,466
6 10.28157 5 .25795 147.495 14,281 2 0 .2 5 1579 1603 11,461 - 2 4 8 14 ,529
7 9.13561 4 .68810 130.632 14 ,235 2 0 .2 5 1771 1795 12 ,483 - 2 5 1 14 ,486
8 10 .96777 5 .65333 156.613 14 ,215 2 0 .2 5 1483 1508 10 ,124 - 2 5 0 14 ,465
9 7.57431 3 .91172 108.297 14 ,234 2 0 .2 5 2127 2151 14,231 - 2 5 6 14 ,490

10 8 .00506 4 .08115 114.307 14 ,215 2 0 .2 5 2015 2039 14 ,949 - 2 5 1 14 ,466
11 8 .78927 4 .48347 125.533 14 ,219 2 0 .2 5 1839 1863 13 ,599 - 2 5 0 14 ,469
12 10.00779 5 .09665 143.731 14 ,298 2 0 .2 5 1621 1645 12 ,173 - 2 4 7 14 ,545
13 10 .07512 5 .12539 143.672 14 ,196 2 0 .2 5 1611 1635 12 ,206 - 2 4 7 14 ,443
14 9.91121 5 .07376 141.579 14,221 2 0 .2 5 1636 1631 11 ,718 - 2 4 9 14 ,470
15 11.31769 5 .78835 161.911 14 ,242 2 0 .2 5 1439 1433 10,451 - 2 4 7 14 ,489

“ DC1 solution contains 1.0045 X 10 3 mol of DCl/g of solution. 6 NaOD solution contains 2.239 X 10~3 mol of NaOD/g of solu
tion. '  To the DC1 in the dewar was added 316.8 g of D20. Molecular weights used were : DC1, 37.469; NaOD, 41.005 ; D20, 20.031.

We have taken care to present our data in such form 
that they can be used for further calculations when 
better heat of dilution data become available. The 
average result of our 15 measurements (no measure
ments discarded) is AH° =  —14,488 cal/mol with the 
average deviation from this value being 24 cal/mol. 
Estimated uncertainties due to calorimetric errors 
in the heat of neutralization measurements (~ l5  cal/ 
mol), analyses of reagents (~10 cal/mol), and heats of 
dilution (~40 cal/mol) lead to a total uncertainty of 
about ±45 cal/mol in our A //N° value.

Discussion
Previous careful calorimetric measurements by Van- 

derzee and Swanson12 and by Hale, Izatt, and Christen
sen13 have led these workers to report AH° =  13,336 ±  
18 and 13,340 ±  20 cal/mol for ionization of H20  at 
298°K. They12’13 have also reviewed earlier calori
metric investigations leading to AH° values ranging 
from 13,320 to 13,369 cal/mol. Parker’s7 consideration 
of the results of Vanderzee and Swanson12 along with 
the results of earlier investigations led her to recom
mend AH° =  13,345 ±  25 cal/mol. Our average AH° 
for H20  is thus in excellent agreement with results of a 
number of earlier investigators.

Covington, Robinson, and Bates14 have recalculated 
the results of earlier emf measurements that led to 
ionization constants for II20  at several temperatures 
and have derived AH° =  13,526 cal/mol for the heat of 
ionization at 298°K. Although there is no certain 
explanation of the difference between this value and the 
calorimetric results, the weight of evidence suggests 
that the “ best”  AH° value is very close to 13.34 kcal/ 
mol as derived from calorimetry.

Covington, Robinson, and Bates14 have made careful 
measurements on emf cells without liquid junctions in

order to determine the ionization constant of D20  at 
several temperatures. They have reported pKm =  
14.955 and pKc — 14.869 at 25°, where the subscripts m 
and c indicate “ molality scale” (moles of solute/kg of 
solvent) and “ molarity scale”  (moles of solute/1. of 
solution), respectively. The relation between the pK 
values on these “ scales” or choices of solute standard 
states is

PK c =  pKm -  2 log p (7)

in which p represents the density of the solvent. As 
pointed out later, it is also useful to know the ionization 
constant on the aquamolality scale (moles of solute/ 
55.51 mol of solvent). When D20  is the solvent, the 
“ reference”  mass of solvent is 1.112 kg and we have

PKm> =  pKm -  2 log 1.112 =  pKm -  0.092 (8)

in which the subscript m' indicates the “ aquamolality 
scale.”  We therefore have pKn> =  14.863 from the 
work of Covington, Robinson, and Bates.14

Covington, Robinson, and Bates14 have compared 
their pK  values with corresponding results of earlier 
workers. More recently, measurements by Pentz and 
Thornton16 at 25° led to pKc =  14.86. For further cal
culations of free energies of ionization of D20  we use the 
pK values from Covington, Robinson, and Bates14 that 
are given in the paragraph above.

Covington, Robinson, and Bates14 have used their 
PKm values at several temperatures with the van’t

(12) C. E. Vanderzee and J. A. Swanson, J. Phys. Chem., 67. 2608 
(1963).
(13) J. D. Hale, R. M. Izatt, and J. J. Christensen, ibid., 67. 2605 
(1963).
(14) A. K. Covington, R. A. Robinson, and R. G. Bates, ibid 70
3820 (1966). ”  ’
(15) L. Pentz and E. R. Thornton, J. Am . Chem. Soc., 89, 6931
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Hoff equation in calculating AH° =  14,311 cal/mol 
for ionization of D20  at 25°. Wynne-Jones16 has used 
emf cells with liquid junction to obtain pK c at three 
temperatures and has reported AH° =  14,420 cal/mol 
for ionization of D20  at 25°. This value, which was 
calculated from dpKc/dT, requires correction as fol
lows. Differentiation of eq 7 with respect to T and 
combination with the van’t Hoff equation gives

AH° =  AH°wj -  (2)(2.303)RT2\ ^ ~ j  (9)

in which A //°w.j represents the value calculated by 
Wynne-Jones16 from d In KJdT. We use densities of 
I)20  from Schrader and Wirtz17 to obtain AH° =  
14,492 cal/mol from the work of Wynne-Jones16 on 
ionization of D20. It should be understood that AH° 
values on the various “ scales”  are identical, but it is 
necessary to include the effect of temperature on the 
density of the solvent as in eq 9 when K  values based on 
volume of solution (molarity, rather than molality, 
aquamolality, or mole fraction) are used with the van’t 
Hoff equation for calculation of AHa.

Our calorimetric AH° = 14,488 cal/mol for ioniza
tion of D20  at 298°K is 177 cal/mol larger than the 
AH° =  14,311 cal/mol derived by Covington, Robin
son, and Bates14 from their pKm values at several 
temperatures. In this connection it is interesting to 
note that the “ best”  calorimetric AH° for ionization of 
H20  is about 180 cal/mol smaller than the AH° re
calculated by Covington, Robinson, and Bates14 from 
pK  values for H20  at several temperatures.

The difference between the independent AH° values 
from our work and from Covington, Robinson, and 
Bates14 is larger than the sum of reasonable estimates 
of the uncertainties. Since both investigations have 
been carried out with considerable care, only further 
measurements can tell which of these AH° values is 
“ best.”  Although the Aff° value calculated from work 
of Wynne-Jones16 is in excellent agreement with our 
calorimetric results for D20  (14,492 and 14,488 kcal/ 
mol), our estimate of the uncertainty to be associated 
with the AH° from Wynne-Jones is sufficiently large 
that his value may also be regarded as agreeing well with 
that from Covington, Robinson, and Bates14 and cannot 
necessarily be regarded as independent confirmation of 
our work.

We have used the results cited by Covington, Robin
son, and Bates14 at 298°K to calculate the AG° values

given in Table IV. These AG° values have been com
bined with our calorimetric AH° for D20  and our selec
tion of the “ best”  AH° for H20  to yield the tabulated 
A(S° values. The AZ/° and AS° values in parentheses 
are derived entirely from Covington, Robinson, and 
Bates.14

Table IV : Thermodynamics of Ionization 
of H20  and D20  at 298°K“

Param
eter H2O D ,0

a  G \ 19 ,095 2 0 ,403
A 0 \ . 19 ,095 2 0 ,2 7 8
A G \ 19 ,099 2 0 ,286
A H ° 13 ,340  (1 3 ,5 2 6 / 14 ,488  ( 1 4 ,3 1 1 /
A S “ „ — 1 9 .3 0  ( — 1 8 .6 8 )“ - 1 9 . 8 4  ( - 2 0 . 4 3 ) '
A S °m. — 1 9 .3 0  ( — 18 .68)° - 1 9 . 4 2  ( - 2 0 . 0 1 ) '
A - 1 9 . 3 2  ( — 1 8 .6 9 / - 1 9 . 4 5  ( - 2 0 . 0 4 /

“ A 0 °  and A H ° values are in cal/mol and AS0 values are in 
gibbs/mol, where 1 gibbs = 1 cal/deg. b AH ° values given in 
parentheses are those reported by Covington, Robinson, and 
Bates.14 ' AS0 values given in parentheses are those based on 
our tabulated AG° values and on the AH °  values from Covington, 
Robinson, and Bates.14

It is our opinion that the most meaningful theoretical 
comparisons of AG° and AS° of ionization for D20  and 
H20  should be made on the aquamolality, mole frac
tion, or molarity scales, rather than on the molality 
scale. These comparisons would then be in terms of 
equal numbers of moles of water or equal volumes rather 
than in terms of equal masses.
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Potentials of Cells with Liquid Junctions

by William H. Smyrl1 and John Newman
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The potential of cells with liquid junctions is affected by diffusion of ions in the junction region. From the 
laws of diffusion, concentration profiles and values of potentials have been calculated for several different 
junctions without the assumption of activity coefficients equal to 1. The results have been compared to exist
ing experimental data, and the results of the calculations of others. The magnitude of the diffusion effect has 
been calculated also for cases where it is desirable that the effect be negligible, as with an electrode of the second 
kind.

Introduction
The only cells used in electrochemical studies which 

are strictly without liquid junction are those used to 
study the thermodynamic properties of alloys. In 
addition there are cells in which the effect of diffusion in 
the liquid junction is negligible, for example, a cell 
with an electrode of the second kind involving a solid 
salt which is only very slightly soluble. The theoreti
cal analysis of the potential of cells with liquid junc
tions has been of interest to workers who wish to derive 
thermodynamic values from such cells by correcting for 
the effect of diffusion. Some of the basic problems of 
liquid junctions have been treated adequately (Taylor,2“ 
Guggenheim,2b and Wagner3), and we give here an 
alternate discussion which emphasizes the quantitative 
treatment of the transport phenomena. In addition, 
we shall present a method, with examples, of the cal
culation of the effect of diffusion on cell potentials 
without the assumption of ideal-solution behavior and 
activity coefficients equal to unity.

We shall attempt to give a clear definition of what is 
meant by liquid junction potentials and to give a clear 
treatment of the diffusion phenomena. The expression 
of cell potentials involves a consideration of electrode 
equilibria. However, the final result generally requires 
a knowledge of the concentration profiles and of the 
effect of diffusion. Therefore, we begin with the treat
ment of transport in electrolytic solutions and of the 
determination of the concentration profiles.
Transport in Electrolytic Solutions

The difference of the electrochemical potential, gi( of 
an ion between two points (or phases) is the work of 
transferring 1 gram-ion reversibly at constant tem
perature and volume from one point (or phase) to the 
other.4 If we regard c{Vmì as the driving force per 
unit volume for diffusion and migration of species i, 
neutral species included (where Vju< is the gradient of 
the electrochemical potential of species i), and N w(vy — 
vO is the drag force exerted on species i by species j  
by virtue of their relative motion, then a force balance 
leads to the multicomponent diffusion equation

cNta =  E  ~  vO (1)
3

The coefficient K i} is taken to be independent of the 
velocity difference v; — v{, but it may be a function of 
temperature, pressure, and composition of the solu
tion. The velocity \j is the average or macroscopic 
velocity of species j .

Instead of K tj, one can define a transport coefficient 
having the dimensions of a diffusion coefficient

K iS =  RT (2)
CT £>y

where Ct is the total concentration of the solution. 
This also serves the goal of accounting for much of the 
composition dependence of the coefficients K tj. Equa
tion 1 has been discussed elsewhere (see, for example, 
Newman6).

In this force balance, K i} =  K jt or SOtj = S)jt by 
Newton’s third law of motion. This is equivalent to 
the assumption frequently made in treatments of ir
reversible thermodynamics. Compare Onsager,6 who 
wrote the equation in the form

y ) h-tr(fkVk Cfcv (3) 
k

In applications it is frequently desirable to use this 
equation in an inverted form. Toward this end it is 
to be noted that there are only n — 1 independent 
velocity differences and n — 1 independent gradients 
of electrochemical potentials in a solution with n species. 
Therefore, eq 1 can be expressed as

cNmî =  Z  -  v„) (4)

(1) School of Pharmacy, University of California, San Francisco, 
Calif.
(2) (a) P. B. Taylor, J. Phys. Chem., 31, 1478 (1927); (b) E. A. 
Guggenheim, ibid., 33, 842 (1929).
(3) C. Wagner, Advan. Electrochem. Electrochem. Eng., 4, 1 (1966).
(4) E. A. Guggenheim, “ Thermodynamics,”  North-Holland Pub
lishing Co., Amsterdam, The Netherlands, 1959, p 374.
(5) J. Newman, Advan. Electrochem. Electrochem. Eng., 5, 87 (1967).
(6) L. Onsager, Ann. N . Y. Acad. Sci., 46, 241 (1945).
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where v0 is the velocity of any one of the species and 
where

Mu =  K i} (i 9  ̂ j)

My = K tj — Y  Ktk (i =  j)
k

It further follows that M i} =  M}i. Bearing in mind 
that there are n — 1 independent equations of the 
form of eq 4, one can invert this equation to read

Vj — v0 =  — Y  LjfOtVnt (j  ^  0) (5)
k* o

where the matrix L° is the inverse of the submatrix M°

L° =  (M°) - 1 (6)

and where the submatrix M° is obtained from the 
matrix M  by deleting the row and the column cor
responding to the species o. The inverse matrix L° 
is also symmetric, that is

L{j° — Ljf (7)

It is to be expected that the Rtj’s and the SDyS will be 
less composition dependent than the L{f  s.

Certain combinations of the Lt/ s  are related to 
measurable transport properties and have particular 
significance in the treatment of cells with liquid junc
tions. The current density is related to the fluxes of 
ionic species as follows

i =  =  FYztCiVt = F Y z ici(\i -  Vo) (8)
i i i

Substitution of eq 5 yields

i =  —F Y  zfii X  Lih°ckViJ,h (9)

In a solution of uniform composition

(10)

where V4> is the gradient of the electric potential. 
Equation 9 becomes in this case

i = - F 2V$ Y  z&t X  L{fz kck (11)

Comparison with Ohm’s law, also applicable in this 
case

i =  — kV$

allows us to identify the conductivity

K =  F 2 X  X Lu-’ZtCiZhCt (12)

Although the Lik°’s depend upon the reference velocity 
chosen, the conductivity, k ,  is invariant with respect 
to this choice.

Next we can identify the transference numbers. 
Again, for a solution of uniform composition, eq 10 is 
valid and eq 5 becomes

V] -  v0 =  — Y  L]k°zkck (13)

Potentials of Cells with Liquid Junctions

For this case of uniform composition, the species flux 
is related to the current density and the transference 
number by the expression

tfi =  ZjFc}{v} -  v«,) =  (14)

Comparison shows that the transference number t f  of 
species j  with respect to species o is given by

tf = Y  Ljfzkck (15)
<C HfS o

It is to be noted that the transference number has been 
defined as the fraction of the current carried by an ion 
in a solution of uniform composition. In a solution in 
which there are concentration gradients, the trans
ference number is still a transport property related to 
the L if’s by eq 15, but it no longer represents the frac
tion of current carried by an ion. A different choice 
of the reference species will change the Lt/s and hence 
the transference numbers with respect to a common 
reference species.

Equation 9 is applicable even in a nonuniform solu
tion, and it can be rewritten in terms of the conduc
tivity and the transference numbers, since Ltf  = L

P f.o
* - i = - Y ~ V » t (16)
K i Zi

As already noted, a different choice of reference species 
will change the transference numbers, but eq 16 still 
applies. However, it is apparent from eq 15 that the 
ratio tfjzj is not zero even for a neutral species. While 
the reference velocity can be chosen arbitrarily to be 
that of any one of the species, charged or uncharged, it 
is usually taken to be the velocity of the solvent. In 
this case there is no problem if there are no other neutral 
components, since the ratio tf/zt is always zero for the 
reference species.

Equation 16 also has the same form if other reference 
velocities, such as the mass-average velocity or the 
molar-average velocity, are used. Again, care should 
be exercised since the ratio tt/zt is then not zero for 
neutral species.

Equation 16 is quite useful in the calculation of the 
potential of cells with liquid junctions. In the cases of 
interest the current density is supposed to be zero, but 
eq 16 also allows one to estimate the effect of the passage 
of small amounts of current. Equation 16 is generally 
useful only if the concentration profiles in the liquid 
junction are known. These are determined not from 
eq 16 but from the laws of diffusion (eq 1) and the 
method of forming the junction.

Determination of Concentration Profiles
Several models of liquid junctions are popular, and 

to these we add one more.
a. Free-Diffusion Junction. At time zero the two 

solutions are brought into contact to form an initially 
sharp boundary in a long, vertical tube. The solutions
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are then allowed to diffuse into each other, and the 
thickness of the region of varying concentration in
creases with the square root of time. Even if the 
transport properties are concentration dependent and 
the activity coefficients are not unity, the potential of a 
cell containing such a junction should be independent of 
time.

b. Restricted-Diffusion Junction. The concentra
tion profiles are allowed to reach a steady state by one
dimensional diffusion in the region between x =  0 and 
x =  L, in the absence of convection. The composition 
x =  0 is that of one solution and at x =  L is that of the 
other solution. The potential of a cell containing such 
a junction is independent of L (as well as time). The 
condition of no convection is usually not specified (i.e., 
zero solvent velocity or zero mass-average velocity, 
etc.).

c. Continuous-Mixture Junction. At all points in 
the junction, the concentrations (excluding, we suppose, 
that of the solvent) are assumed to be linear combina
tions of those of the solutions at the ends of the bound
ary. This assumption obviates the problem of cal
culating the concentration profiles by the laws of dif
fusion.

d. Flowing Junction. In some experiments the 
solutions are brought together and allowed to flow side 
by side for some distance. It is sometimes supposed 
that observed potentials should approximate those 
given by a free-diffusion boundary.

e. Electrode of the Second Kind. To these we add 
the region of varying composition produced when a 
sparingly soluble salt is brought into contact with a solu
tion containing a common ion. We might use a model 
similar to the free-diffusion junction if we imagine 
the salt to be introduced at the bottom of a vertical tube 
containing the solution. The sparingly soluble salt 
will then diffuse up the tube, and the concentration at 
the bottom will be governed by the solubility prod
uct.

The concentration profiles in cases a, b, and e are 
governed by the laws of diffusion (eq 1). We propose 
to treat solutions so dilute that, in eq 1, we can neglect 
the interaction of the diffusing species with the other 
components except the solvent

c,VM, =  (v. -  v,) =  RT ^ ( v 0 -  y() (17)
CtcUo* ¿J0i

or

Nj =  CiVi =  -  VMi +  ctv0 (18)

However, the activity coefficients will not be assumed 
to be unity.

The electrochemical potential, uu of an ionic species 
depends not only on the composition of the phase but 
also on the electrical state of the phase. For computa
tional purposes it is convenient to express all the electro

chemical potentials in terms of one electrical variable. 
One way to do this is to use the electrochemical poten
tial for one ionic species, ¡in, as a reference

Mi =  Mi ~  ~  M, +  -  Mn (1 9 )
%n Zji

The combination nt — (ZiUn/zn) is then the chemical 
potential of a neutral combination of ions and is inde
pendent of the electrical state, depending only on the 
local composition.

However, this choice is not convenient, particularly 
when the concentration of species n goes to zero. 
Another possibility is to express the electrochemical 
potential of species n as

Un = RT In cn +  znF$ +  ¡in (20)

The potential $  then has some of the characteristics of 
the commonly used electrostatic potential and, in fact, 
has exactly the same properties in infinitely dilute 
solutions where the activity coefficients of all neutral 
combinations become equal to 1. At higher concen
trations, the quasi-electrostatic potential, $, is of course 
arbitrary in the sense that it depends on the designa
tion of the reference species n.

In contrast, the electrochemical potential of species 
n, or n„/znF, behaves more like the potential of a ref
erence electrode reversible to species n. In a solution 
of uniform composition, both of these potentials behave 
like the commonly used electrostatic potential and, in 
fact, satisfy Laplace’s equation

V2$ = 0 (21)
Now the chemical potential of a neutral combina

tion can be expressed in terms of a well-defined com
bination of activity coefficients

Zl e e i nrn i zfflTMi------Mn = M i-------M» +  R i In Ct------------ In cn +
z„ Z n  Z n

f i r  ( in / ,  -  ^ l n / , )  (22)

For the activity coefficients we shall use Guggenheim’s 
expression7 for dilute solutions of several electrolytes

Zt /'A
hi f t ------ In/* =  -ctzffzi -  zn) v, +

Zn x 1

2 S  ( pu -  -  Pm) 0} (23)
i \ Zn J

where

I  =  Va (24)
3

is the ionic strength, c} is in moles per liter, and for 
aqueous solutions a = 1.171 (l./mol)1/! at 25°. The 
values of the coefficients /3« are tabulated by Guggen
heim and are zero unless species i and j  are ions of

(7) See ref 4, p 357.
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opposite charge. We shall use these expressions with 
concentrations instead of molalities, as used by Guggen
heim.

Finally, then, the electrochemical potential of an 
ionic species is expressed as

Hi =  RT In Ci +  ztF<Z> +  p f  +  RT -  zn) X

iT F - + 2# » - r >  M  (25>

To determine the concentration profiles in liquid 
junctions involves solving the diffusion eq 18 in con
junction with eq 25 and with the material balance 
equation

^  =  —VNi (26)ot

the electroneutrality equation

E*<c( =  0 (27)
i

and the condition of zero current. In a following sec
tion we illustrate how to use the concentration profiles 
or the values of M> to calculate cell potentials. Sub
stitution of eq 18 and 25 into eq 26 yields an equation 
describing diffusion, migration, and convection of an 
ionic species but including the activity coefficients in 
the driving force

~  +  V-(ctr0) =  3}oiV2Ci +  ZiF̂  V-(CiV$) -  

a Z i (z t  -  Z n ) S >o N - (ctv a )  +

2S oi E  (ptj -  Pn}} V-(c,Vc,) (28)

This equation applies to solutions so dilute that inter
actions except with the solvent in the multicomponent 
diffusion equation can be ignored and eq 23 can be used 
for the activity coefficients.

This problem can be solved numerically for the 
various models of the liquid junction. In the case of 
restricted diffusion, the equations are already ordinary 
differential equations. For free diffusion and for an 
electrode of the second kind, the similarity transforma
tion Y = y/V t reduces the problem to ordinary differ
ential equations. These coupled, nonlinear, ordinary 
differential equations can readily be solved by the 
method of Newman.8 The equations can be linearized 
about a trial solution, producing a series of coupled, 
linear differential equations. In finite difference form 
these give coupled, tridiagonal matrices which can be 
solved on a high-speed, digital computer. The non
linear problem can then be solved by iteration.

Potentials of Cells with Liquid Junctions

Numerical Results
We present here calculated values of M> for the sev

eral models for the junctions between solutions of various 
compositions. No detailed concentration profiles will 
be given, since the potentials of cells with liquid junc
tions can be calculated directly from the tabulated 
values of M>, without further reference to the concen
tration profiles, as indicated in the next section. The 
tabulation of the values of A$, rather than the poten
tials of complete cells, is convenient because these 
values relate to the junction itself, whereas more than 
one combination of electrodes is possible for a given 
junction. In addition to M>, only thermodynamic data 
are needed to calculate potentials of complete cells, the 
entire effect of the transport phenomena being in
cluded in A4>.

The value of A# depends upon the choice of the ref
erence ion n. In each case this is the last ion for a given 
junction in the tables. For infinitely dilute solutions, 
A$ becomes independent of this choice and, further
more, depends only on *he ratios of concentrations of 
the ions in the end solutions. Solutions of zero ionic 
strength (/* =  1) are indicated by an asterisk, but the 
concentrations are given nonzero values so that these 
ratios will be clear. These junctions also provide a 
basis for comparison with more concentrated solutions, 
to indicate the effect of the activity coefficients.

Table I gives values of A$ for the continuous-mix
ture, restricted-diffusion, and free-diffusion junctions. 
Table II gives values of A$ for an electrode of the 
second kind, where AgCl, with a solubility product of 
10~10 (mol/1.)2, diffuses into hydrochloric acid solu
tions of various concentrations. For solutions of zero 
ionic strength, the values of A# for the continuous-mix
ture and restricted-diffusion junctions agree with the 
values calculated by the methods of Henderson9 and 
Planck,10 respectively. In Figures 1-6 are presented 
the results of more extensive calculations on the HC1- 
KC1 junction.

Cells with Liquid Junction
Once the concentration profiles are known for a liquid 

junction region, it is then possible to calculate the 
effect of the nonuniform composition on the cell po
tential. This effect is considered in the following 
subsections for cells of increasingly complex liquid 
junctions. It will always be assumed that the elec
trodes are in equilibrium with the adjacent solutions and 
that regions of nonuniform composition lie outside the 
immediate vicinity of the electrodes.

The procedure then involves first the treatment of 
electrode equilibria, in the manner of Guggenheim.11

(8) J. Newman, Ind. Eng. Chem., Fundamentals, 7, 514 (1968).
(9) P. Henderson, Z. Phys. Chem. (Leipzig), 59, 118 (1907); 63,
325 (1908).
(10) M. Planck, Ann. Phys. Chem., 39, 161 (1890); 40, 561 (1890).
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Table I : Values of A4> for Various Junctions and Various Models at 25°“
<-------------------------------------------------3>i — $2, mV-

Free Restricted Continuous
Ion Soin 1 Soin 2 diffusion diffusion mixture

H + 0.2 0.1 , . . «-• • -10 .31
c i - 0.2 0.1 -11 .43*

K+ 0.2 0.1 1.861 (2 .05 /
c i - 0.2 0.1 .... 0.335*

K+ 0 0.01 -33 .50 -32 .65 -33 .75
H + 0.02 0 -34.67* -33.80* -34.95*
c i - 0.02 0.01
K+ 0 0.1 -27.31, ( —27.08)/ -27 .45 -27 .47  (-28 .10 ,

(-28 .25 , 1 8 °)/ 
( — 28.3),« 
-26.69*

1 8 ° /

H + 0.1 0 -26.85* -26.85*
c i - 0.1 0.1

K+ 0 0.2 -27 .92 -28 .04 -28 .09
H + 0.2 0 -26.69* -26.85* -26.85*
c i - 0.2 0.2

K+ 0 0.2 -22 .58 -23 .03 -22 .31
H + 0.1 0 -20.24* -20.74* -19.96*
c i - 0.1 0.2

K+ 0 0.05 -20 .70 -21 .09 -20 .23
H + 0.02 0 -18.50* -18.97* -18.02*
c i - 0.02 0.05

K+ 0 0.1 -18 .02 -17 .89 -1 6 .8 4
H + 0.02 0 -14.05* -14.12* -12.90*
c i - 0.02 0.1

K + 0 0.1 -15.91 -14 .99 -14 .04
H + 0.01 0 -10.85* -10.30* -9 .0 9 *
c i - 0.01 0.1

K+ 0 0.1 -27 .24 , ( - 2 7 .9 8 / -27 .38 -27 .40
H+ 0.09917 0 -26.60* -26.77* -26.76*
c i - 0.09917 0.1

K+ 0 0.1
H + 0.09917 0 -27 .39 -27 .48 -27 .55
N O r 0 0.05 -26.53* -26.62* -26 .70*
C l- 0.09917 0.05

K+ 0.1 0.1 -0 .157 -0 .157 -0 .157
NOa~ 0.05 0 -0 .423* -0.423* -0 .423*
C l- 0.05 0.1

Na+ 0.1 0
H + 0 0.05 28.58 29.64 28.10
c i o 4- 0 0.05 26.72* 27.90* 26.22*
c i - 0.1 0

Na+ 0.1 0
H + 0 0.1 32.83 33.50 33.05
CIO4- 0 0.1 32.35* 33.11* 32.57*
c i - 0.1 0

Na + 0.2 0
H + 0 0.2 33.29 33.88 33.53
CIO4- 0 0.2 32.35* 33.11* 32.57*
c i - 0.2 0

Na + 0.05 0
H + 0 0.1 38.77 38.31 39.26
CIO4- 0 0.1 39.96* 39.58* 40.48*
c i - 0.05 0
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Table I (Continued)

-------- —$1 — #2, mV-------------------

Ion
Free Restricted Continuous

Soin 1 Soin 2 diffusion diffusion mixture

Cu*+ 0 0.1
Ag+ 0.2 0
n o 3- 0.2 0 - 6 . 22* - 6 . 22* - 6 . 22*
C104- 0 0.2

“ Values for /i  = 1 are indicated by an asterisk. The last ion is the reference ion. Experimental values are given in parentheses. 
b T. Shedlovsky and D. A. Maclnnes, J . Am er. Chem. Soc., 59, 503 (1937). » J. B. Chloupek, V. Z. Kanes, and B. A. Danesova, Collect.
Czech. Chem. Com m un., 5, 469, 527 (1933). * E. A. Guggenheim and A. Unmack, K gl. Danske Videnskab. Selskab, M a t-F ys. M edd., 10, 
1 (1931). e D. C. Grahame and J. I. Cummings, Office of Naval Research Technical Report No. 5, 1950. /  N. P. Finkelstein and E. T. 
Verdier, Trans. Faraday Soc., 53, 1618 (1957).

Table II: Values of A4 for an Ag-AgCl Electrode in HCl Solutions at 25°“

[HCl] (bulk), M-
10-» 5 x 10-5 2 X 10~s 10-5 5 X 10-« 2 x io-«

4 o  — 4>o=, mV 
C c i - % c i - ”
(m -” -  moi -°)/F , mV

0.0198
1.00961

-0 .226

0.0737
1.0392

-0 .914

0.359
1.200

-4 .3 2

0.915
1.604

-11 .22

1.780
2.539

-22 .16

3.21
5.499

-40 .58

“ Chloride is the reference electrode, and 0 values are taken to be zero.

Figure 1. — A 4 (mV) for free-diffusion boundary
between HC1 and KC1, calculated for 
two different concentrations of KC1.

Figure 2. Calculated values of — A 4  (mV) for free- 
diffusion boundary between HC1 and KC1, at a 
constant ratio of Ckci to Ce c i. The dashed line represents 
the (constant) ideal-solution calculation, the 
solid line includes activity coefficient corrections.

This allows the expression of the cell potential in terms 
of a difference in the electrochemical potential of ions in 
the solutions adjacent to the two electrodes. The 
evaluation of this difference involves the integration of 
eq 16 across the junction region. This equation can be 
rewritten in the form

-  V#., = -  £  -  [ vm* -  -  v J  -  -  i (29)
Zj i Zi L Zj J K

The sum on the right now involves only the gradients of 
electrochemical potentials of neutral combinations of 
ions and can be determined from a knowledge of the 
concentration profiles.

a. Cell with a Single Electrolyte of Varying Concentra
tion. Cells containing a single electrolyte whose con
centration varies with location in the cell constitute the 
simplest of the so-called cells with transference. An 
example is

a I /3
Pt(s)|Ag(s) AgCl(s) HC1 in H2Ojtransition region)

HC1 in H20
Ô'

AgCl(s)
0'

Ag(s)Pt(s) (30)

(11) See ref 4, p 382.
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Figure 3. Results for the restricted-diffusion boundary HC1- 
KC1, given for two different concentrations of KC1.

Figure 4. Results for the restricted-diffusion boundary 
HC1-KC1, for a constant ratio of Ckg\ to Choi. The 
dashed line represents the ideal-solution calculation, the solid 
line includes activity coefficient corrections.

Figure 5. Values of — (mV) for the continuous-mixture 
boundary. The dashed line corresponds to the 
Henderson calculation ; the solid line includes activity 
coefficient corrections.

Figure 6. Continuous-mixture boundary calculations for a 
constant ratio of C k c i  to Ch c i . The dashed line 
is the ideal-solution calculation, the solid line 
includes activity coefficient corrections.

where the platinum leads and the silver-silver chloride 
electrodes have identical compositions on both sides of 
the cell. In the transition region or liquid junction, the 
concentration of IICl varies from the value in the e 
phase to that in the X phase.

At both electrodes there is equilibrium among the 
a, /3, 5, and e phases, for example

8 e, 8 /3, a (3 /q i \MCI- = MCI- , MAg+ =  MAg+ , Me- =  Me- (pi)

Combination of these relations with the definitions of 
the chemical potentials of the neutral silver and silver 
chloride, for example

3 (3 i 3 8 S i 5 /oPAg =  PAg + +  Pe~ , PAgCl =  PAg+ +  PCI- (32)

yields an expression for the cell potential 

- F { r  -  r ' )  = Pe-“ -  Pe-“' = PAi  -

PAgCl* +  PCI-6 — PAg\ +  PAgCl8 — PC1-X (33)

since the difference in electrochemical potential of 
electrons in the two leads is related to the cell potential 
as indicated. Since the electrodes are of identical com
position, the expression for the cell potential reduces to

- F i r  -  r ' )  =  pci-e -  pci-x (34)

This difference in the electrochemical potentials of 
chloride ions can be evaluated with the aid of eq 29, 
which becomes in this case

dpci- , „ dpHCl fnrs- r —  = - r —  (35)ox ox

Equation 34 becomes

- F i r  ~  r  ) =  J  tn+° dpHci (36)

On the other hand, one could express the difference in
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electrochemical potentials o f chloride ions in terms of 
the quasi-electrostatic potential $  based on chloride 
ions as the reference ion

- F { i a -  <T') =  - F ( $ ‘  -  4>x) +

RT In (cc i-e/c c i - x) (37)

As shown in eq 36, the cell potential is independent of 
the m ethod of form ing the junction for the case of a 
single electrolyte of varying concentration; that is, the 
integral is independent of the detailed form  o f the con
centration profile. From  measured cell potentials, eq 
36 may be used to determine activity coefficients if the 
transference number is known, or it m ay be used to 
determine the transference number if the activity coeffi
cient is known. B oth  types of determination are com 
mon practice.

From  the tabulated values o f A4> (which tabulation 
requires prior knowledge of the transference number 
and the activity coefficient) one can calculate the cell 
potential from  eq 37. For example, for cHci' =  0.2 M 
and cHciX =  0.1 M  we obtain — (^ “  — if/“') =  28.11 
mV.

I f the silver-silver chloride electrodes were replaced 
by  hydrogen electrodes, the expression for the potential 
o f such a cell would becom e

—  F ( y p a  —  \pa  )  —  m h c i X —  Mh c i * +  Mei-' —  Mci-X (38)

for identical partial pressures of hydrogen over the two 
electrodes. Equations 34 and 38 thus show the relation 
between the potentials o f two cells with the same liquid 
junction but different electrodes.

b. Cell with Tivo Electrolytes, One of Nearly Uniform 
Concentration. W ith an electrode o f the second kind, as 
used in the previous example, the solubility of the spar
ingly soluble salt will, strictly speaking, lead to diffusion 
of this salt from  the electrode. A t high concentrations 
of the other electrolyte, the solubility o f the sparingly 
soluble salt is depressed and the effect on the cell poten
tial is expected to be small. However, this effect be
comes more im portant as the concentration o f the 
second electrolyte is decreased. For the cell

a
Pt(s), H2(g)

0 i
HC1 in H 2Ojtransition regionj

5 € X
HC1 in H 20 A gC l(s) A g(s) P t(s) (39)

it  is assumed that the two platinum electrodes are of 
identical com position and that the tw o solutions ¡3 and 8 
differ in the concentration of AgCl, phase 8 being satu
rated. The transition region, in the m odel used here, is 
form ed by  contacting the solution ¡3 with the solid AgCl, 
and a diffusion layer develops by  free diffusion into a 
stagnant medium. The concentrations o f A gC l and 
HC1 in phase 5, adjacent to the solid surface, are deter
mined b y  the laws o f diffusion and the conditions o f

saturation of A gC l and zero flux o f hydrogen ions into 
the solid phase.

From  the conditions o f phase equilibria at the elec
trodes and the definitions o f the chemical potentials of 
neutral species, the cell potential can be written

—F(\pa — \pa ) =  V 2mh2“  — mhci8 —

MAgX +  MAgCl' +  (mci -8 — mci-s) (40)

I f  the chemical potentials of hydrogen and HC1 are 
expressed as

Min =  mh/  +  RT In ph2

and

Mhci =  mhci9 +  2 RT In Chci/ hci

then the standard cell potential, E °, can be identified 
as a collection o f therm odynam ic quantities

FE° — W h/  — mhci9 — MAg9 +  MAgci9 (41)

and the cell potential becomes

- F { r  -  r ' )  =  FE° +  V JIT In pH° -

2RT In Chci8/ hci8 +  (mci-8 — Mci-8) (42)

For the evaluation of the difference ¿mi-8 — mci-8, 
eq 29 becomes in the absence of current

Vmci- =  ¿h +W^hci +  ¿Ag+°V/iAgci (43)

Integration gives

b s CS , „ <Vhci ,Mci- — mci- =  I ¿h + —r —  da: +Js ox

r ,  £>MAgd, . .J Ak+ da (44)
The evaluation of these integrals requires a knowledge 
of the concentration profiles, as well as the trans
ference numbers and therm odynam ic properties as func
tions o f the concentrations. F or high concentrations 
of HC1, Vjuhci and ¿ab+' approach zero, and the term 
Mci-8 — mci-8 m ay be neglected in comparison to the 
other terms in eq 42.

The difference in electrochem ical potentials o : the 
chloride ion can be expressed in terms o f the quasi- 
electrostatic potentials (referred to the chloride ion), 
differences of which are given in Table II

Mci-8 — mci-8 -

F (F S -  $ 8) +  RT In (c c i -7 c c i -8) (45)

For a bulk HC1 concentration of 10 ~4 M, one obtains 
(mci-8 -  mci-)/F  =  0.0198 -  0.2457 =  -0 .2 2 6  mV. 
This small error is not of m uch practical significance, 
since very few measurements have been made in this 
range of concentration.

Thus it is seen that the effect o f the solubility of the 
slightly soluble salt will be to cause the potential o f the
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chloride electrode to be more negative with respect to 
the other electrode than would otherwise be the case. 
Hence the measured potential of the above cell will be 
lower than if silver chloride were more insoluble. 
Smyrl and Tobias12 have discussed several nonaqueous 
systems where the effect is much larger in more concen
trated solutions, since the effect becomes important for 
bulk concentrations on the order of the square root of 
the solubility product. The problem arises because the 
determination of standard cell potentials involves an 
extrapolation to infinite dilution. Smyrl and Tobias 
took the diffusion coefficients to be equal (hence Ah = 
0) and assumed that the concentration of the second 
electrolyte is uniform up to the surface of the sparingly 
soluble salt.

c. Cells with Tvjo Electrolytes, Both of Varying Con
centration. Cells of this type may still be divided into 
two groups according to whether or not the two elec
trolytes have an ion in common. A junction between 
CuS04 and ZnS04 is an example where there is a com
mon ion; a junction between NaCl and HC104 is an 
example where there is not. The former class will be 
discussed first.

Consider the cell

Pt(s)
0

Ag(s) AgCl(s) HC1 in H2Ojtransition regio

X Ô' S'
KC1 in H20 AgCl(s) Ag(s) Pt(s) (46)

The cell potential is again given by eq 34. The effect 
of the nonzero solubility of AgCl, discussed in sub
section b, will be ignored here. In this case, however, 
eq 29 becomes

Vyci- = ¿H+WitHci +  ¿K+WjUKCi (47)

and integration gives

M ci-e x
mci-

ÒMHCI
dx +  £k+°

Ò/IKC1
ÒX

dx (48)

Here, as with eq 44 and in contrast to eq 36, the integral 
depends on the detailed form of the concentration pro
files in the junction region. As in the preceding exam
ples, the cell potential can again be expressed in terms of 
the quasi-electrostatic potential, referred to the chloride 
ion, eq 37, and the values of A$ in Table I allow the cell 
potential to be calculated. By means of the various 
models, the detailed form of the concentration profiles 
has already been taken into account in the tabulated 
values of A$.

Many cells of practical importance contain two elec
trolytes of varying concentration with no common ion. 
Such a cell is

a
Pt(s), H2(g)

0 1
HC104 in H20|transition region!

NaCl in H20 AgCl(s) Ag(s) Pt(s) (49)

From the conditions of phase equilibria at the elec
trodes and the definitions of the chemical potentials of 
neutral species, the cell potential can be written

- F ( r  -  r ' )  =  72mh" -  MAgx +
MAgCl* — (mh+̂ +  MCI-8) (50)

The cell potential is again related to the thermo
dynamic properties of electrically neutral components, 
but a new term has appeared. Instead of the difference 
of electrochemical potential of a single ion between the 
two solutions, there is now a combination of electro
chemical potentials of two ions. This more compli
cated situation can be analyzed if the ionic strength does 
not go to zero anywhere in the junction (as must also be 
the case with the junctions treated earlier). Choose 
some solution in the junction and denote it as I. The 
quantities mci-8 — mci-1 and — yn*1 are both well 
defined if the intermediate solution I has nonzero con
centrations of both ions C l" and H+. The cell poten
tial can be written, then

- F i r  -  r )  = V2MH.“ -  MAgx +  MAgd* -

(mh7  — jLiH+T) — (mci-8 — MCI-1) — MHC11 (51)
The electrochemical potential differences in eq 51 can 
now be related through eq 29 to integrals of transference 
numbers multiplied by gradients of chemical potentials 
of neutral combinations. The integrals can be evalu
ated from the concentration profiles in the junction 
along with the concentration dependence of the trans
port and thermodynamic properties. The cell potential 
is, of course, independent of the choice of the inter
mediate solution I.

In this case it may be particularly convenient to use 
the quasi-electrostatic potential, here referred to the 
chloride ion. This allows one to write

Mh+3 +  mci-8 =  mhcis +  RT In Ch+7ci-8 +

F ($3 -  4>5) +  R T  In ( / h+7 ci-3) (52)

The last term in eq 52 is well defined, although it is 
somewhat unusual. Here represents the
activity coefficient of hydrogen ions referred to chloride 
ions in a solution of vanishing chloride concentration. 
According to eq 23, this term would be given by

_2qj V2
Iii/ h+Tci-3 = j _|_ ji /s +  2(0hcio4 +  0hci)ch7  (53)

where I  now refers to the ionic strength in solution /3. 
This procedure is justified by the fact that it is no

(12) W . H. Smyrl and C. W. Tobias, Electrochim. Acta, 13, 1581 
(1968).
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longer necessary to select an intermediate solution in 
the junction.

The cell potential can now be written 

~ F ( r  -  r ' )  =  FE° +  l/,RT In pH,“ -  

RT In cH A cl-{ +  F(<i>5 -  -

R T ] n f H*%x-0 (54) 

where the standard cell potential has been identified

FE° = V V h/  — has +  jtAgci9 — mhci9 (55)

A determination of the standard cell potential by means 
of this cell would be affected by the uncertainties in the 
values of A$ an d /H+%i-p, a problem which is avoided 
with the cell discussed in subsection b. If E° is known 
from measurements with that cell, any uncertainty in 
the calculated value of A<f> will cause a consequent un
certainty in any value of obtained from mea
surements on the present cell. This discussion reveals 
some of the difficulties involved in the use of such cells 
for thermodynamic measurements.

We could check the calculated value of A$ in Table I 
by subtracting from the cell potential the standard cell 
potential and the terms in activity coefficients and con
centrations. The potentials of such cells have not 
been measured.

The cell

Pt(s), H2(g) HC1 in H20|transition region)

KNOa in H20 K in Hg(l) Pt(s) (56)

is very similar to that of the previous example but dif
fers in that both electrodes involve phase equilibria of 
cations. Again, from the phase equilibria and the 
relevant thermodynamic identities, the cell potential 
may be written

— F(\pa — rf/a ) =  W h2“ — PK +  HK+6 — PH+*3

=  VsMH,“ — PK +  (mk+* — PK*1) —

(mH+S — P H+1) +  (pK*1 — MH+1) (57)

where I denotes an intermediate solution where both 
K+ and H+ ions are present. The quantities pk*s — 
h k * 1  and //.h ** — p h * 1  can be related through eq 29 
to integrals of transference numbers multiplied by 
gradients of chemical potentials of neutral combina
tions. The last term in eq 57 is well defined and is 
given by

i i i iPk* — pk* =  pkcx — MHCl

~F(if'a — 'l'a ) — 1/iPma — pk +  pkci —

Pkci +  RT In {ck* /Cn*e) +

RT In (jK*%x-/h*%x-p) +  F(<f>5 -  & ) (58)

Any uncertainty in A<f> and fK*}cx- would be reflected 
in the uncertainty in a derived value of a standard cell 
potential. Thus the use of such a cell to determine 
standard cell potentials is justified only if the junction is 
well characterized and if the thermodynamic properties 
of one of the end solutions are well known.

Other cells could be analyzed, but the analysis would 
involve only the principles and procedures which have 
been used above.

Discussion
The analysis of the cells in the previous section re

vealed the relation between measured cell potentials and 
the thermodynamic and transport properties of the 
materials in the cells. For cells with liquid junctions, 
the cell potential depends on the concentration prefiles 
in the liquid junction and the transport and thermo
dynamic properties of the junction region, in addition to 
the standard cell potential and the composition of 
activity coefficients of the end solutions. Alternatively, 
for the junction one could specify the concentration 
profiles, the value of A$ which characterizes the junc
tion, and the ion to which $ is referred. Once single 
junctions have been characterized, the behavior of 
combinations of these junctions in other cells, e.g., cells 
with salt bridges, may be predicted.

Calculations for several single junctions have been 
made, and the results are given in Table I. The only 
one of the junctions for which our calculations may be 
compared with other calculations and with experi
mental results is the 0.1 M  HC1-0.1 M  KC1 junction. 
Maclnnes and Longsworth13 have made calculations for 
this junction of the free-diffusion type and reported a 
value of 28.19 mV to compare with 27.31 mV o: the 
present study. Spiro14 has discussed cells with liquid 
junctions, including salt bridges, for junctions of con
stant ionic strength across the junction and of the con
tinuous-mixture type and has included activity coeffi
cient corrections. For this HC1-KC1 junction, Spiro 
calculated 29.07 mV, and we calculate 27.47 mV. The 
experimental results are given in Table I.

Maclnnes and Longsworth used eq 29 and the known 
activity coefficients and transference numbers for this 
junction and an assumed concentration profile to make 
their calculation. It is not clear whether the difference 
between their results and ours is due to our assumption 
about activity coefficients, our assumption about the 
ionic diffusion coefficients, or their assumption about 
the concentration profile.

To demonstrate the usefulness of tabulated values of 
A<f>, let the quasi-electrostatic potential be based on the 
chloride ion. Equation 57 can be rewritten

(13) D. A. Maclnnes and L. G. Longsworth, Cold Spring Harbor 
Symp. Quant. Biol., 4, 18 (1936).
(14) M Spiro, Electrochim. Acta, 11, 569 (1966).
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It is known15 that Doci varies by 17% across the 
0.1 M  KC1-HC1 junction, whereas it is the same in 
both solutions at infinite dilution. Their use of experi
mental data on transference numbers takes this varia
tion of Doci into account, but our treatment does not. 
On the other hand, they have assumed a concentration 
profile in order to make their calculations which will 
certainly lead to some error. It is not possible at 
present to estimate the relative importance of these 
differences, but it is gratifying that the two treatments 
agree so well.

Spiro calculates about the same activity coefficient 
correction (0.55 mV) as we do (0.62 mV), but his cal
culation neglecting activity coefficients ( — 28.52 mV) 
is higher than ours by about 1.7 mV. The major 
differences in the results are caused by different assump
tions about the ionic diffusion coefficients. We have 
assumed the ionic diffusion coefficients to be constant 
throughout the junction and have used the values cor
responding to infinite dilution in making the Henderson 
calculation. Spiro has used the Lewis and Sargent 
equation and has utilized conductivity data for the 
0.1 M solutions. The restrictions in the use of the 
Lewis and Sargent equation lead one to conclude that 
this is not a valid way to correct for the variation of 
Doci mentioned earlier. The restrictions come about 
in the following way. The Lewis and Sargent equation 
is derived from the Henderson equation, which in 
turn is derived with an assumption that the ionic dif
fusion coefficients are constant across the junction. 
Thus one must use data consistent with this assumption. 
The conductivity data used by Spiro do not fulfill 
this requirement.

Since the results reported here for the other junctions 
may not be compared to experimental data, we can only 
propose that they are at least as accurate as for the 
HC1-KC1 junction.

The variation of the ionic diffusion coefficients across 
the junction may be important for the junctions con
taining hydrogen ion, but less important for the others. 
It will be necessary to make the comparison with 
experimental data to verify this. The comparison 
must be made also before calculations are made at 
higher concentrations—the concentration region where 
the junction might be used as part of salt bridges.

A salt bridge is often used to separate two electrolytic 
solutions and sometimes the stated purpose is “ to 
eliminate liquid junction potentials.”  We should now 
be in a position to evaluate whether this purpose is 
achieved, if we could define the liquid junction potential 
which is supposed to be eliminated. Such a salt bridge 
might be

HC1 (0.1 TfjtransitionjKCl (0.2 Mi
in H20) \ region j in H20 ) (

transitionjHCl (0.2 M 
region j in H20)

It seems clear that the salt bridge does not make the 
value of Mci- equal in the two hydrochloric acid solu
tions. The value of A4> (referred to the chloride ion) 
for this combination of junctions is 5.78 mV if the junc
tions are of the continuous-mixture type. This can be 
compared with the value A<f> =  10.31 mV for a single, 
direct junction between 0.1 and 0.2 M  HC1 solutions.

If the transference numbers of KC1 were equal to 0.5 
and if departures of activity coefficients from unity 
could be ignored, the liquid junction potential of the 
combination of two junctions of the salt bridge should 
decrease as the concentration of KC1 increases. If one 
insists on using salt bridges, one might consider as an 
alternative the series of junctions

HC1 (0.1 A/jtransitionjKCl (0.1 M(transition! 
in H20) ) region j in H20 ) ( region (

KC1 (0.2 JijtransitioniHCl (0.2 M 
in H20 ) ( region ( in H20)

for which A4> =  1.24 mV and for which the value of A4> 
would approach zero as all the concentrations were 
reduced in proportion if the transference numbers of 
KC1 were 0.5.

Although cells with salt bridges are not useful for 
determining activity coefficients, they are useful for 
determining standard cell potentials. A cell which is 
particularly appropriate for such studies, but which has 
not been utilized extensively, is one in which the elec
trolyte of the salt bridge is present throughout. An 
example of this cell is

Pt(s) Li(s) LiNOs, K N 03 in ILO}

transition region) t
(KNOa in HaO) (AgNOa, K N 03 in H20  Ag(s)

<2
Pt(s)

in which K N 03 is present throughout the cell at the 
same concentration. The transition region contains 
concentration gradients of both LiN03 and AgN 03. 
The cell potential may be expressed as

— F(\pa — = Mhi* — MLiNOa* ~

MAg* +  MAgNOa* — MNOa-' +  MNOa-‘
We adopt the following approximations which essen
tially fix the range of concentrations

¿Ag +° — 0

¿Li+° = 0

CAg+' =  CLi+J «  Ck +

( C A g + ‘ ) 1 / j  =  ( C L i + 5 ) 1 / !  «  C k + ‘ / !

The expression for the cell potential becomes 

—  F ( x p a  —  =  F E °  -\ -  2 K T ( / 3 A gN 0 a  —  d l U N O a ^ N O a -

(15) T. W. Chapman, Ph.D. Thesis, University of California, 
Berkeley, Calif., 1967.
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Thus the measured cell potential should be a linear 
function of c n o , - .  A s c n o 3-  0, the standard cell 
potential may be determined from the intercept. It 
would not be necessary to extrapolate to the low con
centrations which are necessary for cells without trans
ference.

Conclusions
A general treatment of the effect of diffusion on the 

electrical potential of cells with liquid junctions has 
been given. It was found that such cells have a poten
tial which is related to a difference (or sum) of the elec
trochemical potential of an ion (or ions). It has been 
shown that this characteristic combination of electro
chemical potentials can be determined from a knowledge 
of the concentration profiles and the transport and 
thermodynamic properties in the junction region. 
From the laws of diffusion, the concentration profiles 
have been calculated and values of A4> have been deter
mined for several different junctions without the as
sumption of activity coefficients equal to 1. These re
sults have been applied to specific ceils. Such an 
analysis has made it possible to determine the magni
tude of the diffusion effect in cases where it is desirable 
that the effect be negligible.

The cell potential can still be obtained from contribu
tions of various phase boundaries and liquid junctions if 
certain conventions are adopted. This procedure 
makes simpler the tabulation of the properties of elec
trochemical cells.

Potentials of Cells with Liquid Junctions
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Appendix. Nomenclature

Ci Concentration of species i  (mol/cm3)
2D»,- Diffusion coefficient for interaction of species i and j  

(cm2/sec)
E °  Standard cell potential (V)
fi Activity coefficient
F  Faraday’s constant (C/equiv)
i Current density (A/cm2)
I  Ionic strength (mol/1.)
K n  Friction coefficient
Ln° Interaction coefficient
M ij Interaction coefficient
N< Flux of species i (mol/cm2 sec) 
p Pressure (dyn/cm2)
R Universal gas constant (J/mol deg)
Rij Interaction coefficient
t Time (sec)

Transference number of species i with respect to species o 
T  Absolute temperature (°K)
v; Velocity of species i  (cm/sec)
x Distance (cm)
Zi Charge number of species i
a Debye-Hiickel constant ((l./mol)'^)
0H Constant, independent of concentration (l./mol) 
k Conductivity (mho/cm)
/¿i Electrochemical potential of species i  (J/mol)
$ Electric potential or quasi-electrostatic potential (V)
\p Potential of an electrode (V)
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A Shock Tube Study of the Pyrolysis of Propylene. Kinetics 

of the Vinyl-Methyl Bond Rupture
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Esso Research and Engineering Company, Central Basic Research Laboratory, Linden, New Jersey 07086 
(Received July 12, 1968)

The pyrolysis of propylene was investigated in the temperature range of 1100-1650°K with reaction times of 
approximately 1 msec in a shock tube. The unimolecular rate constant for the vinyl-methyl bond rupture was 
determined to be h  = 1016-1 exp(—85,800/.fiT) sec-1. This value was obtained by calculating the initial pro
duction of methyl and vinyl radicals from the product spectrum. The bond dissociation energy for the vinyl- 
methyl bond is 88 ± 2 kcal at 298°K. Alternately, the enthalpy of formation of the vinyl radical is 61 ±  2 kcal 
mol-1 at 298°K. Assuming that the rate constant for methyl-vinyl radical combination is 10'0± 11. mol-1 sec-1, 
the entropy of the vinyl radical is 55 ± 4 cal mol-1 deg-1 at 298°K.

Introduction
The pyrolysis of propylene has been investigated by 

many workers. Kallend, Purnell, and Shurlock1 give a 
comprehensive review of existing information. Some 
of the steps in the decomposition mechanism propylene 
have been assumed to be

C3H6— > C3H6- +  H- (1)

H- +  C3H6 — c h 3- +  c 2h 4 (2)

H* +  C3IÌ6 ~"- >  h 2 +  c 3h 5- (3)

CÏÏ3* -j- C3H6 —- ►  c h 4 +  c 3h 6- (4)

This accounts for the observed equal yields of ethylene 
and methane. Reaction 2 occurs when the hydrogen 
atom adds to the middle carbon atom of propylene and 
the vibrationally excited normal propyl radical, thus 
produced, decomposes. Falconer, Rabinovitch, and 
Cvetanovi62 showed that only 6 ±  1% of the hydrogen 
atom additions at 298°K produce n-propyl radicals. 
On the other hand, Jackson and McNesby3 showed that 
the isopropyl radical decomposes primarily into propyl
ene and a hydrogen atom, while a maximum of only 7% 
cracks into methyl radicals and ethylene at about 800°K  
with no temperature trend. Since Bellinge and 
Gowenlock4 found no evidence for the isomerization of 
the isopropyl radical at about 700° K, we are left to 
speculate that at high temperatures step 2 is much less 
important than step 3. Since step 3 is not the precur
sor to both ethylene and methane, one may propose 
another initiation reaction which involves the rupture 
of the vinyl-methyl bond. Both Kallend,1 et al., and 
Steacie5 do propose that the initiation step is

C3H6 — > CH3- +  C2H3- (5)

The bond dissociation energy at 298°K, DH°(C2H3-  
CH3), has not been determined directly but has been 
inferred as 92 kcal mol-1,6 while the bond energy DH°

(C3H5-H ) has been inferred as 85 kcal mol-1.6 One 
would thus assume that reaction 1 is favored kinetically. 
This may not be the case if the entropies of reaction are 
different. Since entropies affect the preexponential 
factor in the Arrhenius expression and if reaction 5 has 
a larger preexponential than reaction 1, then at high 
temperatures reaction 5 will be the predominant initi
ation reaction.

The bond dissociation energy DH° (CH3-C 2H3) has 
not been measured directly because the pyrolysis of 
propylene is influenced by surface reactions.1'7 How
ever, shock tube techniques should prove fruitful in 
determining DH° (CH3-C 2H3) because the short reac
tion times would minimize surface effects.

Experimental Section
Reactant mixtures consisting of 0.870 mol %  propyl

ene in argon were pyrolyzed in a 3-in. (i.d.) stainless 
steel single-pulse shock tube. The low-pressure or re
actant section was 12 ft long and the high-pressure or 
driver section was 6 ft long. The tube was attached 
at the high-pressure end to a vacuum tank having a 
volume of 30 ft3. The two sections of the shock tube 
and the tank were all separated by diaphragms made of 
Alclad aluminum, Type 2024-T3, 0.016 in. thick. 
The diaphragm dividing the two shock tube sections 
had two perpendicular, centered scribe lines of 0.007 
in. in depth milled into the side facing the low-pressure

(1) A. S. Kallend, J. H. Purnell, and B. C. Shurlock, Proc. Roy. Soc 
A300, 120 (1967).
(2) W. E. Falconer, B. S. Rabinovitch, and R. J. Cvetanovic, J. Chem 
Phys., 39,40 (1963).
(3) W. M. Jackson and J. R. McNesby, ibid., 36,2272 (1962).
(4) B. H. M . Bellinge and B. G. Gowenlock, J. Chem. Soc., 3252 
(1962).
(5) E. W. R. Steacie, “ Atomic and Free Radical Reactions,” Vol. 1, 
Reinhold Publishing Corp., New York. N. Y., 1954.
(6) S. W . Benson, J, Chem. Bduc.. 42, 502 (1965).
(7) J. A. Kerr, Chem. Rev., 66, 465 (1966).
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Figure 1. An idealized wave diagram for the shock tube.

end. This diaphragm ruptured with a 175 ±  10-psi 
pressure drop. The diaphragm separating the driver 
section from the vacuum tank was also scribed but to a 
depth of 0.006 in. An externally actuated plunger rup
tured the second diaphragm.

Figure 1 depicts an idealized wave diagram which 
shows the reaction zone to be the triangular area initi
ated by the reflected shock wave and terminated by the 
cooling wave. Our real diagrams do not indicate any 
marked deviation from this figure. The effective re
action time behind the reflected shock wave for a given 
portion of reactant is dependent upon its location with 
respect to the end plate of the shock tube. As shown 
in Figure 1, the reactant at the end plate is exposed to 
the reaction environment for r seconds, while the 
reactant at the intersection of the cooling and reflected 
shock waves has zero contact time. The products, 
being thoroughly mixed prior to analysis, reflect an 
average reaction time at the particular temperature of 
the experiment. The first-order rate constant (h) may 
be calculated by means of the expression8

F =  ~ ( 1  -  e~k,T) 
hr

where F is the fraction remaining of the original starting 
material and r is the maximum reaction time as 
described above.

The velocities and pressures of the incident shock, 
reflected shock, and expansion waves were measured at 
three points along the reactant section by quartz 
pressure transducers positioned on the end plate, 6 in. 
from the end plate, and 3 ft from the end plate, respec
tively. The transducer signals were displayed on two 
Tectronix oscilloscopes, types 585A and 545B. The 
traces were photographed using Polaroid cameras. 
The reaction temperatures were calculated from the 
incident shock velocity using the ideal gas law. These 
results were corrected for the endothermicity of the re
action and also for heat capacity changes due to the 
small amount of hydrocarbon present. In our experi
ments the pressure behind the reflected shock wave 
was approximately 13 atm in all runs.

Following a run the samples were withdrawn from the 
stock tube by means of a vacuum line, and the constit
uents were analyzed on a Beckman GC-5 gas chroma
tograph equipped with hydrogen flame ionization and 
thermal conductivity detectors. A 10-ft Porapak Q 
column was used to separate the products. The reac
tant mixture contained 0.25 mol %  xenon for material 
balance determinations. The propylene was Phillips 
research grade, the xer.on was Matheson research 
grade, the helium was Matheson high-purity grade, 
and the argon was Linde high-purity dry grade. Since 
chromatographic analysis of all gases indicated less 
than 0.1%  impurities, these were used as received.

Results
The shock tube experiments were carried out over the 

temperature range of 1100-1650°K with an average 
reaction time of 1 msec. In Table I we list the moles 
of product per 100 mol of propylene in the feed. Al
though we did not analyze for all our products in each 
experiment, we found substantial evidence for the 
production of ethane, butadiene, 1-butene, 1,4-penta- 
diene, and 1,5-hexadiene in trace amounts.

The unimolecular rate constant for propylene crack
ing can be expressed implicitly as

(F)° ~  A(F) = 7^-d -  e~kn (I)(P)o hr

where (P)0 is the initial concentration of propylene and 
A(P) is the change in the concentration of propylene due 
only to decomposition via reaction 5. The quantity 
A(P) can be evaluated for any single reaction path in 
which the resulting products are dependent on the initi
ation step and there are no other ways of producing these 
products. In the case of methyl radicals produced 
from step 5 we have

A(P) =  (CH4) +  2(C2H6) +  (1-C4H8) (II) 

Similarly for vinyl radicals we obtain 

A(P) = (C2H4) +  (GEL) +  2(C4H6) +  (C6Hs) (HI)

We solved eq I by iteration for fc5 after calculating 
A(P) from eq II or III and our product yields (Table 
I). Figure 2 shows the Arrhenius plot of fc5 as deter
mined from a vinyl radical and a methyl radical balance 
(eq III and II, respectively). The least-squares equa
tion is

= ]015-07*°-40e_(86840±237)/'R:r sec-1 (IV)

Discussion
The over-all decomposition of propylene is not under

stood.7 We have obtained the Arrhenius expression for 
the initiating vinyl-methyl bond split. Although 
other initiating reactions are possible and were men-

(8) V. Kevorkian, C. E. Heath, and M . Boudart, ,/. Phys. Chen., 64, 
964 (1960).
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Table I : Propylene Pyrolysis Data

I n it ia l
N o . o f  

run
T e m p ,

° K
T,

m se c C H » C 2H , C iH ,
- M o l e s  o f  p r o d u c t /1 0 0  m o l  o f  in it ia l p r o p y le n e —  

C jH j C jH j C jH< c u l C .H s CsHg CeHio
press,®
T o r r

235 1140 1.95 0.06 0.05 0.01 97.9 0.07 600
237 1160 2.00 0.06 0.05 0.03 97.5 580
238 1200 1.80 0.14 0.12 93.6 0.06 570
236 1205 1.81 0.27 0.31 0.07 93.7 0.30 575
234 1310 1.25 0.11 3.60 0.80 86.8 2.70 525
206 1340 1.15 9.9 0.80 8.10 2.30 63.2 7.50 0.70 490
204 1390 1.30 16.1 1.20 15.9 5.60 63.4 13.9 1.20 060 490
229 1410 1.31 1.40 15.5 6.20 62.4 14.9 500
201 1460 1.38 43.8 1.60 19.8 29.0 15.2 15.5 3.30 0.20 0.20 3.90 400
217 1520 1.57 50.5 0.14 24.0 65.8 2.40 3.70 1.10 0.90 4.90 350
211 1650 1.60 54.2 0.10 12.7 83.9 1.50 2.00 0.60 1.60 300

“ The initial pressure is that of the total reactant mixture prior to shocking. The final or reaction pressure behind the reflected shock 
wave is 13 atm in all experiments.

Figure 2. Propylene pyrolysis: ■, methyl radical
balance; •, vinyl radical balance.
ks° = 1016.07±°.'<0e(-85.84±2.37)/i:7'_

tioned in the Introduction, we present data to sup
port our contention that step 5 predominates under 
our conditions. In the review by Kallend et al.,1 
data were presented which indicated that propylene 
cracks by a complex free-radical sequence with a chain 
length of 50 in the temperature range 800-1000°K. 
Some of these conclusions are not valid under shock

tube conditions at higher temperatures and pressures 
with millisecond residence times. Our data indicate no 
significant influence from a free-radical chain in agree
ment with Sakakibara’s9 flow pyrolysis data at simi
lar temperatures.

Our results are consistent with the reaction sequence

c 3h 6: ^ ± c h 3- +  c 2h 3- (5)

c h 3- +  c 3h 6 c h 4 +  c 3h 5- (6)

C2H3- +  C3H6 C2H4 +  C .Ä - (7)
C2H3- — >  C2H2 +  H- (8)

2CH8------>- C2H6 (9)
2C2H3 • — > C4H6 (10)

c h 3- +  c 3h 5- 1-C4H8 (ID
c 2h 3- +  c 3h 5- — >  c 6h 8 (12)

Although the series of reactions listed above is in
complete with respect to the over-all thermal decompo
sition of propylene, all reasonable steps governing the 
formation and disappearance of the methyl and vinyl 
radicals are included. The possible reaction between 
hydrogen atoms and propylene was discussed in the 
Introduction. If we assume; (a) only 6%  of the hy
drogen atom addition occurs to produce n-C3H7-; (b) 
a maximum of 7% of the isopropyl radicals decompose 
into ethylene and methyl radicals; and (c) isopropyl 
radicals do not isomerize under our conditions, then we 
must infer that ethylene and methane are primarily 
produced by reactions 6 and 7. We found that the 
experimental ratio of acetylene to ethylene was 10-40 
times greater than that predicted using Kozlov and 
Knorre’s data10 on ethylene pyrolysis. The larger 
ratios were observed at the lower temperatures. We 
must therefore assume that ethylene is not the precur-

(9) Y . Sakakibara, Bull. Chem. Soc. Jap., 37, 1262, 1268 (1964).
(10) G. I. Kozlov and V. G. Knorre, Combust. Flame, 6, 253 (1962).
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sor to acetylene in this case. It would seem more likely 
that acetylene is produced by cracking the vinyl radical 
rather than by cracking ethylene. Although we did not 
analyze for all our products in each experiment, we still 
found significant indications that the radical combina
tion reactions 9-12 do occur. It would be difficult to 
account for these products in- any other manner. 
Based on all the above factors, we believe that the 
mechanism presented accounts for the observed yields 
of products and that other reactions leading to these 
products may be neglected to a first approximation.

Our calculations are based on the assumption that 
the methyl-vinyl radical combination occurs with zero 
activation energy and that the vinyl radical behaves 
like an alkyl radical. This assumption is supported by 
the data and calculations of Simons, Rabinovitch, and 
Dorer.* 11 The excellent agreement between the methyl 
and vinyl radical balances serves as an internal check 
on the consistency of our argument.

We have assumed that our value for fc5 is at the 
high-pressure limit because the reaction pressure was 
13 atm. This assumption is supported by the calcu
lations of Rabinovitch and Setser,12 which showed that 
under our experimental conditions k/ka is greater 
than 0.8 for the thermal activation of ethane, propane, 
and butane.

The bond dissociation energy (DH°) may be deter
mined from the observed activation energy assuming 
the back reaction (fc_B) requires zero energy. The 
enthalpy of the reaction at 1300° Iv is AHreact,i3oo = 
-E’act +  RT — 88 ±  2 kcal mol“ 1. We used the ther
modynamic data shown in Table II to correct the en
thalpy of reaction to 298°K. We found the correction 
to be negligible; thus Z)/7° (CH3-C 2II3) is 88 ±  2 kcal 
mol-1. The values for DH° (CH3-C 2H3) previously re
ported by Benson6 and Kerr7 are in good agreement with 
our value.

One can alternatively calculate the standard heat of 
formation of the vinyl radical from the measured activa
tion energy. This value is 61 ±  2 kcal mol-1. Our 
AHi° (CiU-i) compares quite favorably with the values 
that Benson6 and Kerr7 quoted based on thermal 
techniques and mass spectrometric techniques.13

For the purpose of calculating the entropy of the 
vinyl radical we assumed that the methyl-vinyl re
combination rate constant (fc_s) is the same as the rate 
constant for the methyl radical dimerization. In order 
to bracket the actual value of the rate constant we let 
fc_5 = 1010±11. mol-1 sec-1. This value is in agreement 
with the methyl radical dimerization rate constant at 
approximately our midrange temperature.14 Using 
this value of /c_s we calculate the entropy of the vinyl

Table II : Thermodynamic Data“

cm- CîHs- C2H2 C2m CsHe1
A H um , kcal mol- 1  31.94 63 ±  2t 54.19 12.50 4.88
AH ,,,30», kcal mol- 1  29.69 61 ±  2C 53.13 8.77 -0 .4 2

“ All data are from the “JANAF Thermochemical Tables,” 
Dow Chemical Co., Midland, Mich., 1963, except as noted. 
6 Reference 6 . “ We used the following expression to estimate this 
quantity: A // f .ir-offCslR) — AH  f.sohUhh-) -f- 1/-i\AH f, ,300
(C2H2) — A/Zf.sgsfCsHa) -f- A l l  i . j s o o T U I . i )  —  Ai/f.aMfCaHd]. 

d Project 44 Tables, American Petroleum Institute, Pittsburgh, 
Pa., 1952.

radical as 78 ±  4 cal mol-1 deg-1 at 1300°K. When 
we apply the same calculational technique for entropy 
change as we used to estimate the enthalpy change for 
the vinyl radical in going from 1300 to 298°K, then 
S° — 55 ±  4 cal mol-1 deg-1.

We have shown in this paper that shock tube tech
niques can be used to obtain kinetic and thermodynamic 
data for a system which does not lend itself to direct 
analysis using more conventional methods.
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(11) J. W. Simons, B. S. Rabinovitch, and F. H. Dorer, J. Phys. 
Chem., 70, 1076 (1966).
(12) B. S. Rabinovitch and D. W. Setser, Advan. Photochem., 3, 
1 (1964).
(13) A. G. Harrison and F. P. Lossing, J. Amer. Chem. Soc., 82, 519 
(I960); F. W. Lampe and F. H. Field, ibid., 81,3238 (1959).
(14) H. Shaw and S. Toby, / .  Phys. Chem., 72, 2337 (1968).
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Hydrogen Bonding between Adsorbed Gases and Surface 

Hydroxyl Groups on Silica

by W. Hertl and M. L. Hair
Research and Development Laboratories, Corning Glass Works, Corning, New York 14830 (Received July 12, 1968)

The isosteric heats of adsorption of 23 compounds on the 3750-cm-1 surface hydroxyl group on silica have 
been determined spectroscopically. Comparison of these heats (A H ) with the observed frequency shifts 
(Av) of the hydroxyl band show that the compounds studied can be divided into two groups: (i) those in 
which AH  is constant and in which Av increases with decreasing ionization potential and (ii) those in which 
AH  is a function of Av and of the location of the lone-pair electrons in the adsorbing molecule (A//(kcal) =  
0.455(A rem-1) ' / ’ +  k). The constant k has a value of 3.0 kcal when the lone-pair electrons involved in the 
hydrogen bonding are in a p orbital and a value of — 2.3 kcal when they are in sp2 or sp3 hybrid orbitals. Direct 
correlations are also observed between the integrated areas of the perturbed hydroxyl bands, the frequency 
of this band, and the amount of free hydroxyl covered. For compounds in the series in which the frequency 
shift is a function of the heat of adsorption, a decreasing frequency shift is observed with increasing tempera
ture. Electrostatic interaction probably plays an important part in this hydrogen bonding, but there are 
other factors which contribute together or individually to the strengths of the H bonds and to the observed 
frequency shifts.

Introduction

When physical adsorption takes place on the surface 
of silica, it is observed that the band in the infrared 
spectrum attributed to the freely vibrating hydroxyl 
group is perturbed to lower frequencies. In many cases 
the interaction between the adsorbate molecule and the 
freely vibrating surface hydroxyl group is very specific 
and adsorption occurs on that site preferentially to other 
groups on the surface, such as adjacent, hydrogen- 
bonded hydroxyls.1 Previous work on the physical ad
sorption of molecules on silica has attempted to correlate 
the observed frequency shift with physical parameters 
such as polarizability,2 quadrupole moment,3 ionization 
potential,4 and heat of adsorption.6 Of these ap
proaches, only the latter shows any success in correlating 
differing groups of compounds and Kiselev has pro
posed that the shift in frequency of the free silanol 
vibration is directly proportional to the heat of adsorp
tion on the hydroxyl groups.6 In the past, these heats 
have been determined calorimetrically by investigating 
surfaces both with and without surface silanol group
ings.

By spectroscopically determining the amount of 
coverage of the freely vibrating groups on silica, it is 
possible to obtain the isotherms for adsorption on these 
groups only, independent of any other adsorption 
which may take place. From these isotherms, mea
sured at various temperatures, the isosteric heat of ad
sorption can be calculated. While inherently not so 
accurate as calorimetric methods, this method has the 
distinct advantage that it defines precisely the surface 
site on which adsorption is taking place. This paper 
describes the results obtained from measuring the iso

steric heats of adsorption of 23 compounds on the freely 
vibrating hydroxyl group of silica and enables the ad
sorbate molecules to be separated into three distinct 
series based on their molecular structure. By the use 
of an electronic curve resolver, several overlapping 
bands have been isolated and more accurate data for 
frequency shifts have been obtained. A complete 
analysis is given of the perturbed peaks obtained when 
the following molecules are adsorbed on silica: (CH3)2- 
CO, CH3CHO, NH3, C6H6, and C6H14.

Experimental Section
A self-supporting pressed silica disk (Cabot Co., 

Cab-O-Sil, 150-m2/g  surface area) was placed within 
a cylindrical furnace mounted in a Perkin-Elmer 421 
spectrophotometer (the spectral slit width at 3700 cm-1 
was 1.6 cm-1). The furnace was connected to a con
ventional glass vacuum rack, and the silica disks were 
preheated to 800° in air in order to remove all water 
and hydrogen-bonded hydroxyl groups.

To obtain the adsorption isotherm, various pressures 
of the desired reagent were admitted to the cell, and 
the change in peak intensity of the band due to the 
freely vibrating hydroxyl group was measured. The 
ratio of the peak intensity of this band in the presence

(1) M. L. Hair, “ Infrared Spectroscopy in Surface Chemistry,” 
Marcel Dekker, Inc., New York, N. Y., 1967.
(2) R. S. McDonald, J. Amer. Chem. Soc., 79, 850 (1957).
(3) G. J. C. Fronsdorff and G. L. Kington, Trans. Faraday Soc., 55, 
1173 (1959).
(4) M. R. Basila, J. Chem. Phys., 35, 1151 (1961); M. R. Basila, 
E. L. Saier, and L. R. Cousins, J. Amer. Chem. Soc., 87, 1665 (1965).
(5) G. A. Galkin, A. V. Kiselev, and V. I. Lygin, Russ. J. Phys. 
Chem., 41, 20 (1967).
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Table I : Isosteric Heats of Adsorption on Silica, Observed Hydroxyl Band Frequency Shifts, and Ionization Potentials

I o n iz a t io n
( is o s te r ic ) , p o te n t ia l,

C o m p d k c a l /m o l Av, c m -1 eV

1. SiCl4 5.4 ± 0 .3 25 ± 5 11.6
2. CHCb 5.6 ± 0 .3 45 ± 4 11.42
3. CC14 6.0 ±  0.5 45 ±  3 11.47
4. CH3SiCl3 6.5 ±  1.0 57
5. (CH3)2SiCl2 7.8 ±  0.8 90
6. (CH3)3SiCl 8.7 ±  0.4 135 ±  10
7. CS2 6.9 ± 0 .3 60 ±  5 10.4
9. c h 3c h o 10.5 ±  1.0 280 ±  10

10. (CH3)2CO 12 ± 1 .5 395 ±  15 (at 25°) 9.69
345 ±  20 (at 100°)

11. CH3Si(OCH3)3 6.0 ±  0.1 363 ±  7
12. (CH3)2Si(OCH3)2 6.7 ±  0.3 403 ± 8
13. (C2H6)20 7.9 ±  0.2 460 ±  20 9.6
14. (CH3)3SiOCH3 8.3 ±  0.1 477 ± 8
15. NOC1 3.7 178, 195
16. n h 3 8.9 ±  0.2 580 (at 90°) 10.16

675 (at 25°)
17. CsHsN (pyridine) 10.8 ±  1.0 765 ±  50 9.7
18. (C2H6)3N 11.0 ± 1 .2 975 ±  50 7.50
19. «-Pentane 5.7 ±  0.4 30 10.58
20. CHaCl 25 10.7
21. «-Heptane 45 10.34
22. Cyclohexane 6.4 ±  0.6 45 10.06
23. Benzene 5.6 ± 1 .0 120 ±  10 9.2
24. CH3I 6.0 ±  1.0 125 ±  20 9.1
25. Toluene 127 8.81
26. Xylene 6.2 ±  0.3 155 ± 5 8.45-8.60
27. n-Hexane 30 10.43

“ The error limits for the heats of adsorption are estimated.

of the gas to the peak intensity under vacuum gives the 
fraction of hydroxyl groups remaining uncovered (1 —
6). The quantity 6 is the fraction of hydroxyl groups 
covered at any given pressure of added gas. With each 
reagent this procedure was repeated at three or more 
temperatures. A new value of the peak intensity under 
vacuum was obtained at each temperature, since the 
peak intensity decreases slightly with increasing tem
perature. The spectrum of the perturbed hydroxyl 
band was also recorded. In the case of reagents where 
the adsorption bands due to the gas phase overlapped 
the band due to the perturbed hydroxyl band, a com
pensating cell was mounted in the reference beam in 
order to cancel out the absorption due to the gas phase.

Results
Heat of Adsorption. From the isotherms obtained at 

several temperatures, the heat of adsorption was cal
culated as follows. The pressures required to give 
exactly the same degree of physical coverage at various 
temperatures were determined to give the adsorption 
isostere. A plot of log P(6 — constant) vs. 1/T was 
then made. The slope of the resultant straight line is 
proportional to the isosteric heat of adsorption. For 
each compound, plots were made at various coverages

and, in all cases, were found to be linear and parallel 
up to a coverage of about 6 =  0.5 or 0.6. Beyond 6 =  
0.6 deviations occurred. These could be due either to 
mutual repulsion of the adsorbed molecules or to errors 
in the calculation, since at high coverages the isotherm 
is almost flat and it is difficult to obtain the precise 
pressure for a given 6. It should be noted here that 6 
refers to coverage of the surface hydroxyl group and 
that the enthalpy change measured is the isosteric heat 
of adsorption of the molecule on the freely vibrating hy
droxyl groups.

The measured enthalpy changes are listed in Table I, 
together with the observed frequency shifts and litera
ture values for the ionization potentials of the com
pounds. In obtaining these ionization potentials from 
the literature, no attempt has been made to distin
guish which were the “ best ”  values.

Frequency Shift and Intensity. The perturbed peaks 
obtained when physical adsorption takes place on silica 
were resolved on an electronic curve resolver (Du Pont 
Model 310 curve resolver). Two typical analyses are 
shown in Figures 1 and 2 (benzene and acetone). Both 
the observed band and the individually resolved bands 
are shown. Also shown in the figures are the gas-phase 
spectra taken without the silica present. It should be
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BENZENE - GAS PHASE ONLY

Figure 1. Resolution of perturbed hydroxyl band due to 
benzene adsorption.

ACETONE -  GAS PHASE ONLY

Figure 2. Resolution of perturbed hydroxyl band due to 
acetone adsorption.

noted that overtone bands occur in the gas-phase spec
trum in the same frequency region where the perturbed 
hydroxyl group band appears. The net effect of this 
superimposition is to create an initial observation that 
the frequency shift changes with increased coverage. 
With the exception of the benzene adsorption, this ap
pears to be untrue.

In any accurate analysis of the perturbed bands, 
therefore, these gas-phase overtones (and the overtones 
from the gaseous molecules which have adsorbed on the 
silica) must be subtracted from the perturbed peak.

From each spectrum the following information was 
obtained: (a) the shape of the peak due solely to the 
perturbed hydroxyl, (b) the integrated area under this 
peak, and (c) the position of the peak {i.e., the fre
quency). Except for the aromatic compounds, all the 
perturbed peaks resolved were found to consist of a 
single, symmetrical Gaussian band. In the case of the 
aromatic hydrocarbons, the Gaussian band was skewed.

Discussion
Band Shape. Gas-phase infrared absorption bands 

are normally Lorentzian in shape. Examination of an 
expanded spectrum of the band at 3750 cm-1, attrib
uted to the freely vibrating surface silanol group, shows 
that it can be satisfactorily accounted for by the super
imposition of two symmetrical Lorentzian peaks whose 
maxima are separated by less than 5 cm-1. After 
physical adsorption and interaction between the ad

sorbate and the hydroxyl group, the perturbed peaks 
are all fitted by a single Gaussian peak. This is taken 
as an indication that the adsorbed molecules show a dis
tribution of energies; i.e., there is a Boltzmann distribu
tion, suggesting that the thermal kinetic energy modu
lates the precise adsorption interaction energy. The 
perturbed peaks, with the exception of those due to aro
matic hydrocarbons, are symmetrical in shape.

Frequency Shifts. The adsorption studied here takes 
place on a freely vibrating surface hydroxyl group and is 
thus a form of hydrogen bonding. It is of some interest 
then to comment briefly on the available theories of 
hydrogen bonding. Pimentel and McLellan6 have 
reviewed earlier spectroscopic studies of hydrogen bond
ing, most of which dealt with hydrogen bonding in solu
tions. It was generally noted that the O-H stretching 
mode was shifted to lower frequencies, the half-width of 
the perturbed peak was broadened, and the integrated 
intensity of the perturbed peak was many times larger 
than that of the unperturbed peak. Correlations have 
been found between the observed hydroxyl frequency 
shift and various other parameters, such as the band 
half-width, the integrated intensity, Hammett’s <j 
function, the length of the H -B bond, the heat of for
mation of the hydrogen bond, and others.6 These 
correlations only hold, however, within restricted classes 
of compounds. Of particular interest is the approxi
mately linear relationship which is observed between 
Av and AH— a relationship that is only approximately 
true out to about Av = 500 cm-1, after which gross de
viations are observed.

In a study of adduct formation with the hydroxyl 
group of phenol, Purcell and Drago7 have correctly 
pointed out that the enthalpy change for the inter
action of phenol with a Lewis base consists of two con
tributions. These are (i) the change in the phenol 
O-H bond energy and (ii) the bond energy involved in 
forming the new hydrogen bond between the phenol and 
the base; i.e.

AH =  8 E o - h  H- 7 ? h - b

Unfortunately, H-B vibrations are normally ob
served below 200 cm-1 and are not readily susceptible to 
observation with solids.

It is now believed that hydrogen bonding is due pri
marily to electrostatic interaction. The electrostatic 
model, however, does not explain the following two 
important points:8 (i) the increase in the intensity of 
the ir absorption band, which is many fold in excess of 
that explainable by the electrostatic model, and (ii) 
the absence of a correlation between hydrogen-bond 
strengths and molecular dipole moments. The expla-

(6) G. C. Pimentel and A. L. McLellan, “ The Hydrogen Bond,” 
W. H. Freeman and Co., San Francisco, Calif., 1960.
(7) K. F. Purcell and R. S. Drago, J. Amer. Chem. Soc., 89, 2874 
(1967).
(8) C. A. Coulson, quoted in ref 6, p 233.
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nations offered for these behaviors are lumped together 
by attributing some covalent character to the H bond. 
In brief, one may say that there is no one theory of H 
bonding which explains all the experimental phe
nomena.

Basila has studied the physical adsorption of methyl- 
benzenes and chloromethanes on silica.4 He considered 
the hydrogen bonding on the freely vibrating groups to 
be a special case of charge-transfer interaction and the 
observed frequency shift to be a measure of the strength 
of the interaction. In this case, the strength of the 
interaction of a series of donor molecules with a given 
acceptor should be related to the ionization potential 
of the donors. Within any one homologous series 
(the benzenes or the chloromethanes), he found a 
nonlinear correlation between the ionization potential 
of the donor and the frequency shift of the hydroxyl 
group, but no relationship was found between different 
series of compounds.

More recently, Kiselev, et ah,5 have studied the 
relationship between the observed frequency shifts of 
the hydroxyl groups on silica and both the ionization 
potentials arid the heats of adsorption of the adsorbates. 
From their data they concluded that the ionization 
potential cannot serve as a measure of the effect 
of electron-donor properties in the specific interactions 
of molecules differing markedly in electronic structure. 
By calorimetrically measuring the heat of adsorption 
0Q) of various molecules on hydroxylated and de- 
hydroxylated silica, they concluded that the differential 
heat between these two quantities was the heat of spe
cific adsorption on the hydroxyl groups. A reasonably 
linear plot was obtained of AQ vs. Av  for shifts up to 500 
cm-1.

The heats of adsorption and Av  values obtained in 
this work are given in Table I. These show that, within 
a given homologous series, there is a monotonic rise in 
the frequency shift with a rise in the heat of adsorption 
(compounds 1-6, 9-10, 11-14, and 15-18). With the 
hydrocarbons and methyl halides (compounds 19-26), 
no such relationship holds. The heats of adsorption 
are all the same within experimental error, although the 
frequency shifts do vary over a wide range. Thus, in 
this series, there is a contribution to the frequency shift 
which does not show up in the heat of adsorption.

Comparing the values of the ionization potentials 
of the nonhydrocarbon compounds with the frequency 
shifts or heats of adsorption shows that there is no cor
relation between these parameters. However, for the 
hydrocarbons, where the heat of adsorption is approxi
mately constant, there is a correlation between the fre
quency shift and the ionization potential. This is 
shown in Figure 3.

The adsorbates used in this study can be immediately 
separated into two classes of compounds: (i) those in 
which the frequency shift increases with increasing heat 
of adsorption and (ii) those in which the heat of adsorp-

!<•».)
Figure 3. Comparison of frequency shifts and ionization 
potentials for the series of hydrocarbon adsorbates on silica.

Figure 4. Isosteric heats of adsorption of compounds 
adsorbed on silica as a function of (Ap)1/J.

tion is approximately constant and thus independent of 
the frequency shift.

In Figure 4, the heats of adsorption of compounds 1- 
18 are plotted as a function of (Av)'/!. The plot 
gives two good linear relationships (upper-curve com
pounds 1-10 and lower-curve compounds 11-18). 
Since the adsorbing sites (the OH groups) are the same 
for all the measurements, it seems likely that this dif
ference can be traced to electronic differences in 
the adsorbing molecules. One striking difference be
tween the molecules in the upper and lower curves is 
apparent. In the upper set, the lone-pair electrons 
are all located in p orbitals, whereas in the lower set, 
the lone-pair electrons are all located in hybrid orbitals 
(sp2 or sp3). Thus, for a given heat of adsorption, a 
low shift is observed when p-orbital electrons are avail
able for H bonding and a large shift is observed when 
hybrid orbital electrons are used for H bonding.

“ The most noticeable distinction between a hybrid 
orbital and its component s, p, . . .  orbitals is that the 
hybrid no longer possesses central symmetry. . .  the
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centre of mean position of a hybrid may be at some 
distance from the nucleus.” 9 In hybrid orbitals, then, 
the atomic dipole can be quite large and, in the case of 
carbon, can contribute as much as 2.2 D. As suggested 
above, the theory of hydrogen bonding is incomplete. 
However, if we assume the hydrogen bond is principally 
due to electrostatic interaction, then the process taking 
place is as follows. As the lone-pair electron orbital of 
the adsorbing molecule approaches the surface hydroxyl 
group, the electrostatic interaction distorts the hydro
gen Is orbital. This causes the O-H stretching vibra
tion frequency to be lowered. The amount of electro
static interaction will determine the magnitude of the 
frequency shift and will be greater in the case of a 
hybrid orbital than in the case of a p orbital. The 
over-all heat of adsorption which is measured will be 
determined by the amount of this electrostatic inter
action plus contributions due to other interactions with 
the hydroxyl groups. The factor causing the observed 
frequency shift is thus only one of several effects which 
contribute to the over-all heat of adsorption. This 
must be so, since the magnitude of the shift in the case 
of the hydrocarbons is independent of the over-all heat 
of adsorption.

On the basis of these results, it appears that adsor
bates on silica can be divided into two groups: (i) those 
in which the heat of adsorption is constant (6.0 ±  0.4 
kcal/mol) and in which the frequency shift can be given 
in terms of the ionization potential

A «(cm _1)
10.9 -  7(eV ) 

0.015 (1)

0 0o 0_______ i_______i_______i_______i_
0 0.25 0,5 0.75 1.0e

Figure 5. (Top) effect of coverage (0) on the frequency of 
the perturbed hydroxyl group during hexane adsorption; 
(bottom) effect of coverage on the area of the perturbed 
hydroxyl peak.

C H a C H 0

3 48 0  -
_4_

3 45 0  -
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e

and (ii) those in which the heat of adsorption is a func
tion of the frequency shift and of the location of 
the lone-pair electrons responsible for the H bonding. 
These heats are given by the equation

Figure 6. (Top) effect of coverage (8) on the frequency 
of the perturbed hydroxyl group during acetaldehyde 
adsorption; (bottom) effect of coverage on the area of the 
perturbed hydroxyl peak.

AH (kcal) =  0.455(Ai'Cm_1) I/2 +  (constant) (2)

When the electrons responsible for the H bonding are 
located in p orbitals, the constant is equal to 3.0; when 
the electrons are located in sp2 or sp3 hybrid orbitals, 
the constant is equal to —2.3.

For compounds in the first series the dependence of 
the shift on ionization potential indicates a charge- 
transfer interaction, as proposed by Basila.4 However, 
in the second series, the lack of this dependence makes 
a charge-transfer mechanism unlikely, and, in this case, 
the shift must be attributed mainly to electrostatic 
interaction. However, since there is a nonzero inter
cept, there must be other contributions to A p .

The choice of a relationship based on (Ap)'  ̂ is diffi
cult to justify on theoretical grounds. It should be 
pointed out, however, that the linear relationships 
which have been predicted and then observed, in solu
tion chemistry, are useful only when Ap <  500 cm-1. 
Above this value, gross deviations occur which cannot

be understood in terms of our present knowledge of 
hydrogen bonding and which are usually ignored.

Intensity, Frequency, and Temperature. The results 
of measurements made on the perturbed OH bands fol
lowing adsorption of hexane, acetaldehyde, ammonia, 
and benzene are shown in Figures 5-8.

The lower part of each figure shows the area of the 
perturbed peak as a function of the fraction of freely 
vibrating hydroxyl groups consumed when adsorption 
takes place. Except for benzene the plots are linear 
and pass through the origin. The upper plots of 
Figures 5, 6, and 8 show the frequency of the perturbed 
peak as various fractions of the free hydroxyl group are 
consumed. With the possible exception of benzene, the 
position of the perturbed peak does not change with 
coverage at any given temperature. However, in the 
case of the nonhydrocarbon compounds, there is a

(9) C. A. Coulson, “Valence,” Oxford University Press, London, 
1968, p 207.
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Figure 7. (Top) ammonia adsorption position of the 
perturbed hydroxyl peak of various temperatures; (bottom) 
effect of coverage on the area of the perturbed hydroxyl peak.

Figure 8. (Top) effect of coverage (6) on the frequency of 
the perturbed hydroxyl group during benzene adsorption; 
(bottom) effect of coverage on the area of the perturbed 
hydroxyl peak.

change in the frequency shift at different temperatures. 
This is best illustrated in Figure 7 (top) for ammonia, 
where the frequency of the perturbed OH band is plot
ted for various temperatures; the frequency increases 
by about 100 cm-1 over the range from 30 to 90°. 
In the case of hydrocarbon compounds no significant 
shift was noted with change in temperature.

With the exception of the aromatic hydrocarbons, the 
perturbed bands were all symmetrical and Gaussian. 
The measured areas (normalized for the amount of free 
OH consumed) are plotted in Figure 9 against the 
observed frequency shift. It is seen that the intensi
ties increase linearly with increasing wave number shift 
out to about 700 cm-1, beyond which deviations from 
the straight line occur. The linear relationship between 
A v  and the integrated absorption intensity has been 
observed in studies of hydrogen bonding in solution. 
The existence of this linear relationship in this work de
monstrates a confidence in the use of the electronic

¿ P tc m '1)

Figure 9. Areas of perturbed hydroxyl bands as a function 
of frequency shift.

curve resolver in analyzing the data obtained. Mea
surements made before resolving the spectra gave a ran
dom scatter instead of the expected relationship. It 
should be noted that this simple linear relationship was 
not observed with benzene, which throughout these 
experiments gave anomalous results.

With increasing temperature, acetone, acetaldehyde, 
and ammonia all cause a decreasing frequency shift for 
the perturbed hydroxyl band. These compounds fall 
in the group in which the heat of adsorption can be de
scribed in terms of the observed frequency shift. Thus 
the heat of physical adsorption falls off with increasing 
temperature. This effect is very often noted in physi
cal adsorption. The magnitude of the change in the 
observed shift and the change in heat to which this 
corresponds can be calculated from eq 2, which was 
determined from the average A H - A v  data of a large 
number of compounds. These results are given in 
Table II. By using the observed frequency shift at 
various temperatures one has a very sensitive estimate 
of this change in heat of adsorption. In the case of 
the compounds in which the frequency shift is a func
tion of the ionization potential and independent of the 
heat of adsorption (benzene and hexane), the shift is 
independent of temperature in the range reported.

Table II

Change in
shift, cm -1 Change

(temp range, in heat,
Compd °C) kcal

Acetone 50 (2 5 -10 0 ) 0 .6
Acetaldehyde 15 (3 0 -9 0 ) 0 .2
Ammonia 100 (2 5 -9 0 ) 0 .9

Except for benzene, the observed shifts are indepen
dent of the degree of physical coverage, showing that 
over the range of coverages studied there is not appreci
able lateral interaction.

Benzene shows anomalous behavior compared with
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the other compounds. Thus the linear relationship be
tween the amount of OH consumed and the area of the 
perturbed peak is not obeyed, and the frequency of the 
perturbed OH peak decreases with increasing surface 
coverage.4 This increase in frequency shift with in
creasing coverage is somewhat strange. Since benzene 
belongs to the series of compounds in which the shifts 
are independent of the heat of adsorption, it seems 
unreasonable to attribute this to changes in the heat of 
adsorption due to coverage. Moreover, the shift is in 
the opposite direction. If, however, it can be attrib
uted to a change in the ionization potential, this would 
indicate that the ionization potential of adsorbed ben
zene decreases by about 0.4 eV as its coverage of the 
surface hydroxyl group increases.

Acknowledgment. The authors wish to acknowledge 
the able assistance of Miss Ethel Herritt in the experi
mental work.

Addendum
An anonymous reviewer has suggested that ketone 

adducts of Lewis acids have C -O -X  bond angles near

120° (where X  is the first atom of the Lewis acid). 
In view of this, he suggests that the lone pairs in 
C = 0  groups are sp2 hybrids rather than pure p states. 
This view can be reconciled with the two lines in Figure 
4 by assuming that in compounds 7-10 it is the double 
bond that is involved in hydrogen bonding rather than 
the lone-pair electrons on oxygen or sulfur. The ref
eree suggests that the work of Fritzsche10 on phenol 
bonding to ketones in CC14 solution supports this sup
position.

This comment has obvious validity. However, the 
authors would like to emphasize the incomplete theo
retical state of hydrogen bonding and the difficulties of 
explaining hydrogen-bonded interactions in terms of 
Lewis acid adducts where strong orbital overlap occurs. 
Both Coulson11 and Ballhausen and Gray12 in their dis
cussions of carbonyl groups and formaldehyde, respec
tively, refer to the existence of pure p states on the 
carbonyl oxygen atom.

(10) H. Fritzsche, Acta Chim. Acad. Sci. Hung., 40, 31 (1964).
(11) Reference 8, p 185.
(12) C. J. Ballhausen and H. B. Gray,“ Molecular Orbital Theory,” 
W. A. Benjamin, Inc., New York, N. Y ., 1964, p 85.

N O T E S

A Proposed Viscosity-Concentration Equation 

beyond Einstein’ s Region

by S. P. Moulik

Department of Physical Chemistry, Jadavpur University,
Calcutta, India (Received May 22, 1968)

Rigid particles suspended in a continuous medium 
will interfere with the stream lines of flow pattern and 
the suspension should have a higher viscosity than the 
medium. From hydrodynamic considerations Ein
stein1 was the first to treat this problem in the case of 
rigid spheres suspended in a continuum. His results for 
dilute suspensions may be expressed by

77/170 = 1 +  2.50 (1)

where 17 is the absolute viscosity of the suspension, 770 
that of the medium, and 0 the volume fraction occupied 
by the particles. In the above equation the volume 
fraction 0 must be taken to include the volume of any 
solvent immobilized on the surface of the solute particle.

The volume fraction may then be expressed by 0 = 
cVh, where c is the concentration (M) and IT is the 
molar volume of the solute including attached solvent 
{M~l). Thus eq 1 can be modified to

77/770 — 1 +  2.5cFh =  1 +  Kc (2)

where 2.5Fh = K  — constant.
This viscosity relation of Einstein is restricted to the 

dilute domain of solute concentration and consequently 
neglects the solvent-solute interaction. Jones and Dole2 
formulated an empirical equation which can account for 
both solute-solute electrostatic interaction and solvent- 
solute interaction. According to Merker and Scott3 
it is the difference between the microscopic and macro
scopic viscosities, depending on the solvent-solute inter
action, that determines the various values of Einstein’s 
constant for different solute-solvent systems.

To deal with viscosity of concentrated solutions, 
Suryanarayana and Venkatesan4 empirically formulated

(1) A. Einstein, Ann. Physik, 19, 289 (1906); 34, 591 (1911).
(2) G. Jones and M. Dole, J. Amer. Chem. Soc., 51, 2950 (1929).
(3) R. L. Merker and M. J. Scott, J. Colloid Sci., 19, 245 (1964).
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Figure 1. Plot of (v/vo)2 vs. c2 for 
tetrakis(trimethylsilyl)methane in different solvents: 3 

A, hexane; B, pentane; C, heptane; D, tetrahydrofuran; 
E, tolune; F, benzene.

an equation and confirmed its validity for some elec
trolytes. For concentrated solutions the flow patterns 
around neighboring particles can no longer be treated 
as independent. From such consideration Vand6 devel
oped an equation which can explain the experimental 
results in a far better way. However, even deviation 
from this equation is not uncommon and has been ob
served by the present author in many systems.

The Proposed Equation
In a differential form Einstein’s eq 2 can be written as

d (17/ 170) _ 
dc (3)

This is only true for dilute solutions, and the upper 
concentration limit to which it is valid may vary from 
solute to solute. We shall now define a term, UEC, 
called the “ upper concentration limit of Einstein be
havior.”  This is the maximum concentration up to 
which eq 3 is valid. It has been empirically observed 
by the author, in many cases (both electrolytes and 
nonelectrolytes), that above this “ uper concentration 
limit of Einstein behavior”  eq 4 holds instead of eq 3.

_  constant =  K' (4)

In this equation A (17/ 770) represents the change in 
viscosity for a change in experimental concentration 
Ac. For a small change eq 4 can be written as

d (17/ 170) /WW \
de V c )

=  K' (5)

Integration of the above gives

Figure 2. Plot of (17/ 170)2 vs. c2 for various electrolytes in water: 
A, K 2Cr04;8 B, H2S04;8 C, C1CH2C02H ;7 D, LiCl;7 E,
LiBr;6 F, AgN03 ;7 G, KC1.7

Results and Discussion
The integration constant or the intercept of eq 6 

becomes equal to the relative viscosity value at zero 
concentration, i.e., the solvent relative viscosity which 
is 1. However, as discussed before, eq 6 should not 
hold at concentrations below UEC. So extrapolation 
of results, plotted according to this equation, to zero 
concentration has little physical meaning. In Figures 
1, 2, and 3 plots are shown for a number of solutes. In 
these figures the curved portion of each individual 
straight line, in the lower concentration ranges, repre
sents the Einstein region of viscosity-concentration 
behavior, i.e., the valid domain of eq 3. In this zone 
the system does not obey eq 6 and the curved plot 
approaches the limiting value of 1. To decide upon 
the correct value of the boundary between these two 
equations, that is the value of UEC, a knowledge of mea
sured viscosity, both at lower and higher concentration, 
is required. We see from the figures that extrapolation 
of the linear portion of each curve to zero concentra
tions always offers an intercept greater than 1. From 
the UEC concept this value of the intercept can be shown 
to be

(v/vo)\t c = *Ec ~ K'(aEcy  =  M
Equation 6 can then be rewritten as

(17/ 170) 2 =  /  +  N 'c2 

where I  is the integration constant.

(6 ) (4) C. V. Suryanarayana and V. K. Venkatesan, Trans. Faraday
Soc., 54, 1709 (1958) ; Monatsh. 89,824 (1958).
(5) V. Vand, J. Phys. Colloid Chem., 52, 314 (1948).

Volume 72, Number 13 December 1968



4684 N otes

(v/voY =  M  +  K 'c2 (7)

Data used in the above illustrations have been taken 
from the literature.3’6-9 Equation 6 or 7 has been 
tested for many solutes. In Table I the names of the sol
utes, other than those described in the illustrations, with 
their corresponding upper limits of tested concentra-

Figure 3. Plot of (tj/ijo)2 vs. es for some solutes in water: 
A, urea;8 B, urea;9 C, HCl;8 D, glass; E, NH4OH.8

Table I

Solute

Max exptl 
concn, 

M

Concn 
validity of 

eq 9,
upper limit, M Ref

CuS04 1.68 1.68 7
HC1 12.84 12.84 8
KF 6.45 6.45 7
KI 6.00 6.00 7
K2Cr207 1.76 1.76 7
MnCl2 (water- 2.50 2.50 7

alcohol)
LiClOa 19.03 4.55 7
NaBr 7.00 5.00 7
NaCl 5.00 5.00 7
Nal 4.94 4.94 7
NaNOa 9.27 9.27 7
Na2S04 1.71 1.71 7
n h 4o h 12.00 12.00 8
Tetrakis (trimethyl- 0.12 0.12 3

silyl)methane
Urea 8.00 8.00 8
Urea 9.44 9.44 9

tions are furnished. The wide variety of examples 
warranting use of such an equation can be emphasized.

Acknowledgment. This work has been supported by 
Federal Water Pollution Control Administration Grant 
No. WP00783 in the laboratory of Dr. M. Bier, VA 
Hospital, Tucson, Ariz.

(6) G. Jones and J. H. Cohin, J. Amer. Chem. Soc.r 62, 338 (1940).
(7) E. A. Guggenheim, J. C. Mayer, and F. C. Tompkins, Ed., 
“ International Encyclopedia of Physical Chemistry and Chemical 
Physics," Vol. 3, Pergamon Press Inc., New York, N. Y ., 1965, 
Topic 16.
(8) “ International Critical Tables,”  Vol. 5, National Research 
Council, McGraw-Hill Book Co., Inc., New York, N. Y., 1929.
(9) H. B. Bull, K. Breese, G. L. Ferguson, and C. A. Swenson, Arch. 
Biochem. Biophys., 104, 297 (1964).

Gas-Phase Photolysis o f  Mixtures 

o f  Cyclohexane with Benzene and 

with Nitrous Oxide at 1470 Ä

by Robert R. Hentz and Ronald J. Knight

Department of Chemistry and the Radiation Laboratory,1 
University of Notre Dame, Notre Dame, Indiana Jf6556 
(Received May 31, 1968)

Energy transfer from neutral excited cyclohexane 
molecules apparently is not involved appreciably in the 
mechanism of radiation-induced luminescence from 
dilute solutions of scintillators (iS10-2 M) in liquid 
cyclohexane.2’3 However, such a process may contrib
ute to the “ protective” effect of benzene on cyclohexane 
in radiolysis of their mixtures in both the liquid4 and 
gas5 phases, particularly at higher benzene concentra
tions.6 In a previous study,7 quantum yields were 
determined in gas-phase photolysis of benzene and of 
cyclohexane with the Xe resonance lamp. Such a study 
was undertaken as a prelude to study of the mixtures 
because, as was noted, photolysis of the mixtures with 
the Xe resonance lamp should permit assessment of the 
role of single8 excited cyclohexane molecules (and an
(1) The Radiation Laboratory of the University of Notre Dame is 
operated under contract with the U. S. Atomic Energy Commission. 
This is AEC Document No. COO-38-611.
(2) M. Burton, Mol. Cryst., 4, 61 (1968).
(3) R. R. Hentz and R. J. Knight, J. Phys. Chem., 72, 1783 (1968).
(4) J. P. Manion and M. Burton, ibid., 56, 560 (1952); J. F. Merklin 
and S. Lipsky, ibid., 68, 3297 (1964).
(5) J. M. Ramaradhya and G. R. Freeman, Can. J. Chem., 39, 1769 
(1961); J. Biachford and P. J. Dyne, ibid., 42, 1165 (1964); L. M. 
Theard, J. Phys. Chem., 69, 3292 (1965).
(6) Contribution of such a process in liquid radiolysis and photolysis 
is suggested by: J. Y. Yang, F. M. Servedio, and R. A. Holroyd, 
J. Chem. Phys., 48, 1331 (1968); R. A. Holroyd, J. Phys. Chem., 
72, 759 (1968).
(7) R. R. Hentz and S. J. Rzad, ibid., 71, 4096 (1967).
(8) The term ‘ ‘single excited molecules”  is used to make a distinction 
from collective excitations which could be involved in the liquid.
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estimate of their lifetime) in the “ protective”  effect. 
In the present study, hydrogen quantum yields have 
been determined in gas-phase photolysis of cyclohex
ane-benzene and cyclohexane-N20  mixtures with the 
Xe resonance lamp.

Phillips research grade cyclohexane, specified as 
99.98% pure with 2,4-dimethylpentane as the major 
impurity, and Air Reduction C 02 were used without 
purification. Fisher Certified benzene and Matheson 
Co. N20  were purified as described previously.3’7 
Mixtures were prepared on a vacuum line free of mer
cury and grease. The required amount of each com
ponent was condensed from a calibrated volume, filled 
to the necessary pressure, into the photolysis cell cold 
finger at 77 °K. The photolysis cell was warmed to 
ensure complete mixing. After photolysis the cold 
finger was immersed in liquid nitrogen and noncondens
able gases were pumped through cold traps at 77 °K 
and collected for analysis by gas chromatography.3

The 3-1. photolysis cell and the construction and 
operation of the X e lamps have been described.7 
Only the Xe resonance lines are detected below 2500 A 
with the intensity at 1295 A (9.5 eV) about 2% of that 
at 1470 A (8.4 eV). In the previous study,7 use of 
</>(CO) = 1.0 for the C 02 actinometer9 gave <f>(H2) = 
0.74 ±  0.02 for the Xe-lamp photolysis of cyclohexane 
over the range 1-70 torr. This result was confirmed in 
the present work using N20  at 6 torr as the actinom
eter with 0 (N2) = 1.4.10 Lamp intensities were de
termined in each experiment with 6 torr of N20  or 1 torr 
of cyclohexane and were usually about 2 X 1016 quanta 
sec-1. Because of the nonlinear decrease in intensity 
during photolysis,7 owing to polymer formation on the 
lamp window, quantum yields were calculated from the 
geometric mean of intensities measured before and 
after a photolysis; the intensity decrease was mini
mized by photolysis for only 1 min. All photolyses 
were at room temperature.

Quantum yields of hydrogen were measured in Xe- 
lamp photolysis of cyclohexane-benzene mixtures at 1 
and 70 torr and of cyclohexane-N20  mixtures at 70 torr. 
Results are presented in Figure 1 in which <£(H2) U is 
plotted as a function of the fraction of light Fc absorbed 
by cyclohexane, given by Fc =  tcPc/(ecPc +  (bPb), 
where e denotes an extinction coefficient, P  a partial 
pressure, the subscript C cyclohexane, and the subscript 
B benzene or N20 . Values of 408,12 159,12 and 11013 
atm-1 cm-1 were used as the decadic extinction coeffi
cients of cyclohexane, benzene, and N20, respectively, 
at 25°.

In the absence of any kind of interaction between the 
mixture components, hydrogen quantum yields should 
conform to the straight line <t> =  0b +  {4>c — <f>u)Fc- 
Such behavior is evident in Figure 1, except for Fc >  0.8 
in cyclohexane-benzene mixtures at 70 torr.14 The 
broken curve in Figure 1 has been calculated with the 
assumption that energy transfer from excited cyclo-

Figure 1. 0(H2) in Xe-lamp photolysis of cyclohexane 
mixtures vs. Fc, the fraction of 1470-A light absorbed by 
cyclohexane: O, c-CeHii-CeHe at 1 torr; •, c-C6H12-C 6H6 
at 70 torr; ■, c-C6Hi2-N 20  at 70 torr. The broken curve is 
calculated as described in the text.

hexane, c-C6H12*, to benzene is indeed responsible for 
the deviations from linearity at 70 torr. Equation 1,

=  0.74Fc&/(k -(- Z )  (1)

in which k  represents the specific decay rate of c-C 6H i2* 
and Z  its collision frequency16 with benzene (1.28 X 
107 sec-1 at 1 torr of benzene), was fitted to the most 
divergent points by use of 1 /k  =  r =  6.6 X  10-10 sec. 
Obviously, such a calculated curve is not consistent with 
the observations. Inclusion of a term in eq 1 for in
duced dissociation of c-C 6H i2* on each collision with 
c-C 6H i2, with fitting to the most divergent points, gives 
a curve even less compatible with the observations. 
Furthermore, the identical behavior of <£(H2) in cyclo
hexane-benzene mixtures at 1 and 70 torr for Fc <  0.8 
precludes a detectable energy-transfer process from

(9) B. H. Mahan, J. Chem. Phys., 33, 959 (1960).
(10) J. Y . Yang and F. M. Servedio, ibid., 47, 4817 (1967).
(11) With pure benzene, some hydrogen is generated from polymer 
that is deposited on the window during photolysis. Correction for 
such a contribution gives ^bOO), for Fc =  0 in Figure 1, equal to 
~0.02 at 1 torr and ~0.007 at 70 torr as upper limits (compare 0.03 
at 1 torr and 0.015 at 66 torr in ref 7).
(12) Values for cyclohexane and benzene were obtained by S. Lipsky 
with a high-pressure Ar lamp at 1467 A and were privately com
municated.
(13) M. Zelikoff, K. Watanabe, and E. C. Y . Inn, J. Chem. Phys., 
21, 1643 (1953).
(14) Each quantum yield in this region represents the average of a 
number of experiments; therefore, the deviation from linearity is 
considered significant.
(15) Collision frequencies were calculated using 6.1, 5.3, and 3.9 A 
as the collision diameters of c-CeHn, CeHe, and N20 , respectively; 
e/., J. O. Hirschfelder, C. F. Curtiss, and R. B. Bird, ‘Molecular 
Theory of Gases and Liquids,” John Wiley & Sons, Inc., New York, 
N. Y „  1954, p 1111.
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that state of cyclohexane initially excited, regardless of 
any uncertainty in the extinction coefficient ratio.

A value of $(H) =  0.07 has been estimated7 from 
reported yields of HD in Xe-lamp photolysis of 1:1 
mixtures of c-C6H i2 and c-C6D12.16 For fc(H +  C6H6 
C6H7) 17 = 3.7 X 107 M - 1 sec" 1 and fc(H +  c-C6H i2 
H 2 +  c-CeHn) «  106 M~l sec-1, 96% of the H  atoms 
would be scavenged by benzene at Xc (mole fraction of 
cyclohexane) = 0.61, which corresponds to Fc =  0.8 
in Figure 1. The data for c-C6H i2-C 6H6 mixtures at 70 
torr can be made consistent with homogeneous com
petition for the small yield of H atoms by use of a smaller 
extinction coefficient ratio than that used in obtain
ing Figure 1; however, for such a case, the larger values 
of <£(H2) at 1 torr in mixtures with A c >  0.61 (cor
responding to Fc >  0.8 in Figure 1) are not understand
able.

Holroyd6 has presented evidence for energy transfer 
from excited cyclohexane molecules to N20  in liquid 
cyclohexane. The work of Holroyd suggested study 
of the photolysis of c-C6Hi2-N 20  mixtures in the gas 
phase to eliminate possible complications associated 
with H atom reactions. Because fc(H +  N20 ) 18 «  
104 M~l sec-1, essentially all H should react with cyclo
hexane over the range of N20  concentrations used in 
the present study. Thus the results for c-CeHi2-N 20  
mixtures in Figure 1 unambiguously establish that 
energy transfer from excited cyclohexane to a potential 
acceptor is not detectable in the gas phase at 70 torr.

Regardless then of the lack of complete understand
ing of deviations from linearity for Fc >  0.8 in c-Cf,Hi2-  
CsH6 mixtures at 70 torr, there is no evidence of energy 
transfer from that state of cyclohexane initially ex
cited. Consequently, assuming that energy transfer 
will occur on every collision of c-CeHi2* with CVH6 or 
N20, an upper limit can be estimated for the lifetime r 
of c-CeHi2* from eq l .19 For a maximum possible error 
in 4>(H2) of 10% , absence of a detectable deviation from 
linearity requires that k/(k +  Z) =  0/O.74Fc >  0.9. 
Substitution for Z  of values at 70 torr corresponding to 
Fc =  0.3 in c-C6Hi2-C 6H6 mixtures and to Fc =  0.35 
in c-C6H12-N 20  mixtures gives r <  1.5 X 10-I ° sec 
and r <  1.8 X 10-10 sec, respectively.

From present results, then, it is concluded that r(c- 
CeHi2*) <  0.2 nsec. Such an estimate is consistent with 
that of t <  0.3 nsec derived from scintillator decay-time 
studies in liquid cyclohexane.2 For r <  0.2 nsec, the 
results of Holroyd, et al.,s require specific rates of trans
fer from c-C6H i2* in the liquid to benzene and N20  of 
kt >  1.6 X 1010 M -1 sec-1 and kt >  3.4 X 1010 M -1 
sec-1, respectively.

(16) R. D. Doepker and P. Ausloos, J. Chem. Phys., 42, 3746 (1965).
(17) M . C. Sauer and B. Ward, J .  Phys. Chem., 71, 3971 (1967).
(18) M. Schiavello and G. G. Volpi, J .  Chem. Phys., 37, 1510 (1962).
(19) For Fc <  0.7, r is increased by less than 10% by inclusion of a 
term for c-CeHn* dissociation induced by collision with c-CsHis.

The Vapor-Phase Infrared Spectra o f  the 

N iobium  Oxotrihalides, NbOCls,

NbOBr3, and NbOI3

by Carl O. Schulz and Fred E. Stafford
Department of Chemistry and The Materials Research Center, 
Northwestern University Evanston, Illinois 60201 
{Received June 10, 1968)

The frequency of the metal-oxygen (M-O) stretch
ing vibration in main group element gaseous oxides, 
hydroxides, and oxohalides can be correlated with sub
stituent electronegativity.1'2 It is expected that similar 
correlations can be used for predicting frequencies in 
transition metal oxides, hydroxides, and oxohalides.2

Both the main group and transition group V elements 
give rise to a series of isostructural oxohalides of the 
type M OX3. Condensed- and vapor-phase spectra 
have been observed3-9 for many of the phosphorus and 
vanadium oxohalides (see Table I). Since heavier 
members of a series often behave differently from the 
first member, it is of interest to extend this series by 
observing the infrared spectra of the gaseous niobium 
and tantalum oxohalides and to determine how the 
metal-oxygen stretching vibration frequency varies 
with the nature of the substituents and central metal 
atom. This was not possible by conventional infrared 
techniques, since the tantalum and niobium compounds 
polymerize in the condensed phase.

Table I : Metal-Oxygen Stretching Vibration Frequencies 
in Group V Oxohalides and Monoxides

'— --------- ---- F re q u e n c ie s , c m  u
C o m p d P v N b

f 3m o 1418° 1058“
ci3m o [1290]° [1035]" 9997
BraMO [1261]° [1025]° 9947
i3m o 9867
MO (1231y (1012)5 (989 )h

“ Reference 3. b Reference 4. ° Reference 5. d Reference 6.
° Reference 7. 7This study. " Reference 8, gas-phase band spec-
tra. * Reference 9, gas-phase band spectra.

(1) S. M. Chackalackal and F. E. Stafford, J. Amer. Chem. Soc., 88, 
4823 (1966).
(2) M. Spoliti, S. M. Chackalackal, and F. E. Stafford, ibid., 89, 1092 
(1967).
(3) H. Selig and H. H. Claassen, J. Chem. Phys., 44, 1404 (1966).
(4) M. Delwalle and F. Francois, Compt. Rend., 220, 817 (1945).
(5) H. Gerding and M. Van Driel, Rec. Trav. Chim. Pays-Bas, 61,419 
(1942).
(6) F. A. Miller and L. R. Cousins, J. Chem. Phys., 26, 329 (1957).
(7) F. A. Miller and W. K. Baer, Speclrochim. Acta, 17, 114 (1961).
(8) G. Herzberg, “ Spectra of Diatomic Molecules,”  D. Van Nostrand 
Co., Inc., Princeton, N. J., 1950.
(9) U. Uhler, Arkiv Fysik, 8, 265 (1954).
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Infrared spectra (4000-400 cm-1) were obtained with a 
Beckman IR-9 spectrometer modified10 to accommodate 
an external light source and a 1-m long, gas diffusion 
barrier, high-temperature cell.

All attempts to generate the desired gaseous oxohalide 
were performed in situ using one or more of three differ
ent methods. These were: fusing the metal pentoxide 
(M2O5) with the lithium halide; vaporizing the metal 
pentahalide (M X 5) in an oxygen atmosphere; and heat
ing a sample of the metal pentahalide covered with a 
layer of the metal pentoxide.

The compounds Nb20 6, Ta20 5, NbCl5, and TaCh were 
obtained from City Chemical Corp., New York, N. Y.; 
NbBr5, N bl5, and TaF5 from Alfa Inorganics, Inc., 
Beverly, Mass.; NbF5 from Chemical Procurements 
Laboratories, Inc., College Point, N. Y .; and TaBr5 from 
Research Inorganic Chemicals Corp., Sun Valley, 
Calif. All were used as received.

The cells were baked out at 200-400° under vacuum. 
Samples were placed in the sample holder and were 
transferred to the cells in a dry argon atmosphere. 
After observation of a background spectrum at ambient 
temperature, the cell was heated by means of a mullite 
tube furnace controlled by a Thermae proportional tem
perature controller (R. I. Inc., Minneapolis, Minn.). 
In addition to absorption spectra, emission spectra were 
obtained by operating the spectrometer on the internal 
chopper.

Crude vapor pressure information was obtained by 
observing changes in the spectrum as the cell was cooled 
and reheated. When each run was completed, the cell 
was evacuated and the new background spectrum was 
observed. Only those bands which appeared and dis
appeared at temperatures consistent with reported 
reaction temperatures and/or vapor pressure data were 
assigned to the M OX3 species. Additional evidence for 
these assignments was provided by the appearance of 
appropriately colored sublimates at the cold cell ends 
while the bands were being observed. The frequencies 
of transitions attributed to MOX3 species and the condi
tions under which they were observed are summarized 
in Table II.

Early attempts to observe the vapor-phase spectra of 
the niobium and tantalum oxohalides were complicated 
by the appearance of three separable systems of absorp
tion bands whose frequencies, band contours, and tem

peratures of appearance were independent of the sample, 
sample holder, and filler gas. These bands were, how
ever, dependent on the cell material, appearing in 
stainless steel, nickel, and monel cells but not appearing 
in mullite (2A120 3-S i02) cells with glass ends. All three 
of these band systems disappeared on pumping the cell 
and would not reappear until the temperature of the 
cell had been raised above the previous maximum. In 
those cases where absorption bands attributed to the 
oxohalide of interest were observed in conjunction with 
these independent band systems, careful pumping elimi
nated the independent band systems selectively, per
mitting observation of a clean spectrum of the oxohalide. 
Further characterization of the band carriers is being 
undertaken.

Both NbOCl3 and NbOBr3 were readily generated in 
the cell by heating the pentahalide in an oxygen atmo
sphere or mixed with Nb20 5. NbOI3, on the other hand, 
was prepared only by heating a sample of N bl6 covered 
with a layer of Nb20 5.

The absorption bands centered at 450 and 999 cm-1 
attributed to NbOCl3 began to appear at temperatures 
as low as 175° and were observed as emission bands at 
250°. Appearance of these bands was accompanied by 
formation of a yellow sublimate at the ends of the cell. 
This sublimate probably corresponds to a mixture of 
NbCl5 (yellow) and NbOCl3 (white) .11

The absorption band centered at 994 cm-1 attributed 
to NbOBr3 began to appear at 250° and was observed as 
an emission band at 275°; at 225° a bright yellow solid 
began to condense at the ends of the cell. At tempera
tures above 250° this condensate turned orange. The 
yellow condensate probably corresponds to sublimed 
NbBr5, whereas the orange color probably results from 
the sublimation of orange-brown NbOBr3.u

The absorption band centered at 986 cm-1 attributed 
to NbOI3 began to appear at 350° and was observed as 
an emission band at 550°. Formation of NbOI3 was 
accompanied by decomposition of some of the reactant 
to molecular iodine, which masked any other sublimate 
which may have been formed.

All attempts to observe vapor-phase spectra of 
NbOF3, TaOF3, TaOCl3, TaOBr3, and TaOI3 were 
unsuccessful. There is only meager evidence for 
the existence of the first two in either the vapor or the 
solid phase.12-14 The last three have been character
ized in the solid phase, and TaOCl3 has been observed

Table II : Observed Ir Frequencies in Absorption and 
Emission for NbOX3

C o m p d

NbOCk
NbOBra
NbOIs

F re q u e n c ie s ,®  c m  1 * * * *

(991, 999, 1007) (P, Q, R), ~4506
(988, 994, 1001) (P, Q, R)
(980, 986, 993) (P, Q, R)

“ Reproducibility of the absorption and emission frequencies 
±  1 cm-1. h Possibly due to NbClj.

(10) S. M. Chackalackal and F. E. Stafford, J. Amer. Chem. Soc., 88, 
723 (1966).
(11) F. Fairbrother, “ The Chemistry of Niobium and Tantalum,” 
Elsevier Publishing Co., New York, N. Y ., 1967, Chapter 4.
(12) S. Andersson and A. Astrom, Acta Chem. Scand., 19, 2136 
(1965).
(13) H. Schafer, D. Bauer, W. Beckmann, R. Gerken, H-G. Nieder- 
Varenholz, K-J. Nieuhues, and H. Scholz, Naturwissenschaften, 51, 
241 (1964).
(14) K. F. Zmbov and J. L. Margrave, J. Phys. Chem., 72, 1099 
(1958).
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in the vapor phase, but their relative instability16 made 
observation of their spectra impossible by our techniques.

By analogy to the phosphorus and vanadium oxotri- 
halides, the niobium oxotrihalides are expected to 
have a trigonal pyramid structure of symmetry C3v in 
the vapor phase. Molecules of this symmetry give rise 
to six infrared-active fundamental vibrations. The 
vibration m corresponds to the metal-oxygen stretching 
vibration. Being of symmetry class ai, it exhibits P, 
Q, and R branches. It is to this mode that we attribute 
the bands observed between 986 and 1000 cm-1.

The band at 450 cm-1 in the spectra of the vapors in 
the N b-C l-0  systems can be attributed to vt, the metal- 
chlorine stretching vibration of NbOCl3, or to NbCl5, 
which gives rise to an absorption band at 444 cm-1 when 
observed in a nitrogen matrix at 5°K .16

In Table I the known metal-oxygen stretching vibra
tion frequencies for the phosphorus, vanadium, and 
niobium oxohalides and monoxides are presented. In 
contrast to the phosphorus case, the metal-oxygen 
stretching frequencies in the niobium oxotrihalides seem 
to be nearly independent of the halogen substituents, 
decreasing by only 13 cm-1 in going from the oxotrichlo- 
ride to the oxotriiodide. Substituent effects on the 
metal-oxygen stretching frequency become less im
portant in going from main group to transition element 
oxohalides and in going from lighter to heavier central 
metal elements. This conclusion is supported by data 
in a similar investigation of gaseous group VI oxo
halides.17
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Some Com m ents on Cohesion 

Energies o f  liqu id s

by Vojtech Fried and Garry B. Schneier

Department of Chemistry, Brooklyn College of the City University of 
New York, Brooklyn, New York 11210 (Received June 24, 1968)

The solution of many theoretical problems in chem
istry requires knowledge of the cohesion energy of 
liquids. The energy-volume-temperature relations 
present an especially severe and sensitive test for a 
theory of liquids.

The cohesion energy as a function of volume has been 
studied by many investigators;1’2 3 over a small volume 
range the following form is employed

U o - ^  (1)

where Uc is the cohesion energy, V is the molar vol
ume, and a and n are constants dependent upon the 
nature of the particular liquid and upon the tempera
ture. It was shown experimentally that, for a num
ber of liquid substances, the exponent n has a value 
close to unity over a limited range of temperatures.1-3 
For a uniformly expanded model, Benson4 5 derived a 
value of n =  2, but a value of 5.3 resulted in better 
agreement with experiment. For perfect liquids and 
hydrocarbons in the normal liquid range, Scott6 found 
a value for n equal to about 1.5 for nonisothermal con
ditions (along the vapor-liquid equilibrium curve).

In this connection, we present our recently found 
results for normal aliphatic hydrocarbons (C4-C15) and 
for carbon tetrachloride, tetrachloroethylene, benzene, 
thiophene, and pyridine. As is evident from Figure 1 
(curve a), the change of the cohesion energy of hexane 
with temperature is more pronounced at temperatures 
near the melting point. This can be partially explained 
in terms of the more “ solidlike”  structure of liquids at 
these temperatures. A similar curve was obtained 
for the exponent n as a function of temperature (Figure 
1, curve b), with the only exception that n reaches a 
constant value in a certain temperature range (Tr =

Table I : Cohesion Energies Calculated from Experimental 
Data and from the Group Contributions

io-*Uc, J mol-1-
Sub- •--------- T r = 0.6--------- s ----------Tr -  0.7---------■>

stance Exptl“ C a l c d Exptl“ C a l c d

c4 2 . 1 3 7 2 . 1 9 0 1 . 9 2 7 1 . 9 9 8 0.201
c5 2 . 5 2 2 2 . 5 3 4 2 . 2 5 5 2 . 2 8 8 0 . 2 5 2

c6 2 . 8 8 1 2 . 8 7 8 2 . 5 7 1 2 . 5 7 9 0 . 2 9 8

c7 3 . 2 4 1 3 . 2 2 2 2 . 8 8 5 2 . 8 6 9 0 . 3 5 2

c8 3 . 5 9 2 3 . 5 6 6 3 . 1 9 2 3 . 1 6 0 0 . 3 9 5
c 9 3 . 9 4 1 3 . 9 0 9 3 . 4 8 6 3 . 4 5 0 0 . 4 4 0
c,„ 4 . 2 8 3 4 . 2 5 3 3 . 7 7 2 3 . 7 4 1 0 . 4 7 9
c„ 4 . 6 1 3 4 . 5 9 7 4 . 0 5 8 4 . 0 3 1 0 . 5 2 1

C„ 4 . 9 5 3 4 . 9 4 1 4 . 3 3 8 4 . 3 2 2 0 . 5 6 0

Cl, 5 . 2 8 9 5 . 2 8 5 4 . 6 1 7 4 . 6 1 2 0 . 6 0 2
c„ 5 . 6 1 7 5 . 6 2 9 4 . 8 8 1 4 . 9 0 3 0 . 6 4 1

Cu 5 . 9 5 5 5 . 9 7 3 5 . 1 5 3 5 . 1 9 3 0 . 6 8 0

“ The uncertainty is ± 2  in the last figure. 6 Pitzer’s acentric 
factor.

(1) J. H. Hildebrand and R. L. Scott, “ The Solubility of Nonelec
trolytes,”  Reinhold Publishing Corp., New York, N. Y ., 1950, p 97.
(2) J. H. Hildebrand and R. L. Scott, “ Regular Solutions,”  Prentice- 
Hall, Inc., Englewood Cliffs, N. J., 1962, p 76.
(3) H. Benninga and R. L. Scott, J. Chem. Phys., 23, 1911 (1955).
(4) S. W. Benson, ibid., 15, 367 (1947).
(5) R. L. Scott, unpublished data, cited in ref 1, p 101.
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Table II: Vapor Pressure and Molar Volume of the Liquid Substances as Functions of Temperature

-------Antoine eq-------- -------- --—------- - ----V = a + bt + c*2-----
Substance A -B c a b 104c

c< 6 .8 320 9 94 6 .90 2 4 0 .0 9 6 .7 5 0 .1 6 9 6 3 .7 07
c 5 6 .85221 1064.63 2 3 2 .0 111.79 0 .1 639 2 .9 4 6
c 6 6 .8 777 6 1171.530 2 2 4 .3 7 127.19 0 .1 670 4 .2 8 2
c, 6 .90240 1268.115 216 .90 0 143.01 0 .1 620 4 .7 1 4
c 8 6 .92377 1355.126 209 .517 158 .83 0 .1 721 3 .8 5 5
c 9 6 .93520 1428.817 201.621 175 .67 0 .1 536 5 .2 49
ClO 6 .9 536 7 1501.268 194 .480 192 .25 0 .1 531 5 .3 7 7
c „ 6 .97674 1572.477 188.022 210 .59 0 .1 224 6 .8 98
C12 6 .98059 1625.928 180.311 229 .21 0 .0 9 5 4 8 .0 31
Cl3 6 .98870 1677.43 172 .90 2 5 0 .24 0 .0 455 9 .6 5 7
c,< 6 .9 957 1725.46 165 .75 2 6 9 .30 0 .0 318 9 .9 5 2
Cl5 7 .0 017 1768.82 158 .60 28 7 .1 4 0 .0 314 9 .9 4 3
CCh 6 .88853 1217.165 2 2 7 .00 9 4 .2 5 0 .1 0 8 4 1 .9 75
C2C14 7.21511 1531.460 23 2 .37 9 100 .28 0 .0 951 1 .3 84
Benzene 6 .89745 1206.350 220 .237 8 6 .5 9 0 .1 067 1 .0 97
Thiophene 6 .9 592 6 1246.038 22 1 .3 5 4 7 7 .13 0 .0 942
Pyridine 6 .90374 1293.969 206.321 78 .61 0 .0 9 0 4

0. 6-0.7). Similar behavior has been observed for 
all the other aforementioned substances. This con
stant value of n, for each hydrocarbon, is plotted against 
the number of carbons in the molecule, nc, in Figure 2 
(curve a). The average value of n, for all the hydro
carbons, is 1.42 ±  0.04, which is very close to the 
value given by Scott.6 The small fluctuations result 
probably from the inaccuracy of the experimental 
data. Although the acentric force field changes with 
nc in the hydrocarbon series (as is evident from Table
1, where Pitzer’s acentric factors are given), the value 
of n is not affected by it. The values of the exponent 
n for carbon tetrachloride, tetrachloroethylene, ben
zene, thiophene, and pyridine, under the same condi
tions, are the following: 1.38, 1.40, 1.53, 1.63, and 1.89, 
respectively. As is evident from Figure 2 (curve b), 
the value of the constant a increases with nc . The 
constant a depends on temperature very strongly; 
nevertheless, in the limited temperature range (Tr = 
0.6-0.7) the change is less than ± 3%. This is a very 
important fact, because as a consequence of it the radial 
distribution function might also be considered as tem
perature independent in the given temperature interval 
(so far considered acceptable only for a very simple 
potential model). Values of a and n for eq 1 were ob
tained by solving two simultaneous equations over a 
small increment of temperature. Over this tem
perature interval, a and n were assumed to be constant. 
This process was repeated throughout the entire liquid 
range and it was found that from Tt = 0.6 to 0.7, 
a and n were only slightly temperature dependent. 
Finally in Figure 3 the exponent n is plotted as a func
tion of the dipole moment. For the substances studied, 
n increases with the polarity of the liquids. The rate 
of increase is, however, not uniform, and n seems to 
approach a constant value at higher dipole moments.

Figure 1. (a) The cohesion energy of hexane as a
function of the temperature; (b) the exponent n 
of hexane as a function of the temperature.

The cohesion energy at pressures approaching zero 
was calculated from the relation

— Uc =  At/vap +  At/*

= [RT -  P°(F, -  B)] X

T d In P°
T ----------L dT

where P° is the saturated vapor pressure at tempera
ture T, Vi is the molar volume of the liquid substance, 
and-B is the second vinai coefficient. A t/vap represents 
the change of the internal energy associated with the 
vaporization of 1 mol of a liquid at a constant tem

+  PaT
dB 
d T (2)
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perature and a pressure equal to the saturated vapor 
pressure at this temperature. At/* denotes the change 
of the internal energy associated with the change of the 
pressure from its saturated value to a pressure ap
proaching zero. Pola’k,6 in his basic work on cohesion 
energies, found that for a great number of liquids the 
value of A U* represents about 0.8-1.2% of the total 
value of the cohesion energy at the normal boiling 
point.

Figure 2. (a) The exponent n as a function of the number
of carbons, n0, in the molecule; (b) the constant a 
as a function of the number of carbons, rac, in 
the molecule.

The experimental data necessary to calculate the 
cohesion energies (he., saturated vapor pressures and 
molar volumes of the liquids as functions of tempera
ture), except those for carbon tetrachloride, tetra- 
chloroethylene, n-nonane, and pyridine, have been 
taken from the literature.7-11 All the data are sum
marized in Table II. The virial coefficient was calcu
lated from Pitzer’s equation.12

Figure 3. The exponent n a s a  function of the dipole 
moment: • ,  hydrocarbons, carbon tetrachloride,
tetrachloroethylene; O, benzene; A, thiophene; 3 , pyridine.

The values of the cohesion energies calculated from 
eq 2 are accurate enough, as has been proved by com
paring the experimental (calorimetric) data on heat of 
vaporization with the values calculated from the 
modified eq 2. It was found that the difference is 
less than 0.15% in the normal liquid range.

The vapor pressure and molar volumes of carbon 
tetrachloride, tetrachloroethylene, n-nonane, and py
ridine have been measured in our laboratory.

Fisher spectroanalyzed substances were purified by  
the usual m ethods until their physical constants were 
in agreement with the literature values.7-10 T he vapor 
pressure was measured by  a dynam ic m ethod in which 
two ebulliometers were connected in parallel in the 
measuring systems. One o f the ebulliometers contained 
water and the other the substance to be measured. 
From  the boiling point of water, the corresponding 
vapor pressure o f the substance was found. Single
stem pycnom eters of about 10-ml capacity were used 
for density measurement. The data are reported in 
Table II.

As is well known, the increment o f the cohesion 
energy per C H 2 group inserted is not constant for the 
paraffin series at constant temperature. Some of the 
conditions under which the C H 2 increment might be 
expected to be constant are discussed b y  M eyer and 
W agner.13

From  the values of the cohesion energies obtained, 
the C H 2, C H 3, CH , and C -C  increments o f the co
hesion energy were calculated at two reduced tem pera
tures ( T r =  0.6 and 0.7). The cohesion energy, calcu
lated from  the average values o f these increments, is 
in a very good agreement with the cohesion energy 
calculated from  the experimental data, as is evident 
from  Table I. The following values (Joules per mole) 
have been found for the different group contributions 
to the cohesion energy: Tr = 0.6; Uc =  2(7/c)ch3 +  
(nc -  2)(C7c) ch, =  -1 5 0 2 0  -  3439% c -  2 ); Uc =  
(n c — l ) (U c ) c - c  +  (2nc +  2) ( I / c) ch =  2353(«c — 1) 
— 2896(2nc +  2 ); Tv =  0 .7; Uc =  2 (7 /c) ch3 +  
0nc -  2)(E /c) ch, =  -1 4 1 6 6  -  2905(nc -  2 ); Uc = 
(nc — l)(Uc)c-c  +  (2«e  +  2)(7 / c) ch =  2725(ftc — 
1) -  2815(2nc +  2).

The observations reported in this note on cohesion 
energies o f liquids m ay be helpful in the developm ent 
of theories of liquids and liquid solutions (especially 
theories based on the radial distribution function).

(6) J. Pola’k, Collect. Czech. Chern. Commun., 31, 1483 (1966).
(7) J. Timmermans, “ Physico-Chemical Constants of Pure Organic 
Compounds,”  Elsevier Publishing Co., Amsterdam, The Nether
lands, 1950.
(8) “ Selected Values of Properties of Hydrocarbons and Related 
Compounds,”  American Petroleum Institute Research Project 44, 
Carnegie Press, Pittsburgh, Pa., 1953.
(9) R. R. Dreisbach, “ Physical Properties of Chemical Compounds,”  
Advances in Chemistry Series, No. 15, 22, and 29, American Chemi
cal Society, Washington, D. C., 1955, 1959, 1961.
(10) T. E. Jordan, “ Vapor Pressure of Organic Compounds,”  
Interscience Publishers, New York, N. Y ., 1954.
(11) G. Waddington, J. W. Knowlton, D . W . Scott, G. D. Oliver, 
S. S. Todd, W. N. Hubbard, J. C. Smith, and H. M . Huffman, J. 
Amer. Chem. Soc., 71, 797 (1949).
(12) K. S. Pitzer and R. F. Curl, ibid., 79, 2369 (1957).
(13) E. F. Meyer and R. E. Wagner, J. Phys. Chem., 70, 3162 
(1966).
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Acidic Sites on  M ordenite. An Infrared 

Study o f  Adsorbed Pyridine

by F. R. Cannings

The British Petroleum Company, Limited,
British Petroleum Research Centre,
Sunbury-on-Thames, Middlesex, England 
(Received June 24, 1968)

Parry1 and Basila, et al.,2 have used pyridine to 
elucidate acid-site structures on the surfaces of alumina 
and silica-alumina. In particular, they were able to 
differentiate between adsorption centers that were 
either Brpnsted or Lewis acid in character. The rele
vant information was obtained from the 1700-1440- 
cm-1 range of the infrared spectrum and arises from 
variations in the position of one of the “ in-ring”  vibra
tions of the chemisorbed pyridine, indicating the pres
ence of either pyridinium ions or coordinately bound 
pyridine.

We have extended this work to an examination of 
the surface of mordenite. The changes in the spectrum 
of adsorbed pyridine and acid-site numbers after evacu
ation of the sample at temperatures up to 600° are con
sistent with the scheme proposed by Hall and co
workers3 to account for the formation of defect sites 
on decationated zeolites.

Sodium mordenite was obtained from the Norton Co., 
Worcester, Mass. It was leached with dilute sulfuric 
acid to give an aluminum content of 5.05 wt % , a 
sodium content of 0.94 wt % , and a BET surface area 
of 385 m2/g. A 13-mm diameter disk weighing 6.5 
mg/cm2 was formed at 10 tons/cm2 and was examined 
in a Grubb-Parsons GS2 infrared spectrometer, using 
ancillary equipment and techniques already reported.4 
The successive treatments of the disk are described in 
Table I, and absorbances, calculated from maximum 
band heights, are quoted therein. All spectra were run 
at 25°.

Results and Discussion
The spectrum of pyridine retained by mordenite after 

evacuation at 500° is shown in Figure 1. Bands at 
1623, 1496, and 1455 cm-1 are typical of pyridine co
ordinated to a Lewis acid site (Lpy). The additional 
feature to note in the spectrum is the peak at 1462 cm-1. 
The appearance of a band at this wave number can be 
interpreted as arising from a second distinct type of 
Lewis acid site, of greater coordinating power than that 
characterized by the band at 1455 cm-1. This con
forms with the regular transition in wave number value 
for the 19b vibration of pyridine adsorbed in a progres
sively stronger manner, commencing with physisorbed 
pyridine (1440 cm-1), to H-bonded pyridine (1446 
cm-1), to coordinated pyridine (1455 cm-1). The 
strength of attachment of the pyridine to the surface is

Figure 1. Spectrum of pyridine adsorbed on mordenite after 
pyridine dosing at 25° and evacuating at 500° (see Table I).

indicated by the relative ease of removal upon evacu
ation and calcination.

The generation of the 1462-cm-1 band occurred with 
mordenite after evacuation above 300°. In Figure 1, 
the separation into two definite absorption bands is 
clear, and approximately equal numbers of the two 
forms of Lpy are detected (given equal extinction 
coefficients).

An assessment of the numbers of acid sites present on 
the specimen after calcination up to a temperature of 
600° was also undertaken. This was possible with a 
knowledge of the relative extinction coefficients of 
bands at 1546 and 1455 cm-1, typical of Brpnsted and 
Lewis species, respectively. A satisfactory conversion 
factor for calculating numbers on one arbitrary scale, 
namely, Lpy, was obtained in a previous investigation.5 
The use of the band at 1490 cm-1, as outlined by Basila 
and Kantner,6 is not suitable, as only Brpnsted pyridine 
(Bpy) produces a band at this wave number. The 
corresponding vibration for Lewis pyridine occurs at 
1496 cm-1. (Refer to Figure 1.)

Table I lists the absorbances of the 1546-, 1462-, and 
1455-cm-1 bands, calculated on the Lpy scale, and 
these values are taken to be equal to the relative 
number of acid sites of each type present an the disk. 
It shows, for example, that after calcination at 500° and

(1) E. P. Parry, J. Catal., 2, 371 (1963).
(2) M. R. Basila, T. R. Kantner, and K. H. Rhee, J. Phys. Chem., 
68, 3197 (1964).
(3) J. B. Uytterhoeven, L. G. Christner, and W. K. Hall, ibid., 69, 
2117 (1965).
(4) F. R. Cannings, J. Phys. Chem., 72, 1072 (1968).
(5) When pyridine absorbed on a silica-alumina was contacted with 
water vapor, a complete interconversion of Lewis to Br0nsted acid 
sites was observed. From the respective absorbances of the 1455- 
and 1546-cm-1 bands, a conversion factor of 2.61 was observed. 
More details will be given in a future publication.
(6) M. R. Basila and T. R. Katner, J. Phys. Chem., 70, 1681 (1966).
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Table I: Absorbances of Pyridine Retained by Mordenite after a 1-Hr Evacuation at the Quoted Temperature0 , 6

-A b s o r b a n c e —
T e m p  o f T o t a l  a b s o r b a n c e  in c lu d in g

e v a c u a t io n , .----- - 1 5 4 6  cm  1------- . 1462 -------- 1455  c m - i -------- . T o t a l  a b s o r b a n c e  o m it t in g t w ic e  t h e  a b s o r b a n c e

"C (B p y ) c m  _1 (L p y ) t h e  1 4 6 2 -cm 1 b a n d o f  t h e  1 4 6 2 -cm - l  b a n d

25' 0.76 0.05 0.81 0.81
200 0.67 0.11 0.78 0.78

25d 0.80 0.04 0.84 0.84
300 0.53 sh 0.13 0.66 0.66
25* 0.82 0.02 0.84 0.84

400 0.28 ~ 0 .15 0.20 0.48 0.78
25d 0.67 0.03 0.70 0.70
25' 0.80 0.03 0.83 0.83

500 0.01 0.20 0.22 0.23 0.63
25* 0.45 0.03 0.48 0.48
25/ 0.54 0.04 0.58 0.58
25' 0.63 0.03 0.66 0.66
25' 0.57 0.05 0.62 0.62

600 Nil 0.09 0.12 0.12 0.30
25d 0.09 0.03 0.12 0.12
25' 0.26 0.04 0.30 0.30

“ The values were obtained after successive treatments of the disk. 6 Br0nsted pyridine at 1546 cm 1and Lewis pyridine at 145
cm-1 are calculated on the same scale '  The sample after pyridine and water vapor dosing (each at ca. 3 torr) for 72 hr and then 
evacuation. d The sample after pyridine and water vapor dosing (each at co. 3 torr) for 5 min and then evacuation. e The sample 
after pyridine and water vapor dosing (each at ca. 3 torr) for 16 hr and then evacuation. f The sample after pyridine and water vapor 
dosing (each at ca. 3 torr) for 1 hr and then evacuation.

subsequent equilibration with pyridine and water vapor 
at 25°, mordenite has lost some 25% of the total number 
of acid sites present at lower temperatures. So a sys
tem exists where the total number of intermediate 
strength Lewis acid plus Brpnsted acid sites decreases 
while some very strong Lewis sites have been formed 
during the preceding calcination. The number of the 
latter produced appears less than the quantity of the 
former lost.

The chemical reaction proposed by Hall and cowork
ers3 to explain their observations of changes in calcined 
X  and Y zeolites can also account for the transforma
tions we have noted. The assumption must be made 
that some sites having structure II (eq 1) behave as 
intermediate strength Lewis acids and that they retain 
their identity upon adsorbing pyridine, producing a 
band at 1455 cm-1. Reduction in over-all acid site 
numbers occurs on disproportionation along the path 
outlined by eq 2.

Structure III represents a strong Lewis acid and 
one site only is produced from two of intermediate 
strength. The apparent loss of acid sites upon calci
nation could be accounted for in this way.

The close agreement between calculated acid site 
population after high-temperature evacuation, when 
this total includes twice the absorbance of the 1462- 
cm-1 band (final column of Table I) and the number 
detected on subsequent equilibration with pyridine and 
water vapor at 25° supports this mechanism. The 
reason for the large decrease in acidity upon calcination 
at 600° is not known, but it may indicate major struc
tural changes.

The mechanism of the reverse reaction for eq 2 is not 
fully understood. From our work, it appears likely 
that the change is slow and that the initial product of 
combination of structure III with excess water is a 
single Br0nsted site. The increase of total acidity of 
mordenite from 0.48 unit after 5 min to 0.62 unit after

hTo

0, A
\ y  \  /O

Al Si (Br0nsted acid)
( /  No o/  \>

I

H

°\  °\  / °
H20  +  Al Si ( intermediate strength Lewis acid)

o/  No o/  No
II

(1)

H
O.\  °\  / °

A1 / Si\ 0/ N0 (/  D

A
HD +

°N /  \  / °
Al

° \  + / °  
Si +  Al X  

( /  \ ) (T X0 (/  U O 0
III

(strong Lewis acid) (2)
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72 hr of contact with pyridine and water vapor follow
ing evacuation at 500° may be a function of this slow 
site rearrangement. Total acidity alters little after 
16 hr of dosing, and the value obtained after this time 
is regarded as a correct final measure.

Acknowledgment. Permission to publish this paper 
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The precision of vapor pressure and virial coefficient 
measurements depends in part upon the efficiency with 
which the liquid systems are degassed. Most methods 
described in the literature are repetitive and conse
quently often tedious and time consuming. A common 
procedure2 is that of freezing the liquid, pumping 
away the noncondensable gases, melting, and refreezing, 
the process being continued until some experimental 
parameter is constant. Experience in this laboratory 
has shown that up to 20 such cycles are necessary with 
aqueous systems.3 Hermsen and Prausnitz4 have de
scribed a method whereby their materials were “ re
fluxed for several days... at low pressure,” and Cruick- 
shank and Cutler5 described another involving “ sev
eral vacuum redistillations.”

The method reported in this paper is similar to the 
technique of “ freeze drying,” 6 and usually one cycle is 
sufficient to completely degas aqueous systems and pure 
hydrocarbons. The apparatus (see Figure 1) con
sists of a Pyrex glass dewar, the vacuum chamber 
being the vapor pressure cell. The material to be de
gassed is frozen, either in the cell itself or in the de
tachable sampling bulb. (This is also used to sample 
mixtures for analysis at the end of a run without break
ing the vacuum in the system.) The cell is then evacu
ated and a suitable freezing mixture is placed in the 
central compartment of the dewar. The frozen liquid 
slowly sublimes onto the cold glass surface, while non
condensable gases are continuously pumped away (less 
than 5% of the sample is lost in this process). These 
gases do not seem to redissolve unless the sublimate 
thaws. This was found to occur with w-heptane and 
its mixtures with benzene when the deposit was thick; 
in these cases anomalous vapor pressure measurements 
were noted with only one degassing (up to 0.2 torr too 
high). The effect was prevented in the case of n-

heptane by keeping the distilling liquid at about 0°, 
but in addition it was found necessary to degas the 
mixtures two or three times to obtain reproducible 
results. The hydrocarbons were always degassed in 
the presence of sodium wire.

The results of static measurements of the vapor pres
sures of water, benzene, n-hexane, n-heptane, n-octane, 
and cyclohexane samples degassed in this manner are 
given in Table I, together with literature values.

Table I: Vapor Pressures at 25° of 
Several Hydrocarbons and Water

/---------------- Vapor pressure, torr-
This -.vork Lit. Ref

Benzene 95.15 ± 0 .03 95 .18 ± 0..04 b
95 .15 ± 0..05 c
95 .17 d
95 .04 ± 0..08 e
95..03 ± 0,.04 f
95 .14 ± 0. 03 9

Cyclohexane 97.59 ± 0. 03 97..58 ± 0 04 b
97..81 ± 0. 04 h
97.,41 ± 0..03 f

n-Hexane 151.16 ± 0. 02 151..26 ± 0. 04 b
151.,05“ i

«.-Heptane 45.79 ± 0. 02 45. 72 ± 0. 04 b
45. 64“ i

«-Octane 13.97 ± 0. 02 13..98“ b
Water 23.755 ± 0. 003 23. 753 j

“ Extrapolated using the Antoine equation. b C. B. Willing
ham, W. J. Taylor, J. N. Pignocco, and F. D. Rossini, J. Res. Nat. 
Bur. Stand., 35, 219 (1945): F. D. Rossini, K. S. Pitzer, R. L. 
Arnett, and G. C. Pimental, “Selected Values of Physical and 
Thermodynamic Properties of Hydrocarbons,” Carnegie Press, 
Pittsburgh, Pa., 1953. c Reference 4. d R. H. Stokes, Depart
ment of Physical and Inorganic Chemistry, University of New 
England, Armidale, New South Wales, private communication. 
e Reference 2b. ’  D. H. Everett and F. L. Swinton, Trans. 
Faraday Soc., 59, 2476 (1963). " W. J. Gaw and F. L. Swinton, 
ibid., 64, 637 (1968). h Reference 5. ' I. Brown, A m t. J . Sci. 
Res., A5, 530 (1952). ' F. G. Keyes, J. Chem. Phys., 15, 602 
(1947).

Samples which were degassed more than the minimum 
number of times stated above gave identical results 
within the experimental error. A sample of 40 ml of 
liquid takes from 1 to 2 hr to be degassed. The 
alkanes were allowed to melt in the sampling cell dur
ing the process, but, as mentioned above, it was only

(1) To whom all correspondence should be addressed.
(2) E.g., (a) J. B. Gilmour, J. O. Zwieker, J. Katz, and R. L. Scott,
J. Phys. Chem., 71, 3259 (1967); (b) G. KortUm and W. Vogel,
Z. Elektrochem., 62, 40 (1958).
(3) H. D. Ellerton, Ph.D. Thesis, University of Adelaide, 1966.
(4) R. W. Hermsen and J. M. Prausnitz, Chem. Eng. Sci., 18, 485 
(1963).
(5) A. J. B. Cruikshank and A. J. B. Cutler, J. Chem. Eng. Data, 12, 
326 (1967).
(6) M. Dixon and E. C. Webb, “ Enzymes,”  Longmans, Green and 
Co., Ltd., London, 1958, p 13.
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Figure 1. Diagram of the cell used for degassing 
organic liquids and solutions. The cell used for aqueous 
systems (e.g., a sodium chloride solution) did not 
have the bottom  tap and sampling cell.

necessary to slow the rate of distillation of n-heptane. 
The sublimation of water and benzene was accelerated 
by warming the containing vessel. All measurements 
were made at 25.000 ±  0.002°. The method has also 
been used to degas aqueous solutions7 containing non
volatile solutes, e.g., sodium chloride, and to provide 
degassed liquid samples for second virial coefficient 
measurements.8

Experimental Section
Materials. The hydrocarbons, with the exception of 

n-octane, were obtained from the Ajax Chemical Co., 
Ltd., Auburn, New South Wales. The n-octane was 
supplied by the Aldrich Chemical Co., Inc., Mil
waukee, Wis. Benzene and cyclohexane were puri
fied by treatment with concentrated sulfuric acid, fol
lowed by washing with water, bicarbonate solution,

and again with water. The dried product was dis
tilled through a dry, 1-m column with an evacuated 
jacket. The column was packed with stainless steel 
helices approximately 4 X 4  mm and was fitted with a 
reflux head. That fraction which showed negligible 
impurity on analysis by gas phase chromatography was 
collected and stored over sodium wire. The alkanes 
were similarly treated using chlorosulfonic acid9 as the 
sulfonating agent. The densities of the pure hydro
carbons together with literature values are given in 
Table II. These were measured, at 25.000 ±  0.002°, 
in triplicate, in single-stem pycnometers with volumes of 
approximately 30 cm3. The precision of these density 
measurements is believed to be ±  10“ 6 g cm“ 3.

Table II : Density Data at 25° for Several Hydrocarbons

—Density, g cm” 3-
This Mol %
work Lit.» impurity

Benzene 0 .8 736 8 0 .8 736 8 < 0 .0 0 1
Cyclohexane 0 .77389 0 .7 738 9 < 0 .0 0 5
»-Hexane 0 .65479 0 .6 547 9 < 0 .0 0 1
»-H eptane 0 .67949 0 .67949 < 0 .0 0 1
»-O ctane 0 .6 985 4 0 .6 984 6 < 0 .0 0 5

Deionized rain water was distilled once to give a 
product which had a conductance of less than 10“ 6 
ohm-1 cm-1. There was no noticeable difference be
tween the vapor pressure of a freshly distilled sample 
and that of one which had been allowed to stand in air. 
However, it was observed that the latter sublimed more 
rapidly. Only one cycle was required to degas each 
sample.

Vapor Pressure Measurements. An Edwards’ Speedi- 
vac, two-stage, oil diffusion pump and an Edwards’ 
Model E02 Speedivac vapor diffusion pump were 
mounted in series to evacuate the system. The latter 
pump was separated with a 2-in. viton O ring, butterfly 
valve from a 316 stainless steel, internally polished 
manifold in which Pirani and ionization gauge heads 
were mounted. A similar 1-in. valve separated the 
manifold from a vapor trap. The cell and the ma
nometer could be isolated from one another and from 
the vapor trap by Nupro brass or stainless steel bel
lows valves.10 The valves were connected to the glass 
sections of the apparatus by means of Swagelok fit
tings11 with Teflon ferrules and Kovar metal-glass 
seals. A pressure of 10-6 torr was maintained in the 
manifold, and the leak rate in the cell, when isolated 
from the pump, was less than 10“ 3 torr/hr.

(7) This work will be reported in a future publication.
(8) M. L. Martin and P. J. Dunlop, submitted for publication.
(9) A. F. Shepard, A. L. Henne, and T. Midgely, Jr., J. Amer. 
Chem. Soc., 53, 1948 (1931).
(10) Obtainable from Nupro Co., Cleveland, Ohio 44110.
(11) Obtainable from Crawford Fittings, Niagara Falls, Ontario.
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Quadruply distilled mercury was used as a manometer 
fluid for the hydrocarbon measurements, and either 
Apiezon B oil (d26 0.86993 ±  10~5 g cm-3) or Dow 
Corning, silicone 704 oil (d25 1.06201 ±  10-6 g cm-3) was 
used for those with water. The oils were continuously 
stirred and degassed in a bulb fitted to the side of the 
manometer. After the sample and manometer had 
been degassed, the system was isolated from the pumps 
and placed in a large thermostat which had a glass 
window as one side. The menisci were separately 
illuminated by two fluorescent lamps fitted with shields 
and slits 1 cm in width. Reflected light effects were 
minimized by fitting the mercury manometer with 
similar slits. The distances between the menisci were 
measured with respect to a calibrated invar scale12 situ
ated in the plane of the manometer arms. To take 
readings a Gaertner telescope with a very small depth 
of focus was mounted on a cathetometer stand. Dis
tances between the scale marks and the menisci were 
measured by means of a micrometer screw gauge at
tached to the telescope. The apparatus frame to 
which the invar scale was attached was kinematically 
suspended13 in the water bath and thus it was possible 
to adjust the scale to a vertical position by means of a 
sensitive level. The telescope was set in a horizontal 
position using the artificial horizon produced by the 
two menisci in the manometer. The measured pres
sures were corrected to standard conditions.14

A freezing mixture of Dry Ice and ethanol was used 
for measurements with benzene and with aqueous solu
tions, and liquid nitrogen was used for all other com
pounds. It was found that with a liquid nitrogen freez
ing mixture it was impossible to degas water with a 
single sublimation.
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(12) Calibrated by the Metrology Section, South Australian Rail
ways, Islington.
(13) J. Strong, "Procedures in Experimental Physics,”  Prentice Hall, 
Inc., Englewood Cliffs, N. J., 1938, p 585.
(14) G. K. Burgess, J . Res. Nat. Bur. Stand., 1, 635 (1928),

Phase Separation in the 
Palladium -Hydrogen System

by Y. Ebisuzaki and M. O’Keeffe

Department of Chemistry, Arizona State University,
Tempe, Arizona 85281 (Received July 1, 1968)

Phase equilibria in metal-hydrogen systems are very 
frequently described in terms of the model originally

proposed by Lacher1 and its subsequent refinements.2'3 
The essential feature of this theory is that it is postu
lated that there are short-range (strictly nearest 
neighbor) attractive interactions between dissolved 
hydrogens. The heat of solution of x g-atom of hydro- 
gen/mol of metal is then written

A H =  Ax +  B:r2 +  constant (1)

where A and B are constants. 2B/z is the energy of 
interaction per pair of hydrogens, where, in turn, z is 
the number of nearest neighbor positions of a given 
hydrogen.

In its simplest form, the theory now assumes an ideal 
entropy of mixing. It is then predicted that two solid 
phases of different compositions can coexist below a 
critical temperature, Tc = B/2R, where R is the gas 
constant. If the critical temperature and composition 
are used as adjustable parameters, it is possible to 
describe adequately the composition of the hydride as a 
function of temperature and hydrogen pressure. How
ever, as discussed below, there are physical reasons for 
rejecting this model of hydrogen in metals. It is our 
purpose here to outline an alternative approach to the 
description of such systems.

Hydrogen in Metals
There are several features of hydrogen in metals that 

bear examination.
(a) There is good evidence4 that hydrogen dissolves 

in transition metals as a proton, with the proton charge 
strongly screened by the conduction electrons of the 
metal. In a first approximation, the screened potential 
of the proton at a distance r may be taken to be the 
form4-6

V(r) =  (q/r) exp( —Xr) (2)

where q is the proton charge, and the screening param
eter, X, is given by

X = (4tt g2N )1A (3)

where N is the density of electronic states at the Fermi 
energy. The interaction energy between two protons 
a distance Ar apart will then be5

AE = (g2/Ar) exp( —XAr) (4)

For hydrogen in a metal such as palladium, one cal
culates, according to eq 3 and 4, that AE <  1 cal mol-1; 
this is several orders of magnitude smaller than the 
value of 2B/z necessary to explain the observed behav
ior of the palladium-hydrogen system. More im-

(1) J. R. Lacher, Proc. Roy. Soc., A161, 525 (1937).
(2) G. G. Libowitz, “ The Solid State Chemistry of Binary Metal 
Hydrides,”  W. A. Benjamin, Inc., New York, N. Y., 1965.
(3) F. A. Lewis, “ The Palladium-Hydrogen System,” Academic 
Press, New York, N. Y „  1967.
(4) Y . Ebisuzaki and M. O’Keeffe, Progr. Solid State Chem., 4, 187 
(1967).
(5) J. M. Ziman, Advan. Pays., 13, 89 (1964).
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portantly, AE has the wrong sign, that is to say, that 
eq 4 predicts that neighboring hydrogens will naturally 
repel each other.

These conclusions remain generally valid even when 
a more sophisticated form of the screened potential, 
such as discussed by Blandin and Déplanté,6 is used 
in place of eq 2.

(b) A second point is that the heat of solution of 
hydrogen in a metal or alloy depends strongly on the 
density of states at the Fermi energy,4'7 a quantity that 
will, in turn, vary with the valence electron : atom ratio 
of the alloy. Solution of hydrogen in palladium con
tributes one electron per hydrogen to the d band of the 
metal with a consequent change in the Fermi energy 
density of states, in a way strictly analogous to the 
effect of allowing palladium with silver. It is antici
pated, therefore, that the heat of solution of hydrogen 
in palladium will be strongly composition dependent.

The Palladium-Hydrogen System
The two observations made above lead to the follow

ing considerations with respect to the palladium-hydro
gen and related systems.

(a) As the energy of interaction between two hydro
gens is expected to be much less than RT (at or above 
room temperature), the configuration entropy of the 
solution is expected to be close to the ideal-solution 
value.

(b) The heat of solution of hydrogen will be com
position dependent. We write, therefore, the partial 
molar free energy of hydrogen in the solution PdHz

jUH = H y i — T5h =
AH(x) +  RT In [x/{\ -  *)] +  ‘/V (H 2) (5)

where the constant term V2M0(H2) depends on the choice 
of standard state for hydrogen and is of no consequence 
in this context. AH(x) is the composition-dependent 
heat of solution of 1 g-atom of hydrogen in PdH*.

In order to estimate AH(x) we make use of the ob
servation48 that to a good approximation the heat of 
solution of hydrogen in an alloy depends only on the 
valence electron : atom ratio of the alloy and not on the 
chemical identity of its minor constituent. Brodowsky 
and Poeschel9 have made very accurate measurements 
of the heat of solution in a series of alloys, Pdi-aAgz, 
with the results shown in Figure 1. For the reasons 
just given we use these data as a measure of AH(x).

Evaluation of the Critical Constants
From eq 5 and the condition for a critical point at

x =  xc, viz.

ô/i/cte =  à2n/àx2 =  0 ; x = xc (6)

one readily derives 

(d2A jT /à r2) / (ô A lî /c t e )  =

(1 — 2x)/x(x — 1); x = xa (7)

Figure 1. The heat of solution per gram-atom of hydrogen 
in the alloys Pdi-xAg* (data of Brodowsky and Poeschel9).

Figure 2. Curve A: (d2AH/Z>x2)/(dAH/dx); curve B:
(1 — 2x)/x{x — 1) as a function of x  in PdHx. The 
intersection of the two curves is the solution of eq 7.

In Figure 2 we have plotted separately as a function 
of x the left-hand side of eq 7 as derived from the data 
of Figure 1 by graphical differentiation and the right- 
hand side of the same equation. It may be seen that, 
although there is considerable error in obtaining 
d2AH/bx2 from the experimental data, it is nevertheless 
possible to locate fairly precisely the critical composi
tion at xc =  0.24 ±  0.02, in very good agreement with 
the experimental value2'3 of xe =  0.27.

The critical temperature, Tc, may likewise be evalu
ated from eq 5 and 6 as

£>A Hfàx = RT0/x(x — 1); x =  x0 (8)

Using the critical composition already determined, one 
finds in this way that T0 = 680 ±  100°K, in fair enough

(6) A. Blandin and J. L. Déplanté, J. Phys. Radium, 23, 609 (1962).
(7) H. Schnabl, Ber. Bunsenges. Phys. Chem., 68, 549 (1964).
(8) Y . Ebisuzaki and M. O’Keeffe, Phil. Mag., 14, 867 (1966).
(9) H. Brodowsky and E. Poeschel, Z. Phys. Chem. (Frankfurt am 
Main), 44, 143 (1965).
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agreement with the experimental2'3 value of Tc — 
570°K.

A further check is possible on the validity of the 
assumption that AH is given accurately by the data of 
Figure 1. At room temperature the composition of the 
hydrogen-rich phase in equilibrium with the metal-rich 
phase is PdH0.6. The integral heat of formation, per 
gram-atom of hydrogen, of PdH0.s will be

/*0.6
AHt =  (1/0.6) AH(x) dx (9)

Jo

Numerical integration of the area under the curve in 
Figure 1 gives AHi = —5.0 kcal, in very good agree
ment with the experimental (calorimetric) value of 
Afff = —4.8 kcal mol-1.10

Concluding Remarks

The excellent agreement with experiment of the ap
proach to the palladium-hydrogen system outlined 
above leads us to believe that the basic assumptions are 
well founded. These assumptions are that the con
figurational entropy of the solution has the ideal value 
and that to an excellent approximation the heat of 
solution of hydrogen contains no contributions from 
the hydrogen-hydrogen interactions but depends only 
on the valence electron: atom ratio of the compound. 
Using these assumptions, the critical constants for the 
Pd-H system can be predicted using only experimental 
data obtained with very dilute solutions of hydrogen 
in palladium-silver alloys.

Finally, it is interesting to note that it is probable that 
hydrogen-hydrogen interactions, although weak, are 
repulsive. One would anticipate, therefore, that at a 
sufficiently low temperature there will be an order- 
disorder transition in a hydride of suitable composition. 
It is tempting to interpret the specific heat anomaly 
observed11 in /3-Pd-H at 55°K in these terms. One 
might suppose that the vacant and ordered sites would 
order as in CuAu (L l0 type) or Cu3Au (L l2 type), al
though the establishment of long-range order would 
be hindered by the low mobility of hydrogen at these 
temperatures. In this connection, low-temperature 
neutron diffraction experiments with hydrides of the 
ideal composition PdH0,r, or PdH0.75 would be very 
interesting.
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(10) D. M . Nace and J. G. Aston, J. Âmer. Chem. Soc., 79, 3619 
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(11) D. M . Nace and J. G. Aston, ibid., 79, 3623 (1957).

Mass Spectra and Sublimation 

Pressures of IF7 and IOF5
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Several recent papers1-3 have dealt with the prepa
ration and properties of IF7 and IOF6. While these 
articles have helped to clarify some of the earlier dis
crepancies with regard to the properties of IF7 and 
IOF5, some inaccuracies still persist. For example, the 
reported vapor pressures3 and/or sublimation pressures 
of these compounds are incorrect. The vapor pres
sure-temperature relationship of IF7 has been corrected1 
but that of IOF5 has not. We wish to report the subli
mation pressure-temperature data and also the charac
teristic mass spectra of IF7 and IOF5.

Experimental Section
Materials. Iodine pentafluoride (Matheson Co.) 

and F2 were heated at 150° in monel or stainless steel 
cylinders for several hours. Partial purification of the 
IF7 was achieved by vacuum fractionation on a vacuum 
line constructed of stainless steel and equipped with 
Teflon U traps. Final purification of IF7 was accom
plished by treatment with KF to remove HF and IF5, 
followed by additional fractional condensations. No 
HF was detectable by near-infrared spectroscopy.4 
This method generally gave IF7 contaminated with
1-2% of IOF3. However, the product on occasion was 
found to be completely free of IOF5 or any other detect
able impurity and comprised the material used for the 
measurements.

Iodine oxide pentafluoride was prepared by condens
ing IF7 over Si02 (Cab-O-Sil) at —196° in stainless 
steel cylinders, warming to ambient temperature over 
several hours, and allowing the reaction to proceed over
night. If the reaction cylinder was warmed too rapidly, 
sufficient heat was generated to decompose most of the 
IOF5 to IF5 and 0 2. Vacuum fractionation, treatment 
with KF, and an additional fractionation served to purify 
the product. No impurities were detected by gas 
chromatography,4 infrared spectroscopy, and near- 
infrared spectroscopy.

Sublimation-Vapor Pressure Measurements. The 
pressures over solid or liquid IF7 or IOF6 were measured

(1) H. Selig, C. W. Williams, and G. J. Moody, J. Phys. Chem., 71, 
2739 (1967).
(2) D. F. Smith and G. M . Begun, J. Chem. Phys., 43, 2001 (1965).
(3) N. Bartlett and L. E. Levehuk, Proc. Chem. Soc., 342 (1963).
(4) V. H. Dayan and B. C. Neale, Advances in Chemistry Series, 
No. 54, American Chemical Society, Washington, D. C., 1966, p 223.
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with Heise bourdon-tube-type gauges, 0-1500-mm scale 
graduated in 2-mm divisions and capable of readings to 
1 mm. A thermocouple was used to determine the 
temperature of the slush baths. Solid IF7 gave the 
following sublimation pressures (in mm) over the tem
perature range —80 to 0°: 193.4°K, 6 ; 209.4°K, 15; 
218.1°K, 25; 243.7°K, 113; 261.8°K, 316; and
273.2°K, 567. The sublimation pressure-temperature 
relationship is de ribed by the equation log P(mm) = 
11.2319 -  (3046.93/T) +  (197,769/T2). The heat of 
sublimation is 6.0 kcal/ ol. Solid IOF5 gave the fol
lowing sublimation pressures (in mm) over the tem
perature range —78 to 0°: 195.1°K, 3; 226.3°K, 46;
50.5°K, 228; 262.8°K, 464; and 273.2°K, 824. 

The vapor pressure of IOF5 was checked at 5.3° (1044 
mm) and 13.4° (1398 mm). Values calculated from 
the Bartlett and Levchuk equation3 for these temper
atures are 2140 and 3090 mm, respectively. The 
sublimation pressure-temperature relationship is de
scribed by the equation log P(mm) =  8.9874 — (1659.4/ 
T). The heat of sublimation is 7.6 kcal/mol. The 
samples of IF7 and IOF0 were tensiometrically homo
geneous, and vapor density measurements at approxi
mately 1000 mm indicated no association for either 
compound.

Mass Spectra. A CEC 21-103C mass spectrometer 
was used to obtain the mass spectra. The inlet system 
of the instrument was modified by eliminating both the 
micromanometer and a 3-1. expansion volume. Re
producible mass cracking patterns were obtained using 
an ionizing current of 10.5 A and an ionizing voltage of 
70 eV. The inlet system was considered passivated 
when a stable pattern was obtained for IFS.5

Results and Discussion

The sublimation pressures of solid IF7 and IOF5 were 
determined over the temperature range -7 8 -0 ° . The 
earlier data of Bartlett did not specify a temperature 
range, but no agreement was found with values cal
culated from the reported equations3 above or below the 
melting point. Measurements employing liquid IF7 
gave vapor pressure readings in excellent agreement 
with those calculated from the more recent equation1 
of Selig, et al. In the case of liquid or solid IOF5, pres
sure measurements were obtained that were somewhat 
less than half the values calculated.3 These results 
corroborate the earlier qualitative observation of Smith 
and Begun.2 Since the accuracy of the measured den
sity of liquid IOF61 was dependent on the incorrect 
vapor pressure data, it would appear that the reported 
densities will be in error.

Stable mass cracking patterns of IF7 and IOF6 were ob
tained and are shown in Tables I and II. The spectral 
patterns are normalized to the most intense peak. Par
ent ions were observed with the reference, IF6, and IOF5 
but not with IF7. Recombination reactions were not

observed, and thus no species such as IFsC^ were 
noted. The intensity of the m/e 203 peak (IF4+) 
is at first somewhat surprising, inasmuch as no oxygen 
is contained in the ion. However, a commonality of 
bond cleavage due to electron bombardment and ther
mal initiation is expected, and for IOF5 the thermal 
degradation involves the rupture of the IO bond.6 Thus 
intense peaks due to the ionized partners of this bond 
scission (IFj,+) are not extraordinary. The occurrence 
of appreciable thermal decomposition of IOF5 within

Table I : Mass Spectrum of IP7

Intensity Intensity
relative relative

m/e to IF« + Ion m/e to IF( + Ion

260 ip ,+ 184 7.50 if 3+
241 73.68 i f 6+ 165 6.45 i f 2+
222 19.34 i f 5+ 146 35.13 IF  +
203 100.00 if 4+ 127 50.26 1 +

Table II : Mass Spectrum of IOFs

Intensity Intensity
relative relative

m/e to IFi + Ion m/e to IFi + Ion

238 32.05 io f 5+ 181 17.95 io f 2+
222 2.60 if 5+ 165 10.14 i f 2+
219 17.40 io f 4+ 162 9.04 IOF +
203 100.00 if 4+ 146 28.77 IF +
200 4.38 io f 3+ 143 12.19 1 0  +
184 21.92 if 3+ 127 48.25 1 +

the instrument to give IF5 is excluded by the low rela
tive intensity of the IF5+ peak coupled with the high 
relative intensity of the other IFZ+ peaks. Some 
IFzO+ impurities were found in the IF7 (3-4%) owing 
to the reaction of IF7 with glass portions of the inlet 
system. No iodine oxide fluorides were observed with 
IF5. Only very minor quantities of impurities gener
ated in the mass spectrometer (SiF4 and COF2) were 
found, and these could not be confused with mass: 
charge values of iodine-containing ions.
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The Diffusion of Gases in Nonpolar Liquids. 

The Open-Tube Method

by Lorna Bennett, Wing Y. Ng, and John Walkley

Department of Chemistry, Simon Fraser University,
Burnaby 2, British Columbia, Canada (.Received July 8, 1968)

Hildebrand1 has recently made use of the diaphragm 
method for the measurement of the diffusion of gases in 
nonpolar solvents. This is a pseudo-steady-state 
method and relies upon measuring the change in volume 
of the gas in equilibrium with the saturated solution 
above the diaphragm. The gas in the solution diffuses 
through a diaphragm of macroscopic size holes into the 
bulk solvent of essentially infinitely dilute solute con
centration. This method is often lengthy, and the 
conditions which give rise to a steady-state system are 
sometimes difficult to attain. We now report some 
measurements of the diffusion of gases in nonpolar sol
vents using an open-tube method. This method is a 
nonsteady-state one and has the advantage that a value 
of both the diffusion coefficient and the interfacial 
resistance can be measured.

Theory
The solution for Fick’s law of linear diffusion, viz., 

using the usual definition of terms

/*  =  —D
òc
Ò X

(1)

òc 0 2C

Òt ÒZ2
(2)

and satisfying the conditions that C =  C0 if x =  0 
and £ >  0, <7 = 0 if a: >  0 and £ =  0, is

C =  Co erfc(x/2v/D£) (3)

where C0 is the saturation solubility of the solute and 
erfc (y) is the complement of the error function. Thus 
the volume of gas dissolved at time £ in a previously 
degassed solvent is given as

V =  27” -  (4)
r  1 7 r

where A is the cross-sectional area of the cell and P 
and T are the pressure and temperature, respectively, 
of the gas. Experiments show that the observed 
V vs. V t  curve is displaced from that expected using 
eq 4. It is seen that the slope of the curve rapidly 
approaches, as a limiting value, that expected from 
eq 4. The basic equation for mass transfer across an 
interface2 is

Jx=o =  ~ d ( P )  =  -a (C .  -  Co) (5)
\ O X / x = 0

where a is the reciprocal of the interfacial resistance 
and Cs is the concentration of the solute at the inter
face. Combining eq 5 with eq 1 and 2, the solution 
now becomes3

C =  Co eric(x/2VDt) —

ehx+hwt e r f c ( ^ =  +  hVDtJ (6)

where h =  a/D. The volume of gas crossing the inter
face is given by

ehWt erfc(hy/Dt) -  1 +  2fr^— J (7)

where P  is the partial pressure of the gas and R is the 
gas constant. It is seen from eq 7 that the limiting 
behavior will be given by an equation identical with 
eq 4, hence giving a value of D. By curve fitting eq 7 
to the complete set of data (from £ =  0), a value of D 
and h can be found. It is found that these two values 
of D are in good agreement.

Experimental Section
The apparatus used was similar to that of Houghton, 

et al,4 The diffusion cell was a uniform tube of 24 cm2 
in cross-sectional area and 25 cm long. The average 
diffusion length for 200 min (the duration of a typical 
run) was less than 2 cm. The volume of gas diffusing 
into the solvent was measured with a calibrated ma
nometer. After filling the diffusion cell with the degassed 
solvent, a good thermal equilibrium was established by 
keeping the cell thermostated (to ± 0.01°) for at least 
24 hr prior to allowing gas into the cell above the sol
vent. Solvents were spectroquality reagents supplied 
by Matheson Coleman and Bell, and the gases were 
research grade, supplied by Matheson.

Results and Discussion
Figure 1 shows the experimental V vs. V t  curve for 

N2 in C6H6. The dotted line shows the expected rela
tionship in the absence of interfacial resistance. Ow
ing to the nature of eq 7, D may be estimated from the 
limiting slope of the experimental curve. The expected 
relationship between V and V t ,  as given by eq 7, is also 
shown in Figure 1 for various values of h. In no experi
ment is it found possible to reproduce the data at the 
beginning of a run (£ —► 0). This is undoubtedly due to 
a time lag in setting up the gas-vapor equilibrium above 
the solvent.

V =
RTA
Ph

(1) M , Ross and J. H. Hildebrand, J. Chem. Phys., 40, 2397 (1964); 
K. Nakanishi, E. M. Voigb, and J. H. Hildebrand, ibid., 42, 1860 
(1965).
(2) J. T. Davies and E. K. Rideal, “ Interfacial Phenomena,”  2nd 
ed, Academic Press, New York, N. Y ., 1963, Chapter 7.
(3) H. S. Carslaw and J. C. Jaeger, “ Conduction of Heat in Solids,”  
2nd ed, Oxford University Press, London, 1959, Chapter 2.
(4) G. Houghton, A. S. Kesten, J. E. Funk, and J. Coull, J. Phys. 
Chem., 65, 649 (1961).
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Figure 1. Diffusion of nitrogen gas in benzene at 25° (D
=  7.23 cm2 sec-1): O, experimental results;------, eq 4
(no interfacial resistance).

The D and h values for several gas-solvent systems 
are given in Table I together with the D values ob
tained using the Hildebrand diaphragm method. 
It is seen that, in general, good agreement between the 
two D values exists. It is seen from Table I that the D

Table I : Diffusion Coefficients and Permeability Values at 25°

10BD, cm2 sec _1— -  
Least- 

squares
Diaphram From the fit of h,

System method slope eq 7 cm -1

Ar-CCh (3.63)“ 3.71 3.73 11.3
N2-CC14 (3.42)“ 3.63 3.79 8.1
Ar-C8H6 11.2
N2 OßHß 6.93 7.20 7.23 9 .5

1 Reference 1.

value for argon in benzene is anomalously high when 
measured by the diaphragm method. No sensible 
value of D could be obtained from the open-tube method 
for this system. From the data obtained it would 
appear that this system behaves as if the flux at the 
interface were constant. Such a condition is incom
patible with eq 7, and as such no value of I) or of a 
can be obtained from the data.

Data for this open-tube method have not previously 
been analyzed by curve fitting to eq 7. We are unable 
to comment upon the h values with the limited data 
available. It is pertinent to note, however, that the 
linear portion of the curve is only strongly dependent 
upon h, for small h values, i.e., less than 15. This 
method is excellent for measuring the diffusion coeffi
cient D and this coefficient, unlike h, is not sensitive to 
interfacial impurity.

Quantum Yield of the Photonitrosation 

of Cyclohexane

by Hajime Miyama, Noriho Harumiya,

Basic Research Laboratories, Toyo Rayon Company, Ltd.,
Tebiro, Kamakura, Japan

Yoshikazu Ito, and Shigeru Wakamatsu

Nagoya Laboratory, Toyo Rayon Company, Ltd.,
Tebiro, Kamakura, Japan {Received July 10, 1968)

The photonitrosation of cyclohexane is one of the 
important processes of synthesizing caprolactam.1 
However, not much is known about the quantum yield 
of this reaction. A value of 0.7 was obtained by 
Torimitsu, et al.,* in the wavelength range 365-560 
mjii, and a value of 1.48 was obtained by Baumgartner, 
et al.3 The latter value was later corrected to 0.87 
(420 m/i) and 0.68 (580 nqi).4 Fukuzawa and Miyama6 
obtained, under a flash lamp, 0.65 in the range 360- 
505 mii. The accuracy of most of these values cannot 
be estimated because the oxime hydrochloride produced 
does not dissolve in cyclohexane, and the scattering of 
the incident light by suspended oxime particles becomes 
marked as the reaction proceeds. Therefore, in order 
to obtain a more reliable value without being disturbed 
by the light scattering, we used an integrating sphere 
in the wavelength range 365-589 m^.

The integrating sphere6 made from mild steel has a 
diameter of 1.3 m and its inside wall is coated with white 
paint, containing barium sulfate as a main component, 
in order to obtain uniformly reflected light (the reflec
tance is about 90%). The reaction vessel is a Pyrex

(1) Y . Ito, Bull. Chem. Soc. Jap., 29, 227 (1956); E. Muller and 
H. Metzger, Chem. Ber., 87, 1282 (1954).
(2) S. Torimitsu, S. Wakamatsu, and Y . Ito, unpublished work.
(3) P. Baumgartner, A. Seschamps, and C. Roux-Guerraz, Compt. 
Rend., 259, 4021 (1964).
(4) A. Desehamp, Ph.D. Thesis, Faculty of Science, University of 
Paris, 1966.
(5) D. Fukuzawa and H. Miyama, J. Phys. Chem., 72, 371 (1968).
(6) B. J. Hisdak, J. Opt. Soc. Amer., 55, 1122 (1965). The theo
retical details of the integrating sphere were described in the refer
ences cited in this paper.

The Journal of Physical Chemistry



Notes 4701

cylinder 16 cm in diameter and 20 cm long and has a
3.7-1. capacity. It is clamped to the holder through a 
Pyrex plate and Teflon gaskets and is equipped with an 
inlet and exit for the gas mixture and a water jacket to 
keep the reaction temperature constant. As a light 
source, high-pressure mercury lamps of 2 kW were used. 
To obtain nearly monochromatic light, one or two 
Toshiba glass filters were used with an aqueous solution 
of copper sulfate to cut out light above 700 mg. In 
order to measure the intensity ratio of the absorbed 
light to the incident light, a photocell with a millivolt- 
meter was used. In front of the photocell, a buffle 
plate, to prevent the effect of the direct incident light, 
and an opal glass, to obtain a uniformly diffuse light, 
were placed. Actually, the above-described ratio was 
obtained by measuring the light intensities before and 
after the introduction of light-absorbing nitrosyl 
chloride gas. At 365 mg, the absolute intensity of the 
incident light in front of the reaction vessel was mea
sured by a potassium ferrioxalate actinometer,7 which 
was placed in the reaction vessel instead of in the react
ing mixture. Light intensities at other wavelengths 
were measured by a thermopile (with a potentiometer) 
which was located between the filter and the reaction 
vessel and was calibrated at 365 m/i by the above-de
scribed actinometer. Other details were the same as in 
the previous article,8 except that the blowing rate of 
nitrosyl chloride was 200 ml/min and that of hydro
chloric acid 1000 ml/min; the concentration of nitrosyl 
chloride in the reaction mixture was 0.3-0.5 wt % .

Table I

106 X
IO5 X rate absorbed

of oxime light
Wave production, quantity,

length,® Temp, mol. I.-1 einsteins Quantum
m ¡a °C min-1 l.-1 min"1 yield

365 21 1.05 1.47 0.72
19 0.93 1.35 0.69
15 1.26 1.63 0.78
17 1.12 1.67 0.67

435 17 0.86 1.07 0.80
17 0.87 1.07 0.81
15.5 0.93 1.32 0.70
14.5 0.99 1.29 0.76

535 16.5 2.36 3.17 0.75
16.5 2.27 3.08 0.74
18 2.30 3.05 0.75

578 15.5 1.79 2.55 0.708
17.7 1.22 2.01 0.61
18 1.20 1.90 0.63

589 16.5 5.56 8.20 0.67
16.5 5.60 8.04 0.708 

Av 0.72

“ The contribution of the intensities of other lines and the 
background was less than 4%, except at 589 m/i where the 
intensity of 578 m/i was co. 12%. b In these runs, 10 voi % 
of chloroform was added.

(A preliminary experiment showed that the change of 
nitrosyl chloride concentration in this concentration 
range did not affect the quantum yield.)

The results of measurements at 365, 435, 535, and 
578 m /i are shown in Table I. Here, more than 99% 
of the incident light was absorbed by the reaction 
system at 365, 435, and 535 m/i, but about 80% of the 
incident light was absorbed at 578 and 589 m/i. There
fore, at longer wavelengths, the measurement of absorb
ance was less accurate and the effect of light scattering 
was considered to be more marked. In order to ex
amine this effect, in two runs at longer wavelengths, 
10 vol %  of chloroform was added to the reaction system 
to dissolve the oxime hydrochloride produced.

The over-all experimental error involved in the 
measurement of the quantum yield was estimated to be 
±15% , that is, ±6 .5%  due to the error of calibrating 
the thermopile at 365 m/i, ±  2.5% due to that of reading 
the thermopile, ±  2%  due to that of the oxime analysis, 
±  2%  due to the instability of the light source and the 
filter, and ± 2%  due to the dark reaction correction.

According to Table I, the addition of chloroform seems 
to increase the quantum yield, although this is not 
conclusive because of the experimental error. Within 
this experimental error, the quantum yield of photo- 
nitrosation of cyclohexane is about 0.72, independent of 
the wavelengths. Even if this large experimental error 
is taken into account, the quantum yield does not ex
ceed unity. Therefore, our experimental result sug
gests, as in the previous article,6 that the present reac
tion proceeds not via chain mechanism.

(7) C. A. Parker, Proc. Roy. Sec., A220, 104 (1953).

Electron Magnetic Resonance Spectra of 

MnCl2— LiCl—KC1 Eutectic Mixtures1

by Terry B. Swanson2
Department of Chemistry, Stanford University, Stanford, California 
{Received July 15, 1968)

In the present study solid mixtures of MnCL in the 
LiCl-KCl eutectic have been studied by electron mag
netic resonance (emr) and also in some cases by X-ray 
diffraction. The concentration of MnCl2 in the mix
tures has been varied and the emr spectra has been re
corded as a function of the concentration. Several 
different resonances have been observed and some have 
been identified as to their origin.

(1) This research was supported in part by the Advanced Research 
Projects Agency of the Department of Defense through the Center for 
Materials Research at Stanford University.
(2) Fairchild Semiconductor Research and Development, Palo Alto, 
Calif.
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Figure 1. The emr line width vs. mole fraction of MnCfi in the LiCl-KCl eutectic at 25°.

Experimental Section
The emr spectra were obtained with a Varian X-band 

spectrometer operating near 9.5 Gcps. A sample of 
aqueous V0(C10.i)2 was used for magnetic field sweep 
calibration. Resonance line widths refer to the full 
width at points of maximum slope and are obtained 
from the experimentally observed first-derivative curves.

In all instances in this investigation reagent grade 
materials were used without further purification. 
Samples containing various quantities of MnCl2 in the 
LiCl-KCl eutectic, prepared by weighing out the proper 
quantities of the anhydrous materials, were sealed under 
vacuum into 1-mm i.d. quartz sample tubes.

The high-temperature emr spectra were obtained 
through the use of a cavity system which had been 
described in detail elsewhere.3

Results and Discussion
Shown in Figure 1 are the room-temperature emr 

line widths obtained from samples containing various 
amounts of MnCl2 in the LiCl-KCl eutectic. Sample 
preparation consisted of weighing out the proper quanti
ties of MnCl2 and eutectic, vacuum drying at ~200°, 
melting under vacuum, and quenching in air. Quench
ing in air refers to the rapid removal of the heat source 
used to keep the sample in the molten state and sub
sequent solidification of the melt without external in
fluence. For samples containing between 0.06 and 0.15 
mol fraction of MnCl2 (X ), one observes only a single res
onance line whose width is ~175 G. Beginning near 
X  — 0.15 a relatively narrow line of width 25 G is 
observed. In the region X  = 0.15-0.175 both reso
nance lines are observable, the spectrum appearing as a 
narrow line superimposed on a broader one. Above 
X  =  0.18 only the resonance of width 25 G is observable. 
This is not to say, however, that the broader resonance 
is nonexistent. On the contrary, the broader line may

well exist but is unobservable because of the much 
greater peak height of the 25-G resonance. The 25-G 
resonance is the only one seen in the region X  =  0.18- 
0.89.

At room temperature a six-line hyperfine pattern 
was observed superimposed on the 175-G resonance for 
MnCl2 concentrations between X  =  0.06 and 0.012 
(the lowest concentration investigated). The spectrum 
of a 0.0575 mol fraction sample of MnCl2 has been 
investigated over the temperature interval 300-575°K. 
It has been noted that as the temperature is raised the 
intensity of the hyperfine pattern increased relative to 
that of the 175-G line. The separation between the 
individual hyperfine lines is about 91 G.

The six-line hyperfine pattern arises from “ isolated”  
Mn2+ ions in the LiCl-KCl lattice. “ Isolated”  refers to 
Mn2+ ions not in close proximity to other Mn2+ ions. 
The hyperfine structure arises, of course, because of 
interaction between the 3d electrons and the nucleus 
(spin of 6/ 2) of 65Mn. The separation observed here 
agrees fairly well with the values reported by others.4" 6 
Dissolution of manganese compounds with increasing 
sample temperature is responsible for the observed 
increase in intensity of the hyperfine pattern upon 
sample heating. This process increases the concentra
tion of “ isolated”  Mn2+ ions.

The origin of the 175-G line is not clear at this time. 
However, it does not arise from MnCl2 as such, since 
the emr spectrum of pure MnCl2 gives a resonance 
approximately 900 G in breadth. Nevertheless, con-

(3) T. B. Swanson, Ph.D. Dissertation, Stanford University, Stan
ford, Calif., 1965.
(4) L. Yarmus, M. Kukk, and B. R. Sundheim, J. Chem. Phys., 40, 
33 (1964).
(5) J. Brown, Ph.D. Dissertation, University of California, Berkeley, 
Calif., 1961.
(6) L. S. Singer and M. C. Haun, Bull. Amer. Phys. Soc., 7, 200 (1962).
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siderable exchange narrowing is indicated, thereby 
implying a reasonably close approach of Mn2+ ions. 
Brown5'7 has seen a similar resonance (~170 G) and has 
attributed it to “ exchange-narrowed manganese clus
ters.”  The nature of any such cluster is unknown at 
the present time.

The origin of the 25-G resonance has become clear in 
the course of this work. A similar resonance has been 
noted in several previous studies6-10 and has been sug
gested as being due to K4MnCl«9 but has not been posi
tively identified. An X-ray analysis of two samples, 
one X = 0.137 and the other X  =  0.175, has been 
carried out. Comparison with previous work on K4- 
MnCIs11 showed that the sample containing the higher 
MnCl2 concentration (X  =  0.175) definitely contains 
IGMnCb. Furthermore, none of the IGMnCle X-ray 
lines showed up in the powder pattern obtained from 
the X = 0.137 sample. These results, along with those 
shown in Figure 1, indicate that K4MnCl6 is indeed 
responsible for the 25-G resonance. This conclusion is 
further substantiated by comparison with previous work 
involving emr and magnetic susceptibility measure
ments on pure K4MnCl6.12 In this case a room-tem
perature line width of 23 G is observed. A calculation 
of the expected exchange-narrowed line width for 
K4MnCl6 gives a value of 30 G. The calculation is 
based on the dipolar linewidth, which can be calculated 
from the known crystal structure of K4MnCl6, along 
with a value of the exchange integral obtained from the 
experimentally observed Weiss constant in conjunction 
with the Weiss molecular field relationship.

Brown5'7 has discounted the possibility that K 4- 
MnClfi is responsible for the 25-G line on the basis of 
her observation that a mixture of LiCl and MnCl2 
(X  = 0.02) also gave the 25-G line. This has been 
carefully checked and no narrow resonance has been 
found for a vacuum-dried mixture of LiCl and MnCl2 
(X  =  0.02) prepared in the manner used by Brown. 
In addition, for a quenched sample containing a 4:1 
mole ratio of LiCl: MnCl2, we have observed a reso
nance whose width is 730 G and definitely not 25 G. 
We must therefore, disagree with Brown as to the orgin 
of the 25-G emr absorption.

There was some indication from previous work5'7 that 
vacuum drying of MnCl2 in the LiCl -KC1 eutectic 
could form the species responsible for the 25-G line. 
To check this indication, a X  =  0.142 sample of MnCl2 
in LiCl-KCl eutectic was prepared in the following man
ner. The sample was prepared by weighing out and 
then grinding together, with mortar and pestle, the 
proper quantities of previously vacuum dried MnCl2 
and eutectic. The sample was then placed in the emr 
sample container and evacuated but was not dried 
under vacuum. Observation of the spectrum showed a 
line 575 G in breadth. Upon this line was superim
posed a very faint line of indeterminable width. Four 
samples were then prepared in a manner analogous to

Figure 2. The emr relative intensity vs. vacuum drying time 
for 0.142 mol. fraction of MnCk in the LiCl-KCl 
eutectic. Drying temperatures were 150, 175, 200, and 225°.

the first. The four separate samples were then vacuum 
dried at four different temperatures (150, 175, 200, and 
225°) and their emr spectra were observed after various 
drying times. The height of the narrow component 
grew relative to that of the broader component until the 
broader component could no longer be seen. However, 
the width remained constant at 25 G. Figure 2 shows 
the relative intensity (taken as the height of the narrow 
component) as a function of the total drying time at four 
different temperatures. The rate of increase of the 
intensity of the narrow component is seen to depend 
strongly on the drying temperature. However, one can 
see that at least in the cases of the runs at 200 and 225° 
the intensities approach the same value at long drying 
times. The runs at 150 and 175° have not proceeded 
far enough at the maximum drying time to ascertain 
whether they too will approach the same intensity. 
In addition to the samples which were dried, two control 
samples were prepared. One sample was sealed onto 
the vacuum line and was pumped on continuously but 
was not heated. The other was merely evacuated,

(7) J. Brown, J. Phys. Chem., 67, 2524 (1963).
(8) P. A. Forrester and E. E. Schneider, Proc. Phys. Soc., B69, 833 
(1956).
(9) G. D. Watkins, Phys. Rev., 113, 79 (1959).
(10) K. G. BaDsiger and E E. Schneider, J. Appl. Phys., 33, 383 
(1962).
(11) X -Ray Powder Data File, Sets 1-5 Revised, American Society 
for Testing and Materials, Philadelphia, Pa., 1960.
(12) T. B. Swanson, V. W. Laurie, and W . Duffy, Jr., submitted for 
publication.
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sealed, and left at room temperature. Both were ex
amined at 600 min and were found to be as they were at 
zero time (immediately after preparation). No increase 
in the intensity of the 25-G component was noted. 
The sample which was evacuated, sealed, and left at 
room temperature was observed again after several 
weeks and again no change was noted.

From the data shown in Figure 2 one is led to the 
conclusion that the formation of KjMnCl« in samples 
containing MnCk (X  = 0.142) in LiCl-KCl eutectic is 
accomplished quite readily by vacuum drying at rela
tively low temperatures (200°) and for short times (a 
few hours). This is in contrast with Brown’s6'7 con
clusion that formation of K4MnCl6 during the vacuum 
drying process is improbable.

Acknoiuledgment. The author wishes to thank Mr. 
G. Martin, Center for Materials Research, Stanford 
University, for obtaining the X-ray powder patterns.

Ion Exchange in Molten Salts. III. The 

Ion-Exchange Properties of Sodium Zeolite A 

in Molten NaNC>3. The Exchange with 

Calcium and Strontium Cations

by M. Liquornik1 and Y. Marcus2

Soreq Nuclear Research Center, Israel Atomic Energy Commission, 
Yavne, Israel {Received July 17, 1968)

In the first paper of this series,3 dealing with the 
exchange of sodium for monovalent ions in molten salts, 
it was pointed out that owing to the relatively high 
temperature involved, an inorganic exchanger, such as 
the synthetic crystalline zeolite Linde 4A, must be used. 
The work is extended in this paper to the alkaline earth 
ions, the choice of ions being reduced to calcium and 
strontium because of the apparent instability of mag
nesium and barium zeolites. Molten sodium nitrate 
was used as a solvent, as it has a common cation with 
the zeolite.

Experimental Section
Analytically pure nitrates were used, without further 

purification. NaN03 and Sr(N03)2 were dried at 150° 
for at least 24 hr. Anhydrous calcium nitrate was 
prepared from Ca(N0 3)2-4H20  by removing the water 
of crystallization under vacuum at about 130° over
night. After this treatment, the salt cake was broken 
up in a mortar and was dried in air at 300°. The 
dehydrated Ca(N0 3)2 was handled in a drybox. Solu
tions of calcium nitrate-sodium nitrate were heated to 
330° for at least 24 hr, and no change in weight or ap
pearance could be detected. The treatment of the

zeolite, the experimental procedure, and the analytical 
methods have been given.3

Concentrations in either phase are expressed as mole 
fractions, as suggested by Blander4 (Temkin’s activities), 
rather than as equivalent fractions

„  ^Ca(N03)2 n\
JVCa(NOi)!- , v >

w Ca(N O a)2 +  M N aNO s

where n{ is the number of moles. The zeolite in con
tact with molten sodium nitrate gives an occlusion com
pound of the composition Na22[A- 10NO3], i.e., Na22- 
[(Si0 2A102)i2(N0 3)io].6 Mole fractions in the zeolite 
were based on the presence of 22 Na+ ions, which, in 
principle at least, are available for exchange, and not on 
the exchange capacity, which was not determined and 
probably cannot be determined isothermically in the 
case of the alkaline earth nitrates. Thus A ca = 
tfca/22, where raCa is the number of moles of Ca found 
per formula weight of zeolite.

Results
The ion-exchange properties of the zeolite with solu

tions of calcium or strontium nitrates in molten sodium 
nitrate were investigated at 330°. The concentration 
of the minor component was varied from very dilute 
solutions of 10-3 to 10-4 mol fraction to 0.04-0.06 mol 
fraction. The exchange isotherms thus obtained are 
presented in Figure 1.

It should be noted that after the exchange of eight 
Na+ cations with four Ca2+ cations, there is an increase 
in the number of occluded nitrate anions as further 
calcium enters the zeolite, and this is a function of the 
concentration of calcium nitrate in the solution. Com
paring the three arbitrarily selected compositions of the 
zeolite from the exchange isotherm, Figure 1 (given in

Table I

C om - ------------— N o . o f  ion s /fo rm u la  w t o f  zeolite-
position Ca2 + N a + N O a- SiAlO .

i 2 . 8 16.5 10.1 12.0
2 4.1 14.3 10.5 12.0
3 7.3 11.0 13.7 12.0

Table I), it is found that the difference between 1 and
2 roughly corresponds to the exchange between one 
Ca2+ ion and two Na+ ions, with due allowance for 
analytical errors. However, subtracting 2 from 3, one

(1) Taken from a part of the Ph.D. thesis submitted by M . L. to the 
Hebrew University, Jerusalem, 1967.
(2) Department of Inorganic and Analytical Chemistry, The Hebrew 
University, Jerusalem.
(3) M. Liquornik and Y . Marcus, J. Phys. Chem., 72, 2885 (1968).
(4) M. Blander in “ Molten Salt Chemistry,”  M. Blander, Ed., 
Interscience Publishers, New York, N. Y., 1964, p 127.
(5) M. Liquornik and Y . Marcus, Israel J. Chem., 6, 115 (1968).
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obtains 3.2Ca2+, — 3.3Na+, 3.2N08_ , which suggests 
the exchange between Na+ and CaN03+.

On the contrary, in the exchange of sodium with 
strontium there is no change in the occlusion as the 
exchange proceeds; the total number of cationic equiv
alents per mole of zeolite remains constant at 21.7 ±

Figure 1. The exchange isotherms for the systems NaA and 
molten solutions of (Na, V2Ca)N03 (q ) or (Na, V2Sr)N03 (A) 
at 330° and the occlusion isotherm of N03-  from the (Na, 
V2Ca)N0 3 melt.

0 .6, which is not different from the 22.0 expected. 
It is, however, interesting to note that more than 12 g- 
atoms of sodium was exchanged with strontium per mole 
of zeolite, in fact 12.80 ±  0.08 mol. The experiments 
with strontium were limited to low concentrations 
because of the limitations imposed by the phase dia
gram.

Discussion

The occlusion of additional nitrate ions is a function 
of the calcium ion concentration in the solution. It is 
suggested that the exchange reaction as well as the 
occlusion proceeds through the ion pair CaN03+, 
since the rather voluminous calcium nitrate molecule 
should not find space in the already sodium filled 
zeolite. The ionic radii of sodium and calcium are quite 
close; therefore, CaN03+ should have the same 
volume and dimensions as the NaN03 ion pair and 
should be able to move freely in the zeolite channel 
system. The assumed CaN03+ may also explain the 
clearing of room in the zeolite cage for the additional 
occlusion.

According to the model6 for the occluded sodium 
zeolite, the ions can be grouped into three categories: 
(a) four NaiN03Na+ groups, (b) four Nai+ ions, and
(c) four NanN03Na+ groups which are coordinated 
pairwise with two Na+N 03_ ion pairs.

The four NaiN03Na+ groups in this model are

the only positions where two Na+ ions are available 
on the spot for exchanging with one Ca2+ ion, without 
necessitating (a) bridging of two zeolite positions by the 
Ca2+ ion or (b) disturbing the coordination between 
the NanN03Na+ group and the Na+NO;s-  ion pairs. 
The replacement of the two sodium ions of the Na^- 
N 03Na+ group by one Ca2+ ion produces some space 
which enables the zeolite to accept more nitrate groups. 
The fact that the exchange beyond the first four cal
cium ions proceeds by exchanging one Na+ ion for one 
CaN03+ ion pair suggests that the remaining four 
Nar+ ions are now exchanged, and the zeolite reaches 
the composition 8CaiN03+, 4Nan N 03Na+, 2NaNOa, 
12(SiA10„).

The exchange with the larger strontium ion seems to 
proceed according to the same pattern as with calcium, 
but after a loading of four strontium cations in the 
zeolite no additional occlusion of nitrate molecules 
occurs. This can be explained either by steric reasons 
or by the nonexistence of such an entity as SrN03+ in 
the melt.

Kleppa’s enthalpy-of-mixing, AHu , measurements 
for calcium and strontium nitrates in sodium nitrate6’7 
show that the former has higher deviations from ideality 
and is more stabilized in the solution: AHu /X = 5.0 
kcal/mol for calcium and 10.5 kcal/mol for strontium, 
where X  is the mole fraction of the alkaline earth 
nitrate. The field of the strontium ion (z/r2 = 1.2 A~2) 
is indeed similar to that of sodium (1.0 A “ 2), so that 
only calcium (with a field of 1.8 A -2) would be expected 
to organize the anions in the sodium nitrate melt to 
form an ion pair, CaN03+, and not strontium. This 
view is strengthened by recent Raman work.8

A difference in behavior between calcium and stron
tium toward the sodium zeolite A was found also in 
aqueous solutions. Sherry and Walton9 found that 
while the calcium ions are strongly bound to the lattice 
oxygens, only half of the strontium ions are so bound; 
the remainder float in the zeolite water.

The isotherms in Figure 1 do not show a significant 
difference in the selectivity of the zeolite for calcium 
and strontium in the dilute range. The initial slope, 
however, shows great preference for the divalent ions 
over sodium in this range.

Acknowledgment. The support of the Israel Atomic 
Energy Commission is gratefully acknowledged. The 
authors wish to thank the members of the analytical 
department for their support and Miss Nili Abel for 
her technical assistance.

(6) O. J . Kleppa and L . S. Harsh, D iscussions Faraday Soc., 32, 99 
(1961).

(7) O . J . Kleppa, J. P hys. Chem., 66 , 1668 (1962).

(8) R . E .  Hester and K . Krishnan, J. Chem. P hys., 47, 1747 (1967).
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The Formation of the S20 4 Free Radical 

in Dimethylformamide1

by R. G. Rinker

Department of Chemical and Nuclear Engineering, University of 
California, Santa Barbara, California 98106

and S. Lynn

Department of Chemical Engineering, University of California, 
Berkeley, California 94720 {Received July 17, 1968)

It has been shown previously2'3 that reactions involv
ing the oxidation and disproportionation of the dithio- 
nite ion, S20 42-, in aqueous solutions of sodium dithio- 
nite, Na2S20 4, occur via detectable free-radical inter
mediates. In particular, the S02~ radical ion and its 
protonated forms appear to play a major role in the 
several steps leading from reactant S20 42- to stable 
products such as S042-, S032-, and S2-.

A limited amount of work was done by Hodgson4 on 
the direct identification of free S02~ in aqueous solu
tions. He obtained a single but rather weak esr signal 
for S02-  in solutions of Na2S20 4 containing ice crystals. 
The low resolution of Hodgson’s measurements pro
vided little information about the detailed structure of 
the radical anion.

More recent work6'6 confirmed the existence of S02~ 
from esr measurements and in addition measured its 
equilibrium concentration at 25° in aqueous solutions 
5 X 10-3 M in Na2S20 4. Under those conditions, the 
concentration of S02-  was 1.8 X 10 -6 M. This value 
along with Cermâk’s7 polarographic information and 
similar information from Fischer’s8 chronopotentiomet- 
ric measurements was used to obtain a value of the 
monomerization rate constant which at 25° was found 
to be 40 sec-1.

In studies related to the preparation of sodium dithio- 
nite in nonaqueous media,9 it was found that the re
duction of sulfur dioxide by sodium amalgam, Na(Hg), in 
dry amide solvents and in dimethyl sulfoxide occurred 
via free-radical intermediates. In dimethylformamide 
(DMF) and other homologs containing no protons 
directly bonded to the amide group, the radical ion was 
unusually stable. This was apparent from its high 
steady-state concentration, which, in turn, was in
dicated by the bright blue color imparted to the solvent.

Previous investigators10-12 studying the formation of 
Na2S20 4 in nonaqueous solvents have worked primarily 
with aliphatic alcohols and glycol ethers. The appear
ance of colored radical intermediates was not reported.

It was therefore important to the over-all study9 to 
confirm and at least partially characterize the blue 
radical in DM F by direct measurement. To the 
authors’ knowledge, no other work has been done on

the direct measurement of S02 in nonaqueous sys
tems.

Samples of the stabilized blue radical for esr analysis 
were prepared by contacting a measured quantity of 
S02 with half the stoichiometric amount of Na(Hg) in a 
nonoxidizing, dry atmosphere. The S02 was dissolved 
in dry DM F containing less than 15 ppm of H20, and its 
concentration was 0.5 M. The concentration of sodium 
in the amalgam was 0.05 wt % .

The blue radical began forming immediately upon 
contact of the two liquids, which were agitated by gentle 
swirling to avoid dispersion of the amalgam. With the 
reaction only partially completed, an aliquot of the 
DMF phase was withdrawn and injected into 1-mm 
diameter Pyrex tubes. The sample tubes were then 
sealed, inserted into the cavity of the spectrometer, 
and scanned. The exposed volume of each sample was 
0.05 cm.3 Sample tubes containing aqueous saturated 
solutions of Na2S20 4 in 0.1 M  NaOH were also scanned 
for comparison with nonaqueous systems so as to aid in 
identifying the blue radical.

To calibrate the esr instrument, a Cr3+ standard in 
MgO was attached to one of the unknown samples. 
The standard contained 1.63 X 1015 spins corrected for 
traces of 63Cr.

For the samples containing the blue radical in DMF, a 
single, primary absorption band was obtained. The 
band was slightly asymmetric, and its width at half
peak height was 3 G. The location of the band was 
nearly the same as that found for S02-  in water,6 giving 
a g value of 2.006.

Using the Cr3+ standard as a basis, the steady-state 
concentration of the blue radical was estimated to be 
10-3 M, which was nearly three orders of magnitude 
higher than the maximum S02~ concentration in water 
at the same temperature, 25°.

The blue radical slowly deteriorated by disproportion
ation in the sealed tubes. Its half-life for a second-order

(1) Th is  w ork was done while R . G . R . was spending a sabbatical 
year at the Western Research Laboratories of the D o w  Chemical 
Co. at Pittsburg, Calif.

(2) R . G . Rinker, T .  P. Gordon, D .  M .  Mason, R . R . Sakaida, and 
W . H . Corcoran, J. Phys. Chem., 64, 573 (1960).

(3) R . G . Rinker, S. L y n n , D .  M . Mason, and W . H . Corcoran, Ind. 
Eng. Chem. Fund., 4, 282 (1965).

(4) W . G . Hodgson, A. Neaves, and C . A. Parker, Nature, 178, 589 
(1956).

(5) R . G . Rinker, T .  P. Gordon, D .  M .  Mason, and W . H .  Corcoran, 
J. Phys. Chem., 63, 302 (1959).

(6) S. L y n n , R . G . Rinker, and W . H . Corcoran, ibid., 68, 2363 (1964).

(7) V . Cermdk, Chem. Zvesti, 8, 714 (1954).

(8) O . Fischer, O . Dracka, and E .  Fischerovd, Coll. Czech. Chem. 
Commun., 25, 323 (1960).

(9) R . G . R inker and S. L y n n , unpublished data.

(10) Z. Krzesz, British Patent 786, 212, (N o v  13,1957); Chem.Abstr., 
52,7631h (1958).

(11) W . P. W ang and K .  S. Chia, Chemistry (Ta ip e i), 29 (1960); Chem. 
Abstr., 55, 2327A (1961).

(12) E th y l Corp., British Patent 717,207, (O ct 20, 1954); Chem. 
Abstr., 49, 3489d (1955).
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disproportionation was dependent not only on its 
initial concentration but also on the initial molar ratio 
of S02:Na in the S02-amalgam reaction. When that 
ratio was 2/ 1, the half-life of the blue radical was a 
maximum. At an initial radical concentration level of 
5 X 10" 3 M, the half-life was found to be approximately 
100 hr at 25°.

Additional observations included conductance mea
surements and extensive stoichiometric measurements 
which are described in detail elsewhere.9 It was found 
that the radical was charged and contained at least two 
S02 units, giving an empirical formula of S204~. 
The over-all reactions leading to the stabilized blue 
radical in DM F were postulated to be

S02 +  Na(Hg) S02~ +  Na+

S02-  +  S02 — >  S20 4-(blue)

At high resolution, the esr scans revealed hyperfine 
interactions. There were a total of four splittings or 
five absorption bands, which included the single primary 
band and four relatively weak interaction bands. 
These were attributed to hyperfine interaction in the 
natural-occurring isotope, 33S. The bands were too 
small to have any further quantitative significance. 
Further work in which 33S is added to the system is 
under way.

In summary, it is significant to point out that many 
inorganic radical ions are short-lived, and in water 
S02-  is no exception. Therefore, it was unusual and 
certainly unexpected to find that its stability was 
greatly increased in DMF. Explanations could in
clude the absence of H + and OH-  in the DMF, the 
solvent “ cage” effects, and the existence of resonance 
structures.

Crystal Structure Effect in the y Radiation 

of p-Dichlorobenzene

by F. K. Milia and E. K. Hadjoudis

Nuclear Research Center “ D em ocritosAthens, Greece 
{Received July 19, 1968)

It has been shown1 that the measurement of the 
intensity of the nuclear quadrupole resonance lines 
can give a measure of isomorphous impurities in low 
concentration or impurities produced in the solid phase 
by irradiation with y rays. In the light of the above 
work and in order to find a relation between the radio
sensitivity and the molecular structure, Depireux2 
irradiated crystals of p-dichloro-, p-dibromo-, and 
p-diiodobenzene with 60Co y rays. The advantages of 
this method have been discussed by Duchesne,3 who

used it for the study of some homologous series of or
ganic crystals containing halogens.

In the present work, using y  rays, we investigate the 
influence of the crystal structure on the radiosensitivity 
with the difference that we use two different crystalline 
modifications of the same compound, namely, of p- 
dichlorobenzene which is known to exist in at least three 
different polymorphic phases.4 For the present study 
we used the triclinic form which is stable at about 40° 
and the monoclinic a form which is stable around 
20°.

This method of studying the crystal-structure effect 
is preferable because there is no change in the character 
of the C -X  bond, the rupture of which is the most prob
able action of the y  radiation, and we avoid the addi
tional factor, namely, the difference in the covalent radii 
of halogen X  (Cl, 0.99 A; Br, 1.14 A; and I, 1.33 A) 
which enters the previous investigations.

Experimental Section
The spectrometer used in this work is an externally 

quenched superregenerative oscillator of the type de
scribed by Dean and Poliak,5 with the modification that 
we used a voltage-dependent capacitor instead of their 
vibrating condenser and gave a signal:noise ratio of 
about 20. The sample was placed in a sealed tube; 
the coil of the oscillator was immersed in a thermostat 
bath which maintained the temperature constant 
to within 0.2°. The p-dichlorobenzene sample was 
Carlo Erba analytical grade recrystallized twice from 
alcohol. The a and the (3 forms were prepared in each 
case from a solution6 at 20 and 40°, and the resulting 
solid materials were kept sealed at these temperatures 
for more than 24 hr. X-Ray powder photographs on 
a Debye-Scherrer camera of radius 5.7 cm with Cu Ka 
radiation agreed with those reported before4b and thus 
verified that the samples were in the a and the (3 form. 
The X-ray camera during these measurements was 
placed in an air thermostat which maintained the tem
perature at 20 and 40°, respectively. A 2117-Ci60Co 
y  ray source which accomodated 24 source “ pencils”  
each containing 5 cobalt-60 slugs was used. During 
the irradiations the samples were held at 20 and 40°, 
respectively, by circulating water from a thermostat 
which maintained the temperature constant within 
0.2°.

(1) (a) J. Duchesne and A. Monfils, C. R. Acad. Sci. Paris, 238, 1801
(1954) ; (b) J. Duchesne, Arch. Sci. (Geneva), 10, 257 (1957); (c) 
A. Monfils and D. Grosjean, Physica, 22, 541 (1956); (d) R. Baer and 
C. Dean, J. Chem. Phys., 31, 1690 (1959).
(2) J. Depireux, Bull. Acad. Roy. Bely., 43, 751 (1957).
(3) J. Duchesne, Arch. Sci. (Geneva): 11,310 (1958).
(4) (a) G. A. Jeffrey and J. McVeagh, J. Chem. Phys., 23, 1165
(1955) ; (b) G. S. R. Krishna Murti and S. N. Sen, Indian J. Phys., 30, 
242 (1956); (c) C. Dean and E. Linstrand, / .  Chem. Phys., 24, 1114
(1956) .
(5) C. Dean and M. Poliak, Rev. Sci. Instrum., 29, 630 (1958).
(6) A. I. Kitaigorodskii, Yn. V. Mnyukh, and Yn. G. Asadov, Sov. 
Phys. Doklady, 8, 127 (1963).
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A measurement of the a form has also been carried 
out at 25° to detect any temperature dependence. We 
measured the height of the nuclear quadrupole resonance 
lines for the a  and ft form before and after the y  radi
ation with a dose of 1.1 X 108 R. In order to avoid in
strumental variations the height of the line of the sample 
under study was always compared with that of a stan
dard sample measured afterward.
Results and Discussion

We found that the height of the nuclear quadrupole 
resonance line corresponding to the a  form decreased by 
about 21%  and that of the ft form by about 10%  for the 
same dose of irradiation. This difference in the radio 
sensitivity cannot, probably, be due to a temperature 
effect (since the measurement of the a form at 25° 
showed no difference from that at 20°); hence it can only 
be attributed to a difference in the crystal structures of 
the two forms. In the triclinic7 arrangement all the 
molecules are parallel; the monoclinic arrangement is 
achieved by pivoting the molecules in every second layer 
along a about their respective centers in the ab plane 
followed by a translation of bf2. The intermolecular 
contacts of Cl- • • Cl is 3.46 A for the ft form and 3.85 A 
for the a form.8 The resulting structure of the a phase 
is more open, and, consequently, the chlorine atoms 
freed from the rupture of the C-Cl bond can migrate 
more easily and in larger quantities into the space be
tween the molecular planes than in the ft form. An
other reason for the greater stability of the ft form lies in 
the fact that in this structure the Cl • • ■ Cl intermolecular 
contacts are shorter than in the a form. These results 
confirm the fact that purely crystallographic factors can 
affect radioresistance in the solid state.

Work is in progress at liquid nitrogen temperature 
where a third phase has been reported9 and in other 
polymorphic systems also.
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The Effect of Neighboring Magnetic Anisotropy 
on NH Proton Chemical Shifts

by B. M. Fung
Contribution No. 372 from the Department of Chemistry,
Tufts University, Medford, Massachusetts 02155 
(Received August 2, 1988)

The effect of the magnetic anisotropy of a neighboring 
group on the proton chemical shift of acetylene, hydro

gen halides, several binary hydrogen compounds, and 
hydrocarbons has been studied.1-3 We wish to discuss 
briefly the application of the theory of neighboring 
magnetic anisotropy on the NH proton chemical 
shift on several compounds upon protonation and 
coordination to Co (III).

For dilute solutions of ammonia and amines in di
methyl sulfoxide (DMSO), the NH proton chemical 
shift did not change with concentration. This indicated 
that the self-association between the solute molecules 
was not appreciable. Therefore the data can be treated 
by considering only 1:1 amine-solvent complexes. For 
dilute solutions of diamagnetic salts in the same sol
vent, the effect of ion pairing on chemical shift is not 
very important4 and will be neglected.

The replacement of a hydrogen by a methyl group 
causes the NH proton signal to move downfield. The 
change in the series of ammonia, methylamine, and 
dimethylamine was fairly regular (Table I). For 
ethylenediamine, which has two functional groups, the 
NH proton signal lay between those of the primary and 
the secondary amines. Pyrrolidine is a secondary cy
clic amine. Its NH proton signal appeared at consider
ably lower field than a similar open-chain secondary 
amine, dimethylamine. The shift is larger than that in 
open-chain and cyclic alkanes. In the alkanes, the an
isotropy of the C-C bond in the ft position is responsible 
for the difference in shielding.3 It is possible that in 
amines the anisotropy of the C -C  bond is enhanced by 
the neighboring nitrogen atom, which has a lone pair of 
electrons. Other structural differences between the 
two kinds of amine may also contribute to the differ
ence in chemical shift.

Upon protonation, the NH proton resonance ex
perienced a large downfield shift of about 6.5 ppm for 
ammonia and the open-chain amines. For pyrrolidine, 
the change was considerably smaller (Table I). The 
14N coupling ( J n h  = 52.0 ±  0.5 Hz) showed up only 
for the most symmetrical ammonium ion; the NH proton 
in all other ions appeared as a slightly broadened sin
glet. The downfield shift of the NH proton is probably 
caused by three main factors: decrease in electron 
density, reduction of magnetic anisotropy due to in
creased symmetry, and enhanced hydrogen bonding 
with the solvent. For ammonia, if we consider a 0.25 
positive charge being added to each hydrogen in form
ing the ammonium ion, the contribution to the local 
diamagnetic shielding would be —5.35 X 10-6.6

(1) J. A. Pople, Proc. Roy, Soc., A239, 550 (1951).
(2) H. M. McConnell, J. Chem. Phys., 27, 226 (1957).
(3) A. A. Bothner-By and C. Naar-Colin, Ann. N. Y. Acad. Sci., 
70, 833 (1958).
(4) J. C. Fanning and R. S. Drago, J. Amer. Chem. Soc., 90, 3987 
(1968).
(5) J. A. Pople, W. G. Schneider, and H. J. Bernstein, “ High-Resolu
tion Nuclear Magnetic Resonance,”  McGraw-Hill Book Co., Inc., 
New York, N. Y ., 1959, p 175.
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Table I : The NH Proton Chemical Shift of Ammonia and Some Amines Dissolved in Dimethyl Sulfoxide

Ammonia
Methylamine
Ethylènediamine
Dimethylamine
Pyrrolidine

S (from TM S), 
ppm

-0 .6 3  ±  0.02 
-1 .0 9  ± 0 .0 2  
-1 .2 6  ±  0.02 
-1 .4 5  ± 0 .0 2  
-2 .2 8  ±  0.04

-A5 (from free base), ppm -

Protonation0

-6 .4 5  ±0 .0 2  
-6 .3 4  ± 0 .0 2  
-6 .5 2  ±  0.02‘ 
-6 .6 7  ± 0 .0 2  
-6 .0 7  ±  0.04

Coordination 
to Co (III)

-2.80 ±0.02*’

-4 .3 0  ±  0.02“

“ Perchlorate salts. b Hexaamminecobalt(III). '  Diprotonated. “ Tris(ethylenediamine)cob&lt(III), averaged for axial and 
equatorial protons: B. M. Fung, J. A m er. Chem. Soc., 89, 5788 (1967).

The removal of the neighbor anisotropy changes the 
shielding by —0.25 X 10-6.1 These two factors ac
count for the bulk part of the observed downfield shift. 
For the effect of hydrogen bonding, the ammonium ion 
is expected to be a better proton donor than ammonia; 
however, the contribution to the deshielding of proton is 
difficult to estimate. A downfield shift of the order of 1 
ppm does not seem too unreasonable in the highly basic 
solvent, DMSO. The argument can be extended to 
explain the protonation of the open-chain amines. The 
NH proton of pyrrolidine has a smaller downfield shift 
upon protonation. As a result, the over-all NH proton 
chemical shifts (from tetramethylsilane (TMS)) for 
dimethylammonium ion and pyrrolidinium ion (ca. 0.2 
ppm) do not differ very much. The bonding of the 
lone electron pair to a proton apparently makes the 
systems behave more like normal alkanes.

When coordinated to Co(III), the protons of ammo
nia experienced a downfield shift of —2.80 ppm (Table 
I). The main cause for this is again the decrease of 
electron density around the hydrogen atom. Cotton 
and Haas estimated that about 87% of the positive 
charges in the complex are distributed to the ligands.6 
From this estimation it may be considered that a posi
tive charge of 0.14 is added to each hydrogen in forming 
the hexaammine cobalt(III) ion; then the proton shield
ing is decreased by 3.0 X 10-6.6 The contribution of 
magnetic anisotropy is probably not very large: al
though Co(III) has low-lying excited states, it is oc- 
tahedrally symmetrical in the hexaammine complex. 
There may also be a small effect due to the increase of 
hydrogen bonding between the NH proton and the 
solvent.

Upon coordination to Co (III), the NH protons in 
ethylenediamine move to a considerably lower field than 
those in ammonia. The charge distribution in the two 
complexes is expected to be very much the same. The 
effect of neighbor anisotropy, however, would be quite 
different, which may be the cause of further deshielding 
for ethylenediamine. First, the symmetry of the 
complex is lowered from Oh to D 3 in the trisene complex. 
The low-lying excited states of the complex may then 
have significant contribution to the magnetic aniso
tropy of the cobalt-nitrogen bond. Second, ethylene

diamine is a bidentate ligand which forms a five-mem- 
bered ring with the cobalt atom. The C o-N  bond for 
ethylenediamine cannot rotate freely as it does for am
monia. The effect on the average anisotropy seen by 
the hydrogen is similar to the case of C -C  bonds in ali
phatic compounds. Estimated from the data in Table 
I, Axco- n is probably one order of magnitude greater 
than Axc-c- This may also be the cause of the larger 
chemical shift (ca. 0.67 ppm) between the axial and 
equatorial NH protons7 in the chelate than the shift 
between the CH protons (ca. 0.40 ppm) in cyclo
hexane. The difference in the NH proton chemical 
shift of ammonia and ethylenediamine was also observed 
for cis- and ¿rans-[Co(en)2(NH3)2]3+,8 which contains 
both kinds of ligand in the same molecule. This fact 
indicates that the effect of ring formation is the more 
important one.

Jolly, et al., found that, in a number of cobalt(III)- 
pentaammine complexes, the ammonia molecule trans 
to the sixth ligand (X) has a higher field proton chemical 
shift than the ammonia molecules cis to X .9 They 
showed that the effect is additive by studying the proton 
resonance of several cobalt(III)-tetraammine com
plexes. This effect can be readily explained by the 
difference in the magnetic anisotropy of the C o-X  bond 
as seen by the protons in trans and cis positions. The 
length of the vector connecting the protons and the 
center of the C o-X  bond is larger for the trans position 
than the cis position. However, the angle (8) between 
this vector and the C o-X  bond of usual bond distance 
is such that, during the rotation of the ammonia mole
cules about the Co-N  bond, (3 cos2 0 — 1) stays con
stant for the irons-protons but changes sign for the cis- 
protons. Therefore, on the average the contribution 
of the magnetic anisotropy to the shielding of both 
kinds of proton are of the same order. Interesting 
enough, for X  = N 02~, there is no difference in the 
chemical shift for the two kinds of protons. This is

(6) F. A. Cotton and T. E. Haas, Inorg. Chem., 3, 1004 (1964).
(7) B. M. Fung, / .  Am. Chem. Soc., 89, 5788 (1967).
(8) S. T. Spees, Jr., L. J. Durham, and A. M. Sargeson, ibid., 5, 2103 
(1966).
(9) W . L. Jolly, A. D. Harris, and T. S. Briggs, ibid., 4, 1064 (1965).
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probably because the C o-X  bond in that case is not too 
different from the other Co-N  bonds, as far as the 
hydrogen atoms are concerned.

Experimental Section
All chemicals were analytical grade. Dimethyl 

sulfoxide was dried over calcium hydride for 24 hr or 
more and was vacuum distilled over Molecular Sieve 
3A.

Ammonia, methylamine, and dimethylamine were 
passed through a 9-ft column packed with Molecular 
Sieve 3A into DMSO to make up solutions. The con
centration was determined by diluting the DMSO 
solution with water and titrating with standard HC1 
solution. Pyrrolidine and ethylenediamine were di
rectly weighed for making up solutions in DMSO. 
The concentrations of the amines were 0.1-1.0 N; 
in this range the NH proton chemical shift of each amine 
did not change with the concentration within experi
mental error.

The perchlorate salts were prepared by passing the 
corresponding gases (ammonia, methylamine, and 
dimethylamine) or adding the liquid amines (pyrroli
dine and ethylenediamine) to solutions of perchloric acid 
in ethanol, filtering, washing with ether, and drying 
under vacuum. The cobalt(III) complexes were pre
pared according to standard procedure10 and were 
recrystallized from water. The concentrations of the 
salt solutions were 0.2-0.5 N. The proton nmr spectra 
of these solutions did not change with concentration. 
Proton nmr spectra were taken with a Varian A-60A 
spectrometer at 35°.

Acknowledgment. This work is supported by the 
National Institutes of Health.

(10) W. C. Fernelius, Inorg. Syn., 2, 221 (1946).

Conductance of Thallous Nitrate in 

Dioxane-Water Mixtures at 25°

by Alessandro D ’Aprano1 and Raymond M. Fuoss
Sterling Chemistry Laboratory, Yale University,
New Haven, Connecticut 06520 {Received August 5, 1968)

Ion association in aqueous solutions of the alkali 
halides is undetectable by conductance at concentra
tions less than about 0.04 N, but if the range of con
centration is extended to 0.1 N (the upper limit of 
applicability of the present theory), association con
stants of the order of unity are found.2 Nitrates have 
been assumed to be more highly associated than halides. 
In order to test this assumption, we have measured the 
conductance of a series of nitrates in dioxane-water

mixtures at 25°. Here we present the results for thal
lous nitrate. In water, the association constant was 
found to be 3.2 ±  0.1, with a limiting conductance of 
146.20. From the latter, the single-ion conductance of 
the thallous ion is 74.75, in excellent agreement with an 
earlier value3 of 74.71.

Experimental Section

Fischer’s Purified grade of thallous nitrate was dried 
for 24 hr at 100°; portions were then weighed in plati
num boats on the microbalance to make the initial 
solutions for the conductance determinations. Dilu
tions were made by weight and were calculated to 
volume concentrations c (equiv/1.) =  p0( 1 +  yw), 
where p0 is the solvent density and w is the weight con
centration of the salt (equiv/kg of solution). For 
thallous nitrate in water, y  = 0.232, from a density of 
1.035 g/m l at w = 0.1638. For solvent mixtures 2,3, and 
4, 7 =  0.212, 0.190, and 0.141, respectively. For mix
tures 5-8, where the concentrations were less than 0.007, 
we used y  =  0.14. Water was laboratory supply 
distilled water, boiled vigorously and then cooled under 
nitrogen; its conductance was (1-2) X 10~6 mho. Di- 
oxane was refluxed under nitrogen over potassium hy
droxide at least 24 hr and was then distilled under nitro
gen from silver nitrate just before use. (It had been 
found that dioxane distilled from potassium hydroxide 
still contained a trace impurity, undetectable by vapor- 
phase chromatography, which reduces silver and 
thallous nitrate solutions to give colloidal or mirror 
metal.)

Viscosities of the solvents were determined in an 
Ubbelohde viscometer whose water flow time was 473.1 
sec. Dielectric constants were determined at 1 M e.4 
Four conductance cells were used, with constants 5.1313 
±  0.0001, 0.85696 ±  0.00002, 0.51361 ±  0.00004, and 
0.14464 ±  0.00001. The first three were calibrated 
using potassium chloride solutions.5 The fourth was 
calibrated by comparison with the second and third, 
using 0.0024 N tributylammonium pictrate in 2- 
propanol. The conductance bridge and general tech
nique were as described by Lind and Fuoss.4 Solvent 
properties are summarized in Table I, where the p is 
the density, D is the dielectric constant, 100?; is the 
viscosity in centipoises, and a0 is the solvent conduc
tance. The conductance data are summarized in 
Table II, where c (equiv/1.) is concentration and A 
(cm-2 ohm-1 equiv-1) is equivalent conductance.

(1) On leave of absence from the University of Palermo, Palermo, 
Italy.
(2) R. M. Fuoss and K. L. Hsia, Proc. Nat. Acad. Sci. U. S., 57, 1550; 
58, 1818 (1967).
(3) R. A. Robinson and C. W. Davies, J. Chem. Soc., 139, 574 (1937).
(4) J. E. Lind, Jr., and R. M. Fuoss, J. Phys. Chem., 65, 999 (1961).
(5) J. E. Lind, Jr., J. J. Zwolenik, and R. M. Fuoss, J. Amer. Chem. 
Soc., 81, 1557 (1959).
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Table I : Solvent Properties

Sys
tem no.

W t %  
dioxane P, g / ml D 100,, cP 10«<ro, mho

1 0.0 0.99707 78.54 0.8903 1.68
2 7.8 1.0039 71.89 1.046 0.52
3 16.0 1.0109 64.49 1.210 0.55
4 36.2 1.0264 47.60 1.674 0.48
5 52.5 1.0343 33.60 1.960 0.13
6 59.2 1.0361 27.96 2.014 0.25
7 70.0 1.0369 18.95 1.953 0.122
8 76.4 1.0362 14.34 1.810 0.107

Table II: Conductance of Thallous Nitrate in Dioxane-Water 
Mixtures at 25°

104c A 104c A

D = 78.54 D = 33.60
56.370 138.438 7.211 60.528
97.110 135.866 11.792 59.392

155.385 133.019 17.982 58.190
224.598 130.291 24.999 57.088
322.34 127.167 34.855 55.816
438.60 124.142 46.319 54.608
644.36 119.756 69.513 52.718

D = 71.89 D = 27.96
39.204 122.001 2.7519 56.123
66.071 119.940 4.3712 55.324

103.978 117.764 6.650 54.383
151.812 115.619 9.301 53.464
211.177 113.465 12.962 52.411
287.46 111.136 16.616 51.509
420.91 107.858 25.351 49.714

D = 64.49 D = 18.95
62.667 104.068 1.3330 47.726
94.016 102.334 2.1763 46.302

128.629 100.748 3.2159 44.876
175.854 98.986 4.6545 43.298
232.352 97.219 6.737 41.492
350.94 94.265 9.312 39.742

14.321 37.233

D = 47.60 D = 14.34
16.773 75.858 1.0511 39.817
27.241 74.717 2.0150 36.647
40.153 73.599 2.6780 34.880
59.360 72.252 3.5200 33.237
83.616 70.888 4.6963 31.361

110.507 69.647 6.6832 29.009
160.351 67.780

Discussion
Equivalent conductance depends on concentration 

through an equation with three parameters: A0, the 
limiting conductance; a, the center-to-center contact 
distance between the spheres which represent the 
ions; and Ka, the association constant. Symboli
cally

A =  7 (Ao — AA)[1 +  (AX/X)]/[l +  (3<p/2)] (1)

where y is the ratio of the free-ion concentration to the 
stoichiometric, AA is the electrophoretic term, AX/X 
is the relaxation field (limiting value at low concen
trations, — ac‘/2), and the term in the denominator al
lows for the detour effect. An explicit expansion of 
eq 1 is available.2-6 Defining 5A by

SA =  A(calcd) — A(obsd) (2)

the standard deviation is given by

v2 = Z8Aj2/(n -  3) (3)

where n is the number of data points. In order to 
determine the three parameters from the data, eq 1 
is written in the form

A =  A (c; A0 +  x, & +  y, K x +  z) (4)

where A0, d, and K A are preliminary estimates of the 
parameters and x =  AA0, y =  Aa, and z =  AKa are 
increments in their values which are chosen to satisfy 
the equations which minimize the standard deviation

b<j2/Dx =  0; d<r2/dy =  0; d*2/c)z =  0 (5)

The calculation is an iterative process of successive 
approximations, which can be programmed for an elec
tronic computer.

Our preferred method of analyzing the data is to 
give the computer a sequence of d values and ask for 
the pairs of values of A0 and KA which will minimize a2 
for each value of d. Then <r is plotted against d. 
Ideally, a curve with a sharp minimum will result, 
which locates the desired contact distance. Then from 
plots of K a and of A0 against the corresponding & values, 
the association constant and limiting conductance are 
interpolated, to correspond to that value of d which 
minimizes <r. An example is shown by curve 1 in Figure 
1 for thallous nitrate in water (system 1 of Table I). 
The a—d curve has a sharp minimum at d = 7.8 where 
<r =  0.020 A unit. At d =  7.0, <r =  0.078, and at d =
8.5, a =  0.092; both of these values of a are well be
yond the experimental error.

The analysis of the data for the other systems is not 
so unambiguous, as shown by the other seven curves 
of Figure 1, which are numbered to correspond to the 
system numbers of Table I. For D =  71.89 and 64.49, 
minima appear at 7.0 and 8.0, respectively, but they 
are not as sharp as the one in the water curve. At 
D — 47.60, the u-d curve actually shows a slight maxi
mum, but the entire variation in <r as d goes from 5.0 to
9.0 is only 0.010 A unit; within the experimental 
error, the <r-d curve is flat. In other words, any 
value of d between 5.0 and 9.0 will reproduce the ob
served data within ±0.04 A unit, if the corresponding 
K a and A0 values are used. The change of K a with d 
for system 4 is shown as the lower curve in Figure 2 
(ordinate scale to left); A0 does not change very much

(6) Y . C. Chiu and R. M. Fuoss, J. Phys. Chern., in press.
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Figure 1. The method for the determination of the 
minimizing contact distance.

Figure 2. The values of the minimizing association 
constants for a range of & values.

(79.792 at d =  4.0 to 79.866 at d = 9f0). It is easy to 
see what the difficulty is: an increase in d increases 
conductance through the higher terms in electrophoresis 
and relaxation, while an increase in KA decreases con
ductance by decreasing y at a given concentration. 
Around D =  50, for any & value in a reasonable range, 
the pair of values of a and K A which minimize <r have 
opposing effects on conductance which almost exactly 
compensate each other, and so we get a band of solu
tions instead of a unique solution as we did for the 
water case. For D >  50, the long-range terms in
volving d control and the system of equations (5) can 
be solved for the three parameters.

For D <  50, the balance between k& effects and A a 
effects is again upset; KA now dominates the change of 
conductance with concentration, and the minimum 
reappears. However, the nature of the curves has also 
changed. The minima now are broad and shallow.

Figure 3. The dependence of association constants 
on the dielectric constant.

In other words, & can again be chosen over a fairly 
wide range without changing <r by more than a few 
hundredths of A unit, if matching values of A0 and K A 
are chosen. As. an example, the minimizing KA values 
for system 6 (D = 27.96) are shown as the upper 
curve {ordinates to the right) of Figure 2. This in
sensitivity of a- to a at lower dielectric constants might 
be expected; most of the conductance change with con
centration is due to 7 , and when KA is large, a small 
change in it will therefore compensate a relatively large 
change due to a change in the contact distance.

A self-consistent set of parameters for all the data 
can be obtained by setting & = 8 .0, the average of the 
values found for the three systems of highest dielectric 
constant, and using the values of KA and A0 for the other 
systems which minimize a for d =  8.0. These con
stants are summarized in Table III.

A plot of log KA against the reciprocal dielectric 
constant is shown in Figure 3. As in the case of the 
alkali halides, there is distinct curvature at the water- 
rich end; presumably, energy and entropy terms in KA 
due to differences in interaction between solvent and 
ions and ion pairs as the structure of the solvent is 
changed from hydrogen-bonded water to an essentially 
unstructured water-dioxane mixture are responsible.

Table III : Derived Constants for â  = 8.0

System no. Ao K a <T

l 146.195 3.2 0.028
2 128.02 4.0 0.068
3 111.64 4.9 0.008
4 79.90 10.9 0.047
5 64.17 35.0 0.038
6 58.82 65 0.043
7 51.70 408 0.026
8 47.44 1850 0.074
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Below a dielectric constant of about 40, the curve ap
proximates linearity, showing that the factor exp 
((2/aDkT) in the association constant7 is now the 
significant variable. The slope of the linear portion 
gives an & value of 5.35; as seen in Figure 1, this value 
of d would also give values of a within experiment error 
and is in fact nearer to the minima of Figure 1 than
8.0. This choice of & for the range of low dielectric 
constants would, of course, force agreement between 
the values of a for both the association constant and for 
the long-range kci terms, but it would involve two values 
(8.0 for D >  50 and 5.35 for D <  50) for the parameter. 
For the alkali halides, we found2 that one value of the 
parameter sufficed for the entire range.

The single-ion conductance for thallium can be ob
tained from our value of A0 = 146.195 for T1N03 in 
water at 25°. Using6 A0(KC1) = 149.93 and Longs- 
worth’s8 value of 0.4906 for the limiting transferance 
number of potassium, X0(K +) =  73.56, where X0 
(NCV) =71.44 from9 A„(KN03) =  144.998. Combin
ing this with our A0(TlNO3), we find X0(T1+) = 74.75, in 
excellent agreement with the value of 74.71 reported 
by Robinson and Davies,3 which is based on their con
ductance data for thallous acetate and Maclnness and 
Shedlovsky’s results10 for sodium acetate and chloride. 
Robinson and Davies calculated an association con
stant of 2.0 for thallous nitrate in water at 25°, using 
earlier data.11 Nair and Nancollas12 obtained KA = 
2.15 from the solubility of thallous iodate in solutions of 
potassium nitrate. Our value, based on conductance, 
is 3.2. Finally, from the conductance data of Jones 
and Schumb,13 we obtain K a =  3.0 ±  0.5, with & =
6.0, A0 = 147.15, and <r =  0.19. These conductances 
average about 0.65% high compared with our values 
and the value of X0(T1+) obtained by Robinson and 
Davies, and the points scatter by about ±0.1% . The 
association constant is, however, determined by the 
shape of the conductance curve rather than by its 
absolute value (which is determined by A0) ; that is, if 
plotted using A/A0 as the ordinate, the data of Jones 
and Schumb would be distributed within ±0 .1%  
around our conductance curve, giving the same value 
for the association constant of thallous nitrate in water 
at 25°.
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The Thermochemistry of the Gas-Phase 

Equilibrium 2CH3I f i  CH4 +  CH2I2.

The Heat of Formation of CH2I2 1

by Shozo Furuyama,2 David M. Golden, 
and Sidney W. Benson

Department of Thermochemistry and Chemical Kinetics, 
Stanford Research Institute, Menlo Park, California 91fi25 
{Received August 7,1988)

In 1965, Golden, Walsh, and Benson3 studied the 
thermochemistry of the gas-phase equilibrium CH3I +  
HI 7=2 CH4 +  I2 and determined the heat of formation 
(AH°) of CH3I. They also showed in that study that 
A //f°(CH2l2(g)) >  21.6 kcal/mol. In this paper, we 
report the determination of A //f0(CH2l 2(g)) from a 
study of the gas-phase equilibrium 2CH3I <=2 CH4 +  
CHüI2.

Experimental Section
Phillips research grade methane (99.9% pure) and 

Mallinckrodt reagent grade, resublimed, iodine were 
used. Eastman methyl iodide and methylene iodide 
were used after purification by distillation under vac
uum. Eastman iodoform was purified by recrystalliza
tion in methanol and by resublimation under vacuum 
and was used for calibration purposes. Purities of 
iodomethanes were determined to be greater than 99.5% 
by nmr measurements. Visible and uv absorption data 
for these materials are summarized in Table I.

Table I  : Uv âtid Visible Spectrophotometric 
Data for Iodine and Iodomethanes

450
-------10- W —

350 300
Compd Xmax m fi m/i mp

h a 500 1.15 0.07
o u r 260 0.0026 0.200
CH Ji“ 295 vs, 

250 m.
1.80 8.25

CHI,’' 340 vs, ' 
300 vs, 
270 s

15.2 14.5

“ Measurements were done in the gas phase at 2 5 0 -3 0 0 ° .  
6 This was measured in methanol solution at room temperature. 
° The decadie molar extinction coefficient (M ~ l cm-1), which is 
calculated b y  as =  a vT / {1 .6  X  1 0 -2 )i, where a p is the extinction 
coefficient in torr units and l is the optical path length of the 
reaction vessel (~20 cm).

(1) This work was supported in part by Grant No. AP-00353-04, 
Public Health Service, Division of Air Pollution, National Institutes 
of Health.
(2) Postdoctoral research associate.
(3) D. M. Golden, R. Walsh, and S. W. Benson, J. Amer. Chem. Soc., 
87,4053 (1965).

Volume 7S, Number IS December 1968



4714 Notes

Table II: Equilibrium Data for 2CH3I CH4 +  CH2I2
A  H ° T , a M l° 2 » , b’ c

Temp,
°C

Time,
hr (CH .), (CHal), (CH J2)o (U)»

--------T orr -
(C H ,)e (CHsI)e (c m r o e (U)» A(M A p 10 * K

k ca l/
mol

k ca l/
mol

332.8 24 87.4 71.7 1.41 11.60 8 6 .8 67.6 0.766 14.30 2.7 1.8 1.45 4.27 3 .9
331.3 70 54.0 51.3 0 11.81 54.5 44.1 0.485 15.00 3.2 2.1 1.36 4.35 4 .0
332.1 30 78.0 103.8 0 14.45 79.3 95.4 1.28 17.50 3.0 2 .2 1.10 4.61 4 .3
331.6 30 103.7 102.4 2.17 12.64 102.6 93.4 0.906 16.24 3.6 1.0 1.09 4.62 4 .3
331.7 28 106.4 209.7 0 14.35 108.4 194.8 2.00 19.60 5.2 2 .5 0.571 5.39 5.1

279.2 17p 85.0 78.2 0 22.3 85.2 77.7 0.178 22.3 0 1.0 0.252 5.78 5 .5
277.3 150 191.3 125.8 0.35 8.15 191.1 123.4 0.198 9.38 1.2 0 .6 0.248 5.81 5 .5

0 A S 0 = -1 .36 (332°) and —  1.38 (278°) were used (see ref 3 and 4).
o”<3 =  A H ,O

+
 

t—
1

O - ° ä c ; °298-r/ A C p 0 =  (AC,,°298 +

A C p ° t ) / 2 .  0 AC P° =  1.1 cal/mol deg was used (see ref 3 and 4).

The slightly modified Cary 15 spectrophotometer, 
adapted for use with a quartz reaction vessel situated 
in an A1 block oven, has been described in detail pre
viously.3

The equilibrium constant for the reaction 2CH3I ^  
CHi +  CH2I2 was measured in the usual way.3 Sev
eral preliminary experiments showed that the rate of the 
reaction was very slow below 300°, while decomposition 
of methylene iodide was very rapid above 350°. Mea
surements were thus done only at 332 and 278°. About 
50-200 torr of CH3I and CH4 were introduced into the 
reaction vessel, with 8-22 torr of iodine as a catalyst. 
In some cases, 0.3-2.2 torr of CH2I2 was introduced 
initially along with the CH3I and CH4, and equilibrium 
was approached from the reverse direction. After 
absorption in the 300-400-m/r region became constant, 
the pressure of iodine was monitored by the absorption 
at 450 m̂ i. In all of the experiments, iodine pressure 
increased by several torr. The approximate pressure of 
CH2I2 was determined from the absorption at 350 m,u, 
since most of the absorption at this wavelength was due 
to CH2I2 (see Table I). Pressures of CH4 and CH3I 
were then determined by the relations (CH4) = (CH4)0 
+  A(CH2I2) and (CH3I) =  (CH3I)„ -  2A(I2) -  
2A(CH2I2). 2A(I2) comes from the decomposition
of CH2I2 or CH3I during the reaction mentioned above. 
(One of the present authors suggested that the de
composition may be 2CH2I2 ?=* C2H4 +  2I2.4 C2H4 was 
not identified by glpc in one run, but the fact that A(I2) 
~  2AP (see Table II) supports the above suggestion. 
If this is the case, (CH4)e should be (CH4)0 +  A(CH2I2) 
+  A(I2). Whatever the mode of the decomposition, 
(CH4)e was determined with a precision of 6% , since 
A(I2) was less than 6%  of (CH4)e in any experiment.) 
Finally, (CH2I2)e was determined accurately by sub
tracting the calculated (OD)i/s and (OD)Ch»i ’s from 
the observed OD’s at 340, 320, 310, and 300 mn, where 
(OD)i, and (OD)Ch,i are optical densities of iodine 
and methyl iodide. The precision of this measurement 
was ± 3 % . (As one can seen from Table I, CHI3 also 
has very strong absorptions at 350-300 mu, and it was 
feared that a precise determination of (CH2I2) would be

disturbed by even a small amount of CHI3. However; 
the equilibrium constant of 2CH2I2 CH3I +  CHI3 
was estimated as 10~2-0 at 332° (see the Discussion), 
which means that (CHI3)e/(CH2I2)e would be ~ 1 0 -4 
in this experiment. This did not disturb the deter
mination of (CH2I2).)

Results and Discussion

Five experiments were made at 332° and two were 
made at 278°. The equilibrium constants obtained at 
332° agreed well with each other with one exception. 
Those obtained at 278° agreed well. It is very im
precise to determine a “ second-law value”  of AH° and 
AS° from a plot of the logarithm of the equilibrium 
constants vs. 1/T, because the equilibrium constants 
were measured at only two different temperatures. 
“ Third-law values”  of AH° were determined from com
binations of the equilibrium constants obtained here 
with AS°, which was calculated from the entropies of 
the compounds in the JANAF Tables5 and in the table 
of Gelles and Pitzer.6 AH°T thus obtained is summar
ized in Table II. Using ACP° = 1.1 gibbs/mol, 
AH02gg = AH°t +  HD3 ACp°298_r was determined as 4.7 
±  0.07 kcal/mol, where A(?p° is (ACp29s° +  ACp°r)/2 . 
AHf0 2 98(CH2I2) = 29.2 ±  1.0 kcal/mol was obtained 
from the A //°298 determined here, and AHf°298 (CH4) =  
— 17.9 kcal/mol5 and A //f°298(CH:iI) =  3.3 kcal/mol.3 
This not only is consistent with the previous estimation2 
but also agrees satisfactorily with the value, 27 kcal/ 
mol, tabulated in the most recent National Bureau of 
Standards table.7 (This table gives neither a reference 
for the error limits nor for the data source. How
ever, it may be guessed that this comes from the com
bination of AHf°(CH2I2) in the liquid phase with the

(4) S. W . Benson, J. Chem. Phys., 38, 1945 (1963).
(5) “ JANAF Interim Thermochemical Tables,” D. R. Stull, Ed., 
Dow Chemical Company, Midland, Mich., 1963.
(6) E. Gelles and K. S. Pitzer, J. Amer. Chem. Soc., 75, 5259 (1953).
(7) “ Selected Values of Chemical Thermodynamic Properties,”  
National Bureau of Standards Technical Note 270-3, U. S. Depart
ment of Commerce, Washington, D. C.
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Table III“

ar,° A(A/7f°) A[A(Afff°)]

CH, -1 7 .9
21.2

c m 3.3
25.9

4.7

CH2I2 29.2
(30.6)

(4.7)

chi3 (59.8)
(35.3)

(4.7)

c i 4 (95.1)

“ Afff° is the value (in kcal/mol) at 298°K; the values in
parenthesis are estimated values.

heat of vaporization. We estimate the errors of such a 
determination to be in excess of 1 kcal/mol.)

(CH2I2)e, determined by using various OD’s in the 
range 300-350 mg, was self-consistent. This further 
indicates that CHI3 which would absorb in these re
gions could be disregarded in the present experimental

condition. To ensure this, an equilibrium study of the 
reaction 2CH2I2 CH3I +  CHI3 was tried at 300°. 
Unfortunately, it failed completely, owing to the rapid 
decomposition of CH2I2 and/or CHI3. A/7f°(CHI3) 
was not determined here, but the double-difference-of- 
AHt° treatment (Table III) may allow a rough estima
tion of it.

Using Afirf°(CHI3) =  59.8 kcal/mol and AS° = 
S°(CH 3I) +  £°(CH I3) -  2N°(CH2I2) =  A( - R  In a) 
(where a is the symmetry number), K  =  (CH3I)- 
(CHIS)/(C H 2I2)2 is estimated to be 10-2-° at 332°, which 
means that (CHI3)e/(C H 2I2)e was usually around 10~4 
in this experiment. This is too small to affect the 
measurement of CH2I2.

It is interesting to note from Table III that the sub
stitution of I for H in the methane series is accompanied 
by quite large nonlinear effects. That is, the second- 
order differences A[A(Afff°)] of 4.7 kcal/mol are quite 
large. The approximation of additivity of bond ener
gies, which is based on a zero value of the second-order 
differences, would predict AHt° values with very large 
errors if applied to this series.

COMMUNICATIONS TO THE EDITOR

On Carbonyl Carbon-13 Hyperfine Splitting 

in Free Radicals and the Possible Nonplanarity 

of Certain Ketyls

Sir: The evaluation of semiempirical parameters to 
reproduce the 13C hyperfine splitting constant (hfsc) 
from the carbonyl carbon of a free radical within the 
framework of the Karplus-Fraenkel1 theory has been a 
subject of recent interest. The splitting is calculated 
from

aCc=o = QCcpc +  QCcopc +  QC'ocpo +  QCcp c  (1)

where Qcc is a parameter including both spin polar
ization of the Is electrons on the carbonyl carbon and of 
the <j bonds of any attached carbon atoms, QCco and 
Q('oc account for spin polarization of the carbon-oxygen 
bond by spin on carbon and oxygen, respectively, and 
Qcc' reflects the effects of spin delocalized on any of the 
attached carbon atoms. Strauss and Fraenkel2 placed 
limiting values on the carbonyl parameters, while Das 
and Venkataraman3 arrived at two sets of parameters, 
depending on the sign of the carbonyl 13C hfsc of 
p-benzosemiquinone in ethanol. Strom and Russell4 
observed a 4.9-G splitting in cyclohexane-1,2-semidione,

which they attributed to the carbonyl carbon. From 
an evaluation of spin densities, they concluded that the 
Das and Venkataraman parameters of opposite sign 
were correct and, furthermore, that values of QCco = 
10, QC’oc =  —5 G correlated carbonyl 13C splitting in 
three radicals rather well. Recently, however, it was 
found that 13C hfs from carbons a to the carbonyl in 
aliphatic semidiones is of the order of 4-5 G, while 
carbonyl 13C splitting is 0-1 G .6 The 4.9-G splitting 
observed by Strom and Russell4 6 undoubtedly arose 
from the carbon a to the carbonyl, and no conclusions 
as to carbonyl parameters should be drawn from that 
study.

Values for QCco and QCoc have recently been obtained 
by Das and Fraenkel7 in a more satisfying manner.

(1) M . Karplus and G. K. Fraenkel, J. Chem. P h y s 35, 1312 
(1961).
(2) H. L. Strauss and G. K. Fraenkel, ibid., 35, 1738 (1961).
(3) M. R. Das and B. Venkataraman, ibid., 35, 2262 (1961).
(4) E. T. Strom and G. A. Russell, ibid., 41, 1514 (1964).
(5) G. A. Russell and G. R. Underwood, J. Phys. Chem., 72, 1074 
(1968).
(6) The 5.0-G 13C hfsc attributed by Ward to the carbonyl carbon 
in tetramethyl-l,3-cyclobutanedione ketyl (R. L. Ward, J. Chem. 
Phys., 36, 2230 (1962)) probably arises from the quaternary carbon.
(7) M. R. Das and G. K. Fraenkel, ibid., 42, 1350 (1965).
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Their treatment did not entail any assumption of a 
constant value of Q H c - h , although correctness of all 
the pertinent Karplus-Fraenkel parameters was 
assumed. Das and Fraenkel obtained values for QCco 
and QCoc of 17.7 and —27.1 G, respectively. We wish 
to point out that these parameters will not reproduce 
the 49-53-G6,8 carbonyl 13C hfsc in hexamethylacetone 
ketyl and to suggest that the ketyl deviates from pure 
sp2 hybridization, i.e., is nonplanar at the carbonyl 
carbon.

The carbonyl 13C hfsc in hexamethylacetone ketyl 
within the Karplus-Fraenkel formulation, neglecting 
the small amount of spin delocalized by hypercon
jugation, is calculated as

aP c=o = QCcpc + 17.7pc —  27.1po ( 2 )

For this radical, Qc'c consists of the spin polarization 
parameter for the Is electrons on carbon, Sc = —12.7 
G,1 and spin polarization parameters involving the two 
carbonyl carbon-i-butyl carbon bonds, QCc-<-bu- An 
estimate of the latter can be obtained by making the 
plausible assumption that spin polarization involving a 
carbonyl carbon-quaternary carbon bond is not very 
different from that involving an sp2 hybridized carbon- 
methyl carbon bond. If one uses a value of 13.57 G 
for QcC- mh>, derived from the l3C methyl splitting in 
ethyl radical,9 a value of 14.44 G is obtained for Qcc.

Next, it is necessary to evaluate the spin density 
within the carbonyl function. This can be done in 
several ways. To a first approximation, it can be 
assumed that the spin density in hexamethylacetone 
ketyl is about the same as that in acetone ketyl. 
Bennett, et al.,10 estimate the carbonyl spin density in 
the latter as 0.66 (ctHcHa = 16.4 G). Using values of 
Q H c - c h j  of 20.011-12 or 26.87 G,13 carbon spin densities of 
0.82 and 0.61, respectively, can be calculated. Russell 
and Underwood5 suggest that the 13C splitting of the 
quaternary carbon in hexamethylacetone ketyl might be 
equal to the 7.7-G methyl carbon splitting. Experimen
tal verification of this approximate equality in di-f-butyl 
nitroxide14 gives credence to this suggestion. We can 
then evaluate pc from the parameter Q' c-i-bu, and 
arrive at a value of 0.57. Certainly one can say that 
Pc is in the range 0.55-0.80. Using (2), a value of 14.44 
for Qcc, and the extreme spin densities, one calculates 
aPc=o =  5.48 G with pc =  0.55 and aCc=o =  20.29 G 
with pc =  0.8. Compared to the experimental values 
of 49-53 G, the calculated spin densities give values of 
nCc=o factors of 2.5-9.5 too small.16

We feel that the disagreement between calculated and 
experimental results indicates nonplanarity at the 
carbonyl carbon of hexamethylacetone ketyl with the 
unpaired electron in an orbital having some s character. 
For an odd electron in an sp3 hybrid orbital of carbon, 
the predicted 13C hfsc is 300 G .16 Thus, only a small 
amount of s character is needed for a sizeable effect on 
the 13C splitting. A similar interpretation has been

put forth for the rather large 13C hfscs observed in the 
fluorinated methyl radicals.17-18

In view of the highly alkylated nature of hexamethyl
acetone ketyl, a plausible explanation for slight devia
tion of the ketyl from planarity might lie in steric 
effects. The conformer of minimum energy is that in 
which the methyl groups are staggered. However, 
when the ¿-butyl groups rotate about the carbonyl 
carbon, unless the rotational motion is coordinated in a 
cogwheel fashion, methyl groups must become eclipsed. 
These steric repulsions could be relieved by a slight 
rotation of one of the quaternary carbons from the plane 
determined by the other quaternary carbon, the car
bonyl carbon, and the oxygen. Such a rotation would 
increase steric interactions between the rotated 
quaternary carbon and the oxygen, but an energy 
minimum might lie a few degrees from planarity. It 
would be of interest to measure the carbonyl 13C 
splitting in acetone ketyl, where these steric effects 
are no longer present, and in hexafluoroacetone ketyl,19 
where delocalization of spin via p -7r conjugation should 
favor planarity.

(8) N. Hirota and S. I. Weissman, J. Amer. Chem. Soc., 82, 4424
(1960).
(9) R. W. Fessenden, J. Phys. Chem., 71, 74 (1967). The positive 
sign is assigned on theoretical grounds (ref 2).
(10) J. E. Bennett, B. Mile, and A. Thomas, J. Chem. Soc., A, 298 
(1968).
(11) B. L. Barton and G. K. Fraenkel, J. Chem. Phys., 41, 1455
(1964) .
(12) E. T. Strom, G. A. Russell, and R. Konaka, ibid., 42, 2033
(1965) .
(13) R. W. Fessenden and R. H. Schuler, ibid., 39, 2147 (1963).
(14) R. Briere, H. Lemaire, and A. Rassat, ibid., 48, 1429 (1968).
(15) A referee has commented that a Qc c of -~21 G can be derived 
from the a I3C hfs in ethyl radical. The referee further states that 
although this can give a calculated acc -o  as high as 28 G, this is still 
nearly a factor of 2 less than the experimental value.
(16) T. Cole, H. O. Pritchard, N. R. Davidson, and H. M. McConnell, 
Mol. Phys., 1, 406 (1958).
(17) R. W. Fessenden and R. H. Schuler, J. Chem. Phys., 43, 2704 
(1965).
(18) While this manuscript was being reviewed, work was published 
(J. E. Bennett and L. H. Gale, Trans. Faraday Soc., 64, 1174 (1968)) 
in which it was concluded that ketyls of carboxylic acids are non
planar.
(19) E. G. Janzen and J. L. Gerlock, J. Phys. Chem., 71, 4577 
(1967); l3C splitting is presently being sought, private communica
tion from E. G. Janzen.

M o b i l  R e s e a r c h  a n d  D e v e l o p m e n t  E. T h o m a s  S t r o m

C o r p o r a t i o n

F i e l d  R e s e a r c h  L a b o r a t o r y  

D a l l a s , T e x a s  75221
R e c e i v e d  M a y  24, 1968

The Measurement of Rotary Power and 
Rotary Dispersion Using Polarized 
Rayleigh Scattering of Laser Radiation

Sir: The property of optical rotation in solution has 
long been a matter of concern in those areas where
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stereochemical and other structural information is 
desired.1 The object of this communication is to re
port a novel technique for the determination of optical 
rotatory power and circular birefringence in solution 
and in other optically active media in which no internal 
axis is specified.

Using expressions for the electric field of a laser beam 
incident on a medium which is circularly birefringent 
such that differential refractive index is

An = wR — nL (1)

it is possible to show that the intensity scattered into the 
direction 6, measured from the azimuth in the plane 
perpendicular to the direction of propagation, z, is 
given by2

1(6, z) «  1 — E0 cos (Ay +  kAnz +  26) (2)

where k = 2r/\, Ay is a difference in phase factors, and 
E0 is a combination of right and left circular plane wave 
amplitude factors. E0 has the unit magnitude for 
linearly polarized light for any value of 6; however, this 
quantity does change signs for the two cases.

Equation 2 indicates that as polarized light proceeds 
into an optically active medium, the z and k dependence 
combine to produce a nodal pattern in the observed 
Rayleigh scattering, with period Az =  A/An. This 
makes it possible to determine rapidly precise values of 
the circular birefringence for pure transparent solids, 
liquids, and solutions. It is also clearly possible to de
termine optical rotatory dispersion using this technique 
over the range of available laser wavelengths.

Figure 1 indicates the nodal pattern observed in a 
sample of bulk polymerized polystyrene with an He-Ne 
laser. The nodal spacing shown corresponds to a circu
lar birefringence of 2.24 X 10~5. The birefringence in 
this case is due to the polymerization of polystyrene in 
the form of helical aggregates. The analogous value in 
quartz is 6.0 X 10-5 at 7620 A.

Figure 2 indicates the same effect in an aqueous solu
tion of (+)-/3-maltose as the He-Ne laser traverses 
a 1.5-m path. The concentration for this figure was
1.50 g /cm 3. The birefringence, An, has been shown to 
have values in the range (3.3-4.8) X 10-6 in the wave
length range 4500-6328 A, exhibiting a positive plain 
dispersion curve.1 The value of the specific rotary 
power may be obtained directly at a given wavelength 
by dividing 180° by the product of the nodal spacing at 
the given wavelength and concentration. Also, the 
presently available laser wavelengths make it possible 
to determine fully dispersion curves over the visible 
region, and with minor revisions in the detection system 
ultraviolet and infrared dispersion curves may also be 
obtained.

This technique has the advantage over previous 
methods of eliminating path-length uncertainties in the 
measurement of rotatory power and rotatory dispersion. 
In cases where it is applicable, the technique also elimi-

Figure 1. Intensity modulation of Rayleigh scattering in bulk 
polymerized polystyrene. The viewing angle, 6, is 90°.

Figure 2. Intensity modulation of Rayleigh scattering in an 
aqueous solution of D -(+)-^-m altose contained in a 2-m tube. 
The photograph was taken with a viewing angle of 90°.

nates the need for elaborate stabilized light sources, 
filters, monochromators, and detectors. In addition, 
precision in calculated birefringence values on the order 
of parts per 10,000 are, by comparison with other meth
ods, relatively easily obtained.

(1) C. Djerassi, “ Optical Rotatory Dispersion,”  McGraw-Hill Book 
Co., Inc., New York, N. Y., 1960.
(2) J. N. Gayles and A. W. Lohmann, to be published in Applied 
Optics. This later work will deal in detail with the derivation of the 
scattering formula.

IB M  R esearch Laboratory J. N . Gayles
San Jose, California 95114 A. W. Lohmann

Received July 5, 1968

Interpretation of the High-Resolution Electron 

Spin Resonance Spectrum of the

2,4,5-Triphenylimidazolyl Radical

Sir: The esr spectrum of the 2,4,5-biphenylimidazolyl 
radical (Figure 1) has been reported by Ueda1 and it 
consists of 47 lines each having a line width of about 0.3 
G. The radical may be expected to give up to 6750 
lines, which suggests that each observed line consists 
of a number of overlapping, unresolved lines. Ueda1 
has proposed an interpretation based on splittings from 
the ortho, para, ortho', and meta protons only and no 
splitting from the nitrogen atoms. The calculated 
line spectrum gives moderately good agreement with 
the observed spectrum, assuming that each peak in 
the observed spectrum corresponds to one line in the 
line spectrum. If Ueda’s interpretation is plotted out 
as a spectrum complete with line-shape function, using a

(1) H. Ueda, J. Phys. Chem., 68, 1304 (1964).
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Figure 1.

3  9auas

Figure 2. A is the experimental spectrum; 
B is the simulated spectrum.

computer program written for this purpose, it is clear 
that the interpretation is incorrect.

In order to obtain an improved interpretation, 
several deuterated compounds based on the 2,4,5- 
triphenylimidazolyl radical were prepared and their 
esr spectra recorded. The spectrum of 2,4,5-tri- 
deuteriophenylimidazolyl contained five partially 
resolved lines, corresponding to a nitrogen splitting 
constant of about 1.63 G. To indicate the relative 
magnitudes of the different proton splittings in the 
phenyl rings, a McLachlan2 calculation was performed 
using the following parameters: hit =  0.5 kcn =  1.0 
A 1.2. Molecular models showed that the 4- and
5-phenyl rings were twisted out of coplanarity with the 
imidazolyl ring. The resonance integral between the 
rings was set to 0.76/3 corresponding to an angle of 
twist of about 41°. The spin densities calculated by 
this method are given in Table I, together with the

and the fully deuterated material. The deuterium 
splittings were obtained by reducing the proton 
splittings by a factor of 6.514 and setting the nuclear 
spin to 1. The experimental and theoretical plots 
were in good agreement.

The splittings suggest that the paramters used in 
the preliminary McLachlan calculation are capable of 
improvement; it is hoped to find parameters which will 
give a good fit with the spectrum of this compound and 
with the spectra of substituted compounds.

(2) A. D. McLachlan, Mol. Phys., 3, 233 (1960).

D e p a r t m e n t  o f  C h e m i s t r y  M .  A. J .  W i l k s

U n i v e r s i t y  o f  N o t t i n g h a m  M .  R .  W i l l i s

N o t t i n g h a m , E n g l a n d

R e c e i v e d  J u l y  8 ,  1968

Table I

ortho mela para ortho1 metar para'

Spin density 0.0427 -0.0167 0.045 0.0679 -0.0265 0.072
Splitting, G 1.01 0.38 1.07 1.61 0.63 1.71

calculated splittings assuming a Q of 23.7 G. With the 
nitrogen splitting constant at 1.44 G, spectra were 
computed for varying Q values. It was then found that 
the best fit with number, intensity, and separation of 
lines was with a slightly higher proportion of the spin 
density on the para' proton; the splittings (in gauss) 
are: ortho, 1.45; meta, 0.55; para, 1.52; ortho’ , 2.33; 
meta', 0.92; and para', 2.98. The line shape used was 
100%  gaussian and the line width at half-power for any 
line was set at 0.15 G. The observed and theoretical 
spectra are shown in Figure 2. As a further test of the 
correctness of this interpretation, esr spectra were 
calculated for the 2-deuteriophenyl-4,5-diphenylim- 
idazolyl, the 2-phenyl-4,5-dideuteriophenylimidazolyl,

Effect of Dimer Formation on the 

Triplet States of Organic Dyes1

Sir: Under appropriate conditions most organic
dyes will dimerize or form higher aggregates in solution. 
Although there have been many experimental2-12 and

(1) This work was supported by a grant from the U. S. Public 
Health Service (No. GM  10449) and by an Aerospace Corporation 
Advanced Study Grant (R. W. C.).
(2) (a) Th. Forster and E. Konig, Z. Elektrochem., 61, 344 (1957); 
(b) L. V. Levshin and V. K. Gorshkov, Opt. Spektrosk., 10, 401
(1961).
(3) L. A. Ignat’eva, L. V. Levshin, T. D. Osipova, and Y . M. 
Poiukhin, ibid., 13, 219 (1962).
(4) K. L. Aryan and N. E. Zaitseva, ibid., 11, 38 (1961).
(5) G. P. Gurinovich and T. I. Stelkova, Biofizika, 8, 229 (1963).
(6) L. V. Levshin and X. S. Lonskaya, Opt. Spectrosk., 11, 148 
(1961).
(7) L. V. Levshin and E. G. Baranova, ibid., 6, 31 (1959).
(8) L. V. Levshin and V. G. Bocharov, ibid., 10, 330 (1961).
(9) V. G. Bocharov and L. V. Levshin, Izv. Akad Nauk SSSR, Ser. 
Fiz. (Bull. Acad. Sci., Phys. Ser.), 27, 591 (1963).
(10) L. V. Levshin, ibid., 29, 1299 (1965).
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77°K MONOMER SPECTRA 77°K DIMER SPECTRA

WAVELENGTH. ( 1 )  WAVELENGTH (Â)
»• b.

Figure 1. a, Spectral properties of dye monomers at 77°K; absorption (A), phosphorescence (P), and phosphorescence excitation 
(PE) spectra; solvents, 1:1 ethanol: water containing 10 M  LiBr. The phosphorescence emission spectra were measured using 
an RCA 7265 photomultiplier, b, Spectral properties of dye dimers at 77°K; absorption (A), phosphorescence (P), and 
phosphorescence excitation (PE) spectra; solvents, aqueous solution with 10 M  LiBr (Rhodamine B, acridine Orange), or 
10 M  LiCl (Eosin Y). For comparison with the direct absorption spectra, the PE spectra have been corrected for the 
wavelength dependence of the intensity of the exciting light. The phosphorescence emission spectra have not been 
corrected for the spectral response of the photomultiplier.

theoretical18-17 studies of dimerization effects on 
excited singlet state properties, little is known about the 
effects of dimerization on the triplet state properties of 
dyes. There are several reports of dye phosphores
cence which are attributed to dimer emission,1819 but 
the evidence is more suggestive than conclusive. In 
this communication we present the first unambiguous 
experimental evidence for both monomer and dimer 
phosphorescence from three organic dyes, describe the 
conditions used to obtain these emission spectra, and 
use these data to obtain information regarding inter- 
molecular interactions in the triplet state.

The 77 °K monomer absorption spectra of the three 
dyes presented in Figure la were obtained using dilute 
(10-6 to 10 ~5M) solutions in aqueous 10 M  LiCl or 
LiBr to which ethanol was added in order to suppress 
dimer formation. The 77°K dimer absorption spectra 
shown in Figure lb were obtained using aqueous salt 
solutions without ethanol. Comparison of our low- 
temperature spectra with previously published and 
assigned 300°K spectra28"20'21 confirms our assignment 
of the low-temperature monomer and dimer spectra.

We obtained monomer and dimer phosphorescence 
emission spectra for these dyes (see Figure 1) by exci
tation of solutions known to contain primarily monomers 
or dimers. While we chose experimental conditions 
favorable to the observation of either monomer or 
dimer phosphorescence emission, we felt, for several 
reasons, that it was necessary to prove that the emission 
spectra were authentic. First of all these dyes are

(11) L. V Levshin and D. M. Akbarova, Zh. Prikl. Spektros., 2, 
43 (1965).
(12) L. V. Levshin and D. M. Akbarova, ibid., 3, 326 (1965).
(13) E. G. McRae and M . Kasha, J. Chem. Phys., 28, 721 (1958).
(14) E. G. McRae and M. Kasha, Bulletin 10, Institute of Molecular 
Biophysics, U. S. Atomic Energy Commission, July 1963.
(15) M. Kasha, H. R. Rawls, and M. A. El Bayoumi, Bulletin 30, 
Institute of Molecular Biophysics, U. S. Atomic Energy Commission, 
Sept 1966.
(16) J. N. Murrell and J. Tanaka, Mol. Phys., 7, 363 (1964).
(17) E. G. McRae, Aust. J. Chem., 14, 329 (1961).
(18) Y. V. Morozov, Biofizika, 8, 388 (1963).
(19) G. S. Levinson, W. T. Simpson, and Curtis, J. Amer. Chem. 
Soc., 79, 4314 (1957).
(20) V. Zanker, Z. Phys. Chem. (Leipzig), 199, 225 (1952).
(21) V. Zanker, ibid., 200, 250 (1952).
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difficult to purify. Secondly, identification of the 
emitting species is complicated by the fact that the 
phosphorescence from one species (monomer or dimer) 
is generally much brighter than the other. Finally, 
apparent changes in phosphorescence spectra accom
panying changes in the dye concentration or solvent 
might be due to experimental artifacts (re-absorption 
effect?). To eliminate these possible complications 
and to establish the identity of the emitting species, we 
simply measured the phosphorescence excitation (PE) 
spectra of optically dilute samples.22-23 In the PE 
measurements the intensity of phosphorescence is 
monitored at the peak of the phosphorescence while the 
wavelength of the exciting light is continuously varied 
throughout the region in which the sample absorbs. 
Since the PE spectrum obtained under these conditions 
is essentially identical with the true absorption spec
trum of the phosphorescing species, comparison of the 
PE spectrum with the known monomer or dimer absorp
tion spectrum serves to identify the phosphorescing 
species. This comparison is shown in Figure la and lb 
and convincingly establishes that the spectra reported 
here are authentic monomer or dimer phosphorescence 
spectra.24

From these data it is evident that with Eosin Y  
and Rhodamine B (i) the shape of the phosphorescence 
spectrum is the same for both the monomer and dimer, 
and (ii) the dimer phosphorescence is red shifted only 
100-200 A relative to the monomer. We conclude 
from (i) that the intermolecular separation is the same 
in both the ground and excited triplet states of these 
dimers (change much less than ~0 .1  A judging from 
studies on pyrene excimers26) and from (ii) that the 
lowering in energy accompanying dimerization is only 
300-500 cm-1 greater for the triplet state than for 
the ground state. Conclusion ii also applies to Acri
dine Orange, but the observed change in the shape of 
the phosphorescence emission spectrum accompanying 
dimerization suggests that there is a significant change 
in the intermolecular separation upon excitation of the 
Acridine Orange dimers.

When PE measurements are combined with measure
ments of the relative intensities of monomer and dimer 
phosphorescence, it may also be possible to evaluate 
the effect of dimerization on various nonradiative 
processes in these dyes.13

(22) A. Marchetti and D. R. Kearns, J. Amer. Chem. Soc., 89, 768 
(1967).
(23) D. R. Kearns and W. A. Case, ibid., 88, 5087 (1966).
(24) The “ extra”  long wavelength peaks in the dimer PE spectra 
of Acridine Orange and Eosin Y  (5000 and 5100 Â, respectively) 
were shown to be due to excitation of residual monomers.
(25) J. B. Birks, Paper presented at 4th Molecular Crystal Sym
posium, July 9-12, 1968, Enschede, Netherlands.

D e p a r t m e n t  o f  C h e m i s t r y  R i c h a r d  W .  C h a m b e r s

U n i v e r s i t y  o f  C a l i f o r n i a  D a v i d  R .  K e a r n s

R i v e r s i d e , C a l i f o r n i a  92502

R eceived August 16, 1968

Correlation of AH and AS for the Association of 

the Rare Earth(III) Ions with Fluoride1

Sir: In the extensive literature on the stabilities of rare 
earth complexes in solution, the absence of fundamental 
relationships representing their behavior is disappointing. 
Moeller, et al.,2 attributed this situation to the con
centration of effort on relatively complicated organic 
and polydentate ligands before the behavior of simple 
ligands was well understood. An important contribu
tion has recently been made toward alleviating this de
ficiency by Walker and Choppin,8 who reported stability 
and calorimetric data on the first stepwise association 
reactions of the tripositive rare earths cations with 
fluoride ion. Walker and Choppin pointed out the ir
regular variation with the atomic number (Z) of the 
AH and AS associated with complex formation. They 
accounted for the differences in the variation of AH 
for fluoride complexes and the variation of AH for 
acetate complexes in terms of the greater amount of 
covalent character in bonding of the acetate ion to the 
rare earths. They attributed the relatively large AS 
values associated with the formation of the fluoride 
complexes to a “ dehydration”  of the fluoride ion on 
complexing.

Linear correlations of enthalpy changes with entropy 
changes were first pointed out in 1938 by Barclay and 
Butler4 for a number of vaporization processes. A 
similar but limited correlation of enthalpy and entropy 
changes has been made with early data for some ion- 
pair-formation reactions by Duncan and Kepert,5 
and more recently Kazakov, et ah,6 have reported such 
a correlation for ALT* and AS* of activation among 
various reactions involving actinide ions, but no at
tempts have been reported to test such a correlation 
for an extended series of cations with a single, simple 
ligand for which wide variations in AH and AS exist.

We wish to point out the very striking linear cor
relation which exists between AH and AS for the rare 
earth-fluoride complexes, LnF2+ (Figure 1). Over the 
relatively wide ranges of enthalpy and entropy changes 
involved, the following expression represents the AS 
and AH values of Walker and Choppin within experi
mental error

(1) Research sponsored by the U. S. Atomic Energy Commission 
under contract with the Union Carbide Corp.
(2) T. Moeller, D. F. Martin, L. C. Thompson, R. Ferrus, G. R. 
Feistel, and W. J. Randall, Chem. Rev., 65, 1 (1965).
(3) J. B. Walker and G. R. Choppin in “ Lanthanide/Actinide 
Chemistry,”  P. R. Fields and T. Moeller, Ed., Advances in Chemistry 
Series, No. 71, American Chemical Society, Washington, D. C., 1967, 
pp 127-138.
(4) I. M. Barclay and J. A. V. Butler, Trans. Faraday Soc., 34, 1445 
(1938).
(5) J. F. Duncan and D. L. Kepert in “ The Structure of Electro
lytic Solutions,” W. J. Hamer, Ed., John Wiley and Sons, Inc., 
New York, N. Y ., 1959, pp 380-400.
(6) V. P. Kazakov, B. I. Peshchevitskii, and A. M. Erenburg, 
Radiokhimiya, 6, 291 (1964).
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A//(kcal/moJ) =  -2 .38  +  0.246A,S (1)

The experimental log K  for the 1:1 rare earth fluoride 
complexes increase with Z from 2.6 to 3.6. AH is 
positive, however, varying from 4.0 to 9.6 kcal/mol, 
and it is the large positive value of AS which accounts 
for the stability of these complexes.

The correlation between AH and AS is the more re
markable in view of the variations with Z of both AH 
and AS. The following trends, pointed out by Walker 
and Choppin, can be seen in Figure 1. In going from 
s7La3+ to 62Sm3+ (atomic numbers are written as sub
scripts to aid the reader), both AH and A*S become more 
positive; then from 63Eu3+ to 66D y3+ both become less 
positive; and finally from 67Ho3+ to 7iTu3+ both become 
more positive again.

The complexing reaction in general can be written 

Ln(H20 )K3+ +  F(H20 )m-
LnF(H,OV+ +  (»  +  m -  p)H20  (2)

where n, m, and p are unspecified hydration numbers 
The number of water molecules liberated by complex 
formation in +  m — p) should be at least 2, since F~ 
ion would displace at least one water from Ln(H20 )re3 + 
and would give up at least one hydrate water of its 
own in forming the complex. Actually, the number of 
water molecules liberated should be considerably higher 
because of the reduction in outer-sphere hydration 
which ought to accompany the reaction of a trivalent 
cation with a monovalent anion to produce a divalent 
cationic complex. Thus it is reasonable that AS and 
AH values accompanying such a reaction are posi
tive.

However, the changes in AS and AH as one proceeds 
through the series require a more detailed interpreta
tion. Their steady increase with Z early in the rare 
earth series would suggest either (1) that the strength 
of the ion-dipole Ln3+-OH2 bond increases more rap
idly than does the strength of the ion-ion Ln3+-F _ 
bond (i.e., initially a fixed number of hydrate water 
molecules are bound increasingly more strongly rela
tive to the fluoride ion as Z increases), or (2) that an 
increasing amount of water is liberated by complex 
formation as Z increases. In either case, the reversal 
in the upward trends of AS and AH beginning at Gd3 + 
and extending to D y3+ could indicate a decrease in the 
amount of water released by complex formation. 
In the first case, this would suggest a decrease in the 
hydration number of the cation Ln(H20 )7!3+, induced 
by the decrease in ion size, begun at about Gd3+ and 
completed at D y3+. In the second instance, wherein 
the hydration number of both Ln3+ and LnF2+ are 
viewed as being more variable, the reversal could indi
cate simply that the hydration number of Ln3+ de
creases relative to that of LnF2+.

Spedding,7 et al., have pointed out that the partial 
molal volumes of the rare earth chlorides show a break

Ò.H
Figure 1. The change in enthalpy vs. the change in entropy 
for the formation of the 1 :1  complex between the rare earths 
and fluoride.3

equivalent to about 8 ml/mol between Nd3+ and Tb3+ 
superimposed on the regular decrease of V2 with Z. 
They have attributed this behavior to a reduction in 
hydration number of Ln3+ near the center of the series. 
Grenthe8 and Edelin De La Praudiere, et al.,9 similarly 
have invoked changes in hydration to account for the 
variation of AS and AH values associated with the 
formation of rare earth complexes with carboxylated 
ligands.

Although many have been inclined to attribute trends 
in the stability of rare earth complexes to ligand-field 
effects, there is no compelling evidence at the present 
time that ligand field effects are significant. The ligand 
field effects in the first transition series are large be
cause the d electrons are external in the ions, but in the 
rare earths shielding by the 5s25p6 octet should make 
ligand field effects produced by the f electrons very 
small.1

(7) F . H . Spedding, M . J . Pikal, and B . O. Ayers, J. Phys. Chem., 
70, 2440 (1966).
(8) I .  Grenthe, Acta Chem. Scand., 18, 293 (1964).
(9) P. L .  Edelin D e  L a  Praudiere and L .  A . K . Staveley, J. Inorg. 
Nucl. Chem., 26, 1713 (1964).

R e a c t o r  C h e m i s t r y  D i v i s i o n  R .  E .  M e s m e r

O a k  R i d g e  N a t i o n a l  L a b o r a t o r y  C. F. B a e s , J r .

O a k  R i d g e , T e n n e s s e e  3 7 830

R e c e iv e d  A u g u s t  22, 1968

On the Radiation-Induced Reduction of Amide 

and Peptide Functions in Aquoorganic Systems1

Sir: In the y radiolysis of neutral, oxygen-free solu
tions of peptides such as N-acetylglycine and N-acetyl- 
alanine, the labile products of the radiation-induced 
step2'3

Volume 72, Number 18 December 1968



4722 Communications to the Editor

H20  H2O2, H2, OH, H, H+, eaq (1)

are removed through reactions of the type2 3 4 5'6

eaq-  +  RCONHR +  H20  — >
RC(OH)NHR +  O H - (2)

OH +  RCONHR — >  R ' +  H20  (3)

H +  RCONHR — > R ' +  H2 (4)

In subsequent chemistry the radical reactions which 
lead to net reductive cleavage of the amide linkage 
through intermediate formation of Schiff-type deriva
tives

2RC(OH)NHR
RCH(OH)NHR +  RCONHR (5)

RCH(OH)NHR - RCHO +  NH2R

2RC(OH)NHR — i-  (RCO)2 +  2NH2R (6)

RC(OH)NHR +  R ' - R(R ')CO +  NH2R (7)

(where reactions 6 and 7 show only the over-all stoi
chiometry for purposes of simplicity) occur in low 
yield. We find, for example, that the combined yield 
of carbonyl products (RCO)2, RCHO, and R(R ')CO 
in neutral solutions of N-acetylglycine and N-acetylal- 
anine corresponds to (r(>CO) <  0.2.4b The indirect 
evidence is that a reconstitution reaction with the stoi
chiometry

R(COH)NHR +  R ' — > 2RCONHR (8)

represents an important path for removal of the radical 
species derived from RCONHCH(R)COO_ through 
reactions 2-4.

By formulating reaction 8 as a major termination 
reaction in the radiolysis of these systems we have as
sumed that the C = 0  linkage of the carboxylate group 
of the acylamino acid does not compete effectively as a 
trap for eaq~. This would seem to be a valid assump
tion, since the rate constants for reaction of eaq-  with 
acetylglycine and acetylalanine (RCONHCHRCOO-) 
are of the order,4a k  ~  108 M -1 sec-1, whereas for re
actions of eaq-  with the simple fatty acids (RCOO~) 
the rates are low,6 k <  106 M~l sec-1.

However, the most appropriate model compounds 
for study of reactions 2-8 are, of course, those in which 
the C = 0  group of the amide function represents the 
only locus of unsaturation.

Accordingly, we have investigated the analogs of 
reactions 2-8 in oxygen-free solutions of acetamide and 
of N-ethylacetamide under 7 radiolysis. Because of 
the relative simplicity of the chemistry of the aqueous 
acetamide system, we have been able on the basis of 
stoichiometric considerations to substantiate wholly the 
validity of the proposed reaction scheme given in eq

1-8. We report here a brief description of the experi
mental findings.7

To establish the locus of OH attack on acetamide and 
to eliminate any contribution of the back-reaction 8, 
we make use of the fact that dissolved N20  converts 
eaq-  to OH via3-9

N20  +  eaq-  +  H20  N2 +  OH +  O H - (9)

where fc9 =  5.6 X 109 M~l sec-1.
The data of Table I, column 1, show that the OH radi

cals formed via reactions 1 and 9 react preferentially at 
the methyl group of acetamide to yield the radicals 
CH2CONH2 which subsequentially dimerize to give 
G(succinamide) =  2.6 ~  ( G o h  +  GQaq-  +  Gn)/2. That 
the H atom also reacts with acetamide to yield 
CH2CONH2 is shown by the data obtained with 0.25 M 
acetamide at pH 1 (Table I, column 2). In acidic solu
tion eaq-  is converted to H via

eaq_ +  H+ >■ H (10)

where kw =  2.3 X 1010 M~l sec-1. Hence at pH 1 we 
find £r(H2) =  3.8 Gr T  Creaq f- Gr, and (7(succinam- 
ide) = 2.5 ~  (Gqh +  £ eaq-  +  Gh) / 2. The yield of 
carbonyl products is essentially zero in solutions con
taining the electron scavengers H + and N20.

Table I : Product Yields in the 7  Radiolysis of 
Oxygen-Free Solutions of Acetamide“

Product

pH 7
(+ 0 .0 2  M 

N 20 )

—G value-------

pH 1 pH 7

Succinamide 2 .6 2.5 0.3
Acetaldehyde <0.05 <0.05 0.1
Other carbonyls6 <0.05 <0.05 ~0.03
Hydrogen c 3.8 0.9

0.25 M . 6 Acetone plus biacetyl. “ Not measured.

(1) This work was done under the auspices of the United States 
Atomic Energy Commission.
(2) (a) A. O. Allen, Radiat. Res. Suppl., 4, 54 (1964); (b) E. J. Hart 
and R. L. Platzman, Mech. Radiobiol., 1, 93 (1961); (c) C. S. Hoch- 
anadel and R. Casey, Radiat. Res., 25, 198 (1965).
(3) Recent measurements20 of the 100-eV yields for reaction 1 give 
Coh =  2.59, Ge-  =  2.58, Gh =  0.55, Gr2 = - 0.45, and GH2O2 = 
0.72.
(4) (a) R. L. Willix and W. M. Garrison, Radiat. Res., 32, 452
(1967); (b) M. A. J. Rodgers, H. A. Sokol, and W. M. Garrison, 
J. Amer. Chem. Soc., 90, 795 (1968); (c) W. M. Garrison, Curr.
Topics Radiat. Res., 4 , 45 (1968); (d) H. L. Atkins, W. Bennett^ 
Corniea, and W. M. Garrison, J. Phys. Chem., 71, 772 (1967).
(5) (a) For purposes of simplicity, we use the general formulation 
RCONHR to represent both the primary amide and the monosub- 
stituted primary amide (peptide); (b) in the radiolysis of N-acetyl
glycine and N-acetylalanine, OH and H attack occur at CH linkage 
of the main chain; i.e., R ' =  RCONHC(R)COOH.4°
(6) For a recent compilation of rate data, see M. Anbar and P. Neta, 
J. Appl. Radiat. Isotopes, 17, 493 (1967).
(7) Experimental procedures and analytical methods used in this 
work have been described in ref 4.
(8) F. S. Dainton and D. B. Peterson, Proc. Roy. Soc A267 443
(1962).
(9) Rate constants, k2, for reaction of eaq_ with acetamide and N-
ethylacetamide are 1.7 X 107 and 2 X 107 M s e c -1, respectively.4“ '1’
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Table II: Effect of Cysteine (RSH) on the 7-Ray-Induced 
Reduction of Acetamide and N-Ethylacetamide 
in Oxygen-Free Solution

Amide solution [RSH],
(1 Af,pH7)° M G(CH.CHO)

Acetamide None —0.1
Acetamide 4 X 10~4 2 .4 b
N-Ethylacetamide None <0.05
N-Ethylacetamide 4 X IO“ 4 2 .8'

“ Since the rate constant for reaction of cysteine with eaq~ 
corresponds to k = 2 X 1010 M ~ l sec-1,6 it was necessary in this 
series of experiments to increase the amide concentration to 1 M  
to ensure the preferential scavenging of eaq_ by RCONHCIIR. 
Concentrations of RSH much below 4 X 10-4 M  are experi
mentally impracticable because of excessive depletion of the 
mercaptan during radiolysis. b This yield is dose dependent 
and the value 2.4 represents the extrapolated yield at zero dose. 
c At dosages below 2.5 X 1018 eV/g.

If now we examine product yields in evacuated, 0.25 
M  acetamide solutions at pH 7 we find, as shown in 
Table I, column 3, that succinamide is produced in a 
quite low yield ((r(succinmade) ~  0.3). The combined 
yield of carbonyl products is also low, with (7(>CO) <  
0.2. Detailed analytical probes of this relatively simple 
system have failed to reveal any other organic products 
in significant yield.

Since we know from the rate data that both eaq~ and 
OH are quantitatively scavenged by acetamide in 0.25 
M  solution at pH 7, we are led to conclude that radical 
termination in this system occurs almost exclusively 
through the reconstitution reaction 8.

Direct substantiating evidence for the occurrence of 
such reaction in neutral solutions of amides and peptides

has also been obtained. We find that certain labile 
organic compounds, notably the thiols, RSH, are ef
fective at low concentrations in blocking the back-re- 
action 8 by virtue of the H atom transfer reaction

RC(OH)NHR +  RSH — ►

RCH(OH)NHR +  RS (11)

which leads in turn to the cleavage of the amide (pep
tide) linkage

RCH(OH)NHR RCHO +  NH2R (12)

As indicated in Table II, acetaldehyde appears as the 
major product with G(CH3CHO) ~  2.5 in solutions of 
acetamide and N-ethy]acetamide containing the thiol 
cysteine.

It is to be noted that the thiols, because of their 
marked reactivity, are ordinarily found to act as pro
tective agents in the radiolysis of aqueous systems.10 
Of interest from both the chemical and biological stand
point is the present finding that RSH at low con
centrations induces a very striking enhancement in the 
radiolytic lability of the amide (peptide) linkage. A 
detailed report of this work is in preparation.

Acknowledgment. We thank H. A. Sokol for assis
tance in developing the analytical methods.

(10) For example, see A. O. Allen, “ Radiation Chemistry of Water 
and Aqueous Solutions,”  D. Van Nostrand Co., Inc., Princeton, 
N. J., 1961.

L a w r e n c e  R a d i a t i o n  L a b o r a t o r y  J o h n  H o l i a n

U n i v e r s i t y  o f  C a l i f o r n i a  W a r r e n  M. G a r r i s o n

B e r k e l e y , C a l i f o r n i a  94720
R e c e i v e d  S e p t e m b e r  5, 1968
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ADDITIONS AND CORRECTIONS

1967, Volume 71
Karlheinz K. Brandes and R. J. Gerdes: The Influence of 

l,4^Dioxane and Tetrahydrofuran as Solvents upon the Stability 
and the Solvation of Negative Ions of the Potassium Compounds 
of Naphthalene and Anthracene.

Pages 512 and 513. A mathematical error has been found in 
the calculation of the molar conductances. The molar conduc
tivities in Table I must be multiplied by 103. In Figures 6 and 
7, the value of 3.00 has to be added to log Ac The molar enthal
pies of dissociation and conclusions are not affected by these 
corrections.—K. K. B r a n d e s .

Akira Takahashi, Tadaya Kato, and Mitsuru Nagasawa:
The Second Virial Coefficient of Polyelectrolytes.

Page 2002. In the Experimental Section, the third sentence 
should read, “ . . . isopropyl alcohol, was dissolved in 51. of aqueous 
0.6 N  NaOH solution which contains 35% ethyl alcohol and 
. .  . ’ ’ — A k i r a T a k a h a s h i .

Edward K. C. Lee: Benzene Photosensitization of Cyelo- 
pentanone and Cyclopentanone-2-i.

Page 2807. Numerical values of V° listed in the seventh 
column of Table II for series B runs should be multiplied by 10 
and series C runs by 100. However, the corresponding quantum 
yields of PA in the last column of Table II are correct.

Page 2811 and 2812. Captions for Figures 1-3 have been 
left out inadvertently, and they should read as follows: Figure 1.
Variation of sensitized decomposition quantum yield vs. cyclo- 
pentanone pressure (benzene pressure = 2.5 mm). Figure 2. 
Quenching of benzene fluorescence by cyclopentanone: series 
A (O) and series B (•) in Table III (benzene pressure = 2.5 
mm). Figure 3. Variation of sensitized rearrangement quan
tum yield vs. cyclopentanone pressure: series A (•), series B 
( O ) ,  and series C ( A )  in Table II.—E d w a r d  K. C. L e e .

1968, Volume 72
Donald R. Scott and F. A. Matsen: d2 and d8 Configurations 

in an Axial Model Field.
Page 16. The word “changes” in line 14 of the first paragraph 

should read “charges.”
Page 17. The expression in braces in the second column is a 

6-j symbol.
Page 19. In the first paragraph on line 8 the sentence should 

read spin triplet. In the second sentence of the third paragraph 
the magnetic moment should read 2.86 ±  0.10 B.M.—D. R. 
S c o t t .

A. Chughtai, R. Marshall, and G. H. Nancollas : Complexes 
in Calcium Phosphate Solutions.

Page 209. The following corrections should be made.

[H2P 04- ]

Tp -  27V +  [C l- ] - [K + ]  -
_________________________ [Na+] -  [H+]

[H+]/i2 _  fc2a 
h ,  [H+].f2

- l o g U =  4 b 2[ /vy ( l  +  l 'h) -  0.37]

[HP04:
-K+[ K + W (l.O

l̂â 2a

[H+]/,
)] + [HPQj /2[H+]y.y, , [H+]/s 

V kuk +
la^2a k2,

(TF -  Tu)
K + [  H+]/2

h'2a
+  27V — 27p

[CI-] +  [H+] +  [Na+] +  [K+] =  0

Page 210

= 0.5<j[HP(V-]^8.0 +  m +Wi*f2

4[H+]/2
h2a

k\Jc2l

+  2[C1“ ] +  27V -  27Vj

G e o r g e  H. N a n c o l l a s

D. D. Deshpande and L. G. Bhatgadde: Soimd Velocities, 
Adiabatic Compressibilities, and Free Volumes in Aniline 
Solutions.

Page 261. In this paper the excess adiabatic compressibility 
of the aniline-dioxane system has been reported as positive. 
It has been noticed that this was a calculation error and the sign 
of the excess compressibility is negative. The magnitude remains 
unaltered.—D .  D .  D e s h p a n d e .

A. J. Dandy: Sorption of Vapors by Sepiolite.
Page 337. In Figure 2, the right-hand ordinate should read: 

2 +  log x  (x  in g) (curve 3).—A. J .  D a n d y .

Ralph F. Krause, Jr., and Thomas B. Douglas: The Vapor 
Pressure, Vapor Dimerization, and Heat of Sublimation of 
Aluminum Fluoride, Using the Entrainment Method.

Page 476. In the first column, the last line should read, 
“ ...1 -6  m g ...” instead of “ ...11-16 m g ...”—R a l p h  F. 
K r a u s e , J r .

Pill-Soon Song: Electronic Structure and Photochemistry 
of Flavins. IV. -̂Electronic Structure and the Lowest Triplet 
Configuration of a Flavin.

Page 538. The bottom half of the eigenvectors in Table I 
should be replaced with the accompanying table (i.e ., eigenvectors 
for LEMO). None of the discussion and conclusions will be 
affected by this correction.
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Table I

2s 2px 2p y 2p* 2p

LEM O 1 0 .00(0.00 ) 0 .00 (0 .00 ) 0 .00 (0 .00 ) 0.275(0.083) - 0 . ,210
2 0 .00(0 .00 ) 0 .00 (0 .00 ) 0 .00 (0.00 ) 0 .124(0.202) - 0 , .141
3 0 .00(0 .00 ) 0 .00 (0 .00 ) 0 .00 (0 .00 ) 0 .054(0.181) - 0 , .056
4 0 .00(0 .00 ) 0 .00 (0 .00 ) 0 .00 (0 .00 ) — 0 .201( —0. 385) 0,,213
5 0 .00(0 .00 ) 0 .00 (0 .00 ) 0 .00 (0 .00 ) — 0 .307( —0.251) 0..289
6 0 .00(0 .00 ) 0 .00 (0 .00 ) 0 .00 (0 .00 ) 0 .050(0.181) - 0 , ,072
7 0.00(0 .00 ) 0 .00 (0.00 ) 0 .00 (0 .00 ) 0 .185(0.182) - 0 . 259
8 0 .00(0 .00 ) 0 .00 (0 .00 ) 0 .00 (0.00 ) — 0 . 148( —0.180) 0. 169
9 0 .00(0 .00 ) 0 .00 (0 .00 ) 0 .00 (0 .00 ) 0 .194(0.358) - 0 . 266

10 0 .00(0 .00 ) 0 .00 (0 .00 ) 0 .00 (0 .00 ) 0 .577(0.574) - 0 . 508
11 0 .00(0 .00 ) 0 .00 (0 .00 ) 0 .00 (0.00 ) — 0 .290( —0.240) 0. 255
12 0 .00(0.00 ) 0 .00 (0.00 ) 0 .00 (0 .00 ) — 0 .372( —0.409) 0. 416
13 0 .00(0.00 ) 0 .00 (0 .00 ) 0 .00 (0.00 ) 0 .0 8 6 (-0 .1 0 2 ) - 0 . 009
14 0 .00(0.00 ) 0 .00 (0 .00 ) 0 .00 (0.00 ) — 0 .084( —0.159) 0. 187
15 0 .00(0.00 ) 0 .00 (0 .00 ) 0 .00 (0.00 ) —0 . 174( —0.107) 0. 184
16 0 .00(0.00 ) 0 .00 (0.00 ) 0 .00 (0.00 ) 0.273(0.177) - 0 . 270

Is

1 0.00(0.00) 
2 0.00(0.00)
3 0 .00(0.00)
4 0 .00(0.00)
5 0 .00(0.00)
6 0.00(0.00)

P i l l - S o o n  S o n g

R. E. Coffman, D. L. Lyle, and D. R. Mattison: Small 
Tunneling Effect in the Electron Paramagnetic Resonance 
Spectrum of Cu2+-CaO at 1.2°K.

Page 1392. Equation 1 should read

9i = 9± (la)
g2 =  (grn2 cos2 9 +  g±2 sin2 0) ‘A (lb)

g3 = {g\\2 sin2 9 +  gj_2 cos2 0) 'A (lc)

R. E. C o f f m a n

Sidney M. Selis: Kinetics of Electrode Processes in Molten 
Salts. II. The Influence of Solvent Anions and Cations on the 
Molybdenum-Molybdenum( III) Electrode.

Page 1443. Reference 7 should read: (7) A. Klemm, “ Mol
ten Salt Chemistry,”  M. Blander, Ed., Interscience Publishers, 
New York, N. Y., 1964, pp 564, 565, 567.

Page 1445. References 15 and 16 should read, respectively: 
(15) M. Blander in ref 7, pp 226, 227; (16) S. H. Bauer and 
R. F. Porter in ref 7, p 642.—S i d n e y  M. S e l i s .

Ivan Haller; Thermal Isomerization of Hexafluorobicyclo- 
[2.2.0] hexa-2,5-diene.

Page 2885. In column 1, line 6, the word “reduces”  should 
be replaced by “ increases.”  As the remainder of the paragraph 
was based on the correct facts and not on the erroneous wording, 
the conclusions remain valid.—I v a n  H a l l e e .
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alkanes on Teflon, 2898; benzene on Aerosil, 1471; benzene by 
porous glass, 3201; from binary soln., 1555; CCh on graphite, 
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«.-Alkanes, surface tensions, 1407 
n-Alkanes-H20, interfacial tensions, 1407
n-Alkylammonium halides, polymorphism, 4082; thermo, data, 

4082
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ing, 3437
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7-Alumina and silica-alumina, F_ effect on “acid” sites, 2917 
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Aluminum alkyls, 27A1 nmr quadrupolar relaxation, 4182 
Aluminum bromide, critical data, 1664; thermo, data, 1664, 1669 
Aluminum fluoride, thermo, data, 475 
Aluminum halides, mixed, thermo, data, 3444 
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Aluminum ion, hydrolysis kinetics, 301

Aluminum oxide, electronic properties, 1682 
Aluminum trialkyls, nmr study, 822 
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Amide and peptide functions, radiation-induced redn., 4721 
Amides, aq., soln. properties, 2710
Amine-amine hydrochloride, base strengths in toluene, 1630 
Amines, aliphatic sec., hydrogen bonding, 3111; radiolysis, 1464 
Amino acids, rxs. w/ H atoms in aq. solns., 3394 
Amino acid tautomeric equil., solv. effect, 2351 
Aminobenzophenones, photoreduction in nonpolar media, 3782 
Aminopyridines, fluorescence study, 1982 
Ammonia, pulse radiolysis, 1592; syn. on Fe, 458 
Ammonia boron trifluoride and NH4BF4, powder patterns and 

lattice constants, 556 
Ammonia-H20, proton exchange, 550 
Ammonia-propane, photolysis, 3914
Ammonium chloride, by rythmic precipitation, particle size dist., 

4320; spin-lattice relaxn., 1139; and sym. tetraalkylammonium 
chlorides, molal volumes, 1758 

Ammonium perchlorate, sublimation kinetics, 202 
Amylose-I2-I~  complex, one-dimensional lattice cooperative 

binding, 4563
Analytic potential models, and nobel gas properties, 632 
Anharmonic oscillators, dynamics, 2489 
Aniline, oxidn. by Cu(II) acetate, 481 
Anilines, para-subst., nmr, 1217 
Aniline solutions, adiabatic compressibilities, 261 
Anion-exchange resins, binding of cholate and glycocholate anions, 

1204; dist. coeffs. of anions, 3424 
Anion exchangers, Cu(I)-CN_ complexes in, 2605 
Anthranilic acid, aq., decarboxylation, 3142 
Aqueous media, solute-solvent interactions, 2512 
Argon, redn. eq. of state, 1230 
Argon-H20-ethylene glycol, thermo, data, 2998 
Argon and methane, corresponding states, 3559 
Argon-NaN03(l), thermo, data, 603 
Aromatic-alicyclic sys., excess thermo, props., 1345 
Aromatic and heterocyclic cpds., cond.-ring, ionization energies, 

3452
Aromatic hydrocarbons, autoperoxidation, 3468; electron affini

ties, 3677; fluorescence yields, 3251; laser-induced degrada
tion, 2417; proton-donor effect on electrochem. redn., 3616; 
solns. and assoc, interaction w/ tetrachloroterephthalate esters, 
4020

Arsenic, thermo, data, 1102, 4327
Asymmetry-potential effect, across gradient permselective mem

branes, 2591
Azoethane, therm, decomp., 1857 
Azulenoid sys., protonated, fluorescence, 4577
Barium azide, aq., photodecomp., 774; explosion, 778
Barium-barium halide systems, miscibility, 1892
Barium methacrylate dihydrate, esr, 1577
Barium tri- and tetratitanate, dielectric prop., 1117
Benzene, luminescence quenching by CC14, 3725; radiolysis, 1027;

solns. of polar molecules, 1819 
Benzene-biacetyl solutions, pulse radiolysis, 3871 
Benzene-cyclohexane solution, surface free energy, 1555 
Benzene-N20, radiolysis, 3013
Benzenes, monosubst., CNDO SCF calc., 716; subst., nmr, 2552
Benzene-xylenes, thermo, data, 1939
Benzophenone, crystal structure, 4311
Benzyl chloride, solvolysis in glycerol-H20, 4145
Beryllium halides, ir spectra, 250
Bifluoride ion, in LiF-HX films, 2456
Binary mixtures, critical and pseudocritical press., 2280; surface 

tension, 3073
Biphenyl, model sym. coords., 1451 
Bis(fluoroxy)perfluoromethane, thermo, data, 3512 
Bismuth-bismuth halide solutions, viscosity, 1737 
Bismuth chloride, molar conductance, 762 
Bismuth trihalides, phase diagrams to 36 kbars, 1327 
Bispiperidinium pentabromobismuthate(III), crystal structure, 

532
(1) Index prepared by Dr. Jack Opdyke, University of San Diego, 
College for Men, San Diego. Calif.
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Bolaform electrolytes, osmotic and activity coeffs., 4290
Bond energies, N-H bonds, 1399
Bonding, Cu(II) complexes, 1244
Bond lengths, B-F, alkali metal fluoroborates, 3688
Boron, rxs. w/ Cl and Cl2, 4159
Boron hydrides, mass spectra, 2682
Bovine mereaptalbumin, aq., net valence charge, 2958
Bovine serum albumin, dielectric behavior, 4373
Brillouin spectra, dilute solns., 4644
Bromine, in H20 and CC14, thermo, data, 3695
Bromine trifluoride(g), rx. w/ UF4, 1491
p-Bromophenacyl hirsutate, efficient radioisomerization, 3772
1,3-Butadiene, photolysis, 4037
f-Butyl hydroperoxide, pyrolysis, 1182
i-Butyl hypohalites, thermo, data, 2260

Cadmium-CdCl2 liquid system, thermo, data, 441
Cadmium chloride-alkali chloride system, liq. surface tensions,

353
Calcium carbonate, decomp., 2846 
Calcium nitride, thermo, data, 2434 
Calcium phosphate, aq., complex formation, 208 
Cannizzaro reaction, effect of micelles, 3686 
Carbon, dispersed on alumina, 3186; divalent, cryochemical 

studies, 738; pyrolyzed Spheron-6 surface, 1171 
Carbon-11, recoil, rx. w/ N2- 0 2 sys., 1988 
Carbon disulfide-Ar, shock-heated, light emission, 4344 
Carbon monoxide, explosive combustion, 330 2 inhibition, 3678; 

(a3ir), HgOPi) photosens, prod., 3741; on Pt, 21-/i ir ads., 327; 
oxid. on Pd. 3621; oxid. on Pt electrodes, 1305; oxid. over 
V2Oo, 3133; rx. w/ methylene, 2236 

Carbon suboxide-H2, photolysis, 3105 
Carbon tetrafluoride, thermol data, 222 
Carbonium ion pairs, thermo, data, 2233 
Catalysis, metal ion, 622
Catalysts, supported gold, spectroscopic study, 3563 
Cation exchange, thermo, data, 2789 
Cation-exchange membranes, electroosmosis, 1253 
Cation mobility, ligand assn, effect, 144 
Cell potentials, w/ liq. junction, 4660 
Ceria-terbia system, tensiometric study, 2030 
Cerium(III), radiation ind. oxid. in aq. H2S04, 3704 
CF2 radical, electronic oscillator strength, 4594 
Charge density, effect, membrane, 2871
Chemiluminescence, electrogenerated, 4348; electron-trans. rxs., 

2254; I*, 3715; in gases, 3711, 3721 
Chemiluminescent reactions, aq. fluorescein dyes, 756 
Chemisorption, isobutane on faujasites, 3345; H20, H2, 0 2 on 

A120 3, 1682; li20  on sepiolite, 1072 
Chlorides, aq. divalent, molal expansibilities, 4589 
Chlorine atoms, point of attack on C2HC13, 3926; energetic, 

subst. for H ats. in butyl chlorides, 3049 
Chlorine dioxide, explosive decomp., 1849
Chloroform, dielectric relaxation, 3676; hydrogen donor to 

organosphosphorus cpds. and tertiary alkylamines, 1297 
Chloromethylphosphine, nmr, 2666 
Chlorophyll, spectroscopic study at 77°K, 3941 
Chlorophyll-quinone interactions, solid state, H20  effect, 4345 
Cholate and glycocholate anions, on Dowex 1 resins, 1204 
Cholesteryl myristate, glpc study, 3489 
Chromatography, statistical theory for exclusion, 4397 
a-Chromia-alumina solid solns., esr, 2562 
Chromium(II)-(III), aq., radiolysis, 2330 
Chromium(III) complexes, triplet state quenching, 3017 
Chromophores, aromatic, solv. effect on uv spectra, 2934 
Chromyl chloride, flash-photolysis, 3929 
Chronopotentiometry, double-layer charging, 1650 
Circular dichroism, methylpyrrolidone, 3035 
Cobalt(III), oxid. of C102, 2642
Cobalt complexes, aq., radiolysis, 1506; photochemistry, 400 
Cobalt oxide, oxid. catalysis, 2609 
Cohesive and adhesive energies, calc., 3700 
Cohesive energies, liquids, 4688
Complexes, amines w/ organophosphorus comps., 2908; chg. 

trans., I2 <-> I4, 966; trigonal bipyramidal, crystal field-spin 
orbit treatment, 3588

Complex ion formation, between Mn!+ and F_, Cl- , Br_, 1“, 
S042-, esr study, 4115 

Complex ions, red. potentials, 1355 
Condensation, H20, 433
Conductance, AgC104 in sulfolane, 2124; aq. bovine mercaptal- 

bumin, 2958; aq. HBr, 1545; aq. KCl-hexamethylenetetra- 
mine, 2588; aq. NaBr to 4000 bars, 2100; aq. NaCl 0 to 
800°, to 4000 bars, 684; aq soln., electronic, 362; aq. tetra- 
alkylammonium halides to 4000 kg/cm2, 1763; 1:1 electrolytes

in HC02H, 4031; ion-exch. membranes, 4314; KC1-H20 -  
alcohol, 866; liq. and vap. BiCl3 and HgCl2, 762; NaCl and 
KC1 in H20, 4123; Na in NH3(1), 4224; NH3-H 20  solns. to 
4000 bars and 700°, 3122; silica gel w/ ads. H20, 3662; tetra- 
alkylammonium salts in ethanol and propanol, 3281; tetra- 
ethylammonium perchlorate in valeronitrile, 1960; T1N03 in 
dioxane-H20, 4710; trialkylsulfonium iodides in H20, CH3OH, 
and CH3CN, 1037

Conductivity, therm, binary liq. sons., 4308; therm, critical- 
point behavior, 4316; therm., H2-He mixs., 1924 

Conformational properties, opt. act. poly-a-olefins in sol., 2400 
Contact angles, naphthaIene-H20-air sys., 646 
Continuum emission, xenon vapor, 3129 
Convective diffusion, capillary, 155 
Copper, tetrahedral, esr, 2669 
Copper(II)-CaO, esr at 1.2 °K, 1392 
Copper(II) mixed ligand chelates, elect, ads. specta, 3372 
Copper(II)-poly(methaerylic acid), aq., spectro. study, 1127 
Copper complexes, bonding, 1244 
Copper on MgO, H2 activation at 79 °K, 4587 
Copper sulfate and Cu(en)2S20 3, aq., association, 3986 
Coulometric titration, wustite, 485
Critical regions, liquid-liquid, heat capacity meas. through, 4079 
Critical temperature, by dta, 4312 
Cryoscopic behavior, sulfolane, 1068 
Crystal-field energy levels, 1822
Crystal-field interactions, NO on NaY and decationated Y  

zeolites, 4163
Crystal structure, benzophenone, 4311; bispiperidinium penta- 

bromobismuthate(III), 532; ((CH2)2NH2)3BiBr6, 3117; 1,8-
diazacyclotetradecane-2,7-dione, 2838; dihalobenzocyclobu- 
tenes, 668; dipotassium tetranitroethide, 266; NH3BF3 and 
NH4BF4, 556; racemic a,o:'-dimethylglutaric acid, 3997; 
l,2,3,4-tetrabromo-l,2,3,4-diphthaloylcyclobutane, 2120; tétra-
éthylammonium tetrakis(dibenzoylmethido)europate(III), 970; 
triphenylphosphine sulfide-iodine complex, 1561; zeolite 
nickel faujasite, 4366

Current-time curves, potentiostatic, theoretical, 3535 
Cyanine dyes, isomeric, nmr and electronic spectra, 2008 
Cycloalkanes, isomerization over silica-alumina, 4555 
Cyclobutane, Hg('Pi)-photosens. decomp., 1432 
Cyclobutanone, photolysis, 1621
Cyclohexadienyl radicals, in aq. benzoic acid, 2946; substituent 

effects, 3832
Cyclohexane, photolysis, 3904; photonitrosation, 371; photo

nitrosation quantum yield, 4700; rx. w/D 2+, 1071; scintillator 
luminescence in, 1783; pulse radiolysis, 3856 

Cyclohexane-benzene and -N 20, phosolysis, 4684 
Cyclohexane-deuterated olefins, radiolysis, 1780 
Cyclohexylamine, hydration in benzene, 1748 
Cyclooctatetraenyl rdical anion, electronic spectrum, 2813 
Cyclopropane, isomerization, 1689; radiolysis in n-hexane and 

cyclohexane, 228
Cysteine, aq., radiolysis, 185, 2395

Decomposition, therm., dimethyl azodiformate, 2677 
Degassing apparatus, liquids, 4693 
Density, anhydrous proteins and L-amino acids, 1887 
Detonation, cyelotetramethylenetetranitramine, 2,4,6-trinitro

toluene, nitromethane, and bis(2,2-dinitro-2-fluoroethyl)formal, 
2390

Deuterated electron, rx. w/ D, OD, and D20, 577 
Deuterium, self-exch. rx. in monodeuteriotoluene, 1976 
Deuterium atms, rx. w/ ethylene, 3261 
Deuterium oxide, ionization thermodynamics, 4654 
l,8-Diazacyelotetradecane-2,7-dione, crystal structure, 2838 
cfs-Diazidotetraamminecobalt(III) azide, therm, decomposition, 

703
N,N-Dialkylamides, aq., dielectric consts., 365 
Dialkylphosphonates, hydrolysis and isotopic O exch., 1809 
Diborane, photolysis, 3367; rxs. w/ methylphosphines and tri- 

methylamine, 3340
Di-i-butylcarbinol, spin-spin coupling, 4346 
Dicarboxylic acids, in aq. tetra-n-butylammonium bromide, 1132 
p-Dichlorobenzene, crystal structure effect on radiosensitivity, 

4707
Dichlorocarbene, IP and heat of form., 1552 
sec-2,3-Dichloroperfluorobutyl rad., unimol. decomp., 3400 
sec-1,4-Dichloroperfluorobutyl rad., unimol. decomp., 3407 
Dichromate, aq., rx. w/ silica gel, 104
Dielectric constants, H20-in-oil emulsions, 33; liq., press, and 

dens, dependence, 1057; N,N-dialkylamides-H20, 365 
Dielectric dispersion data, analysis, 1656
Dielectric properties, BaTij07, BaTqOg, 1117; bovine serum
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albumin, 4373; ice and water clathrates, 49; lyophilized 
hemoglobin, 3098

Dielectric relaxation, chloroform, 3676; data representation, 1462; 
hydroxy- and methoxybenzaldehydes, 1013

3.3- Diethylpentane, ultrasonic relax., 2268
Differential thermal analysis, critical temp, determination by, 

4312; quantitative, solid-gas rx., 2846; rx. kinetics, 906 
Diffusion, aromatic and cycloparaffin hydrocarbons in H20, 

2532; convective, capillary, 155; convective, porous dia
phragm, 4168; critical-point behavior, 4316; gases in non
polar liqs., 4699; hexamethylenetetramine in H20, 149; 
H2 in irradiated quartz, 2277; isothermal, multicomponent 
complex dark sys., 1713; isothermal, multicomponent simple 
dark sys., 1707; isothermal, multicomponent systems, 11; 
isothermal, neutral binary sys., 1831; self-, Na + in ethylene 
glycol-H20, glycerol-H20, 1201; transient convective, in 
capillaries, 3286

Diffusion double layer, ionic composition in mixed electrolytes, 
727

Diffusion potential, decay in ideal electrolyte sols., 272 
Difluoramino radicals, rx. w/ F2, 108
1.3- Difluoro-and 1,1,3,3-tetrafluoroacetone, photolysis, 1603 
Difluoromethylene, elimination from 1,1,2,2-tetrafluorocyclo-

propane, 2234
1,2-Difluorotetrachloroethane, internal rotation, 4299 
Dihalobenzocyclobutenes, crystal and mol. structure, 668 
Dimer formation, effect on triplet states of organic dyes, 4718 
l,l'-Dimethoxyazobenzene, photoisomerization, 153 
o-Dimethoxybenzene, dipole moment vs. T, 1405 
p,p'-Dimethoxybenzophenone, photoreduction, 3522 
N,N-Dimethylamides and -thioamides, nmr, 2469 
Dimethyl azodiformate, therm, decomp., 2677
9.10- Dimethyl-l,2-benzanthracene, autoperoxidation in polymer 

films, 3794
cis- and irons-l,2-Dimethylcyclohexane, radiolysis, 4509 
a,a'-Dimethylglutaric acid, racemic, crystal structure, 3997 
Dimethylmercury, radiolysis, 3457
N,N-Dimethyl-p-nitroaniline, anion and cation radical, 740 
£rares-2,5-Dimethylpiperazine and hydrochlorides, nmr, 2344 
Dimethylsilicon and dimethylgermanium moieties, exchange of 

substituents between, 4380 
Dimethyl sulfoxide, liq. assn., 3358
2',4'-Dinitro-2-aminodiphenyl ether, rearrangement in CH3OH- 

CCh, 1300
Dioxane, pulse radiolysis, 3849
1.4- Dioxane, p-radiolysis, 2635
9.10- Diphenylanthracene, electrolytic oxid., 2322 
N,N'-Diphenyl-p-phenylenediamine and -diimine, photolysis,

3774 _
l,l-Diphenyl-2-picrylhydrazyl, ads. on solid acid catalysts, 46 
Dipole moments, 1-alkylpyrazoles, 1005; cyclohexylamine, 

cyclohexylamine-H20, H20, 1748; N,N-di-n-butyl-/3-amino- 
propionic acid in seven solvs., 2351; o-dimethoxybenzene, 
1405; electric, acetyl sulfide, 2276; surface, organic films on 
Cr, 4172

Dipotassium tetranitroethide, crystal structure, 266 
Disulfide ions, in y-irradiated organic glasses, 2597 
DNA, ads. at air-H20  interface, 2862 
Dodecanoic acid, 14C-labeled, vap. press., 2243 
Double layer, diffuse, weak electrolytes, 841 
Double-layer charging, chronopotentiometry, 1650 
Drop, fluid draining film radius, 318
Dropping Hg electrode, diffusion eqn. for var. Hg flow, 1187; 

math, analysis, 1187; time depend, of Hg flow, 1193

Electrical transport properties, anionic polyelectrolytes and 
polysoaps, 2507

Electric polarizations, molecules w/ anomalous dipole moments, 
1517

Electrochemical measurements, simultaneous internal reflect, 
spec., 2576

Electrochemical reduction, aromatic hydrocarbons, proton donor 
effect, 3616

Electrode processes, coupled w/ heterogeneous chem. rxs., 3535; 
fast, kinetics, 2541

Electrodes, optically transparent, visible 1RS, 1144
Electroluminescence, preannihilative, mech., 377, 378
Electrolyte-nonelectrolyte, aq., thermo, data, 3053
Electrolytes, antagonistic-cooperative interaction, 3424; aq., 

surface potentials, 74; diffusion in ideal solutions, 272; mix
tures, aq., viscosities, 2663; weak, diffuse double layer, 841

Electron, aq., rxs. in alkaline soin., 880; hydrated, mobility, 
2279

Electron affinities, acetate rad., 2671; aromatic hydrocarbons, 
3677

Electronic conduction, aq. soln., 362 
Electronic properties, perflucrocarbons, 3531 
Electronically excited atoms, I* production, 3715 
Electron-impact spectrometry, low-energy, high-angle, 3894 
Electron-transfer reactions, “band model,” inner-sphere exten

sion, 1792; kinetics, 891 
Electroosmosis, current depend., 1253 
Electrosorption, CH3OH, 1571
Endor, triphenylmethyl derivatives, 4276; triphenylmethyl and 

tris(p-tolyl)methyl rads., 4269 
Energy transfer, thermal CH3NC isom., 1932 
Eosin, aq., radiolysis, 3337
Equation of state, rubber elasticity, volume dependence, 345 
Equilibria, isothermal, in electrolyte solns., 1536 
Esr, aliphatic semidiones, 1386; aromatic nitrogen hetero

cycles, biphenyl, acenaphthene, 3215; barium methacrylate 
dihydrate, 1577; ¿-butyl peroxide ions, 723; carbon on alu
mina, 3186; carbonyl 13C hyperfine splitting in free rads., 
4715; a-ehromia-alumina solid solns., 2562; complex ion 
formation between Mn2 + and F”, Cl”, Br”, I”, SCV”, 4115; 
Cu(II)-CaO at 1.2°K, 1392; N,N-dimethyl-p-nitroaniline 
anion and cation rad., 740; free-rad. intermeds. in rx. of OH 
rad. w/ amino acids, 1926; hexaaquochromic ion, 1317; HO- 
and H02- rads., 164; hydroperoxide on ZnO, 2460; inter
mediates in Fe2+-H 20 2Tii+ and Ce4+-H 20 2-Ti4+ sys., 2250; 
irradiated aq. nitroalkane solns., 3387; MnCl2—LiCl-KCl 
eutectic, 4701; naphthacene trianion and 5,12-naphthacene- 
quinone anion rads., 1829, 1380; nitroxides, solubilized long- 
chain, 4129; N02 in frozen solns., 1721; N20*-N02 sys.,
2963; NO on ZnO and ZnS, 2141; perfluoro-2,l,3-benzo- 
selenadiazole anion rad., 1281; perfluorocyclobutanone ketyl, 
1832; polyphenyl anion rads., 2238; semidiones, 1074; tetra
hedral cupric ion, 2669; tetrakis(p-methoxyphenyl)ethylene 
cation rad., 286; thianthrene cation rad., 1390; 2,4,5-tri- 
phenylimidazolyl rad., 4717; triphenylmethyl derivatives, 
4276; trifluoromethylnitrobenzene anion rads., 68 ; xanthyl 
rads., 3635, 3641, 3647 

Ethanol, radiolysis, 816
Ethanol-heptane system, chemical model, 4534 
Etherate formation, organoaluminum cpds., 3567 
Ethyl acetate-H20, solute-solv. interactions, 364 
Ethylene, electron-impacted, ion-mol. rxs., 3599; ionic rxs. in, 

3080
Ethylenediamine-HiO, proton exchange, 550 
Ethylene glycol dimethacrylate polymers, 7-irradiated trapped 

rad. dist., 3277
Ethylene-maleic anhydride copolymer, hydrolyzed, metal com

plexes, 2496
Ethylene-methacrylic acid copolymers, and their Na salts, film 

ir study, 1122
Ethyl esters, interaction w/ benzene, 2764; of phosphorus acids, 

nmr, 4043
Explosive behavior, barium azide, 778
Extraction, HC10( by 1-decanol, 3504; tetraheptylammonium 

fluoride, 2831

Fast reactions, flash-photolysis, 3766
Faujasites, Al-deficient, 2594; isobutane chemisorption on, 3345 
Ferrocyanide, quinone reduction, 358 
Fluid mixtures, molecular size effect, 1897
Fluorescein, aq., pulse radiolysis, 2018; aq. dyes, chemilumines

cent rxs., 756
Fluorescence, absence in 5-nitro-8-quinolinol, 3692; amino- 

pyridines, 1982; aromatic cpds., 3251 ; band shift w/excitation 
shift, 2742; chlorophyll at 77°K, 3941; lanthanide ions in 
organic solvs., 3516; 2-phenylnaphthalenes, 4468; protonated 
azulenoid systems, 4577; soln., quenching-transient and solv. 
effects, 1350; standard, quinine bisulfate vs. 9,10-diphenyl- 
anthracene, 793; tetraethylammonium tetrakisfdibenzoyl- 
methido)europate(III), 970 

Fluorine, dissn., 108 
Fluoroaldehydes, photolysis, 3351, 3352 
Fluorobenzenes, monohalosubstituted, nmr, 991 
Fluorocarbon gases, solubility in cyclohexane, 2248 
Fluorosilanes, nmr study, 660 
Formates and acetates, aq. Raman spectra, 2614 
Formic acid, anhydrous, 1:1 electrolytes in, 4031 
Fractionation factors, isotopic exchange, calcite-COr-HiO, 800 
Free ion, liq.-yield det., 3730 
Friction constants, fused salts, 3001 
Fuel-cell electrode, H-D exchange of propane, 2285

Gallium(III), SON” cat. polarographic red., 3684 
Gallium bromide-ethyl bromide, bromine exch. rx., 3148 
Gallium-In system, activities, 1047
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Gas bubbles, rate of dissolving, 3356, 3357, 3357
Gases, ads., surface transport, 2365
Germania, propionic and acetic acid sorption, 2378
Germanium fluoride, ir spectra, 4492
Gibbs equation, polyelectrolyte ads., 1834, 1835
Glass, porous, ionic membranes, 2195
Glass electrodes, in molten salts, 2877
Glasses, organic, temp, dependence of viscosity, 752
Glycine, diglycine, triglycine, ultrasonic ads., 2227
Glycine and alanine, trans. metal chelates, radiation chem., 922
Gold, surface stress to 985°, 4150; wettability, 2412
Gold catalysts, supported, spectroscopic study, 3563
Halocarbons, pyrolysis and energetics, 738 
Halogens, aq., uv spectra, 3671 
Halomethanes, binary liq. mixs., thermol data, 1529 
Harmonic oscillators, totality of states, 3034 
Heat capacity measurements, through liq.-liq. critical regions, 

4079
Heats of formation, prediction, 2422
Hemoglobin, lyophilized, H20  ads. and dielectric props., 3098 
Heterocycle rings, sat., nmr study, 3244 
Heterocycles, S-eontaining, semiempirical calcs., 3975 
Heterogeneous activation, therm, unimol. rxs., 4483 
Hexaamminecobalt(III) azide, therm, decomp., 4386 
Hexaaquochromic ion, outer-sphere coord, interactions, 1317 
Hexaaquocobalt(II) ion, aq., nmr detection, 2659 
Hexachlorobicyclo[2.2.1]heptenes, solv.-dep. H-H couplings, 198 
Hexacyanochromium(III) ion, aq., photoaquation, 3827 
Hexacyanoferrate(III)-N3_, photochemistry, 410 
Hexafluorobenzene, liq., ir spectrum, 2174 
Hexafluorobicyclo[2.2.0]hexa-2,5-diene, therm, isom., 2882 
Hexamethylbenzene-tetracyanoethylene complexes, methyl 

group rotation barriers, 3970
Hexamethylenetetramine, aq., differential diffusion coefficients, 

149
n-Hexane, pulse radiolysis, 3856 
Hill equation, ads. on uniform surfaces, 1955 
Homogeneous oscillating reactions, existence, 2692, 2693 
Hydrated electron, E J s  for rxs., 766
Hydrazine, Mo(VI)-catalyzed oxidn. by methylene blue, 4573; 

oxidn. by Mo(VI), 4198
Hydrazine-1,1-N2H2(CH3)2 and He(or N2)-N2H i-l,l-N 2H2(CH3)2 

systems, equilibria, 2556
Hydrides, first-row atom, FSGO model of structure, 1289 
Hydrocarbons, aromatic, phosphorescence lifetimes and glass 

relaxn., 2265; interatomic pot. functs., 2941; mixtures, inter
action virial coefficients, 676

n-Hydrocarbons, polycrystalline, trapped electrons, 4347 
Hydrochloric acid, in aq. salt solns., 4408; trans. from H20  to 

aq. ethylene glycol, 3937; trans. from H20  to HAc, 1064 
Hydrochloric acid-GdCl3, thermo, data, 257 
Hydrogen, activation by Cu on MgO, 4587; ads. on Au-Pd, 136; 

ads. on Cu-Ni, 2775; chemisorbed, ir spectra, 369; electrolytic 
evolution rx. on Al, 1148

Hydrogen atoms, gas-phase trasnsfer between elements 1-19, 236; 
rx. w/ aq. ferricyanide, 1599; rx. w/ C120, 3031; rx. w/ solid 
olefins, 3689; rx. in H2SO< glasses, 2686; thermal, rx. w/ 
frozen organic substrates, 1949

Hydrogen bonding, in ads. on silica, 4676; alcohol dimers, 1837, 
1839; glpc study, 3478; inter-and intramolecular, competition, 
4243; singlet-state salicylic acids, 3297 

Hydrogen bromide, aq., conductance 0 to 800°, to 4000 bars, 
1545; uv spectrum, 3046 

Hydrogen chloride and DC1, far-ir spectra, 2259 
Hydrogen chloride-SF6, radiolysis, 765 
Hydrogen cyanide, ads. on glass, rxs., 2371; 16N nmr, 4310 
Hydrogen-deuterium exch., fuel-cell electrode, 2285 
Hydrogen electrode rx., kinetic isotope effects, 2431 
Hydrogen fluoride, dissn. behind incident shock waves, 79 
Hydrogen-fluorine, photochem., 3168 
Hydrogen-He mixs., therm, conductivity, 1924 
Hydrogen iodide, rx. w/ H atoms, 1639; uv spectrum, 3046 
Hydrogen isotope exch., benzene, 1673
Hydrogen and nitrogen, active atoms, rxs. w/ CH3C2H and CHr 

CCH2, 3323; active atoms, rxs. w/ (CN)2, HCN, C2H2, 3305; 
mixs., rxs. w/ alkenes and alkanes, 518 

Hydrogen sesquioxide and perhydroxyl radical, decay kinetics, 
3836

Hydrogen-water, hydrogen isotope equilibria, 4338 
Hyrogen zeolite Y, rx. w/ NH3, 3071 
Hydroperoxide on ZnO, esr study, 2460 
Hydrophobic bond, term criticism, 184 1, 1842 
Hydrophobic bond formation, thermo, data, 856 
Hydrophobic hydration, n-tetrabutylammonium halides, 2694, 

2695

Hydroxyarmatic anions, SCFMO calc., 914 
m - and p-Hydroxyazobenzene, photoisomerization, 3266 
Hydroxy- and methoxybenzaldehydes, dielectric relaxation, 1013 
Hydroxyl groups, decationated zeolites X  and Y, 1768 
Hydroxyl radical, rx. w/ amino acids, 1926 
Hydroxyl radical-H20 2, photochemistry, 406 
p-Hydroxyphenylhydroxylamine, dehydration, 3006 
Hydroxytropenylium halide hydrates, thermo, and ir study, 2950 
Hysteresis, H20  sorption-desorption, 1223

Ice, dielectric properties, 49 
Indium(l)-aluminum, liq.-solid adhesion, 1092 
Indium and bismuth chlorides, Raman spectra, 3094 
Interfacial tension, two-phase ternary liq. sys., 4139 
Internal reflection spectra, alkali metaI-NH3, 169; and simult. 

electrochem. meas., 2576
Internal-rotation barriers, solid ir complexes of methylbenzenes, 

3970
Intersystem crossing, singlet-triplet, 3354
Iodate, rx. w/ I - , 3630
Iodide, photosensetized rxs., 3768
Iodine, abs. by perylene, 2986; chg. trans. spec, in hydrocarbons, 

3059; rx. w/ 7-picoline, 2438; vap. phase L formation, 966, 
2697; visible ads. max. in many solvs., 3300 

Iodine-amine complexes, flash photolysis, 3863 
Iodine cyanide, rx. w/ O, 743
Iodine-tetramethylurea and -tetramethylthiourea, mol. com

plexes, 2129
Ion diffusion, into fused silica, 2256
Ion exchange, alk. earth ions by zeolites, 4086; in molten salts, 

2885; Linde X  zeolite, X-ray study, 4095; sodium zeolite A in 
molten salts, 4704; w/ two-phase glass, 2665 

Ion-exchange equilibria, glass w/ molten salts, 4175 
Ion-exchange membrane, liquid, model system test, 978; volume 

flow, 1566
Ionic membranes, phenylsulfonate gps. on porous glass, 2195;

porous glass as, 599 
Ionic reactions, acetylene, 158 
Ionic solutions, charged square-well model, 3352 
Ion mobility, organic and inorganic phosphorus cpds., 2867 
Ion-molecule reactions, C3H6+-C 3H6, 1826; higher order, theo. 

basis, 3746; in propylene and isomeric butenes, 1994; in 
propyne and allene, 1905 

Ion-pair association, solv. structure effect, 1396 
Ion pairs, 2:2 and 3:3, form, consts., 3330 
Ions, aq. neg., photolysis, 3815; aq., thermo, data, 2902 
Ion-selective properties porous glass membranes, 2976 
Ion-solvent-molecule interactions, gas phase, 742 
Ion transport, membrane, 4072
Ir spectra, ads. HCN, 2371; beryllium halides, 250; chemisorbed 

H2 and D2, 369; CH J(l), 962; CO on Pt, 327; CO on Pt- 
Si02, 2688, 2688; ethylene-methacrylic acid copolymers and 
their Na salts, 1122; GeF2, 4492; HC1 and DC1, 2259; hexa- 
chloroiridium(IV) ion, 2207; intermediates in NH 3 syn. on 
Fe, 458; isotopically subst. 2-pyridones, 1177; kaolin mineral- 
dimethyl sulfoxide complexes, 241; lithium halides, far-ir, 
3526; liq. hexafluorobenzene, 2174; metal /3-ketoenolates, 
4631; NbOCla, NbOBr3, NbOI3, 4686; OH gps. and H20  on Y  
zeolites, 4211; oxalic acids, protio- and deuterio-, 4628; 
phthalocyanine, 3230; trihalomethyllithium and sodium cpds. 
in Ar(s), 1743

Iron(III) monosulfato complex, formation, 1378 
Iron(III)-Np(III), aq rx., 4333
Irreversible thermodynamics, first-order chem. rxs. in closed 

sys., 92; isothermal diffusion in multicomponent systems, 11, 
1707, 1713

Isoalloxazine, MO calcs., 536
Isobutane, isopentane, 2,3-dimethylbutane, radiolysis, 3496 
Isopropoxyl radical, decomp., 2824 
Isopropyl methylphosphonofluoridate, hydrolysis, 622 
Isopropyl radicals, gas-phase oxid., 3754 
Isosbestic points, and no. of rx. parameters, 296 
Isotope effect, H20 -D 20, alkali metal and tetraalkylammonium 

salt thermol data, 4317
Isotopic exchange, calcite-CO<!-H20, 800; p-nitrobenzyl chlo- 

ride-33Cl_, 713

Kaolin mineral-dimethyl sulfoxide complexes, ir spectra, 241
Kerr constants, H20  and D20  at 30°, 3069
Kerr effect, protein solns, 4058
Ketene, photolysis, 3952
Ketene-butene-mercury, photolysis, 3705
Ketones, triplet energy trans. to rare earth ions, 3702
Ketyls, possible nonplanarity, 4715
Kihara core model, polar molecules, 1821
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Kinetic data, see also photolysis and radiolysis; active N rx. w/ 
perfluorobutene-2, 1812; Al3+ hydrolysis, 301; aq. Np(III)- 
Fe(III) rx., 4333; azoethane therm, decomp., 1857; B rx. 
w/ Cl and Cl2, 4159; benzyl chloride solvolysis in glycerol-H20, 
4145; B2H6 rx. w/ methylphosphines and trimethylamine, 
3340; BrF3 rx. w/UF4, 1491; f-butyl hydroperoxide pyrolysis, 
1182; 13C kinetic isotope effect in CH3NC isom., 3440; C2F5I 
exch. rx. w/ I2, 1811; CH3 rxs. in aq. soin., 2703; CH4, term, 
decomp., 348- CH3NC isomerization, 1726; CH3N02 isomeriza
tion, 3581; C102 explosive decomp., 1849; C102 oxid. by Co-
(III), 2642; C(N02)4 rx. w/ N02-  and OH“, 1402; Co oxid. 
on Pd, 3621; Co oxid. on V2Os, 3133; chemiluminescent 
electron-trans. rxs., 2254; chlorination of HgCl2 in acetone, 
2154; cobalt oxide in oxid. catalysis, 2609; colloidal AgBr 
growth, 2168; color dev. in Landolt “clock” rx., 1387; cumene 
desorption from Si02-Al20 3, 356; cycloalkanes isom. over 
silica-alumina, 4555; cyclopropane isom., 1689; decarboxyla
tion of aq. anthranilic acid, 3142; sec-1,4-dichloroperfluoro- 
butyl rads., decomp., 3407; sec-2,3-dichloroperfluorobutyl 
rads., decomp., 3400; 2',4'-dinitro-2-aminodiphenyl ether 
rearrangement in CH30H-CC14, 1300; 9,10-diphenylanthra- 
cene, electro, oxid., 2322; dissn. of F2, 108; dissn. of HF behind 
incident shock waves, 79; H2 evolution on Al, 1148; 3H -2H 
exchange in benzene, 1673; H ats. in H2S04 glasses, 2686; 
324 H at. transfers between elements 1-19, 236; H at. rxs. 
w/ solid olefins, 3689; H at. rx. w/ C120, 3031; H at. rx. 
w/ aq. ferricyanide, 1599; gas-phase rxs. of CF3 w/ methyl- 
chlorosilanes, 494; GaBr3-CH3CH2Br bromine exch., 3148; Fe-
(III) monosulfato complex form., 1378; fast electrode processes, 
2541; F2rx. w /NF2, 108; ether form, from deuterated metha
nols, 2770; electron-impacted ethylene ion-mol. rxs., 3599; 
ed~, rx. w/ ed~, D, OD, and D20, 577; e„q"  rxs. in alkaline 
soin., 880; H20  and i-butyl alcohol rxs. w/ Na in NH3(1), 
4520; H20 2 rxs. w/ titanous salts, 3154; hexaammineeobalt 
(III) azide decomp., 4386; hexafluorobicyclo(2.2.0)hexa-2,5- 
diene therm, isom., 2882; hydration of 2- and 4-pyridine- 
carboxaldehydes, 655; hydrazine oxid. by methylene blue, 
Mo(VI) catalized, 4573; hydrazine oxid. by Mo(VI), 4198; 
hydrogen sesquioxide rad. and perhydroxyl rad. decay, 3836; 
hydrolysis of isopropyl methylphosphonofluoridate, 622; 
p-hydroxyphenylhydroxylamine dehyd., 3006; iodate rx. w/ 
1“, 3630; ionic rxs. in ethylene, 3080; ion-mol. rxs. in propyne 
and aliéné, 1905; isomerization of HN02, 269; isopropoxyl rad. 
decomp., 2824; isotopic O exch. on Pt, 1051; kinetic isotope 
effect, 2602; LiAiH4 therm, decomp., 4009; Li(Hg)-Li+ rx. 
in DMSO, 4568; LiN3 therm, decomp., 2281; N-methylacet- 
amide, N-acetylglycine N-methylamide H + exch., 1001; meth
ylene rx. w/ CO, 2236; cis-irares-o-methylformanilide equilib
rium, 2135; micelle effect on Cannizzaro rx., 3686; Mo-Mo- 
(III) electrode in molten salts, 1442; N at. rx. w/ C120, 3028; 
N at. rx. w/ C02, 2235; N at. rxs. w/ olefins and acetylenes, 
2538; N02 (aq.) disproportionation, 593; N02(g) rx. w/ 1“ in 
molten alkali metal nitrates, 3545; N02~ oxid. in NaN02-  
LiC104, 876; N02C104 therm, decomp., 4004, 4015; 237Np(V)-- 
Cr(III)-239NP(V) sys., 2675; nickel malonate and nickel 
succinate complex form., 2026; p-nitrobenzyl chloride-^Cl“ 
isotopic exchange, 713; O at. rx. w/ C120, 3035; O at. rx. w/ 
S(s), S(l), Se(s), and Se(l), 84; 0 (3P) addn. to propene, butene, 
and propene-butene films, 616; OH rx. w/ H02, 0 2“, and H2- 
0-2+, 626; oxalic acid-13C decomp., 4431 ; oxid. of Na, K, Cs in 
flames, 2483; oxygen rx. w/ hydrocarbons, 2628; perfluoro- 
propene decomp., 3054; photoperoxidation of unsat. organics, 
2582; phthalocyanine a  —> polymorphic conv., 3335; picric 
acid rx. w/ subst. hydrocarbons, solid state, 4446; polystyrene 
degradation by ultrasonics and by benzoyl peroxide, 4613; 
propylene pyrolysis, 4672; pyridinium salts in CH3OH, H + 
exch., 2515; pyridinium salts in H20, H + exch., 2520; qui- 
nones, ferrocyanide redn., 358; rad. decay in organic glasses, 
4604; rxs. of eaq“, 766; rxs. of a-PbNe, 111; rxs. of siloxane 
w /Si02, 1248; reductions byZn+, Cd+, Ni+, 784; Ss ring-chain 
equilib., 1890; SON“ cat. red. of Ga(III), 3684; SFs rx. w/ 
eaq“, 4285; siloxane rxs. w/ silica, 3993; slope of free energy 
plots, 4249; small ring cpd. rxs., 1866; SrC03 rx. w/ Ti02, 
3326; styrene and methyl methacrylate polym., 2993; styrene 
polym. in an electric field, 4543; tetrafluoroethylene pyrolysis, 
3462; therm, decomp, of Cis-diazidotetraamminecobalt(IIl) 
azide, 703; therm, decomp, of polynitroalkanes, 1513; therm, 
decomp, of solid alkali perchlorates, 2189; therm, dissn. of 
OF2, 2307, 2311; therm. H at. rx. w/ frozen organic substrates, 
1949; thiourea and thioacetamide oxid. by alk. hexaeyano- 
ferrate(III), 1497; trifluoromethyl rad. rx. w/ H2S, 4239; 
urethane rx., 845; , vinyl ether hydrolysis, 1313 

Kinetic isotope effect, malonic acid decarbox., 2602; 13C, anom
alous temp, dependence and crossover, 4431; H2 electrode 
rx., 2431 '

Kinetic processes, solid-state, E a’s, 746
Kinetics, ads. from soln., 2755; biradical mech. in small ring 

cpd. rxs., 1866; dissocn. rxs., 1009; dta peak and max. rx. 
rate, 906; ECE mech., 1082; electron trans. rxs., 1792; 
equil. chem. rate processes, 373; fast rxs. w/ no act. energy, 
375; hetero. activation in therm, unimol. rxs., 4483; nonequil. 
thermo, of first-order rxs. in closed sys., 92; oxygen rx. w/  hydro
carbons, 2628; rxs. w/ resonance splitting, 891; solid-state 
therm, decomp., 2185; soln., fluorescence quenching—transient 
and solv. effects, 1350; styrene polymerization, 216; thermo- 
gravimetric analysis, 2406; unimol. rx. sys., 4483, 4488 

Knudsen cells, calibration by Hg effusion, 4323

Landau-Placzek formula, Brillouin spectra of dil. solns., 4644 
Lanthanum-hydrogen sys., dissoc. press. 250-450°, 3958 
Lanthanum monosulfide, thermo, data, 2231 
Lead azide, reactivity control, 111 
Lead bromide, photochem., 2384
Lead chloride-AC1 mixtures (A = Na, K, Rb, Cs), thermo, 

data, 2706
Lead chloride-CsCl and CdCl2-CsCl, vapor press., 2361 
Lead dioxide, thermo, data, 562 
Lead storage cell, thermol data, 562
Light scattering, poly-a-methylstyrene, monodisperse, in mixed 

solvents, 278
Liquid junctions, potentials of cells w/, 4660 
Liquid solutions, binary, therm, conductivity, 4308 
Lithium aluminum hydride, “Kerin. decomp., 4009 
Lithium amalgam-Li+ electrode, in LiCl-DMSO, 4568 
Lithium azide, therm, decomp., 2281 
Lithium chloride, rx. w/ silica gel in acetone, 97 
Lithium electrode, std. pot. in aq. solns., 4263 
Lithium fluoride-HX films, FHF“, 2456 
Lithium halides, far-ir spectra, 3526 
Lithium in Li-Hg, activity coeff., 1017
Liquids, simple, internal press., 1842; simple, semiempirical 

model, 1510
Luminescence, benzene, 3725; emission decay time errors, 2801; 

scintillators in cyclohexane, 1783

Magnesium nitride, thermo, data, 2241 
Magnesium, rx. w/ MgCl2, 506
Magnetic moments, determination, new method, 4392 
Magnetic susceptibility, determination, new method, 4392; 

NO on Pd, 1425
Manganous chloride in LiCl-KCl eutectic, esr, 4701 
Markov chain model, end effects, 372
Mass spectra, acetylene, 158; aromatic and heterocyclic cond.- 

ring cpds., 3452; boron hydrides, 2682; fragmentation of cyclic 
alkanes, 5; IF7, IOF5, 4697; pentacyclotetradecanes, 3061 

McKay-Perring equations, new forms, 2548 
Membrane potential, Pyrex, in MN03-AgN03 (M = Li, Na, K), 

1085
Membrane potentials, fused Si02 in molten salts, 1963 
Membranes, cation-exch., H20  transport, 3698, 3699; effective 

chg. dens., 2871; grad, permselective, asymmetry potential, 
2591; hydrous Zr(IV) oxide, 2200; ion-exchange, conductance 
determination, 4314; icn transport acrosss, 4072; lipid, 
photoelectric effects in aq. media, 4512; oxid. collodion, 
volume flow, 1752; porous glass, ion-selective props., 2976 

Mercuric chloride, chlorination in acetone, 2154; molar con
ductance, 762

Mercuric halides, molten, thermo, data, 4155 
Mercury, in 17 solvents, thermo, data, 464, 471; passivation in 

aq. S2“, 2300; solubility in dimethylcyclohexanes and alcohols, 
1913Metachromasy, aq. thiacarbocyanine dye, 1259 

Metal azides, photodecomp , 1733 
Metal cyano complexes, 14N nqr, 2982
Metal ions, divalent, binding by polyacrylic acid, 1502; polym

erization studies, 885 
Metal /3-ketoenolates, spectra, 4631 
Metalocenes, axial field model calc., 16 
Metaphosphate glass, 1“ photosens, rxs., 3768 
Methane, acetylene photosensitized decomp., 4360; oxidative 

ads. on Pt, 2856; therm, decomp., 348; w/ trace 0 2, olefin, 
radiolysis, 1475

Methanethiol, photolysis, 2145, 3679 
Methanol, electrosorbed, 1571 
Methanols, deuterated, ether form., 2770
N-Methylaeetamide, He, N2, Ar, and ethane solubility in, 4651;

hydration in CCL, 2465; H + exch. kinetics, 1001 
Methylcyclohexane-fluorofc-enzene, thermo, data, 56, 63 
Methylene, rx. w/ CO, 22S6
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Methylene blue, aq., trimerization, 2477; laser photolysis, 2684 
Methylenecycloalkanes, gaseous photolysis, 321 
Methylene radical, triplet, rx. w/ cfs-butene-2, 191 
o-Methylformanilide, cis-trans equilib., 2135 
Methyl groups, hindered rotation study, 1324 
Methyl iodide, flash photolysis, 1583; ir band shapes, 962 
Methyl isocyamide, 13C effect in therm, isom., 3440; rx. w/ T*, 

763; therm, isom., 1726; therm, isom., energy trans., 1932 
Methyl methacrylate-styrene random copolymers, dil. soln. 

props., 829
Methyl nitrite, isom. mechanism, 3581
N-Methylpropionamide solutions, viscosity and molal vols., 3209 
Methylpyrrolidone, circular dichroism, 3035 
Methyl radical, rxs. in aq. soln., 2703 
Methylsilanes, rx. w/ recoil 3H, 2631
Micelle, aq. heptaoxyethylene glycol monohexadecyl ether, 339 
Micelles, mol. wt. detn., 379, 380; sodium perfluorocaprylate 

and -propionate, 3056; structure by 19F nmr, 583 
Microtome, liquid surface sampling, 589
MO calculations, CNDO SCF, monosubst. benzenes, 716; FSGO 

model of first-row hydrides, 1289; hydroxyaromatic anions, 
914; isoalloxazine, 536; SCF, 2-phenylnaphthalenes, 4474; 
sulfur-containing heterocycles, 3975 

Model field calc., axial, d2 and d8 configurations, 16 
Molybdenum-Mo(III) electrode, in molten salts, 1442 
Molybdovanadophosphoric acids and salts, soln. properties, 4304 
Monodeuteriotoluene, 2H self-exch. rx., 1976 
Monodisperse polymer, intrinsic vise., 2890 
Monomolecular films, phenophytin a and phenophytin b, 39 
Montmorillonite, high press, ion exch., 4340 
Montmorillonites, alkylammonium, swelling, 4295 
Mordenite, acidic sites, 4691 
Morse and Fues oscillators, dynamics, 2489 
Multilayer flow model, ads. gases, 2365

Naphthacene, solv. Stark effect, 2737
Naphthacene trianion and 5,12-naphthacenequinone anion rads., 

esr, 1829, 1830
Naphthalene, model sym. coords., 1451
Naphthalene-H20-air system, contact angles, 646; interfacial 

free energies, 2283, 2284 
Naphthalene-02-H 20, radiolysis, 4609 
Naphthalenes, isotopic, harmonic-vib. analysis, 1446 
Neopentane(s)-nitrous oxide, radiolysis, 3707 
Ni(II)-o-phenylenediamine, polarographic prewave, 4637 
Nickel malonate and succinate complexes, formation, 2026 
Nickel(II)-orga,nic amine complexes, polarographic red., 1083 
Niobium oxotrihalides, ir spectra, 4686 
Niobium pentachloride, thermo, data, 1272 
Nitrate, aq., photochem., 389 
Nitrate ion, uv spectrum, 293
Nitric oxide, ads. on ZnS. and ZnO, 2141; esr study on NaY and 

decationated Y zeolites, 4163; on Pd, sorption and mag. 
susceptibility, 1425

Nitrite ion, oxicl. in NaNOi-LiClCh, 876 
Nitroalkanes, radiolysis, 3387
Nitrobenzene-HAuCh sys., aq. HCl-benzene distribution, 1617 
Nitrogen, active, rx. w/ perfluorobutene-2, 1812; active, rx. w/ 

propene, 526; ads. isotherm, universal, 3763; (A3S4+),
Hg(4Pi) photosens, prod., 3741

Nitrogen atoms, active, rx. w/ (CN)2, 3381; rxs. w/ olefins and 
acetylenes, 2538; rx. w/ C120, 3028; rx. w/ C02, 2235; rx. 
w/ N20 5, 1081

Nitrogen atom-oxygen atom recombination reactions, catalyzed 
by carbon cpcls., 3701 

Nitrogen-CO-Hg, photolysis, 1402
Nitrogen dioxide, aq., photochemical generation, 593; dimeriza

tion in soln., 1626; esr in frozen solns., 1721; rx. w/ I -  in 
molten alkali metal nitrates, 3545 

Nitrogen and hydrogen, active ats., rxs. w/ CH3C2H and CH2CCH2 
3323; active ats., rxs. w/ (CN)2, HCN, C2H2, 3305; at. mixs., 
rxs. w/ alkenes and alkanes, 518 

Nitrogen-hydrogen bonds, dissociation energies, 1399 
Nitrogen tetroxide, planarity, 3038
Nitrogen trioxide, double-base propellant combustion, 2279 
Nitromethane, radiolysis in alkaline solns., 3382, 3387 
Nitronium perchlorate, therm, decomp. 4004, 4015 
p-Nitrophenol-amine complexes, in nonaq. solvs., 3192
5-Nitro-8-quinolinol, absence of fluorescence, 3692 
Nitrosodisulfonate, aq., radiochem., 1011 
Nitrotriphenylamines, red. at Pt, 4336 
Nitrous acid, unimolecular isomerization, 269 
Nitrous oxide, liq., radiolysis, 1394 
Nitroxides, solubilized long-chain, esr, 4129

Nmr, acetal and haloacetals, 2954; aluminum trialkyls, 822; 
chloromethylphosphine, 2666; (CH3)«NBr, 2269; di-f-butyl- 
carbinol, 4346; ¿roras-2,5-dimethylpiperazine and hydro
chlorides, 2344; ethyl esters in benzene, 2764; ethyl esters of 
phosphorus acids, 4043; ethylenediamine-H20  and NH3-H 20 ,
550; hexachlorobieyclo(2.2.1)heptenes, 198; fluorosilanes, 660; 
high-resolution, semiempirical treatment, 1414; in nonpolar, 
magnetically isotropic mol. 2111; isomeric cyanine dyes, 2008; 
isotopically subst. 2-pyridones, 1177; medium effects, 2111; 
methyl gp. hindered rotation study, 1324; monohalosubstituted 
fluorobenzenes, 991; NH<C1 spin-lattice relax., 1139; N,N- 
dimethylamides and -thioamides, 2469; neighboring magnetic 
anisotropy effect on N-H chem. shifts, 4708; organometallics 
of Li, Mg, Ca, 953; d l -  and LL-phenylalanylvalines, 2661; 
a-phenylethylazo-2-propane, 754; phenylmagnesium bromide, 
phenyllithium, pyridine, 944; polar molecules in benzene, 1819; 
pyrazines and their cations, 1642, 1646; saturated heterocyclic 
rings, 3244; pora-subst. anilines, diphenylamines, triphenyl- 
amines, 1217; subst. benzenes, 2552; tetraethyl ethylenebis- 
phosphonate, 2678; vinyl halides and vinyl ethers, 4351; 
vinylphosphonates, 175; 2H, D20  in organic solvents, 4188;
4H and 27Al, Al(III) halides in N,N-dimethylformamide, 3063;
27A1, aluminum alkyls, 4182; 27A1, trialkylaluminum complexes,
546 ; 79Br, aq. quaternary ammonium bromides, 2805; 13C,
2-subst. pyridins, 2619; 13C, 3-subst. pyridines, 290; 19F,
1,2-difluorotetrachloroethane, 4299; 19F, micelle structure,
583; l6N, HCN, 4310; 170  and »Cl, aq. HCl-Co(II), 121;
205T1, thallium borate glasses, 3416 

Noble gases, potential models and properties, 632 
Nonaqueous ionic solns., thermo, data, 2970 
Nonionic detergent, aq., micellar size and shape, 339 
Norbornadiene and quadricyclene, fluorescence quenching, 3797 
Nqr, 36C1, (C2H5)NAsCl6, 761; »Cl, phosphorus oxychloride mol. 

adducts, 1340; 14N, metal cyano complexes, 2982; 14N,
pyridine derivs., 2501 

Nucleation, homo, vapor phase, 421

Octafluorobutene-2, Hg(63Pi)-photosensitized isom., 3328 
Octanol, intermolecular assn., 3273 
Optical activity, adenine nucleosides, 1483 
Organic dyes, triplet states, dimer formation effect, 4718 
Organic glasses, photo- and y-induced ionization, 3884; rad. 

decay kinetics, 4604; radiolysis, 1702; trapped electrons, 4599; 
viscosities, 1918, 3349

Organic solids, y-irradiated, positive chg. migration, 3878
Organic vapors, ads. on silica gel, 3475
Organoaluminum cpds., etherate formation, 3567
Organometallics of Li, Mg, Ca, nmr and uv spectra, 953
Orthophosphate, sorption on crystalline metal oxides, 3236
Oscillator strength, electronic, CF2, 4594
Osmotic coefficients, aq. tri-n-alkylsulfonium halides, 212
Oxalic acid-13C, decomp., 4431
Oxalic acids, protio- and deuterio-, ir spectra, 4628
Oxidation, aniline by Cu(II) acetate, 481; flame, Na, K, Cs,

2483
Oxygen, ads. on Spheron-6, 1171; isotopic exch. on Pt, 1051;
(3P), addn. to propene, butene, and propene-butene films, 616; 

photosens. adn. to unsat. organics, 2852; singlet, violanthrone 
excitation, 2913

Oxygen atoms, gas phase rxs., 3920; rx. w/ C120, 3025; rx.
w/ ICN, 743; rxs. w/ (S(s), S(l), Se(s), Se(l), 84 

Oxygen difluoride, rx. w/ S03, 2262; thermal dissn. 2307, 2311 
Ozone, radiolytic form, and decomp., 1166 fc.

Palladium-hydrogen system, phase separation, 4695 
Paramagnetic relaxation, viscous solutions, 736 
Pentacyclotetradecanes, mass spec., 3061 
Pentafluoroethylene iodide, exch. rx. w/ I2, 1811
Peptides, aq., radiolysis, 758 »
Perchlorates, aq., radiochem., 2054 
Perchloric acid, extraction by 1-decanol, 3504 
Perfluoro-2,l,3-benzoselenadiazole anion radical, electronic and 

esr spectra, 1281
Perfluoroazomethane, photolysis, 542 
Perfluorocarbons, electronic props., 3531 
Perfluorocyclobutanone ketyl, esr, 1832 
Perfluoroethane-rare gas liquid mixtures, radiolysis, 253 
Perfluoropropene, therm, decomp., 3054 
Periodic reactions, homogeneous, 1403 
Phenanthrene solution, electrochemiluminescence, 3071 
d l -, LL-Phenylalanylvalines, nmr, 2661 
Phenylamine,, nmr, 1217 
a-Phenylethylazo-2-propane, nmr, 754 
Phenylgermanes, ir bonding, 3043 
Phenyllithium, nmr and uv spectra, 944
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Phenylmagnesium bromide, nmr and uv spectra, 944 
2-Phenylnaphthalenes, electronic spectra, 4468, 4474 
9-Phenylxanthyl radical, spatial config., 3641 
Pheophytin a and b, monolayers, 39 
Phosphate anions, aq., photolysis, 3820 
Phosphorescence, aromatic hydrocarbons, 2265 
Phosphorus compounds, organic and inorganic, ion mobilities, 

2867
Phosphorus-nitrogen system, thermo, data, 1611 
Phosphorus oxychloride molecular adducts, 36C1 nqr, 1340 
Photochemistry, aq. nitrate, 389; cobalt complexes, 400; hexa- 

cyanoferrate(III)-N3-, 410; OH-H2O2, 406; organic, lantha
nide ions as probes, 3516, 3522; platinum complexes, 383; 
platinum(II) complexes, 414 

Photochromic isomers, ads. spectra w/ o separation, 2817 
Photoelectric effects, lipid membranes in aq. media, 4512 
Photoionization, N,N,N',N'-tetramethyl-p-phenylenediamine, 

929
Photolysis, acetaldehyde-Hg, 3052; acetone, 2337; acetylene, 

4360; AgCIO,, 2798; alcohols on alumina, 2851; alkane-N20, 
759; aromatichydrocarbons-0 2sensitizer, 3468; aq. Ba(N3~)2> 
774; aq. Cr(CN)es_, 3827; aq. neg. ions, 3815; aq. phosphate 
anions, 3820; aq. pyrimidines, 3842; aq. sulfur polyvalent 
anions 1800; azoisopropane, 3754; benzil-Cr(III), 3017;
1,3-butadiene, 4037; as-butene-2-rc-butane-diazomethane-02  
mixtures, 749; C30 2-H 2, 3105; CH3I, 1583; CH3SiH3-n- 
butane-diazomethane-02, 749; Cr02Cl, 3929; cyclobutanone, 
1621; cyclohexane, 3904; cyclohexane w/ benzene and w/ 
N2O, 4684; cyclohexane-nitrosyl chloride, 4700; diazo- 
methane-ras-butene-2-N2, 191; diborane, 3367; 1,3-difluoro- 
and 1,1,3,3-tetrafluoroacetone, 1603; l,l'-dimethoxyazoben- 
zene, 153; p,p'-dimethoxybenzophenone, 3522; N,N'-di- 
phenyl-p-phenylenediamine, 3774; flash, fast rxs., 3766; fluoro- 
aldehydes, 3351, 3352; Hg-cyclobutane, 1432; Hg-ketene- 
butene, 3705; HI-I2-CO2, 1639; m - and p-hydroxyazobenzene, 
3266; iodine-amine complexes, 3863; ketene, 3952; laser, 
aromatic cpds., 2417; metal azides, 1733; methanethiol, 2145, 
3679; methylene blue, 2684; methyleneeycloalkanes, 321 
Ni-CO-Hg, 1402; N2-CO, 3741; NCS,“ 305; NH,-propane, 
3914; NOi(aq) formation by, 593; NOCl-cyclohexane, 371; 
Oü-Fj-Ni-Hi, 3168; Or-unsat. organics, 2582; octafluorobutene- 
2-Hg, 3328; 0F2-S03, 2262; organic glasses, 3884; PbBr2, 
2384; PbO as photosensitizer, 1078; perfluoroazomethane, 
542; pyran and thiopyran derivatives, 997; S02, 3736; suc- 
cinimide, 2289; N,N,N',N'-tetramethyl-p-phenylenediamine, 
929; xenon, 3129

Photooxidation, N,N'-diphenyl-p-phenylenediamine, 3774 
Photoperoxidation, autoperoxidation of 9,10-dimethyl-1,2-benz

anthracene, 3794
Photoreduction, aminobenzophenones in nonpolar media, 3782 
Photoselected emitters, emission decay time errors, 2801 
Phthalocyanine, metal-free, spectro. characterization, 3230 
Phthalocyanine, a  —► ß polymorphic conv., 3335 
7-Picoline, rx. w/ I2, 2438
Picric acid, solid state rxs. w/ subst. hydrocarbons, 4446 
Piperazinium ion, aq., therm, data, 2081 
Platinum(II), square-planar complexes, photochemistry, 414 
Platinum complexes, octahedral, square planar, photochemistry, 

383
Poisson-Boltzmann equation, variation principle for, 3575 
Polar molecules, Kihara core model, 1821
Polarization, molar, benzene solns. of molecules w/ anomalous 

dipole moments, 1517
Polarographie prewave, Ni(II)-o-phenylenediamine, 4637 
Polyacrylamide, cone. aq. soln. properties, 1265 
Polyacrylic acid, divalent metal ion binding, 1502 
Polyatomic molecules, standard sym. coords, for vib., 1451 
Poly-7-ben zyl-L-glutarnate, properties, 1157 
Polyelectrolytes and polysoaps, anionic, electrical trans. props., 

2507
Polyene-iodine complexes, spectra, 2690
Polyethylene crystals, folded chain, density and heat of fusion 

178
Polyethylene, linear, enthalpy of fusion, 309 
Polyethylenesulfonates of various gegenions, activity coeffs., 1366 
Poly-L-lysine, aq., conformational change kinetics, 3177 
Poly(methacrylic acid)-Cu(II), aq., spectro. study, 1127 
Poly-a-methylstyrene, monodisperse, in mixed solvs., thermo, 

data, 278
Poly(a-methylstyrene)s in cyclohexane, lighLscattering data, 

2161
Polymer, liqs., surface tension, 2013 
Polymerization, styrene and methyl methacrylate, 2993 
Polymers, critical surface tension estimation, 3332 
Polymer solutions, concentration fluctuations, 448

4755

Polymorphic transformation, zinc phthalocyanine, 2446 
Polynitroalkanes, therm, decomp., 1513 
Poly-a-olefins, opt. act., conformational props, in solr.., 2400 
Polyoxyethylene sulfate type surfactant, solubilization behavior, 

4331
Polyphenyl anion radicals, esr, 2238 
Polyphosphates of various gegenions, activity coeffs., 1370 
Polystyrene, degradation by ultrasonics and by benzoyl peroxide, 

4613; radiation-cross-linking properties, 4229 
Polystyrenesulfonate, cross-linked, tetra-re-butylammonium exch. 

w/ Na+, 2651
Polystyrenesulfonates of various gegenions, osmotic and activity 

coeffs., 1361
Polystyrenesulfonic acid ion-exchange membrane, volume flow, 

1566
Porous diaphragm, convective diffusion across, 4168 
Porous glass, as ionic membrane, 599 
Potassium chloride, activities in ethanol-H20, 4580 
Potassium chloride-H20-alcohol, conductivity, 866 
Potassium electrode, std. potentials in ethanol-H20, 4580 
Potassium sulfide, thermo, data, 1277 
Potential functions, interatomic, thermochem. test, 2941 
Praseodymia, tensiometric study, 2044
Praseodymium oxide-oxygen system, phase transformations, 

4415
Praseodymium trifluoride, thermo, data, 3375
2-Propanol, radiolysis, 808
Propene, rx. w/ active N, 526
Propylene and isomeric butenes, ion-mol. rxs., 1994
Propylene, pyrolysis, 4672
Proteins, aq., partial vols., 1817; tryptophan residue differentia

tion, 3654
Proteins and i^amino acids, densities, 1887 
Protein solutions, proton fluctuation anisotropy, 4058, 4066 
Proton exchange, ethylenediamine-H20  and NH3-H 20, 550 
Proton fluctuations, anisotropic, protein solns., 4058, 4066 
Pyran and thiopyran derivatives, photochromism, 997 
Pyrazines and their cations, nmr, 1642, 1646 
Pyrene^N,N,N',N' - tetramethyl- p - phenylenediamine system, 

chemiluminescence, 4348
Pyrex, membrane pot. in MN03-AgN03 (M = Li, Na, K), 1085 
Pyo-idine, ads. on faujasites, 1042; hydration in org. solvs., 3223;

ionic equilibria in, 3410; nmr and uv spectra, 944 
Pyridine and methylpyridines, radiolysis, 4528 
Pyridines, 14N nqr, 2501; 2-subst., l3C nmr, 2619; 3-subst., 13C 

nmr, 290
2- and 4-Pyridinecarboxaldehydes, reversible hydration, 655 
Pyridinium salts, in CH3OH, H + exch., 2515; in H20, H + exch., 

2520
2-Pyridone and 2-thiopyridone, dimerization, 3339 
2-Pyridones, isotopically subst., nmr, ir, 1177 
4-Pyridones, isotopically subst., spectro. study, 3681 
2-Pyridylmethyl phosphate-bivalent metal complexes, stability 

order, 116
Pyrimidines, aq., radiolysis and photolysis, 3842 
Pyrolysis, succinimide, 2289
Pyrrole-dimethyl sulfoxide system, hydrogen bonding, 650

Quantum chemistry, spin-free, spin density, 21 
Quartz, irradiated, H2 diffusion, 2277
Quaternary ammonium bromides, 79Br nmr line widths, 2805 
Quaternary ammonium radicals, in NH3, uv-visible-ir spectra, 

1374

Radial distribution function, theory, 608 
Radical recombination reactions, crit. bond length, 1009 
Radiolysis, acetamide, 2181; air-sat. aq. IICIO,, 3836; alkane- 

N20, 759; alkane-N20-alcohol, 52; alkyl and aromatic di
sulfides in glasses, 2597; amides and peptides in aquo-organic 
sys., 4721; amines, 1464; aq. amino acids, 3394; aq. Co com
plexes, 1506; aq. Cr2+, Cr3+, V2+, and Va+, 2330; aq. cysteine, 
185,2395; aq. eosin, 3337; aq. fluorescein, 2018; aq. nitrosodi- 
sulfonate, 1011; aq. N20-benzoic acid, 2946; aq. peptides, 
758; aq. perchlorates, 2054; aq. perchloric acid-ferricyanide, 
1599; aq. pyrimidines, 3842; aq. SF6, 4285; aq. 'hymine and 
triacetoneamine N-oxyl, 3669; benzene, 1027; benzene- 
biacetyl solns., 3871; benzene-N20, 3013; p-bromophenacyl 
hirsutate, 3772; CCl3F-CF2BrCF2Br, 50:50 mix., 1776; 
Ce(III) in aq. H2SO,, 3704; CH4(1)-Ar, 1076; (CH3)2Hg, 3457; 
CH3N02 in alkaline solns., 3382, 3387; CH,-02-olefins, 1475; 
C02, N20, CO, 3920; colloidal S, 3552; cyclohexane-deuterated 
olefins, 1780; cyclopropane in re-hexane and cyclohexane, 
228; di-f-butyl peroxide, 723; p-dichlorobenzene, crystal struc
ture effect, 4707; cis- and irares-l,2-dimethylcyclohexane, 4509;
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dioxane, 3849; 1,4-dioxane, aq. 1,4-dioxane, 2635; E>2-
ethylene-Kr, 3261; D2O, 511; ethane(l)—Ar, 1076; ethanol, 
816; ethylene glycol dimethacrylate polymers, 3277; free ion, 
yield in liq., 3730; HC1-SF«, 765; «-hexane, cyclohexane, 
3856; isobutane, isopentane, 2,3-dimethylbutane, 3496; 
metal chelates of glycine and alanine, 922; methyl halides, 2287;
3-methylpentane, methyltetrahydrofuran, methylcyclohexane; 
glasses, 1702; 10-MeV proton, N2- 0 2 sys., 1988; mixed Freons, 
1776; naphthalene-02-H 20, 4609; neopentane(s)-nitrous 
oxide, 3707; NH3, 1592; N20(1), 1394; N2- 0 2, 1081; N20 -  
cyclohexane, 1783; 0 2, 1166; organic glasses, 3884, 4599, 
4604; organic solids, 3878; oxygenated H20, 626; poly
crystalline n-hydrocarbons, 4347; polystyrene, 4229; 2-pro
panol, 808; pulse, cyclohexadienyl radicals by, 3832; 
pulse, short-lived transients, 3762; pyridine and methylpyri- 
dines, 4528; rare gas-C2F6(l), 253; rare gas-propane liq. mixs., 
3808; silica gel, 2623; stilbene, 3801; stilbenes, 1457; N ,N ,-  
IVV'V'-tetramethyl-p-phenylenediamine in hydrocarbons, 4265 

Raman spectra, aq. formates and acetates, 2614; fused BiCb, 
InCl2, InCl3, 3094; rhombic S, 744; S, S-Se, S-As, 4133 

Rare earth(III) ions, assn, w/ F_, 4720 
Rare gas-propane liq. mixs., radiolysis, 3808 
Recoil tritium systems, single-step double-displacement rx., 707 
Reduction, by Zn+, Cd+, Ni+, 784 
Reduction potentials, complex ions, 1355 
Refractive index, complex, colloidal AgBr, 1523 
Rhenium-oxygen sys., thermo, data, 3963 
Ribonuclease, transition temp., salt effect, 733 
Rotary power and dispersion, meas. using polarized Rayleigh 

scattering of laser radiation, 4716 
Rotating disk electrode, homo. chem. kinetics, 1082

Salicylic acids, substituted, ads. spectra pH dependence, 3297 
Salt mixtures, aq. binary, thermo, data, 4048, 4053; ternary 

thermo, data, 2086
Salts, fused, friction consts., 3001; Li and Na, in ethereal solvs., 

1021; molten, glass electode potentials, 2877; molten, ion 
exch., 2885

Schiff bases, substituent effects on tautomerism, 4111 
Semidiones, aliphatic, N atom hyperfme splittings, 1386; esr, 

1074
Sepiolite, ir study, 1072; vapor sorption, 334 
Silica, fused, ion diffusion from molten salts, 2256; fused, mem

brane potentials in fused salts, 1963; H3P04 impregnated, 
surface props., 3161 

Silica-Al20 3, cumene desorption, 356
Silica gel, w/ ads. H20, conductivity, 3662; 7-irradiation, 2623;

surface struct., 2926 
Silicate minerals, surface area, 2127 
Siloxane, rx. w/ silica, 3993 
Siloxane(g), rxs. w/ Si02, 1248
Silver(I)- and Cu(II)-pyridine systems, aq., thermo, data, 1208 
Silver bromide, colloidal, complex ref. ind., 1523; colloidal 

partical growth, 2168
Silver chloride, in binary and ternary molten salt sys., 2086;

solubility and complex formn. in dimethylformamide, 3288 
Silver iodide-Rgl, -KI, and -NH4I solid systems, thermo, data, 

2106
Silver perchlorate, conductance in sulfolane, 2124; photochem., 

2798
Singlet-sensitized reaction, photochem., mech., 3797 
Soap films, contact angles and trans. regions, 3342 
Sodium alkyl sulfates, ads. at air-water interface, 2218; ads. at

oil-H20  interface, 2222; aq., thermo, data, 2668 
Sodium bromide, aq., conductance to 4000 bars, 2100 
Sodium chloride, aq., conductances, 684 
Sodium chloride-H20-pyridine, activity coeffs., 925 
Sodium chloride-MgCl2-H 20, isopiestic meas., 4048, 4053 
Sodium chloride-ZnCl2 system, vaporization equilibria, 4524 
Sodium dodecylpolyoxyethylene sulfates, solubilization, 1214 
Sodium ion, self-diffusion in ethylene glycol-H20, glycerol-H20, 

1201
Sodium ion-Li+ ion exch., thermo, data, 789 
Sodium-kaolin and NaCl in kaolin suspension, partial molal 

vols., 2358
Sodium-NH3, gas, ads. spectra, 3334 
Sodium in NH3(1), conductance, 4224 
Sodium nitrate, X transition, 1294 
Sodium-Pb, thermo, data, 1439
Sodium perfluorocaprylate and propionate, micelle form., 3056 
Sodium sulfate-NaCl-H20, thermo, data, 2474 
Sodium tetraphenylboron, aq., thermo, data, 2525 
Sodium zeolite A, in molt. NaN03, 2885 
SOrdoped flames, rad. recomb., 3359 
Solids, high-temp, entropy estimate, 1825

Solubility, benzene in aq. tetraalkylammonium bromides, 751 
Solubilization, polyoxyethylene sulfate type surfactant, 4331;

sodium dodecylpolyoxyethylene sulfates, 1214 
Solute-solvent interactions, aq. media, 2512 
Solvation, preferential, thermodynamics, 796 
Sorption, NO on Pd, 1425; orthophosphate on crystalline metal 

oxides, 3236; propionic and acetic acids on germania, 2378; 
trialkylsilanes by E-glass or aerosil, 2750; vapor by sepiolite, 
334

Sorption-desorption, H20  on gelatin, egg albumin, casein, 1223 
S20 4~ radical, formation in dimethylformamide, 4706 
Soybean protein, H + equilibria, 3612
Spectrofluorimetry, low-wavelength, 2-aminopyridine as standard, 

2680
Spin density, spin-free quantum chem., 21 
Stannic fluoride and PbF2, gases, uv spectra, 3510 
Stark effect, solv., temp, depend., 2737 
Stilbene, radiolysis, 3801 
Stilbenes, radiolytic cis-trans isom., 1457 
Strontium carbonate, rx. w/ Ti02, 3326 
Strontium-Sr halide systems, miscibility, 1892 
Structure, see crystal structure; aq. hexamethylenetetramine, 

2588; dihalobenzocyclobutenes, 668; H20, 899, 3032; H20 -  
71-alkylamine complexes, 1808; H20  solutions, 3021; liq., 
formamide, formamide-KI, 1088; liq. Pd-Sn, 2535; meso
morphic phases, 2058; molecular, firsLrow atom hydrides, 
1289; molecular, l,2,3,4-tetrabromo-l,2,3,4-diphthaloylcyclo- 
butane, 2120; N20 4, 3038; poly-7-benzyl-n-glutamate, 1157; 
surface, silica gel, 2926

Styrene, polymerization in an electric field, 4543; polymerization 
kinetics, 216

Styrene-methyl methacrylate random copolymers, dil. soln. 
props., 829

Sublimation kinetics, NH4C104, 202 
Sulfide ion, aq., Hg passivation, 2300
Sulfolane, cryoscopic behavior, 1068; solvation nos. of some ions 

in, 4329
Sulfur, colloidal, radiolysis, 3552; liq., ring-chain equilib., 1890; 

rhombic, raman spectrum, 744; S-Se, S-As, Raman spectra, 
4133

Sulfur dioxide, photolysis, 3736; rxs. yielding excited, 3711
Sulfur hexafluoride, rx. w/ eaq~, 4285
Sulfur polyvalent anions, aq., photolysis, 1800
Surface, liquid, jet drop sampling, 589
Surface potentials, aq. electrolytes, 74
Surface properties, H3P04-impregnated Si02, 3161
Surface stress, Au, 50-985°, 4150
Surface tension, binary mixtures, 3073; critical, polymer estima

tion, 3332
Swelling, alkylammonium montmorillonites, 4295 
Symposium, photo- and radio chemistry, 3709

Tait equation, and related eq. of state, 128 
Tantalum pentafluoride, rx. w/ Ta2Os, 1099 
Tautomerism, of Schiff bases, substituent effects, 4111 
Teflon, pendular-ring cond., 2898 
Tellurium, vapor press., 1032 
Terbia, tensiometric study, 2044 
Terbia-praseodymia system, tensiometric study, 2044 
Terbium oxide-02 and mixed cerium, terbium oxide-02 system, 

phase transformations, 4424 
Term energies, experimental, analysis, 2335 
Tetraalkylammonium bromides-aqueous KBr, vol. changes on 

mixing, 1137
Tetraalkylammonium halides, aq., conductivities to 4000 kg/cma, 

1763; potassium halides, aq., vols. of mixing, 3048 
Tetraalkylammonium iodides, aq., partial molar vols., 1814 
Tetraalkylammonium salts, conductance in ethanol and propanol, 

3281
Tetra-w-butylammonium bromide, aq., acid-base rxs. in, 1132 
n-Tetrabutylammonium halides, hydrophobic hydration, 2694, 

2695; low-temp., high-pressure hydrate, 376 
Tetrachloroethanes, Cl-photosensitized ox., 3926 
Tetraethyl ethylenebisphosphonate, nmr, 2678 
Tetraethylammonium perchlorate, conductance in valeronitrile, 

1960
Tetraethylammonium tetrakis(dibenzoylmethiodo)europate(III), 

structure, 970
1,1,2,2-Tetrafluorocyclopropane, difluoromethylene elimin., 2234 
Tetrafluoroethylene, pyrolysis, 3462 
Tetraheptylammonium fluoride, extraction, 2831 
Tetrakis(p-methoxyphenyl)ethylene cation rad., esr, 286 
Tetramethylammonium bromide, motional properties, 2269 
N,N,N',N'-Tetramethyl-p-phenylenediamine, photoionization, 

929; radiolysis in hydrocarbons, 4265
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Tetranitromethane, rx. w/ N02-  and 0H~, 1402
Thallium-205, nmr, 3416
Thallous nitrate, conductance in dioxane-H20, 4710
Thermal accommodation coefficient, lattice anharmonicity and, 

3573
Thermal decomposition, solid-state, 2185
Thermodynamic data, acetonitrile autoprotolysis, 2270; acety

lene pc. w/ I2, 3204; acid-base equilib. in 1,1,3,3-tetramethyl- 
guanidine, 918; Ag(I)- and Cu(II)-pyridine aq. sys., 1208; 
AgCl in dimethylformamide, 3288; AlBr3, 1664,1669; A1C1F2, 
AlCbF, 3444; A1F3, 475; Al(g), rx. w/ S2(g), Se2(g), Te2(g), 
1660; alkali met. halides in N,N-dimethylformamide, 2966; 
alkali metal and tetraalkylammonium salts in H20  and D20, 
4317; alkali perrhenates and perchlorates trans. between H20  
and CH3N02, 4549; alkaline perchlorates in CH3OH-CH3CN, 
2245; n-alkane surfaces, n-alkane-H20  interfaces, 1407; 
alkanes on Teflon, 2898; n-alkylammonium halides, 4082; 
alkylammonium salts in benzene, 3437; amine-amine hydro
chloride sys. in toluene, 1630; amylose-I2- I _ complex, 4563; 
aniline solutions, 261; aq. alk. met. halide salt pairs, 2759; 
aq. amides, 2710; aq. calcium phosphate, 208; aq. CuS04 
and Cu(en)2S203, 3986; aq. dichromate rx. w/ silica gel, 104; 
aq. divalent chlorides, 4589; aq. electrolyte-nonelectrolyte, 
3053; aq. HCl-Co(II), 121; aq. I~-I2-ICl-Cl-Pt, 2782; aq. 
ions, 2902; aq. methylene blue, 2477; aq. molybdovanado- 
phosphoric acids and salts, 4304; aq. NaCl, 684; aq. Na2S04, 
2251; aq. Na2S04-NaCl, 2474; aq. NH4C1 and sym. tetra
alkylammonium chlorides, 1758; aq. piperazinium ion, 2081; 
aq. proteins, 1817; aq. tetraalkylammonium halides-KX, 
3048; aq. tetraalkylammonium iodides, 1814; aq. sodium 
alkyl sulfates, 2668; aq. sodium tetraphenylboron, 2525; 
aq. thiacarbocyanine dye, 1259; aq. thiazolium and related 
ions, 2213; aq. tri-n-alkylsulfonium halides, 212 ; aq. trifluoro- 
acetic acid, 1944; aq. tungstosilicie acid, 360; aromatic- 
alicyclic sys., 1345; aromatic cpds. in tetrachloroterephthalate 
esters, 4020; Ar, Xe, 1230; Ar and CH4, 3559; Ar-H20 -  
ethylene glycol, 2998; Ar in NaN03(l), 603; As, 1102; As4(g), 
4327; assn, in mixed alkali halide vapors, 4620; benzene in 
aq. tetraalkylammonium bromides, 751; benzene on porous 
glass, 3201; benzene-cyclohexane soin, surface, 1555; ben
zene-xylenes, 1939; bidimensional cond. in ads. layers, 1847; 
bimol. lipid membranes at H20-oil-H20  biface, 2723; binary 
liq. halomethane mixs., 1529; binary soins, of dioxane, benzene, 
cyclohexane, nitrobenzene, 3073; bismuth trihalides to 36 
kbars, 1327; bivalent metal complexes of 2-pyridylmethyl 
phosphate, 116; bolaform electrolytes, 4290; Br2 in H2O and 
CC14, 3695; ¿-butyl hypohalites, 2260; Ca3N2, 2434; carbonium 
ion pairs, 2233; cation exch., 2789; cation-ligand assn., 144; 
CCI2, 1552; CC14 on graphite, 1955; Cd-CdCh liq. sys., 44; 
CdCl2-alkali chloride sys., 353; ceria-terbia sys., 2030; CF4- 
(g), 222; charge-trans. interactions, 2272; CHC13 as hydrogen 
donor, 1297; CH2l2(g) and rx. w/ CH4(g), 4713; cholesteryl 
myristate, 3489; 14C-labeled dodecanoic acid, 2243; CoCl2 
and ZnCl2 in acetonitrile, 2075 ; C02, COS, CS2, 2730; cohesive 
energies of liqs., 4688; Cu(I)-CN~ complexes in anion ex
changers, 2605; cyclohexane-isooctane and CCl4-isooctane, 
4496, 4503; cyclotetramethylenetetranitramine, 2,4,6-trinitro
toluene, nitromethane, and bis(2,2-dinitro-2-fluoroethyl)formal 
detonation, 2390; dicarboxylic acids in aq. tetra-n-butyl- 
ammonium bromide, 1132; diffusion double layer in mixed 
electrolytes, 727; divalent metal ions bound by polyacrylic 
acid, 1502; D20, 4654; 1:1 electrolytes in HCO2H, 4031; 
ethanol-heptane sys., 4534; ethyl acetate-H20, 364; Eus04(s), 
4235; exch. of substituents between (CH3)2Si and (CHîhGe 
moieties, 4380; fluorocarbon gases in cyclohexane, 2248; 
bis(fluoroxy)perfluoromethane, 3512; fused Si02 in molten 
salts, 1963; Ga-In sys., 1047; gas ads. on silica, 4676; H + 
equil. of soybean protein, 3612; H2 ads. on Ni-Cu, 2775; 
H2-H 2O hydrogen isotope equlihria, 4338; FB-Pd-Au, 136; 
HC1 in aq. salt soins., 4408; HCl trans. from H20  to aq. ethyl
ene glycol, 3937; HC1 trails., II20  to HAc, 1064; HCl-GdClj, 
257; HC104 extraction by 1-decanol, 3504; HC104-LiC104-  
H2O, 767; HC104-NaC104-H 20, 767; HzO ads. on Agi, 643; 
H2O in N2, Ar, CH4, 20-100 atm, 330; H20  in organic solvents, 
4257; H20  on Th02, 2293; iEO-triethylarnme sys., 4194; 
H2O-C2H5OH, D2O-CH5OD, 2645; H2S04 aq., 562; He, N?, 
Ar in hydrazine, methylhydrazine, and unsymmetrical di- 
methylhydrazine, 638; Hg in dimethyl cyclohexanes and alco
hols, 1913; Hg in 17 solvents, 464, 471; harmonic oscillators, 
3034; high-press, ads., 2695; hydrocarbon mixtures, 676; 
hydrocarbons, 2941; hydrogen bonding, 3478; hydrogen bond
ing in aliphatic sec. amines, 3111; inter- and intramolecular 
hydrogen bonding, 4243; hydrophobic bond formation, 856; 
hydroxytropenylium halide hydrates, 2950; (I2)2, 2697; IF7, 
IOF5, 4697; iodine-tetramethylurea and -tetramethylthiourea

mol. complexes, 2129; ion exch. of zeolites, 4086; ion exch. 
rxs., 2651; ion exch. w/ 2-phase glass, 2665; ion-pair assn., 
1396; 2:2 and 3:3 ion pairs, 3330; ionic equilibria in pyridine, 
3410; I2 on perylene, 2986; isotherm, equil. in electrolyte solns. 
1536; isotopic waters and ices, 1234; KC1 in ethanol-H20, 
4580; Knudsen cell calibration, 4323; K2S, 1277; LaH2-LaH3, 
3958; LaS, 2231; Li electrode in aq. solns., 4263; Li in Li-Hg, 
1017; Li and Na salts in ethereal solvs., 1021; LiCl-acetone- 
silica gel, 97; LiC104-NaC104-H 20, 767; linear polyethylene, 
309; liq. Pd-Sn, 2535; mercuric halides, 4155; metal com
plexes of hydrolyzed ethylene-maleic anhydride copolymer, 
2496; metal ion polymerization, 885; N-methylacetamide in 
CC14, 2465; methylcyclohexane-fluorobenzene, 56, 63; N- 
methylpropionamide solns., 3209; Mg-MgCl, 506; Mg3N2, 
2241; molten PbCl2-CsCl and CdCl2-CsCl, 2361; molten 
salts, 2877; molten salt ion exchange w/ glass, 4175; Mont- 
morillonite ion exch., 4340; N2 ads., universal isotherm., 3673; 
NaCl, Na2S04, MgS04, MgCl2 aq. binary mixtures, 4048, 
4053; NaCl and KC1 in H20, 4123; NaCl-H20-pyridine, 925; 
NaCl-ZnCl2 sys., 4524; Na-Li ion-exch., 789; Na in NH3(1), 
4224; Na-kaolin and NaCl in kaolin susp., 2358; Na-Pb, 
1439; naphthalene-H20-air sys., 646, 2283, 2284; NbCl5, 
1272; NH3-H 20  solns., to 700° and 4000 bars, 3122; N2H4-  
1,1-N2H2(CH3)2 and He(or N2)-N2H4- 1,1-N2H2(CH3)2 sys., 
2556; N H 4+ ( N H i ) „ _ i +  NH3, 742; nitrobenzene-HAuCl4-aq. 
HCl-benzene sys., 1617; nonaq. ionic solns., 2970; nonionic 
organics on A120 3 and Si02, 489; N20 4-N 0 2 sys., 2963; NO?-  
N20 4-solv. sys., 1626; p-nitrophenol-amine complexes in 
nonaq. solvs., 3192; octanol intermol. assn., 3273; organic 
vapors on silica gel, 3475; organophosphorus comp.-amine 
complexes, 2908; PbCl2-ACl (A = Na, K, Rb, Cs), 2706; 
Pb02, 562; Pd-H2 sys., 4395; PN, P3N5, 1611; PrF3, 3375; 
perchlorates in sulfolane, 4329; polyethylene crystals, 178; 
poly (ethylene oxide) ads. at aq.-air interface, 4459; poly- 
(vinyl alcohol) and poly(vinyl pyrrolidone) at aq.-air interface, 
4450; polyethylenesulfonates of various gegenions, 1366; 
poly-a-methylstyrene, monodisperse, in mixed solvents, 278; 
poly(a-methylstyrene)s in cyclohexane, 2161; polymer liqs., 
2013; polyphosphates of various gegenions, 1370; poly- 
styrenesulfonates of various gegenions, 1361; PrO*-02 sys., 
4415; pyridine hyd. in org. solvs., 3223; 2-pyridone and 2- 
thiopyridone, 3339; pyrrole-dimethyl sulfoxide sys., 650; 
rare earth(III) ions w/ F~, 4720; Rbl-AgI, KI-AgI, NH4I- 
Agl, 2106; rhenium-oxygen sys., 3963; ribonuclease-H20 -  
organic salts, 733; sessile drop, 318; siloxanes on silica, 3993; 
Sn(IV) chloride cpds. w/ ethyl esters of dicarboxylic acids, 
1334; sodium alkyl sulfates at air-water interface, 2218; 
sodium alkyl sulfates at oil-water interface, 2222; Sr-Sr 
halide, Ba-Ba halide sys., 1892; swollen rubbers, 345; TaF5 
rx. w/ Ta20 5, 1099; Te, 1032; terbia, praseodymia, praseo- 
dymia-terhia, 2044; terbium oxide-02 and mixed cerium, 
terbium oxide-02 sys., 4424; ternary molten salt sys., 2086; 
tetraalkylammonium bromide-aq. KBr, 1137; tetraethyl- 
ammonium perchlorate in valeronitrile, 1960; Th02-H 20, 
573, 2095; thiourea-Hg(CN)2-H 20-EtOH, 2720; toluene- 
fluorobenzene, 56, 63; X transition NaNCb, 1294; tridodecyl- 
ammonium salts in nonpolar solvs., 4202; vapors on sepiolite, 
334; various gases in N-methylacetamide, 4651; various liq. 
densities, 1057; V205-H 20  sys., 3293; water-ice isotope 
fractionation, 3683; XeF2, XeF4, 1162; p-xylene and tetra-n- 
pentylammonium thiocyanate solns., 3584; YbC2, 1697; 
zinc halides, 3361

Thermodynamics, bimol. lipid membranes at H20-oil-H20  
biface, 2723; binary mixtures, 2280; C02, COS, CS2 by signif. 
struct, theory, 2730; congruently melting cpds., 2263; equilib. 
rate processes, 1844, 1845; excess props, of aromatic-alicyclic 
sys., 1345; exclusion chromatography, 4397; fluid mixtures, 
1897; heats of formation, 2422; Hg in 17 solvents, 464, 471; 
McKay-Perring eqs., 2548; nucleation, homo, vapor phase, 
421; preferential solvation, 796; quantum devs. from corresp. 
states, 2567; radial distribution function, 608; simple liq. 
model, 1510; simple liquids, 1842; solids, high-temp, entropy, 
1825; spectrophotometric equil. eq., 2272; Tait eq. and 
related eqs., 128; ternary liq. two-phase system interfaces, 
4139; tertiary systems, 2316; variation principle for Poisson- 
Boltzman eq., 3575

Thermogravimetric data, kinetic analysis, 2406
Thiacarbocyanine dye, aq., metachromasy, 1259
Thianthrene cation radical, :H and 33S hyperfine splitting, 1390
Thiazolium and related ions, aq. equilibria, 2213
Thiocyanate ion, in soln., photochemistry, 305
Thiourea, interaction w/ Hg(CN)2 in H20-EtOH, 2720
Thiourea and thioacetamide, oxidn. by alk. hexacyanoferrate- 

(III), 1497
Thorium oxide-H20, thermo, data, 573, 2095
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Thymine and triacetoneamine N-oxyl, aq., radiolysis, 3669 
Tin(IV) chloride, cpds. w/ ethyl esters of dicarboxylic acids, 

1334
Titanium(III) ions, rxs. w/ H20 2, 164 
Titanous salts, rxs. w/ H20 2, 3154 
Toluene-fluorobenzene, thermo, data, 56, 63 
Transients, short-lived, observation, 3762 
Trialkylaluminum complexes, 27A1 nmr study, 546 
Trialkylsilan.es, rxs. w/ E-Glass or aerosil surfaces, 2750 
Tri-n-alkyls’ulfonium halides, osmotic coefficients, 212 
Trialkylsulfonium iodides, conductance in H2O, CH3OH, and 

CH3CN, 1037
Trichloroethylene, Cl-photosensitized oxidn., 3926 
Tridodecylammoniiun salts, in nonpolar solvs., 4202 
Triethylamine, molecular complexes w/ acetic and monochloro- 

acetic acid, 3347
Trieuropium tetroxide, thermo, data, 4235 
Trifluoroacetic acid, aq., thermo, data, 1944 
Trifluoromethylnitrobenzene anion radicals, esr, 68 
Trilluoromethyl radicals, rxs. w/ methylchlorosilanes, 494; 

rx. w/ H2S, 4239
Trigonal-bipyramidal complexes, d1 and d9, crystal field-spin 

orbit treatment, 3588
Trihalomethyllithium and sodium compounds, in Ar(s), 1743
2.2.4- Trimethylpentane-cyclohexane and -CC14, thermo, data, 

4496, 4503
2.4.5- Triphenylimidazolyl radical, esr, 4717 
Triphenylmethyl derivatives, esr and endor, 4276 
Triphenylmethyl and tris(p-tolyl)methyl radicals, endor spectra,

4269
Triphenylphosphine sulfide-iodine complex, crystal structure, 

1561
Triplet states, aromatic nitrogen heterocycles, biphenyl, ace- 

naphthene, 3215
Tris(dimethylammonium) hexabromobismuthate(III), crystal 

structure, 3117
Tritium, recoil-, rx. w/ methylsilanes, 2631; recoil-, single-step 

double-displacement rxs., 707; recoil-, solid phase rxs., 1789; 
recoil-, subst. in CH3NC, 763

Tritium atoms, energetic, H vs. D replacement, 1845; rx. w/ 
solid propene and propane, 1 

Tropylium ion, in mass spec., 3061 
Tryptophan residues, differentiation in proteins, 3654 
Tungstosilicic acid, osmotic coeff., 360

Ultracentrifugation, rotor deceleration, 498 
Ultrasonic absorption, aq. poly-L-lysine, 3177 
Ultrasonic adsorption, aq. glycine, diglycine, triglycine, 2227 
Ultrasonic relaxation, 3,3-diethylpentane, 2268 
Unimolecular dissociation reactions, crit. bond length, 1009 
Unimolecular reaction systems, kinetics, 4483, 4488 
Urethane reactions, uncatalyzed, kinetics, 845 
Uv spectra, aq. halogens, 3671; aromatic chromophores, 2934; 

cyclooctatetraenyl rad. anion, 2813; HBr and HI, 3046; 
m - and p-hydroxyazobenzene, 3266; I2 in hydrocarbons, 3059; 
metal 0-ketoenolates, 4631; N03_ in molten alkali metal 
nitrate mixtures, 293; organometallics of Li, Mg, Ca, 953; 
phenylgermanes, 3043; 2-phenylnaphthalenes, 4468, 4474; 
proteins, 2934; SnF2(g), PbF2(g), 3510 

Uv-visible-ir spectra, quaternary ammonium rads., 1374 
Uv-visible spectra, chlorophyll at 77°K, 3941; Cu(II) chelates 

w/ 8-quinolinol and arylhydroxycarboxylic acids, 3372; iso
meric cyanine dyes, 2008; 0 2_ on glass, 367; perfluoro-2,1,3- 
benzoselenadiazole anion radical, 1281 ; photochromie isomers, 
2817; polyene-iodine complexes, 2690

Vanadium pentoxide-H20, thermo, data, 3293 
Vanadium(II)-vanadium(III), radiolysis, 2330 
Vibration analysis, harmonic-, isotopic naphthalenes, 1446 
Vinyl ether, hydrolysis, 1313 
Vinyl halides and vinyl ethers, nmr spectra, 4351 
Vinylphosphonates, subst., nmr, 175 
Violanthrone, excitation by singlet 0 2, 2913 
Viscometer, capillary, flow-time fluctuations, 448 
Viscosity, acrylonitrile-styrene copolymers in DMF, 4104; aq. 

electrolyte mixtures, 2663; aq. Na2S04, 2251; aq. polyacryl
amide, 1265; Bi-Bi halide solns., 1737; cone, dependence 
beyond Einstein’s region, 4682; intrinsic, monodisperse 
polymer, 2890; organic glasses, 752, 1918, 3349 

Viscous solutions, paramagnetic relaxation, 736 
Visible-ir spectra, alkali metals in hexamethylphosphoramide, 

2655
Visible spectra, alk. mets. in fused alk. met. salts, 1111; iodine 

in many solvs., 3300; IRS at electrodes, 1144; Na-NH3 gas, 
3334; phthalocyanine, 3230 

Voltammetric behavior, aq. I - -I 2-IC1-C1 _-Pt, 2782 
Volume flow, oxid. collodion membranes, 1752

Water, ads. on Agl, 643; ads. on Th02, 2293; condensation, 421, 
433; heavy, radiolysis, 511; heavy, 2H spin-lattice relaxn. in 
organic solvents, 4188; Kerr consts., 3069; molal vols. in 
organic solvs., 4257; nucleation, 421, 433; solubility in comp. 
N2, Ar, CH4, 330; structure, 899 

Water-re-alkylamine complexes, structure, 1808 
Water and i-butyl alcohol, rxs. w/ Na in NH3(1), 4520 
Water clathrates, dielectric properties, 49 
Water-ethanol and D20-C 2H50D, vapor press., 2645 
Water-ice, isotope fractionation, 3683 
Water-in-oil emulsions, dielectric properties, 33 
Water-salts, max. dens, temp., 3032 
Waters and ices, isotopic, vapor press., 1234 
Water solutions, structure-making and -breaking solutes, 3021 
Water transport, cation-exchange membranes, 3698, 3699 
Water-triethylamine system, thermo, data, 4194 
Wettability, gold, 2412 
Wustite, coulometric titration, 485

Xanthyl radicals, esr study, 3635, 3641, 3647 
Xenon, red. eq. of state, 1230; vapor, continuum emission, 3129 
Xenon di- and tetrafluoride, thermo, data, 1162 
X-Ray study, liq. formamide, liq. formamide-KI, 1088 
p-Xylene and tetra-n-pentylammonium thiocyanate solns., 

vapor press., 3584

Ytterbium dicarbide, thermo, data, 1697

Zeolite nickel faujasite, crystal structure, 4366 
Zeolites, divalent cation faujasite-type, residual H20, 1400; 

group la X and Y, Br0nsted acidity, 3066; H20  addn., 2689; 
hydrogen Y, rx. w/ NH3, 3071; Linde X, Sr-Na ion exchange, 
4095; Linde X  and Y, alk. earth ion exch., 4086; sodium A, 
in molten salts, 4704; X and B, form, 1385; X  and Y decation- 
ated, OH group stability, 1768; Y, surface group ir study, 4211 

Zinc halides, vaporization, 3361 
Zinc phthalocyanine, polymorphic transformm., 2446 
Zinc tetraphenylporphin-benzoquinone system, H+ ejection and 

electron trans., 1797
Zirconium(IV) oxide membranes, hydrous, salt-rejection props.,
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