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U R A N Y L  S E N S I T IZ E D  P H O T O D E C O M P O S IT IO N  O F  O R G A N IC  A C ID S
I N  S O L U T IO N 1

By G. E. H e c k ler , A. E. T a y lo r , C. Jen sen , D. P ercival , R. Jen sen , and  P. F ung 

D e p a r t m e n t  o f  C h e m i s t r y ,  I d a h o  S t a t e  C o l l e g e ,  P o c a t e l l o ,  I d a h o  

R e c e i v e d  F e b r u a r y  2 ,  1 9 6 2

Uranyl sensitized photodecomposition products of various organic acids are presented. Sensitized photode
composition rates for malonic, succinic, and glutaric acids were determined in the pH range 0.5 to 3.0 by measur
ing the gas produced in a Warburg micromanometrie apparatus. Theoretical analysis of these results shows 
tha t the photosensitive species is a 1 : 1  complex of diionized acid with uranyl ion for malonic acid and a mixture 
of 1 : 1  complex and 2 : 1  complex of monoionized acid with uranyl ion for succinic and glutaric acids.

Photodecomposition of oxalic acid in solution sensi
tized by uranyl ion has been used extensively for actin- 
ometry.2 Uranyl sensitized photodecomposition studies 
of other organic acids have been made.3 Past studies 
of such systems have involved internal analysis of the 
organic acid and residual by standard analytical tech
niques.

In this Laboratory, Taylor and Jarvis4-5 used a War
burg apparatus with high intensity ultraviolet lamps 
and quartz flasks for external micromanometrie measure
ment of the amount of gaseous product. This technique 
permits continuous measurement of the extent of reac
tion without disturbing the reacting system. How
ever, the nature of the gas evolved must be known to 
apply theoretical analysis to the experimental measure
ments.

This paper presents results of investigation for photo
decomposition products from a variety of acids; it also 
discusses the results and makes a theoretical analysis of 
the nature of the reacting system for photodecomposi
tion of a group of three organic acids.

Experimental
Chemicals.—The melting points of Baker Analyzed Reagent 

formic, oxalic, succinic, and tartaric acids and of Eastman White 
Label propionic acid indicated a high degree of purity. These,

(1) This paper is based on work performed under contract with the United 
States Atom ic Energy Commission, contract no. A T(10-1)-310 with Idaho 
State College.

(2) C. R . Masson, Y . Bockelheide, and W . A . Noyes, Jr., “ Techniques of 
Organic Chemistry,”  Vol. II , 2nd Ed., Ed. by A. Weissberger, Interscience 
Publishers, Inc., New York, N . Y ., 1956, pp. 292—298.

(3) G. K . Rollefson and M . Burton, “ Photochemistry and the Mechanism 
of Chemical Reactions,”  Prentice—Hall, Inc., Englewood Cliffs, N . J., 1934, 
pp. 241-244.

(4) A. E. Taylor and F. G. Jarvis, Presented at the Northwest Regional 
Meeting o f the American Chemical Society, June 16, 1958, in Portland, 
Oregon.

(5) A. E. Taylor, G. E. Heckler, and D . R . Percival, T alanta, 7, 232
(1961).

as well as Baker and Adamson A.C.S. acetic acid, were used as 
received. Eastman White Label glutaric acid was repurified by 
crystallization from benzene to give a product of m.p. 97-98°. 
Tests of Eastman, malonic acid indicated high purity, but micro 
amounts of a photosensitive impurity were revealed during this 
investigation. These were removed by crystallization from ace
tone. Eastman White Label valeric anhydride was hydrolyzed 
to obtain a solution of valeric acid. Uranyl chloride solutions 
were prepared as described in ref. 5.

Apparatus.—A rectangular Warburg apparatus—modified by 
introduction of high intensity ultraviolet lamps (G.E. G36T6)— 
was used for micromanometrie determination of the production of 
gas. According to the manufacturer’s specifications, 90% of the 
output of these lamps is 2537 A. Hg radiation. For reaction 
vessels, quartz single side-arm flasks of approximately 25-ml. 
capacity were used.

Absorbancy measurements were obtained with a Beckman DU 
spectrophotometer; pH measurements, with a Beckman Model 
G pH meter; gaseous infrared analysis with a Beckman 1R-5.

Method.—A. Photodecomposition Products.—Solutions con
taining UO2CI2 and one of the acids were placed under an argon 
atomosphere in a 250-ml. quartz flask and irradiated by a bank 
of six 18-in., 15 w. Sylvania germicidal lamps for periods ranging 
from 3 to 16 hr., depending upon the organic acid being examined. 
The gas was transferred to a 10-cm. infrared gas cell by a gas 
handling apparatus which permitted measurement of the approxi
mate partial pressure of the decomposition product. All solutions 
were 0.05 M  in UO2CI2 and 0.5 M  in acid except the following: 
valeric acid, 0.038 M  in UO2CI2 and 0.154 M  in acid; malonic, 
0.062 M  in UO2CI2 and 0.398 M  in acid; succinic, 0.288 M  in acid.

The non-gaseous photodecomposition products were identified 
by a paper chromatographic method described by Kennedy and 
Barker.6

B. Micromanometrie.—Of the 14 manometers in the rectan
gular Warburg apparatus, two w-ere used for barometric correc
tions and two were used to assure a constant intensity of light 
produced by the fluorescent lamps. These latter two flasks con
tained 0.1 M  oxalic acid and 3.75 X 10~4 M  UO2CI2 at a pH of 
1.30 ±  0.02 during all measurements.

To correct for physical variations between flasks, “ pressure 
constants” were experimentally determined for the other ten 
flasks. These “ pressure constants” -were measured by irradiating

(6)_E. P. Kennedy and IT. A. Barker, A n a l. Chem., 23, 1033 (1951).
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T able  I

Acid Formula
Acid

concn., M

UCb+s 
concn., M

pH of 
system

Gaseous photo- 
decomposition 

products
Non-gaseous decomposition 

products

Formic HCOOH 0.5 0.05 1 . 5 C 0 2, CO,° (H 2) h 2o

Acetic HsC— COOH .6 .0 4 1 . 8 co 2, c h 4 None
Propionic H 3C— c h 2— COOH .5 .05 1 . 8 C 0 2, c 2h 6 None
Valeric H 3C— (C H 2)3— COOH .1 5 .0 4 1 . 9 C 0 2, CiHio6 None
Oxalic HOOC— COOH .5 .05 0 . 6 C 0 2, CO h 2o

Malonic H O OC— CH 2— COOH .4 .0 6 0 . 9 co 2 H 3C— COOH
Tartaric H OOC— CH( OH)— CH( OH )— COOH .5 .05 1 . 1 co 2 (H 2C (O H )C H (O H )C O O H )
Succinic H OOC— (C H 2)2— COOH .3 .05 1 . 6 co 2 H 3C— CH 2— COOH
Glutaric HOOC— (C H 2)3— COOH .5 .05 1 . 6 co 2 H 3C— (C H 2)2— COOH
“ Moles of C02 >  moles of CO. b n-Butane.

Min.
Fig. 1.—Gas produced vs. irradiation time for oxalic acid (pH 

1.32), A; malonic acid (pH 1.93), □ ; succinic acid (pH 2.63), X ; 
glutaric acid (pH 3.00), o; tartaric acid (pH 1.99), •. Concen
trations were 0.1 M  in acid and 3.75 X 10 ~i M in uranyl for all 
cases.

Min.
Fig. 2.—Gas produced as a function of time for 0.1 M  malonic 

acid at pH 2.20, O; pH 2.00, •; pH 1.83, a ; pH 1.32, X ; pH 
1.10, □ ; U02+2 (moles/1.) = 3.75 X lO“4.
the same solution in all flasks and calculating correction factors 
which convert all measured pressures to that measured in an 
arbitrarily selected “standard flask.” These constants permit 
correction of results from nine of the flasks to that of the “stand
ard flask” and make all measurements comparable.

Before radiation, all flasks were swept free of air by argon, 
leaving an argon atmosphere above the solution. All measure
ments were made at 30 ±  0.02°, and the volume of reacting solu
tion was 3.2 ml. in all cases. Further details of these measure
ments may be found in ref. 5.

Results
Photodecomposition Products.—Table I summarizes 

the product analyses. Two competing reactions appear

HA“ (moles/1.) X 103.
Fig. 3.—Rate as a function of concentration of monoionized 

acid for (a) malonic, 0.1 M, • ; 0.5 M, O; (b) succinic, 0.03 M, O; 
0.1 M, •; 0.3 M, O; (c) glutaric, 0.03 M, 3 ; 0.1 M,  •; 0.3 M, O-
to take place during radiation of formic acid: both 
C 02 and CO were found, the former more predominant. 
From these reaction products, formation of H2 and 
H20  are hypothesized.3 Glyceric acid was not posi
tively identified as a product of photodecomposition of 
tartaric acid. However, by analogy with the other 
acids for which a generalized reaction may be

hv
R— CH2COOH  --------> RCH3 +  C 02

U0 2+2
glyceric acid is the probable non-gaseous product.
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Four of these acids (tartaric, malonic, succinic, and 
glutaric) yield C 02 as the only gaseous photodecom- 
position product, and these four were selected for micro- 
manometric studies. The tartaric acid micromano- 
metric results indicated greater complexity of the solu
tion system than was true for the other three acids. 
Hence the remainder of this report presents results for 
malonic, succinic, and glutaric acids only.

Micromanometric.— Figure 1 illustrates experimental 
measurements for several acids. The rate of gas 
production was found to decrease with time as acid 
was depleted or as uranyl concentration was decreased 
by conversion to the uranic form.7 Figure 2 illustrates 
the effect of pH variations on malonic acid. During 
the first 1 to 4 min., depending on the system, the rate 
is linear with time. Over this time scale the rate of 
photodecomposition (production of C 02) may be con
sidered a function of the properties of the original solu
tion (i.e., uranyl concentration, acid concentration, 
etc.). Figure 3 plots the rate of sensitized photode
composition vs. concentration of monoionized carboxylic 
acid at constant uranyl chloride concentration; Figure 
4 plots rate vs. concentration of diionized acid for each of 
the three acids investigated also at constant uranyl 
chloride concentration. These carboxylate concentra
tions were controlled by varying both the organic acid 
concentration and the pH. The concentrations of the 
ionized organic species were calculated using accepted 
dissociation constants. Figures 3 and 4 show that rate 
of photodecomposition is a monotonic function of the 
monoionized acid for succinic; and glutaric acids and a 
monotonic function of the diionized acid for malonic 
acid.

Absorbance data to which the method of continuous 
variation8’9 has been applied are given in Fig. 5. These 
data indicate that an acid/uranyl ratio of 2:1 for suc
cinic acid and of 1:1 for malonic acid represents a com
plex. Photodecomposition results indicate that the 
complex formed with glutaric acid is similar to that for 
succinic, yet absorbance data did not disclose a complex.

Discussion.— The variation in photodecomposition 
rates with pH, and with concentration of organic acid 
and uranyl at low pH, may be explained by assuming
(1) that the photosensitive species is a complex formed 
between uranyl ion and organic acid ion, and (2) that 
the rate of photodecomposition is proportional to the 
product of the concentration of complex and the in
tensity of radiation.

rate =  kl (complex) =  draco,/di (I)

Where I  is intensity of radiation, nCOt is moles of C 02 
formed, t is time, and parentheses indicate concentra
tion.

To determine the effect upon decomposition rate 
caused by the decrease of radiation due to absorption, 
the Beer-Lambert law may be applied

I L =  Io exp[— (fciai +  fc2a2 + ----- )L] =
h  exp[—(Sjfciai)L]

where k-, is the molar absorbancy index for component i 
present at concentration a¡, and L represents the length

(7) J. J. McBrady and R. Livingstone, J. P h ys. Chem., 50, 176 (1946).
(8) A. E. Martell and M. Calvin, “Chemistry of the Metal Chelate 

Compounds,” Prentice-Hall, Inc., Englewood Cliffs, N. J., 1952, pp. 28-34.
(9) I. Feldman and J. R. Havill, J. Am. Chem-. Soc., 76, 2114 (1954).

A -2 (molesA) X 105.
Fig. 4.—Rate as a function of concentration of diionized acid for (a) malonic, 0.1 M ,  • ;  0.5 M ,  O;  (b) succinic, 0.03 M ,  • ;  0.1 M ,  € ;  0.3 M ,  O; (c) glutaric, 0.03 M ,  • ;  0.1 M ,  3 ; 0.3 M ,  

O.

of solution through which the light has passed. If the 
reaction chamber were an ideal system consisting of a 
vertical cylinder with light entering vertically through 
the bases of the cylinder, the differential rate of de
composition at height L  from a regular volume element 
of height dL and unit cross-sectional area would be, ac
cording to (I)

dr =  A7l(complex) dL =  A70(complex) X
e x p [— (S i/fid i)!/] dL

Integration of this expression over the volume of the cell 
yields

r =  dncojdt =  7uSJ0(3omplex) X
{(1 — exp[—(Ztkiai)h])/'Sikiai} (II)

Where h is total height of cylinder, S is area of base of 
cylinder, Ia is entering light intensity, and K  is a pro-
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Mole fraction acid.
Fig. 5.—Absorbance difference as a function of mole fraction 

(a) malonie, (b) succinic: • ,  X = 405succinic; X ,  X = 415; □ , 
X =  425; # , X =  435 malonie.

portionality constant. The factors K, S, and J0 are 
constant for each acid studied, and may be
spectrophotometrically determined as 2.303d, where A 
is the absorbancy measured for a 1-cm. cell at 2537 A. 
Gathering the constants gives

r =  k(complex) {[1 — exp(—2.3dA)]/2 .3d} (III)
Because the flasks used in these measurements were 
non-ideal systems, the height, h, must be treated as an 
empirical constant.

The nature of the photosensitive complex with uranyl 
ion in solutions of each of the three acids is partially 
indicated by the data presented in Fig. 3 and 4 together 
with the continuous variation results. (In the re
mainder of this paper, chemical formulas appearing in 
parentheses indicate concentration of that species. 
The symbol U refers to the total uranyl concentration 
as complex or as ion.)

The experimental results presented in Fig. 3 and 4 
show that the complex formed in either succinic or 
glutaric acid solutions is directly related to the concen
tration of monoionized acid species present. The con
tinuous variation results indicate that the acid to uranyl 
ratio is 2 :1 for succinic acid. Based on these facts the 
following equilibrium is hypothesized for both acids 
(succinic and glutaric).

U 02+2 +  xH A - U 02+2lH A -)I (IV)
Wherein x  is expected to be 2 for succinic acid but is 
uncertain for glutaric acid.

U02+ (moles/1.) X 104.
Fig. 6.—p as a function of concentration of U02+2 for (a) 

malonie, 0.1 M, • ;  0.5 M, O; (b) succinic, 0.1 M, • ;  0.3 M, O', 
(c) glutaric, 0.1 M, • ;  0.3 M, O-

Fig. 7.—p as a function of concentration of diionized malonie acid: 
(U02+2) =  3.75 X 10 -W , • ;  (U02+2) =  7.5 X 10 ~W , O-
For malonie acid, on the other hand, the results 

given in Fig. 3 and 4 show that the complex formed is 
directly related to the concentration of diionized acid 
present. This fact, together with the 1:1 ratio disclosed 
by the continuous variation data, indicates the equi
librium in eq. V
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U 02+2 +  zA - 2 U 02+2(A -2)x (V)

wherein x is expected to be one. In these formulas HA~ 
represents HOOCRCOO-  and - R -  represents -C H 2-  
for malonic, -(C H 2)2-  for succinic, and -(C H 2)3-  for 
glutaric.

Other reactions appear to interfere as the pH is in
creased much above 3.0, beyond which quantitative 
prediction of reaction rate becomes difficult.

During these studies, the organic acid concentration 
was varied from 0.3 X  10“ 1 to 5 X 10-1 M  while the 
total uranyl concentration was varied from 0.25 X 10-4 
to 10 X 10_4. Over this range, the concentration of 
mono- and diionized acid may be considered independ
ent of the amount of complex formed, because, as 
these ions are consumed to form complex, they are re
plenished by equilibrium reaction with the relatively 
high concentration of undissociated acid.

From (IV)

Kiv =  (U 02+2(H A-),)/[C7 -  (U 02+2(H A -)I)](H A -)a: 

and solving for concentration of complex

(complex) =  (U 02+2(HA_)a:) =
A iv (H A -)x*7/[l +  Kiv (HA-)H (VI)

From (V)

K y =  (U 02+2(A~2)z)/[t7 -  (U 02+2(A -2) * ) ] ( A - r  

and solving for concentration of complex

(complex) =  (U 02+2(A~2)x) =
K v(A -*)xU/[l +  K v( A - 2)*] (VII) 

Substitution of (VI) into (III) yields

r =  k {K M B A -)xU/[l +  7iiV(H A -)x]} X
{[1 -  exp(—2.3AA) ]/2.3Aj

which may be converted into a more usable form by 
multiplying through by the inverse of the last term to 
obtain

p =  r{2 .3A /[l — exp(—2.3A/i)]} =
kKiv(HA~)xU/[l +  A iviH A-)*] (VIII)

Substitution of (VII) into (III) followed by a similar 
rearrangement yields

p =  k'K v(A -*)xU/[l +  A'v(A -2f ]  (IX)

According to (VIII), p (hereinafter called the reduced 
rate), should give a linear graph when plotted vs. the 
total uranyl concentration providing (HA“ ) is held 
constant in photodecomposition measurements on suc
cinic and glutaric acid solutions. Similarly, according 
to (IX), p vs. U should yield a linear graph in photo
decomposition measurements on malonic acid solutions 
when (A-2) is held constant. Figure 6 demonstrates 
that this linear relation holds for each of these acids. 
An h value of 0.7 cm. was necessary to cause the linear 
plot of p to pass through the origin as shown in Fig. 6. 
The true height of the solution in the flasks was 0.3 
cm., but the system was not ideal because light from the 
fluorescent tube beneath the flasks entered from various 
angles.

Fig. 8 .— p  as a function of concentration of monoionized acid for (U 02+2) = 3.75 X 10-4Af,O; (U 02+2) = 7.5 X 1 0 - *  M ,  • ;  (a) succinic; (b) glutaric. Solid lines—calculated for 2:1 (HA- : U 02+2); dashed lines—calculated for 1:1 (HA~:U02+2).

Photodecomposition produces some carbon dioxide 
when solutions of the organic acids alone are irradiated. 
Hence, the reduced rates given have been corrected to 
include only the photodecomposition rate for the sensi
tized reaction. Corrections were determined by radiat
ing unsensitized samples, for which the absorbance was 
relatively low. Therefore, the correction measurements 
so obtained were multiplied by a factor (A'/A)( 1 — 
exp[—2.3AA])/(1 — exp[—2.2,A’h]), where A ' and A 
are the absorbances of the unsensitized and the uranyl 
sensitized systems, respectively, and h has the value 
0.7 cm. This factor converts the unsensitized rate to 
the lower rate it will have in a system of higher absorb
ance, such as that which exists in the uranyl sensitized 
solutions. The correction so determined then was 
subtracted from the total rate of carbon dioxide pro
duction to leave only the rate for the sensitized reaction. 
The relative size of the correction varies with type of 
acid, total acid concentration, total uranyl concentra
tion, and pH. As the total uranyl concentration ap
proaches zero, the correction approaches 100%. The 
relative size of the correction term for 0.1 I  organic 
acid and 1 X  10~3 uranyl is 5.7% for glutaric acid, 2.1% 
for succinic acid, and 3.4% for malonic acid. For 0.1 M  
organic acid and 1 X  10-4 M  uranyl, the correction in
creases to 30% for glutaric acid, 10% for succinic acid, 
and 33% for malonic acid.

The empirical rate constant, k, and the stability con
stant, Kiv (or Ky), may be evaluated from the slopes 
of the p vs. uranyl graphs in Fig. 6. These slopes have 
been calculated using the method of least squares and
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T able II
Concn. kb k X 103
(moles/ Ap/Au ✓------------------ -Acid : uranyl------ -——- ✓---------- Acid : uranyl----------- *

Acid i.) p H X 103 Ki K2 1:1 2:1 1:1 2:1
Malonic 0.5 2.54 15.0 ±  0.3 1.397 X 10~3 2.1 X 10~6 4 . 0  ±  0 . 2  x  1 0 5 15.3 ±  0.3

.1 1.90 6.5 ±  ..2
Succinic .3 2.29 6.7 ± .2 6.63 X IO"5 2.8 X 10-" 1.3 ±  0.6 x  102 2.2 ±  0.4 X 1 0 5 20.5 ±  8.0 8.8 ± 0 .6

.1 2.52 4.3 ±  .. 1

Glutaric .3 2.35 7.0 ± 2 4.54 X 10~6 4.54 X IO"5 53.1 ±  44.5 8.7 ±  1.1  X 1 0 5 50.4 ±  30.4 7.8 ±0 .3
.1 2.00 1.2 ± ,i

the values of the constants are presented in Table II. 
To calculate these constants, models of the complex 
have been assumed. The model assumed determines 
the value of x to be used in eq. VIII and IX. The 
models which may be assumed for each acid are limited 
by the results presented in Fig. 3 and 4.

The diionized species of malonic acid could, con
ceivably, form a six-membered ring with uranyl ion. 
The constants presented in Table II are calculated from 
eq. IX  with x equal to one. Attempts to calculate con
stants from eq. IX  with x equal to two (i . e a 2:1 com
plex) yielded negative results. If a 3:2 complex is 
hypothesized—x equal to 1.5— a non-linear p vs. U 
curve is predicted; hence, calculations for this model 
were not attempted. Figure 7 presents experimental 
reduced rate vs. diionized malonic acidfmeasurements 
for two concentrations of total uranyl. The solid lines 
were computed from eq. IX  using the constants given 
in Table II with x equal to one. The reasonable fit indi
cates the validity of the 1:1 complex.

The monoionized species of glutaric and succinic 
acids (see Fig. 3 and 4) could form a charged 1:1 com

plex, or an uncharged 2:1 complex. The constants pre
sented in Table II for glutaric and succinic acids were 
calculated from eq. VIII for both x equal to one and x 
equal to two. Hypothesis of a 3:2 complex predicts a 
non-linear p vs. U curve. Figure 8 presents experimental 
reduced rate vs. monoionized acid measurements for 
two concentrations of total uranyl in solutions of succinic 
and glutaric acids. The solid lines were calculated 
from eq. VIII using the constants for x equal to two in 
Table II, and the dashed lines were similarly calculated 
for x equal to one. From these results it is impossible 
to conclude the precise nature of the complex; however, 
it seems probable that both photosensitive species are 
present.

The measurements presented in Fig. 7 and 8 repre
sent a pH range from less than 0.5 to near 3.0 at the 
upper limit. Within this pH range, the reasonable fit 
of the calculated reduced rate to that measured shows 
that the photosensitive species is 1:1 (A _2:U02",'2) in 
malonic acid. However, a mixture of 1:1 and 2:1 
(HA_ :U 02+2) is indicated in glutaric and succinic 
acids.

N O N -E Q U IL I B R IU M  E F F E C T S  I N  T H E  D IS S O C IA T IO N  O F  D I A T O M I C
M O L E C U L E S  B Y  A  T H I R D  B O D Y 1

B y O. K. R ic e
Department of Chemistry, University of North Carolina, Chapel Hill, North Carolina

R e c e i v e d  M a r c h  3 ,  1 9 6 2

In the dissociation of diatomic molecules, the population of energy levels near the dissociation limit falls below 
the equilibrium population. In the present paper this is treated on the assumption that equal amounts of energy 
are removed in all collisions, but attention is given to the change of density of energy levels near dissociation. 
The effect of the mass of the third body and the effect of the temperature on the average amount of energy re
moved a t each collision are considered. I t  is found that a reasonably good qualitative discussion of the relative 
effect of the different rare gases on the dissociation of b  (or association of I atoms) can be given using these 
ideas. The present considerations are compared with the calculations of Keck, using the so-called variational theory of chemical reactions.

The recombination of atoms in the presence of a third 
body has been the subject of numerous experimental 
studies in recent years. It has been found, in general, 
that the rate constant for the reaction

2X +  M — ► X j +  M  (A)

has a negative temperature coefficient. This can be 
explained readily if the reaction goes in steps

X  +  2M X-M  +  M
(B)

X-M  +  X  •— >  X 2 +  M

where X -M  is a loosely bound complex (generally 
resulting from van der Waals forces); however, in cases 
where the complex X -M  is very unstable (as, for ex-

(1) Work supported by t'le National Science Foundation.

ample, where M  is a helium atom), the second mecha
nism may be expected to be unimportant, and in such 
cases another cause for the negative temperature 
coefficient must be sought. It has been suggested2 that 
such a negative temperature coefficient could be ex
plained by redissociation of the vibrationally excited 
molecules first formed in the recombination, and some 
details of such a mechanism have been worked out by 
Polanyi.3

It also has been noted by Nikitin and Sokolov4 that
(2) (a) R. L. Strong, J. C. W. Chien, P. E. Graf, and J. E. Willard, J. 

Chem. Phys., 26, 1287 (1957): (b) B. Wridom, ibid., 34, 2050 (1961).
(3) J. C. Polanyi, ibid., 31, 1338 (1959).
(4) E. E. Nikitin, Dokl. Akad. Nauk SSSR, 116, 584 (1957); 121, 991 

(1958) [translations, Soviet Phys. Doklady, 2, 453 (1957); 3, 701 (1958)]; 
E. E. Nikitin and N. D. Sokolov, J. Chem. Phys., 31, 1371 (1959); E. E. 
Nikitin, Dokl. Akad. Nauk SSSR, 132, 395 (1960) [translation, Physical 
Chemistry Section, Consultants Bureau, 417 (1961)].
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the rate of dissociation of a diatomic molecule, the re
verse of reaction A, will be lowered by the lack of equi
librium in the upper vibrational levels when the reaction 
takes place, and a discussion, with some calculations 
based on quantum mechanical transition probabilities, 
has been given by Pritchard.5 These phenomena are 
essentially equivalent, any lowering in the rate constant 
for association being in exactly the same proportion as 
that in the rate constant for dissociation.6

Most recently, Benson and Fueno7 have made a 
detailed study of the rate of recombination, taking into 
account the effect of redissociation of excited vibrational 
states. Their work is based upon the assumption that 
the transitions take place only between adjacent vibra
tional levels, and that the transition probabilities de
pend upon the vibrational level as in the case of a har
monic oscillator. In formulating their results they con
sidered a “ species”  X 2* which consisted of a pair of 
atoms close enough to be bound together, but not 
actually bound together, i.e., having enough energy to 
dissociate. Then their formula for the rate constant 
for association, ka, was

ka =  XZK*G(T) (1)

Here K* was the equilibrium constant for 

2X  X 2*

Z was the collision frequency of X 2* with M, X, as
sumed to be unity, was the probability that the collision 
would result in association, and G(T) was the fraction of 
those which associate which are not dissociated again in 
subsequent collisions. K*  was evaluated by some rough 
but reasonable geometrical considerations, and G(T) 
was found to be roughly equal to the reciprocal of the 
number of vibrational states within a range of kT of the 
dissociation threshold.

As pointed out by Benson and Fueno, this formula is 
the logical extension of the collisional theory of atom 
recombination developed by the writer.8 Actually the 
formula is equivalent to one in the later article,815 except 
for the factor G(T) and for the method of evaluating K*. 
Since my method of evaluating K*  makes it about pro
portional to the number of vibrational states within a 
range of kT from the dissociation threshold, the 
presence of G(T) about cancels this particular factor. 
However, Benson and Fueno’s estimate of the number 
of vibrational states in the range noted is much smaller 
than mine.

New Calculation of the Dissociation Constants.—
This writer’s preference generally has been to deal 
directly with the dissociation constant kA, since this 
involves a binary collision. The contant K  then can 
be obtained, since the equilibrium constant for reaction 
(A)

K  =  fca,/ki (2)

can be found. This turns out to have an especial ad
vantage when one wishes to consider the effect of lack of 
equilibrium in the higher vibrational states, since the 
problem then can be formulated much more simply, and

(5) H. O. Pritchard, J. Phys. Chem., 65, 504 (1961).
(6) O. K. Rice, ibid., 65, 1972 (1961).
(7) S. W. Benson and T. Fueno, J. Chem. Phys., 36, 1597 (1962). The 

author is indebted to Dr. Benson for a preprint of this paper.
(8) (a) O. K. Rice, ibid., 9, 258 (1941); (b) Monatsh. Chem., 90, 330 (1959).

a number of relationships which apparently have been 
overlooked then can be readily seen. We shall, there
fore, proceed in this way, and we shall make somewhat 
different assumptions than those made previously [but 
compare Nikitin4 (I960)]. In particular, we shall not 
assume that the transitions occur from one vibrational 
level to the next, but that they take place with a certain 
energy increment. Of course, the energy increment in 
X 2 will not, by any means, be the same in all collisions 
with M, and a change in rotational energy (which would 
result from a collision crosswise to, rather than along, 
the line of centers of X 2) also can cause dissociation. In 
the latter case the effect occurs through a change in the 
effective potential energy, which is shifted with respect 
to the vibrational energy of the molecule, so again we 
may consider that the vibrational state is changed rela
tive to the dissociation energy. We may hope that our 
assumption of equal vibrational energy increments will 
give a reasonable approximation if we take the incre
ment equal to the average change of energy actually oc
curring in collisions in which X 2 is in the range of energy 
levels close to the dissociation limit. We believe that 
these are the important levels in determining the rate of 
dissociation; in general, the dissociating molecule must 
ascend the ladder of vibrational levels, but not just one 
rung at a time, since the rungs are not uniformly spaced; 
instead, the size of the steps is assumed to be uniform. 
The collision of M with X 2 when the latter has enough 
energy to be nearly dissociated, at least at the end of 
the motion when the X ’s are widely separated (which 
will be the most probable situation for a collision), is 
very much like a collision of M  with a free atom X . 
We may suppose that it can be handled classically, and 
that, roughly speaking, on the average, exchange of a 
certain amount of energy takes place. For this reason, 
it appears that the assumption of uniform energy 
increments is more reasonable than the assumption that 
the transitions take place only between adjacent vibra
tional states; actually, as we will see, the truth may lie 
somewhere between. In any case, it is to be understood 
that we are not attempting to present a finished theory, 
but only what appears to be a convenient basis for dis
cussion of the experimental results.

Let us denote the average transfer of energy as rj. 
Then we may formulate the series of reactions or colli
sions by means of which the molecule ascends the vibra
tional ladder by equations of the sort

ki
X 2.i +  M X 2li+1 +  M (C)

k - (i+D

In this equation X 2,i represents a molecule in a certain 
range of energy of extent 17, the energy being marked off 
in zones of width ij, with i  representing a higher energy 
than ¿ + 1 .  We will let i =  0 for the zone of width 77 
just below the dissociation limit of X 2. If the reaction
(C) comes to equilibrium, then the following relations 
hold

X 2, i+ 1/ X 2,i  S  {gi+i/g i) e a (3)

where the italicized symbols X 2li, etc., represent con
centrations, where g-, is the number of energy levels in 
the range i, and where a =  1i/kT. From the law of 
microscopic reversibility, at equilibrium

k ¡X2,i =  fc_(i+1)X 2,i+i (4)
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From (3) and (4) the usual relation follows

=  (<7i+i/<7i)e° (5)

In general, of course, we do not have equilibrium 
established, and it is exactly the departure from 
equilibrium which we wish to investigate. The depar
ture from equilibrium occurs because in the case of the 
reaction which takes place from the uppermost range, 
i =  0, which is the one resulting in dissociation

fc-o
X 2,0 +  M  — ► 2X +  M  (D)

the back reaction does not occur at the beginning when 
no X  atoms are present. Though the system is not at 
equilibrium, it will quickly come to a steady state,9 
and, in the light of the above remarks, we may write

dX 2,o/d£ =  k—1X 2,1 — (fco d* fc-o)X2,o =  0 (6)

and, in general, for all other X 2,i (except the last one) 

dX 2j;/d  t =  fc_(i+i)X2,i+i +  ¿¡_iX2,i_i —
(fci +  k - i)X2fi =  0 (7)

in the relative values of the Ci in order to compare with 
the equilibrium case, for which, by eq. 8, all the c-, would 
be equal. Thus we may as well set Co =  1, and if we let 
c-i =  0 (equivalent to using eq. 6 to start the iteration), 
we see that we may obtain all the following c-, if e~a> is 
known for each i.

Only if special assumptions be made can the problem 
be solved analytically. If e~a'< be assumed to be con
stant, and if we set b =  e~ai, then it is readily seen, by 
substitution in eq. 11 starting with i =  1, that

d  =  1 +  b +  b*  +  . . .  +  V

=  (1 -  &i+1) / (  1 -  b) (12)
Unless a\ is quite small, this converges fairly rapidly, 
and for all i greater than that at which convergence is 
practically complete, the levels will have essentially 
their equilibrium quota. The ratio Co/c« will give us 
the fraction of the equilibrium quota in the interval i =  
0, and the ratio of the actual rate constant fc* to 
the constant which would be observed if equilibrium 
prevailed clear up the vibrational ladder. We see at 
once, since b <  1, that

The advantage of considering the problem from the 
point of view of the association reaction is that it is 
now possible to get all the X 2li in terms of X 2,0 by simple 
iteration, provided the fci are known. We know that 
for the lower energy ranges (large i) where the deviation 
from equilibrium is expected to be small, X 2,t should be 
proportional to g-£x, with x =  (aD — e)/fcT (where e is 
the energy and eD the dissociation energy). We find 
that if we suppose, and only if we suppose, that X 0 is 
proportional to ex, then all the higher Xj also will be 
proportional to ex but with different proportionality 
constants. We expect the quantum weight gi to be an 
important part of this proportionality constant; there
fore we set

X 2>1 =  CiQ£X (8)

We substitute this in eq. 7, noting that the exponen
tial factor in X;+i will differ from that in X; by the 
factor ea, and that in X i-i will differ from that in X; by 
e~a. We also make use of eq. 5. Thus we obtain

fciCi+i0i -}- fc— iCi—î fi (fc, -|- fc_i)cigr; — 0 (9) 

which may be rewritten

ViCi+i +  y-iCi-i — Ci =  0 (10)

where y\ =  fci/ (fci +  fc-0 and y~\ =  7c—t/(fci +  fc- ¡). 
Since we wish to use this equation for iteration, starting 
at the top of the vibrational ladder (small i), it is con
venient to rewrite the equation once more by writing i 
for i +  1, which yields

Ci =  i/i-i-'Ci-i -  (2/—(i—i)/2/i_i)Ci_2

=  (1 +  e~°i)Ci_i — e_ 0-Ci_2 (11)

where we have set y-(x-\)/yi-i =  e~a\ This, it will be 
noted, is the ratio of the probability of a jump upward 
to a jump downward from the same state. It cannot be 
obtained from microscopic reversibility, but, in general, 
we may expect on to be positive so that the probability 
of a transition to the higher energy level will be less 
than that to the lower level. We will be interested only

(9) See O. K. Rice, ./. Phys. Chem., 64, 1851 (1960).

C0/C „  =  fca/fca,e q. =  1 — b =  1 — e~a' (13)
The special case of a “ truncated”  harmonic oscillator, 

with uniformly spaced energy levels (but a last one, 
beyond which dissociation occurs) and in which transi
tion takes place only between adjacent levels and always 
with the same probability (i.e., all h, equal and all fc- ■, 
equal) has been worked out for the case of the associa
tion reaction by Benson and Fueno. They find that 
the rate of dissociation is decreased by a factor 1 — 
e -v/hT f|ue (0 redissociation from the higher levels. 
We get exactly the same factor for the decrease in the 
rate of dissociation if we set a-, =  a =  y/kT, which 
corresponds to the case of the truncated harmonic 
oscillator with all h, equal,10 as in this case we would 
have to have y - fi- i ) /2/i-i =  e~".

It is seen that the result embodied in eq. 13 is by no 
means confined to the special case of the truncated 
harmonic oscillator, but has a much greater range of 
application, the only necessary assumption, aside from 
the basic approximation that the energy is transferred 
in definite increments, being that a, is independent of 
i. It is a little difficult to see just how restrictive this 
assumption is, but it seems likely that it is sufficiently 
good to give us at least a rough idea of the behavior of 
actual systems. Furthermore, it seems reasonable to 
suppose that a-, is fairly close to a. For our subsequent 
purposes we shall set e~a> =  fe~a, where/  is not far from 
unity.

Within the limitations imposed by the approxima
tions we have made, we are now in a position to find a 
formal expression for fcd, as

fcc
ng0e~ir,/kT e°/2~|

kT/hva J X

[1 fe~a] [ f e~a Y r°*Y
1 +  /e~a J\re /

(14)

In this expression, the first bracket represents the colli
sion frequency for collisions between X 2 and M, having

(10) From this we see that the detailed working out of this special case 
provides another example, showing, as previously,« that the relation K = 
&a/&d will not be affected by lack of equilibrium in the higher levels.
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an effective collision distance <7; the quantity n is the 
reduced mass for such a pair. The second bracket is the 
equilibrium fraction of the molecules X 2 in the zone i =  
0 just below the dissociation; the average energy of the 
levels in this region will be close to eD — 77/2 =  eD — 
akT/2, so the expression in the numerator represents 
the partition function for the molecules in this zone, 
while the expression in the denominator is the partition 
function for the unexcited molecules11; n is the number 
of electronic levels which have attractive potential 
curves with asymptotes at the same energy, and from 
which transitions ultimately occur to the ground state 
(actually the various quantities in the equation must 
be averaged over these electronic states). The third 
bracket allows for the lack of equilibrium in the higher 
vibrational states. The fourth bracket is the probability 
that a collision will result in an increase in energy, with 
consequent dissociation of those X 2 in zone i =  0. 
Up to this point the expression would be correct for 
non-rotating molecules. When we average over all 
rotational states8b>12 the factor rm2/r e2 appears, where 
rm is the average distance between the nuclei at the 
maximum in the effective potential energy curve due to 
the rotational potential, and re is the equilibrium dis
tance. (This now assumes, which may not be quite cor
rect, that/and a do not depend on the rotational state.)

For comparison we write down the expression pre
viously derived,13 slightly rearranged

k d
/  kT Y /s"

4îT O'2 ( - —  )\ 27177 J .
'n(kT/5e/)e~il>/kr

k T / h v ü if I <“>
Aside from the lack of the third and fourth brackets this 
differs from the other expression in the numerator of 
the second bracket. The quantity 5ev is the energy 
between adjacent levels at an energy kT below the dis
sociation energy. A rough relation between g0 and kT/ 
<5ev readily can be found. The behavior of energy levels 
near the dissociation limit is such that, roughly14

«d — eT =  a ( v  d — v ) 2/ 2  (16)

where v 0  is the quantum number at the dissociation 
limit, €v is the energy corresponding to quantum number 
v, and a is a proportionality constant. For particular 
values of eD — let us designate v by a subscript (i.e., 
v ~  at €d — (■.. = - kT and v =  v&w at €d 6v ~  
akT). We see that vD — vkT =  (2kT/a)1/\ and, by 
differentiation of eq. 16, Se, =  aivu — vkT) — (2akT)i/\ 
Noting that g0 =  vD — ¿>akT =  (2akT/a)l/% we see that

=  2 a /!kT/8tv (17)
Thus the relation between eq. 14 and eq. 15 can be 
found easily if a and /  are known. If we can estimate 
these quantities, we can use eq. 14 to obtain, from the 
experimental data, a somewhat more meaningful value 
of 0-, which can then be compared with what we know 
about the range of the intermolecular forces.

(11) This is the classical partition function; but if the same approximation 
is made in calculating K ,  the resulting expression for k a will be correct.

(12) 0. K. Rice, J. Chem. Phys., 21, 750 (1953).
(13) Reference 8b, eq. 5.
(14) This is the type of relation used to extrapolate band spectra to con

vergence. It would follow precisely from a Morse potential. Actually, of 
course, the average molecule has some angular momentum, and its potential- 
energy curve has an effective centrifugal barrier. A curve with a centrifugal 
barrier actually may be better described by a Morse function, whieh is com
paratively short-ranged, than would be the curve for a non-rotating molecule. 
In the latter, the asymptotic approach to the dissociation limit probably is 
controlled largely by the long-ranged van der Waals forces.

Estimation of the Parameters and Discussion of the 
Data on Iodine.—The quantity / ,  as we have remarked, 
will not be expected to differ greatly from unity, and 
we shall assume /  =  1. We now turn our attention to 
a or 77. It seems certain that 7/ will be closely related to 
the energy of the colliding particle, M. To the extent 
that the collision may be considered to be a collision 
between M and one of the atoms X , we may make some 
estimate of the possible transfer of energy from the 
conservation laws of momentum and energy. The 
most probable situation will be that in which the atoms 
in X 2 are near their positions of maximum displacement, 
for over a considerable region in this neighborhood the 
relative velocity will be slow. Let us therefore con
sider what happens when an atom M of mass mu, mov
ing with velocity vu, strikes head on an atom X  of mass 
mx which at first has zero velocity.8b'15 It is readily 
shown that in a free collision (no force field), the atom 
X  will acquire a kinetic energy equal to 4mHmx/(mK +  
mx)2 times the original kinetic energy of M. A glancing 
collision certainly will not be as effective as a head-on 
collision; on the other hand, some collisions in which 
the relative velocity of the X  atoms is large may be ex
pected to be more efficient than those in which their 
velocity is small. We therefore shall assume that16

a =  4mMTOx/(mH +  mx) 2 (18)
This is equivalent to the assumption that, if the atoms 
have equal mass, the average energy transferred is 
equal17 to kT, whereas it falls off according to (18) when 
the masses are different. This is a rough assumption, 
but seems reasonable for a working hypothesis in such a 
complicated situation. If it be accepted, it permits an 
evaluation of <7 from the experimental values of k,, (or 
/:a, using eq. 2) by means of eq. 14. Careful experiments 
on the recombination of iodine atoms in the presence of 
the inert gases at room temperature have been made by 
Christie, Harrison, Norrish, and Porter,18 and we show 
in Table I the values of a calculated from eq. 14, as well 
as the values previously obtained from eq. 15. The 
calculations using eq. 15 have been discussed thor
oughly,81’ and the values of a appropriate to eq. 14 have 
been obtained from them by correcting for the effect of 
the factors involving a.

T a b l e  I

C a l c u l a t i o n  o f  C o l l i s i o n  D i s t a n c e  a  i n  A. f o r  V a r i o u s  

G a s e s  w i t h  I 2

He Ne Ar Kr Xe
(7 (eq. 15) 1.1 1.9 3.1 3.9 4.9
a 0.119 0.472 0.729 0.957 0.999
1 -  e ~ a .1120 .376 .518 .616 .632
« -V d  +  e - tt) .470 .384 .325 .277 .270

.735 1.737 2.45 3.16 3.29
a  (eq. 14) 5.5 3.7 4.8 5.4 6 .6

The unreasonably small value of a obtained for He has 
been eliminated; the comparatively large value of a ob
tained for He by use of eq. 15 suggests that the correc-

(15) See O. Oldenberg, Phys. Rev., 37, 194 (1931).
(16) This equation should not be used if the molecule X 2 is lighter than 

the atom M, since the translational energy of X 2 always could be readily 
converted to internal energy by collision with a heavy body regardless of 
eq. 18.

(17) Some recent classical calculations by J. C. Keck, Discussions Faraday 
Soc., to be published, indicate that most pairs formed by association will be 
within kT of the dissociation energy. The author is indebted to Dr. Keck 
for a preprint of this work.

(18) M. I. Christie, A. J. Harrison, R. G. W. Norrish, and G. Porter, 
Proc. Roy. Soc. (London), A231, 446 (1955).
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• tions involving a are somewhat too large. This is 
especially so, since the values of <r for Ar, Kr, and Xe 
might have to be reduced when one takes into account 
the contribution to the reaction due to “ sticky”  colli
sions, mechanism (B). It was shown in ref. 8b that 
contributions to the reaction rate from this “ complex” 
mechanism should, in these cases, be comparable to 
the contribution from the collision mechanism, (A). 
The contribution from the complex mechanism might 
have been slightly overestimated in ref. 8b because no 
account was taken of the effect of the rotational potential 
in making a complex X -M  less stable, but the contri
bution surely should be of considerable importance for 
xenon.19

Although the corrections for lack of equilibrium as 
obtained by using eq. 21 to calculate a may be some
what exaggerated, there seems to be no doubt that they 
should be made, and that our calculation gives the right 
order of magnitude. It is quite interesting that a major 
part of the effect of a limited transfer of energy due to 
difference in mass arises from the factor 1 — e~a, which 
expresses the effect of lack of equilibrium in the higher 
energy levels.

The Temperature Coefficient.—We return now to a 
consideration of the temperature coefficient of kd, 
and in this respect eq. 14 appears at first to be some
thing of a disappointment. Using eq. 17, it readily 
may be seen that if n, a, a, f, and rm are inde
pendent of temperature, the expression (14) also will be 
temperature independent aside from the factor e- «>/kT. 
Actually, rm may be expected to decrease slowly with 
temperature. If the more distant part of the potential- 
energy curve may be supposed to have the form — c/r6, 
where c is a constant, then for any particular value of 
the rotational quantum number j  the value of rm can be 
found by setting

d [ — c/r6 +  j ( j  +  l)A2/87rV i/2]/dr =  0

The average value could then be approximated (i.e., the 
corresponding value of j  found) by setting j ( j  +  l)/i2/  
8x2Mi/m2 = kT, which makes rm proportional20 to 
T~'/n. Thus rm2 is proportional to T~l/’ and the in
crease in the rotational potential probably also will 
cause a slight decrease in g0, so that we may say that 
there is an over-all factor of about T’-1''2 if n, a, <r, and /  
are constant. When we calculate K  from fcd, using K, 
the factors T~l/t and e~t¡>/kT both are cancelled, leav
ing temperature independent. However, actually, 
as noted in the Introduction, 7ca appears to decrease 
with temperature, varying at least inversely propor
tionally to temperature with helium as the inert gas, 
and being somewhat more dependent on temperature 
with argon. In the case of argon this could be in part

(19) It may be that all the values of <r should be increased by a factor 
(5/3)1 A, since ft, the number of attractive potential energy curves to which 
association can occur, was taken as 5. It is possible that n should have been 
taken as 3, since the potential energy curve for the3IIiu state (of degeneracy 2) 
is very shallow, so that redissociation from it may occur before stabilization 
by transition to another potential-energy curve with a deeper minimum. 
In general, transitions between potential-energy curves should be relatively 
easy, even if requiring change in multiplicity, in a case like iodine, where the 
coupling is largely j-j coupling. The argument of D. L. Bunker, J. Chem. 
Phys., 32, 1001 (1960), that n should be unity, with only the ground state, 
1Sg+, contributing, does not seem convincing, since the 3n 2U probably has 
a considerably deeper minimum81* than he suggests and it will only be neces
sary for the rate of non-adiabatic transfer to be rapid for a range of energies a 
few times y below the dissociation limit for any given potential-energy curve 
to make an effective contribution.

(20) See B. Widom, J . Chem. Phys., 31, 1027 (1959).

accounted for by the decreasing contribution of the 
complex mechanism. This, however, apparently can
not account for all the effect. Benson and Fueno believe 
that the temperature coefficient can be accounted for by 
increasing lack of equilibrium at higher temperatures, 
this being based on the assumption that rj is independent 
of temperature, rather than a. It appears to this 
writer, however, that the average amount of energy 
transferred at a collision must increase with the 
amount of energy available. It has been seen, however, 
that our assumptions are not completely correct, and 
it may, indeed, be possible that rj increases less rapidly 
with T than was supposed. The classical description of 
the collision occurring between a rare gas atom and an 
iodine atom breaks down when the iodine atom moves 
toward the other iodine atom and comes strongly into 
its field. It is well known that, because of increasingly 
poorer overlap of the wave function, large transfers of 
energy are less probable than small transfers. Thus, 
the transfer of energy may well fail to keep up with the 
temperature, causing a to decrease with temperature. 
This, together with a possible decrease of f  and of a 
with increasing temperature (the latter because glanc
ing collisions are likely to be less effective at high 
temperatures where they last a shorter time) may well 
account for the temperature coefficient. Also, some of 
the temperature coefficient may, as suggested in refer
ence 8b, arise from an effective decrease in n, since re
dissociation from an excited electronic level would be
come more likely the higher the temperature. Unfor
tunately, it is difficult to make quantitative estimates.

It is probably the collisions, which take place when the 
iodine atoms are close enough together to be in the 
region where their mutual potential energy changes rel
atively rapidly and quantum effects are of some im
portance, which make a greater than given by eq. 21. 
Therefore, it may be relevant to consider the effect of 
overlap of wave functions over the range of molecular 
attraction as a whole to see whether a decrease in a in 
the relevant range of temperatures, say from 300 to 
1500°K., is to be expected. The de Broglie wave 
length for the vibration of I2 is given by the well known 
formula X = h/pr =  where p, and eT are,
respectively, the radial momentum and the radial 
kinetic energy. We thus find

dX/der =  — y 2X/er

whence we estimate that if we change er by kT at T =  
300 °K. and take er as the dissociation energy of I2, we 
would get a relative change in X of approximately 
0.008. However, the average kinetic energy of a pair of 
iodine atoms in their mutual field in the ground state 
near the dissociation limit is less than the dissociation 
energy, so we should perhaps estimate dX/X as about 
0.02. Now the number of energy levels in the ground 
state is about 150, meaning that there are about 75 de 
Broglie wave lengths near the dissociation, and the 
change of phase will be about 1.5 wave lengths, which 
gives relatively good overlapping of the wave function 
over a range comparable to that in which interatomic 
forces change appreciably. However, with der =  kT  at 
T =  1500°K., the overlapping would be much less, so 
the transition would be considerably less probable. 
Similar calculations would be expected to give similar 
results for the excited states, since both ef and the
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number of quantum levels would both be smaller, but 
these factors would not compensate completely. In 
any case, the suggestion that a should decrease appreci
ably with temperature appears to be reasonable.

Comparison with Theory of Keck.— It seems desir
able to conclude this paper with a comparison with the 
recent w*ork of Keck21 on what he calls the variational 
theory of chemical reactions. In this theory a surface 
in phase space is selected, such that if a representative 
point crosses it, and does not cross back, the system 
may be said to have undergone reaction. The difficulty 
which arises is that a representative point may cross 
such a surface more than once, so the calculation gives 
only an upper bound for the rate. It is possible to select 
the surface in various ways, and an attempt is made to 
choose it in such a way as to cause the calculated rate 
to be a minimum. The calculation of the rate of cross
ing of the surface is reduced to an integral, which is 
simple in form but difficult to evaluate. Application of 
this procedure to the recombination of iodine atoms in 
the presence of the rare gases gives values of the upper 
bound which agree remarkably well with the experi
mental results at room temperature. It is, however, 
to be noted that Keck has made the calculation on the 
assumption that only recombination to the lowest elec
tronic state is effective, i.e., he takes n =  1. If n is 
assumed to be 3 or 5, his upper bounds will be several 
times greater than the observed ones, which seems more 
reasonable. However, in a number of other cases 
Keck’s upper bound is close to or below experimental 
results, and his calculations presumably are sensitive to 
the potential-energy curve. The interatomic attraction 
between a rare gas atom and an iodine atom may be 
considerably greater than his estimate, since the situa
tion seems favorable for a charge transfer complex.22 
The analysis previously made8 of the rate of association

(21) J. C. Keck, J . P h y s . Chew ... 32, 1035 (1960).
(22) G. Porter and J. A. Smith, N a tu re , 184, 446 (1959).

of iodine atoms with benzene as a third body indicates * 
that the mutual potential energy of iodine atoms and 
benzene is almost the same as that of iodine molecules 
and benzene.

Although the mass of the third body does enter one 
of his boundary conditions, Keck states that the results 
are independent of the mass of the third body. There 
certainly are more collisions the lighter the third body; 
however, the faster the third body moves, the less time 
it spends in the neighborhood of the combining atoms, 
and the density in phase space is the same in any case. 
The question then arises as to whether the appropriate 
unit for consideration of the transition is the individual 
collision or a certain length of time. In any case, the 
point of view taken in the present paper is that we look 
at the individual collision. Since the number of colli
sions depends upon the mass of the third body, and 
since, if the potentials were always exactly the same, 
the actual rate of reaction would be the same according 
to Keck’s calculation, it is clear that he predicts dif
ferent collision efficiencies for the different rare gases. 
This is not surprising, since the dynamics of collisions 
involving different relative masses are very different. 
However, if the collision efficiency for the actual reac
tion is near unity, we expect the rate for a heavy third 
body to parallel the rate of collision and so to be less 
than that for a light one, and we must then suppose 
that the fact that Keck obtains the same rate (aside 
from effects of changes in the potential energy) is be
cause he overestimates the rate more in the case of the 
heavy third body. The rate found by Keck, since it is 
always an equilibrium rate, should be compared with 
our rate without the factor 1 — e-a. If this be done, it 
is, indeed, found that his rate (corrected for n) exceeds 
our equilibrium rate by a greater amount the greater 
the mass of the third body. This still will be true even 
if we have overcorrected somewhat for helium as the 
third body.

T H E  F O R M A T IO N  O F  B E N Z E N E  I N  T H E  R A D IO L Y S I S  O F  A C E T Y L E N E 1

B y  G i l b e r t  J. M a i n s , H. N iic i, a n d  M . H. J. W u n e n

D e p a r t m e n t  o f  C h e m i s t r y ,  C a  n c g i e  I n s t i t u t e  o f  T e c h n o l o g y ,  P i t t s b u r g h ,  P a . ,  a n d  T h e  R a d i a t i o n  R e s e a r c h  L a b o r a t o r i e s ,  M e l l o n  I n s t i t u t e ,

P i t t s b u r g h ,  P a .

R e c e i v e d  A p r i l  8 ,  1 9 6 2

The radioRsis of acetylene was studied over the pressure range 10 to 300 mm. and over the temperature range 25 
to 262°. The effects of small amounts of free radical scavengers, the effects of excess k^rpton, and the effects of 
an excess of mercury vapor on the radiolysis yield of benzene were studied. C A L : CALL, CaH2:D 2, and C2D2 :H2 
mixtures also were subjected to radiolysis. One experiment on the mercury photosensitized formation of ben
zene in a CaERCaDo mixture is reported. The data are shown to be consistent with the formation of benzene 
by free radical reactions. A possible free radical mechanism to explain the formation of benzene and inter
mediate products is discussed.

The polymerization of acetylene to benzene has been 
the subject of several photochemical2-6 and radiation 
chemical investigations.7-9 The radiation induced

(1) Based partially upon data submitted by H. Niki in partial fulfillment 
of the requirements for the degree Doctor of Philosophy, Carnegie Institute 
of Technology.

(2) M. Zelikoff and L. M. Aschenbrand, J. Chem. Phys., 24, 1034 (1956).
(3) S. Shida, Z. Kuri, and T. Furuoya, ibid., 28, 131 (1958).
(4) D. J. LeRoy and E, W. R. Steacie, ibid., 12, 117 (1944).
(5) J. K. Cashion and D. J. LeRoy, Can. J . Chem,., 32, 906 (1954).
(6) H. W. Melville, Trans. Faraday Soc., 32, 258 (1936).
(7) S. C. Lind, “ Radiation Chemistry of Gases,” Reinhold Publ. Corp., 

New York, N. Y., 1961, Chapter 9.
(8) L. M. Dorfman and A. C. Wahl, Radiation Res., 10, 680 (1959).
(9) L. M. Dorfman and F. J. Shipko, J. Am. Chem. Soc., 77, 4723 (1953).

polymerization has been explained8 in terms of ion- 
molecule chain reactions of the type

C2H2+ +  C2H2 C4H3+ +  H (A)
and higher homologs or, as well, by a free radical chain 
process, such as

and
H +  C2H2 c 2h 3 (B)

C2H +  C2II2 — > C Jh (C)
and higher acetylene addition steps. The formation of 
benzene can be attributed to cyclization of the ionic or
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* free radical chain at the appropriate step. Recently,8-9 
it was postulated that the benzene was formed by a 
mechanism which was independent of the polymeriza
tion mechanism and which involved an excited state of 
acetylene, probably the triplet state.

The formation of benzene via an excited state mech
anism also was proposed for the direct photolysis of 
acetylene2-6 and for the mercury sensitized photolysis of 
acetylene,3 although LeRoy4-6 has supported the free 
radical mechanism of benzene formation.

Owing to the uncertainty of the relative importance 
of the ionic, free radical, and excited state mechanisms 
of benzene formation, one of our Laboratories10 under
took an investigation of the mercury sensitized radi
olysis and photolysis of acetylene. The radiolysis of 
acetylene and acetylene-d2, acetylene and D-<, and 
acetylene-d2 and H2 mixtures also was studied.

One of us has reported the chlorine atom induced 
polymerization of acetylene,11 and has identified C2H3C1, 
C4H5CI, C6H6, CeHeCl, and polymer products. The 
formation and relative abundance of these products 
strongly suggest that the precursor to benzene is the 
CeH6Cl radical, which then may cyclize by losing either 
H or Cl or which may continue further polymerization 
by addition to acetylene. In the light of this new evi
dence, it seemed desirable to restudy the radiolysis of 
acetylene and to examine the possibility that benzene 
may be formed via the free radical precursor, C6H7. 
This independent study considered the effect of acetyl
ene pressure, temperature, free radical scavengers, and 
krypton. Because these two studies10-11 have resulted 
in similar conclusions regarding the formation of 
benzene, it seemed desirable to report them jointly.

Experimental
Acetylene was obtained from the Matheaon Company and, after 

distillation at low temperature to remove traces of acetone, con
tained less than 0.5% ethylene by mass spectrometer analysis. 
Acetylene-d2 was obtained from Merck Company, Canada, and 
was similarly distilled and analyzed. Less than 1.6% C2HD was 
found as impurity. Matheson Company H2 was used without 
further purification. Stuart Company D2, containing less than 
0.5% HD, was used without purification. Krypton was obtained 
from Airco, and was found mass spectrometrieally pure. Bethle
hem Apparatus Company, triple-distilled, instrument grade 
mercury was used in the mercury sensitized experiments. Once- 
sublimed iodine was used.

Co60 7 -radiations were performed in cylindrical Pyrex sample 
vessels equipped with a break seal. All such vessels had an out
side diameter of 20 mm. and a volume of 37 ±  1 cc. Two dif
ferent Co60 sources were used. Source I exhibited a dose rate in 
water of 8.50 X 1014 e.v./ce./sec.; Source II, 4.91 X 1016 e .v ./ cc./sec. The dose rate in the vapor phase was calculated on the 
assumption that energy absorption is proportional to the electron 
density of the sample. No correction was made for the relative 
stopping power of the vapor and glass.12 The reliability of this 
extrapolation of dose rates from the liquid phase to the vapor 
phase was ascertained by calculating the G-yield of N2 from N20  
at 25° and 95 cm. The value obtained was 9.3 ±  0.3, in fair 
agreement with the value 9.7 reported earlier.13 I t  seems reason
able to assign a maximum error of 10% to the absolute G-yields 
determined in this way. The relative G-yields are, of course, more reliable.

X-Radiations were performed using a Machlett OEG-50 X-ray 
tube operated at 50 pkev. at anode currents up to 50 ma. The 
dose rate at 50 pkev. and 40 ma. was 1.04 X 1014 e.v./cc./sec. in 
N20  at 25° and 93 cm., assuming13 a G-yield of 9.7 for N2 forma
tion. The dose rates in the reaction mixtures were computed

(10) H. Niki and G. J. Mains, Carnegie Institute of Technology.
(11) M. H. J. Wijnen, J. Chem. Phys., 36, 1672 (1962).
(12) J. Weiss and W. Bernstein, Phys. Rev., 98, 1828 (1955).
(13) P. Harteck and S. Dondes, Nucleonics, 14. 66 (1956).

from X-ray attenuation coefficients.14 The error in the absolute 
G-yield probably is no more than 10% by this method. Reaction 
vessels were Pyrex cylinders, 45 mm. in diameter and 75 mm. long. 
One end of the vessel was fitted with a thin in-blown window; 
the other end with a break seal. The volume of the vessels was 
100 ±  5 cc. The reaction vessels were heated under vacuum 
after cleaning. If mercury was to be present, the vacuum 
was broken and 20 /J. of liquid mercury was added. After 
re-evacuation, acetylene was added to the appropriate pres
sure, 10 mm. at 25° unless otherwise stated in the text. The 
reaction vessels then were sealed off and placed in an aluminum 
block oven fitted with a thin aluminum window. The aluminum 
oven was wrapped with heating tape and placed in a 3-1. heating 
mantle. For experiments at 262°, the heating mantle was ad
justed to give an air temperature of 260°. The heating tape sup
plied the additional heat to control the oven temperature a t 262 
± 1 ° .  A Hallikainen Resistotrol automatic temperature regula
tor controlled the heating tape. The temperature was monitored 
at several points in the oven by calibrated copper-constantan 
thermocouples. The same procedure was followed for the experi
ments at 25° except that the heating tape and heating mantle 
were not turned on. The system did not increase in temperature 
more than 1 0 during these room temperature irradiations.

The products observed in the 7 -radiolysis experiments at 25° 
were benzene, diacetylene, 1,3-butadiene, and polymer. D i
acetylene and 1,3-butadiene were minor products and often could 
not be determined. Approximate G-yields for diacetylene and
1.3- butadiene are 1 .8  and 0.5, respectively. Analysis of the 
7 -radiolysis products was carried out by gas chromatography. 
In these experiments less than 0.1% of the acetylene was con
verted to benzene.

In the X-radiolysis experiments and the photolysis experiment, 
benzene, vinylaeetylene, diacetylene, phenylacetylene, and cyelo- 
octatetraene were observed as products of decreasing importance.
1.3- Butadiene was observed in trace jdelds in all 262° experi
ments. In the experiments in which hydrogen was added, 1,3- 
butadiene was a major product. All analyses of X-ray products 
were carried out on a Consolidated 21-1030 mass spectrometer. 
The identification of phenylacetylene and eyclooctatetraene is only 
tentative. These products are in accord with those observed 
earlier.2

Results
Isotopic Studies.—The radiolysis of an approxi

mately equimolar mixture of C2H2 and C2D2 resulted 
in the mixture of isotopically substituted benzenes 
shown in Table I. Considering only those experiments 
in the absence of mercury, it can be seen that relatively 
large yields of C6H6D, C6H3D3, and CelLH were ob
served at both 25 and 262° in spite of the fact that less 
than one molecule in 25 was C2HD at the end of the 
experiment. The percentage conversion of acetylene 
to benzene seems too small to attribute these high yields 
of CsHsD, C6H3D 3, and CeDsH to secondary processes. 
Furthermore, if the formation of these isotopic benzenes 
occurred by secondary processes, the relative distribu
tion of the isotopic species should be dose dependent. 
In experiments in which the dose was varied so that the 
extent of conversion changed, no variation in the rela
tive distribution of isotopic benzenes was observed. 
In the presence of excess mercury vapor, the benzene 
distribution was independent of dose up to 8%  con
version of the acetylene to benzene.

In order to ascertain whether the presence of CeH6D, 
C6H3D3, and C6HD6 resulted from a rapid scrambling of 
the hydrogens in the benzene after formation, some ex
periments were carried out in which C2H2 was irradiated 
in the presence of 2%  C6D6. Although traces of mixed 
benzenes could be detected, the resultant benzenes 
were at least 98% CeH« and C6D 6. It seems reasonable 
to conclude that the formation of benzene cannot occur 
exclusively by an excited state mechanism as postulated

(14) G. W. Grodstein, Natl. Bur. Std. Cire. 583, 1957.
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T able  I
R elative  A bundance of Isotopic B enzenes F ormed in the X -R adiolysis and P hotolysis of C 2H 2- C 2D 2 M ixtu res"

Benzene X-Rays at 25°, % X-Rays at 262°, % X-Rays, Hg at 262°, % Ultraviolet, Hg at 2G2
CeH, 7.2 ±  1.3 5.9 ±  1.9 6.4 dh 1.3 5.6 ±  1.6
C6H6D 6 . 6  ±  1.9 7.6 ±  1.3 7.3 ±  1.8 9.2 ±  0.9
C6H4D 2 24.2 ±  0.5 20.7 ±  0.1 2 1 . 8  ±  0 . 1 20.7 ±  0.1
CeHjDj 1 2 . 0  ±  1 . 2 16.6 ±  0 . 6 14.5 ±  0.9 19.6 dh 3.0

28.7 ±  1.4 26.8 ±  1 . 2 27.3 ±  1.7 23.5 ±  1.2
c 6h d 6 8 . 6  ±  0 . 1 1 1 . 0  ±  0 . 6 10.4 ±  0.9 12.9 ±  1.3
CßDß 12.9 ±  1.6 12.2 ±  1.5 12.4 ±  1.4 8.7 ±  1.0
%  C2HD conversion 1.4 4.9 2 . 8 8 . 0

% conversion benzene 0.3 0.5 0 . 6 0.9
* N o te : The uncertainties listed above were computed assuming maximum errors in the estimated mass spectrometer patterns for the isotopically substituted benzenes. All experiments were reproducible to within a few per cent. One experiment a t 262° in the presence of Hg was carried out to 8 % conversion and the benzenes were analyzed using 11.0 e.v. electrons in the mass spectrometer. The distribution of benzenes was in excellent agreement with tha t reported in column three above.

by earlier investigators.8-9 Some mechanism involving 
C-H  bond rupture seems to be operative. Dorfman9 
first suggested this C -H  bond rupture on the basis of a 
few early isotope experiments but did not consider this 
process part of the mechanism of benzene formation. 
It should be noted that a small portion of the Calls, 
C6H4D2, C6D4H2, and CeD6 could be formed by an 
excited state mechanism. However, the high yields of 
C6H4D2 and C6D4H2 are not prima facie evidence for an 
excited state mechanism, since these products are 
favored statistically in both free radical and excited 
state mechanisms.

It is important that the distribution of isotopic 
benzenes observed in the 3P Hg photolysis experiment 
(Table I, column 4) is quite similar to that observed in 
the radiolysis experiments. A significant yield of C2HD 
was obtained, which may account for the increased 
yields of CeH6D, C6H3D 3, and C8D6H. However, the 
yields of these products are too large to be accounted 
for by statistical inclusion of C2HD by a triplet state 
mechanism as postulated earlier.8 Additional experi
ments, planned for the near future,10 are required to 
determine whether the triplet state mechanism is re
quired in 8P Hg photolysis experiments.

Influence of Acetylene Pressure and Dose Rate.—
The first series of runs in Table II gives the (7-value for 
benzene formation as a function of the initial acetylene 
pressure at 25°. The results, which are shown in 
Fig. 1, leave no doubt that the G-value of benzene 
increases with decreasing acetylene pressure for both 
7-irradiation and X-irradiation. Since the G-yields for 
these two types of radiation differ by a factor of ten, 
which is considerably outside the estimated errors in 
these quantities, it seems reasonable to attribute these 
differences to an intensity effect. At an acetylene pres
sure of 20 cm., the dose rate in Co60 Source I is about 1 
X 1011 e.v./cc./sec., whereas the dose rate in the X-ray 
system is about 1 X  1013 e.v./cc./sec. at this pressure. 
Both Laboratories10-11 have considered the possibility 
that this difference was attributable to different do
simetry techniques. Inasmuch as both laboratories used 
N20  dosimetry as a secondary or primary standard, 
this explanation cannot be valid. In the X-radiolysis 
experiments it was found that a factor of four increase 
in anode current increased the rate of benzene formation 
by a factor of 2.5 (vide infra— Influence of Sensitizers). 
Furthermore, the G-yield of benzene was found to be 
markedly reduced in preliminary experiments using a 
Van de Graaf accelerator. In the light of these experi
ments, it seems reasonable to assign the differences in

the abcissa of the curves in Fig. 1 to an intensity effect 
rather than to any experimental artifact.

It is noteworthy that pressure effects and intensity 
effects have not been reported previously. Dorfman 
and Shipko9 report a G'-value of 5.1, independent of 
acetylene pressure, using tritium beta radiation. How
ever, these authors found it necessary to convert 5-10% 
of the acetylene to benzene, and the possibility of 
secondary reactions must be considered. Since the in
crease in acetylene pressure also results in the increase 
in dose rate, it is not possible to ascribe the decreases 
depicted in Fig. 1 to pressure effects alone. In order to

T able II
R adiolysis of A cetylene

Run
no.

C2H2 
init. 

press., 
cm. at 0°

Additives init. press., 
cm. Source G-CtH,

Influence of initial acetylene pressure a t 25°
1 4.3 Co«» I 13.6
4 14.8 Co«» I 10.3
6 47.7 Co«» I 8 .6
2 76.7 Co«» I 7.4
3 6.9 Co«» II 1 0 .6
7 15.4 Co«» II 1 0 .0
8 46.5 Co«« II 7 .7
5 76.8 Co«» II 7.0

101C 1 .6 X-Ray 5.1
109B 4.0 X-Ray 2 .6
115A 10.5 X-Ray 1 .6
118A 43.4 X-Ray 0.5

Influence of free radical scavengers a t 25°
9 44.7 Oxygen 2.4 Co«» I No C6H6 obsd.

10 46.1 Iodine Co«» I No CeH6 obsd.
1 1 15.2 Isobutylene 1.1 Co«» II 0.7
12 47.2 Isobutylene 1.5 Co«» II 2.3

7 15.4
Influence of krypton “ a t 25° 

Co«» II 10 .0

13 15.7 1 2 .2 Co«» II 20.7
14 15.1 19.0 Co«» II 2 1 .2

15 15.5 42.2 Co«» II 38.6

16 6 .3

Influence of temp. 
Temp., °C.

12  Co601 1 2 .6

22 6 .2 60 Co«» I 15.2
21 6 .1 102 Co«» I 2 0 .1

17 6.3 136 Co«» I 26.6
19 6 .2 140 Co«» I 24,6
18 6 .2 173 Co«» I 19.1
20 6 .2 213 Co«» I 13.3
° 6 -value based on the mass of C2H2 present.



14 Gilbert J. M ains, H. N iki, and M. H. J. W ijnen Vol. 67

10

o
o

\

•  GAMMA RADICLYSIS
c T ^ - - ----------- g-

H=9_
20 6040

PCiHj in cm. Hg.

Fig. 1.—Variation of G - C6H 6 with pressure and dose rate.

80

30 -

io -

_______ I_______ I_______ 1_______ I_______ I_____ _4 0  80 120 160 200
Temperotui e °C.

Fig. 2.—Variation of O-CsHs with temperature.
establish a distinct pressure effect it is necessary to com
pare experiments at constant dose rates. The dose rates 
should be essentially the same at a pressure of 76.6 cm. 
in Source I, at 13.2 cm. in Source II, and 1.26 in the X - 
ray beam. A comparison of the (7-yields, 7.4, 10, and 
7-8 (extrapolated), respectively, does not reveal a 
marked pressure dependence. Therefore, while an 
intensity effect on the (7-yield of benzene is established 
by the present experiments, a separate and distinct 
pressure effect has not been proven.

Accepting that the fraction of reacting acetylene 
forming benzene is 0.2 as reported by Dorfman and 
Shipko,9 the maximum conversion in the experiments 
reported in Table II may be estimated at 1.5%. Dorf 
man and Wahl8 report that at low pressures (0-2 cm.) 
the (7-value of benzene decreases with decreasing pres
sure. This observation is not in contradiction with the 
data of Table II. If benzene is formed oia a free radical 
path, it seems reasonable to expect a decreasing (7-value 
at lower pressures due to disappearance of free radicals 
at the walls. Thus a maximum must occur in both 
curves in Fig. 1 at low acetylene pressures.

Influence of Temperature.—The data of Table II 
show the influence of temperature on the formation of 
benzene. These data are presented graphically in 
Fig. 2 and clearly indicate that a maximum is obtained 
in the (7-yield at about 140°. A study of the mercury 
photosensitized polymerization of acetylene has re
vealed a similar maximum. Melville6 reported that 
the rate of polymerization increases with increasing 
temperature to a maximum at about 200°. A study16 
of the temperature dependence of the mercury sensitized 
radiolysis of acetylene also revealed a maximum in the 
(7-yield of benzene formation near 160°.

(15) H. Niki, Ph.D. Thesis, Carnegie Institute of Technology, 1962.

Influence of Free Radical Scavengers.—Based upon 
the evidence cited in the preceding sections, free radical 
scavengers might be expected to reduce the yield of 
benzene. Runs 9, 10, 11, and 12 in Table II show the 
effect of addition of free radical scavengers. The for
mation of benzene is completely suppressed by the 
addition of oxygen and iodine. Experiments in one of 
our Laboratories11 have shown that isobutylene is an 
efficient scavenger of hydrogen atoms. Runs 10 and 11 
show that benzene formation is increasingly suppressed 
by increase of isobutylene concentration. Using iso
butylene as a radical scavenger, we have observed the 
formation of ¿-butylethylene. The formation of 
benzene decreases while i-butylethylene increases with 
increasing amounts of isobutylene. The failure of iso
butylene to scavenge the precursor of benzene com
pletely probably is due to the efficiency of acetylene as a 
scavenger.

The interpretation of the effects of added free radical 
scavengers in radiolysis experiments is always subject to 
question. Some of these compounds are expected to 
behave as excited state and/or ion scavengers as well 
as free radical scavengers. For the system reported 
here it seems reasonable to rule out major contribution 
of excited states based upon the isotopic studies. 
Therefore, the marked effect of oxygen, which has a 
higher ionization potential than acetylene, probably can 
be attributed to free radical scavenging.

Influence of Sensitizers.— One of the arguments in 
favor of the duality in the primary process has been 
the observation that the addition of rare gases to acetyl
ene prevents the cyclization to benzene.8 Runs 7, 13, 
14, and 15 of Table II fail to confirm this observation 
for the krypton-acetylene mixtures used in these ex
periments. These results are not necessarily contra
dictory. It was noted early in the discussion that an 
increase in dose rate decreased the yield of benzene. 
The experiments of Dorfman and Wahl8 were done at 
much higher dose rates using a Van de Graaf accelera
tor. In the experiments of Table II, the ratio of krypton 
to acetylene is less than three, whereas Dorfman and 
Wahl used much higher ratios. Therefore, it is possible 
to reconcile these superficially contradictory observa
tions in terms of differences in dose rates.

The distribution of X-radiolysis products at 262° in 
the presence and absence of mercury vapor is reported 
in Table III. Experiments 47B and 48A demonstrate 
that the conversion to gaseous products and to benzene 
is increased by a factor of about 10 in the presence of 
ca. 100 mm. of mercury vapor. Experiments 48A and 
47A indicate that a fivefold increase in the initial acetyl
ene pressure increased the yield of products by a factor 
of 1.7 without significantly altering the distribution of 
these products.

Owing to the very low conversion in expt. 47B, the 
product distribution is subject to considerable error. 
Therefore, it seems unwarranted at the present time to 
discuss possible variations in product distribution 
caused by the presence of mercury vapor. Mercury, 
by virtue of its low ionization potential, may behave as 
a C2H2+ scavenger in the systems reported here. If 
mercury is behaving as an efficient ion scavenger, the 
data of Tables I and II indicate that ionic reactions do 
not contribute significantly to the benzene formation. 
Because reliable cross section data for charge transfer



Jan., 1963 Formation of Benzene in R adiolysis of A cetylene 15

reactions in these systems are unavailable, the extent of 
suppression of the ionic processes by mercury vapor 
cannot be evaluated quantitatively.

A comparison of expt. 47C and 48A reveals the dose 
rate effect noted earlier in the discussion.

T able  III
X -R adiolysis of A cetylene at  262°

acetylene was affected by other initiating radicals is 
striking. When chlorine atoms are used to initiate the 
formation of benzene, the yield of chlorobenzene is 
much less than the yield of benzene.11 In the experi
ments of Drew and Gordon,16 where acetylene was poly
merized by radicals formed from the photolysis of 
deuterioacetone, no deuterated toluene was found.

P c2h„  mm. at 25°
47 A

50
Experiment no.- 
47B 47C
10 10

48A
10

PHg, mm. at 262° 100* 0 100“ 100“
Anode current, ma. 40 40 10 40Irradiation time, min. 30 30 30 30
% Conversion to gaseous products 3.5 0.2 0.8 2.0
Gaseous6 Diacetylene 9.2 13.2 8.3 10.4

product Vinylacetylene 14.1 27.6 22.7 15.0distribution • Benzene 71.7 51.5 66.3 72.2
(%) Phenylacetylene 1.9 4.7 1.1 1.2

Cycloòctatetraene 3.1 3.0 1.6 1.2
a Calculated from the vapor pressure curve for mercury. 6 1,3- Butadiene was too small for confident analysis and was not included in the table.
Influence of Hydrogen and Mercury.— In order to 

ascertain the effectiveness with which hydrogen atoms 
initiate the polymerization of acetylene to benzene, a 
few X-radiolysis experiments were carried out using 
an eighteenfold excess of H2 in the presence of acetylene 
and mercury at 262°. Ethylene and 1,3-butadiene 
were found to be major products, although small 
amounts of benzene, butane, cyclohexadiene, cyclo
hexane, and cyclohexane also were observed.

Some experiments were performed using ^ -a ce ty 
lene-^ and D 2-acetylene mixtures to trace the role of 
hydrogen. The results of these experiments are pre
sented inTable IV. It is significant that the ratios CelR- 
D/CeH6 and C6D6H/C6D6 depend upon the ratio of 
initial reactants. A comparison of expt. 104B with expt. 
99A indicates that the ratio CcH5D/C’eHf, is only slightly 
dependent upon the extent of conversion and, therefore, 
secondary processes are not the means by which deute
rium is being incorporated into the benzene. Further
more, the extent of exchange to form C2HD is too small 
to yield the large amounts of CeH6D by statistical in
clusion of C2HD in the polymer chain. Therefore, the 
mechanism by which benzene is formed most probably 
involves hydrogen in either the initiating and/or termi
nating step.

The similarity of the results of Table IV with the re
sults of other experiments in which polymerization of

T able  IV
T he M ercury Sensitized  X -R adiolysis of A cetylene-  

H ydrogen M ixtu re  at  262°
104 B

---------- Experiment
99A 96B

no.
98A 96A

P c,h2 (mm. at 25°) 10 10 10
Pr>2 (mm. at 25°) 180 180 330
P se (mm. at 262°) 100“ 100“ 100“ 100“ 100“
Pc2t>2 (mm. at 25°) 10 10
Ph2 (mm. at 25°) 180 330
Irradiation time 

(min. at 40 mm.) 15 30 30 30 30
C6H6D/C6H6 0. 28 0.30 0.63
c6h 6h / c6d 6 0.44 0.64
Yield of C2HD, % 2 6 3.5 6.5 3.4 4.2
Conversion to ben- 

zene, % 0. 6 1.2 0.2 0.6 0.1
“ Calculated from the vapor pressure curve for mercury.

Discussion
In suggesting that the data may be explained by a 

free radical mechanism, we have no intention of ruling 
out partial ionic product formation in the absence of 
added ion scavengers. We do not express an opinion 
as to whether free radicals are formed via neutralization 
of ions or by decomposition of excited molecules. By 
analogy to the formation of benzene in the methyl 
radical16 and chlorine atom11 initiated polymerization 
of acetylene, we suggest that the following mechanism is 
in agreement with the observed data

C2H2 — ► C2H +  H (1)

2C2H — >  C4FI2 (2)

H +  C2H2 — > C2H3 (3)

C2H3 +  R — > disprop. and recomb, products (4) 

C2H3 +  C2H2 — ► C4H5 (5)

C4H5 +  R  — > disprop. and recomb, products (6)

CTR +  C2H2 — > C3H7 (7)

C6H7 — > C6H6 +  H (8)

C6H7 +  R  — >- disprop. and recomb, products (9)

C6H7 +  C2H2 — > C8H9 (10)

etc. to cycloòctatetraene and polymer

In the above reaction sequence, R  denotes a polymeric 
radical originating from H atom or C2H radical addition 
to acetylene. This mechanism offers a qualitative ex
planation for the observed products, i.e., diacetylene, 
butadiene, vinylacetylene, benzene, and higher polymers.

The presence of H atoms in the system is indicated 
by the formation of diacetylene and the simultaneous 
absence of molecular hydrogen. Further confirmation 
of the presence of H atoms is afforded by the production 
of benzenes containing an odd number of D atoms in 
the experiments utilizing C2H2 : C2D2 mixtures.

It has been pointed out recently11 that C2H2C1 radi
cals react rapidly with acetylene to yield addition prod
ucts. A similar reactivity might be expected for the 
C2H3 radical. Therefore it is not surprising that only 
traces of 1,3-but.adiene are observed in the radiolysis of 
acetylene. In the radiolysis of C2H2:H2 mixtures, in 
which FI2 is in considerable excess, the vinyl radical 
concentration may be increased to such an extent that 
recombination to butadiene is favored over addition to 
acetylene.

The dose rate dependence of benzene formation is 
explained by reactions 8, 9, and 10. Increasing radical 
concentrations resulting from increasing dose rates will 
favor reaction 9 over benzene formation. We also 
would expect a decrease in benzene formation with in
creasing acetylene pressure since reaction 10 will com-

(16) C. M. Drew and A. S. Gordon, J. Chem. Phys., 31, 1417 (1959).
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pete with reaction 8 at large acetylene pressures. Un
fortunately, present data are insufficient to ascertain 
whether such a distinct pressure effect is as predicted.

It might be argued that the formation of benzene by 
reaction 8 is subject to question since elimination reac
tions involving alkyl radicals are known to have rather 
high activation energies. However, the reaction postu
lated here may involve simultaneous cyclization and 
elimination, thereby reducing considerably the energy 
requirements of simple elimination reactions. The 
temperature dependence shown in Fig. 2 corresponds to 
an over-all activation energy for benzene formation 
which varies with temperature.

The high G-'-yields for benzene formation at low dose 
rates and small acetylene pressure indicate that benzene 
may be produced by a chain mechanism such as that 
postulated in the above reaction sequence. If benzene 
is formed via a free radical mechanism, then some 
polymer also must be formed by a free radical path. 
This does not mean that part of the polymer formation, 
possibly even the major part, may not be due to ion- 
molecule polymerization reactions.

In conclusion, the authors would like to state that 
they are well aware of the controversial nature of the 
postulated free radical mechanism for benzene forma
tion. Quantitative information on intermediate forma
tion will be necessary before firm conclusions can be 
reached regarding specific reactions. The system prob
ably is much more complicated than our mechanism 
implies. Discussion of the data was, therefore, not in
tended as proof of this mechanism. Its sole purpose was 
to point out that objections raised against a free radical 
mechanism no longer are valid, and that, indeed, the 
data are quite consistent with information gained on 
benzene formation in photochemical systems.
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Distribution of four p-substituted anilines between 80.5 weight % aqueous dioxane and a polystyrenesulfonic 
acid ion-exchange resin, Bio-Rad AG50W-X8, has been studied over a wide range of concentration. The data obey a classical mass law expression for the reaction res- , H + +  B = res- , BH +. The observed equilibrium constants are related to the acid dissociation constants of the anilinium ions in 82% dioxane by the equation log
K  =  1.17 +  0.831 p K b..

Introduction
The reaction between a molecule B, in solution, and 

an ion A^ present as the solid ion-exchange resin salt

K
res*, A T +  B ^  res*, (AB)* (1)

is important in attempts to employ ion exchangers in 
problems of physical organic chemistry. It provides an 
approach to measurement of complex ion formation 
equilibria and of selectivity effects in organic ion-ex
change equilibria, as may be seen by expressing (1) as 
the sum of (2) and (3)

K ,
A T +  B (AB)* (2)

Kaei
res*, A *  +  (AB)* T Zt res*, (AB)T +  A *  (3)

Reaction 1, as an equilibrium analog of the key kinetic 
process in resin-catalyzed reactions, offers a means of 
comparing equilibrium and kinetic selectivity effects.

The reaction of bases with the hydrogen form of the 
exchanger

K
res- , H+ +  B TT7 res- , BII+ (4)

is one of the simplest examples of (1). The purpose of 
the present measurements is to find if a true equilibrium

£ v. __... ^  ^

j m 'hi

constant can be determined for reaction 4, and to what 
extent relative values of such K ’s for a series of structur
ally related substrates, B, represent relative values of 
the complex ion formation constants, in this case the 
relative basicities. Previous studies of the distribution 
of bases into acidic exchangers1-6 (or acids with basic 
exchangers6-8) have not provided such equilibrium con
stants, but often have been interpreted as adsorption 
phenomena. This often was necessitated by the use of 
water or a medium approaching water, as solvent, in 
which case sorption of acid or base independent of 
chemical reaction with the resin functional groups may 
be pronounced.9

Experimental
Materials.— Reagent grade dioxane and aniline were fraction

ally distilled; center cuts having properties in agreement with 
the literature were used. The remaining bases were reagent 
grade materials, crystallized three or more times and displaying 
melting points agreeing with literature values; they were sub
limed at 10-4 mm. shortly before use. The resin was purified 
Dowex 50W-X8, 200-400 mesh, obtained from Bio-Rad Labora-

(1) L. Saunders and R. S. Srivastava, J. Chem. Soc., 2111 (1952).
(2) T. Vermeulen and E. H. Huffman, lnd. Eng. Chem., 45, 1658 (1953).
(3) G. W. Bodamer and R. Kunin, ibid., 45, 2577 (1953).
(4) G. S. Panson and R. Ellsworth, J. Org. Chem., 25, 1466 (1960).
(5) S. R. Watkins and H. F. Walton, Anal. chim. Acta, 24, 334 (1961).
(6) J. A. Bishop, J. Phys. Chem., 50, 6 (1946).
(7) D. A. Robinson and G. F. Mills, lnd. Eng. Chem., 41, 2221 (1949).
(8) S. Peterson and E. Gowen, ibid., 45, 2584 (1953).
(9) C. W. Davies and G. G. Thomas, J. Chem. Soc., 2624 (1951); S. 

Peterson and R. W. Jeffers, J. Am. Chem. Soc., 74, 1605 (1952); R. E. 
Anderson and R. D. Hansen, lnd. Eng. Chem., 47, 71 (1955).

i f # * »
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(RmB/A) X 10>.
Fig. 1.—Distribution of substituted anilines between 80.50 

wt. %  aqueous dioxane and a polystyrenesulfonic acid ion ex
change resin at 25.0°. Solid circles represent reverse approach 
to equilibrium (see text).

tories, Richmond, California, as AG 50W-X8. Its 60 Me. 
proton magnetic resonance spectrum in water showed no evi
dence of heterogeneity.10 The resin was air dried to ca. 20% 
water, weighed into 1-ml. ampoules (ca. 0.1-0.15-g.), and dried 
to constant weight at 75-80° and a final pressure of ca. 10-4 mm. 
(6-8 hr.); the ampoules were sealed in vacuo, recovered, and 
weighed. The capacity of the dry material by titration in water 
was 5.21 meq./g. The vacuum-dried resin contained no more 
than 0.042 mmole of water per meq. of —SOsH groups, as deter
mined by direct potentiometric Karl Fischer titration under 
methanol.

Equilibrium Measurements.—A weighed sample of base solu
tion and a sealed ampoule containing a known weight of resin 
were sealed in a heavy-walled reaction tube, and the ampoule 
was broken by shaking. The tube was rocked in a constant 
temperature bath at 25.0 ±  0.1° until equilibrium was attained. 
After filtration through a hypodermic needle fitted with a modified 
Swinny adaptor, the solution immediately was analyzed spectro- 
photometrically on a Cary Model 14 instrument at the wave 
length shown in Table II, applying a small correction for light 
absorption due to soluble impurities in the resin. Extinction 
coefficients used (Table II) were averages of at least two separate 
determinations. The amount of base taken into the resin phase 
was computed from the initial and final concentrations. Attain
ment of equilibrium was assured for each system by increasing 
the equilibration time until invariant results were obtained. 
These systems reached equilibrium within 10 hr. As proof of

(10) J. E. Gordon, J. Phyt. Chem., 66, 1160 (1962).

_ Fig. 2.—Equilibrium constants for reaction 4 vs. acid dissocia
tion constants for the anilinium ions. Maximum experimental 
uncertainty is indicated by the horizontal and vertical lines.

the attainment of equilibrium, some points were measured from 
the reverse direction; thus, in Fig. 1, the upper of the two solid 
circles for p-toluidine was determined by the usual procedure; 
a weighed aliquot of the solution phase then was removed and 
replaced by a weighed quantity of pure solvent, and the specimen 
was re-equilibrated and re-analyzed giving the lower solid circle 
at lower A sh4 which agrees with the forward reaction data within 
the estimated experimental error for the extended manipulation (ca. 2% in S). Possible sorption of base independent of salt 
formation was eliminated by equilibrating solutions of the bases 
with an alkali metal salt form of the resin, finding no detectable 
sorption of base within experimental error (ca. 0.5%) for the 
solvents used in the equilibrium measurements, though at di
oxane contents as low as 60% it is pronounced.

Resin Phase Solvent Composition Measurements.—Resin 
samples (50-100 mesh) were equilibrated with 80% dioxane and 
excess solvent was removed by centrifugation A1-1* The interior 
solvent then was distilled off at a final pressure of 10-4 mm. and a 
temperature of 80°. The trapped distillate was analyzed by 
integration of the proton magnetic resonance spectrum on a 
Varian A-60 spectrometer; the intensities used were averages of 
at least 10 integrations of the spectrum; standard solutions are 
determined in this way with an average accuracy of ca. 1.5%. 
The results for pure hydrogen, for A H+ = 0.5 = A Bh+, and for pure 
¡»-toluidinium resinates were 38, 32, and 28% dioxane in the 
sorbed liquid.

Swelling Measurements.—Swelling of 50-100 mesh resin 
beads, dried in vacuo, was measured microscopically.12 The 
results are given in Table I.

T able  I
Sw elling  of H ydrogen  and p -T oluidinium  R esinates“ in 

A queous D ioxan e
Swelling,6 %

Solvent, % - i H +
dioxane res-, H + res ' / ArNHs + 4 res , ArNIL+

0 122 58 28
20 133
40 128
60 131
80 108 63 26
90 100 37 16

100 56d
“ AG 50W-X8, 50-100 mesh. h Average precision, ca. 5%. c -Vji - = 

0.5. d Reference 10.

Results
Data for distribution of four p-substituted anilines 

between the resin and 80% aqueous dioxane and of p- 
toluidine between the resin and 90% aqueous dioxane 
over a wide range of solution phase concentrations and

(11) H. P. Gregor, D. Nobel, and M. H. Gottlieb, ibid., 59, 10 (1955).
(12) H. P. Gregor, F. Gutoff, and J. I. Bregman, J. Colloid Sci., 6, 245 

(1951).
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T able  II
E quilibrium  C onstants and E ffective C apacities for  the R eaction of Substituted A nilines with  H ydrogen R esinate  in

A queous D ioxane  at 25.0°
Solvent, wt. C , meq./g.

Base % dioxane K  x 10-« n t a X 10-« resin rc6 lmax.E m/i c*max.<1 X 10 2
p-Chloroaniline 80.50 1.965 0.046 5.526 0.036 302 18.69
Aniline 80.50 11.10 0.31 5.331 .050 238

289
102.6
18.85

p-Methylaniline 80.50 35.7 4.4 5.267 .005 240
295.5

98.80
17.67

7>-Methoxynniline 80.50 116 48 5.298 .004 237.5
305

101.6
24.48

p-Methylaniline 90.00 31.37 4.6 5.111 .004 296 19.38
« Probable error in K. b Probable error in C. c Wave lengths used for analysis. d e* = optical density/cell length (cm.) X molal 

concentration.

resin phase compositions were analyzed in terms of the 
mass law expression (5) for reaction 4, where X r denotes 
mole fraction in the resin phase, and mB the base mo-

K  =
ms

(5)

lality in the solution phase. In these systems distribu
tion of base into the resin in the absence of reaction with 
the resin counterions is negligible. Equation 5 was 
used in the form

mb =  —1 /K +  CiRms/A) (6)
according to which a plot of mB vs. RmB/A should be 
linear and yield K  and C from the slope and intercept. 
Such plots are shown in Fig. 1, and the constants derived 
by least squares fitting of the data to eq. 6 are given in 
Table II. The nitroanilines proved too weakly basic to 
measure.

In Fig. 2 the measured equilibrium constants are 
compared with the corresponding anilinium ion dis
sociation constants measured13’14 in 82% dioxane. The 
equation

log K  =  1.17 +  0.831 pKa (7)
fits the data with a probable error of 0.02 in log K, 
well within the experimental uncertainty of these values.

Discussion
Only a moderately stringent test for parallelism be

tween the observed K  values and the substrate basici
ties can be made.16 However, within the limits of pre
cision attainable in these measurements, a linear rela
tionship is found (eq. 7), implying that differential 
selectivity effects are absent and that the measurements 
have the chemical significance attributed to them in
(4).

The composition of the solvent within the resin phase 
is changing with the changing ionic composition of the 
resin throughout each set of data (see Experimental). 
Using the solvent dependence of pK a in pure aqueous

(13) H. P. Marshall and E. Grunwald, J . A m . Chem . Soc., 76, 2000 (1954).
(14) J. C. James and J. G. Knox, T ra n s. F a ra d a y  Soc., 46, 254 (1950). 

The measurements of ref. 13 and 14 are not in perfect agreement; a possible 
explanation has been given in ref. 13. However, the discrepancies are not 
large compared to the precision of the present results, and average values 
were used for comparison.

(15) Marshall and Grunwald13 show that proportionality between values 
of log / b/ / bh+ in two different homogeneous media does not always exist for 
a group of bases of the same general structure. However, for a series varying 
only in a remote substituent, the deviations would not appear to be large 
(c/. M. A. Paul and P. A. Long, C h em . R ev ., 57, 31 (1957)). Comparison of 
the resin system with homogeneous solution is more ambiguous than com
parison of two different homogeneous media, since the chemical composition 
of the resin phase is rather different from that of the solution phase, and es
pecially since the measured equilibrium constant is uncorrected for salt ef
fects.

dioxane,14 and considering reaction 2 (the base protona
tion equilibrium) to occur in a phase consisting of just 
the sorbed solvent, an upper limit on the drift in K  in
troduced from this source can be estimated. Only for 
p-chloroaniline should curvature in the data plot be 
just detectable. That none is in fact detected is consis
tent with the expectation that the phase appropriate to 
the acid-base equilibrium is not pure sorbed liquid but 
the homogeneous gel16a including both sorbed solvent 
and resin matrix, a medium in which the effects of 
changing sorbed solvent composition must be much 
smaller than those estimated above. The equality, 
within experimental error, of K  for p-toluidine in 80 
and 90% dioxane is also consistent with insensitivity 
of K  to the interior solvent composition.

The apparent absence of strong deviations from the 
simple mass law expression (5) in what amounts to a con
centrated electrolyte solution in a medium of low dielec
tric constant is of interest. In general, for cation ex
change in water, K ae, is not independent of the ionic 
state, and the activity coefficients of the resin salts vary 
strongly with the resin phase ionic composition.160 
The absence of this complexity in the present case ap
pears analogous to the K Be, constancy observed by 
Gregor, Belle, and Marcus17 for exchanges between 
large anions in water, and it can be fitted rather well 
into the ion association model developed by these 
authors.

Use of (6) whereby the resin capacity, C, is obtained 
directly from the data is indicated in non-aqueous sol
vents because of the known manifestation of reduced 
effective capacities by the resin in such systems.4 For 
example, we have found that although K  is too large 
to measure for the reaction of aniline with hydrogen 
resinate in anhydrous acetonitrile, the effective capacity 
is only 2.7 meq./g. This presumably results from an 
ionic sieve effect1615 enhanced under conditions of re
duced swelling. The values of C from the present meas
urements approximate the true capacity, 5.21 meq./g., 
as expected in view of the high degree of swelling in 
these solvents (Table I ) . The slightly high and slightly 
low values in 80 and 90% dioxane, respectively, are 
attributable to a small degree of partitioning of free 
base into the anilinium resinate in the former case, 
and to the onset of deswelling in the latter.

Acknowledgment.— The writer thanks Dr. A. A. 
Bothner-By for numerous helpful discussions.

(16) J. A. Kitchener, in “ Modern Aspects of Electrochemistry,” J. O’M.
Bockris, Ed., No. 2, Academic Press, Inc., New York, N. Y., 1959: (a)
p. 100; (b) p. 130; (c) p. 116 ff.

(17) H. P. Gregor, J. Belle, and R. A. Marcus, J . A m . C h em . S o c ., 77, 
2713 (1955).



19

R E L A T I V E  F O R M A T I O N  C O N S T A N T S  F O R  S O M E  S U B S T IT U T E D  D IB E N Z O A T E
IO N S

By John E. Gordon

M e l l o n  I n s t i t u t e ,  P i t t s b u r g h ,  P e n n s y l v a n i a  

R e c e i v e d  A p r i l  2 0 ,  1 9 6 2

Jan., 19G3 R elative Formation Constants for Substituted D ibenzoate Ions

Equilibrium constants for the reaction between the carboxylic acid salt of an anion-exchange resin and the corre
sponding acid in acetonitrile solution have been measured a t 25.0° for five m -  and ^-substituted benzoic acids. 
Relative values of these constants are taken as measures of the relative formation constants of the dibenzoate 
ions, (ArCOO)2H~, and are found to increase with increasing acidity of ArCOOH according to log K  = 3.48 — 
0.200 pKa- Evidence is found for some formation of tricarboxylate a t concentrations higher than those corre
sponding to 75% completion o: the 1:1 reaction.

The complex ions (BH. . ,B)± produced by inter
action of an acid with its conjugate base long have been 
known in the solid state for such diverse bases as B =  
F - /  C l-,2-3 COs- V  R C 02- ,5 A rO -,6 RO~,7 R20 ,8-8 
RCONHR,9 H2NCH2CO,TT,10 and NH3.n Important 
information on hydrogen bonding has come from 
studies of these materials.12 The BH Bi ions exist 
also in solution in non-water-like solvents, where they 
have been detected by infrared13 and electronic14 ab
sorption spectroscopy, by conductimetric16 and potentio- 
metric16 titrations, and by chemical interpretation of 
the dependence of acidity functions on composition.17 
Kinetic and equilibrium investigations involving acids 
and bases in non-water-like media thus require, for 
their complete understanding, accurate knowledge of 
the stoichiometry, structure, and stability of any BIIB* 
species present. Although some information on stoichi
ometry and structure is available in the above studies, 
few measurements of formation constants14-18-19 for 
BHB± species have been reported, and from these little 
information on the systematic dependence of stability 
on structure is derivable. This article presents measure
ments on a series of dibenzoate ions, (ArC02)2H _, in 
which a substituent remote from the reaction center is

(1) S. W. Peterson and H. A. Levy, J. Chem. Phys., 20, 704 (1952).
(2) R. West, J. Am. Chem. Soc., 79, 4568 (1957).
(3) No direct spectroscopic or diffraction evidence for the BHB* struc

tural unit is available, but its presence is highly probable.
(4) G. Bacon and N. Curry, Acta Cryst., 9, 82 (1956).
(5) fa) P. Peiffer, Ber., 47, 1580 (1914); (b) J. E. Kench and T. Malkin, 

J. Chem. Soc., 230 (1939); (c) A. W. Davidson, Chem. Rev., 8, 180 (1931); 
(d) J. C. Speakman, J. Chem. Soc., 3357 (1949).

(6) G. J. van Meurs, Z. physik. Chem., 91, 313 (1916); D. Hadèi and J. E. 
Gordon, unpublished results.

(7) P. J. Wheatley, J. Chem. Soc., 4270 (1960); J. G. Pritchard and H. M. 
Nelson, J. Phys. Chem., 64, 795 (1960).

(8) F. Klages, H. Meuresch, and W. Steppich, Ann., 592, 81 (1955).
(9) E. H. White, J. Am. Chem. Soc., 7T, 6215 (1955) ; N. Albert and R. M. 

Badger, J. Chem. Phys., 29, 1193 (1958).
(10) W. S. Frost, J. Am. Chem. Soc., 64, 1286 (1942); M. J. Buerger, 

E. Barney, and T. Hahn, Z. Krist., 108, 130 (1956); T. Hahn and M. J. 
Buerger, ibid., 108, 419 (1957).

(11) J. Kendall and J. G. Davidson, J. Am. Chem. Soc., 42, 1141 (1920); 
I. Olovsson, Acta Chem. Scand., 14, 1453, 1466 (1960).

(12) R. Blinc and D. Hadzi, Spectrochim. Acta, 16, 853 (1960); R. 
Blinc, D. Hadii, and A. Novak, Z. Elektrochem., 64, 567 (1960), and refer
ences therein.

(13) G. M. Barrow and E. A. Yerger, J. Am. Chem. Soc., 76, 5211 (1954); 
E. A. Yerger and G. M. Barrow, ibid., 77, 4474, 6206 (1955) ; G. M. Barrow, 
ibid., 78, 5802 (1956).

(14) M. M. Davis and H. B. Hetzer, J. Res. Natl. Bur. Std., 48, 381 
(1952).

(15) (a) A. A. Maryott, ibid., 38, 527 (1947); (b) P. Bryant and A. War- 
drop, J. Chem. Soc., 895 (1957).

(16) H. B. van der Heijde, Anal. chim. Acta, 16, 392 (1957).
(17) (a) H. Van Looy and L. P. Hammett, J. Am. Chem. Soc., 81, 3872 

(1959); (b) R. P. Bell, “ The Proton in Chemistry,” Cornell University 
Press, Ithaca, N. Y., 1959, p. 81.

(18) I. M. Kolthoff, S. Bruckenstein, and M. K. Chant-ooni, Jr., J. Am. 
Chem. Soc., 83, 3927 (1961).

(19) von E, Romberg and K. Cruse, Z. Elektrochem., 63, 404 (1959).

varied and from which the dependence of the formation 
constant upon the acidity of the parent acid is obtain
able.

A distribution method20“ was employed in which the 
acid ArC02H was partitioned between a liquid phase 
(acetonitrile) and the carboxylate salt of an anion ex
change resin, res+, ArC02~. In this system the dis
tribution coefficient for partition of ArC02H into the 
resin phase in the absence of reaction with the resin 
counterions is zero, and the observed distribution 
equilibrium is in a first approximation described simply 
by the stoichiometric reaction

K
ArC02H +  res+, ArC02-  ^

res+, (ArC02)2H -  (1)

Experimental
Materials.—Acetonitrile (Fisher reagent) was fractionally 

distilled twice from phosphorus pentoxide, collecting a constant
boiling middle cut; typically this had b.p. 80.5° (740 mm.), 
n25d 1.3413 [reported21 * * b.p. 80.8° (740 mm.), re26d 1.3416]. Karl 
Fisher titration revealed less than 0.008% water. Potentiomet- 
ric titration showed that acetic acid (or stronger acid) was pres
ent to the extent of no more than 10 ~4 m .  The material was ho
mogeneous to vapor phase chromatography. Some batches were 
subjected to a further fractionation from freshly-fused potassium 
carbonate; however, there was no detectable difference in the 
results obtained with the different preparations. Acids were 
reagent materials, crystallized several times from water, whose 
melting points agreed with published values; they were sublimed 
at about 1 0 mm.  shortly before use. The resin used was a 
purified grade of Dowex 1-X4, obtained as AG 1-X4, 200-400 
mesh, in the chloride form, from Bio-Rad Laboratories, Rich
mond, California; the p.m.r. spectrum of a water suspension of 
the OH-  form showed no evidence of heterogeneity.201* The 
anhydrous material possessed a capacity =  4.57 meq./dry g. 
after cycling. The resinium carboxylates were prepared by 
column treatment of 9.1-9.5 meq. of air-dried resinium chloride 
with 2 1. of carbonate-free N  sodium hydroxide, followed by 500 
ml. of de-ionized water, then with 24.6 mmoles of the appropriate 
acid in 500 ml. of 50% (by volume) ethanol, and finally with 1.23 
mmoles of the acid in 250 ml. of ethanol. The resin was dried 
in a stream of nitrogen overnight and 0 .1- 0 .1 2  g. samples were 
weighed into 1 -ml. ampoules and dried to constant weight (6 
hr.) at 70° and a final pressure of c a .  10~4 mm. These products 
were analyzed by eluting with 250 ml. of a solution prepared by 
mixing 50 ml. of N  sodium hydroxide with 450 ml. of saturated 
potassium perchlorate and analyzing the eluates spectrophoto- 
metrically for carboxylate ion. Results are given in Table I. 
Karl Fischer titration2011 showed that the vacuum-dried resins con
tained no more than 0.034 mmole of water/mmole of resin.

Equilibrium Measurements.—Solutions of the acids in aceto
nitrile were equilibrated with the corresponding resinium car
boxylates at 25.0° as in the previous work.208 Equilibrium was

(20) (a) J. E. Gordon, J. Phys. Chem., 67, 16 (1963); (b) 66, 1150 (1962).
(21) J, A. Riddick and E. E. Coops, Jr., in “ Technique of Organic Chemis

try,” A. Weissberger, Ed., V©1. VII, Interscience Publishers, Inc., New York,
N. Y., 1955, p. 224.
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Fig. 1.— Distribution of benzoic acid between anhydrous 
acetonitrile and resinium benzoate at 25.0°, plotted according 
to eq. 3.

T able I

Analysis op R esinium C arboxylates, Y - C J I 40 0 0 ~ , Res + 

C (meq. ArCOO ~/g. of 
dry resin)

Y Calcd. Found m̂ax.a «max X 10 -»
p-OCH3 2 . 9 9 2.98 247 136
p-CH3 3.14 3.15 234 112
H 3.28 3.31 268 5.28
TO-Cl 2.95 2.94 277 6.71
p-NO, 2.86 2.86 273 101

“ W ave lengths used for analysis.

reached within 10 hr. As before, it was possible to approach 
equilibrium from both directions. For example, a sample in the 
anisic acid system gave a point at HmArCOOB/A =  4.50 X  10 “3; 
3.639 g. of the solution phase (mArcooH =  1 -028 X  10 ~2) was re
placed with 4.381 g. of pure acetonitrile, followed by shaking for 
10 hr., while the reverse reaction occurred to give a measured 
value of RmMC00S/A =  3.33 X 10~3 at TOakiooh =  7.105 X  
10 ~3 which falls on the line defined b y  the forward points 
(f?"*ArCooH/A calcd. =  3.40 X 10~3) within the estimated ex
perimental error for the extended operation (ca. 2%  in A ).Control Experiments.— Correction for ultraviolet-absorbing 
material leached from the resin was negligible. Distribution of 
substrate into the resin phase in the absence of reaction with the 
resin counterions was tested for by equilibrating the resin with 
acetonitrile solutions of the generally similar, but non-acidic, 
acetophenone; thus, the concentration of 7.78 g. of an acetoni
trile solution (to =  1.2 X 10 ~3) of acetophenone did not diminish 
detectably on equilibration with 91.8 mg. of resinium benzoate.

Results
The data were analyzed in terms of the mass law 

expression for reaction 1
(ArCOO),H- 1

X ai-COO- WlArCOOH

which was employed in the form

wiArcooH =  — ~  +  CRmAtcoon/A (3)

where the symbols have the meanings previously used.20a 
Each system obeyed (3) accurately up about ̂ ai-coouh - 
=  0.75; data for benzoic acid are shown in Fig. 1. 
At higher conversions deviations22 from (3) appeared, 
and these were of the form expected for simultaneous 
operation of the reaction

K 2
res+, (ArCOO)2H - +  ArCOOH <=> res+, (ArCOO)3H2-

(see below). The entire set of data for benzoic acid, 
5 X 10-4 <  mArcooH <  5 X 10-2, was reproduced rather 
well with K i  —  K / 100; part of the calculated curve is 
shown in Fig. 1. Values of C and K  determined by 
the method of least squares applied to the linear por
tions of the ?nArcooH vs. R m^oon/A plots are given in 
Table II.

T able II

Equilibrium Constants for the R eaction of R esinium 
Benzoates with Benzoic A cids in A cetonitrile at 25.0° 

Sub- Ini«, **max'
stituent K TKa c re11 Co' C/Co m̂ d X 10-«

p-ocrR 383 2 2.86 0.007 2.99 0.956 253 133.6
p-c h 3 409 13 3.00 .04 3.14 .955 236 114.4

280 4.39
H 427 4 3.16 .02 3.28 .962 272 7.21

279 5.82
TO-Cl 528 10 2.81 .02 2.95 .952 280 8.06

288 6.79
P-NO2 609 14 2.46 .02 2.86 .861 259 94.4

a Probable error in K . 6 Probable error in C. c True capac
ity  from Table I. 4 W ave lengths used for analysis, b *  =  
optical density /cell length X  molal concentration.

Discussion
Equilibrium Constants.—-Variation of the stability con

stants for BH . . . B* species with the acid dissociation 
constants of BH measures the relative sensitivity of 
hydrogen bridge strength to proton donor acidity 
vs. proton acceptor basicity. From Table II it is 
clear that for B =  ArCOO- , stability increases with 
increasing BH acidity. Conductimetric titrations of 
RCOOH with amines in acetonitrile performed by 
Bryant and Wardrop15b are consistent with this result, 
as the conductance maxima at half equivalence (at
tributed to formation of dicarboxylate ions) become 
more pronounced with ̂ increasing acid strength of 
RCOOH. P|

These relations can be made more quantitative by use 
of the expressions A log A'a»sn =  a A log K j iA and A log 
A Man =  b A log K hB previously employed23 to describe 
the dependence of the association equilibrium

ifassD
AH +  B 7 »  AH . . . B

upon the acidity of the proton donor moiety and the 
basicity of the proton acceptor, respectively. Applica
tion to the reaction

(22) These cannot be due to association of the acid in the solution phase, 
since infrared measurements show benzoic acid to be negligibly dimerized 
in acetonitrile solutions as concentrated as 1 M (C. J, W. Brooks, O. Eglinton, 
and J. F. Morman, J. Chem. S o c 106 (1961).

(23) J. E. Gordon, J. Org. Chem., 26, 738 (1961).
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K
ArCOOJI +  ArCOO- ArCOOH. . .OCCAr-  

gives

A log K  =  a A log Z aArC00H +  6 A log A bArC00‘  =  
a A log A aArC00H -  b A log A aArC00H =

- ( a  -  b)ApAaArC00H (4)

which implies a linear plot of log K  vs. pKa. Figure 2 
shows such a plot for the results of Table I I ; the equa
tion of the least squares line is log K  — 3.48 — 0.200 
pAa, which reproduces the data well within the probable 
error of the measured K  values. The value of (a — b) =  
0.20 shows that the dependence on donor acidity exceeds 
that on acceptor basicity by a sizable fraction of the 
structure dependence for complete ionization of 
ArCOOH.24 In other words, in *he complex AH. . .A-  
the proton donor moiety is closer to its dissociated state 
than the acceptor is to its protonated state, which sug
gests the structure A - FI+ A -  as an important contrib
utor to the valence-bond formulation. This also is sug
gested by spectroscopic observations on solid sodium 
tristrifluoroacetate by Klemperer and Pimentel,25 who 
found substantial carboxylate ion character in the 
bonded HOOCR moieties.26

Stoichiometry.— On passing from water, where acidic 
protons and basic atoms of dissolved acids and bases 
are hydrogen-bridged to solvent, through non-water
like solvents toward the solid state, the hydrogen
bridging potentialities of the products of the primary 
acid-base reaction AH +  B =  A -  +  BH+ are realized 
through (a) formation of hydrogen-bridged ion pairs, 
and (b) secondary incorporation of extra acid or base 
molecules to form complex species

B
AH +  B =  A "  +  HB+ BH+- • -B

A -- - -H A

The stoichiometry of AH A-  species can be predicted 
rather successfully with the rule: all basic atoms bear
ing part of the charge in an ion A -  tend to bridge to 
extra AH molecules except those already engaged in a 
bridge to the counter ion. Illustrative are the formation 
of

O- ---H O OCR 0 - - - - H 2S04
/  /

R— C ,13'16b HO—S— O • • • HB + ,17a
\  \

0 ---H B +  0 - - -H 2S04
(24) Since the reactant state actually involves ArCOOH bridged to sol

vent, eq. 4 should contain a term to include the acidity dependence of the 
breaking of this bridge A log K = (a — b — aB) Api?aAr̂ ^^^. This bridge, 
however, is weak, and aB is estimated to be less than 0.1. Hence the deter
mined slope is a good approximation to (a — b), and represents its minimum 
value.

(25) W. Klemperer and G. C. Pimentel, J. Chem. Phys., 22, 1399 (1954).

Fig. 2.—Formation constants for res+, (ArCOO)2H~ v s . acidity, plotted according to eq. 4.
and others of the ions cited in the Introduction.27 This 
pattern persists to some extent even in the solid state 
where other forces contribute to determination of the 
stoichiometry. Solid alkali metal tricarboxylates

0~- ■ - HOOCR
/

R— C M +
\

0---H O O C R

are well known6c-25 in addition to the dicarboxylates, 
but the normal ammonium carboxylates decompose 
spontaneously to the dicarboxylates,5a-6b with the am
monium tricarboxylates apparently remaining unknown. 
The ammonium salt ammoniates11 also are understand
able on this basis.

Thus, in the present system, with a poly-quaternary 
ammonium cation, one would expect possible inter
ference from the formation of tricarboxylate, though it 
would be difficult to predict the extent to which forma
tion equilibria for the two species might overlap. The 
results are indeed in agreement with this expectation, 
and suggest a ratio of 1:1 to 2:1 equilibrium constants 
of ~100.

Acknowledgment.— The writer thanks Dr. A. A. 
Bothner-By for numerous helpful discussions.

(26) Some other acid carboxylates do not show such pronounced behavior 
[D. Hadii and A. Novak, “ Infrared Spectra of, and Hydrogen Bonding in, 
Some Acid Salts of Carboxylic Acids,”  University of Ljubljana, I960].

(27) With phenols the situation is less clear. There is strong indication 
of interaction of ArOH with ArO “, R4N +, where there is no bridge to counter
ion18; and there is no indication of such interaction with primary, secondary, 
and tertiary ammonium 2,4-dinitrophenolates,28 although the phenol con
centration probably is too low to make this a good test. Picrate ion is 
variously considered to bridge to one29 or two18 molecules of picric acid at 
concentrations in excess of 0 .1  M in acetonitrile; with these nitrophenols, 
the rule becomes ambiguous due to the delocalization of charge over a large 
number of oxygens. Romberg and Cruse found AHA “  formation neces
sary to account for the shape of the titration curves for 0 .0 1  m picric acid 
with amines in acetonitrile. 19

(28) R. G. Pearson and D. C. Vogelsong, J. Am. Chem. Soc., 80, 1038 
(1958).

(29) C. M. French and I. G. Roe, Trans. Faraday Soc., 49, 314 (1953).
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T H E  N O N -D E T O N A T IV E  S Y N T H E S IS  O F  C A D M I U M  S E L E N ID E  A N D  O T H E R  I I - V I
C O M P O U N D S  F R O M  T H E  E L E M E N T S 1

By A. R eism an  and  M. B e r k e n b lit

T h o rrM S  J .  W a t s o n  R e s e a r c h  C e n t e r  o f  I n t e r n a t i o n a l  B u s i n e s s  M a c h i n e s ,  Y o r k t o w n  H e i g h t s ,  N e w  Y o r k

R e c e i v e d  A p r i l  2 5 ,  1 9 6 2

The cause of detonations in the direct synthesis of CdSe and other II-V I compounds from the elements has been 
shown to be due to the formation of insoluble passivating layers around the reactants. These passivating layers 
do not rupture until temperatures high enough to achieve appreciable solubility of the desired compound in 
melts rich in the elemental constituents are attained. I t  is demonstrated tha t single stage, non-detonative low- 
temperature synthesis of each of the compounds can be effected v i a  use of reactant powders whose particle sizes 
apparently are less than twice the thickness of the passivating layer which tends to form, such that the reactants 
are completely consumed during the passivating layer formation. The method appears to be general for binary 
compounds which melt appreciably higher than either of the elemental constituents.

Introduction
CdSe is a wide gap representative of the II-V I class 

of compound semiconductors with current interest 
focused on its photoconductive properties. Consider
ing the length of time that such properties have been 
known and studied, however, it is surprising that so 
little is published about the detailed chemistry of this 
compound. For example, little is known about the 
nature of the problems associated with synthesis of the 
selenide, or for that matter, the other II-V I compounds, 
directly from the elements. This paper will discuss the 
origin of such problems and their resolution.

Experimental Procedure
A. Thermal Investigations.—The reaction behaviors of the 

materials were studied with differential thermal analysis (d.t.a .). 
Discussions of the high gain circuitry employed, as well as other 
pertinent features of the method, have been presented in earlier 
publications.2 The furnace used was a modified version of the 
low heat capacity designs described in ref. 2. To enable operation 
in controlled atmospheres or vacuum, sleeves of non-porous, re
crystallized A120 3 were inserted in the furnace. Since the react
ants, Cd, Zn, S, Se, and Te are volatile in the temperature inter
vals surveyed, all analyses were effected in sealed evacuated silica 
containers which incorporated a thermocouple well in their de
sign. In practice, the reactants were introduced into the sample 
container, which was evacuated to the 1 0 -6 mm. region, then 
sealed at a constriction. The suitability of silica crucibles was 
evaluated v i a  duplicate determinations of the CdCl2 melting point, 
565“, in conventional platinum assemblies2 and silica. The re
sults were within the expected limits of experimental variation 
normally observed, ± 2 “. Because silica devitrifies rapidly in 
air above 800-900°, the d.t.a . sample holders were maintained in 
an atmosphere of purified nitrogen. The method of purification 
involved moisture removal with P2O5, and oxygen removal with 
heated copper wire. Protected in this manner, the containers 
remained clear even after sustained treatments in the 120 0° tem
perature region. AI2O3 powder was used as a reference material 
and temperatures were measured with P t-P t 10% Rh thermo
couples. Differential signals were preamplified to provide a chart 
span of 15 /tv./inch; d .t.a. heating and cooling cycles were con
ducted at 3.5“/min. or less.

B. Reagents.—The Zn and Te had manufacturers’ assays of 
99.9999%, while the S was purchased as a 99.999% material. 
None of these values was verified. The Cd and Se whose reaction 
and synthesis was of prime interest were purchased as 99.999% 
elements and were analyzed here by emission spectroscopic tech
niques. Aside from o x y g e n  contamination, removal of which is 
described subsequently, the Cd was found to assay >99.995% 
with the major impurities detected in several lots being Si (0.1-3

(1) This paper was presented ia part at the Symposium on Non-stoichio- 
metric Compounds, 141st National Meeting of the American Chemical 
Society, March 20-29, 1962, Washington, D. C.

(2) See for example: A. Reisman, Ph.D. Thesis, Univ. Mic. No. 58-2876, 
Chem. Phys.; A. Reisman, Anal. Chem., 32, 1566 (1960); A. Reisman and 
J. Mineo, J. Phys. Chem., 64, 748](1960); A. Reisman and J. Karlak, J. Am. 
Chem. Soc., 80, 6500 (1958) F. Holtzberg, A. Reisman, M. Berry, and M. 
Berkenblit, ib id ., 79, 2039 (1957).

p.p.m.), Cu (0.1-10 p.p.m.), Mg (0.3-1 p.p.m.), A1 (0.1-3 
p.p.m.), and Ca (0.3-1 p.p.m .). The Se always met specifica
tions with major contaminants being Cd (1-3 p.p.m.), Cu (3-5 
p.p.m.), Mg (0.1-1 p.p.m.), and Si (1-3 p.p.m.). The impurity 
content of synthesized CdSe will be discussed subsequently.

C. X-Ray Analysis.—All reaction mixtures were examined by 
the Debye-Scherrer technique using Philips Electronic equip
ment.

Experimental Results and Discussion.
A. Interaction of Elemental Cd and Se.— Commer

cially, CdSe is synthesized by solid state reaction or 
aqueous precipitation techniques. Analytical studies 
conducted on products offered by several vendors and 
materials synthesized in this Laboratory by a variety 
of dry and wet synthetic methods, other than direct 
synthesis from the elements, revealed the following: 
CdSe derived from aqueous precipitations generally was 
contaminated by quantities of carbon up to 5-10% by 
weight and in general exhibited bulk cadmium content 
up to 2%  excess by weight relative to bulk selenium 
content. CdSe resulting from solid state processes was 
contaminated in general by unreacted starting materials, 
free cadmium and/or selenium, which on a bulk basis 
showed excesses of one or the other, generally selenium 
up to 6% by weight. Attempts at controlling these 
syntheses were unsuccessful and the next approach was 
to prepare the selenide directly from the elements in 
silica receptacles. In three out of five initial experi
ments conducted in evacuated sealed containers con
taining Vs-in. Cd and Vi6-in. Se shot, severe detonations 
occurred when the samples, heated at between 0.2 and 
0.5°/min., reached the 900-1000° temperature range. 
Since pure Cd was observed to melt at 320 ± 1 °  and 
pure Se at 215 ± 1 ° ,  the results were unexpected be
cause the detonations, indicative of first reaction, oc
curred some 600-700° above the melting point of the 
higher melting component. Heat treatments j ust below 
the detonation range for up to two weeks also generally 
were unsuccessful in preventing the explosions when the 
samples subsequently were heated to higher tempera
tures. Those reaction mixtures which did not result in 
broken reaction vessels still were unusable because they 
were highly contaminated with Si. Reactions then 
were studied in the d.t.a. apparatus, using the silica 
containers mentioned above. The latter, because of 
their small size, were sufficiently strong to contain the 
reaction and enable subsequent heating past the melting 
point of CdSe observed at 1239 ± 3 ° .  Figure 1 shows a 
typical heating study conducted at 3.5°/min. While 
other traces differed in detail in the higher temperature 
portions, the effects were always qualitatively the
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same, the chief variations being the precise temperature 
of initial reaction and the number of successive ex
othermic bursts accompanying the reaction. At ap
proximately 77°, a slowly generated small peak (1) repre
sentative of a non-isothermal exothermic process always 
W’as observed. Upon completion of this exotherm, 
cooling of the sample did not reveal a corresponding cool
ing anomaly. Reheating of the sample failed to yield 
the exotherm again unless the first endothermic peak (2) 
corresponding to the melting of Se was exceeded. 
Thermal analysis of pure selenium gave identical re
sults. X-Ray analyses were performed on the as- 
received Se as well as on Se heated slightly higher than 
the 77° anomaly and cooled. Crystalline patterns 
were given by each of the samples. Samples of Se then 
were heated to the melting point and permitted to melt 
partially or completely. X-Ray examination of the 
partially melted samples, quenched or slowly cooled 
from the melting temperature, were essentially indis
tinguishable from the as-received Se. X-Ray examina
tion of completely melted materials, quenched or slowly 
cooled from above the melting point, showed them to 
be amorphous to X-rays. D.t.a. of a partially melted 
sample which was slowly cooled gave a barely percepti
ble exothermic peak at around 77°. Samples permitted 
to undergo greater amounts of melting exhibited larger 
heating exotherms. Fully melted samples, whether 
quenched or slowly cooled, gave rise to the largest 
exotherms. From these data it is concluded that 
selenium tends to solidify in the amorphous state and 
that upon heating, the irreversible conversion, amor
phous to crystalline, becomes rapid around 77°. Since 
this conversion is thermodynamically spontaneous, the 
observed transformation temperature, 77°, is undoubt
edly fortuitous. However, d.t.a. studies at heating 
rates between 0.5 and 2.5°/min. never yielded values 
differing by more than a few degrees, indicating that 
below 77° the amorphous phase is thermally frozen-in. 
What is not understood is the observation that the ir
reversible conversion could not be effected during a cool
ing cycle either with pure Se or binary mixtures of Se 
and Cd.

Returning now to Fig. 1, an endotherm, (3), attribut
able to the melting of Cd is seen at 320°. From this 
point to the 900-1000° range, no further anomalies 
are in evidence and X-ray examination of samples 
heated between 350 and 850° showed only the diffrac
tion maxima of Cd, not even a trace of CdSe being 
detected. The samples, when removed from the d.t.a. 
sample containers, revealed that the Cd pellets had 
retained their initial shapes and were imbedded in the 
dark red-black Se glass. This behavior is reminiscent 
of the melting of A1 shot, the shot being prevented 
from coalescing by the tenacious skin of A120 3 surround
ing them. As will be discussed subsequently, the be
havior of Cd shot in a Se matrix is due to a related but 
different phenomenon.

At anywhere from a low value of 900° to a high of 
995°, d.t.a. peaks similar to (4) of Fig. 1 were observed 
to generate, frequently at speeds faster than the recorder 
pen could follow. The spontaneity of these exotherms 
often results in adiabatic elevations of sample tempera
tures up to several hundred degrees above the existing 
furnace temperature. Examination of samples subse
quent to the exotherms revealed conversion of the ele
mental constituents to CdSe.

DIFFERENTIAL MICROVOLTS.
Fig. 1.—D.t.a. Cd-Se pellet reaction trace at a heating rate of 

3.5°/min.

On some occasions the reaction was observed to occur 
in successive stages, sometimes as many as six. In 
these instances, the sample temperatures were not 
elevated more than 20-30° during any stage. D.t.a. 
heating studies of samples having undergone reaction 
did not reveal any of the lower temperature anomalies 
and showed only the melting of CdSe (5) at 1239 ±  
3°.

Because of the retention of shape by the Cd shot 
past the melting point, it was initially thought that the 
reaction failed to occur at low temperatures, owing to 
the coating of each Cd bead by a skin of CdO, which 
was impervious to the vapors of Cd and Se and re
stricted Cd-Se contact. Melting experiments of Cd 
quickly dispelled this idea. While each bead was 
covered by an oxide skin, this skin did not prevent 
coalescence of the individual shot, or vaporization of the 
metal, clearly demonstrating that the reaction Cd-Se is 
not restricted by an oxide coating. A quartz system 
then was fabricated which permitted vacuum distilla
tion of Cd to a central chamber to separate the metal 
from its oxide skin, severence of the distillation chamber 
by fusion of a capillary connection, and final vapor in
termixing of Se (contained in a third bulb) with the 
distilled Cd. The reaction system remaining after the 
Cd distillation was completed and the distillation bulb 
severed was dumbbell shaped, permitting the Se and 
Cd to be maintained at different temperatures. The 
unreacted elements were heated to above their respec
tive melting points, at which time they began to distil 
toward the interconnection between the chambers.
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Fig. 2.—D.t.a. Cd-Se powder reaction trace at a heating rate of 3.4°/min.
Very shortly thereafter, the walls of both chambers, as 
well as the interconnections, became covered with a 
black, relatively involatile material, later identified as 
CdSe. Simultaneously, a similar film formed over the 
molten pool of Cd. With this latter occurrence, the 
distillation of Cd abruptly ceased, and continued treat
ment for 12 days failed to result in conversion to the 
selenide. During this period, however, the Se con
tinued to froth violently. It appears, therefore, that 
the failure of a mixture of Cd and Se to react when both 
are hundreds of degrees above their melting points is 
due to the formation of a tenacious skin of CdSe (im
pervious to both Cd and Se vapor) around the Cd parti
cles, concurrent with the melting of the Cd. It has 
been observed that the deposit of CdSe does not form 
until the melting point of Cd has been achieved. This 
skin apparently remains intact up to the 900-1000° 
temperature range where it was initially assumed that a 
vapor pressure buildup caused destruction of the skin. 
The vapor pressure of CdSe at 900° is of the order of 
20 mm.,3 which might be expected to result in a me
chanical weakening of the CdSe skin. At 765°, Cd 
metal exhibits a pressure of 1 atm.,4 which indicates 
that at 900° this pressure would reach several atmos
pheres. Such pressures, coupled with the high vapor 
pressure of CdSe in the temperature range in question, 
would tend to rupture the passivating skin. It ap 
peared in fact, based on these pressure considerations, 
that rupture of the passivating skin should have oc
curred at appreciably lower temperatures than were ob
served. Examination of the phase diagram of the sys
tem Cd-Se5 revealed that the solubility of CdSe in Cd 
rich melts is small until approximately 900°, while the

(3) G. A. Somorjai, J. Phys. Chem., 65, 1059 (1961).
(4) “ Handbook of Chemistry and Physics,” 1960-1961, p. 2339.

T (5) A. Reisman, M. Berkenblit, and M. Witzen, J. Phys. Chem., 66, 2210 
(1962).

solubility of CdSe in Se rich melts does not become ap
preciable until approximately 1000°. The reaction mix
tures that had been examined contained attributes of 
both extremes since the Cd globules surrounded by a 
passivating layer of CdSe each constituted aCd rich melt 
in the system Cd-CdSe, while the CdSe layer-molten 
Se mixture constituted a Se rich melt in the system 
Se-CdSe. The above suggested an approach to the 
low temperature direct synthesis of CdSe from the ele
ments. It appeared also that the problem attending 
synthesis might be a general one for other compounds 
which melt much higher than their constituent ele
ments and other II-V I reactions and syntheses also 
were studied.

B. Synthesis of CdSe from the Elements.— It was
reasoned that direct synthesis of CdSe from the ele
ments could be effected by reaction of the elements in 
sufficiently small mesh size, such that the average Cd 
particle size was less than a double thickness of the 
reaction-inhibiting layer which formed. In so doing, 
the reactants would be consumed entirely in forming 
this layer and synthesis would be complete. Such a low 
temperature synthesis has many obvious advantages.

A d.t.a. trace, Fig. 2, was taken on a sample composed 
of an equimolar mixture of 325 mesh Cd and Se powders 
at a rate of 3 .4 ° /m in .  The Cd powder was found to be 
highly surface contaminated with oxide, which was 
readily detected when the Cd melted. This oxide could 
be removed effectively in either of two ways. The first 
involved passage of hydrogen over the Cd powder con
tained in a silica boat at 200° for 4 hr. These experi
ments indicated initial surface oxide contamination, of 
from 5-8%  by weight, which is inadvertantly intro
duced in fabrication of the powder by a spraying 
technique. The second method of oxygen removal, 
which is simpler, involves treatment of the powder -with 
concentrated reagent grade NH4OH for 10-15 min. at 
room temperature followed by 20 rinses in 5 X-distilled 
water and vacuum drying to an ultimate pressure of 2 X 
10~6 mm. at 50°. The products obtained by both 
methods do not reoxidize delectably when stored for up 
to two weeks and do not show formation of a CdO skin 
when melted. The Se powder was vacuum baked at 
300° for a short period to decompose Se02 and then 
reground. Returning to Fig. 2, at 77°, the exothermic 
conversion amorphous-crystalline Se occurred, followed 
at 216° by the endothermic melting of Se. At around 
the Cd melting point, an endotherm initiated which 
was interrupted by a broad, slowly generated exotherm. 
At a higher temperature, 1152°, a very rapid exotherm 
occurred. A second sample treated in the same way 
was cooled and analyzed with X-rays after the low 
temperature exotherm at around 320°. This analysis 
showed the presence of CdSe plus small amounts of Cd 
metal. Another sample prepared in the same way was 
heated at the same rate to 500°, cooled, and reheated. 
The d.t.a. trace revealed small peaks at 215 and 318°, 
providing further verification that the low temperature 
reaction had not gone to completion.

A series of five samples then was prepared in d.t.a. 
containers and these were heated in a muffle furnace at 
different heating rates and to different final tempera
tures. Subsequent to these reaction treatments, the 
samples were examined with d.t.a., yielding the follow
ing results.

A sample heated initially to 400° at 0.44°/min. gave
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small endothermic peaks attributable to the Se and Cd 
meltings. Similar results were obtained for samples 
heated to 445° at 0 .9 °/m in . and 510° at 1.1 °/min. A  
sample heated to 500° at 1.0°/min. and another sample 
heated to 500° at 0.44°/min. did not yield the Se and 
Cd melting peaks, and when heated to the melting 
point of CdSe neither exhibited any high temperature 
exotherm coincident with final reaction. These data 
indicated that the synthesis of the selenide could be 
effected from 325 mesh powders at heating rates below 
l°/m in. to a maximum temperature of 500°. Further 
studies revealed that this maximum temperature could 
be reduced to 450° with a heating rate of 0.5°/min.

Attempts then were made to effect the synthesis using 
Cd powder and Se shot. These always showed the pres
ence of small quantities of unreacted Cd and Se. If 
such samples then were ground and reheated to 450° at 
less than 5°/min., the reaction went to completion as 
shown by the absence of Se and Cd melting peaks and 
the high temperature reaction exotherm. The latter, 
incidentally, being spontaneous, gives an amplification 
effect, providing an extremely sensitive test for un
reacted Cd and Se. It is interesting that all samples of 
CdSe prepared by the solid state reaction techniques 
mentioned earlier (whether prepared here or commer
cially purchased) showed high temperature reaction 
exotherms which when first observed were believed to 
be due to a monotropic phase change which could not 
be verified by X-ray analysis, and represented an 
enigma.

An explanation for the heating rate and maximum 
temperature dependence of the synthesis is deduced 
from the experiment involving Se shot and Cd powder. 
It has been determined that the low temperature 
synthesis does not initiate at appreciable rates until 
the Cd begins to melt, before which all of the Se already 
has melted. Since the experiments involving Se shot 
and Se powder differ only in the degree of initial reactant 
contact, it appears that the heating rate and maximum 
temperature dependence are simply a question of allow
ing sufficient time for the molten selenium to contact all 
of the Cd particles uniformly via diffusion through the 
matrix of CdSe which forms. The time required in the 
Se shot experiment is expected to be greater since there 
is no intimate contact of the reactants and the Cd 
particles would not be coated with a molten layer of 
selenium. In the powder reaction, as the Se powder 
(which is in intimate contact with the Cd powder) 
melts, it would tend to coat neighboring Cd particles.

The synthesis has been extremely reliable in literally 
hundred of attempts involving quantities of reactants 
ranging from only a few grams to 200 g. and may be 
conducted in Pyrex tubes with starting pressures of 1-3 
X 10“ 6 mm. Spectroscopic analysis of this CdSe shows 
a contamination level not much worse than that present 
in the unreacted elements. This is not, of course, un
expected since the maximum temperature attained in 
the synthesis does not exceed 450° and the temperature 
range in which appreciable liquid phase is present is 
from approximately 215-350°. Typical analysis data 
shows the major impurity values to be, Ca <  3 p.p.m.; 
Si, 3 p.p.m.; Cu <  1 p.p.m.; Mg <  1 p.p.m.; and A1
1-3 p.p.m.

C. Synthesis of CdS, CdTe, ZnS, ZnSe, and ZnTe.—
In general, reaction behavior in each of the systems 
Cd-S, Cd-Te, Zn-S, Zn-Se, and Zn-Te more or less

Fig. 3.—D.t.a. Cd-Te pellet and powder reaction traces a t a heating rate of 2.5°/min.

DIFFERENTIAL MICROVOLTS 50M% Zn -50M% Te .
Fig. 4.—D.t.a. Zn-Te pellet and powder reaction traces a t a heating rate of 2.5°/min.
approximates that described above and need not be dis
cussed in too great detail.

1. The reaction of Cd-S was studied using Cd 
pellets and S powder and Cd and S powders (325 
mesh or less). The results of such studies were analo
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gous to those obtained with CdSe, and CdS synthesis 
can be effected completely in a single stage by employ
ing the exact procedure defined for CdSe, viz., heating 
at 0.5%mn. or less to 450°.

2. The reaction Cd-Te, unlike any of the others, 
proceeds to some extent even with pellets. The results 
are shown in Fig. 3. Trace 3A shows a reaction exo
therm at 429,° while in 3B and 3C the subsequent cool
ing and heating cycles still show the presence of large 
quantities of unreacted elements.

The powder reactions are shown in 3D-3F, from which 
it is discerned that these reactions are much more com
plete. The single stage synthesis from powders is ac
complished using the exact procedure defined for CdSe. 
What is evident from these results is that the solubility 
curves in the systems CdTe-Cd and CdTe-Te move 
away from the end member axes at low temperatures, 
which results are in agreement with the published in
formation on phase equilibria in the system.6 From 
these results it appears also that the controlling factor

(6) D. deNobel, Ph.D. Thesis, Univ. of Leiden, 1958.

in the powder reactions is the higher melting elemental 
constituent.

3. The reaction Zn-S is very similar to that ob
served for Cd-Se and Cd-S. Preparation of this 
material in a one-stage synthesis also follows the proce
dure defined for CdSe.

4. The reaction Zn-Se also closely resembles the 
Cd-Se reaction, with the notable difference that a 
single stage complete powder synthesis can be effected 
at rates as high as 3°/min.

5. The Zn-Te reaction is shown in Fig. 4 and, as can 
be seen, its behavior resembles that for the other binary 
reactions excluding the Cd-Te reaction. From the data 
it is observed that in the system Zn-Te, the solubility of 
ZnTe in melts rich in either Zn or Te becomes appreci
able at around 600-700°.

The method of synthesis is being studied for other 
reactions whose products melt at appreciably higher 
temperatures than their elemental constituents. These 
include a number of III-V , III-Y I, and II -V  com
pounds.

D E H Y D R O X Y L A T I O N  O F  K A O L IN IT E . I. K IN E T IC S

By F. T oussaint , J. J. F r ip ia t , and  M. C. G astuche

L a b o r a t o i r e  d e s  c o l l d i d c s  (INEAC) e t  d e  c h i m i e  m i n e r a l e ,  I n s t i t u t  A g r o n o m i q u e ,  U n i v e r s i t y  o f  L o u v a i n ,  H e v e r l e - L o u v a i n  (B e l g i u m )
R e c e i v e d  A p r i l  SO , 1 9 6 2

The kinetics of kaolinite dehydroxylation has been studied by thermogravimetry. Two diffusion processes must 
be taken into consideration: gross diffusion of water vapor from the clay surface toward the gas phase, and 
inner diffusion of water molecules, nucleated in the lattice, outward from the crystal. The first process may 
be controlled by working a t relatively low temperature (430°). When this condition is fulfilled, the order of the 
rate process with respect to the solid phase is unity but no definite order exists with respect to the vapor phase.
This is explained by the existence of a water film operating as a diffusion barrier a t the reaction interface. De
hydroxylation occurs by removal of constitution water from a complete octahedral layer and not by random 
nucleation in the lattice. This conclusion agrees with previous deductions from n.m.r.

I. Introduction
The object of this paper and of a following one is the 

study of the dehydroxylation process of kaolinite, the 
properties of samples taken at intermediate stages be
tween kaolinite and metakaolin having been described 
elsewhere.1 Although numerous papers already have 
been devoted to this subject,2 the dehydroxylation 
mechanism never has been completely explained.

For the kinetic studies the two methods of differential 
thermal analysis and thermogravimetry were used in an 
attempt to distinguish between the two different dif
fusion processes which must be considered. These are:
(1) the diffusion of water molecules, nucleated inside 
the lattice, toward the crystal surface (“ inner”  dif
fusion process); and (2) the diffusion of water mole
cules in the powder mass (“ gross” diffusion process).

The first diffusion mechanism, nucleation and growth 
of nuclei, cannot be distinguished, but the second one 
can be controlled by careful adjustment of the experi
mental parameters.

The influence of particles size distribution upon the 
dehydroxylation process, as emphasized by Eyraud, 
Prettre, et al.,3 Schmidt and Heckroodt,4 Van Nieuwen-

(1) M. C. Gastuche, F. Toussaint, J. J. Fripiat, R. Touillaux, and M. 
Van Meersche, Clay Minerals Bull., 1962, to be published.

(2) E. B. Allison, ibid., 2, 242 (1955); H. E. Kissinger, Anal. Chem., 29, 
1702 (1957); E. C. Sewell, Clay Minerals Bull., 2, 233 (1955); T. Jacobs, 
Nature, 182, 1086 (1958); R. Guennelon, Bull. Groups Frang. Argiles, 6, 27 
(1959).

berg and Pieters,5 Laws and Page,6 and Robertson- 
Brindley, and Mackenzie,7 can be accounted for by the 
adoption of both diffusion mechanisms.

As shown by Grim8 and Caillere and Henin,9 the 
first diffusion process is determined by crystalline prop
erties while the partial vapor pressure of water mainly 
affects diffusion through the sample mass.10-11 Ref
erences 3-11 are mainly concerned with dehydroxyla
tion studies by d.t.a., that is to say under non-isother- 
mal conditions.

The requirement that the diffusion mechanisms shall 
be controlled as well as possible limits the value of
d.t.a. In general, isothermal thermogravimetry is 
better adapted to kinetic investigations.

Murray and White12 made a thorough study of the 
rate process by this method and showed that it obeys a

(3) C. Eyraud, R. Gofcon, Y. Trambouze, T. H. The, and M. Prettre, 
Compt. Rend., 240, 862 (1955).

(4) E. R. Schmidt and R. O. Heckroodt, Mineral. Mag., 32 [247], 314
(1959) .

(5) C. J. Van Nieuwenberg and H. A. Pieters, Rec. trav. chim., 48, 27 
(1929).

(6) W. Laws and J. B. Page, Soil Sci., 62, 319 (1936).
(7) R. H. S. Robertson, G. W. Brindley, and R. C. Mackenzie, Am. Min

eralogist, 39, 118 (1954).
(8) R. E. Grim, ibid., 32, 493 (1947).
(9) S. Caillere and S. H&nin, Actes. Congr. Ceram. Intern., 137 (1948).
(10) R. L. Stone, J. Am. Ceram. Soc., 35, 50 (1952).
(11) W. Schramli and F. Becker, Ber. Deut. Keram. Ges., 37 [5], 227

(1960) .
(12) P. Murray and J. White, Clay Minerals Bull., 1, 84 (1949); Trans. 

Brit. Ceram. Soc., 48, 151 (1949); 54, 187 (1955).
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first-order law for samples of different origins and for 
degrees of transformation less than 75%. Unfortu
nately, they did not investigate the diffusion phe
nomena specifically and from this viewpoint their results 
are open to criticism. Brindley and Nakahira13 sur
veyed the influence of size and shape of the sample and 
clarified the gross diffusion mechanism reported above. 
They also found a first-order law, below the limit estab
lished by Murray and White.

The process of dehydroxylation belongs to the class 
of heterogeneous reactions, the rate of which can be 
expressed as

V  = kCsnaC \nr (1)

where n, and nv are the orders with respect to the solid 
and to the vapor phase and Ca and CV the concentra
tions of the products of the reaction. In order to under
stand the mechanism, the values of nB and n, must be 
established. To our knowledge, no attempt in this 
direction has ever been performed.

Therefore, the field of this first paper is clearly de
lineated: taking in account the two diffusion mech
anisms and by controlling the second one, to com
pute na and nv and derive the reaction characteristics.

II. Experimental
Apparatus.—AUgine Eyraud (D.A.M., Prance) thermobalance 

was used for this study. I t permits one to obtain a continuous 
record of the sample weight when heating under vacuum or 
under constant water vapor pressure. Care is taken to bring the 
sample to the working temperature as fast as possible and station
ary thermal conditions generally are reached within 5 min. The 
furnace is held within ± 1 ° by an electronic programmer. Tem
perature measurements are made using a thermocouple inserted 
in a calcinated kaolinite sample located a few mm. below the 
reacting sample, and water vapor pressure is measured by means 
of an oil manometer.

Material.—The kaolinite used for this study was taken from a 
very pure sample collected in the Busirian sediment of Yangambi 
(Congo Republic). The pseudo-hexagonal morphology is per
fectly developed, the average length of hexagons being 1600 A. 
while the average thickness is approximately 740 A. Dehydroxyl
ation does not change these characteristics appreciably; thus the 
B.E.T. surface area is 16 m .2 g . -1  for-the initial sample and 12.0 
m .2 g . -1 after dehydroxylation at 550° under atmospheric pres
sure. The initial hydroxyl content amounts to 14.2% (by weight) 
and decreases to 1.25% after the same treatment.

Most of the work was performed with 10.6 mm. tall clay cylin
ders, 7.4 mm. in diameter and weighing approximate!}'' 0.4 g. 
They are made from a clay paste dried at 100°.

The holder used for this kind of sample was made from a 
platinum screen, hanging on the balance arm. Kaolinite also has 
been used in a powdered form: in this case, a 0.4-g. sample is in
troduced into a quartz cell of 10  mm. inner radius and filled up to 
three fifths of the height.

III. Results
A. Diffusion Process.— The gross diffusion phe

nomenon that now will be considered includes the trans
port of water molecules escaping from the reaction inter
face and driven through the sample toward the gaseous 
phase. Experimental conditions were sought that 
would reduce its influence upon the “ true” rate process 
of dehydroxylation.

Aggregated clay cylinders were used for this purpose: 
the reaction is stopped at average «-values, respectively, 
equal to 30 and 70%. Runs were made under a low 
and a high water pressure (0.75 and 12.9 mm.) and at 
both extremes of the suitable temperature range (430

(13) G. W. Brindley and M. Nakahira, Clay Minerals Bull., 3, 114 
(1957); Mineral. Mag., 31 [240], 781 (1958); Clays and Clay Min. Publ. 566, 
1958, pp. 267-278; J. Am. Ceram. Soc., 42 [7], 311 (1959).

Radius, mm.
_ Fig. 1.—Gross diffusion process. Water loss (AP%) as a function as the radius in mm. Upper curves, a  ^  70 : 0 ,  490°, P h2o =  12.9 mm.; s ,  490°, P h2o = 1mm.; 0,431°, P h2o =  0.6 mm.; V, 430°, P h2o = 11 mm. Lower curves a  ~30 : A, 435°, P h2o = 11.3 mm.; • ,  430°, P h2o = 11.6 mm.; ■ , 485°, P h2o =  0.7 mm.

Fig. 2.—Dehydroxylation process at constant temperature (431°) under different pressures: P h2o =  0.8 mm., A; 0.9 mm., 
0 ; 4.3 mm., O; 0, 11.2 mm.
and 490°). Cylinders then were carefully cut into con
centric rings and each sample then was calcinated to 
determine the residual water.

Figure 1 shows the experimental results. They 
clearly demonstrate that whatever the pressure, the 
water content distribution within the samples is more 
homogeneous when the reaction is performed at lower 
(430-435°) rather than at higher temperatures.

Therefore, the kinetic study which follows was per
formed below 435°.

B. The Two Orders of the Rate Process.— The
object of these investigations is to compute the orders 
of the reaction with respect to the solid (n„) and to the 
vapor (n<) phases according to relationship 1. There
fore, a set of experiments was run either under constant 
pressure at different temperatures or at constant tem
perature under different pressures. Figures 2 and 3
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Time, min.
Fig. 3.—Dehydroxylation process under constant pressure (4.3 mm.) at different temperatures: ■ , 431°; A, 424°; • ,422°; a , 408°; ▼ , 404°.

Fig. 4.—Dehydroxylation process expressed in reduced coordinates for clay cylinders. Symbols are those given in Fig. 2 and 3.

Fig. 5.—Dehydroxylation process expressed in reduced coordinates for powdered clay: P h2o = 4.8 mm.; a , at 427°; • ,  at 398°.
give experimental plots of a against the time. Figure 
4 summarizes the data expressed in relative coordinates 
a and t/tn%. The reduced time t/U0% is calculated 
with respect to the time necessary to complete 70% of 
the reaction (i corresponding to a =  70%).

Time in min.
Fig. 6 .—First-order rate law with respect to the solid phase: 

P h2o = 4.3 mm., □  at 408°; O at 422°; •  a t 431°.

log P (mm.).
Fig. 7.—Log against log P. t % represents the time necessaryto reach a  =  70 (for a), a  = 50 (for b), and a  — 30% (for c) of the reaction; temperature, 431°.
Figures 2-4 include data obtained from clay cylinders 

while Fig. 5 represents results given by powdered 
samples: plots of Fig. 5 and 4 can be perfectly super
imposed.

The reaction order with respect to the solid is cal
culated under a constant pressure condition (4.3 mm.). 
By plotting log (100 — a) vs. time it is found that nB is 
equal to unity as long as a remains lower than approxi
mately 70% (Fig. 6), whereas the order with i-espect 
to the vapor phase (nv) is obtained by plotting log ix-1 
with respect to log P h2o, where (x is the time required to 
reach a given a =  x value. Figure 7 contains such 
plots for three different a-values and demonstrates that 
nv is not constant. For PB,o =  4.3 mm., the slope of 
log fx_1 vs. log P Hjo is approximately 0.2, but it increases 
with the pressure regardless of the extent of dehydroxyla
tion.

C. Activation Energy.—The activation energy is 
calculated as usual from the slope of log k0~1PlhOUw
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plotted vs. the inverse of absolute temperature. The 
Arrhenius law holds satisfactorily and the activation 
energy amounts to 25 kcal. under the following condi
tions: PHjo =  4.3 mm., a =  50%, nr =  0.2, and 676°K. 
<  T <  704°K.

This value is noticeably lower than the ones reported 
by other workers, none of which have worked at so a 
low temperature. For instance, around 770° K., 
Brindley and Nakahira13 found 65 kcal. Such discrep
ancies cannot be explained by differences in mineralog- 
ical or morphological characteristics, but indicate in
tervention of diffusion phenomena at higher tempera
ture.

IV. Discussion
The first order with respect to the solid permits the 

representation of a, under constant pressure, as an ex
ponential function of the time

a = (1 -  e~u) (2)

Relationship 2 reflects the fact that dehydroxylation 
becomes slower toward the end of the reaction. This 
may be interpreted from two different viewpoints: (1) 
The nucleation probability decreases as the concentra
tion of hydroxyl radicals within the lattice is reduced.
(2) The deeper the locus of nucleation, the slower the 
molecules are removed.

According to the first hypothesis, we assume nuclea
tion occurs randomly, the average OH. . .OH distance 
increasing as reaction proceeds. According to the 
second hypothesis, we may suppose nucleation and 
growth of nuclei affect complete crystal domains, the 
process being limited by inner diffusion. On the basis 
of nuclear magnetic resonance, it has been suggested1 
that the second hypothesis is correct. Van Vleck14 has 
established that the “ second moment,”  calculated from
n.m.r. spectra, is inversely proportional to the sixth 
power of the average OH-OH length; thus if this func
tion is computed for partially dehydroxylated material, 
any significant change with respect to a will reflect a 
perturbation in the distribution of hydroxyls belonging 
to the lattice.

Experimental results collected in Table I show that 
the second moment is constant but the low sensitivity 
of the method as applied to solids prevents n.m.r. 
spectra to be recorded for a >  70%.

T able  I
D ehydroxylation  E xten t  a ( in % )  and “ Second M oment”  

(S.M.) ( in Gauss2) C alculated prom N .m .r . S pectra 
Frequency: 58 Me./sec. field modulation: 2.32 gauss. (The con

tribution of aluminum has been taken into account1)
(X S.M.
0 4.6

15 4.4
32 4.6
40 4.6
51 4.6
67 4.3

According to these observations, the interpretation 
of the first order with respect to the solid may be ex
pressed as follows: the time required for nucleation and 
growth of the nuclei is very short as compared with the 
time required for a water molecule to diffuse inside the 
lattice toward a reaction interface. In other words,

(14) J. II. Van Vleck, Phys. Rev., 74, 1168 (1948).

log P.
Fig. 8 .—Log (Fo — F)/Fo against log P  a t 431°.

dehydroxylation proceeds by successive destruction of 
complete octahedral layers and the reaction probability 
is proportional to the amount of unreacted material. 
These conclusions agree with Brindley and Nakahira’s13 
deductions. As we have eliminated the perturbations 
arising from gross diffusion of water molecules through 
the powder, the effect of external water vapor pressure 
must be to control “ internal” diffusion processes. If 
V0 and V are the rate of reaction under vacuum and 
under a water pressure P, respectively, Fig. 8 shows 
that relationship 3 holds regardless of the extent of 
dehydroxylation.

Fo -  VIn -----------  =  constant +  In P  (3)
F0

Assuming an adsorbed water film behaves as a dif
fusion barrier, the rate process V can be divided into 
two components: one associated with the rate of emer
gence of water molecules from the crystals (Fi) and the 
other with the rate of evaporation (F2).

F = Fi -  F2 (4)

V1 is proportional to the interface area S and F2 to the 
covered fraction 6 represented, for instance, by the 
Langmuir isotherm: 9 = P/(P +  b).

V =  S(k! -  k-26) (5)

If P ------■» 0, F ------* Fo =  Ski. Therefore

(6)
Fo *1 P  +  b

which is identical with the empirical relationship 3 inso
far as P  is negligible as compared with b. A high value 
for b can be expected since relatively high temperature 
and low pressure preclude the saturation of the surface. 
It follows that the effect of pressure accounts for the 
existence of a stationary water film covering the reaction 
interface and limiting the diffusion of water outside the 
crystal. This explains also why the concept of reaction 
order with respect to the vapor phase has, in this case, 
no physical meaning and why the slope of log L_1 vs. 
log Ph2o increases with pressure (Fig. 7).
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V. Conclusions
The mechanism of kaolinite dehydroxylation may be 

described as follows. (1) Reaction proceeds by succes
sive destruction cf complete octahedral layers. (2) 
The rate process is limited mainly by diffusion of water 
molecules inside the lattice toward the external surface 
of the crystal. (3) Water vapor pressure affects the 
diffusion through the interface where a water film prob
ably operates as a diffusion barrier. (4) The reaction 
order with respect to the solid is unity, though no defi

nite order with respect to the vapor phase can be deter
mined. (5) Under our experimental conditions, gross 
diffusion mechanism through the sample can be elim
inated if dehydroxylation is run below 435°. (6)
The activation energy (25 kcal.) is noticeably lower than 
determined by other authors.

The following paper will attempt to give a more de
tailed mechanism from physical data obtained by elec
trical conductivity measurements and infrared spec
troscopy.

D E H Y D R O X Y L A T I O N  O F  K A O L IN IT E . I I .  C O N D U C T O M E T R I C  
M E A S U R E M E N T S  A N D  I N F R A R E D  S P E C T R O S C O P Y

B y  J. J. Fripiat and F. T oussaint

Laboratoire des colloïdes (I.N.E.A.C.) et de chimie minérale, Institut Agronomique, University of Louvain, Héverlé-Louvain (Belgium)
Received April SO, 1962

When kaolinite is heated from 100 to 500°, conductivity measurements demonstrate that three successive proc
esses occur. The first one, between 100 and 360°, corresponds to a slow increase in conductivity and is assumed 
to represent a proton delocalization process which involves the free hybrid orbitals of octahedral oxygens. The 
second one, between 360 and 420°, is associated with removal of water from the crystals and is marked by a 
conductivity decrease. Above 420°, lattice defects in the metakaolin phase contribute to a sharp increase in 
the conductivity. The assumed proton delocalization process is clearly observed by modifications occurring in 
the OH (or OD) stretching vibration band. Components of this band are supposed to represent vibrations of 
different hydrogen bonded hydroxyls. Their frequencies shift closer to each other when the clay film is heated 
up to 360°. These modifications may be translated in terms of O H . . . O lengthening or shortening and permit 
an approximate representation of lattice distortions.

I. Introduction
Electrical conductivity measurements on solid clay 

powders have been used by Shimizu1 and De Keyser2 in 
order to differentiate hydration from constitution 
water. According to Shimizu, three conductance levels 
are observed when heating kaolinite. The first one 
corresponds to the removal of hydration water around 
100°; the second, extending from 300-500°, has an 
activation energy of approximately 6 kcal., determined 
as usual from the slope of log a vs. T~l (where a is the 
conductance). Its significance is not described. The 
third one, corresponding to dehydroxylation, is marked 
by a sharp increase in <r. Freund3 has followed the dis
organization of the metakaolin structure at high tem
perature by the same kind of measurement.

The direct observation of OH stretching vibrations 
by infrared spectroscopy has been studied by several 
workers. Thus, Stubican4 and more recently Miller8 
undertook such a study, but they mainly observed 
samples “ frozen”  at different dehydroxylation levels 
and did not investigate spectral modifications at high 
temperature while the reaction proceeds. In a prelimi
nary attempt, Fripiat and Toussaint6 gave some evi
dence that, before the rate process becomes measur
able, some reorganization occurs in the octahedral 
layer, indicating some proton delocalization. As elec
trical measurements might be correlated with proton 
mobility, an attempt was made to explain some de
hydroxylation features by collecting information from 
both infrared and conductometric measurements. The

(1) S. Shimizu, Sci. Rep. TohokuImp. Univ. Ser.III, Petrol. Min. Minerals 
Deposits, 22, 633 (1933).

(2) W. De Keyser, Ber. Dent. Keram. Ges., 21, 29 (1940).
(3) F. Freund, ibid., 37, 209 (1960).
(4) V. Stubican, Mineral Mag., 32, 38 (1959); V. Stubican and R. Roy,

Technical Report No. 3, A.P.I. project 55, 1960.
(5) J. G. Miller, J. Phys. Chem., 65, 800 (1961).
(6) J. J. Fripiat. and F. Toussaint, Nature, 186, 627 (1960).

present contribution follows a first paper dealing with 
kinetics7 and a previous one where properties of parti
ally dehydroxylated samples were studied by nuclear 
magnetic resonance, X-ray fluorescence, and acid dis
solution techniques.8

II. Experimental
A. Samples.—Kaolinite used for this investigation has been 

described previously.7 For conductometric measurements, clay 
cylinders 5 mm. in height, 8 mm. in diameter, and weighing 
approximately 0.27 g. were prepared by drying clay paste a t 100°. 
Platinum was evaporated under vacuum onto the ends of the 
cylinders for use as electrodes. For runs where the weight loss 
and conductance were measured simultaneously, a conductivity 
cell made from two concentric platinum screen electrodes of 10 
mm. height, the radii of which were, respectively, 6 and 2 mm., 
was used. The electrodes were embedded in a clay paste and 
the whole “ cake” was allowed to dry at 10 0°.

Conductivity measurements obtained from the first kind of 
sample were reproducible, but it was quite impossible to repro
duce the geometry for the second set. I t  follows tha t in this 
last case, the results have only a relative significance. For 
infrared spectroscopy, clay films were prepared by evaporation of 
a few drops of a concentrated suspension upon a flat platinum 
screen. The crystals were perfectly oriented, as shown by the 
exclusive presence of 001 reflections in X-ray diffraction dia
grams, the c-axis standing perpendicular to the film surface. 
Deuterated kaolinite was prepared by the method of Romo9 by 
heating in a “bomb” at 290° under a D20  vapor pressure of 90 
kg./cm .2 for 9 days; approximately 50%  of constitution hy
droxyls were exchanged.

B. Apparatus.—The cell, represented schematically by Fig. 
1 , is used in order to measure the conductivity of clay cylinders. 
When weight and conductance are recorded simultaneously the 
clay “cake” is suspended on the thermobalance arm by means of 
two rigid tungsten wires soldered to the platinum electrodes. 
Two very short and thin tungsten wires (10 /*) make the electrical 
connection at the point where the system is hanging free. The

(7) F. Toussaint, ,T. J. Fripiat, and M. C. Gastuche, J. Phys. Chem., 67, 
26 (1963).

(8) M. C. Gastuche, F. Toussaint, J. J. Fripiat, R. Touillaux, and M. 
Van Meersclie, Clay Minerals Bull., in press (1962).

(9) L. A. Romo, J. Phys. Chem., 60, 987 (1956).
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weight calibration is checked under these conditions. Conduc
tivity data are obtained from a “K err” bridge working at 1.5 kc. 
With this apparatus, conductance may be measured in the range 
extending from 10 ~ 10 to 1 0 -1  mho and corrected for any capac
itance change.

For spectroscopic investigations, the platinum screen bearing 
the clay film is pressed between two copper blocks fitted with heat
ing elements and thermocouples. The whole system may be ori
ented in such a way that the angle between the c  crystal axis and 
the infrared beam can be increased from 0 to 50° without the loss 
of too much radiant energy. Spectra are recorded between room 
temperature and 500° for various orientations. In a few cases, 
spectra at —190° were obtained b}' cooling the cell with liquid 
nitrogen, care being taken to prevent condensation of atmos
pheric moisture by purging the spectrograph with dry nitrogen. 
A Beckman I-R4 fitted with CaF2 optics was used with the 
following settings; 2.7 fi region: gain 9%, period 8 sec., slit 
2 X standard, scanning speed 0.02 ju/min., double beam; 3.7 /i 
region: gain 10 %, period 8 sec., sin 0.2  mm, scanning speed
0.04 /u/ min., single beam.

III. Results
A.— Conductometric Measurements.—Figure 2 re

produces the change in conductivity (a) observed under 
various pressures when the temperature of the cell 
given by Fig. 1 is increased stepwise from 100 to 500°. 
It must be emphasized that each experimental point 
corresponds to an “ equilibrium” measurement; that 
means after each temperature increment, the conduc
tivity is recorded until it becomes constant. In fact, a 
rapid increase followed by a slow decrease is observed. 
The time required to reach a constant value is ex
tremely variable and may be of the order of several 
hours, especially in the low temperature range. Dif
fusion of minute traces of water liberated when the 
temperature is rising can explain these variations. Fri- 
piat and Dondeyne10 have shown that partial surface 
dehydroxylation occurs in kaolinite at temperatures as 
low as 100° in vacuo.

In spite of the scatter of experimental results, Fig. 2 
shows that conductivities measured in vacuo below 
350° are a little lower than the ones observed under 
water vapor pressures ranging from 0.7 to 10.7 mm. 
Three main features appear when a is plotted against 
temperature; a rather slow increase occurs between 100 
and 360°, followed by a fall extending from 360 to 
420°; a very sharp increase is observed beyond this 
limit. The change observed at temperatures higher 
than 490° is not reproduced in Fig. 2 because a jump of 
one order of magnitude occurs. Activation energies of 
4 and 18 kcal., respectively, were obtained from the 
linear variations of log a against T_1 in the ranges from 
100 to 360° and from 420 to 490°.

Figure 3 records conductivity against extent of de
hydroxylation at 390°. As explained previously, these 
data obtained with electrodes embedded in a clay cake 
have a relative value only, since sample geometry is not 
easily reproduced. Plots of Fig. 3 correspond to the 
second step observed in the function <r(T) given by Fig.
2. If the conductivity decrease observed between 360 
and 420° originates from removal of constitution 
hydroxyl groups,it maybe suggested that the continuous 
rise occurring between 100 and 360° arises from the in
creasing mobility of protons inside the lattice.

Moreover, the rapid conductivity change beyond 
420° may be attributed to metakaolin lattice defects 
and does not relate to the dehydroxylation process. 
In other words, experimental results suggest that the 
increase in conductivity occurring between 100 and

(10) J. J. Fripiat and P. Dondeyne, J. chim. phys., 543 (1960).

Fig. 2.— Conductivity a  against temperature: P h2o = 10 6 mm., 
O ; P h2o =  0.7 mm., • ;  P h2o = 4.8 mm., ■ ; P h2o = 10.7 mm., ♦ .
360° originates from increasing mobility of structural 
protons since removal of constitution hydroxyls between 
360 and 420° provokes a rapid depletion of the charge 
carriers. The activation energy value of 4 kcal. cal
culated for the first step is of the expected order of 
magnitude for the mobility of hydrogen ions in an en
vironment of oxygens in close packing. Thus, in ice, 
the activation energy for the breaking of one hydrogen 
bond amounts to 5.2 kcal., according to Murphy.11

(11) E. J. Murphy, J. Chem. Phys., 19, 1516 (1951).
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Fig. 3.—Conductivity a  against dehydroxylation extent a  (in %) at 420°. Curves correspond to two different runs.
In water, the proton transfer II30 + <-> II20  requires an 
activation energy that Conway, Bockris, and Linton12 
theoretically estimate to be 3.9 kcal.

The suggested proton delocalization process also is 
supported by theoretical considerations. Among the 24 
oxygen sp3 orbitals of the octahedral unit cell, 14 are 
used for bonding aluminum and silicon to oxygen and 10 
are available to the 4 protons. At low temperature, it 
might be assumed each proton is localized upon one 
specific oxygen atom, while at high temperature, delo
calization occurs and they can move on all the “ free” 
orbitals. The number of distinguishable ways in which 
A indistinguishable protons can occupy N  distinguish
able orbits is given by the relationship N\/A\(N—A)\. 
The entropy of A localized protons in the unit cell thus 
is given by A times the entropy for each proton, viz., 
R In 2!. The entropy of A completely delocalized pro
tons in the unit cell is given by R In AH,/A\(N — A)!. 
Thus it follows that the “ delocalization entropy”  AS* 
is given by

AS* =  [R In N'./A \(N — A ) ! — AR  In 2!] (1)
For kaolinite, AS* =  5.9 e.u. As the energy change 

corresponding to such a delocalization process may be 
expected to be mainly entropic, we assume that: 
AE* ~  FAS*.

If delocalization should be complete at 360°, just 
before the dehydroxylation process becomes measurable, 
AE* would reach 3.2 kcal. This theoretical result com
pares well with the value of 4 kcal. obtained from con
ductivity measurements and supports the proposed 
hypothesis.

B. Infrared Spectroscopy.— If progressive proton 
delocalization occurs below 360°, the OH and OD 
stretching bands, located, respectively, in the 2.7 and
3.7 ju regions, will change accordingly. Figures 4,5, and 6 
reproduce the observed spectra not only at increasing 
temperature but also for different orientations: 6 re
presents the angle between the normal of the clay film 
and the direction of the infrared beam. Four compo
nents are observed hi the OD stretching band where 
spectral resolution is the highest; they are called, 
respectively, LF, MFj, MF2, and ILF according to their 
frequencies; LF, MF1( and HF components only are 
distinguishable in the 2.7  ̂ region (OH band). When 
the temperature is rising, the frequencies of HF, MFi,

(12) B. E. Conway, J. O. M. Bockris, and II. Linton, J. Chem. P hys24, 
834 (1956).

and LF shift closer to each other as shown in Fig. 7 for 
hydroxyls. These shifts are responsible for the dis
appearance of “ transmission barriers”  separating LF 
from MFi and MF2 from HF. If r0° is the stretching 
frequency of free hydroxyls or deuteroxyls and v° the 
actual frequency in kaolinite obtained for each com
ponent by extrapolation at 0°K., we may write

Av =  (»0° -  r°)(l +  yT) =  Ar° (1 +  yT) (2) 

Table I contains the Av° and y values.
T able I

Ai>° and 7  V alues Obtained  fob  OH and OD B ands
Av°

(cm.-1) y X IO3, cm. 3> (°K.)-> (3 X 10«, Â.
for OH for OH for OD (°K.)->

HF 33 +  0.862 +0.862 -4 1 .3
MF, 76 -0 .132 -0 .130 +  11.0
LF 132 -0 .297 -0 .302 +21.5

On the other hand, Lippincott and Schroeder13 have 
correlated Av and OH. .0  distance for hydrogen bonded 
hydroxyls using a different formula. From their results 
it follows that

Afoh =  680e_5-025(r~2-7) cm.-1 (3)
where r is the OH. . .0 distance in A. From relation
ships 2 and 3, the thermal expansion coefficients ¡3 of the 
three different OH. .0 lengths, to which should cor
respond the three main spectral features HF, MFi, and 
LF, are calculated. As seen in Table I, the length of 
the OH. . .0  bond corresponding to ILF shortens while 
the two others increase when the temperature rises. 
It is interesting to compare these ¡3 coefficients with the 
ones obtained recently by McKinstry14 for thermal ex
pansion of the kaolinite unit cell. For the c-axis, he 
found 20 X 10~6 A. ( °K .) -1 and 5 X  HD6 A. (°K .)_1 
for the &-axis; no result is given in his preliminary paper 
for the a-axis. These values are of the same order of 
magnitude as the ones calculated above.

The isotopic ratios also change a little with tempera
ture as shown in Table II. According to Pimentel and 
McClellan,15 it is believed that the isotopic ratio is 
lower for stronger hydrogen bonds and consequently 
higher vibrational anharmonicity. The lower value 
obtained for the LF component corresponding with a 
shorter OH. . .0  bond is therefore exceptional.

T able II
I sotopic R atios at D ifferent T emperatures

Temp. 30° 205° 280°
LF 1.3580 1.3596 1.3601
MFi 1.3614 1.3621 1.3619
HF 1.3612 1.3617 1.3621

Figures 4 and 5 clearly demonstrate that the inten
sities of the different band components remain constant 
whatever the temperature, but that they are sensitive to 
change in film orientation. Figure 6 represents spectra 
recorded in the OD region at a temperature of 30°. 
Under these conditions where there is a loss in trans
mission caused either by the optical path lengthening, 
arising from the sample rotation, or by a partial beam 
reflection, correction is applied by increasing the instru
ment gain.

(13) E. Lippincott and R. Schroeder, ibid., 23, 1099 (1955).
(14) H. A. McKinstry, A.P.I. Project 55, 1960.
(15) G. C. Pimentel and A. L. McClellan, “ The Hydrogen Bond,” Rein

hold Publ. Corp., New York, N. Y., 1960.
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Fig. 4.—OH stretching vibration band at five temperatures (40-400°) under atmospheric pressure and for five different film orientationsmeasured by d (0-40°). Ordinate represents transmission.

The intensity of LF component is almost constant 
while HF, MI1), and MF2 become more pronounced 
when the clay film rotates. In order to explain these 
observations, one may consider the orientation of the ten 
“ free sp3”  orbitals with respect to the normal to the clay 
film (Fig. 8). The c-axis in kaolinite is tilted at 104° to 
the lattice 001 plane. Four among these ten orbitals 
run parallel to this axis; they are represented in Fig. 
8 by a vector to which a length of four arbitrary units 
has been attributed. One among these four orbitals 
belongs to the inner hydroxyl layer, the three others 
are directed outside the octahedral layer, toward the

contiguous sheet. Two orbitals, one belonging to the 
upper octahedral layer and the other to the inner layer, 
point in the opposite direction ; they are represented by 
a vector to which a length of two arbitrary units has 
been given. The two remaining vectors, each of them 
being one unit long, correspond with the four remaining 
orbitals tilted at 110° with respect to the main ones.

Absorbances for each “ potential” OH bond would 
be, as a first approximation, proportional to the value 
of the projection of the corresponding vector upon the 
plane containing the electrical field E  of the infrared 
radiation. This assumption results from the assumed
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Fig. 5.—OD stretching vibration band at three temperatures (30-280°) under atmospheric pressure and for six different film orientationsmeasured by 8 (0-50°). Ordinate represents transmission.

Fig. 6 .—-OD stretching vibration band at 30° for different film orientation given by 8. Ordinate represents transmission.
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equivalence of all the hybrid orbitals. The electrical 
vector being located in a plane perpendicular to the in
frared beam, projections easily may be computed from 
the rotation angle. The values are given in Fig. 8; 
it is only the absorbance of the vibrations corresponding 
to the OH bonds oriented following the c-axis which in
crease noticeably with 9.

The results of the spectroscopic investigations are 
summarized in Table III, assuming each band com
ponent corresponds to a specific OH class.

T able  III
Band

Frequency and 
O H .. .O length

com- with rising Absorbance with Probable orientation
ponent
HF

temp.
Decrease

increasing 9
Increases )

for OH bond

m f 2

MF, Increase
Increases ! 
Increases J'

Parallel to c

LF Increase Does not 
change

Tilted at 110° to c

IV. Discussion
The first point to be discussed concerns the origin of 

the OH band multiplicity in kaolinite. It should orig
inate from combination with low frequency vibrations 
of the lattice as proposed by Wickersheim16 in order to 
explain some spectral features of alkali hydroxides. 
Let v  and v '  be two hypothetical combination fre
quencies of either v o n  or v o d  with a lattice frequency 
vx such as

v  —  v o h  +  v x  and v '  —  v o d  +  v x

The isotopic ratio R is given as follows since vx is much 
smaller than i>oh and vox>

R = von T i i  ( VoT> ~  *'oh1 +  vx ( —
roD L \roH -r vqd 7  (4)

When LF, MF1; and HF are compared (Table II), the 
largest difference quoted for R is approximately equal 
to 0.003. If multiplicity could arise from combina
tions, such a small discrepancy would require vx to be 
smaller than 25 cm.-1. Therefore this hypothesis prob
ably can be excluded.

It has been proposed by Beutelspacher17 and Van der 
Marel and Zwiers18 that the OH band components 
should correspond with inner and surface hydroxyls, 
but, according to Romo9 and Roy and Roy,19 the 
deuteration process does not permit the distinction of 
specific fluctuations in their relative intensities as 
would be expected from different locations. So the 
only rational hypothesis appears to be that multiplicity 
originates from different bond orientation in the 
lattice together with specific OH. . .0 interactions. 
Serratosa and Bradley20 obtained strong evidence for 
this viewpoint by studying polarization effects in the 
infrared spectra of trioctahedral and dioctahedral 
micas. In the trioctahedral lattice, all the OH bonds 
are oriented perpendicular to the 001 planes. In diocta
hedral micas they distinguish three possible orientations, 
two of them being symmetrically equivalent. One is 
perpendicular to the 001 planes while the two others

(16) K. A. Wickersheim, J . C h em . P h y s . , 31, 863 (1959).
(17) H. Beutelspacher, 17d C on gr. In te rn . S c i .  d u  S ol, 1, 329, Paris (1956).
(18) H. W. Van der Marel and J. II. L. Zwiers, S ilica te s  ln d . ,  24, 359 

(1958).
(19) D. M. Roy and R. Roy, G eoch im . C osm och im . A c ta , 11, 72 (1957).
(20) J. M. Serratosa and W. F. Bradley, J . P h y s .  C h em ., 62, 1164 (1958).

Fig 7.—Frequency shifts of HF ( O), MF ( O), and LF ( •  ) components of the OH band against temperature.
correspond with orbitals tilted at 110° to the c-axis as 
represented in Fig. 8. In fact, in the trioctahedral layer 
as already pointed out by Krebs,21 there is, per oxygen 
atom, only one free spE orbital available for hydrogen 
and it is directed along the c-axis. In addition, a cal
culation of the “ second moment”  as proposed by Van 
Vleck22 has been reported in a previous paper.7 If 
three of the four protons of the unit cell are located on 
the orbitals directed outwards from the octahedral 
layer along the c-axis, a second moment equal to 4.7 ±  
0.2 gauss2 is obtained; 2.55 and 2.79 A. are chosen, 
respectively, as the oxygen distances in the lower silica 
layer and the hydroxyl distance in the upper octahedral 
layer of two contiguous sheets. The contribution of 
the remaining proton is very weak and is not taken 
into consideration.

The experimental value derived from nuclear magne
tic resonance spectra is 4.6 gauss2, in close agreement 
with the theoretical value given above.

All these considerations together with the conclusions 
derived from the spectroscopic study strongly suggest 
that, in the localized state, the protons of the upper 
octahedral layer give rise to the HF, MFi components 
of the hydroxyl stretching band. The LF component, 
the intensity of which does not change with the film 
orientation, should be attributed to the proton located 
in the inner hydroxyl layer, the corresponding 
OH bond being tilted with respect to the c-axis. If this 
hypothesis is correct, the frequency shifts which appear 
when the temperature is raised may be interpreted. 
The hydrogen bond length corresponding with “ HF” 
hydroxyls shortens while the length of the ones which 
are responsible for MF, and LF components increases.

As the upper octahedral layer contains one hydrogen 
atom belonging to the OII-2A1 Oil chain and two 
atoms included in a 0H -A 1-0 bond, more than one 
frequency (HF and its satellites MF, and MF2) may 
be associated with their vibrations.

The strong lattice distortion which occurs with in
creasing temperature shifts some hydroxyls closer to 
each other and lengthens the distances between others. 
It is impossible to be more precise, but this may be 
accounted for to some extent by a collapse of inter- 
lamellar space and by an expansion of the octahedral 
layer. During these changes, proton delocalization 
occurs; at 360° conductometric measurements indicate 
that the process is complete. It is a remarkable coinci
dence that above the same temperature limit, the fre
quency shift shown by Fig. 7 no longer appears. Ac
cording to these deductions, at 360°, kaolinite may be

(21) H. Krebs, Z . anorg . a llg em . C h em ., 278, 82 (1955).
(22) J. H. Van Vleck, P h y s . R ev ., 74, 1168 (1948).
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Fig. 8 .—Left: hybrid orbitals of octahedral oxygens in the unit cell. Center: orbital orientation with respect to the normal (0 = 0) to the film. The beam electrical field E  is located in the plane “ w " ,  parallel to the film. Right: orbital projection upon r a s a  function of the rotation angle 8.

considered as being in a “ predehydroxylation”  state, 
the definition of which includes all the characteristics 
enumerated above.

Above 360°, the dehydroxylation process becomes 
measurable, the kinetics of which has been reported in 
an earlier paper.8

V. Conclusions
The dehydroxylation process of kaolinite is preceded 

by complex changes which bring the lattice into a 
“ predehydroxylation”  state characterized as follows:
(1) proton delocalization occurs within the octahedral

layer; (2) the frequencies of the components of the 
hydroxyl stretching vibration shift toward each 
other; (3) interlamellar space collapses to some extent 
while the octahedral layer expands.

The protons located in the upper octahedral layer 
may be associated with the high and medium frequency 
components of the OH band, while the low frequency 
component can be attributed to the vibration of hy
droxyls belonging to the inner octahedral layer.

The changes in the relative distances between hy
droxyls and oxygen suggest a strong lattice distortion 
in the predehydroxylation state.
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Using torsion effusion, gravimetric effusion, and transpiration techniques, the enthalpy and entropy of vaporiza
tion of BeF2 were determined over the temperature range 550-950°. The enthalpy of vaporization in this tem- 

. perature range was found to be 53.25 ±  0.25 keal., while the corresponding entropy was found to be 38.7 ±  0.6 
cal./deg./mole. A determination of the melting point of crystalline BeF2 by means of vapor pressure measure
ments yielded a value of 542 ±  3°. Torsion effusion measurements of the effusing vapor show the gaseous 
species over liquid beryllium fluoride to consist of BeF2.

I. Introduction
Thermodynamic data concerning the vaporization 

of BeF2 have been controversial in published work3-7 
during the past several years. The heat of vapori
zation of BeF2 was first reported by Sense3 in 1954. 
Based on the results of transpiration experiments in the 
temperature range 745-968°, the author obtained a 
value of 50.88 keal. for the heat of vaporization of BeF2. 
Subsequently, Sense4 repeated his previous work in the 
temperature range 802-1021° and reported the value

(1) Presented in part before the Division of Physical Chemistry of the 
American Chemical Society at the 141st National Meeting in Washington, 
D. C., March 21-29, 1962 (abstract page 49-R).

(2) This research was supported by the Air Research and Development 
Command of the Air Force.

(3) K. A. Sense, M. J, Snyder, and J. W. Clegg, J. Phys. Chem , 58, 223 
(1954).

(4) K. A. Sense, ibid., 62, 453 (1958).
(5) A. V. Novoselova, et al., Vestnik Moskov Univ. Ser. Mekh., Astron., 

Fiz., Khim., 13, No. 6, 181 (1958).
(6) A. V. Novoselova, J. Gen. Chem. USSR, 14, 385 (1944).
(7) D. Roy, R. Roy, and E. F. Osborn, J. Am. Ceram. Soc., 37, 300 (1954).

of 50.1 keal. for AHvap. Novoselova, et al.,6 in 1958, 
reported a value of 46.98 (calculated ±0.65) keal. 
for A.ffvap of BeF2. This calculation was made from 
a series of vapor pressure measurements in the range of 
821-1002°, using the transpiration technique. No 
values for the entropy of vaporization of BeF2 are re
ported in the literature.

The reported values for the melting point of BeF2 
vary over a very wide temperature range. The first 
value reported was by Novoselova,6 in 1944, who re
ported the melting point as being “ somewhere under 
600°.”  In 1954, Roy, Roy, and Osborn7 determined 
the melting point by differential thermal analysis, ob
taining a value of 543 ± 5 ° .  The same year, Sense3 
reported a value of 803° for the melting point.

The present work has been undertaken to clarify 
these heats and entropies of vaporization and to 
answer some of the ambiguities on status of molecular 
species, accommodation coefficients, and the melting 
point..
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A determination of the heat and entropy of vapori
zation and the melting point of BeF2 has been made by 
three established experimental techniques : torsion and 
gravimetric effusion and transpiration. The combi
nation of these experimental methods has allowed the 
use of a greatly extended temperature range over the 
studies previously reported.3-6

II. Experimental
A. Gravimetric Effusion.—The effusion cells used in this 

study were machined from high density graphite having an ash 
content of less than 0.08%. Non-reactivity of the graphite with 
BeF2 was proven experimentally in the temperature range of the 
investigation. The cells were made from a block with a square 
cross section of 20 mm. and with a height of 22 mm. A cylindri
cal cavity 18 mm. in diameter and 20 mm. deep was drilled 
along the long axis of the block. The effusion holes were drilled 
at the points of minimum wall thickness about 10 mm. from the 
top of the cell. In order to decrease the length of the effusion 
hole and to increase the Clausing factor, a 0.5-mm. cut 14 mm. 
wide was taken across the face of each effusion hole. The size of 
the hole and the number of holes used were determined by the 
pressure of the BeF2 vapors which were estimated to be en
countered. In the region of high vapor pressure, one 1-mm. hole 
was used, in the intermediate region either two or four 1 -mm. 
holes were used, whereas in the lower pressure region either four 
2-mm. or four 3-mm. holes were used. The use of different orifice 
areas allowed control over the amount of vapor effusing. In this 
manner the rate of weight loss was maintained fast enough to 
decrease reading errors and slow enough to avoid a too rapid 
depletion of material from the cell or kinetic effects of the evap
oration from the surface. The sample chambers were closed 
with tapered graphite stoppers.

The orifice areas were determined in two ways: (1) by a direct 
measurement of the orifice diameter and wall thickness with a 
measuring microscope capable of direct measurement to 0.001 
mm., and (2) by experimental determination of the Clausing 
factor by measuring the vapor pressure of high purity zinc metal 
and comparing these values with previously reported values.8

The effusion cell was supported by a 2-mil molybdenum wire 
which in turn was attached to a quartz helix (0.1027 mm./mg. 
sensitivity, 9 g. capacity). Calculations of actual specifications 
for the spring can be made by the use of a series of equations. 9 
A molybdenum radiation shield was used to ensure uniform tem
perature over the distance traveled by the cell. The thermo
couple junction was placed in a grapnite reference block which 
was supported in its position under the effusion cell by the thermo
couple leads. The vapor pressure of BeF2 was determined in the 
temperature range of 530° to 780°, using a cylindrical resistance 
furnace. The temperature was regulated manually by means of 
a variable powerstat. With small manual adjustments of the 
powerstat the temperature in the furnace was controlled within 
±  1 0. A Chromel-Alumel thermocouple was inserted in a graphite 
block situated just below the effusion cell. The temperature of 
the block was taken to be the temperature of the effusion cell. 
Three Chromel-Alumel thermocouples were used to measure the 
vertical thermal gradient within the radiation shield which 
showed a maximum temperature variation of ±  1 ° .

Initially, the effusion cell was washed with distilled water and 
soaked in reagent grade acetone. After air drying the effusion 
cell, crystals of high purity beryllium fluoride (99.5-99.7% as 
prepared by Brush Beryllium Co.) were placed in the cell and a 
tight fitting graphite cap secured on the cell. The cell was posi
tioned in the quartz tube and the system evacuated to better 
than 10-7 mm. Prior to setting the furnace to the desired tem
perature the loaded effusion cell was maintained overnight under 
the high vacuum at around 300° to ensure thorough outgassing 
of the cell and its contents. After reaching the desired tempera
ture, the position of the calibrated spring was measured with a 
cathetometer. After a selected period, of time, depending on the 
rate of effusion, the position of the cali orated spring was measured 
again. In this manner the weight loss of the effusion cell per unit 
time was measured. At each cathetometer reading the tempera
ture was measured. A minimum of five weight loss measurements 
were made at each temperature. The temperature of the 
furnace then was raised or lowered to another temperature and

(8) R. F. Barrow, et al., Trans. Faraday Soc., 51, 1354 (1955).
(.9) F. M. Ernsberger and C. M. Drew, Rev. Sci. Instr., 24, 117 (1953).

the weight loss measurements repeated. In all measurements 
the total distance traveled by the effusion cell was not more than 
1.5 in. above the reference olock. At the end of each series of 
determinations the apparatus was dismantled, the cell opened, 
inspected, and filled again with sample.

B. Torsion Effusion.—Vapor pressure measurements of 
BeF2 also were carried out by means of the torsion effusion pro
cedure between 550-610°. The apparatus consisted of a torsion 
system enclosed within a vertical quartz and Pyrex vacuum 
chamber. A one pound lead block was inserted between the 
torsion suspension and the remainder of the apparatus to absorb 
and lessen the vibrations originating from the mechanical pump 
and movement in the environs.

The torsion system consisted of a 5-ft. length of 2 mil molyb
denum wire to which was attached a mirror and an aluminum 
vane (to permit magnetic damping). The torsion constant of 
the molybdenum wire (D) was calculated from the following 
measurements: the oscillation period (6 ) for the suspension plus 
graphite disk -which has a moment of inertia h  (where h  = 
•Dii2/ 4ir2) and the oscillation period (i2) for the aforementioned 
suspension system (with graphite disk) plus a graphite body of 
known moment of inertia, I 2 (where I ,  +  / 2 = Dfe2/4ir2). For 
the torsion system in terms of the measured quantities t\, fe, and 
J2, D  = 4ir2/ 2/(f22/fi2). The values obtained for the torsion wire 
systems ranged from 0.6367 to 0.6831 dyne-cm./radian. The 
constants obtained were an average of at least three separate 
determinations. The torsion constant of the suspension system 
was measured before and after vapor pressure determinations 
were made and remained constant to within 1 %.

The angle of rotation of the torsion cell was measured by the 
displacement of a beam of light by a galvanometer mirror which 
was cemented to the quartz rod. The distance from the cathetom
eter telescope to the mirror on the torsion wire and the distance 
resulting from the movement of the beam of light reflected from 
the galvanometer mirror were measured on the cathetometer scale.

The regulation of the resistance furnace used in this investiga
tion and measurement of the temperatures has been described 
above. The torsion effusion cell was situated approximately 2 cm. 
above a graphite reference block containing a Chromel-Alumel 
thermocouple. Because of the absence of a radiation shield, the 
furnace was positioned at the same point around the quartz tube 
for each determination. With the furnace in this position, the 
temperature gradient above the reference block was measured to 
a height of 1.5 in. for nine different temperatures. These measure
ments were accomplished with three thermocouples spaced above 
the reference block at 0.5-in. intervals. These calibrations were 
used to make the approximate temperature corrections which 
have been employed. Conditioning of the cell was similar to 
the procedure employed in the gravimetric studies.

A minimum of 20 min. was required to establish equilibrium at 
a given temperature. When the temperature was raised it also 
was observed that the oscillation of the mirror would increase. 
This oscillation could be lessened by quickly lowering the tem
perature of the furnace about 10 ° and then slowly raising it again 
to the desired point. When the torsion system picked up vibra
tions from the environment, the oscillations could be damped 
rapidly by placing a strong permanent magnet around the alu
minum vane. This was done only to slow down the turning 
until the reference line was in the mirror since it was found that 
the presence of the magnet shifted the zero point. I t  was ob
served, however, that the displacement of the mirror was a con
stant factor which left the slope of the vapor pressure curves 
unaffected. This was indicated by the fact that the slopes of the 
log P  v s .  l / T  plots were the same with or without the presence of 
a magnet. Zero points were taken with and -without the magnet 
and then readings were taken at the highest temperatures with 
and without the magnet. In both cases the differences in read
ings were identical, approximately 0.80 cm. Intermediate tem
peratures also demonstrated the same difference in readings. 
After equilibrium was attained at least three readings were taken 
before changing the temperature. During all determinations the 
pressure in the system was 1 0 -5 mm. or less.

C. Transpiration.—The transpiration apparatus consisted of 
a transpiration tube, a high temperature furnace, and auxiliary 
equipment. The transpiration tube was a 30-mm. o.d. quartz 
tube. In order to avoid any possible reactions between BeF2 gas 
and quartz, a reaction which is thermodynamically favored, a 
nickel liner was placed inside the transpiration tube.

The carrier gas used in the experiments was highly purified
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argon which was passed over heated copper for further removal 
of oxygen. The gas flow rate in all experiments was measured 
with a calibrated flowmeter. The nickel boats used in this experi
ment were constructed from high purity nickel sheet and were 
1 in. long, Vs in. wide, and 3/s in deep. The temperature gradients 
across the nickel boat were established by placing a Chromel- 
Alumel thermocouple on each side of the nickel boat. The tem
perature gradient, in most cases, was less than 1°. The tempera
ture of the sample boats during a run was controlled to ± 1 ° with 
a Leeds-Northrup controller-recorder.

III. Results and Discussion
A. Melting Point of BeF2.—To determine an exact 

melting point of BeF2 a series of effusion runs was com
menced with a cell having four 3-mm. holes. The ob
served rate of weight loss from an experiment at 550° 
was more than 2.5 times that at 530° with the same cell 
in which, by subsequent examination of the BeF2, the 
solid was shown to be present. Since a drop of 20° in 
temperature produced less than a twofold drop in rate 
for BeF2 liquid, it appeared that fusion was occurring 
between 530 and 550°. Examination of the contents 
of the cell indicated that the BeF2 had indeed melted 
and on cooling had formed a glass. This behavior is 
similar to that of B20 3 and other compounds. Since 
glasses are considered supercooled liquids it is to Ire ex
pected that the vapor pressure data for the BeF2 glass 
would fall on the liquid vapor pressure curve as it actu
ally does.

A more precise determination of the melting point of 
BeF2 was carried out by making weight loss measure
ments of fresh samples of crystalline BeF2 at 530, 
535,540, 541, 543, and 545°. The vapor pressures were 
calculated from these weight loss data by means of the 
Knudsen effusion equation. In addition, inspection of 
the cell contents was made after each run. A dis
continuity in the slope of log P vs. 1/T was found to 
occur at approximately 542°. Inspection of the BeF2 
in the celi after the run at 541° showed no fusion had 
occurred. The BeF2 after the 543° run, however, had 
completely fused. The combination of discontinuity 
in the slope of log P vs. 1/T coupled with physical in
spection of the BeF2 samples establishes the melting 
point of BeF2 as 542 ±  3°, in excellent agreement with 
the value reported by Roy, Roy, and Osborn7 (543 ±  
5°) obtained by differential thermal analysis.

B. Vapor Pressure of BeF2.—The vapor pressure 
of BeF2 was studied initially over the temperature range 
550-780° at 10° intervals by means of the Knudsen 
gravimetric effusion procedure. The results of these 
runs in terms or rate of weight loss and partial pressures 
are fisted in Table I. Five different effusion cells with 
varying orifice areas were used with frequent dupli
cation of temperature points to assure that the experi
mental data were independent of orifice area. The 
cells employed had from one 1-mm. hole to four 3- 
mm. holes. Comparison of the data from these cells 
is presented in Table II. From these data it can 
be seen that the vapor pressures are independent of 
orifice area. The Clausing factors for each cell were 
calculated from the bole dimensions which were de
termined to within 5 parts in 10,000 and are presented 
in Table III.

For the calculations of the vapor pressure of BeF2 
the modified Knudsen equation

Pmm =  17.14— (T/M)l/- (1)
W0a

T able I
W eight Loss and Pressure Data for BoFa(l) from Gravi

metric Effusion Studies
Rate of Rate of
wt. loss, Pressure, wt. loss, Pressure,

Temp., (g./sec.) mm. Temp. , (g./sec.) mm.
°K. X 10« X 103 "K. X 10« X IO»

1053 116“ 1730 933 5.8“ 82
1043 83“ 1220 924 4.0“ 56
1034 COt- 1080 923 69" 50
1023 72“ 1060 913 44" 32
1013 47“ 690 903 33" 24
1004 43“ 620 893 22" 16
1002 39“ 560 883 18" 13
993 30“ 440 874 14.31, 1 0 .2

983 2 1 “ 300 863 10.4" 7.3
973 15“ 210 853 8.3" 5.9
963 14“ 200 843 4.5" 3.2
953 1 0 .2“ 145 834 3.7" 2.5
943 7.2“ 101 823 2 . 1" 1.5

“ Effusion cell has one 1-mm. hole. " Effusion cell has four 2-
mm. holes.

T able II
Vapor Pressure of BeF2 for Cells of V arious Orifice Areas

Temp., Pressure, Temp., Pressure,°K. Cell mm, X 10« °K. Cell mm. X 102
883 d 1.30 943 a 1 0 .1
892 c 2 . 1 943 c 1 1 .8
893 d 1.61 953 a 14.5
903 d 2.4 953 b 11.7
913 d 3.2 964 a 20
923 b 4.8 963 c 20

923 d 5.0 923 a 21

923 c 5.3 983 a 30
923 a 5.6 993 a 44
933 a 8 .2

T able III
Geometrical Factors of E ffusion Cells

Cell Description I/o
Clausing

factor
Area,

cm.2 X 103
a 1 hole X 1 mm. diam. 1 .0 0 0.6720 8.107
b 2 hole X 1 mm. diam. 1 .0 0 .6720 16.214
c 4 hole X 1 mm. diam. 1 .0 0 .6720 32.43
d 4 hole X 2 mm. diam. 0.80 .8013 129.72

was employed to yield P  directly in mm., where G is 
given in grams of material effusing during the length 
of the run, W d is the Clausing factor, a is the orifice 
area, and M  is the molecular weight of effusing species. 
Farber and Darnell10 showed that it is possible to ascer
tain that the pressure calculated from eq. 1 is the 
equilibrium pressure

p~ - p i 1 + ¿) <2)
where A t is the surface area of material and a is the ac
commodation coefficient by using several different 
orifice to surface area ratios. The present work 
essentially follows this experimental procedure since 
five effusion cells with varying orifice areas were em
ployed (a/At ratios varying from 1 to 36).

During each run at a given temperature a minimum 
of five observations were made on the position of the 
helix. A line of the form v = at +  b was fitted to the 
data by the least squares method. The rate of change 
of the length of the helix, a, was multiplied by the 
reciprocal of the sensitivity to obtain the rate of weight

(10) M. Farber and A. J. Darnell, J. Chem. Phys., 25, 52G (1956).
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of loss per unit time. A temperature reading was 
taken concurrently with the observation of the helix. 
The average of the temperature readings was used for 
the value of the temperature. The molecular weight 
of the effusing vapor was assumed to be the molecular 
weight of BeF2, 47.0 g./mole.

The Clausing factor calculated from the ratio of the 
length of the effusion hole to the radius was found to 
be in good agreement with that obtained from a direct 
measurement of the vapor pressure of zinc metal.8 
The Clausing factor used and the values for the ratio 
of the length of the effusion hole (7) to the radius (a) 
are listed in Table III for each cell. The corrections 
for mean free path in the effusion cell are negligible 
at the lower temperatures where the vapor pressures 
are of the order of 10 ~8 atm. At the high end of the 
temperature range where the pressures were of the order 
of 10-5 to 10-4 atm. the corrections to the vapor pres
sure range between 1 and 2%.

A summary of the effusion data is shown in Table I. 
The least squares plot of AF vs. T yields a value of 38.7 
±  0.6 cal./deg./mole for A(Svap. The van’t Hoff cal
culation from a least squares plo-: of log P vs. l/T  of 
the experimental data leads to a value for A77vap of
53.22 ±  0.18kcal.

The experimental determination of the vapor pres
sure of BeF2 (liquid) was extended to a temperature 
range between 850 and 950° by means of the transpira
tion method.

It is necessary in a transpiration experiment to 
establish equilibrium definitely.11’12 Low flow rates 
may cause diffusion of material in and out of the re
action zone, causing high weight losses. If the flow 
rate is too fast, insufficient time is available for estab
lishment of the equilibrium; therefore a non-steady state 
rate of vaporization is obtained, resulting in a low weight 
loss per unit volume.

In order to establish the equilibrium flow rate,11'12 
a series of runs was made at 930° using different flow 
rates. The trial flow rates were in the range of 2.5 to
16.5 cc. per min. of argon. As the flow rate was in
creased up to 10 cc./min. the weight loss per unit volume 
of gas (and thus the vapor pressure) decreased. In the 
range of 10 to 14 cc. per min. the vapor pressure 
measured was constant within experimental error. 
For flow rates higher than 14 cc. the weight loss was 
found to decrease as the flow rate increased. These 
results are presented in Fig. 2. Table IV presents the 
transpiration results for the vapor pressure of BeF2 ob
tained in the temperature interval of 850-950°. These 
data are shown on the vapor pressure plot (Fig. 1)

V apor  P ressure

T able IV  
of L iquid BeF2 from T ranspiration

Temp.,
E xperiments

Pressure,1 Pressure,&
°K. mm. mm.

1223 50.2 50.5
1198 36.2 36.5
1173 22.1 20.5
1148 11.6 12.1
1123 8.7 7.8

“ Transpiration experiment. 6 Extrapolated values from 
effusion experiment.

(11) M. Färber and A. J. Darnell, J. Chem. Phys., 23, 1460 (1955).
(12) M. Färber, ibid., 36, 661 (1962).

l/T (°K ->).
Fig. 1.—Vapor pressure of BeF2(I) as a function of temperature: 

O, effusion method; • ,  transpiration method.

____i____i____I____i____1____i i , i ....j____i..
2 6 10 14 18

Flow rate (cc./min.).
Fig. 2.—Weight loss of BeF2 as a function of argon flow rate.
as a temperature extension of the effusion experiments. 
They are in good agreement, with the enthalpy and en
tropy data reported.

C. Vapor Species over Liquid BeF2.— The A77vap 
value was based on the assumption that all vapor
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effusing from the cells was, in fact, BeF2, and that no 
dissociation, association, or chemical reaction occurs. 
Preliminary calculations at a temperature of 1300°K. 
show no significant dissociation of BeF2 occurring at the 
pressures encountered in this work. These calculations 
were based on an experimental value for the heat of 
formation of BeF of —45 ±  2 kcal./mole recently 
determined at this Laboratory.13

The possibility for producing effusion vapors other 
than pure BeF2 exists through the reaction of BeF2 
with the carbon of the cell. Among possible re
actions are

BeF2(g) +  C(s) — ► BeF(g) +  CF(g) (3)

BeF;>(g) +  C(s) — >  Be(s) +  CF2(g) (4)

2BeF2(g) +  C(s) — > 2BeF(g) +  CF2(g) (5)

2BeF2(g) +  C(s) — > 2Be(s) +  CF4(g) (6)

These reactions could lead to values for M  above and 
below the value of 47 of BeF2. If, however, any 
reactions were occurring between BeF2 and the graphite 
effusion cell, visual indications of this would be discern- 
able. No signs of attack on the carbon could be ob
served, however. Further, accurate measurements of 
the orifice dimension (using a measuring microscope) 
of the effusion cells after extensive use showed that 
within the accuracy of measurement (1 part in 1000) 
no change in dimensions had occurred. Since reaction 
of BeF2 with the cell almost certainly would have led 
to erosion of the orifices, it seems fairly safe to say that 
no such reactions occurred.

Brewer14 has reported that BeCl2, BeBr2, and Bel2 
are appreciably associated in the temperature region 
in which the current experiments have been carried 
out, and that BeF2 might associate in the gas phase ap
peared as a possibility. If association of BeF2 were 
occurring, not only would absolute values of vapor pres
sure be in error, but the slope of the plot of log p vs. 1 /T, 
and consequently the Ai7vap value, could be in error. 
The effect on the slope would result from the sensitivity 
of association to temperature, thus shifting all vapor 
pressure values a non-constant amount.

The value for the heat of vaporization of BeF2 re
ported above is based on the experimental data ob
tained using the Knudsen gravimetric effusion and 
transpiration techniques. The vapor pressure values 
calculated from the Knudsen equation depend upon the 
molecular weight (M ) of the effusing vapor. The

(13) M. Greenbaum, R. Yates, L. Arin, M. Arshadi, J. Weiher, and M. 
Farber, unpublished data.

(14) L. Brewer, Metal. Lab. Report CC-3455, National Bureau of Stand
ards.

original values for P  in the temperature range 550- 
780° were calculated on the assumption that M  was 
equal to 47.0, the molecular weight of BeF2. However, 
to confirm this fact, torsion experiments were carried 
out to determine the average molecular weight of the 
species effusing from the cells at the experimental tem
peratures.

The torsion effusion technique provides a direct 
measurement of the pressure exerted by a vapor ef
fusing from an orifice and has been employed pre
viously to study vapor pressures of a variety of com
pounds.16-26 The sample is enclosed in an effusion 
cell suspended from a fine wire or fiber and the vapor 
is allowed to stream out in a horizontal direction from 
two eccentrically located holes. This effusion of 
vapors imparts a torque to the effusion cell. The 
angle through which the cell rotates is observed with 
a cathetometer and the vapor pressure is calculated, 
in dynes/cm.2, from the equation

i: a-Jiqi

where P  is the vapor pressure in dynes/cm.2, D is the 
torsion constant of suspension in (dyne-cm.)/radian, 
B is the angle of deflection in radians, Oi is the cross- 
sectional area of hole i in cm.2, /, is the Searcy correction 
factor (the force exerted by effusing molecules depends 
on the number escaping from an orifice and upon their 
radial distribution), and q, is the horizontal distance 
of hole i from suspension in cm. (moment arms).

Since the vapor pressure calculated from the torsion 
equation (7) is independent of the molecular weight of 
the effusing vapor, it is possible to calculate the average 
molecular weight of effusing vapors by the use of both 
effusion procedures. Using the torsion effusion tech
nique, vapor pressures were measured for BeF2 between 
550 and 610°. These values then were substituted 
into the gravimetric effusion equation and the values 
of M  calculated. Over the temperature range in
vestigated, the average value obtained for M  was
44.7 ±  2.0. On the basis of these results it is possible 
to conclude reasonably that no association of BelA 
is occurring in this temperature range.

(15) M. Volmer, Z . physik. Chem. Boden, Fest., 863 (1931).
(16) K. Neumann and E. Volker, Z . physik. Chem., A767, 33 (1932).
(17) K. Neumann and E. Lichtenberg, ibid., A184, 89 (1939).
(18) K. Nina and Z. Sibata, J. Chem. Soc. Japan, 61, 660 (1940).
(19) K. Nina, ibid., 61, 770 (1940).
(20) K. Nina and M. Yoshiyama, ibid., 61, 1055 (1940).
(21) M. Yoshiyama, ibid., 62, 204 (1941).
(22) G. Weasel, Z. Physik., 130, 539 (1951).
(23) A. W. Searcy and R. D. Freeman, J. Am. Chem. Soc., 76, 5229 

(1954).
(24) A. W. Searcy and R. D. Freeman, J. Chem. Phys., 23, 88 (1955).
(25) R. D. Freeman and A. W. Searcy, ibid., 22, 762 (1954).
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The electrolytic dissociation of two differently cross-linked polymethacrylic acid resins has been investigated. Its water absorption properties and its pot.entiometric behavior have been measured for this purpose. The basic Gibbs-Donnan equation for a membrane equilibrium in the presence of a hydrostatic pressure has been combined with the theoretical treatment of polyelectrolytes due to Katchalsky and co-workers to examine the data. An equation is developed in which the potentiometric and water absorption behavior of the gel is well described. An intrinsic dissociation constant of 5.16 ±  0.35 is calculated for the monomeric unit of the gel. This value is in good agreement with the 4.86 value obtained by earlier workers for linear and very low cross-linked polymethacrylic acid.
Introduction

An attempt has been made in the present investiga
tion to evaluate the intrinsic dissociation constant of a 
1 and 5% copolymer of divinylbenzene and methacrylic 
acid.3 Potentiometric titrations and water absorption 
measurements have been made in order to facilitate the 
investigation. Measurements of this nature have been 
reported previously by other investigators. See, e.g., 
Gregor and Bregman,4 Kunin and Barry,6 Michaeli and 
Katchalsky,6’7 Gregor,8 Gregor, et al. , 9  Howe and 
Kitchener,10 Hale and Reichenberg,11 and Fisher and 
Kunin.12

The Henderson-Hasselbach equation, pH =  pK a — 
n log ((1 — a)/a), where a. is the degree of neutralization, 
n is a constant characteristic of a given system, and K* 
is the apparent or average ionization constant, was 
employed by Gregor9 to consider and compare the titra
tion of methacrylic acid resins with linear polyacids. 
The postulate was made that the pH of the solution 
outside of the polymer coils was being measured for 
both the soluble as well as the cross-linked materials, 
thereby attributing equal significance to the pH meas
urement. Parallel behavior of both systems was 
observed, but the cross-linked acids were found to be 
apparently weaker at the same salt concentration. 
This was attributed to imbibement of salt by the gel 
systems, negating the initial postulate.

Gregor also observed that the apparent dissociation 
constant of the cross-linked acids decreased with in
creasing degrees of cross-linking. Fisher and Kunin,12 
using the Henderson-Hasselbach equation, confirmed 
this result. Divinylbenzene and several other vinyl 
compounds were used as cross-linking agents in their 
study. The magnitude of the change was observed to 
depend on the mole percentage of acrylate in the poly
mer. The limiting values of pA a as cross-linking re
agent was reduced to zero equaled the pAa value of the 
linear polymers of the corresponding acids.

The limitation of the Henderson-Hasselbach equa
tion is that it contains the two parameters, pAa and n,

(1) Postdoctoral Fellow, 1960-1961. On leave of absence from 
Yidyasagar College, Calcutta, India.

(2) Correspondence to be addressed to this author.
(3) Amberlite IRC-50, a product of Rohm and Haas Co., Philadelphia, 

Pa.
(4) H. P. Gregor and J. I. Bregman, J. Am. Chem. Soc., 70, 2370 (1948).
(5) R. Kunin and R. E. Barry, Ind. E n g . Chem., 41, 1269 (1949).
(6) I. Michaeli and A. Katchalsky, J. Polymer Sci., 23, 683 (1957).
(7) A. Katchalsky and I. Michaeli, ibid., 15, 69 (1955).
(8) H. P. Gregor, J. Am. Chem. Soc., 73, 642 (.1951).
(9) Id. P. Gregor, M. J. Hamilton, J. Becher, and F. Bernstein, J. Phys. 

Chem., 59, 874 (1955).
(10) P. G. Howe and J. A. Kitchener, J. Chem. Soc., 2143 (1955).
(11) D. K. Hale and D. Reichenberg, Discussions Faraday Soc., 7, 79 

(1949).
(12) S. Fisher and R. Kunin, J. Phys. Chem., 60, 1030 (1956).

which vary with ionic strength, n approaching unity 
and K  decreasing to a limiting pA a value at higher ionic 
strength. In addition, no correction term for the 
equilibrium distribution of neutral electrolyte between 
gel and solvent phases is provided to differentiate linear 
and cross-linked polyacid behavior.

A more general analysis of gel systems, -which leads 
to an “ intrinsic” dissociation constant characteristic of 
the ionizable group of the polymer and independent of 
ionic strength, degree of dissociation, and cross-linking, 
was shown to be valid for polymethacrylic acid of very 
low cross-linking by Katchalsky and co-workers,13 who 
employed a modified statistical treatment of polyelec
trolytes for this purpose. Two alternate treatments of 
Donnan invasion of the gel by electrolyte were in
corporated by Michaeli and Katchalsky6 to account for 
the effect of the presence of a neutral salt on the poten
tiometric properties of the solution. Successful use of 
polyelectrolyte theory has most recently been made by 
Kuhn, Ebner, Kuhn, and Walters14 to obtain the in
trinsic dissociation constant for differently cross-linked 
polyacrylic acid gels prepared by them for study in 
10-3 N  NaCl.

Howe and Kitchener,10 however, were unable to make 
the statistical theory of polyelectrolyte gels quantita
tively applicable to their more concentrated gel systems, 
which were similar to those employed in this investiga
tion, even though they controlled the preparation of 
their samples and were aware of parameters necessary 
for employment in the Katchalsky treatment.

It is believed that the present treatment which 
follows has led to the first quantitative interpretation of 
potentiometric and water absorption data obtained 
with relatively highly cross-linked, commercially pro
duced polymethacrylic acid. An intrinsic pK  value 
that is independent of cross-linking, degree of dissoci
ation, and ionic strength results from the treatment. 
The basis for its calculation, the Gibbs-Donnan equa
tion for a membrane equilibrium in the presence of a 
hydrostatic pressure,15a,b is presented below for the ion- 
exchange reaction involving the replacement of HsO + 
ion by Na+ ion

Jn (?ftHiO +) (mCl-) Amo +) Aci-) =
(»iNa +) {mc\ - )  ( YNa +) ( TC 1 -)

(»ZHjO +) (ihcA -ÿ ) ( h3n) (ci -t ) , n /tT n

(*»..)(*c,-f)(« .0 (c,-T ) +  R T  <VhCI "  y "*°l)
(1)

(13) A. Katchalsky, N. Sbavit, and H. Eisenberg, J. Polymer Sci., 13, 69 
(1954).

(14) W. Kuhn, G. Ebner, H. J. Kuhn, and D. II. Walters, Helv. Chim. 
Acta, 43, 502 (1960).

(15) (a) F. G. Donnan and E. A. Guggenheim, Z. physik Chem., 162A, 356 
(1932); (b) F. G. Donnan, ibid., 168A, 369 (1934).
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In this equation m refers to molal concentrations, y is 
the ionic activity coefficient, V represents the partial 
molal volume of electrolyte, and II is the contractile 
pressure of the resin network. A bar placed over all 
terms on the right-hand side of the equation identifies 
the particular function with the resin phase.

The cross-linked resin gel may be considered to con
tain nm monomeric units associated with nm carboxylic 
groups arranged in chains of 2 monomeric units that 
extend from one cross-linking point to the next. The 
product of the number of chains (np) and monomer 
units per chain (2) defines the resin macromolecule (R).

Dissociation of the macromolecule, H„pZR, is gov
erned by the usual laws of equilibrium and may be 
described in npz dissociation constants

In 7c 1 =  In
RÇïWHaO +)

HR ’
In ki =  In IIR(?«h,o+)

H2R ’

In /cnpz
Hnpz—1 R(mHao 0 

-  HnpZR
(2j

Since the npz dissociating sites are identical, they may 
be assumed to have little effect upon one another and 
the npz conventional equilibrium constants can then be 
related to a single equilibrium constant A Hr by

In A Hr =  In ------------- ( w h 3o *') (3)1 — a

where a is the degree of dissociation at any dissociation 
site.16

The above constant is not a true constant, expressed 
in terms of concentration as it is, and terms are included 
in eq. 4 to allow for deviation of the free energy of the 
hydrogen ion (7 H3O+) and the polyanion (l/kT(dF,J 
àv)n) from that of the idealized mixture

In Kim = hi ----------  (mfí,0 +) +
1 — a

In 7h,o '• +
kT (4 )

where F0 is the electrostatic free energy of the ionized 
polyanion carrying v negatively charged groups, and k 
is the inverse Debye radius17 determined by the con
centration of the small ions in the resin phase.

Rearranging eq. 4

In » î H jO +7 h 3o  + = In A h r  —

In --------
1 — a

and substituting eq. 5 in eq. 1

(whjO+Xth.o+1 , T,
In —-------- —------- v  =  In A Hr

In

(w .N a  '- ) (Y N a + )

1_____ J_  f ò F
WNa*7Na+ kT \ Òv

111

JL (*Ei 
kT V òv

+

(5 )

1 -

+  ( F h C , —  F n aC 1 )

(6)
(16) C. Tanford , “ Physical C hem istry  o f M acrom olecules,”  John W iley 

and Sons, In c ., New  Y o rk , N . Y ., 1961, pp. 532—536.
(17) The reciprocal o f D ebye’s radius is given by k- =  A-Kel'ZnxZ]i/DkT, 

where n\ is th e  num ber per m l. of ions of type  i  each carry ing  zx elem entary 
charges, Stii is the sum of a ll sm all ions in  the gel phase, € is the  charge of the 
electron, D is  the  d ie lectric  constant of the  m edium , k is Bo ltzm ann ’s con
stan t, and T is the  tem perature in  °K .

Further simplification of eq. 6 yields

In (wiHjO +) (YhjO +) =  In A hr — In -  b1 — a

. W-Na7Na
In 7---- ;----

WlNa7Na +

1 fò K
kT \ òr +  RT ^ HC1 F n e C i )

(7)
a

log tajO + = log A hr — log y -—

0.4343 fò F e\ 0.4343II 
kT \ òr A  +  RT

. &Na
-f- log V-------

a flNa

( F h c i  - F N a C l) (8)

pH =  pA HR — log +  log
UNa
« N a

+

0.4343
kT

/ÒFA n  0.4343
V òr A  +  RT

(  F n  aC 1 — Fhci) (9 )

The form of eq. 9 is comparable with that of the 
general relation that is obtained from the theoretical 
treatment of Michaeli and Katchalsky for a similar 
system.6

The electrostatic free energy and contractile pressure 
terms and the activity coefficient of the Na+ ion in the 
gel phase are the only parameters of eq. 9 that are not 
easily accessible for the evaluation of the intrinsic dis
sociation constant of the acid form of the resin. The 
quantitative relation between the degree of dissociation 
of the resin and the pH of the external equilibrium 
solution is determinable by controlled neutralization of 
the acid form of the exchanger in the presence of elec
trolyte at constant ionic strength. The activity 
coefficient of the Na+ ion in the equilibrating solution is 
calculable from published mean activity coefficient 
values for the electrolyte.18

Contractile Pressure Term.—The contractile pressure 
for the cross-linked ion-exchange resin may be com
puted according to eq. 10.8’19

II =  r~- In ( —  ) at constant N m (10) 
Fw \Ow /

where F „ is the partial molal volume of the water, a j  
is the activity of the water in the cross-linked ex
changer, aw is the activity of the water in a chemically 
identical exchanger without cross-linking, and N m is the 
weight normality (1000/g. H20  X equiv.“ 1) at the 
respective water activity values. Proper use of this 
equation requires that values of a ,/ that are encountered 
in a cross-linked exchanger be compared with a„ values 
for the chemically identical unrestrained resin contain
ing exactly the same amount of water per equivalent. 
The uptake of water by a completely unrestrained resin 
is, however, not experimentally measurable and the 
standard procedure has been to use aw values that are 
obtained as a function of N m in isopiestic vapor pressure 
experiments with the most weakly cross-linked ex
changer that will permit valid measurement of this 
resin property.20

In this investigation an estimate of this property of 
the hypothetically unrestrained exchanger has been

(18) R. A . Robinson and R. I I .  Stokes, “ E lectro ly te  Solutions,”  B u tte r-  
w orth  Scientific Publications, London, England, 1959.

(19) G. E . B oyd and B. A . Soldano, Z. Elektrochem., 57, 162 (1953).
(20) E . G lueckauf, Proc. Roy. Soc. (London), 214, 207 (1952).
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made by using eq. 11 given belcw to convert practical 
osmotic coefficient values experimentally determined by 
Alexandrowicz21 for dilute solutions of polymethacrylic 
acid and computed for the mere concentrated poly
methacrylate systems encountered by employing the 
theoretically based equations due to Lifson and 
Katchalsky.22 23

For an aqueous solution18

_  log flw 
^ m(0.00782)

4> being the practical osmotic coefficient and v the 
number of ions in solution. The polyelectrolyte solu
tions of interest are 1, n electrolytes where n is very 
large as a consequence of the large number of positive 
charges due to the polyanion. The colligative proper
ties of the solution are, as a result, almost exclusively 
determined by the mobile counterions and v in this case 
is very close to unity.19'20,23

Comparison between the cross-linked exchanger and 
the polyelectrolyte solution is presumed in this treat
ment to be valid after correcting for the differences in 
their free energies of swelling, i.e., it is assumed that the 
cross-linking of the resin does not change the thermo
dynamic properties of the polyelectrolyte. The con
vergence that is observed in the experimental program 
for the isopiestically derived osmotic curves for the 1 
and 5% cross-linked resin at moderately low water 
activity support this postulate.

Activity Coefficient of Mobile Counterion.— It has 
been shown by Alexandrowicz21 "hat for solutions of 
polymethacrylic acid and sodium bromide in which amm 
»  mNaBr, the activity coefficient of the salt approaches 
the value of <t>„, the practical osmotic coefficient of the 
polyelectrolyte. By presuming the same behavior in 
the cross-linked polymethacrylic acid-sodium chloride 
system that was investigated by" us and by limiting the 
equilibration experiments to sodium chloride concen
trations no greater than 0.3 m to minimize electrolyte 
invasion, the activity coefficient of Na+ ion in the resin 
phase can be identified with the computed 4>r values.22

Electrostatic Free Energy Term.— Estimate of the 
electrostatic free energy term of the polyanion is made 
using the equation of Katchalsky, Shavit, and Eisen- 
berg13 that is derived using a randomly kinked molecule 
model.

Experimental
Materials.—The weakly acidic caticn exchanger, Amberlite 

IRC-50, a product of the Rohm and Haas Co., Philadelphia, Pa., was employed in the experimental program. Resin samples containing approximately 1 and 5% divinylbenzene as the cross- linking agent for the polymethacrylic acid were used in a parallel series of experiments. The 1% cross-linked resin, consisting of large irregularly shaped beads, was converted to the salt and acid forms several times with normal NaOH and HC1 prior to use. Finally, it was washed with de-ionized water until free from imbibed electrolyte and was stored over saturated NH.1NO3 . The 5% cross-linked resin was obtained in reagent grade form and was not subjected to any pretreatment .The exchange capacity of the resin was determined either by adding standard alkali to a weighed quantity of the dry acid form of the resin and back titrating the excess alkali or by pH titration. The dry weight of the resin was determined by heating aliquot portions of the moist resin to constant weight at 60° over silica 
gel and under vacuum.

(21) Z. A lexandrow icz, J. Polymer Sci., 43, 325 (1960).
(22) S. L ifson  and A . K a tcha lsky, ibid., 13, 43 (1954).
(23) W. K ern, Z. physik. Chem., 181A, 249, 283 (1938).

Reagent grade sodium chloride and sodium hydroxide w-ere 
purchased from the J. T. Baker Co. and were used without further 
purification. Carrier-free 2.6 yr. N a22 was purchased from the 
Nuclear Science and Engineering Corporation. Pyrex vessels 
were used in all the experiments.

Equilibrium Procedure.—The equilibration was carried out by 
adding weighed samples of dry resin to standard sodium chloride 
solution containing a known amount of the 2.6 yr. N a22 nuclide. 
Accurately measured quantities of NaOH were added to attain 
the desired degree of conversion to the salt form. The solutions 
were then diluted to a volume of 50.00 ml. and a final NaCl con
centration of 0.10 or 0.30 m .  The fractional sodium content of 
the resin samples that were employed ranged from about 0.01 to 
as high as 1.0. The stoppered samples were shaken gently at 
the ambient room temperature during the equilibration procedure.

The H30 + ion in solution was determined by pH measurement. 
The Na+ ion concentration, already accurately known from the 
design of the experiment, was checked by radiometric analysis of 
N a22 in both phases. The pH measurement of the equilibrium 
mixtures was made while nitrogen gas passed over the surface of 
the solutions to prevent dissolution of C 02 from the atmosphere. 
For the Na+ ion measurement, the resin beads were separated 
from the solution by centrifugation-filtration. The solution was 
decanted into a glass cylinder fitted with a fritted glass disk and 
supported in a 50-ml. centrifuge tube by means of constrictions 
near its bottom. After filtration of most of the solution by a 
brief centrifugation, the resin beads were quantitatively trans
ferred to the fritted glass cylinder in the centrifuge tube. Cen
trifugation for 1.5 to 2 hr. was needed to remove adhering super
natant solution as completely as possible. The centrifuge tubes 
were kept covered with Saran Wrap secured by rubber bands 
to prevent evaporation.

The centrifuged resin samples as well as the 2.0-ml. aliquot 
portions of the separated solution phase of each equilibrated 
sample were then transferred to test tubes and the N a22 activity 
present in each sample was measured in a 1.25 X 2 in. well-type 
thallium-activated sodium iodide crystal detector. The activity 
of 2.0-ml. aliquot samples of original solution containing the 
same quantity of the Na22 nuclide tha t was employed in the 
exchange reaction was also measured for comparison. Whenever 
necessary, solution volumes were modified to compare with resin 
volumes to avoid introduction of error due to different sample 
geometry.

Water Absorption Measurements—Static Method.—After 
analysis of the equilibrium mixtures, the resin samples were 
quantitatively transferred to weighed silver crucibles for the 
isopiestic vapor pressure experiments. The silver crucibles then 
were placed on a 0.5 in. thick copper plate inside a vacuum desic
cator, together with a saturated solution of known water activity18 
that was contained by a platinum dish. The high thermal con
ductivity that was ensured by this experimental arrangement 
minimized thermal gradients. The system was evacuated at the 
start of a measurement to hasten approach to equilibrium and 
was kept immersed in a thermostated water bath at a constant 
temperature of 25 ±  0.05°. After several weeks, N2 gas passed 
through concentrated sulfuric acid and over desiccant CaCl2 was 
bled into the desiccator slowly to remove the vacuum. On open
ing the desiccator, pre-weighed rubber stoppers were used to 
cover the samples, thereby preventing weight changes prior to 
and during the weighing of samples. The samples after weighing 
were uncapped and replaced in the desiccator, which was then 
resubmerged in the bath without evacuation. Weighings were 
repeated at regular intervals until constant weight of the samples 
was achieved.

The amount of water absorbed by the resin was determined 
from the calculated weight of the dry resin salt and total weight 
of the moist sample, since residual water tightly held by the salt- 
form of the resin was not removed in the drying procedure.

Dynamic Method.—Isopiestic equilibration with solution of 
high water activity (>0.98) was achieved relatively rapidly by 
passing N2 gas previously equilibrated with vapor due to saturated 
K2Cr207 solution over the resin samples. A Fisher-Porter flow 
meter measured the flow of N2 gas from a cylinder into a series of 
gas-washing bottles that were packed with glass beads to keep the 
size of the bubbles small, thereby facilitating a more rapid 
approach to equilibrium of the liquid and gas phases. A check 
valve inserted into the line precluded the possibility of back-up of 
liquid. The first gas-scrubber contained 0.6 M  NaCl solution; 
the others contained saturated K2Cr207 as the reference solution
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0 2 4 6 8 10 12

mmoles N a +/g. dry H R.
Fig. 1.— Water absorption properties of 1 %  cross-linked 

Amberlite IRC-50 in contact with: 0.1 m N aCl (— O— O— ) 
and 0.3 m N aC l (— A — A — ); isopiestically equilibrated 
with: saturated BaCfi (— □  —  □ — ), saturated N aCl
( -Ç } — O - )» an4 saturated L 1N O 3 (— V — V — ).

Fig. 2.— Water absorption properties of 5 %  cross-linked 
Amberlite IRC-50 in contact with: 0.1 m N aC l (— O— C — ) 
and 0.3 m N aC l (— V — V — ); isopiestically equilibrated 
with: saturated K 2Cr20 7 (— □  —  □  — ), saturated B aCh
(— 0 “ 0 —)> saturated N aC l (— A — A — ), and saturated 

LiNOs

and were completely submerged inside the thermostated water 
bath. Use of 0.6 M  N a C l with a water activity about equal to 
that of the saturated reference solution in the first gas-washing 
bottle situated outside of the bath prevented evaporation of the 
reference solution in the next washing bottle, thereby preventing 
crystallization of K 2Cr20 j and the possibility of restriction of gas 
flow through the system during an experiment. The level of 
water was maintained in the N aC l solution to keep its water 
activity reasonably constant. The N 2 gas, after leaving the last 
scrubber, passed into a large reservoir containing saturated 
K 2Cr20 7  solution to provide a large residence time for the gas in 
contact with the reference solution. The gas then passed through 
a glass wool filter which served to remove entrained liquid prior 
to its entry into a desiccator containing the resin samples and

0 1 2 3  4 5  6  7 8 9  10 11 12

Ton »-

Fig. 3.— Plot of the logarithm of the water activity vs. the 
resin molality in the 80% dissociated gel: 5 %  cross-linked 
resin 1 %  cross-linked resin ( -C U O O - ), and
hypothetical unrestrained resin ( - A _A _A _).

saturated K 2Cr20 7  solution. Small stirrers extended into the 
reservoir and desiccator through pressure shielded sleeves assured 
uniform mixing of gas and water vapor prior to their removal to 
the atmosphere through another gas bubbler containing addi
tional reference solution.

A ll connections in the above assembly were made with Pyrex  
glass and polyethylene tubing to avoid contamination of the 
flowing gas. Pyrex brand stopcocks and ball-joints were pro
vided at the influent and effluent ends of the desiccator to facili
tate withdrawal of the desiccator from the bath while keeping the 
remainder of the assembly immersed. Paraffin was used to  
ensure a water-tight seal of the desiccator cover.

A t regular intervals the desiccator was taken out of the bath by  
disengaging the ball joints and the samples were weighed until 
constant weight of the samples was obtained.

Contact Method.— An alternative approach to the accurate 
estimate of water contained b y resin in equilibrium with solution 
of high water activity employed direct contact of the dried resin 
salt with 0.1 and 0.3 m N a C l solutions. For these measurements 
an estimate of water absorption was first made b y  centrifugation- 
filtration of the equilibrated samples to constant weight. The  
separated resin samples were then redried over silica gel under 
vacuum at 60° to constant weight. Small, accurately weighed 
portions of 0.100 and 0.300 m N aC l were added to the dried resin 
samples and accurately weighed portions of additional water 
based upon the earlier determined absorption behavior were 
added to the samples so that at equilibrium the 0.1 and 0.3 m 
concentration would be nearly maintained. Analysis of the 
actual N a C l content of weighed portions of the supernatant 
liquid yielded an accurate estimate of the water absorbed b y  each 
resin sample.

Results and Discussion
Water Absorption Data.—The water absorption data 

that were obtained with the 1 and 5% cross-linked 
resin, respectively, are presented graphically in Fig. 1 
and 2. The water contained per dry gram of resin is 
plotted as a function of the millimoles of sodium per dry 
gram of resin in these figures, the dry weight of resin 
initially in the hydrogen form being used as the refer
ence state. The sodium content of these resin samples, 
controlled by varying the degree of neutralization em
ployed in the sample preparation, extends over the 
complete salt-fraction range from about 0.01 to unity.

The two upper curves in these figures are based upon 
water absorption data that were obtained for sizable 
resin samples in contact with 0.1 and 0.3 m NaCl solu-



J a n ., 1963 D issociation of M ethaceylic Acid R esins 45

tions, respectively. They are S-shaped and resemble 
water absorption curves that have been reported previ
ously for polymethacrylic acid resin.10'24 The curves 
obtained by using the static isopiestic method lose this 
characteristic shape at lower water activity, exhibiting a 
linear relationship between water and sodium content 
from 100 to 50% neutralization of the acidic form of the 
resin. The one curve obtained when the 5%  cross- 
linked IRC-50 resin was equilibrated with saturated 
K2Cr20 7 (a„ =  0.9801) by employing the dynamic iso
piestic method parallels the two curves that were 
obtained by direct contact with the equilibrating solu
tion, indicating that the shape of the curve is not 
affected by the method of equilibration that is em
ployed.

Evaluation of the Activity Coefficient of Sodium in 
the Gel.—The resin molality values, m^&*, that are 
computed from the water absorption data that were 
obtained for the 1 and 5% cross-linked resin samples at 
a =  0.8 are plotted vs. the logarithm of the water 
activity in equilibrium with each resinate sample in 
Fig. 3. The water activity properties of the hypo
thetical unrestrained resin (polymethacrylate solution) 
are also presented in Fig. 3 and show the contribution of 
the contractile pressure term, II. The first two points 
in this curve are based on the osmotic measurements of 
Alexandrowicz.21 The remaining points are estimated 
from practical osmotic coefficient values computed with 
the theoretically derived equations of Lifson and 
Katchalsky.22 These equations26 are based on a model 
of cylindrical symmetry that is assigned to the macro
molecule in a fully stretched state. Justification for 
their use is the accurate prediction of osmotic coefficient 
values over a large range in a that their solution pro
vides. Predicted and experimental 4> values compare 
favorably with each other at a values as low as 0.2.

The osmotic coefficient values, <j>t, that are computed 
for the hypothetical unstrained resin at the monomer 
molalities encountered in the 1 and 5% cross-linked 
resins at the different neutralization values are plotted 
in Fig. 4 together with the experimental values due to 
Alexandrowicz.21 Those <£r values are equated with the 
activity coefficient of the Na+ ion in the gel phase
(iN a+)-26

Estimate of the Contractile Pressure Term.—The
contractile pressure that the 1 and 5% cross-linked resin

(24) H . P. Gregor, B. Sundlieim , K . Held, and M . W axm an, J. Colloid 
Sci., 7, 511 (1952).

(25)

<t> = i +  p l

where X = otS/DbkT

X2 Æ2/ a 2 -  1

: +  li
1 +  |/3| cot |0| In

, „  , 1 , 1000 1 .In R/a =  s In ------- s In TONa+ =  y
A Vm -

R2 = 1000

and a 2 Vm
UbL

F ig . 4 .— P lo t  o f p ra c tic a l o sm otic  co e llic icn t vs. resin  
m o la lity : a  =  0 .1  ( - O O - O - ) :  a  =  0 .3  ( - □ - □ - □ - ) ,  a  =  0 .5  

( - 0 - 0 - 0 - ) «  an d “  =  ° ' 8 ( - A - A - A - ) .

endures when equilibrated with 0.1 and 0.3 m NaCl at 
different dissociation values has been estimated using 
eq. 10 and its variation with a is shown in Fig. 5. The 
value of II decreases with decreasing a, approaching 
zero as a approaches zero. This behavior correlates 
well with the swelling data obtained by Katchalsky and 
Michaeli7 for loosely cross-linked polymethacrylate gels. 
The disappearance of the IT term is to be expected as 
the completely associated hydrogen form of the resin is 
approached.

The behavior of the II term as a function of resin 
molality at a constant a value is shown in Fig. 6 for the 
two resins at three different a values. Points with 
curls attached are experimentally based; points not

(26) Th is trea tm ent derives from  th e  fo llow ing  precise descrip tion by 
A lexandrow icz21 of the  experim ental behavior o f p o lym ethacry lic  a c id - 
sodium  brom ide systems investigated b y  him

lim (A log 7N»Br) = log <t>p 
TONaBr 0

where

A log TNaBrC^NaBrj Plm) — log YNaBr(W-NaBr, Plm)
^ g  TNaBr(^iNaBr> Yl%m ~ 0)

=  lo g  y+N.+CwiNaBr, TOm) +  lo g  7_Br-(TONaBr, TOm) -

lO g 7 + Na+( TONaBr, mm = 0) —  lo g  7—  BT"(WlNaBr, TOm =  0)

Since experim ent has shown th a t the  a dd itio n  of a polye lectro ly te  does not 
appreciab ly change the  a c tiv ity  coefficient of the  b y -io n27»28

Y— Br~(w NaBr, ^ m )  Y— Br—(^N a B rj =  0 )  ^  0

and

A lo g  7NaBr(TONaBr, TOm) ~  lo g  7+N a+(™N aBr, TOm) —
lo g  7 + Na+( TONaBr, TOm =  0 ) »  A lo g  7+ Na+(TONaBr, TOm)

so th a t

lo g  0P =  lim  (A  lo g  7’NaBr) = *  A lo g  7+N a+
TONaBr — » 0

R being the average m id-distance between 2 po lym er rod  centers, raNa + the 
monomeric polym er concentration, b the  length  of th e  m onom er u n it, a the 
radius of the  m onom olecular rod, L, Loschm id t’s num ber, y m, the  p a rtia l 
vo lum e of the  polym er in  solution, and a constant o f in te g ra tio n  in  the 
so lu tion of the  d iffe re n tia l equation fo r iK r), the e lectrosta tic  po te n tia l of 
rod-like  paralle l polye lectro lyte  molecules.

and

lo g  0P =  lo g  7+ Na+
TONaBr ~*  0

(27) I .  Kagaw a and K . Katsuura, J. Polymer Sci., 9, 405 (1952).
(28) M . Nagasawa, M . Izu m i, and  I .  Kagawa, ibid., 37, 375 (1959).
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Fig. 5.—Plot of contractile pressure vs. degree of dissocia
tion: 5 %  cross-linked resin equilibrated with 0.1 w  NaCl
(-O -O -O -) and 0.3 in N aCl ( - □ - □ - □ - ) :  l ' ;( cross-linked 
resin equilibrated with 0.1 m  N aCl an<f
0.3 m  N aCl ( - A -A - A - ) .

ms.+.
Fig. 6.—Plot of contractile pressure v s . resinato molality.

5 ' cross-linked resin: a =  0.8 (— & —O—), “ =  0.5
( —cr—□ —), and a  =  0.3 (— —o— ); 1 %  cross-linked 
resin: a  =  0.8 (— < >—), a =  0.5 (—v " —V —), and 
« =  0.3 ( - a~ - A - ) .

designated in this manner are interpolated from the 
best smooth curves drawn through the experimental 
values ( e .g . ,  Fig. 3). The scatter of the first two points 
in each set of data may be attributed to uncertainty in 
the water absorption measurement made via direct 
contact of sample and equilibrating solution. The 
resin is a porous material29 and physical sorption of 
solvent is a possible source of error in these points. A 
minor discrepancy in the water content measurement

(29) R. Kunin, "Porous Resins,” Gordon Research Conference on Ion- 
exchange, June 29, 1961.

can produce a significant distortion of the II value since 
the difference between two small numbers is involved in 
its calculation. The II values that are obtained from 
the isopiestically based points and from the smooth 
curves are considered most reliable, and lines to repre
sent the variation of II with raNa + for the differently 
cross-linked resins consequently favor these points. 
The linear relationship that is observed is expected for 
an exchanger in which Hooke’s law is obeyed.20

T able I
T heoretical E valuation of the E lectrostatic F ree 

E nergy T erm

Electrostatic free energy 
/ 0.4343 /  dFe\ \

Degree of dissociation («) \ kT \ da /  K)
1% Cross-linked resin; 0.1 m  NaCl

o .s 0.66
.5 .43
.3 .28
.1 .11
1% Cross-linked resin; 0.3 w NaCl

0.8 0.53
.5 .39
.3 .26
.1 .10

5% Cross-linked resin; 0.1 to NaCl
O.S 0.43

.5 .29

.3 .20

.1 .095
5% Cross-linked resin; 0.3 m  NaCl

0.8 0.41
.5 .28
.3 .19
.1 .086

T able  II
T he I ntrinsic D issociation C onstant of C ross-L inked 

P olymethacrylic A cid

System pH log
a

log
ON a k T  \ ò a ,K p#

IRC-50-1%; 7.20 -0 .6 4 0 0.918 0.657 4.96
0.1 m  NaCl 6.40 -  .008 .881 .431 5.08

5.68 .363 .855 .278 4.91
4.75 .935 .786 .110 4.79

IRC-50-1%; 6.80 -  .635 .60 .527 5.04
0.3 m  NaCl 6.00 -  .013 .55 .386 5.05

5.45 .359 .583 .260 4.92
4.5 .913 .475 .100 4.84

IRC-50-5%; 7.80 -  .602 1.297 .425 5.48
0.1 m NaCl 6.70 -  .016 1.284 .290 5.11

6.10 .359 1.252 .197 5.01
5.22 .917 0.968 .0945 5.07

IRC-50-5%; 7.22 -  .590 .S78 .411 5.34
0.3 m  NaCl 6.27 -  .015 .909 .283 5.06

5.63 .344 .837 .192 4.94
4.75 .891 .424 .086 5.13

The Electrostatic Free Energy Term.—The treat
ment of Katchalsky and Lifson30 for estimating the 
electrostatic free energy of polyelectrolyte solutions

(30) A. Katchalsky and S. Lifson, J. Polymer Sci., 11, 409 (1953).
(31) The equation that is employed is

0.4343 f d F e\  2ae2 6
k T  U a A  D b k T l 0 g  +  Ksb

where b is the hydrodynamic length of the monomer (2.55X ~8 cm.) and s is 
the number of monomers per statistical element. 2i
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using a randomly kinked model31 has been adopted to 
compute the electrostatic free energy term of eq. 9 for 
the systems investigated in this study. This model has 
proved useful in the interpretation of potentiometric 
measurements carried out on polymethacrylic solu
tions13 and gels6 and is similarly useful for correlation of 
the data compiled herein.

The values that have been computed for the electro
static free energy term are presented in Table I.

The Intrinsic Dissociation Constant.—The experi
mental pH values corresponding to a values of 0.8, 0.5, 
0.3, and 0.1 for the 1 and 5% cross-linked resins 
equilibrated with 0.1 and 0.3 m NaCl are listed in Table 
II together with the pK  values thar are computed from 
these potentiometric data. The various parameters

employed for this evaluation also are presented in the 
table. Only the swelling term of eq. 9 is neglected since 
the product of the contractile pressure, n, and the 
partial molal volume difference ( F Hci — F Naci) is too 
small to be of importance.

The constancy of the pK  values that are obtained is 
reasonably satisfactory. The pK  value of 5.16 ±  0.35 
that results compares favorably with the value of 4.86 
reported for polymethacrylic acid solutions by earlier 
workers.6'14'32
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(32) A. Arnold and J. Th. Ovsrbeek, Rec. trav. chim., 68, 879 (1949).

A THERMODYNAMIC INTERPRETATION OF THE OSMOTIC PROPERTIES OF
CROSS-LINKED POLYMETHACRYLIC ACID

B y  Jacob  A . M a r in s k y1 and  A m alesh  Ch atter jee2

D e p a r t m e n t  o f  C h e m i s t r y ,  U n i v e r s i t y  o f  B u f f a l o ,  B u f f a l o ,  N e w  Y o r k  

R e c e i v e d  M a y  5 ,  1 9 6 2

A thermodynamic interpretation of the osmotic properties of cross-linked polymethacrylic acid ion exchange 
resins (1 and 5% cross-linked Amberlite IRC-50) at several different dissociation values and solvent activities 
has been attempted. The results of this treatment are compared with the results of theoretically based com
putations tha t were reported in the preceding paper and which employed Katchalsky’s randomly kinked macro
molecule model for polymethacrylic acid. The value of 1/av log y r at different experimental conditions that 
is determined from the thermodynamic treatment by using the computed electrostatic contribution to the free 
energy of the resin at one experimental condition as an arbitrary reference point is observed to compare favorably 
with the corresponding computed value of the electrostatic free energy term, indicating that the calculations are 
self-consistent. An estimate of the thermodynamic properties of the macro-ions in the concentration range in 
which short-range forces due to ion-ion and ion-solvent interaction predominate is possible by extension of the 
thermodynamic treatment of the osmotic data and the results of these computations are also included. The in
ternal consistency between both approaches that is obtained a t higher solvent activities is felt to justify this extension.

Introduction
The water absorption properties and the potentio

metric behavior of cross-linked polymethacrylic acids 
have been reported by us in the preceding paper.3 
The equation that was used to examine the data is

pH = pAHR — log -------- +  log — — b
O' &M +

0.4343
kT (1)

where a is the degree of dissociation, and and 
aM+ represent the activity at equilibrium of the uni
valent cation in the gel and solution phases, respectively. 
The value of aM+ was obtained from the simple rela
tionship, log 0P4 «  log tm+, that has been demonstrated 
to prevail in polymethacrylate systems.3’5

In the course of the earlier investigation,3 osmotic 
data were obtained with the 1% and 5% cross-linked 
ion exchange gel by varying the degree of dissociation 
while maintaining the solvent activity constant or by 
varying the solvent activity while keeping the degree of 
dissociation at a fixed value. Correction for restraint 
by the cross-linked matrix of the exchanger was made 
for those systems which were equilibrated at high solvent

(1) Correspondence to be addressed to this author.
(2) Postdoctoral Fellow 1960-1961. On leave of absence from Vidyasagar 

College, Calcutta, India.
(3) A. Chatterjee and J. A. Marinsky, J. Phys. Chem., 67, 41 (1963).
(4) 0P = practical osmotic coefficient.
(5) Z. Alexandrowicz, J. Polymer Sci., 43, 325 (1960).

activity. The value of <f>p, in these instances, was com
puted for the hypothetically unrestrained exchanger at 
the experimentally observed monomer molality values 
by using the Katchalsky model of cylindrical symmetry 
for the macromolecule in the fully stretched state.6

The last term in the equation refers to the change in 
the electrostatic free energy of the ion exchanger with 
the degree of dissociation. The model of Katchalsky 
and Lifson,7 which considers the gel to be a randomly 
kinked macromolecule carrying ionized groups in a 
medium of finite ionic strength, was used for its evalua
tion.

The electrostatic free energy, Fe, of the macromole
cule is defined as the difference between the free energy 
of the actual polyelectrolyte and the free energy of the 
same polyelectrolyte in a hypothetical state in which 
all of the ions, fixed or free, carry no charge. This 
choice of reference state is made since electrostatic in
teraction in the macromolecule does not disappear with 
dilution and the polyelectrolyte never approaches 
“ ideality.” The only interest, however, is in the 
deviation of the free energy of the macromolecule from 
the ideal entropy of mixing of ionized and un-ionized 
groups among the ionizable groups fixed by the gel net
work and this term accurately evaluates the deviation 
of the free energy of the mixture due to electrostatic 
forces.

(6) S. Lifson and A. Katchalsky, ibid., 13, 43 (1954).
(7) A. Katchalsky and S. Lifson, ibid., 11, 409 (1953).
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log mm.

Fig.  ̂ 1.-—Plot of the practical osmotic coefficient, <j>, v s . the logarithm of the molality of the gel monomeric units ( a  —  0.8).

log mm.
Fig. 2.-—Plot of the function, (l/a</)(ò log y,/ò log mm), v s .  the logarithm of the molality of the gel monomeric units (a  = 

0.8).
It is the objective of the thermodynamic treatment 

which follows to demonstrate (1) the self-consistency of 
the approach that was employed in the preceding paper3 * 
for the analysis of the water absorption properties and 
the potentiometric behavior of the cross-linked poly- 
methacrylic acid resins and (2) to justify extension of 
estimates of the thermodynamic properties of the 
counter- and macro-ions to the highest concentration 
range that was encountered in the previous study.

Theory
For the restricted case of a system maintained at 

constant temperature

— FdP +  Y  wiidGi =  0 (2)8
i

where G-, is the partial molai Gibbs free energy of the 
ith species and m-, indicates its molality. Equation 2, 
modified to describe the system of interest, becomes

(8) R . A . R obinson and R. H. Stokes, “ E lec tro ly te  Solutions,”  B u tte r- 
w orths Scientific Publications, London, 1959, p. 33.

~  Vh20 dir +  TOh,0 d(zH20 +  WlNaCl d(?NaCl +
Y mTi dGri =  0 (3)
i

r representing the resinate macromolecule and it the 
osmotic pressure within the resin phase. The imbibe- 
ment of NaCl by the gel phase in each of the experi
ments that was performed is small enough to neglect 
and

7 h20 d7T +  Mh,0 d(?H20 +  Y Wr, dGri =  0 (4)
i

A complex spectrum of species is encountered as a re
sult of dissociation of the macromolecule, e.g., 
Na+, H(1_ a)„R- “", Naa„H(i_ a)„R, H+, H (1_ 
R ~ c“1' - i ). . ., Ha _ a)v_ „R _t“"_,,), where v is the 
charge of the completely dissociated macroanion. 
When a is kept constant one principal species is pre
sumed to predominate and eq. 4 becomes

— Fh2o d r  +  ììih,o dGmo +  » r d(?r =  0 (5a)

or

— Fh20 d7T
RT

+  TOh2o d In cjh,o +  mr d In ar =  0 (5b)

The osmotic properties of the hypothetical unre
strained resin were computed in the earlier paper3 for 
the various experimental conditions that were studied 
to eliminate the F dir term of eq. 5 and

tohjO d In ctHjO +  mr d In ar =  0 (6)

By using the definitions

In aHjO =  — — [av +  1 ]mr (7)
WlHjO

and

In aT =  In mr +  av In avmr +  In yT

and by differentiating eq. 6 with respect to m,

5 In cih.o , 5 In ar
® h,o —--------- r mi --- -----  — 0omr amT

the useful expression given below results

d (j> I d  log yr
<j> -  1 +  0.4343

d log TOn d log ma

(8)

(9)

(10)

where m,n is the concentration of the monomeric units 
of which the cross-linked gel consists. A plot of 4> vs. 
log mm to obtain d<£/d log mm from the tangent at any 
point permits evaluation of (l/av)(d log yr/à log mj). 
The value of (1 /av) d log yr may then be computed 
from graphical integration of the function (1 /av)- 
(d log yr/d  log wv) plotted vs. log wim.

Essentially the same treatment as is outlined above 
was used earlier by Alexandrowicz5 * * to calculate the 
activity coefficient of the linear polymer of polymetha- 
crylic acid.

Calculation of the Activity Coefficient of Cross- 
Linked Polymethacrylic Acid.—The absolute value of 
log 7, cannot be determined independently by the 
above approach since electrostatic interaction in the 
macromolecule does not disappear with dilution. How
ever, the electrostatic contribution to the free energy of 
the resin has been computed previously3 and it is possi-
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Fig. 3.—Resinate activity coefficient values: a  =  0.1,-O-O-O-; 
«  = 0.3, -A -A -A - ; «  = 0.5, and «  = 0.8,

- o - o - o -
ble to compare these theoretical computations with the 
behavior of (1 /av) log y t that is predicted from the 
above thermodynamic treatment.

For this purpose the values that were estimated to be 
the electrostatic contribution to the free energy of the 
variously dissociated 5% cross-linked resin equilibrated 
with 0.1 m NaCl have been equated with (1 /av) log 
7, to provide an arbitrary reference point for the evalua
tion of (1/V) log 7r at the other experimental situations. 
The results of these computations are listed in Table I 
together with the corresponding (0.4343/kT) (òFe/òv)K 
values. Figures 1 and 2 present graphs of log 
vs. <f> and ( l /a r )(ò  log yT/ò log mw), respectively, 
for the a =  0.8 condition to demonstrate the important 
steps in the calculation of (l/av) log yT. The curve 
that is presented in Fig. 1 is based upon the best 
smooth curve that can be drawn through the <f> values 
that are computed for the 1 and 5% cross-linked resin 
at the monomer molality that is observed after equili
bration with solvent at various water activity values 
(see Fig. 3 of ref. 3 and Fig. 6). In the lower molality 
region of the curve correction for restraint by the cross- 
linked matrix has been made. Several points corre
sponding to the 1%  cross-linked resin in the intermediate 
monomer molality region and the two points in the 
highest monomer molality region which correspond to 
the 1 and 5% cross-linked resins, respectively, need no 
correction for restraint and are experimentally based.

The good agreement that is obtained between the 
electrostatic term that is based upon our interpretation 
of the theoretical treatment of Katchalsky7 and the cor
responding (1 / a v )  log 7, term that is derived from the 
above thermodynamic treatment of osmotic data dem
onstrates the self-consistency of the approach that 
was used in the preceding paper, and justifies extension

Fig. 4.—Water absorption properties of 1% cross-linked 
Amberlite IRC-50 in contact with: 0.1 m NaCl, - 0 - 0 - 0 -  and 
0.3 m NaCl, -A -A -A - , isopiestically equilibrated with: saturated
BaCh, saturated N a C l,-^ ) -^ Z ) -d ) ->  and saturated
Li NO,, -V -V -V - .

T a b l e  I

R e sin a t e  A c t iv it y  C o e f f ic ie n t s  D e d u ced  fro m  a  
T h e r m o d yn a m ic  I n t e r p r e t a t io n  o f  O sm o tic  D a t a

Electrostatic free energy
Degree of dissociation 0.4343 /  òFe\ 

(a) kT V ô " / «
1

— log 7 r av

0.8
1% cross-linked resin; 0.1 m NaCl 

0.66 0.57
.5 .43 .41
.3 .28 .27
.1 .11 .10

0.8
1% cross-linked resin; 0.3 m NaCl 

0.53 0.54
.5 .39 .38
.3 .26 .25
.1 .10 .09

0.8
5% cross-linked resin; 0.1 m NaCl 

0.43
.5 .29
.3 .20
.1 .095

0.8
5% cross-linked resin; 0.3 m NaCl 

0.41 0.41
.5 .28 .29
.3 .19 .19
.1 .086 .10

of the thermodynamic treatment to the osmotic data 
that were obtained at lower water activities. The 
activity coefficient values which derive from this analy
sis are plotted in Fig. 3 as a function of the monomer 
molality of the polymethacrylate gel at several degrees 
of dissociation. The corresponding water absorption 
data are presented in Fig. 4 and 5. The variation of 
the practical osmotic coefficient of the resin gel (<f>, =  
7 + Na+)  with sodium ion molality is plotted in Fig. 6 
at several different dissociation values.
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Fig. 5.—Water absorption properties of 5% cross-linked Amberlite IRC-50 in contact with: 0.1 m NaCl, -O-O-O- and 0.3 m N aC l,-V -V -V -; isopiestically equilibrated with: saturated
K2Cr207, s a t u r a t e d  BaCL, G )- ;  saturated
NaCl, -A -A -A -; and saturated L i \ 0 3,

Fig. 6.—The variation of practical osmotic coefficient with sodium ion molality: a  =  0.8, -O -O -O -; a  =  0.5, a  =
0.3, -A -A -A -; and ce =

Discussion

The behavior of (1 / a v )  log yr with increasing molality 
of the polyelectrolyte that is observed in Fig. 3 is as 
expected. In the Katchalsky treatment7 the transition 
of the randomly kinked polyelectrolyte molecule from 
its uncharged reference state to its final state is per
formed by charging the ions iso thermally in infinitesimal 
steps to their actual charge. Three separate steps are 
introduced in the charging process: (a) the ionic atmos
phere is produced, (b) the macromolecules are gradually 
stretched, and (c) the repulsive energy of the fixed ions, 
screened by their atmospheres, is accumulated. Screen
ing by counterions is minimized in the more dilute 
polyelectrolyte system (a <  4) since the geometry of 
the macromolecule is relatively unchanged while the 
counterion atmosphere is more dilute. As a result the 
repulsive energy due to the fixed charges of the macro
molecule, and consequently (1 /a v )  log vT, is larger the 
more dilute the system.

As the concentration of the polyelectrolyte increases 
(1/av) log yr decreases because of more effective screen
ing of the fixed charges of the macromolecule by the 
greater population of counterions. Eventually, how
ever, short-range interactions due to ion-ion and ion- 
solvent involvement predominate and result in the 
rapid increase in (1/av) log yr paralleling the behavior 
of electrolyte solutions at high concentration values.

The behavior (Fig. 6) of the activity coefficient of the 
sodium counterion, y+Nab with counterion concentra
tion at several different degrees of ionization of the 
polyelectrolyte also is consistent with previous observa
tions.7’9'10 The activity coefficient of a counterion in 
solutions of polyelectrolyte free of extra electrolyte 
always decreases strongly with the degree of ionization 
of the polyelectrolyte and the concentration of the 
polyelectrolyte. This result is attributable to associa
tion of the counterion with the macro-ion because of 
strong electrostatic attraction to the highly charged 
poly-ion, the degree of counterion association increasing 
with poly-ion dissociation as a result of the increasing 
charge of the poly-ion. The rapid increase in y +Na+ 
with counterion molality at high concentration values 
parallels the rise in the mean activity coefficient values 
of strong electrolytes and is attributable to the compli
cation of short-range forces which originate from ion-ion 
and ion-solvent interactions.

On the basis of the moderate success that is obtained 
in this paper and the preceding one3 by treating an ion 
exchanger as a polyelectrolyte rather than as a simple 
strong electrolyte as has been suggested by Glueckauf11 
it is recommended that the polyelectrolyte model of the 
ion exchanger be used for the fundamental analysis of 
the ion exchange phenomenon.

Acknowledgment.—Financial support through Con
tract No. At(30-l)-2269 with the U. S. Atomic Energy 
Commission is gratefully acknowledged.

(9) W . K ern , Makromol. Chem., 2, 279 (1948).
(10) F . T . W all and W . B. H ill,  J. Am. Chem. Soc., 82, 5599 (1960).
(11) E . G lueckauf, Proc. Roy. Soc. (London), 214, 207 (1952).



51

I N T E R A C T I O N  O F  D I M E T H Y L D O D E C Y L A M I N E  O X I D E  W I T H  S O D IU M  
D O D E C Y L B E N Z E N E S U L F O N A T E  I N  D I L U T E  S O L U T IO N

By D. G. K o l p , R. G. L a u g h l i n , F. P. K r a u s e , a n d  R. E. Z im m e r e r

M i a m i  V a l l e y  L a b o r a t o r i e s ,  T h e  P r o c t e r  &  G a m b l e  C o . ,  C i n c i n n a t i ,  O h io  

R e c e i v e d  M a y  7 ,  1 9 6 2

Jan., 1963 Interaction of D imethyldodecylamine Oxide with Sodium D odecylbenzenesulfonate

By studies of pH, light transmission, and diffusion coefficient, dimethyldodecylamine oxide and sodium dodecyl
benzenesulfonate have been found to interact in aqueous solution in the following ways: ( 1 ) Below the critical 
micelle concentration of the mixture, the protonated form of the amine oxide and the dodecylbenzenesulfonate 
precipitate metathetically. This consumption of the protonated form results in protonation of additional amine 
oxide, which results in an increase in pH. The pi?Sp of the precipitate is found to be 10.8. (2) Above the 
critical micelle concentration, the phenomenon of mixed micelle formation is added to the metathetical interac
tion. The critical micelle concentration of the system containing a 2:3 mole ratio of DBS to DDAO is 0.706 X 
10-3 mole/1. (DBS +  DDAO), lower than the critical micelle concentration of either of the surfactants alone. 
The molar ratio in the micelles is about 1:2 DBS: DDAO. I t  is concluded tha t only mixed micelles are present 
in the system.

Introduction
Aliphatic amine oxides are weak bases having about 

the same basicity as the acetate anion.1 At any par
ticular pH, the amine oxide is in equilibrium with its 
cationic form, which is produced by protonation of the 
amine oxide molecule at the oxygen atom; or, expressed 
symbolically for dimethyldodecylamine oxide (DDAO)

DDAOH+ DDAO +  H+ (1)

For this equilibrium, the equilibrium constant has been 
found by potentiometric titration to be

[H+] [DDAO] 
[DDAOH+]

I Q - 4. 9° (2)

where the quantities in brackets are the activities of the 
indicated species relative to a standard state such that, 
at infinite dilution, the activity equals the molar con
centration. The value shown above was used in this 
work.

When DDAO and sodium dodecylbenzenesulfonate 
(DBS) are present together in solution at low pH, a 
precipitation occurs according to the equation

c 12h 25n +(c h 3)2o h  +  c I2h 250 so 3-  T i.

C 12H26N + (C H 3)2OH -,O 3S 0 C i2H ,  (3)

The composition of the precipitate has been established 
in this work by analyses for S and N. The structure 
shown is supported by the infrared absorption spectrum, 
which shows sulfonate bands and hydrogen-bonded OH 
bands at 3.7-3.8 n. Amine oxide bands are absent.

The quantitative aspect of the precipitation is ex
pressed by the solubility product

A sp =  [DDAOH+] [DBS ~ ] (4)

where the activities relative to the standard state 
mentioned above are used. Combination of eq. 1 and 
3 gives

DDAO +  D B S - +  H+ ^ ± D D A O H + -D B S - (5)

The equilibrium constant for the reverse of this process 
is

K  =  [DDAO] [DBS-] [H+] (6)
= K aK sp

(1) P. Nylen, Z. anorg. allgem. Chem., 246, 22  ̂ (1941).

where the symbols are used as before.
Since protons are used in the formation of the precipi

tate, it is clear that precipitation is accompanied by an 
increase in pH. Above a final pH of about 8, however, 
the rise in pH occurs without apparent precipitation. 
The following sections of this paper are devoted to 
presenting and explaining this pH effect.

Results and Discussion
The Behavior of DBS-DDAO Solutions below the 

Critical Micelle Concentration. Measurements of pH.
—The data of Table I and Fig. 1 show the pH values 
obtained for a typical group of solutions containing 
DDAO and DBS at 25°. The pH is found to go 
through a maximum at the 1:1 mole ratio of DDAO to 
DBS. A number of other series of solutions in the con
centration range 0.4 X 10-3 to 1.10 X 10-3 mole/1. 
were subjected to pH measurements with results similar 
to those presented.

T able  I
Initial concn. Initial concn.

DDAO, DBS, Mole
moles/l. moles/1. fraction
X 10» X 10» DBS pH“ pXsp

0.035 0.314 0.90 7.72 10.7s
.078 .313 .80 8 . 1 o IO.8 1
.133 .311 .70 8.33 10 .8 2
.200 .307 .60 8.55 10 .8 6
.240 .306 .55 8 .6 3 10 .8 6
.304 .304 .50 8.77 10 .8 6
.332 .222 .40 8 .6 5 1 0 .8 8
.336 .145 .30 8.46 IO.8 7
.338 .085 .20 8 .2 5 IO.89
.00 .315 1 .0 0 7.0 ±  0.1
.342

Average
.00 0 .0 0 7.3 ±  O.I5

1 0 .85*
a Obtained from smooth curve drawn through points in Fig. 1. 

6 Average K SP from all applicable pH data is 10.8g.
Although no precipitation was observed in these pH 

measurements, the mechanism of the pH increase prob
ably is identical with that found at lower pH values. 
In that event, the absence of visible precipitate m aybe 
due to one or both of the following causes:

1. The amount of precipitate necessary to account 
for the increase in pH is very small— about 3 mg./l. for 
the system at the 1:1 mole ratio shown in the table.

2. The precipitate may be so finely divided initially 
that its ability to scatter light is not sufficient to give a 
visible turbidity. Nevertheless, the precipitate must 
form immediately because the pH change is immediate.
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Fig. 1.—pH v s . mole fraction of DDAO-DBS mixtures below the critical micelle concentration.

If the increase in pH on mixing DDAO and DBS is in 
fact due to the precipitation process described, the 
final pH, with certain assumptions, can be used to cal
culate the solubility product of the precipitate. 
From eq. 6

[FI+] [DDAO] [DBS-]
A s p  =  ----------------- -------------------------  K<)A a

or, in logarithmic form

pAsp =  pH +  p[DDAO] +  p[DBS] -  pA A (8)

By means of eq. 8, the values of pA SP shown in Table 
I were calculated. This calculation involves the as
sumption that the activities of the various species are 
approximately equal to molar concentrations. This is 
believed to be valid in these dilute solutions but is defi
nitely invalid above the critical micelle concentration. 
That the solutions considered here are probably below 
the critical micelle concentration is indicated by the dif
fusion data presented later in this paper and by the 
constancy of the pA SP values shown in Table I.

In using eq. 8 it is necessary to find the equilibrium 
concentrations of DDAO and DBS. These are found 
from eq. 9

[DDAO] = Cddao -  * (9)

where C d d ao  is the initial concentration of DDAO and 
x is the extent of reaction of DDAO to form DDAOH+ 
and the precipitate, D D AO H +D BS- , as measured by 
the uptake of protons. The value of x can be found 
from the pH by the following argument.

Since each mole of DDAO in reacting to form 
DDAOH+ or D D AO H +D BS-  uses a mole of protons, 
the equilibrium condition involves a deficiency of pro
tons relative to hydroxide ions. If the number of pro
tons is taken to be equal initially to the number of 
hydroxide ions, then at equilibrium, the number of 
protons will be deficient by the extent of reaction, x, 
while the number of hydroxide ions will not be reduced. 
Although additional protons will be produced by dis
sociation of water, hydroxide ions will be produced in 
equal number to maintain the inequality.
Thus

[FI+] +  x =  [OH-] (10)

and, from the ionization constant of water

Then

pH +  p(H +  *) =  14.00

=  10pH-1't0° _  10_pH

( I D

(12)

The extent of reaction of DBS is somewhat smaller 
because a part of the reaction with protons produces 
DDAOH+ rather than DDAOH+ DBS- . Specifically

y x -  [DDAOH+] = x -
[DDAO] [H+] 

A a
(13)

where y is the extent of reaction of DBS. Then

[DBS] =  Cdbs -  y (14)

where Cdbs is the initial concentration of DBS.
The inclusion of x and y in the calculations affects the 

values of pASp by 0.06 at most. The contribution of y 
to pA Sp is less than 0.01.

The constancy of pASP supports the supposition that 
the pH change is due to the formation of a precipitate 
as supposed in the calculation. Further substantiation 
is given in the next section of the paper.

Measurement of A SP.—The solubility of the DD 
AOH+DBS _ precipitate can be found in a more direct 
way by measuring the light transmission of aged solu
tions as a function of pH. Although turbidity is not 
immediately visible, it develops as the solutions stand. 
Also, turbidities which are not readily visible can be 
measured. As the pH increases, a point is reached at 
which the protonation of the amine oxide becomes 
insufficient to maintain the precipitate. At this point 
eq. 8 may be applied somewhat more simply than before. 
Since the precipitate disappears at this pH, the con
centrations of DDAO and DBS are undiminished by 
precipitation. The DDAO concentration is affected by 
the extent of protonation, but this is negligible at the 
pH values at which data were obtained. It still is 
necessary to assume the activities equal to the molar 
concentrations. From these considerations, the data 
given in Table II are obtained.

T a b l e  I I

Concn. D D A O , Concn. DBS, p H  of tu rb id ity
m oles/1. 103 m oles/1. 103 threshold PÄSP

0.080 0.300 8.10 10 .8 2
.340 .085 8 .O5 10.69
.200 .200 8.20 10.70
.550 .550 9.15 10.77
.380 .380 8.90 IO.84

Average 10.76
The agreement between the pAgP values from turbid

ity measurements and pH measurements, respectively, 
is such as to support the conclusion that the increase in 
pH is due to precipitation.

The previous sections of this paper have dealt with 
the behavior of solutions containing DDAO and DBS 
below the critical micelle concentration. Above the 
critical micelle concentration, the interaction of these 
two species is complicated by the possibility of forma
tion of micelles containing both of the surfactants. 
Also the assumptions used in the interpretation of pH 
and turbidity data are invalid above the critical micelle 
concentration.

The Behavior of DBS DDAO Solutions in the Mi
cellar Region. pH Behavior.— The pH of solutions con-
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taming DBS and DDAO above the critical micelle 
concentration follows a course such as that shown in 
Fig. 2. The behavior is qualitatively similar to that 
observed below the critical micelle concentration except 
that the maximum in the curve is much flatter. For 
reasons already stated, the pH behavior above the 
critical micelle concentration cannot be interpreted in 
terms of ionic equilibria.

Diffusion.— DBS-DDAO solutions of sufficient con
centration for the formation of micelles were investi
gated by diffusion coefficient measurements. From 
such measurements can be learned (1) the critical mi
celle concentration of surfactant mixtures, (2) the 
concentration of the micellized and unmicellized forms 
of each surfactant in solution, and (3) the concentration 
and composition of the micelles. The procedures used 
in these determinations are based on principles found 
to hold for single detergent solutions.2 The diffusion 
coefficients, or rather self-diffusion coefficients, were 
determined by the open-ended capillary method using 
tagged solutes.3

The diffusion coefficient of a single surfactant is in
dependent of concentration at concentrations smaller 
than the critical micelle concentration. Above the 
critical micelle concentration, it decreases, at first 
rapidly and then more and more gradually with in
creasing concentration. In this region, the following 
formula holds2

cD =  c,Di +  cmDm (15)

where D is the diffusion coefficient as observed in the 
solution at concentration c, D\ and ci are the diffusion 
coefficient and the concentration of the unmicellized 
(monomeric) fraction, and Dm and cm the diffusion 
coefficient and concentration of the micelles. Of 
course, c =  Ci +  cm. For single detergents, Ci is equal 
to the critical micelle concentration.

The diffusion coefficient of the micelles can be deter
mined from a series of diffusion coefficient measure
ments or, directly, by “ tagging” of the micelles with a 
trace amount of a radioactive material that is com
pletely solubilized by them. Lauryl alcohol was found 
to be a suitable material for this purpose.2 Used at a 
level of 10 p.p.m., it does not affect the structure of sur
factant solutions.

The determination of the micellized and unmicellized 
fractions of a surfactant in a surfactant mixture is 
based on formula 15, which can be written in the fol
lowing two forms

Ci = c D — Dm
D\ — Dn

and cm Pi -  D
C Di -  Dn

(16)

All diffusion coefficients entering the formulas are deter
minable: D and Dln in the solution under consideration, 
D by having the tag in the surfactant, and Dm by tag
ging the micelles with radioactive lauryl alcohol, while 
D\ is determined separately in a solution containing 
only monomeric surfactant. The over-all concentration 
of the surfactant, c, of course, is known. After the Ci and 
cm values have been determined for each surfactant in 
the solution, it is a simple matter to compute the con
centration and composition of the micelles.

(2) Unpublished work.
(3) J. Wang, J. Am. Chem. Soc., 73, 510 (1951).

c r it ic a l m ice lle  c o n cen tra tio n .

D B S - D D A O  ( 1 : 1 )  so lu tio n s  b u ffe re d  w ith  0 .0 2 %  N a 1 .5H 0 .6C O 3 .

Only solutions containing DBS and DDAO at a 
weight ratio of 1.0 (molar ratio 0.66) were investigated. 
The solutions were buffered to a pH of 10 with 0.01% 
each of NaHC03 and Na2C 03 in order to minimize the 
protonation of DDAO. The buffer had little effect on 
the diffusion coefficients. The results are summarized 
in Fig. 3 and Table III.

Figure 3 shows that the diffusion coefficient of DBS 
in the presence of DDAO decreases markedly with in
creasing concentration. A short extrapolation to the 
magnitude of the diffusion coefficient of the unmicellized 
DBS gives the critical micelle concentration of the 
surfactant mixture as 0.70 X 10~3 mole/1. Note that 
this is considerably smaller than the critical micelle 
concentration of either DBS, which is approximately
1.4 X 10-3 mole/1., or DDAO, which is 1.9 X 10-3 
mole/1.

From the data in Table III it is seen that the un
micellized surfactant concentrations change little on 
doubling the concentration, almost all of the added sur
factant becoming micellized. It is not clear whether 
the small changes actually observed are real or due to 
the non-uniformity of DBS. For if the DBS contained 
isomers that do not micellize at low concentrations, 
these would concentrate in the unmicellized fraction of 
DBS.

From the fact that the concentrations of the unmicel
lized fractions of both surfactants are considerably 
smaller than their critical micelle concentrations, it 
follows that micelles consisting solely of one or the other 
surfactant cannot form in the solutions. In other 
words, only mixed micelles exist. Whether all mixed
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T a b l e  III
T h e  C o m p o s it io n  o f  DBS-DDAO S o l u t io n s  a t  3 0 °

(Solutions buffered with 0.02% Na1.6H0.6CO3, pH 10)
'----- 0.1%  D B S -D D A O  (1 :1 )------- - *— 0.2%  D B S -D D A O  (1 :1 )
D BS

A. Diffusion coefficients X 106 cm.Vsec.
(1) D ,  surfactant in test soln. 3.04
(2) Di, monomeric surfactant“ 6.06
(3) D m , tagged micelles6

B. Concentrations in moles/1. X 104

(1) Unmicellized fraction 0.58
(2) Micellized fraction 0.86
(3) Total 1.44
(4) Micellar concn. (in terms of monomer)

C. Composition of micelles
(1) DBS-DDAO weight ratio
(2) DBS-DDAO molar ratio

“ Determined in separate solution. b Test solutions with 0.001%
micelles are of the same size and composition remains 
unknown.

The DBS-DDAO molar ratio of very nearly 1:2 in 
the micelles is considered to be fortuitous.

Experimental
1. pH Measurements. Apparatus.—A Beckman model G 

pH meter equipped with a No. 8970-13]calomel reference electrode 
and a No. 1190-80 general purpose glass electrode was used to 
determine the pH of all solutions except where noted. The solu
tions under test were contained in a specially constructed cell. 
The cell body was either a 250-ml. short form beaker cut off and 
beaded or a 300-ml. tall form beaker. The cover of the cell con
sisted of a No. 13 rubber stopper fitted with reference and glass 
electrodes, gas inlet and outlet tubes, and four glass tips for 
Ultramax burets. These buret tips wrere connected to 25-ml. 
automatic burets, equipped with Ascarite filled U-tubes and drjr- 
ing tubes, by means of polyethylene tubing. The burets were 
equipped with No-Lub (Teflon) stopcocks to which the poly
ethylene tubing was connected by means of a machined nylon 
bushing. The cell was mounted in a Sargent Type NSI-12 con
stant temperature bath at 25.0 ±  0.2°. I t  was shielded from 
the stirrer motor by a stainless steel wire screen. Nitrogen, free 
of C 02 (prepared by passing water-pumped nitrogen through a 
tower of Ascarite followed by two cotton-filled towers, a water- 
filled tower, and finally another cotton-filled tower) was swept 
slowly through the cell at all times.

In order to eliminate field effects induced by the stirring motor 
and static electrical effects, the pH meter, the constant tempera
ture bath, the motor screen, and even the operator were grounded.
In addition, static charges would develop in the cell from time to 
time, giving rise to erratic pH measurements. This source of 
error was eliminated by rinsing the cell with dilute KC1 solution 
followed by distilled water.

The pH values are believed to be accurate within the limits of the meter (±0.02 pH unit). New electrodes, properly soaked 
prior to use, and fresh pH 7.00 Beckman 3501 buffer for standard
izing the meter were used.

Procedure for pH Determinations.—Stock solutions (co. 8 mM )  
of DBS and DDAO were made up by dissolving a weighed amount 
in neutral (pH 7.0 ±  0.2) water, obtained by boiling distilled 
water in a clean stainless steel beaker and cooling under nitrogen. 
The pH of the DBS solution was adjusted to 7.0 ±  0.1 with 0.01 
N  HC1 and carbonate-free 0.01 N  NaOH. The concentration of 
the stock solution of DBS was determined by cationic titration 
with standardized cetyltrimethylammonium bromide solution, 
following the standard method.4 5 The concentration of the DDAO 
was determined by titration of the excess DBS in a mixture of 
known volumes of standard DBS and unknown DDAO solutions, 
using the same method. Under the acidic conditions of the titra
tion, DDAO is quantitatively converted to the cationic form.

The data for each pH v s .  mole fraction curve were determined 
in two separate runs. The mole fraction values from 1 to 0.5 
were included in one run and the values 0.5 to 0 in another.

(4) T . B a rr, J. O liver, and W . V . Stubbings, J. Soc. Chem. Tnd., 67, 45 
(1948).

D D A O Micelles D BS D D A O Micelles

2 .0 0 2.26 1.56
5.80

1.09
6.06 5.80

0.97

0.46 0.72 0.57
1.75 2.16 3.80
2 .2 1

2.61
2 .8 8 4.37

5.96

43/57 46/54
33/67 36/64

lauryl alcohol-C14 added.
This was done by adding a measured amount (usually 25.00 ml.) 
of DBS to the cell, measuring the pH, adding appropriate aliquots 
of amine oxide to the cell, mixing the contents by swirling, and 
measuring the pH to the nearest 0.01 unit after each addition. 
The initial concentration was adjusted where necessary by first 
adding neutral water. The second run was identical with the first 
except tha t DBS was added to amine oxide.

2 . Measurements of Light Transmission.—Solutions of DBS 
and DDAO for turbidity measurement were prepared at a pH of
6-7 and allowed to stand at room temperature for a t least 16 hr. 
Small increments of a suitable NaOH solution were used to adjust 
the pH of an aliquot to the desired value. pH was measured at 
room temperature (about 25°) on a Beckman model GS pH meter 
equipped with a sleeve-type calomel electrode and a general pur
pose glass electrode.

Light transmission was measured at room temperature (about 
25°) with a Lumetron colorimeter using unfiltered incandescent 
light and a cell of 5-cm. light path. Distilled water, taken to 
have 100% transmission, was used as standard. In some cases a 
single aliquot of solution was used for several successive adjust
ments of pH and measurements of light transmission. Never
theless, the critical point a t which transmission becomes es
sentially complete, as pH increases, always was determined on 
fresh aliquots.

In most cases, the light transmission becomes constant at 
97-99%. The deviation from 100% transmission is attributed to 
the presence of minor amounts of debris (cellulose fibers from 
filter paper, etc.) in the solutions.

3. Diffusion Measurements.—The self-diffusion coefficients 
were determined by the open-ended capillary3 method using 
radiotagged DBS (S36), DDAO (C14), and lauryl alcohol (C14). 
Two solutions of the same composition, one radioactive and the 
other inactive, were prepared. The radioactive solution was 
filled into two capillaries 2-4 cm. long and 0.7 mm. in diameter. 
The capillaries were placed in 50-100 ml. of the inactive solution 
in a closed vessel that was kept in a water bath at 30 ±  0.05°. 
Diffusion was allowed to proceed until roughly half the activity 
had diffused out of the capillaries. The capillaries then were re
moved, emptied by centrifugation or rinsing, and the activity of 
the contents was determined in a Packard Co. Tri-Carb liquid 
scintillation spectrometer. From the initial and final activity 
contents, the length of the capillaries, and the time of diffusion, 
the self-diffusion coefficients were calculated. For details of the 
calculation see, for instance, ref. 3.

4. Untagged Materials. DDAO.—Armour’s Armeen DMCD 
(dimethyl-coconutamine) was distilled once through a 2-ft. 
column of glass helices. The C12 cut was redistilled through a 
3-ft. spinning gauze band column and the cuts analyzed by gas 
chromatography.6 Two fractions totaling 76 g. and containing 
99% dimethyldodecylamine were oxidized with a 30% excess of H2O2 in a 67% alcohol (in water) solution a t 50°. The excess 
H2O2 was decomposed with platinum black and the unoxidized 
amine (nil) removed by petroleum ether extractions. Most of the

(5) The fo llow ing  conditions applied to  the  gas chrom atographic analyses; 
colum n: 30%  Apiezon L  on 100-200 mesh C elite in  a 10-ft. X  1/ 4-in . o.d. 
copper tube ; conditions: colum n tem perature, 180°; b lock tem perature, 
310°; 91 cc. He carrier gas/m in .; in le t pressure 25 p.s.i.
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alcohol was removed under a current of No a t 40-50° and the 
residual solution freeze-dried, yielding 75 g. (91%) of crude amine 
oxide. Recrystallization from 11. of acetone (dried over Drierite) 
gave 55 g. (66%) of product.

A n a l .  Calcd. for Ci4H3iNO: C, 7S.3; H, 13.6; N, 6.10. 
Found: C, 72.7; H, 13.2; N, 6.09.

DBS.—The sodium dodecylbenzenesulfonate for this work was 
made by polymerization of propylene to the tetramer, which was 
used to alkylate benzene. The resulting alkyl benzene was sulfo- 
nated with sulfuric acid. Each step of the preparation introduces 
isomerism, and in addition the polymerization of propjdene gives 
a distribution of molecular weight. No attempt was made in 
this work to isolate a single isomer or hooolog.

A sample of DBS from a commercial source was purified by 
recrystallization from alcohol. Analytical data indicate the 
following compositions for the separate samples used in the pH 
and light transmission measurements, respectively.

DBS used for
DBS used for light 
transmission

pH measurements, % measurements, %
DBS 98.5 95.6
Na2SO< 2.6
Dodecylbenzene 0.5
H20 1 .2 2.5

5. Radiotagged Materials.—The radiological purity of the 
S35-labeled DBS was 97% according to a test tha t involved extrac
tion of the DBS acid from strongly acidified solution with ethyl 
ether. The methyl-C14-labeled DDAO retained a constant 
specific activity on recrystallization from ethanol, hence it was 
pure by this test. The chemical purity of the radioactive sur
factants, which were prepared and purified in essentially the same 
way as the inactive surfactants, probably was the same as the 
purity of the inactive surfactants. The purity of the C14-labeled 
lauryl alcohol was estimated at 95%.

S O R P T IO N  B E H A V IO R  O F  T H E  D I G L Y C I D Y L  E T H E R  O F  B IS P H E N O L  A

B y  B enjam in  J. I n to rre , T i K ang  K w e i , and  C la rk e  M. P eterson  

C e n t r a l  R e s e a r c h  L a b o r a t o r i e s ,  I n t e r c h e m i c a l  C o r p o r a t i o n ,  N e w  Y o r k ,  N .  Y .

R e c e i v e d  M a y  1 2 ,  1 9 6 2

The sorption, desorption, and exchange behavior of molecularly thin films of the diglycidyl ether of bisphenol A 
(DGE) on chrome plate were investigated in benzene, hexane, and chloroform solution. Surface potentials of 
these films prepared by sorption from the three solvents are compared at various surface coverages. The re
sults are interpreted in terms of different orientations of DGE in the first sorbed molecular layer. Sorption 
data and desorption kinetics data support these interpretations. Exchange experiments, as well as the desorp
tion experiments, demonstrate the difficulty of removing the first sorbed molecular layer.

Introduction
The sorption characteristics of polar organic mole

cules onto solid surfaces are of interest from both 
the fundamental and applied points of view. Recently, 
data have been reported for a variety of sorbants,1-12 
but in most cases the sorbants were either simple 
monofunctional molecules or high polymers with a 
large number of potentially sorbable segments.

The sorption behavior of the diglycidyl ether of 
bisphenol A (DGE), I, is of special interest for several 
reasons. This compound is a simple low molecular 
weight substance whose sorption behavior may be 
compared to that of other simple compounds. On the 
other hand, the molecule has four polar oxygen atoms 
distributed along a hydrocarbon backbone, which sug
gests the possibility of considering its structure as in
termediate between simple monofunctional molecules 
and multifunctional macromolecules.

In an earlier investigation at these Laboratories of 
the sorption behavior of octadecyl acetate and poly
vinyl acetate (PVAc), Gottlieb7 demonstrated the use
fulness of surface potential measurements in determin
ing the orientation of sorbed molecules on metal 
substrates. It was postulated in the case of PVAc 
that nearly all the segments of the polymer chain 
are in contact with the surface up to one monolayer 
surface coverage. Additional sorbed polymer did not

(1) J. J. Bordeaux and N. Hackerman, J. Phys. Chem., 61, 1323 (1957).
(2) H. D. Cook and H. E. Eies, Jr., ibid., 63, 226 (1959).
(3) F. M. Fowkes, ibid., 64, 726 (1960).
(4) H. L. Frisch, M. Y. Heilman, and J. L. Lundberg, J. Polymer Sci., 38, 

441 (1959).
(5) H. L. Frisch and R. Simha, J. Chem. Phys., 27, 720 (1957).
(6) G. L. Gaines, J. Colloid Sci., 15, 321 (1960).
(7) M. Gottlieb, J. Phys. Chem., 64, 427 (1960).
(8) R. L. Patrick and G. O. Payne, Jr., J. Colloid Sci., 16, 93 (1961).
(9) C. M. Peterson and T. K. Kwei, J. Phys. Chem., 65, 1330 (1961).
(10) J. W. Shepard and J. P. Ryan, ibid., 60, 127 (1956); 63, 1729 

(1959).
(11) H. A. Smith and T. Fort, Jr., ibid., 62, 519 (1958).
(12) R. R. Stromberg and G. M. Kline, Modern Plastics, 1 (April 1961).

affect the surface potential. It was suggested that the 
segments of these additional chains probably are ran
domly oriented.

A later study, conducted in these Laboratories, of the 
kinetics of PVAc sorption9 suggests instead that the 
first flat monolayer may revert to the coiled configura
tion at higher surface coverage. In this region of 
higher surface coverage only a fraction of the polymer 
segments in each chain are in contact with the surface.

Conceivably, DGE could also be sorbed in more 
than one configuration depending on the number of 
groups in contact with the surface. It has been shown 
that DGE and its higher polymeric modifications form 
compressible films on water,13 and that the configura
tion attained is a function of the film pressure applied 
on the surface balance. It was felt that a study of the 
surface potential of the sorbed molecule might lead to 
a knowledge of its orientation at a metal surface. 
Benzene, hexane, and chloroform, three typical sol
vents having different polarity and affinity for DGE, 
were used. The surface potential of films of DGE 
sorbed or deposited from each solution was investi
gated. Supplementary evidence was obtained on the 
sorption behavior of DGE in these systems through 
sorption, desorption, and exchange experiments.

Experimental
The techniques used were those described earlier by Gottlieb.7
Materials.—Radioactively labeled DGE, tagged with carbon- 

14 at the central carbon atom (specific activity—0.13 mc./g.) 
was obtained through the courtesy of the Shell Chemical Corpora
tion. This compound was received in crystalline form and was of 
exceptional purity. Non-radioactive DGE was obtained as a pure 
crystal (m.p. 43.5°) from the same source.

Commercial grade hexane (obtained from Chemical Solvents 
Inc., Newark, New Jersey), and reagent grade benzene (obtained 
from Mallinekrodt Chemical Works) were purified immediately 
before use by passage through a silica gel-alumina chromato
graphic column to remove traces of polar impurities.

(13) J. Glazer, J. Polymer Sci., 13, 355 (1954).
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2 6 10 14
SURFACE COVERAGE , moles cm7 (XIO10).

Fig. 1.—Sorption of DGE from chloroform; sorption time, 1
min.

Fig. 2.—Sorption of DGE from benzene; sorption time, 1 min.

5URFACE COVERAGE , moles/cm2 (X10’°).

Fig. 3.—Sorption of DGE from hexane: filled circles overnight 
sorption; open circles, 1 min.

Reagent grade chloroform (obtained from Mallinckrodt Chemi
cal Works) was freshly distilled before use, and only the center fraction was used.

Chrome plates (0.5 X 0.5 in.) were prepared from commercial 
ferrotype plates and cleaned by extraction with hot benzene. 
Each plate was gently flamed in a bunsen flame immediately prior to use.

Freshly prepared solutions at concentrations ranging from 0.1 to 0.0001% were used in these experiments.
Apparatus.—A Zisman type vibrating electrode surface poten

tial apparatus14 was used to measure the surface potentials of thin films of sorbed DGE on flamed chrome plate.
(14) W. Zisman, Rev. Sci. Instr., 7, 367 (1932).

A thin window gas flow counter (Nuclear-Chicago Model 
D47, fitted with a "Micro-mil” window) was used to measure 
radioactivity.Procedure.—The change in the surface potential of a flame- 
cleaned chrome plate due to the sorption of DGE was measured 
as the difference between an initial surface potential Fo and the 
final surface potential F t. Fo was determined in the following 
way. In each case the chrome plate was first flame cleaned for 
about 10 sec. in a blue bunsen flame. Before measuring Fo, 
the plate was cooled to ambient temperature. I t  was found tha t 
cooling in air or in any one of the three solvents caused little 
variation in F 0. As a standard practice, flamed plates were 
cooled for 1 min. in purified benzene. The plate was then drained, 
allowed to air dry for a few seconds, and the initial surface poten
tial, Fo, was measured. The same plate then was immersed in a 
solution of the radioactive DGE in a given solvent for 1 min. 
(overnight for the “equilibrium” measurements), rinsed quickly 
with pure solvent, and quickly air dried. The final surface 
potential of the plate, F t, then was measured. The difference 
between these two measurements, AF =  Ft — Fo, is the change 
in surface potential caused by the sorption of the compound on 
the surface. A few samples were treated similarly but were not 
given the solvent rinse after removal from radioactive DGE solu
tion. This allowed the measurement of the surface potential 
under conditions of excess coverage of the chrome plate with 
DGE.

Desorption kinetics curves were obtained from measurements 
on a number of chrome plates, each plate representing one point 
on the curve. The plates were flame-cleaned and cooled in ben
zene as described above. They then were equilibrated with a solu
tion of DGE for 1 hr. and then immersed in solvent for measured 
time intervals. Residual DGE on the plates was determined by 
radiometric measurement.

Exchange kinetics data -were obtained in a similar manner. 
After equilibration with a solution of radioactive DGE, chrome 
plates were re-equilibrated with a solution of non-radioactive 
DGE at the same concentration, for a measured time interval. 
Radioactive DGE remaining on the chrome plates was assayed 
radiometrically.

Results
A plot (Fig. 1) of the change in surface potential AF 

against surface coverage of DGE sorbed from chloro
form shows that the surface potential increases linearly 
at low surface coverage. Thereafter the surface po
tential increases more slowly with increasing surface 
coverage and finally reaches a plateau. The experi
mental points clustered at the extreme right edge of 
Fig. 1, 2, and 3 are made at surface coverages of 20 
to 30 moles/cm.2 and are included to show the con
stancy of surface potential at very high surface coverage.

The surface potential-surface coverage curve of DGE 
sorbed from benzene onto chrome plate also shows a 
steep region at low surface coverage. However, before 
the plateau region is reached at high surface coverage 
the curve passes into a marked region of lesser slope. 
The surface potential continues to increase through 
this region with increasing surface coverage until it 
reaches the plateau voltage. With benzene the pla
teau is reached at a surface coverage of about 4.0 X 
10“ 10 mole/cm.2 or 18 counts per minute per square 
centimeter (c./m in./cm .2) when equilibration has 
occurred over long periods of time (overnight), and at
7.0 X 10~10 mole/cm.2 (30 c./m in./cm .2) in the case of
1-min. equilibrations (see Fig. 2). This difference 
suggests a slow equilibration of DGE with the surface 
in benzene solvent.

The surface potential-surface coverage curve for 
DGE sorbed from hexane (Fig. 3) is similar in shape to 
that found with DGE sorbed from benzene. From 
hexane solution, overnight (filled circles) and 1-min. 
(open circles) equilibrations give the same results within 
the experimental error. The plateau in the surface
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potential curve is reached at a surface coverage of 
about 4.0 X 10-10 mole/cm.2 (18 c./m in./cm .2).

The scatter of the experimental data in the surface 
potential experiments is due in part to the low specific 
activity of the DGE and to the general difficulties 
experienced in obtaining surface potential measure
ments.

Sorption Isotherms.—-The equilibrium amounts of 
DGE sorbed onto chrome plate from each of the three 
solvents was determined as a function of solution con
centration. In the procedure chrome plates were each 
given a quick rinse in the solvent after sorption in 
order to remove any adhering solution and allowed to 
drain. It was considered desirable to know the mag
nitude of this “ carry-out”  effect. A “ no-rinse”  curve 
therefore was determined using samples from which 
adhering solution had not been rinsed but which were 
allowed to drain.

Figure 4 shows the sorption isotherm and the “ no
rinse”  curve obtained from benzene solution. It 
can be seen that the sorption isotherm levels off at 
about 4.2 X 10-10 mole/cm.2 (or 18.5 c./m in./cm .2). 
The “ no-rinse” curve rises linearly with solution con
centration, reflecting the amount of DGE deposited on 
the plate in addition to the amount sorbed.

The corresponding sorption isotherm and “ no-rinse” 
curves obtained with hexane as solvent and rinse were 
qualitatively similar to those obtained with benzene. 
The sorption isotherm levels off at about the same 
coverage (4.3 X 10~10 mole/cm.2, or 19.0 c./m in./cm .2). 
At low solution concentration, appreciably more DGE 
is sorbed from hexane than from benzene solution. 
The “ no-rinse”  curve also rises with solution con
centration, and has a considerably greater slope than 
the “ no-rinse” curve obtained from benzene solution, 
demonstrating the poor affinity of DGE for hexane.

The sorption isotherm for chloroform solution of 
DGE could not be obtained since the quick rinse with 
chloroform after sorption removed all but 2 to 3 c ./ 
min./cm.2 of DGE from the plates. Apparently, 
chloroform effectively competes with DGE for the 
chrome surface by virtue of its polar nature. The 
“ no-rinse”  curve from chloroform solution was es
sentially identical with that obtained with benzene.

Desorption and Exchange.—The interaction between 
DGE and chrome plate was characterized further with 
additional information obtained in desorption and ex
change experiments. In the exchange experiments, 
radioactive DGE sorbed on chrome plates was allowed 
to exchange with non-radioactive DGE in solution.

Both desorption and exchange from each of the three 
solvents were found to be extremely rapid at surface 
coverages above 1 X 10-10 mole per cm.2. Below 
this amount of coverage removal of sorbed DGE was 
a slow process (see Fig. 5).

In the case of benzene as solvent, the extent of surface 
coverage remaining after the initially rapid desorption 
(he., the height of the horizontal portion of the curve) 
appears to be somewhat dependent upon the length 
of time the DGE had equilibrated with the surface 
in the sorption stage. The residual amount of DGE 
was greater when the longer sorption equilibration 
periods were used. This suggests again that the equil
ibration of DGE with the surface from benzene solu
tion is a slow process. This is consistent with the sur

solid circles, “no-rinse” curve; open circles, rinsed samples.

DESORPTION OF DGE IN HEXANE
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Fig. 5.—Desorption kinetics of DGE in hexane; sorption time,
1 hr.

face potential data. This slow process may involve 
either a reorientation and redistribution of sorbed 
molecules to a more ordered arrangement, or chemi
sorption.

Discussion
The DGE molecule (see Structure I) contains four 

oxygen atoms distributed along a hydrocarbon back-

0 -C H 2-C H -C H 2
\ /  o

Structure I (DGE).

bone. It is assumed that only oxygen atoms in 
direct contact with the surface affect the surface po
tential. It also may be reasonable to assume that 
the four oxygen atoms are equivalent in their effect on 
the surface potential, since the metal (oxide) surface 
“ sees”  very similar structures

C C C--------C

0  0

This molecule therefore may be considered inter
mediate in functionality between simple molecules such 
as stearic acid, and larger molecules such as polyvinyl 
acetate. Therefore the results obtained with DGE may 
be useful in describing the behavior of polymer mole
cules at an interface.
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Fig. 6.—Projection of DGE molecule on surface, with estimated 
molecular dimensions.

In order to interpret the surface potential data, it is 
first necessary to estimate the area occupied by a DGE 
molecule when it is sorbed on chrome plate. Film 
balance measurements on the higher homologs of DGE 13 
on water indicate that the area occupied on the water 
surface is largely determined by the surface pressure 
applied. A consideration of the Fischer-Hirschfelder 
model of DGE demonstrates the possibility of widely 
divergent surface areas occupied by sorbed molecules, 
depending on whether a vertical or horizontal (flat) 
orientation of the molecule is assumed. The mini
mum and maximum surface areas which would be 
occupied by the molecule lying flat or standing verti
cally were estimated as follows.

The minimum area of the DGE molecules lying flat 
was estimated from a projection of the Fischer-Hirsch
felder molecular model on a plane surface (see Fig. 6). 
The corresponding maximum area was estimated from 
the product of the maximum length and maximum 
width of the molecular model.

The minimum area occupied by the DGE molecule 
sorbed in a vertical orientation can be conveniently 
estimated from the molecular volume calculated from 
the measured specific gravity of DGE and the maximum 
length of the molecule estimated from the model. 
The maximum area occupied by the molecule standing 
vertically was taken as the area swept out by the rota
tion of the methyl groups around the molecule “ back
bone.”  The results of these calculations, and the 
calculated surface coverage for a monolayer of DGE for 
each case, are shown in Table I. These estimated values 
of the molecular area of sorbed DGE can be used to 
interpret the data as follows.

T able I
M inimum  and M aximum  A reas C overed by the DGE M ole

cule Sorbed in H orizontal and V ertical Orientations 
'— ------- Horizontal------------> /■------------ Vertical-------------*

Area per Area per
molecule, Coverage molecule, Coverage

Â.2 (moles/em.2) A.2 (moles/cm.2)
Minimum 100 1 .6  x  1 0 “ 10 22.9 7 .2  X 10~10
Maximum 150 1.1 X 1 0 " 10 38 .5 4 .3  X 10“ 10

When DGE is sorbed from chloroform solution it is 
found that the surface potential increases linearly with 
surface coverage, extrapolating to the plateau voltage 
at about 3.7 X 10-10 mole per cm.2 sorbed (Fig. 1). 
This curve is similar to that reported by Gottlieb for 
the surface potential of a sorbed monofunctional 
molecule, octadecyl acetate. The extrapolated surface 
coverage corresponds approximately to the maximum 
expected area per DGE molecule in the vertical orienta
tion as estimated from the molecular dimensions (see 
Table I). This correspondence suggests that at total 
coverage DGE molecules may be sorbed vertically

Fig. 7.—DGE molecular model, in horseshoe configuration.
with only one oxirane oxygen in contact with the 
surface. It seems likely that DGE may be sorbed from 
chloroform solution in the vertical configuration even 
at low coverages.

The surface potential-surface coverage curves for 
DGE sorbed from benzene and from hexane are dif
ferent from that obtained from chloroform solution.

The rate of increase of surface potential with sorp
tion of DGE from benzene (Fig. 2) is initially four times 
that found when DGE is sorbed from chloroform solu
tion. This finding is understandable if the DGE mole
cules are pictured in this case as being sorbed with 
their four oxygen groups each in contact with the 
chrome surface and contributing to an increase in 
surface potential. The flat configuration for sorbed 
DGE molecules would satisfy this condition. From 
an extrapolation of the initial slope of the surface 
potential-surface coverage curve to the plateau volt
age, it would also appear that each molecule in this 
configuration occupies 150 A .2 surface area. It is 
interesting to note that this is the same area per mono
mer unit found by Schick16 for an ethoxylin polymer 
at the water-carbon tetrachloride interface.

The onset of the plateau region occurs at about 4.0 
X 10-10 mole per cm.2 sorbed. Therefore, the com
pleted monolayer may be composed of DGE molecules 
sorbed in the vertical configuration. Evidence of the 
change in configuration of sorbed DGE molecules is 
seen in the marked transition region separating the 
initial steep-sloped part of the curve from the plateau. 
From the shape of the curve in the transition region it 
appears that the rearrangement from the flat to the 
vertical configuration at high surface coverages results 
from the (partial) displacement of each DGE mole
cule originally sorbed in the flat configuration by sub
sequently sorbed DGE.

When DGE was sorbed onto the chrome plate from 
hexane solution the initial slope of the surface potential- 
surface coverage curve (Fig. 3) was found to be twice 
that obtained in sorption from chloroform solution. 
This suggests that at initial low coverages DGE mole
cules may be sorbed from hexane with two oxygen 
groups in contact with the chrome surface contributing 
to surface potential. A “ horseshoe”  bent conforma
tion determined with the molecular model satisfies

(15) M. J. Schick, J. Polymer Sci., 25, 465 (1957).



Jan., 1963 R adiolysis of Liquid M ethanol and M ethanolic Salt Solutions 59

this condition by permitting sorption of DGE mole
cules with only the two epoxide oxygens on the surface 
(see Fig. 7). The plateau is reached at about 4.0 X 
10-10 mole/cm.2, as in the experiments with benzene 
and chloroform solutions. A  transition region also 
appears between the plateau and the initial steep-sloped 
part of the curve. This suggests that as the surface 
coverage increases, additional molecules pack in at the 
surface and force a vertical orientation on the sorbed 
molecules.

Our results at low surface coverage indicate that 
DGE is sorbed in different configurations depending 
upon the solvent. Since at low coverage the DGE 
molecules are essentially surrounded by solvent only, 
these differences may reflect different configurations of 
DGE molecules in these solutions. A mixed solvent- 
solute monolayer may exist here, similar to that de
scribed by Cook and Ries.2 At higher coverage, the 
DGE molecules are sorbed vertically from all three 
solvents. It therefore appears that this orientation

is energetically preferred where soluteusolute inter
actions are more prominent.

The kinetics of desorption of DGE into hexane, ben
zene, and chloroform are very rapid down to surface 
coverages of about 75 to 150 Â .2 per molecule; there
after desorption is very slow. This suggests that de
sorption of the vertically oriented molecular layer 
(where one oxygen per molecule interacts with the 
surface) is rapid, but when sufficient surface is avail
able for two or more oxygens per molecule to interact 
with the surface, the rate of desorption is greatly dimin
ished. It is felt that this interpretation may be 
generalized to the case of desorption of polymer mole
cules from surfaces.
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R A D IO L Y S I S  O F  L IQ U ID  M E T H A N O L  A N D  S O M E  M E T H A N O L IC  S A L T
S O L U T IO N S

By  Leslie M . T heard and M ilton B urton

D e p a r t m e n t  o f  C h e m i s t r y  a n d  R a d i a t i o n  L a b o r a t o r y , 1 U n i v e r s i t y  o f  N o t r e  D a m e ,  N o t r e  D a m e ,  I n d i a n a

R e c e i v e d  M a y  2 1 ,  1 9 6 2

In the concentration range 10 ~3 to 10_1 M ,  KI decreases yields of glycol and of H2 and increases formaldehyde 
yield in Co^-gamma radiolysis of liquid methanol according to the stoichiometric relationship — AG(glycol) +  
AG(H2) ~  AG(H2CO). CsCl has similar but less pronounced effects and KBr and KC1 are without effect. The 
chlorides of La, Gd, Dy, Y, and Lu, at concentrations >0.05 M ,  have effects on G( glycol) and G(H2CO) which 
are qualitatively similar to tha t of KI (changes in G(H2) are attributable to an “acid effect” ); effects within the 
group differ quantitatively in a mannner independent of atomic number or magnetic character (paramagnetic or 
diamagnetic). The effects of the salts other than KI are discussed in terms of the influence of degree of solvation. 
The effect of K I on G(glycol) and G(H2CO) is concluded to be attributable to the chemistry of the I - ion itself 
and to be non-dependent on its mass or atomic number as such. The important mode of behavior which leads 
to H2CO enhancement and equal glycol decrease is suggested to be CHsO +  I -  -*• CH30  “ +  I.

Introduction
In the radiolysis of methanol, addition of potassium 

iodide increases the 100-e.v. yield of formaldehyde and 
decreases that of ethylene glycol.2 Two possible 
explanations have been suggested: a single sequence of 
chemical reactions responsible for both effects or, 
alternatively, an essentially physical phenomenon, 
namely a Stark effect-induced internal conversion (by 
the heavy I -  ion), which might in turn determine the 
state decomposing to the observed product or precursor 
of that product. The investigation here reported was 
motivated by the desire to discover whether excited 
states of sufficient persistence for occurrence of the 
latter process might exist in liquid methanol.

The work described was confined to observation of a 
limited number of phenomena, which neither required 
nor permitted kinetic analysis. Instead, it rather 
directly tested the possible merits of the mechanisms 
proposed by comparison of the effects of KI with those 
of CsCl (Cs+ and I -  are of approximately the same 
atomic mass), LiCl, and KC1. Further, because internal 
conversion induced paramagnetically (i.e., by a Zeeman 
effect) is known to be more probable than the electro-

(1) The Radiation Laboratory is operated under contract with the Atomic 
Energy Commission. This paper was presented at the 141st National 
Meeting of the American Chemical Society, Washington, D. C., March 21, 
1962.

(2) G. Meshitsuka and M. Burton, Radiation Res., 8, 285 (1955).

statically induced process, various other chlorides of 
both paramagnetic and diamagnetic rare earths and 
related elements were studied for their effects; the 
former included GdCl3 and DyCL, the latter LaCL, 
YCL, and LuC13.

Experimental
Materials.—Stopcocks and ground-glass tapered joints were 

greased with Apiezon stopcock-grease type N.
The following chemicals were employed without further purifi

cation: cesium chloride, Fisher Purified; potassium chloride, 
potassium bromide, potassium iodide, and lithium chloride, 
Fisher Certified Reagent; Baker and Adamson magnesium metal 
(ribbon form) and lanthanum chloride; Baker Purified mag
nesium turnings; Baker Analyzed Reagent sulfuric acid and 
hydrochloric acid; Eastman 2,7-naphthalene-disulfonic acid- 
4,5-dihydroxy sodium salt; Fisher sodium metal.

The two grades of methanol used were Eastman’s Spectro- 
grade and Fisher’s Certified. Typical stated impurities for the 
latter and their amounts are: water, 0.01 to 0.05%; acidity, 
0.002%; alkalinity, 0.0003%; acetone, aldehydes, 0.0003%. 
Impurities, including water, in the Spectrograde material were 
undetectable by vapor phase chromatography. However, the 
presence of water was detected during the drying procedure by 
precipitate formation after reaction of magnesium with methanol.

CD3OH was obtained from the Volk Radiochemical Co. and 
had a stated isotopic purity of 99%.

Samples of lanthanum, yttrium, gadolinium, dysprosium, and 
lutetium chlorides were prepared from the rare earth oxides3;

(3) The high purity oxides were graciously supplied by Professor F. H. 
Spedding of Iowa State University and of the Ames Laboratory of the Atomic 
Energy Commission.
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with minor variations, the method was that described by Moeller 
and Brantley .4

Sodium methylate solution in methanol was prepared by  
vacuum distillation of a known volume of methanol into a flask 
containing a weighed sample of sodium metal. Agitation during 
and after reaction ensured homogeneity of the solution.

Radiation Sources and Dosimetry.— Tw o types of Co80 7 -ray  
sources were used: an underground source5 6 and a Ghorm ley-
Hochanadel type source. Energy absorption in methanol and 
in methanolic solutions was determined with the Fricke dosim
eter using the value G(Fe+3) =  15.6 with correction on the 
basis th at absorption of energy per unit volume b y  the various 
liquid media at the same position in the source is proportional 
to their electron densities. Dose rates were approximately 8 X  
1020 and 1.5 X  1 0 20 e.v./m in.

Apparatus.— M ost of the degassing and gas collection was car
ried out b y  a reflux method. Apparatus for both procedures 
included a small cold finger atop a glass rod-packed column 
having a round-bottom flask connected at the lower end. The  
outer jacket of the cold finger was constructed of 15-mm. o.d. 
tubing; 10-mm. o.d. tubing formed the finger. A  6-mm. diam
eter rod extended almost the entire length inside the 35-cm. long, 
10-mm. o.d. column. A  50-ml. and a 500-ml. round-bottomed 
flask were connected below the gas collection and degassing col
umns, respectively. Both columns had side arms connected just 
above the flasks for introduction of samples.

Drying of methanol on the vacuum line was carried out in a 
500-ml. round-bottom flask fitted with water-cooled condenser. 
A to p 'th e condenser was attached a tapered joint modified b y  
inside connection of a length of tubing by ring seal just below the 
taper. The tubing was of sufficient length to protrude through 
the joint, and it thereby limited contact of methanol vapor with  
stopcock grease during distillation.

Sample Preparation and Exposure.— Except where otherwise 
indicated, all the degassing and gas collection employed the 
microstill reflux method described b y  Van Dusen and Hamill.® 
Methanol was dried on the vacuum line b y  reaction with mag
nesium; much of the residual hydrogen was pumped off in several 
repeated expansions. After 3-6  hr. of stirring and refluxing at 
40° the material was transferred under vacuum to the microstill 
for further treatment with magnesium and purification.

Methanol was treated with 2,4-dinitrophenylhydrazine, D N P ,  
b y several methods. One method, adapted from that of Siggia,7 

included 3-hr. refluxing (on a 50-theoretical-plate column) of a 
mixture of 0.08 g. of D N P  and 800 ml. of methanol 0.025 M  
in sulfuric acid. Thereafter, a 500-ml. middle fraction was 
collected and treated with sufficient sodium hydroxide to neutral
ize all the acid originally present in the lot. Refluxing of this 
fraction was followed b y  collection of a 300-ml. middle fraction 
which was dried in vacuo. In a second method, a solution of 4 g. 
of D N P  and 1 ml. of concentrated H 2SO4 in 2  1. of methanol was 
refluxed overnight, and a middle fraction was collected and 
then degassed without drying. A  third method included refluxing 
of a solution of 10 g. of D N P , 2.2 ml. of concentrated H 2SO4, 
8  ml. of water, and 2 1. of methanol. Thereafter, the procedure 
followed that .of the second m ethod .8 All samples of methanol 
were degassed prior to irradiation. 9 All O values reported are

(4) T. Moeller and J. C. Brantley, Anal. Chem., 22, 433 (1950).
(5) M. Burton, J. A. Ghormley, and C. J. Hochanadel, Nucleonics, 13, 74 

(1955).
(6) W. Van Dusen and W. H. Hamill, J. Am. Chem. Soc., 84, 3648 (1962).
(7) S. Siggia, “ Quantitative Organic Analysis via Functional Groups,” 

John Wiley and Sons, Inc., New York, N. Y., 1954, p. 31.
(8) In the second and third methods we followed J. H. Baxendale and 

F. W. Mellows, J. Am. Chem. Soc., 83, 4720 (1961). We are indebted to 
Dr. Mellows for his kind advice and assistance with this portion of our work.

(9) According to R. P. Porter, J. Phys. Chem., 61, 1260 (1957), studies 
involving methanol can be complicated by formation of trimethylborate in 
Pyrex vessels. The situation, when it occurs, is particularly notable in the 
vapor. Consequently, we made several attempts to detect trimethylborate 
impurity or an effect of its presence. Methanol vapor from liquid samples 
stored in Pyrex containers was analyzed by mass spectrometry with no in
dication of the presence of trimethylborate. Two samples of methanol vapor 
which had stood in Pyrex cells for three months under conditions prevalent 
in our Laboratory showed no detectable trimethylborate by mass spectral
analysis. Repeated mass spectral analyses of methanol vapor throughout 
the course of the work likewise revealed no trimethylborate content. G(Hi) 
values for samples distilled from methanol lots which had been refluxed 
with ~5% water (for conversion of any borate to boric acid) prior to drying 
with magnesium were not significantly different from values for samples 
not so treated. Furthermore, there was no dependence of G-values on pos
sible aging of methanol in Pyrex storage flasks.

for samples irradiated within a few hours after vacuum distilla
tion into radiolysis cells.

M ost of the salt solutions to be irradiated were prepared from 
solutions of the salts in vacuum-distilled methanol. Predeter
mined amounts of these solutions were added to irradiation cells; 
after partial degassing, the methanol was distilled off and dis
carded. Solutions of L iC l and rare earth chlorides had to be 
heated (by hot water) for complete removal of methanol. After
wards, 5 or 10 ml. of dry, degassed methanol was distilled into  
the evacuated cells to make up the final solutions. The samples 
were exposed to irradiation in 10-ml. sealed Pyrex cells according 
to the usual technique.

Product Collection and Analysis.-— The bulk of the gases (ca. 
8 5% ) was first collected b y freeze-thaw technique. T he micro- 
still reflux method enabled collection of the last remnants of gas; 
a minor modification in this work was the employment of liquid 
nitrogen instead of D ry  Ice as coolant for the copper rod inserted 
in the still head.

Analysis for formaldehyde was b y  a variant of M acFadyen’s 
technique10 of colorimetric quantitative determination of the 
complex formed b y  formaldehyde and chromotropic acid (2,7- 
naphthalene-disulfonic acid-4,5-dihydroxy). In the present work 
it was found that methanol markedly affects the extinction co
efficient of the complex when chromotropic acid solution, pre
pared according to M acFadyen’s technique, is treated with 
methanolic solutions of formaldehyde of known concentration. 
Plots of optical density vs. concentration become increasingly 
non-linear with increasing methanol concentration. However, 
a tenfold dilution of the methanol solution with 9 M  sulfuric 
acid prior to treatment with chromotropic acid solution results 
in a linear Beer-Lam bert relationship for solutions in which 
formaldehyde and chromotropic acid concentrations are 0 .1  to 
3.1 7 /ml. and 2 m g./m l., respectively. The extinction coeffi
cient of the complex determined therefrom is 0.64 m l./7 -em.

Procedure for analysis of an irradiated sample began b y  dilu
tion of 1 ml. of the sample to a volume of 10 ml. b y  9 M  sulfuric 
acid; 1 ml. of this solution in a 25-ml. volumetric flask then was 
treated with 10  ml. of chromotropic acid solution, prepared b y  
the method of M acFadyen. The mixture, in the stoppered 
flask, was heated for 1 .5 -2  hr. in boiling (or near-boiling) water 
along with a blank solution (in another flask) prepared from pure 
methanol. (For convenience, several analyses were conducted 
at the same time.) Because the reaction is light sensitive, 
heating was always in darkness. Optical densities were meas
ured on a Beckman Model D U  spectrophotometer at 570 m/x 
using the tungsten-lamp light source. Accuracy of determination 
of known samples was ± 6 % .

Analysis for glycol was b y  oxidation of the glycol to formalde
hyde and analysis of formaldehyde with chromotropic acid. 
Correction was made for formaldehyde already present. The  
procedure used is an adaptation of the method of Lam bert and 
Neish for determination of glycerol.11 Considerable spread in 
analysis of known samples warranted the assignment of accuracy 
at ± 1 4 % .

Results
Gas yields were determined for a variety of samples 

of pure methanol. The latter differed in method of 
degassing, presence or absence of water impurity, 
and use either directly from the manufacturer’s bottle or 
after distillation. Values of G(H2) were in the range
3.7 to 5.2 and were of good reproducibility only when 
the microstill reflux method of degassing (for initial 
purification) was used. All reported yields are from 
samples degassed by this method.

Figure 1 shows yields from samples which were 
dried in vacuo prior to degassing. Only the values of 
(7(CH4) based on the reflux gas-collection technique 
are shown. Such yields are ca. 33% higher than less 
trustworthy ones determined by freeze-thaw gas col
lection. The difference is attributable to better col
lection of CH4 by the reflux method; difficulty of re
moval of methane from methanol has been reported 
previously.2

(10) D. A. MacFadyen, J. Biol. Chem., 158, 107 (1945).
(11) M. Lambert and A. C. Neish, Can. J. Res,, 28B, 83 (1950).
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Approximately one-third of the yields shown in Fig. 
1 were obtained with purified Eastman Spectrograde 
methanol. All other runs were made with purified 
Fisher Certified methanol. There is no detectable 
difference in yields with pure methanol which is attrib
utable to the brand of methanol used.

Table I lists gas yields from Fisher methanol samples 
which were treated by various techniques prior to 
irradiation (c/. Sample Preparation and Exposure). 
The methanol employed in the last run shown in 
Table I was prepared like that in the runs represented 
by Fig. 1.

T able  I
G as Y ields from L iquid M ethanol R adiolysis 

Dose: c a .  3 X 1019 e.v./ml.
Description of purification technique h2

—G----cm CO
DNP (0.1 g./l.) 5.02 0.31 0.06
DNP (2 g./l.) +  H2S04 (0.02 N ) 4.98 .42 .14
DNP (2 g./l.) +  H2S04 (0.02 N )

DNP (5 g./l.) +  H2S04 (0.04 N )  +  H20
5.00 .44 .12

(0.03 M )

DNP (5 g./l.) +  H2S04 (0.04 N ) +  H20
5.03 .43 .10

(0.03 M ) 4.94 .46 .10
10 4 M  acetone in MeOH prepared with DNP 4.90 .45 .11
Stock MeOH 4.85 .43 .16
Stock MeOH 4.94 .45 .20
No DNP, dry 4.57 .41 .17

The value of G(H2) from samples which were treated 
with DNP is close to 5.0, as shown in Table I; an 
average G(H2) from all samples not so treated is ca. 4.7 
(Fig. 1). Before too much significance is attached to 
this difference, it should be noted that G(H2) from stock 
methanol not treated with DNP and degassed without 
drying is ca. 4.9 (Table I). Further, addition of 10 ~4 
M  acetone to methanol which had been treated with 
DNP resulted in G(H2) =  4.9 (Table I). The amount 
of added acetone is comparable to the 0.0005% acetone 
and aldehydes initially present in the methanol 
(Fisher Certified Reagent) as stated by the manu
facturer. All the samples represented in Table I, 
with the exception of the first, were prepared from the 
sample lot of Fisher Certified Reagent methanol.

Values of G(H2), G(H2CO), G(glycol), and G(CH4) 
extrapolated to zero dose (c/. Fig. 1) are 4.63, 1.99,
2.69, and 0.44, respectively. The average value of 
G(CO) is 0.07.

Figure 2 shows the effect of KI on methanol radiolysis 
yields. A few low-concentration runs on DNP- 
treated methanol containing KI (Table II) indicate 
that the yields differ from those obtained for solutions 
of KI in solvent not treated with DNP. Because of 
such differences observed for solutions and the effect of 
DNP treatment observed for pure methanol radiolysis, 
the discussion of results is concerned only with the 
concentration-dependent trends of yields; such trends 
apparently are unaffected by solvent treatment with 
DNP.

The data of Table III show that at 0.05 and 0.1 M  
concentrations the qualitative effect of CsCl is similar to 
that of K I; quantitatively, CsCl is less effective. 
Solutions with concentrations less than 0.05 M  (Table II) 
were prepared with DNP-treated solvent. Although 
values of G(glycol) are in poor agreement, the slight rise 
of G(H2CO) between 2 X  10“ 3 and 2 X 10“ 2 M  indi-
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Fig. 1.—Effect of dose on yields from radiolysis of methanol
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Fig. 2.—Effect of KI on yields of some methanol radiolysis prod
ucts: O, H2; • ,  CH20 ; A, (CH2OH)2.

cates an effect of CsCl considerably less than that shown 
for KI.

The solutes LiCl, KC1, KBr, and CH3ONa (Tables 
II and III) are practically without effect at 0.05 M  
concentration.

T able II
R adiolysis Y ields from Solutions of Salts in D N P -T reated 

M ethanol

Dose: c a .  3.1 X 1019 e.v./ml.
—G------ ------- N

Solute Conen., M mco (C&OH)! Hi cm CO
0 1.96 2.99 4.99 0.41 0.10

KI 0.002 3.25 1.37 4.95 .43 .07
.004 3.35 0.95 4.90 .47 .09
.015 3.75 1.12 4.79 .46 .05

CsCl .002 2.12 3.35
.004 2.03 2.92
.01 2.29 3.07
.02 2.46 2.82

LiCl .05 2.26 3.52
.1 2.04 2.91
.5 3.18 2.36

Figure 3 shows yields from solutions of LaCl3, 
GdCl3, and YC13 in methanol (no DNP was used in the 
solvent purification). The effect of GdCl3 on G(H2) is 
almost identical with that shown for LaCl3. Table IV 
shows effects of DyCl3 and LuC13; the data for these 
compounds cover a smaller range of concentration and
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Fig. 3.—Effects of some rare earth chlorides on some methanol 
radiolysis yields: <Z> G(H2) vs. [LaCl,]; O, <?(CH20) vs. [LaCU]; # , G(glycol) vs. [LaCl3]; A, G(CH20) vs. [GdCl3]; ▲ , G(glycol) vs. [GdCh]; □ , G(CH20) vs. [YCL]; ■ , G(glycol) vs. 
[YC13].

T able III
R adiolysis Y ields from M ethanolic Salt Solutions 

Dose: ca. 3.1 X 1019 e.v./ml.
— G----------

Solute Concn., M H2CO (CHiOH)2 Hi cm CO
0 1.99 2.69 4.63 0 .44 0.07

C s C l 0 .05 2.19 1.75 4 .14 .47 .11
.1 2.74 1.19 3.80 .45 .11

LiCl .03 2.03 2.61
.05 2.61 1.92 4.48 .44 .14
.1 2.13 2.50
.5 2.72 2.36

K C 1 .05 1.76 2.32 4 .47 .45 .14
KBr .05 1.64 2.96 4 .44 .44 .13
CH3ONa .05 1.95 2.59 4.46 .54 .09

.1 1.95 2.93

.5 1.79 2.91

would confuse the curve beginnings if included in Fig.
3. The effect of 0.05 M  DyCl3 on G(glycol) is striking. 
All the chlorides represented by Fig. 3 and Table IV 
were prepared from the corresponding oxides by us. 
It was found that a LaCl3 sample obtained from the 
Allied Chemical and Dye Corporation had effects on 
G(H2CO) and G(glycol) qualitatively similar to, but 
quantitatively different from, the effects observed for 
LaCl3 synthesized by us from the oxide. For example, 
at 0.5 M  yields determined for a solution of the Allied 
product were G(H2CO) =  3.90 and G(glycol) =  1.43.

T able IV
F ormaldehyde and G lycol Y ields from M ethanol Solutions 

of DyCl3 and LuC13 
Dose: ca. 3.1 X 1019 e.v./ml.

----------------- G---------------- -
Solute Concn., M HsCO (CH2OH):

0 1.99 2.69
DyCls 0.05 2.42 3.63

.1 2.83 2.45
2 3.22 2.26

LuCla .05 2.54 3.16
.1 2.73 2.88
.2 3.05 2.43

Table V gives relative gas radiolysis for 0.5-ml. 
samples of liquid CD3OH and solutions of KI and 
LaCl3 in CD8OH.

T able V
R elative G as R adiolysis Y ields from L iquid G ils o n  and

Solutions of LaCl3AND KI IN CD3OH
Doso: ca. 2 X 1020 0 ..v./ml.

. ----------------------------- — % -
Solute M Hz HD Dz CDj/CDali

1 1 78 1 1 2 .4
LaCl3 0.05 1 1 78 1 1 1.5
LaCla .2 17 72 1 1 1.0
KI .01 13 75 1 2 2 .4
KI .12 17 68 15 1.6

Discussion
General Statements.—The effect of KI shown in 

Fig. 2 is described by the relationship

— AG (glycol) +  AG(H2) ~  AG(H2CO)

The sharp increase of G(H2CO) and the sharp decrease 
of G(glycol) occur in the same KI concentration region; 
apparently, the two changes result from interdependent 
processes. Similarly, the more gradual decrease of 
G(H2) may be attributable to processes which lead also 
to gradual decrease of G(glycol).

The relative lack of effect of KC1 indicates that I~ 
is responsible for the KI effect. Further, although the 
qualitative effects of CsCl and KI are similar, the quan
titative difference argues against attribution of the
I -  effect to a nuclear charge-dependent process.

Yttrium chloride and the rare earth chlorides studied 
affect methanol radiolysis yields, but no effect of these 
compounds is attributable to paramagnetism. Absence 
of a paramagnetic effect is evidenced by Fig. 3, which 
shows that at concentrations greater than 0.05 M, para
magnetic GdCl3 has a qualitative effect similar to dia
magnetic LaCl3 and YC13 and a quantitative effect 
which is between that of the latter two compounds.

The over-all effects of the rare earth compounds are 
attributable to two processes, one of which occurs at 
low concentration, and another which occurs at high 
concentration.

It appears that the low-concentracion effect is attrib
utable to acidity. Other workers3-12'13 have shown 
that increased acidity (from addition of I i2S04) causes 
increase of G(FI2), G(H2CO), and G(glycol); acidity of 
methanolic solutions of rare earth chlorides may be 
assumed from known acidity of the corresponding 
aqueous solutions.14

Increase of G(H2CO) and decrease of G(glycol) in 
the concentration range 0.1 to 0.5 M  (cf. Fig. 3) are 
not accompanied by further change in G(H2); such a 
result does not fit what is known about an acid effect.12 
Because of the high salt concentration, some considera
tion of possible effects of direct energy absorption by 
the salts is desirable. For example, it may be con
sidered that behavior of the salts subsequent to absorp
tion of energy leads to the observed effects on G(H2CO) 
and G(glycol). However, at equal concentration, 
YCls, LaCl3, and GdCl3 absorb energy in the order 
written, i.e., with increasing mass, but the magnitude

(12) G. E. Adam s and J. H. Baxendale, J. Am. Chem. Soc., 80, 4215 
(1958).

(13) N . N . Lichtin, J. Phys. Chem., 63, 1449 (1959).
(14) T . M oelle r and H. E. Krem ers, Chem. Rev., 37, 120 (1945).
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of the effect of GdCl3 is between that of LaCl3 and 
YCI3. Further, the two heaviest of the rare earth 
chlorides studied, DyCl3 and LuCls, have effects 
nearest to that of the lightest compound of the group, 
YC13.

The extent of increase of (7(H2CO) and decrease of 
G(glycol) in the presence of rare earth chlorides at equal 
concentration decreases in the order LaCl3, GdCl3, 
DyCl3, YCI3, and LuC13, which also is the order of 
decreasing basicity of the cations. Basicity is indicative 
of relative tendency to lose or gain electrons. The 
greater the basicity of cations, the less is their attrac
tion for electrons, either free or combined in anions.14 
This view implies that at equal concentration in meth
anol the degree of dissociation of the salts listed de
creases in the order given; it would also mean that the 
number of methanol molecules involved in solvation 
sheaths about the solutes decreases in the same order. 
This latter point suggests that absorption, or perhaps 
more precisely the localization, of excitation energy in 
molecules in the solvation sheath may lead to en
hanced formaldehyde yield and depressed glycol yield. 
Thus, a mode of methanol decomposition which leads 
to glycol formation may be so affected by solvation 
that formaldehyde formation is favored.

Remarks on Mechanism.— The reaction

CH30  +  1-  — ► c h 3o -  +  I (1)

is a plausible primary interaction which may account 
for the effect of I -  on G(H2CO) and part of its effect on 
Cr(glycol). Reaction 1 is analogous to the scavenging 
of OH radicals by halide ions (presumed to occur in the 
radiolysis of aqueous acid solutions of halide salts) .16

An over-all mechanism of methanol radiolysis fits 
the following chemical features.

CH30H — ^ CH2OH +  H (2)

CH30H — >- CH3O +  H (3)

H +  CH3OH —^  H2 +  CH2OH (4)

CH3O +  CH3OH — ^ c h 3o h  +  c h 2oi-i (5)

2CH2OH — > (CH2OH)2 (6)

Iodine atoms produced through reaction 1 presumably 
would encounter CH2OH radicals. Reaction via

I +  CH2OH — ^  HI +  H2CO (7)

would cause increased G(H2CO), and reactions 1 and 7 
account for equal depression of G(glycol) because re
actions 5 and 6 are thus made to occur to a lesser extent. 

Dissociation of HI

HI — > H+ +  I “ (8)

and neutralization of CH3CO-

H+ +  CH30 -  — >■ CHjOH (9)

complete the over-all process.16 
Similar removal of methoxy radicals by Cl-  ions

CH30  +  Cl" — > CH3O- +  Cl (10)

(15) M. Burton and K. C. Kurien, J. Phys. Chem., 63, 899 (1959).
(16) I2 is not a product of radiolysis of methanolic KI solutions. There

fore, if I atoms are produced, either they do not combine to form I2, or if they 
combine, some further process results in total consumption of I2.

is not expected to affect yields because Cl atoms would 
readily react with methanol

Cl +  CH3OH — >  HC1 +  CH2OH (11)

to yield CH2OH radicals. Thus, the net result would 
be replacement of reaction 5 by reactions 10 and 11 
without change in ultimate consequences.

Production of methoxy radicals by methanol radioly
sis seems likely on the basis of compositions of hydro
gens produced from radiolysis of liquid CD3OD and of 
liquid CD3OH. Meshitsuka, et al.,11 reported 60% 
HD, 4%  D 2, and 36% H2 produced from CH3OD. 
Burr, Dalton, and Meyer18 reported similar results for 
CH3OD; for radiolysis of liquid CD3OH they found 
75% HD. The data of Table V agree with the latter 
result. The large contribution of hydroxyl hydrogen to 
over-all molecular hydrogen production is clearly indi
cated, and a reasonable inference is that considerable 
initial decomposition occurs via reaction 3. According 
to previous work (on effect of so-called scavengers) 
formaldehyde appears to be formed, at least in part, 
by a process unimolecular in excited methanol.2’8'12 
In this view, in radiolysis of CH3OD and CD3OH, 
HD production is expected to accompany formalde
hyde production. However, since G(CH20) is only ca. 
40% of (7(H2), it seems likely that there is some other 
mode of formation of HD. If methoxy radicals are 
produced, further production of HD may occur by the 
reactions

c h 3o d  — ■> CH30  +  D (12)

D +  CH3OD - -> HD +  CH2OD (13)

CD3OH — ^  CD30  +  H (14)

H +  CD3OH - -»■ HD +  CD2OH (15)

Assuming that, in the presence of KI, the process 
which leads to formaldehyde enhancement results also in 
equal glycol depression, the remaining unaccounted-for 
glycol depression equals hydrogen depression (c/. eq. 
1). The latter two effects probably are related and 
perhaps are attributable to a process which suppresses 
methanol decomposition. Suppression of reaction 2 
leads to the required stoichiometry. Of the 1-1 
electrolytes studied, only KI and CsCl show an effect 
on G(H2).

Production of H, CH3, and radical precursors of glycol, 
which may be CH2OH or CH30, is well evidenced by 
previous work on methanol radiolysis.2’8’12 Further
more, it is known that all the formaldehyde and ~ 4 0 %  
of the hydrogen found have no scavengable radical 
precursors.2’8’12 Accordingly, decomposition steps 2 
and 3 and, in addition, decomposition via the over-all 
processes

CH,OH----► H2CO +  H2 (16)

CH3O H --- ---  CH3 +  OH (17)

account for much of the radiation chemistry of liquid 
methanol. It is interesting to note that these decom-

(17) G. Meshitsuka, K. Ouehi, K. Hirota, and G. Kusumoto, ./. Chem. 
Soc. Japan, 78, 129 (1957).

(18) J. G. Burr, C. K. Dalton, R. A. Meyer, Abstracts of the 137th Na
tional Meeting of the American Chemical Society, Cleveland, Ohio, 1960, p. 
42-R; NAA-SR-5350.
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position steps have been proposed by Porter and 
Noyes19 to explain the ultraviolet photolysis (X <  
2000 A.) of CHsOH vapor. The similarity suggests 
that radiolytic decomposition of the liquid may occur, 
at least in part, from neutral electronically excited 
species. Meshitsuka and Burton2 indicated that such 
a mechanism can explain all the decomposition. To 
the contrary, Hayon and Weiss20 suggested that the 
radiolysis may involve dissociation of primarily 
formed polarons. Baxendale and Mellows8 attribute 
ca. 60% of the over-all decomposition to processes 
which may involve decomposition of the neutral spe
cies. Decomposition of excited methanol via reaction 
16 was proposed by Baxendale and Sedgwick21 as the 
principal source of H2CO produced in the vapor phase 
radiolysis of methanol.

The suggestion that rare earth chlorides may increase 
formaldehyde and decrease glycol by altering primary 
methanol decomposition may be considered with 
reference to reactions 2, 3, and 16. If decomposition 
via reaction 16 is enhanced by the solute at the expense 
of reaction 2 or 3, the net effect is enhancement of 
G(H2CO) and equal depression of G(glycol); G(H2) is 
unaffected.

Implications of Methoxy Radical Production.— In
pure methanol the probable fate of CH30  radicals which 
diffuse away from the ionization track is reaction 5. 
In the ionization track, reactions of CH30  radicals may 
contribute to part of the H2CO yield via dispropor
tionation

2CH30  — > H2CO +  CH3OH (18)

In the gas phase reaction 18 is exothermic by 74 kcal.22 
Further, in a study of oxidation of methyl radicals, 
Dever and Calvert23 compared reaction 18 to the 
reaction

2CH30  — >  CH3OOCH5 (19)

and found that kw/kn k  60.
It is possible that methane may be produced in the

(19) R. P. Porter and W. A. Noyes, Jr., J. Am. Chem. Soc., 81, 2307 
(1959).

(20) E. Hayon and J. J. Weiss, J. Chem. Soc., 3970 (1961).
(21) J. H. Baxendale and R. D. Sedgwick, Trans. Faraday Soc., 57, 2157 

(1961).
(22) P. Gray, ibid., 52, 344 (1956).
(23) D. F. Dever and J. G. Calvert, J. Am. Chem. Soc., 84, 1362 (1962).

ionization track by a biradical reaction unaffected by 
scavenger.

CH3 +  CH30  — > CH4 +  H2CO (20)

Wijnen24 has found that the activation energy for 
reaction 20 is 1.5 kcal.

Reaction 18 can account for the trend of relative 
formaldehyde and glycol yields as a function of LET. 
The ratio of ethylene glycol to formaldehyde is greater 
for 7-ray irradiation of methanol than it is for irra
diation by 28-Mev. helium ions.25 In the latter case 
the more densely ionizing helium ions may yield higher 
local CHaO radical concentration (near the end of the 
ionization track) with resultant greater probability for 
occurrence of reaction 18.

Recent studies of ion-molecule reactions of CH3OH 
vapor and of CD3OH vapor suggest an ionization 
mechanism for production of CH30  radicals. L. P. 
Theard and Hamill26 studied the reactions

CD3OH+ +  CD3OH — > CD3OH2+ +  CD30  (21)

CD3OH+ +  CD3OH — > CD3OHD+ +  CD2OH (22)

by mass spectrometry (at 10~5 mm. pressure). They 
found that Q21/Q22 =  1.3, where Q21 and Q22 are cross 
sections of reactions 21 and 22, respectively. The total 
cross section of reactions 21 and 22 is very high and is 
about equal to the cross section of the ion-molecule 
reaction which produces CH3OH2+ in CH3OH vapor. 
Thus, if CH3OH+ enters an H-atom abstraction re
action in liquid CH3OH, abstraction of H-atoms from 
OH groups seems more probable than abstraction from 
CH3 groups by a factor of ca. 1.3 on the basis of the 
simple reactions 21 and 22 alone. In addition, in view 
of the favorable orientation resultant from hydrogen 
bonding, such abstraction from OH groups would 
appear to be even more favored in the liquid.27
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(24) M. H. J. Wijnen, J. Chem. Phys., 27, 710 (1957).
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(27) Cf. the analogous reaction of radiolytieally produced H2O + in water 

in a model considered by Magee, “ Summary of the Proceedings of an In
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The oxidation of hydrogen and deuterium in alkaline solutions was studied b y  use of a rotating disk platinized 
platinum electrode. T he variables investigated were K O H  concentration, speed of rotation, electrode potential, 
and temperature. The rates for diffusion and ionization were determined. The currents decreased significantly 
as the IiO H  concentration wap increased from 0.1 to 5.0 N. The product 1c =  DS3A  where D  is the diffusion co
efficient and S the solubility, was determined for hydrogen and deuterium. The ratio of the k values of H 2 and 
D 2 was 3.5 in 0.1 N  K O H  at 30° and 3.3 at 50°. The ratios decreased successively as the K O H  concentration 
increased and in 5.0 N  K O H  were 1.5 and 1.4 at 30 and 50°, respectively. The ratio of the mavimum hydrogen 
ionization current to the maximum deuterium ionization current in the absence of diffusion effects was 1.8  in 
0.1 N  K O H  at 30° and decreased to 1.5 in 5.0 N  K O H  at 30°. A n increase in temperature from 30 to 50° in
creased the ionization current in both cases, but the hydrogen current increased at a faster rate than the deu
terium current. The difference in the rate of oxidation between hydrogen and deuterium suggests that a sepa
ration of the isotopes during the ionization process is possible.
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Introduction
The electrochemical ionization of hydrogen gas has 

been studied by Eucken and Weblus.2’3 The plot of 
ionization current vs. applied electrode potential ex
hibited two maxima which were attributed to two dif
ferent forms of adsorbed hydrogen. These results were 
subsequently confirmed by Breiter.4’5 Franklin, el 
al.,6 also investigated the oxidation of hydrogen on 
platinized platinum electrodes. In their experiments, 
the potential was varied at a constant rate and the 
current was continuously recorded. Three maxima in 
the ionization current were observed. The first two 
again were attributed to different forms of adsorbed 
hydrogen, while the third, occurring at the most posi
tive potential, was felt to be due to the ionization 
of hydrogen absorbed in the platinum. The experi
ments described above were performed with stationary 
electrodes, and the currents measured were influenced 
also by the diffusion of the hydrogen to the electrode. 
Levich7 first showed that the diffusion currents for a 
reaction could be determined separately by using a ro
tating disk electrode. The limiting diffusion currents 
are proportional to the square root of the speed of 
rotation of the electrode, the concentration, and the 
diffusion coefficient to the power 2/ 3 of the reacting 
species, and inversely proportional to the sixth root 
of the kinematic viscosity of the electrolyte. Frumkin8’9 
studied the ionization of hydrogen on smooth and 
platinized platinum using a rotating disk electrode. 
When diffusion is rate controlling, the current is de
pendent on the speed of rotation of the electrode; 
when the rate of diffusion becomes greater than the 
actual rate of ionization at the electrode, the ioniza
tion reaction becomes rate limiting. At high speeds 
of rotation, therefore, the ionization current should be
come independent of the speed of rotation. Frumkin 
determined the ionization currents for hydrogen as a

(1) Submitted in partial fulfillment for the degree of Doctor of Philosophy 
in Chemical Engineering at the Polytechnic Institute of Brooklyn.

(2) A. Eucken and B. Weblus, Z. EleJctrochem., 55, 114 (1951).
(3) E. Wicke and B. Weblus, ibid., 56, 169 (1952).
(4) M. Breiter and C. Knorr, ibid., 59, 153 (1955).
(5) M. Breiter and C. Knorr, ibid., 59, 681 (1955).
(6) T. Franklin and S. Cooke, J. Electrochem. Soc., 107, 557 (1960).
(7) G. Levich, Zh. Fiz. Khim., 32, 1565 (1958); D. P. Gregory and A. C. 

Riddiford, J. Chem. Soc., 3756 (1956),. '
(8) A. Frumkin and E. Aikazyan, Izv. Akad. Nauk SSSR, 2, 202 (1959).(9) A. Frumkin and E. Aikazyan, Dokl. Akad. Nauk SSSR, 100, 315 (1955).

function of electrode potential, and found a maximum 
ionization current at an electrode potential of 45 mv. 
positive to the reversible potential. The current was 
dependent upon the rate of application of the potential 
and his results therefore are valid only for the specified 
rate of change. Schuldiner10 studied the ionization 
of both hydrogen and deuterium on stationary pal
ladium electrodes and found that at small positive po
tentials relative to the reversible potential the current 
was linear with potential. The deuterium ionization 
current was lower than that of hydrogen for any given 
potential.

The present work was initiated to investigate the 
ionization of both hydrogen and deuterium on a ro
tating disk electrode and to determine the limiting dif
fusion currents and the limiting ionization currents 
for both species. The potential was changed in dis
crete steps, so as to eliminate the dependence of the 
current on the rate of change of the potential.

Experimental
The apparatus consisted entirely of Pyrex glass including the 

seals to the electrodes and the associated equipment to introduce 
gas into the electrolyte. A  water-cooled bearing on the rotating 
shaft allowed speeds up to 20,000 r.p.m . The rotating electrode 
was a platinum cylinder, 0.5 cm. in diameter, sealed coaxially 
in acrylic tubing so that the base of the cylinder was flush with 
the end of the tubing. The acrylic tubing enclosed tightly the 
lower end' of the rotating shaft, which was a stainless steel rod, 
0.475 cm. in diameter, inserted at the upper end in a special 
high speed, water-cooled bearing. A  small stainless steel 
spring between the lower end of the shaft and the platinum  
cylinder provided electrical contact to the electrode. A  belt 
and pulley system was used to drive the shaft as well as a tach
ometer-generator to measure the speed of rotation. The genera
tor was purchased from Servo-Tek C o ., and was accurate to 
within 1 % .  Electrical contact between the rotating stainless 
steel shaft and the external system was maintained with a silver 
slip-ring, and silver-graphite brushes, purchased from Graphite 
Metallizing Co.

The glass cell was designed to allow dispersion of the gas into 
the electrolyte through a fritted glass disk. A  Luggin capillary 
was centrally placed at the bottom of the cell, and extended up 
to within 1 cm. of the rotating electrode. The capillary was 
connected to a H g/H gO  reference electrode compartment. 
The auxiliary electrode was a platinum sheet 0.12 mm. thick, 
bent into a cylindrical form, 1.5 cm. in diameter and 1.5 cm. 
high.

An electronic potentiostat was used to vary the potential of 
the working electrode with respect to the reference electrode. 
I t  maintained a constant potential between the rotating disk

(10) S. Schuldiner and J. Hoare, J. Electrochem. Soc., 105, 279 (1958).
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ELECTROOE POTENTIAL (MV),

Fig. 1.—Ionization currents for hydrogen, expressed in 
ma./f., as a function of the electrode potential. The total cur
rent is obtained by multiplying the figures on the ordinate by 
0.02 f. The parameter Z  is the square root of the number of 
rotations per second.
and the reference electrode, independent of current. The 
potential of the electrode was measured with a Hewlett Packard 
Model 410A vacuum tube voltmeter, accurate to 2%. Ioniza
tion currents were measured with a 0.25% Sensitive Research 
microammeter, and the tachometer voltage was measured with 
a 0.5% Sensitive Research voltmeter. The rotating platinized 
electrode was prepared as suggested by Janz.11 The smooth 
platinum disk electrode was dipped first in a dilute aqua regia 
solution, and then in warm concentrated nitric acid. Hydrogen 
was evolved cathodically from the disk electrode in a dilute 
sulfuric acid solution for 5 min. at a current of 5 ma. The elec
trode then was washed and placed in the standard platinizing 
solution of 3% chloroplatinic acid with 0.1% lead acetate 
present. Platinum was electro deposited on the surface at 5 ma. 
for 5 min. The electrode then was washed, the shaft inserted 
through the bearing, and the cell clamped in place and filled 
with the desired KOH electrolyte. The electrolyte was subse
quently saturated with hydrogen or deuterium for 1 hr.

The hydrogen and deuterium were purchased from the Mathe- 
son Co. Mixtures of the gases also were supplied and analyzed 
by the Matheson Co. The potassium hydroxide solutions were 
prepared from Fisher Certified Reagent Grade pellets. The KOH 
was recrystallized four times to ensure maximum purity of the 
electrolyte. The water was distilled from an alkaline permanga
nate solution to oxidize organic impurities, and subsequently 
was distilled two additional times. The prepared electrolyte 
solutions were stored in “ aged” polyethylene bottles and sub
jected to standard pre-electrolysis procedures a t 100 m a./l. 
between platinum electrodes for at least 24 hr. In  order to 
compare the data for each electrode, the double layer capacities 
of the disk electrode were measured prior to each experiment by 
means of the constant current charging technique. A 1-sec. 
Honeywell recorder, with chart speed of 720 in ./h r., driven by 
a Hewlett Packard vacuum tube voltmeter, was used to record 
the voltage-time curve. A charging current of 100 ,ua. was ap
plied and five separate charge and decay cycles were taken for 
each electrode. For the ionization rate measurements, the poten- 
tiostat was set to give the desired positive electrode potential v s .  
the reversible potential, and the speed of rotation of the motor 
then was adjusted using a powerstat. The current was read 20

(11) D. G. Ives and G. J. Janz, “ Reference Electrodes, Theory and Prac
tice,” Academic Press, New York, N. Y., 1961, p. 106.

sec. after each speed change; it remained constant for 20-50 sec. 
The entire speed range was covered at constant potential before 
the potential was changed to a new value. The following vari
ables were investigated:

Speed:
Electrode potential:
Temperature:
KOH concn.:
Gas:

735 to 17,340 r.p.m.
5 to 240 mv. positive to the reversible po

tential 
30 and 50°
0.1, 1.0, 3.0, 5.0 N

Pure H2, pure D2, H /D  ratio = 1.07/1

Results
The KOH concentration was found to influence the 

results significantly. It was observed that on open 
circuit, prior to the measurements, the electrode did not 
maintain the reversible potential when it was at rest, 
even though gas was continually bubbled through the 
solution. This effect became very pronounced as the 
KOH concentration increased, and the reversible po
tential was obtained only when the electrode was being 
rotated at high speeds. The cathodic current required 
to maintain the reversible potential with the electrode 
at rest was measured prior to each experiment, and the 
results were corrected for this effect. This cathodic 
current increased from 5 X 10~6 to 5 X  10~6 amp. 
with increasing KOH concentration from 0.1 to 5.0 N. 
The double layer capacities of the various electrodes 
were 0.020 and 0.019 f. for 0.1 N  KOH, 0.046 and 0.064
f. for 1 N  KOH, 0.076 and 0.055 f. for 3 N  KOH, and 
0.063 and 0.064 f. for 5 N  KOH, for the H2 and Di- 
experiments, respectively. For the 1:1 mixture of H2 
and 0 2 the capacities were 0.018, 0.067, 0.082, and 0.060
f. for the respective KOH concentrations. These 
values refer to the experiments at 30°.

Typical results are shown in Fig. 1. The current 
density expressed in ma./f. (total electrode area is 
0.02 f.) is plotted against the potential of the electrode 
in mv. positive to the reversible hydrogen potential. 
The parameter Z is the square root of the speed of 
rotation. At low KOH concentrations, the currents 
fluctuated about an average value. The family of 
curves in Fig. 1 for hydrogen and 0.1 N  KOH shows 
the dependence of current on the speed of rotation and 
on the electrode potential. The general shape and 
relative positions of the curves are typical for all of the 
data at all KOH concentrations. The current is at 
first linear with potential and then tends to a constant 
value. For the lowest speed of rotation (V'r.p.s. =
3.5, r.p.m. =  735) the current becomes independent of 
the potential at about 60 mv. positive to the reversible 
potential. Above this potential the current is limited 
by diffusion and no longer depends on potential. As 
the speed of rotation is increased, the currents increase. 
The slopes of the linear portion of the current-voltage 
curve increase with the speed of rotation to a limiting 
value. With increasing rate of rotation, the diffusion 
plateaus start at increasingly higher electrode potentials.

The maximum kinetic current was reached only 
within a small potential interval (between 0 and 20 mv. 
positive to the OCY).

The data for deuterium ionization in 0.1 N  KOH are 
similar to the data for hydrogen except that the cur
rents generally are only one-fourth to one-third as 
large. The maximum kinetic current was reached at 
potentials up to 20 mv. positive to the reversible po
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tential; it was smaller than the corresponding hydro
gen current.

The ionization currents were greatly reduced at 
increased KOH concentration. The current-voltage 
curves for different speeds of rotation were very close 
together when compared on the same scale to the re
sults in 0.1 N  KOH.

The reduction in current due to the change in KOH 
concentration is illustrated in Fig. 2. The currents 
observed at the maximum rotational speed of 17,345 
r.p.m. are plotted versus potential for hydrogen at 30°. 
The maximum hydrogen current in 0.1 N  KOH is 
almost 40 times that in 5.0 TV KOH. Identical experi
ments with deuterium showed that the maximum deu
terium current in 0.1 N  KOH is almost 10 times the 
deuterium current in 5.0 N  KOH. These unexpected 
results possibly indicate that kinetic and diffusion 
control are involved simultaneously.

The variation of the ionization current with the deu
terium content in the gas mixture is shown in Fig. 3, 
where ionization currents for H2, D 2, and a hydrogen 
to deuterium mixture of 1.07/1, all in 0.1 N  KOH, are 
plotted. The currents for the 1.07/1 gas mixture were 
approximately halfway between the hydrogen and deu
terium data, as expected. The currents for the same 
gases in 5.0 N  KOH were very small and close together, 
indicating low diffusion and ionization rates for both 
gases at high KOH concentration. An increase of 15 
to 20%  in the ionization current density was observed 
with an increase in temperature from 30 to 50°.

Discussion
1. Determination of Diffusion Coefficients.—From 

these results the diffusion coefficients of hydrogen and 
deuterium can be calculated with the Levich7 equation

i =  0.62nED!' V /^Sr“ v,
where i is the limiting current density in amp./cm.2, 
n is the number of electrons in the reaction, F is the 
faraday, D is the diffusion coefficient, gj is the number of 
rotations per second, S is the solubility of the gas in the 
electrolyte (moles per cm.3), and v is the kinematic 
viscosity of the electrolyte (cm.2/sec.). The current 
density was obtained by dividing the experimental 
current by the geometrical area of the electrode, 0.196 
cm.2. Since the activity of the electrode should not 
influence the current in the limiting diffusion region, 
use of the geometrical area instead of the true area is 
proper. The physical properties of KOH solutions 
were taken from Bulletin 15 on caustic potash from 
Allied Chemical Co. Because the solubility of deute
rium in KOH could not be obtained, the results were 
calculated as D = k/S3 / where k is experimentally 
determinable. The data at speeds above Vr.p.s. =  13 
did not agree generally with the rest of the results, 
but since the Levich equation is applicable to laminar 
flow only, the discrepancy in the data at higher speeds 
may be due to turbulence at the electrode surface. 
Using only the data at speeds equal to and below a/ r.p.s. 
=  13, the diffusion values in Table I were obtained.

In all cases the deuterium diffusion coefficient is 
smaller than the hydrogen diffusion coefficient. Thus, 
in 0.1 N  KOH the hydrogen diffusion is about 3.5 
times the deuterium diffusion, but since the solubility 
of D 2 in KOH probably is less than that of H2, the actual 
diffusion coefficient ratio is less than 3.5. If the inter-

ELECTRODE POTENTIAL (MV).

Fig. 2.—Dependence of the ionization current on the KOH 
concentrations at 30°.

Fig. 3.'—Dependence of the ionization current on the deuterium 
content of the gas.

action forces for H2 with the solvent are assumed to be 
similar to those for D 2, then one would expect the ratio 
of the hydrogen to deuterium diffusion coefficients to 
be inversely proportional to the square root of the mo
lecular weight ratio, namely 1.41. From Table I it 
can be seen that this ratio of 1.41 is approached as 
the KOH concentration increases to 5.0 N.

The solubility of hydrogen in KOH is reported in the
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Table I
Values for ( k  X 1015) in the E quation D  =  k / S 3/1 for the 

D iffusion Coefficients for H ydrogen and Deuterium
------KOH concentration------

0.1 N 1.0 N 3.0 N 5.0 N
h 2 30° 113.0 68.4 17.0 3.60
d 2 30° 33.3 6.43 2.71 2.40
h 2 50° 122.0 72.6 18.2 6.1
d 2 50° 36.4 14.0 7.1 4.3

literature.12'13 From these data the following diffusion 
coefficients were calculated for hydrogen: 18.2 X
lfX 5, 13.8 X  10-5, 9.9 X  KH5, and 4.0 X 10“ 5 cm.2/  
sec., in 0.1, 1.0, 3.0, and 5.0 A  KOH, respectively, at 
30°. At 50° the coefficients are 23.7 X  10-6, 22.0 X 
10-6, 12.4 X  10~6, and 7.9 X  10-6 cm.2/sec. in the re
spective KOH concentrations. These diffusion co
efficients are higher than those reported in the litera
ture.14'15 The latter cannot, however, be compared 
directly with the present results, since they were de
termined in different solutions under different experi
mental conditions. It should be pointed out that the 
Levich equation is valid only for smooth electrode 
surfaces. It is possible that the mass transport of H2 
and D2 is enhanced by the surface roughness due to 
platinizing. It appears, however, that the form of the 
Leyich equation holds, since the values of k =  DS3/’- 
were relatively constant up to v/r.p.s. =  13.

2. Determination of the Rate of Ionization.—When 
the effect of diffusion is eliminated, the maximum ki
netic ionization current can be determined as a function 
of potential. The maximum kinetic current for a 
given potential, reached at infinite speed of rotation, 
can be determined as shown in Fig. 1, by drawing a 
straight line through the origin, tangent to the curves 
in the low potential region where diffusion has been 
eliminated. The slopes of the lines so obtained are a 
measure for the rate constants of the ionization process 
and the results are fisted in Table II.

Table II
Slopes of the P lots of Maximum K inetic Current vs. P oten

tial (ma./f./mv.)
,---------- Hî---------- . .---------- De---------- .

30° 50° 30° 50°
0.1 A KOH 1.9 2.2 1.0 1.10
1.0 A KOH 1.5 1.6 0.35 0.47
3.0  A KOH 0.33 0.70 .19 .27
5.0 A KOH 0.34 0.80 .23 .30

The maximum kinetic current for hydrogen ioniza
tion is greater than the deuterium current. The ratio

(12) “ The Solubility of Gases in Solution,” International Critical Tables. 
Vol. 3, McGraw-Hill Book Co., Inc., New York, N. Y., 1928. pp. 271-283.

(13) A. Seidell, “ Solubilities of Inorganic and Metal Organic Compounds,” 
4th Ed., Vol. 1, McGregor and Werner, Inc., Washington, D.C., 1958.

(14) V. V. Ipatiev and V. I. Tikhomirov, “ Diffusion of Gases Under 
Pressure,” J. Gen. Chem. USSR, 1, 736 (1931).

(15) W. Jost, “ Diffusion in Solids, Liquids, Gases,” Academic Press, Inc., 
New York, N. Y., 1952.

of the hydrogen current to that of deuterium in a 0.1 
A  KOH solution is 1.8 at 30° and 2.0 at 50° and for 5.0 
A  KOH solution it is 1.5 at 30° and 2.7 at 50°. With 
increasing temperature, therefore, the rate of hydrogen 
ionization increases faster than that of deuterium.

It should be pointed out again that the electrode 
areas are expressed in terms of the double layer capac
ity, and that the KOH concentration influences this 
capacity. If the capacities, as measured in each solu
tion by means of charging curves, were proportional to 
the active area of the electrode, the results could be 
interpreted readily, as above. If, however, the active 
electrode area remains constant, even though the 
double layer capacities differ in the various KOH 
solutions, the geometric surface area of the electrode 
must be used to calculate a current density figure. 
The ionization rate constant then is readily obtained 
from the plot of the actual current vs. potential.

Summary
The following conclusions can be drawn from the data.
1. In all experiments the rate of ionization for hy

drogen was greater than for deuterium, and a separation 
of the isotopes during the ionization process is possible.

2. The diffusion coefficient for hydrogen in 0.1 AT 
KOH is about 3.5 times greater than the deuterium 
coefficient. The ratio of hydrogen to deuterium dif
fusion coefficients in 5.0 A  KOH at 30° is 1.5. The 
corresponding ratios of diffusion coefficients for 0.1 
and 5.0 A  KOH at 50° are 3.3 and 1.4, respectively.

3. The diffusion coefficients for H2 decreased with 
increasing KOH concentration. The coefficient was 18.2 
X  10-r> cm.2/sec. for 0.1 A  KOH at 30° and decreased 
to 4.0 X  10-6 cm.2/sec. in 5.0 A  KOH. The coefficients 
at 50° were 23.7 X  KW5 cm.2/sec. in 0.1 A  KOH and
7.9 X 10-6 cm.2/sec. in 5.0 A  KOH.

4. The maximum kinetic current for the ionization 
of hydrogen is 1.8 times the deuterium kinetic ionization 
current in 0.1 A  KOH at 30° and the corresponding ratio 
at 50° is 2. For 5.0 A  KOH solutions at 30° the maxi
mum kinetic current ratio is about 1.5.

5. The limiting diffusion currents for deuterium were 
reached at smaller positive potentials, with respect to 
the reversible potential, than for hydrogen. This is 
due to the greater activation energy needed to ionize the 
deuterium molecule, and to the lower deuterium 
diffusion coefficient. Therefore hydrogen is ionized (in 
0.1 A  KOH solutions at 30°), in the range where the 
reaction is diffusion limited, three to four times faster 
than deuterium, even though the predicted maximum 
kinetic current ratio is only 1.8.

6. An increase in temperature from 30 to 50° 
increases the maximum kinetic currents for hydrogen 
or deuterium ionization. The rate of increase with 
temperature is greater for hydrogen than for deuterium, 
resulting in an increase in the ratio of the maximum 
kinetic currents at the higher temperature.
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Fast flow co-pyrolysis of p-xylene and CCU at low pressure affords a mixture having p-methylbenzyl chloride and 
|3,(3-dichloro-p-methylstyrene as its two major components. On the other hand, pyrolysis of p-xylene and carbon 
tetrachloride in separate ccaxial tubes to give two pyrolyzate streams that blend at a point beyond the furnace 
affords a mixture having p-methylbenzyl chloride and p-xylylene dichloride as its two major components. I t  was 
shown that the products are formed v i a  coupling of p-methylbenzyl radicals with chlorine and with trichloro- 
methyl radicals and v i a  reaction of p-xylylene with chlorine. The reactions of chlorocarbon radicals with p- 
xylene and hydrocarbon radicals with carbon tetrachloride in the quenched stream are relatively unimportant 
under the reaction conditions used in these experiments.
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Introduction
Szwarc2’3 has shown thatp-methyl benzyl radicals

(II) and p-xylylene (III) are formed sequentially when 
p-xylene is subjected to fast flow pyrolysis at low pres
sure.

CH3 ^ > C H3 -A

c h3- 0 ^ CH,  ch 2̂ Q = ch2

i i  h i

Attempts4-6 have been made to convert these re
active intermediates to mono- and difunctional deriva
tives by pyrolysis of p-xylene with other thermolabile 
compounds or by mixing a second gas stream with the 
fast flowing p-xylene pyrolyzate as it leaves the furnace. 
It was reported6 that “ of all the materials used, only 
iodine reacted to yield a definite identified product, 
viz., p-xylylene diiodide, in significant quantities.”  
p-Methylbenzyl halides, however, were isolated in small 
amounts when bromine and chlorine were used in lieu 
of iodine.5 In other cases, little or no polymer was 
produced, indicating that some form of interaction 
might have occurred with the p-methylbenzyl and 
p-xylylene intermediates, but no isolable species were 
reported.5

The co-pyrolysis of carbon tetrachloride with p- 
xylene was studied in our Laboratories and the present 
paper reports some of the positive results obtained 
in that investigation.

Results and Discussion
It was reported7 that fast flow pyrolysis of p-xylene 

at 1065°, 4 X 10-3 sec. residence time, and 4 mm. pres
sure converts 14% of the feed stock per pass to p- 
methylbenzyl radicals (II), about 80% of which are 
isolated as p-xylylene (III). When carbon tetra
chloride was subjected to fast flow pyrolysis at about 
these same conditions, Cl2, C2CI6, C2C14, and CeCh 
were isolated as the major products as shown in Table I.

(1) This work was carried out in the laboratories of the M. W. Kellogg 
Co. The data were acquired by Minnesota Mining and Mfg. Co. with the 
purchase of the Chemical Manufacturing Division of the M. W• Kellogg Co. 
in March, 1957.

(2) M. Szwarc, J. Chem. Phys., 16, 128 (1948).
(3) M. Levy, M. Szwarc, and J. Thrussell, ibid., 22, 1904 (1954).
(4) M. Szwarc, J. Polymer Sci., 6, 319 (1951).
(5) L. A. Auspos, L. A. R. Hall, J. K. Hubbard, W. Kirk, Jr., J. R. 

Schaefgen, and S. B. Speck, ibid., 15, 9 (1955).
(6) J. R. Schaefgen, ibid., 15, 203 (1955).
(7) L. A. Errede ana J. P. Cassidy, J. Am. Chem. S o c . , 82, 3653 (1960).

These data are consistent with a stepwise formation 
of C6C16 from CC14 via reactions 1 to 4. A similar 
reaction scheme was postulated8’9 to account for the 
formation of C6F6 via pyrolysis of CFBr3.

C C h ^ A C C L - +  Cl- (1)

2CC13- CCI3CCI3 (2)

CCI3CCI3 CC12=CC12 +  Cl2 (3)

3CCl2=CC]2 — > C6C16 +  3C12 (4)

It has been shown by Dainton and Ivin10 that pyroly
sis of hexachloroethane leads to the formation of tetra- 
chloroethylene in good yield; and it was shown in our 
Laboratory that appreciable amounts of hexachloro- 
benzene are produced when tetrachloroethylene is 
subjected to the relatively mild conditions of fast 
flow pyrolysis (Table I). Moreover, carbon tetra-

T able I
P yrolysis of Chlorocarbons

% Carbon atoms ol feed stock
✓---------------isolated as-------------

Feed /■—Pyrolysis conditions—' CC1,- CC1,=
stock T. °C. t 4aeo.) P (mm.) e cu CCls CCl! C.Cle

e c u 1005 0.003 2 73 7 20 0
e c u 1000 .005 4 48 0 45 0.6
e c u 1000 .015 10 14
e c u 1000 .03 30 49
c a t e c ù 1005 .01 3 55 39
chloride was converted to hexachlorobenzene in high 
conversion by increasing the severity of the pyrolysis 
conditions. These experiments demonstrate that 
thermal degradation of carbon tetrachloride is more 
facile than that of p-xylene under the same pyrolysis 
conditions. This is consistent with the relative bond 
strengths of the weakest links in the respective molecu
lar structures [D(CCl3— Cl) =  69 kcal.; 7)(CIT3- 
C6H4CH2—H) =  77 kcal.].11 Hence we were reason
ably sure that co-pyrolysis of p-xylene with CC14 
would afford a more than adequate amount of chlorine 
and chlorocarbon radical fragments (via reaction 1) to 
accommodate the hydrocarbon radicals produced from 
p-xylene.

Accordingly, an approximately equimolar gas mix
ture of p-xylene and carbon tetrachloride was pyrolyzed

(8) Y. Desirant, Bull. Classe Sci., Acad. Roy. Belg., [5] 41, 759 (1955).
(9) M. Heilman, E. Peters, W. J. Plummer, and L. A. Wall, J. Am. Chem. 

Soc., 79, 5654 (1957).
(10) P. S. Dainton and K. J. Ivin, Trans. Faraday Soc., 46, 295 (1950).
(11) L .  A . Errede, J. Phys. Chem., 64, 1031 (1960).
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T able II
T iie  P y r o l y sis  o f  p - X y l e n e  an d  C a r b o n  T e t r a c h l o r id e  a t  1000° an d  5 m m . fo r  0.005 Se c ."

.-------------- --------- % Conversion to interaction products'1
Pyrolysis Non-pyrolyzed Blend p-Xylene to v - v - v -
stream quench stream point8 CCL ratioc CII,CsH4CH=CCl2 c m c e in c m c i c ic m c e H ic m c i Others

p-Xylene and CCL, None — 20 l / i . i 3.7 4.7 0 3.2e
p-Xylene and CCfi None 4.5 1/1.2 0 5.4 1.5 3 . 9 f

p-Xylene e c u 4.5 1/0.65 0 0 0 0
CC14 p-Xylene 4.5 1/0.32 0 0.03 0 0.04'*

a These conditions are known to cause 11% conversion of p-xylene to p-methylbenzyl radicals (L. A. Errede and F. DeMaria, J .  P h y s .  
C h e m . ,  6 6 ,  2664 (1962)) which are isolated subsequently as various products.7 6 Blend point in inches away from the end of the pyrolysis 
zone. c Molar ratio. d Based on moles of p-xylene metered to the system. e Calculated as p-xylyl equivalents with 0.7 Cl atom per 
unit. Average molecular weight was 631; % Cl =  17.2. Infrared spectrum indicated this product to be a mixture of alkylated aro
matics. ?  Calculated as p-xylyl equivalents as (CsH6Clo.7)n having an average molecular weight of c a .  2000. 3 Five % isolated as
poly-(p-xylylene) and 5% as the usual low molecular weight products of p-xylene pyrolysis.7 h 2-Chloro-p-xylene.
at 1005°, 0.003 sec. residence time, and 5 mm. pres
sure. Poly-(p-xylylene) was not obtained in the 
condensate nor was it possible to isolate any difunc
tional derivative of p-xylylene, such as p-xylylene 
dichloride, despite all efforts to do so. On the other 
hand, p-methylbenzyl chloride (IV) and /?,/3-dichloro- 
p-methylstyrene (VI) were isolated in about equal 
amounts as the major products (see Table II). p- 
Methylbenzyl chloride (IV) would form via reaction 
of p-methylbenzyl radical with chlorine or chlorine 
atoms; /3,/3-dichloro-p-methylstyrene (VI) could form 
via coupling of p-methylbenzyl radical with trichloro- 
methyl radical to afford the corresponding /3,/3,/3- 
trichloroethyltoluene (V) which then could split out 
HC1. The d,d-dicMoro-p-methylstyrene was identified

by elementary analysis, n.m.r., infrared spectral 
analysis, and by oxidation to p-toluic acid as described 
in the Experimental section.

Apparently, coupling with chlorine and trichloro- 
methyl radicals occurred faster than dehydrogenation 
of p-methylbenzyl radicals to afford p-xylylene, since no 
difunctional derivative of the latter intermediate was 
isolated. It was speculated that difunctional deriva
tives might be obtained if the compounds were py- 
rolyzed in separate gas streams and then made to 
blend after a sufficient time was allowed for p-xylylene 
molecules to form in the hydrocarbon stream.

Accordingly, p-xylene and carbon tetrachloride 
were pyrolyzed in concentric tubes at 1000° and the 
resultant pyrolyzates were mixed downstream. The 
more thermolabile chlorocarbon was metered through 
the inner tube and the hydrocarbon through the outer 
tube. Confluence was allowed to occur at a point 4.5 
in. beyond the pyrolysis zone and the resultant gas 
mixture was condensed in hexane kept at —78°. 
Again no polymer was formed, but this time the major 
products of interaction were p-methylbenzyl chloride
(IV) and p-xylylene dichloride (VIII). No /3,/3,/3- 
trichloroethyltoluene nor bis-trichloromethyl-p-xylyl- 
ene was isolated, indicating that the trichloromethyl

radicals had been consumed in the chlorocarbon stream 
via reactions 1 and 2 before mixing had occurred. The 
isolation of p-xylylene dichloride, however, indicated 
that p-xylylene might have formed in the hydrocarbon 
stream after it left the pyrolysis zone and then reacted 
with Cb at the blend point.

CH2=<(Z )=CH2 C1CH2̂ ( 3 ~ CH2CI (5)

It was probable that some of the products of inter
action might have formed by attack of hydrocarbon 
radicals on carbon tetrachloride or by attack of Cl2 
and CC13- on p-xylene. To check this possibility, 
a stream of p-xylene was pyrolyzed in the usual way 
and then mixed with a stream of non-pyrolyzed carbon 
tetrachloride at the same blend point used in the pre
vious experiments. The confluent stream was col
lected at —78° in a cold solvent. The resultant solu
tion was warmed to room temperature and poly- 
(p-xylylene) was obtained in good yield as described 
previously.12-18 Neither the polymer nor the low 
molecular weight products of p-xylene pyrolysis7 
contained chlorine, indicating that little or no inter
action of the pyrolyzed hydrocarbon stream occurred 
with non-pyrolyzed CCI4.

In the next experiment, a stream of carbon tetra
chloride was pyrolyzed and then mixed with a large 
excess of non-pyrolyzed p-xylene at the same blend 
point. A considerable amount of the usual products 
of C C I 4  pyrolysis was isolated but only minute amounts 
of p-methylbenzyl chloride and 2-chlcro-p-xylene were 
obtained, indicating that very little interaction (rel
ative to co-pyrolysis) of the two gas streams had oc
curred. Actually, the traces of p-methylbenzyl chlo
ride and 2-chloro-p-xylene isolated in this experiment 
may have formed in solution when the condensate rich 
in p-xylene and chlorine was warmed from —78° to 
room temperature.

These results (summarized in Table II) indicate that 
the products of interaction were produced almost 
entirely by coupling of the radical fragments. It ap
peared probable that the pyrolyzed hydrocarbon and 
chlorocarbon streams were serving one another as 
mutual radical quenches. These results suggested 
that this technique might be used to help elucidate 
the mechanism of p-xylylene formation from p-methyl
benzyl radicals as described in another publication 14

(12) L. A. Errede and B. F. Landrum, J. Am. Chem. Soc., 79, 4952 (1957).
(13) L. A. Errede, R. S. Gregorian, and J. M. Iioyt, ibid., 82, 5218 

(1960).
(14) L. A. Errede and J. P. Cassidy, J. Phys. Chem., 67, 73 (1963).
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Experimental
Pyrolysis of CCh.—Pyrolysis of carbon tetrachloride was 

carried out using the apparatus shown in Fig. 1 of ref. 12 ac
cording to the procedure described previously for the pyrolysis 
of p-xylene.7' 12' 13 The system was evacuated to the desired 
pressure and the furnace was adjusted to afford the desired maxi
mum temperature and temperature profile. About 10 moles of 
carbon tetrachloride was metered at the rate of c a .  0.04 mole/min. 
to the evacuated system through a calibrated capillary. Pyroly
sis occurred in a 1 -in. i.d. quartz tube. The pyrolysis zone 
(*.«., the distance along the tube through which the gas was no 
less than 50° below its maximum temperature) was about 5 in. 
long. The pyrolyzate was collected in heptane (3 1.) kept a t 
— 78° so that the chlorine condensed therein would be converted 
to chloroheptanes. A smaller liquid nhrogen trap was used in 
series with the large Dry Ice trap. At the end of the pyrolysis, 
the cold traps were warmed to room temperature. The result
ant solutions were combined. The solvent and volatile product 
of pyrolysis were separated by distillation a t atmospheric pres
sure to afford four fractions: (1) b.p. 77-117°; (2) b.p. 117— 
127°; (3) b.p. 140-148°; and (4) residue. Fractions 1 to 3 
were analyzed by means of a mass spectrometer. Fraction 1 was 
a mixture of n-heptane, tetrachloroethane, and carbon tetra
chloride. Fraction 2 was essentially all tetrachloroethane, and 
fraction 3 was a mixture of chloroheptanes. The residue was a 
mixture of hexachloroethane and hexachlorobenzene. The 
former was separated from the latter by leaching the residue 
with methanol. Hexachloroethane crystallized in the form of 
white platelets (m.p. 181-183°) from the hot concentrated 
alcohol extract.

A n a l .  Calcd. for C2C16: C, 10.15; Cl, 89.84; mol. wt. 236.8. 
Found: C, 10.14; Cl, 90.1; mol. wt. 221.

The methanol insoluble residue was recrystallized from hot 
CCI4 and hexachlorobenzene was obtained in the form of fine 
white needles (m.p. 224-226°).

A n a l .  Calcd. for C6C16: C, 25.29; Cl, 74.69; mol. wt. 284.8. 
Found: C, 25.19; Cl, 74.36; mol. wt. 269.

Pyrolyses were repeated at 2, 4, 10, and 30 mm. pressures and 
the data are summarized in Table I. Although the amount of 
chloroheptanes obtained in these experiments indicated that 
most of the chlorine produced pyrclytically was converted to 
chloroheptanes and HC1 in the condenser, the results were by 
no means quantitative. Hence, one pyrolysis was repeated 
at 1000°, 4 mm. pressure, and 0.005 sec. residence time and the 
pyrolyzate of CCI4 (10  moles) was collected in a one to one mix
ture of CCI4 and HCCla kept at —78°. The cold traps ( —78° 
and —190°) were warmed to room temperature and the chlorine 
contained therein was passed through an aqueous solution of 
K I. A slow stream of N2 was used to remove the last traces of 
CI2 from the cold traps and this gas stream was led into a fresh 
KI solution. A total of 4.9 moles of I2 was liberated as de
termined by titration with sodium thiosulfate. This amount 
represents about 25% of the chlorine metered to the system as 
CCI4 , which agrees well with the amount of Cl2 anticipated (24%) 
from products isolated in previous similar runs.

Pyrolysis of Tetrachloroethylene.—Tetrachloroethylene (1.54 
moles) was metered a t the rate of 0.009 mole/min. to the pyrol
ysis system evacuated to 3.3 mm. The gas stream was pyro- 
lyzed at 1005° for 0.014 sec. residence time in the pyrolysis zone 
of the 1 -in. i.d. quartz tube and the pyrolyzate was condensed 
in a Dry Ice-acetone trap. The condensate was separated by 
distillation at atmospheric pressure and 0.86  mole of C2Cl4 was 
recovered, leaving 0 .1 2  mole of non-volatile impure hexachloro
benzene (m.p. 205-215°) which after one recrystallization from 
hexane was obtained as fine white needles (m.p. 222-224°).

Co-pyrolysis of p-Xylene and Carbon Tetrachloride.—p -  
Xylene (12.1 moles) and carbon tetrachloride (13.9 moles) were 
metered to the pyrolysis system through separate calibrated 
capillaries at the rate of 0.035 and 0.D40 mole/min., respectively. 
The two gas streams were mixed within the 1-in. i.d. quartz tube 
where co-pyrolysis occurred a t 1005° and 4.7 mm. for 0.003 
sec. residence time. The pyrolyzate was collected in 4.0 1. of 
hexane kept at —78°. The resultant solution was warmed to 
room temperature. No polymer formed, indicating the absence 
of any residual p-xylylene in the gas stream when it reached 
the condenser. The solvent of the clear solution was removed 
by rapid evaporation at 60 mm. and 10 0° in a solvent evaporator. 
The liquid was metered through the top of the evacuated ap
paratus. The volatile components were vaporized as the liquor

cascaded down the steam heated column, and were removed 
through an overhead side arm. The non-volatile components 
were collected in a receiving flask a t the bottom of the reactor. 
A previous trial run using a synthetic mixture showed that 
virtually all the hexane and xylene are removed in this way with 
only a negligible loss (<1% ) of p-methylbenzyl chloride, /3,/3- 
dichloro-p-methylstyrene, and p-xylylene chloride. The last 
traces of p-xylene were removed by evaporation under a stream 
of N2. The residue (291 g.) was a dark oil that contained 28.6% 
chlorine. This was dissolved in 1 1. of hexane and the resulting 
solution was chilled to —78° in an attempt to cause precipitation 
of any p-xylylene dichloride that might have been present. No 
precipitate was obtained, indicating tha t very little if any of this 
compound was present since the solubility of p-xyljdene dichlo
ride in 1 1. of similar solutions at —78° is less than 1 g. The 
hexane was removed by evaporation and the residue was sepa
rated by distillation at 1.0 mm. pressure. Four major fractions 
were obtained: (1) 80 g., amber oil, b.p. 40-46°; m.p. —2° to 
0°; (2) 82 g„ b.p. 65-79°; m.p. 28-30°; (3) 39 g„ amber oil, 
b.p. 100-120°; and (4) 50 g., residue which did not distil below 
200°.

Fraction 1 gave a strong positive test for active halogen using 
alcoholic AgNCb. The infrared spectrum of this fraction was 
about the same as tha t of p-methylbenzyl chloride (IV) and this 
assignment was supported by elementary analysis.

A n a l .  Calcd. for C8H9C1: C, 68.38; H, 6.40; Cl, 25.26; 
mol. wt. 140.5. Found: C, 68.7; H, 5.82; Cl, 25.3; mol. wt. 
141.

A sample of the chloride was converted to the corresponding 
nitrile by treatment with NaCN in methanol-water solution. 
Subsequent hydrolysis and acidification yielded p-tolylacetic 
acid which, after one recrystallization from hexane was obtained 
in the form of white flat needles (m.p. 86- 88°; no depression 
when mixed with authentic sample).

Fraction 2 was recrystallized from MeOH at —78° and 0 ,fS -  
dichloro-p-methylstyrene (VI) was obtained in the form of tiny 
white platelets (m.p. 32.0-32.5°) having a characteristic licorice
like odor. The assigned structure was verified by its infrared 
spectra in Nujol (strong bands a t 6.23, 7.90, 11.07, 11.60, 12.00, 
12.47, 13.25, 14.13, and 14.85 p ) ,  n.m.r. spectrum [r values 
7.68 for CH3, 3.25 for olefinic CH, 2.63 and 2.90 (A-B type peak) 
for aromatic CH], and by elemental analysis.

A n a l .  Calcd. for C9H8C12: C, 57.77; H, 4.33; Cl, 37.90; 
mol. wt. 187.1. Found: C, 57.5; H, 4.01; Cl, 38.0; mol. 
wt. 184.

A sample of the compound was oxidized by KMnCh in acetone 
to give p-toluic acid (m.p. 176-177°; no depression when 
mixed with authentic sample).

Fraction 3 was dissolved in methanol and chilled to —78°, 
causing 13 g. of 1,2-di-p-tolylethane to crystallize from solution 
in the form of white platelets (m.p. 74-76°, no depression when 
mixed with authentic sample). The infrared spectrum of this 
product was identical with that of an authentic sample.7 The 
methanol mother liquor was evaporated to constant weight 
(26 g.) and the residue was redistilled under vacuum. The 
infrared spectrum of the distillate indicated that this was a mix
ture composed mostly of alkylated diphenylmethanes7 with a 
small amount of 1,4-di-p-tolylethane. A routine qualitative 
test for chlorine (sodium fusion followed by AgN03) indicated 
the presence of chlorine in only trace amounts.

Fraction 4 was not separated further. The infrared spectra 
of this fraction indicated tha t it was a complex mixture of 
alkylated aromatics. The average molecular weight was 631, 
as determined by freezing point depression of cyclohexane, and 
it contained 17.2% chlorine, which corresponds roughly to about 
0.6  chlorine atom per xylyl unit.

In summary, co-pyrolysis of 12.1 moles of p-xylene and 13.9 
moles of CCI4 gave 0.57 mole of p-methyibenzyl chloride, 0.44 
mole of (¡,|S-dichloro-p-methyIstyrene, 0.35 mole of p-methyl- 
benzyl equivalents isolated as 1,4-di-p-tolylethane or diphenyl
methanes, and 0.40 mole of p-methylbenzyl equivalents isolated 
as ill-defined partially chlorinated non-distillable residue.

Pyrolysis of p-Xylene and Carbon Tetrachloride in Separate 
Coaxial Streams.—The pyrolysis system shown in Fig. 1 of ref. 
12  was modified such that the internal thermowell (no. 17) was 
replaced by an open quartz tube (3-mm. i.d., 7-mm. o.d.) 
through which the chlorocarbon stream was metered for pyrolysis. 
The temperature was measured by an external thermocouple 
tha t traveled parallel to the quartz pyrolysis tube between the 
tube and the furnace. The open end of the inner tube extended
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1.5 in. beyond the furnace to a point where the temperature 
was about 600°, a t a point 4.5 in. beyond the pyrolysis zone 
where the temperature was above 990 to 1040° a t its center. 
The system was evacuated to 4.5 mm. and p-xylene (7.6 moles) 
was metered through the outer concentric tube a t the rate of 
0.032 mole/min., while carbon tetrachloride (8.8 moles) was 
metered through the inner concentric tube at the rate 0.037 mole/ 
min. Pyrolysis occurred independently in the two concentric 
tubes for 5 X 10-8 and 4 X 10-4 sec. residence time, respectively, 
and confluence occurred a t the blend point 1 in. beyond the 
furnace, where the temperature was about 600°. The resultant 
gas mixture was collected in 4 1. of hexane kept at —78° (no. 
7). The resultant solution was warmed to room temperature 
and the excess solvent was removed by rapid evaporation at 60 
mm. pressure and 100° as described previously, and the non
volatile products of interaction were collected as residue. The 
pyrolysis experiment was repeated three more times so that totals 
of 30.5 moles of p-xylene and 35.2 moles of CCU were passed 
through the outer and inner concentric tubes, respectively, to 
afford a total of 684 g. of non-volatile mixture of reaction products.

The residues were combined and then dissolved in 3.4 1. of 
hexane. The resultant solution was chilled to —78° and p- 
xylylene dichloride (77 g.) precipitated in the form of grayish 
crystals (m.p. 90-95°). A sample was recrystallized from meth
anol to afford this compound as white crystals tha t melted at 
95-97°. The compound was characterized further by reaction 
with NaCN in aqueous ethanol to give p-xylylene dicyanide 
(m.p. 95.5-96.5°). The dicyanide then was hydrolyzed in 
aqueous NaOH to the salt of p-phenylenediaeetic acid. Acidi
fication with mineral acid afforded the free acid (m.p. 243-245°). 
The melting points and infrared spectra of the p-xylylene di- 
chloride and its subsequent derivatives were identical with those 
of authentic samples.

The hexane mother liquor from which p-xylylene dichloride 
was removed by filtration was evaporated to dryness under a 
stream of nitrogen. The residue was separated by distillation 
a t 1.5 mm. and the following fractions were isolated: (1) 231 
g. of p-methylbenzyl chloride, b.p. 54-60°, m.p. —2 to 0°; 
(2) 5 g. of amber oil, b.p. 85-100°. The sample was dissolved 
in hot methanol and then chilled to room temperature to afford 
1.1 g. of p-xylylene dichloride, m.p. 97-98°. The solute in the 
mother liquor was recovered by evaporation to dryness. The 
infrared spectrum of this residue indicated tha t it was mostly 
a mixture of diarylmethanes and 1,2-di-p-tolylethane. (3) 
An amber oil (154 g.), b.p. 100-126° a t 1-2 mm. This oil was 
dissolved in methanol and chilled to —78° to afford 20 g. of di-p- 
tolylethane (m.p. 74-76°). The solute was recovered from the 
mother liquor by evaporation to dryness. The amber residue 
was the usual mixture of diarylmethanes and 1,2-di-p-tolyl
ethane.7 (4) A non-distillable residue (150 g.). The elemental 
analysis (19.1% Cl; 4.70% H; and 74.8% C) of this fraction 
corresponds to an average empirical formula of (C8H6Cl0.7)n. 
Its average molecular weight was c a .  2000. An attempt was 
made to separate the dark oily residue by liquid chromatography 
using a 6-ft. column filled with 4 lb. of A120 3. The column was 
developed with hexane as described previously.7 Ill-defined tars 
were obtained in each eluted fraction and only trace amounts 
of cyclic-tri-p-xylylene and l,4-bis-(2-p-tolylethyl)-benzene were isolated.

Thus the pyrolysis of 30.5 moles of p-xylene and 35.2 moles of 
CCb in two concentric streams that blended at a point 4.5 in.

beyond the pyrolysis zone produced 1.65 moles of p-methyl
benzyl chloride, 0.45 mole of p-xylylene dichloride, 1.46 moles 
of p-methylbenzyl equivalents isolated as diarylmethanes and 
1,2-di-p-tolylethane, and 1.18 moles of ill-defined non-volatile 
residue whose average empirical formula was (CshhClor)».Pyrolyzed CC14 Quenched with Non-pyrolyzed p-Xylene.— 
The pyrolysis system shown in Fig. 1 of ref. 12 was modified 
such tha t manometer 8 and stopcock 9 were replaced by a 7 
mm. quartz tube that extended to within 1 in. of the furnace. 
Provisions were made so that p-xylene could be metered into the 
system through this tube. The system was evacuated to 10 mm. 
and 1.8 moles of CC14 was metered to the system through vapor
izer no. 15, at the rate of 0.026 mole/min., while 5.6 moles of 
p-xylene was being metered to the system at the other end at the 
rate of 0.08 mole/min. Pyrolysis of CCI4 occurred a t 1000° for 
0.015 sec. and the chlorocarbon pyrolyzate was quenched with 
non-pyrolyzed p-xylene a t a point 4.5 in. away from the pyroly
sis zone. The gas mixture was collected in cold ( — 78°) heptane 
(41.). The resulting solution was warmed to room temperature 
and the excess solvent was separated by rapid evaporation at 
60 mm. and 100° as described previously to afford 32 g. of non
volatile residue. This residue was dissolved in hot methanol 
and hexachlorobenzene (19 g.) crystallized in the form of white 
needles (m.p. 205-210°) when the solution was cooled to room 
temperature. The methanol mother liquor was separated by 
distillation a t 1.5 mm. to give 5 g. of distillate (b.p. 50-70°) 
which was a mixture of p-methylbenzyl chloride ( c a .  2 g.) and 
2-chloro-p-xylene ( c a .  3 g.) as indicated by infrared analysis and 
mass spectrometric analysis. The non-voiatile residue (5 g., 
b.p. >  100° a t 1.5 mm.) was essentially hexachlorobenzene as 
indicated by its infrared spectrum.

Pyrolyzed p-Xylene Quenched with Non-pyrolyzed CC14.— 
The pyrolysis system shown in Fig. 1 of ref. 12 was modified as 
described previously for the pyrolysis of CC14 and subsequent 
quench with non-pyrolyzed p-xylene. The system was evacu
ated to 4.5 mm. p-Xylene (6.4 moles) was metered a t the rate
0. 035 mole/min. into the system and pyrolyzed at 1100° for 6 X 
10 ~3 sec. The hydrocarbon pyrolyzate was quenched a t a point 
4.5 in. away from the pyrolysis zone with non-pyrolyzed CCb 
entering (at 0.023 mole/min.) through the inlet at the other end 
of the pyrolysis system. The gas mixture was collected in 3.5
1. of hexane kept a t —78°. The resulting clear solution was 
warmed to room temperature and poly-(p-xylene) precipitated 
throughout the flask. This was removed by filtration to give 
33 g. of dry polymer that contained no chlorine. The solvent 
of the mother liquor was separated by rapid evaporation at 
60 mm. and 100° as described previously. The non-volatile 
residue (29 g.) also contained no chlorine and was a mixture of 
the usual products of p-xylene pyrolysis7 as indicated by infrared 
analysis. The distillate was a mixture of hexane, carbon 
tetrachloride, p-xylene, and some toluene, as indicated by in
frared analysis.
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T H E  C H E M I S T R Y  O F  X Y L Y L E N E S . X V I I .  T H E  M E C H A N I S M  F O R  F O R M A T I O N
O F  X Y L Y L E N E S  I N  G A S  P H A S E

B y  L. A. Errede and J. P. Cassidy

C o n t r i b u t i o n  N o .  2 2 8  f r o m  t h e  C e n t r a l  R e s e a r c h  L a b o r a t o r i e s  o f  th e  M i n n e s o t a  M i n i n g  a n d  M a n u f a c t u r i n g  C o m p a n y S t .  P a u l ,  M i n n .

R e c e i v e d  M a y  2 3 ,  1 9 6 2

Fast flow co-pyrolysis of p-xylene and carbon tetrachloride at low pressure was used to elucidate the mechanism 
for conversion of p-xylene to p-xylylene. I t  was demonstrated that p-methylbenzyl radicals are converted cata- 
lytically to p-xylylene as the hydrocarbon gas stream travels away from the furnace. Each p-xylylene molecule 
is formed from one p-methylbenzyl radical and not v i a  collision and disproportionation of two radicals as hereto
fore believed. The catalyst for dehydrogenation of p-methylbenzyl radicals is the carbonized material deposited 
along the post-pyrolysis zone of the pyrolysis system. Coupling to give 1,2-di-p-tolylethane is a homogeneous 
second-order reaction that competes with dehydrogenation. The ratio of p-xylylene to 1,2-di-p-tolylethane 
produced v i a  these two reactions increases with increase in catalyst surface and decreases with increase in pres
sure. The half-life of the p-methylbenzyl radicals in the hydrocarbon stream was about 0.01 sec. In contrast, 
trichloromethyl radicals disappeared completely from the chlorocarbon stream within 0.002 sec. after leaving 
the pyrolysis zone.
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Introduction
In the preceding paper2 of this series, it was reported 

that fast flow co-pyrolysis of p-xylene and carbon tetra
chloride at low pressure yielded a pyrolyzate having p- 
methylbenzyl chloride and /?,/3-d:chloro-p-methylsty- 
rene as two major components. On the other hand, 
p-methylbenzyl chloride and p-xylylene dichloride were 
the two major products of interaction when p-xylene and 
carbon tetrachloride were pyrolyzed in separate co
axial tubes and the two streams were allowed to blend 
at a point one inch beyond the furnace. No products 
of interaction were produced in significant amount 
when the pyrolyzed stream of one was allowed to 
blend with an unpyrolyzed stream of the other, proving 
that the chlorohydrocarbons isolated were produced 
primarily via coupling of the radical fragments. These 
results suggested that p-xylylene might be produced in 
the hydrocarbon gas stream as the pyrolyzate traveled 
away from the furnace. It was reasoned that a 
systematic study of the product distribution as a func
tion of blend point might help elucidate the mechanism 
whereby p-methylbenzyl radicals are converted to p- 
xylylene.

Szwarc has shown unequivocally that thermal 
rupture of the C-H  bond of p-xylene to give a p- 
methylbenzyl radical and a hydrogen atom is a first- 
order homogeneous gas phase reaction.3 Subsequent 
reaction of the hydrogen atom with p-xylene gives 
another p-methylbenzyl radical and molecular hydro
gen.

CH3-C3~CH'’ CH3~̂ 3“CH;r + H' (1)
H- + —  C H s ^ J - C H ,  + (2)

H2
Szwarc postulated that p-methylbenzyl radicals 

are converted to p-xylylene in one of two ways, namely, 
via disproportionation (3) and/or decomposition (4).

Reaction 4 as written leads to a chain reaction. 
The work of Szwarc, however, had shown that the

(1) This work was carried out in the laboratories of the M. W. Kellogg 
Co. The data were acquired by the Minnesota Mining and Mfg. Co. with 
the purchase of the Chemical Manufacturing Division of the M. W. Kellogg 
Co. in March, 1957.

(2) L. A. Errede and J. P. Cassidy, .7. Phys. Chem., 67, 69 (1963).
(3) M. Szwarc, Discussions Faraday Soc., 2, 46 (1947).

2CH 3— — C H 2- — -

C H 2= < ^ ) = C H 2 +  C H 3H ^ ) - C H 3  (3)

C H 3^ > C H ,  —  C H 2^ > C H ,  +  H- (4)

pyrolysis of xylenes does not involve a chain mechanism. 
Furthermore, the results of kinetic studies3'4 appeared 
to favor reaction 3. Consequently, it was concluded 
tentatively that under the usual conditions of fast 
flow pyrolysis, p-xylylene was formed primarily via 
reaction 3. This conclusion was supported by the 
observation that fast flow pyrolysis of 1,2-bis-p- 
tolylethane gave, among other products, p-xylylene 
and p-xylene in about equal amounts.5-6

Results and Discussion
If it is assumed that p-methylbenzyl radicals are 

converted to p-xylylene in the gas phase via dispro
portionation as indicated in reaction 3, then it follows 
that the concentration of reactive species (i.e., p- 
methylbenzyl radicals plus p-xylylene) should de
crease as the gas stream travels away from the furnace. 
Hence, the yield of chlorocarbons obtained by quench
ing this hydrocarbon stream with a gas stream of 
chlorocarbon radicals should decrease as the blend 
point is moved farther into the post-pyrolysis zone.

Accordingly, fast flowing gas streams of p-xylene 
and carbon tetrachloride were pyrolyzed in separate 
concentric tubes, as shown schematically in Fig. 1. 
The two streams were made to blend at a fixed point 
having the temperature indicated by the temperature 
profile shown directly below the diagram of the pyrol
ysis system. At a point 3 ft. beyond the furnace, 
the resulting gas stream was collected in hexane kept 
at —78°. Much of the chlorine generated in this re
action was condensed in the second cold trap cooled 
by liquid nitrogen. The reaction products were sepa
rated as described in detail in our preceding publica
tion.2 A series of these coaxial pyrolyses was carried 
out at approximately the same temperature and resi
dence time. In successive experiments the two gas 
streams were mixed at —4.5, —2.5, 0.5, 1.5, 3.5, 4.5,

(4) M. Levy, M. Szwarc, and J. Throssell, J. Chem. Phys., 22, 1904 
(1954).

(5) J . R. Schaefgen, J. Polymer Sci., 15, 230 (1955).
(6) L. A. Errede and J. P. Cassidy, J. Am. Chem. Soc., 82, 3653 (1960).
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Reaction conditions
Pyrolysis temp., °C. 1030 10 20 1000 10 10 1000 1040 1030 1030
Residence time, 10-3  sec. 6 6 6 6 6 5 6 8
Blend point,“ in. - 4 . 5 -  2.5 0.5 1.5 3.5 4.5 7.5 10.5
Temp, of blend point 1030 10 20 990 950 700 600 400 300
Moles p-xylene used 1 2 . 1 9.2 1 1 . 1 8.3 18.5 30.6 7.18 5.75
Moles CCh used 13.9 7.3 1 2 .0 5.6 25.4 35.6 9.00 7.27

Products isolated (moles)
p-ClCH2C6H4CH2Cl 0 0 0 0.04 0.15 0.45 0.25 0.33
p-CH3C6H4CH2Cl 0.57 0.30 0 .2 0 .34 .74 1.65 .38 .23
p -c h 3c 6h 4c h = c c i2 .44 .26 .13 .05 0 0 0 0
(C effi)/ .37 .2 2 .16 .2 1 0.38 1.51 0 .2 2 0.32
(O ffic io .,) „ .  0. / .39 .32 .37 .24 .39 1.18 .17 .13

Sum total xylyl units 1.77 1 . 1 0 0 .8 6 0 .8 8 1 .6 6 4.79 1 .0 2 1 . 0 1

%  yield" 15 12 8 1 1 9 16 14 18
Expected yield" 13 10 7 9 7 15 13 16

Point of mixing measured in inches away from pyrolysis zone (see Fig. 1). 4 Mixture of 1,2-di-p-tolylethano and methylated
phenylmethane. c Residue isolated as decomposition products formed during separation by vacuum distillation. a Moles of p-xylyl 
equivalents isolated X 100 moles of p-xylene pyrolyzed. e Based on p-xylene pyrolysis data that related conversion of p-xylene to 
p-methylbenzyl radicals as a function of temperature and residence time7 (see eq. 5, 6, and 7).

P y r o l y s is  Sy s t e m  c  =  At exp ( - s o  (5)

where t is the residence tim e in  seconds, and A and B 
are tem perature dependent variables given b y

A =  2.6 X  1015 exp( — 83/RT) (6 )

B =  8.5 X  1014 exp ( — 80/A T )  (7)

These results prove th at eq. 3 does not represent the 
mechanism fo r conversion of p -m ethylben zyl radicals 
to  p -xy ly le n e , since th is equation requires th a t the 
am ount of in teraction  products decrease as the quench 
po in t is m oved fa rther away from  the p yro lys is  zone.

I t  also was shown7 th a t the u ltim ate d is trib u tion  of 
products from  fast flow  p yro lys is  of p -xylen e  does not 
change appreciably as conversion increases at the same 
reaction pressure. I f  it  is assumed th a t th is also is 
true in  co -p yro lysis, the data given in  Ta b le  I  can be used 
to  calculate the num ber of moles of each com ponent 
th a t w ould be isolated when 1 0  moles of p -xylen e  are 
p yro lyzed  to give 1  mole of p -m eth ylb en zyl radicals 
fo r in teraction  w ith  the chlorocarbon radicals. A c 
cord ingly, the data in  Ta b le  I  were recalculated to 
determ ine the yie ld  of in d iv id u a l reaction products 
a t 1 0 %  conversion of p -xylene, and the results are sum
m arized in  F ig . 2.

T h is  diagram  shows a continuous change in  product 
d istribu tion  as a function of blend po in t. N o  p - 
xyly le n e  d eriva tive  was isolated u n til the blend p o in t of 
the tw o p yro lysis  streams was outside the p yro lys is  
zone; thereafter, the am ount of p -xy ly le n e  dichloride 
isolated increased lin e a rly w ith  distance aw ay from  the 
p yro lys is  zone. These results dem onstrate clearly 
th a t p -xy ly le n e  is form ed as the pyro lyza te  streams 
aw ay from  the furnace. A p p a ren tly any p -xy ly le n e  
th a t m ight form  in  the p yro lys is  zone is destroyed be
fore it  can couple w ith  chlorine or chlorocarbon radicals 
to  give stable compounds. F o r exam ple, p -xy ly le n e  
produced in  the p yro lys is  zone could rearrange to 
cyclooctatetraene, w hich in  tu rn  is known to undergo

(7) L. A. Errede and F. DeMaria, J . P h y s .  C h em ., 6G, 2664 (1962).
(8) E. J. Prosen, W. H .  Johnson, and F. D. Rossini, J . A m . C h em . S oc . 

69, 2068 (1947).

4.3 CM

Fig. 1 .— Diagram of pyrolysis system showing the correspond
ing temperatures in the pyrolysis zone C and the post-pyrolysis 
zones B and A with internal diameters of 2.5 and 4.3 cm., respec
tively.

7.5, and 10.5 in. beyond the end point of the pyrolysis 
zone. The numbers of moles of various components 
isolated in each run are shown in Table I.

The per cent yield of total products of interaction 
is independent of the distance the hydrocarbon gas 
stream travels before it is quenched with the chloro
carbon stream. In fact, the yield of interaction prod
ucts in each run is about equal to the corresponding 
per cent conversion of p-xylene to p-methylbenzyl 
anticipated on the basis of an earlier study. The latter 
demonstrated that the fractional conversion of p- 
xylene to p-methylbenzyl radicals (C) is given by
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therm al rearrangem ent to  styrene .8 Indeed, styrene 
was identified as one of the products of fast flow  p yro l
ysis of p -xylene, and cyclooctatetraene probab ly was 
another product of th is reaction 6 as indicated b y  mass 
spectrom etric analysis. M oreover, other experim ents 
showed th a t the proportion  of styrene (and cyclo 
octatetraene) produced from  p -xylene increases w ith  
increase in severity of the p yro lys is  conditions .7 

Another possib ility is th a t p -xy ly le n e  generated in  the 
p yro lysis  zone is decomposed to  non-condensable gases 
such as ethylene and acetylene . 7

The am ount of |3,j3-dichloro-p-m ethylstyrene iso
lated in  these experim ents remained constant so long 
as the blend po in t was located w ith in  the p yro lysis  
zone. I t  fe ll off ra p id ly  when the blend poin t was ex
tended beyond the furnace. U ndoubted ly, 0,/3-di- 
ch loro-p -m ethylstyrene is form ed via coupling of p - 
m ethylbenzyl radicals w ith  trich lo rom eth yl radicals 
to  afford p-(/3,|3,)3-trichloroethyl)-toluene, w hich splits 
out hydrogen chloride a t the h igh tem peratures th at 
exist in  the zone of coupling, as indicated b y  reaction 8 .

CH3̂ CH2 —  CH3— —CH2CC13 —

+  ___
•CCb CH3̂ J V C H = C C 1 2 + HC1 (8)

2 C C lr  — ^  CC13CC13 — ► CC12= C C 1 2 +  C l2 (9) 

CC1»- +  C l- or (C l2) — ► CC14 +  (C1-) ( 1 0 )

Th e  rapid  decrease in  form ation of /3,^-dichloro-p- 
m ethylstyrene accompanies a corresponding increase in  
p -m ethylbenzyl chloride form ation, w hich occurs via 
coupling of m ethylbenzyl radicals w ith  chlorine (re
action 11). A p p a re n tly a ll of the trich lo rom eth yl 
radicals in  the chlorocarbon stream are consumed via 
eq. 9 and 10 before the gas stream  travels 2 in . beyond 
the p yro lys is  zone. Thereafter, the on ly reactive 
species in  the chlorocarbon stream is chlorine. Con
sequently, p -m ethylbenzyl chloride and p -xylylen e  
dichloride are the o n ly  in teraction  products isolated 
(eq. 1 1  and 1 2 ) when the tw c streams are made to 
blend at a distance greater than 2  in . beyond the 
p yro lysis zone.

CH3̂ > C H ,  —  C H s -^ V -C H s C !  + (Cl-) (11)

+ -C1(C12)

OH2= < ^ ) = C H 2 C1CH2- ^ V c H2C 1 (1 2 )

+ Cl2

I t  is conceivable th a t p -C H sC e lU C IU C C ls  was pro
duced in  sm all am ount despite the fact th a t it  was not 
isolated, since an appreciable fraction  of the condensate 
of each experim ent was obtained as the ill-defined, 
non-d istillab le  residue having an average em pirical 
form ula of (C 8H 6C10 7)m. T h is  residue was shown b y
infrared analysis to  be a m ixtu re  of a lkylated  arom atics. 
I t  was found th at residues of th is type  are form ed when 
a synthetic m ixture  of the compounds isolated in  these 
experim ents is separated b y vacuum  d is tilla tio n . The 
am ount of th is chlorine containing residue decreased as 
the proportion  of p -m ethylbenzyl halide derivatives 
decreased in  the m ixture .

F igu re  2  shows th at the am ount of p -m ethylbenzyl

Blend point in inches away from end of pyrolysis zone.
Fig. 2.— Product distribution as a function of the point where 

the pyrolyzed p-xylene stream was allowed to blend with the 
pyrolyzed carbon tetrachloride stream.

Blend point in inches away from end of pyrolysis zone.
Fig. 3.—'Relative concentration of reactive species as a function 

of distance away from the end of the pyrolysis zone.

chloride isolated decreases stead ily and the am ount 
isolated as p -xy ly le n e  dichloride increases as the blend 
po in t is moved beyond the furnace.

The proportion  of p -m ethylbenzyl radical isolated 
as 1 ,2 -d i-p -to lyle th a n e  and m ethylated d iphenylm eth- 
anes does not increase appreciably u n til the blend poin t 
is w ell past the p yro lys is  zone. Th e  diarylm ethanes 
were consistently a m ajor portion  of th is fraction  when 
the blend po in t was less than 2  in . beyond the p yro lysis  
zone. Th e  proportion  of d ito lylethane isolated, how
ever, increased as the blend po in t was m oved beyond 
2 in . T h is  is consistent w ith  earlier results w hich 
proved th a t dibenzyls are converted in  good y ie ld  at 
1 0 0 0 ° to diarylm ethanes via fast flow  p yro lys is . 6 

M ost of the p -m ethylbenzyl un its isolated as d ia ry l
methanes m ust have form ed w ith in  the p yro lys is  zone. 
The increase in  proportion  of 1 ,2-ditolylethane as the 
distance to the blend po in t increases can be a ttribu ted  
to the greater tim e allowed fo r coupling of p -m eth yl- 
benzyl radicals before quenching w ith  the chlorocarbon 
p yro lyza te .

Th e  re la tive  am ount of p -m ethylbenzyl radicals s till 
present in  the hydrocarbon stream  at the blend point 
in  question is given b y  the sum to ta l y ie ld  of in teraction 
products isolated as p -m ethylbenzyl chloride, /3,/3- 
d ich loro-p -m ethylstyrene, and units of non -vo latile  
residue. Th e  y ie ld  of p -xy lyle n e  dichloride represents 
the corresponding re la tive  concentration of p -xy lyle n e . 
In  F ig . 3 the sum to ta l moles of p -m ethylbenzyl 
radical equivalents and p -xy ly le n e  equivalents are 
p lotted as a function of blend po in t. Th e  p -m e th yl-
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benzyl un its isolated as 1 ,2 -d i-p -tolylethane and m ethyl
ated diphenylm ethane have not been included in  
the data shown in  F ig . 3, since these products result 
from  side reactions th a t consume p -m ethylbenzyl 
radicals via coupling and subsequent rearrangem ent6 
in  the p yro lys is  zone.

F igu re  3 illustrates the re la tive  s ta b ility  (w ith  respect 
to  re a c tiv ity ) of p -m ethylbenzyl and trich lo rom eth yl 
radicals. A t  the fast flow  p yro lys is  conditions de
scribed fo r the present experim ents, p -m ethylbenzyl 
radicals have a h a lf-life  of about 0.01 sec. in  the h y 
drocarbon stream, whereas the trich lo rom eth yl radicals 
disappear com pletely from  the chlorocarbon stream 
w ith in  0.002 sec.

F igu re  3 also shows th a t the disappearance of p - 
m ethylbenzyl radicals in  the hydrocarbon p yro lyza te  
is accompanied b y  a corresponding equivalent increase 
in  p -xylyle n e , im p lyin g  that each p -m ethylbenzyl 
radical is converted to  one p -xy lyle n e  m olecule. Equa
tio n  4, however, does not represent the true  picture, 
since th is equation as w ritte n  is p a rt of a chain sequence 
th a t includes eq. 2 and 4. A s m entioned earlier, it  
was shown b y  Szw arc3'4 th a t the p yro lys is  of p -xy lyle n e  
does not in vo lve  a chain mechanism. Th e  data shown 
in  F ig . 3 fo r conversion of p -m ethylbenzyl radicals to  p - 
xylyle n e  as a function  of distance along the p ost-p yro l
ysis zone were studied from  the standpoint of elapsed 
tim e fo r the p yro lyza te  to  reach the respective quench 
points. I t  was noted th a t the rate of conversion of p - 
m ethylbenzyl radicals to  p -xylyle n e  in  the p o st-p yro l
ysis zone of a tube having a 1-in. diam eter was v irtu a lly  
constant despite large changes in  tem perature and con
centration of p -m ethylbenzyl radical. On the other 
hand, the dehydrogenation rate decreased sharp ly when 
the p yro lyza te  entered the expanded post-pyro lys is 
tube of 4.3-cm. diam eter (Tab le  I I )  beginning a t a 
po in t 8 in . aw ay from  the p yro lysis  zone, as shown in  
F ig . 1. These results suggest th a t the dehydrogenation 
is heterogeneous and zero order.

T a b l e  II
R e l a t iv e  E f f ic ie n c y  f o r  D e h y d r o g e n a t io n  o f  p -M e t h y l - 
b e n zy l  R a d ic a ls  to  p - X y l y l e n e  in  p - X y l e n e  G as  St r e a m  a t  4

Dehydrogenation

m m . P r e ssu r e  
Surface/volume 

ratio of Relative zero order
zone“ dehydrogenation zone rate constant

A 0.18/1 25
B 0.59/1 91
c 0.91/1 200

“ Refers to pyrolysis tube system shown in Fig. 1: (A) portion 
of the post-pyrolysis zone having a 4.3-cm. diameter; (B) 
portion of the post-pyrolysis zone having a 2.5-cm. diameter; 
(C) post-pyrolysis zone B fitted with 5 tubes (4 in. long, 8 mm. 
o.d ., and 6 mm. i.d .) inserted in the form of a bundle around the 
inner pyrolysis tube between the pyrolysis zone and the quench 
point.

T o  test th is hypothesis, the surface area in  the path 
of the p yro lyzed  hydrocarbon stream was increased b y 
packing the reaction tube between the p yro lys is  zone 
and the quench po in t w ith  sm all quartz tubes. P y ro l
ysis of p -xylene again was carried out under conditions 
th a t produce 10% conversion to  p -m ethylbenzyl 
radicals in  the p yro lys is  zone. Th e  pyro lyza te , after 
flow ing through the quartz tube packing, was quenched 
w ith  p yro lyze d  carbon tetrachloride a t a p o in t 6 in . 
beyond the p yro lys is  zone. Th e  resulting gas stream

was collected in  hexane kept a t — 78° and the products 
were separated in  the usual w ay, as described in  detail 
in  a previous pub lica tion .2 T h irty -o n e  per cent of the 
p -m ethylbenzyl radicals were isolated as p -xy ly le n e  d i
chloride, 27% as p -m ethylbenzyl chloride, 24% as 
m ethylated diphenylm ethanes, 5 %  as 1 ,2 -d i-p -to ly l- 
ethane, and 14% as the ill-defined  residue2-3 believed 
to  be produced from  chlorohydrocarbon products dur
ing vacuum  d is tilla tio n  of the reaction m ixtu re . Th us, 
at a po in t 6 in . beyond the p yro lysis  zone, the ra tio  of 
p -xylyle n e  to  p -m ethylbenzyl radicals in  th is  experi
m ent was 31/27 (or 1.15 to 1), whereas F ig . 2 shows 
th a t w ith ou t the packing in  the post-p yro lys is  zone, the 
corresponding ra tio  a t the same quench p o in t was 
o n ly  19/27 (or 0.70/1).

Th e  re la tive  zero-order rate constants fo r dehydro
genation of p -m ethylbenzyl radicals to  p -xy lyle n e  were 
calculated as a function of the surface to  volum e ra tio  
along the post-pyro lys is zones A  and B  of the apparatus 
shown in  F ig . 2 and fo r the zone B  when m odified b y  
addition  of the quartz packing. Th e  data, sum m arized 
in  Ta b le  I I ,  show th a t the dehydrogenation efficiency 
increases w ith  increase in  surface to  volum e ra tio  of the 
post-pyro lys is zone. These results v irtu a lly  prove th a t 
the conversion of p -m ethylbenzyl radicals to  p -xy ly le n e  
is a heterogeneous reaction.

T h is  conclusion can be tested fu rth e r b y  noting the 
product d istribu tion  as a function of reaction pressure. 
I t  was dem onstrated9 th a t the p -xy ly le n e  produced in  
th is dehydrogenation can be collected in  a cold solvent 
and then polym erized at — 78° to give  insoluble p o ly -(p - 
xy ly le n e ) alm ost exclusively. I t  also was demon
strated6 th a t coupling of tw o p -m ethylbenzyl radicals 
gives 1 ,2 -d i-p -tolylethane th at can rearrange under the 
existing p yro lys is  conditions to  give  o-m ethylated d i
a ry lmethanes w hich in  tu rn  give anthracenes.

2CH3̂ ( 3 _CH2' ^  CH3̂ D ^ C H 2CH2-0 -C H 3

Th e  1 ,2 -d i-p -tolylethane, diarylm ethanes, and an
thracenes are collected in  the cold solvent along w ith  
p -xy lyle n e , b u t these components rem ain soluble after 
po lym erization  of p -xy ly le n e  is com pleted. Hence, the 
secondary products of p -m ethylben zyl radicals th a t 
form  via bim olecular coupling and those th a t form  via 
heterogeneous dehydrogenation can be separated easily 
b y  filtra tio n . Th e  la tte r are isolated as p o ly -(p - 
xyly le n e ) b y  filtra tio n  and the form er are isolated as a 
m ixtu re  b y  evaporating the m other liq u o r to  constant 
w eight. Th e  w eight ra tio  of soluble products (n) to

CH3h Q - C H 2CH2^ Q - C H 3 2 0 H2= < ^ > = C H 2

+
h 2

(9) L. A. Errede, R. S. Gregorian, and J . M. Hoyt, J .  A m . C h em . S o c ., 8 2 , 
5218 (1960).
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insoluble products (W) is theii a measure of the relative 
rates for bimolecular coupling (Ri) and dehydrogena
tion (Rz) which are concurrent reactions as indicated 
schematically by fci and k2.

It follows that

Bimolecular coupling, a second-order reaction, should 
increase as the square of the reaction pressure. De
hydrogenation, here suggested to be zero order, should 
be essentially independent of reaction pressure. Hence, 
(WW)1'* should increase linearly with increase in 
pressure (P) as indicated by

{u/W)l/l = K P  +  C (14)

where fc and C are constants.
Accordingly, p-xylene was subjected to fast flow 

pyrolysis conditions that afford 3-4% conversion to 
p-methylbenzyl radicals, and the weight ratio of prod
ucts produced via bimolecülar réaction (u) to those 
produced via dehydrogenation (W) was determined as 
described in the Experimental section. Pyrolyses were 
carried out at pressures ranging from 1.5 to 45 mm. and 
the results are summarized in Fig. 4. It is seen that 
(•u/W)'/2 increases linearly Aith pressure as required 
by eq. 13 and 14. Extrapolation of the line to zero 
pressure gives an intercept for this particular pyrolysis 
system at 0.5. The value is a function of the geometry 
of the system as shown in Table II. Probably these 
results can be improved in favpr of dehydrogenation by 
increasing the surface to volume ratio in the post
pyrolysis zone.

It was surmised immediately that the carbonized 
material deposited as a film along the walls of the post
pyrolysis zone might be the active catalyst for dehydro
genation, since the p-methylbenzyl radicals generated 
in the carbon-free pyrolysis zone were not converted to 
p-xylylene until the pyrolyzate entered the post-pyrol- 
ysis zone of carbonized film.

Szwarc had shown that p-methylbenzyl radicals 
generated from p-methylbenzyl bromide via relatively 
mild pyrolysis conditions (<800°) afforded only 1,2-di- 
p-tolylethane.10 The quartz pyrolysis tube was still 
free of carbon at the end of the experiment.10 11 p- 
Xylylene was not formed in âny amount until pyrolysis 
temperatures that decompose p-xylene itself were used. 
His results were verified in our Laboratory. A gas 
mixture of p-xylene and p-methylbenzyl chloride in 
the ratio of 10 to 1 was pyrolyzed at 750° and 4 mm. 
pressure for an average of 0.01 sec. residence time in a 
fresh, carbon-free quartz tube that was a replica of the 
ones used in the previous experiments. About 2% of 
the mixture was converted to p-methylbenzyl radicals 
that were isolated almost entirely as 1,2-di-p-tolyl- 
ethane. Only a trace amount was isolated as poly
merized p-xylylene. A liberal amount of carbonized 
material then was deposited along the post-pyrolysis 
zone of the apparatus by pyrolyses of p-xylene at high 
temperature (ca. 1050°). Szwarc’s pyrolysis experi-

(10) M. Levy, M. Szwarc, and J. Throssel, J. Chem. Phys., 22, 1904 
(1954).

(11) M. Szwarc, private communication. A clean pyrolysis tube was used 
for each run and the tube was checked routinely at the end of each experi
ment to determine the extent of carbonization, if any.

Pressure, mm.
Fig. 4.— (u/TF) 1/ 2 as a function of the reaction pressure, 

where u is the weight of p-methylbenzyl radicals isolated as 
1,2-di-p-tolylethane, diarylmethanes, and anthracenes, and W  
is the weight of p-xylylene isolated as poly-(p-xylylene).

ment again was repeated using the p-xylene and p- 
methylbenzyl chloride (10 to 1) feed stock. The con
version of the gas mixture to p-methylbenzyl radicals 
was again about 2% but this time 70% of the radicals 
produced were isolated as poly-(p-xylylene) and only 
30% as 1,2-di-p-tolylethane. Similar results were ob
tained when pyrolysis of this gas mixture was carried 
out at 700°, although the conversion of p-methylbenzyl 
radicals was understandably much lower at this tem
perature. Our previous study demonstrated that 
dehydrogenation of p-methylbenzyl radicals to p- 
xylylene occurred at temperatures as low as 300° (see 
Fig. 1, 2, and 3) ; hence it is believed that the threshold 
temperature (ca. 800°) reported by Szwarc for isolation 
of poly-(p-xylylene) is a manifestation of the tempera
ture at which some carbonization occurs to afford the 
necessary catalyst for the dehydrogenation.

Expérimental
The Effect of Pressure on Bimolecular Coupling and Catalytic 

Dehydrogenation of p-Methylbenzyl Radicals.— A pyrolysis sys
tem similar to that shown in Fig. 1 of ref. 12 was used for this 
comparative study. About 5, moles of p-xylene metered to the 
system at the rate of 0.03 mole/min. was pyrolyzed at 950° for 
0 .0 1  sec. residence time in the pyrolysis zone of the 1  in. i.d. 
quartz pyrolysis tube. These pyrolysis conditions afford 3 -4%  
conversion of p-xylene to p-rhethylbenzyl radicals.6 The pyroly
zate passed through a post-pyrolysis zone (2  ft. long, 1 in. i.d.) 
along which the temperature decreased from 950 to 200°, and 
then was collected in heptane (4.5 1.) kept at —78°. The p- 
xylylene solution prepared in this way was agitated vigorously 
to create numerous polymerization sites9 and then allowed to 
polymerize at —78° for one week. This polymerization pro
cedure precipitates virtually all the p-xylylene as poly-(p- 
xylylene) .9 The solution was warmed to room temperature and 
the polymer was collected by filtration. The 1,2-di-p-tolyl
ethane and daughter products were recovered from the mother 
liquor by evaporation to dryness. The weight ratio of soluble 
products (u ) to insoluble products (IF) was taken to indicate 
the relative rates for bimolecular coupling (R i) and dehydrogena
tion (R2) of p-methylbenzyl radicals as indicated in eq. 13 and 
14. The reaction pressure was varied from 1.5 to 45 mm. in a 
series of experiments giving the results summarized in Fig. 4.

The Effect of Carbon Char on Dehydrogenation of p-Methyl- 
benzyl Radicals.— The pyrolysis system shown in Fig. 1 of ref. 12 
and diagramatically in Fig. 1 of this publication was modified 
so that the space around the internal pyrolysis tube of the post- 
pyrolysis zone was packed.with five quartz tubes (4 in. long, 
8 mm. o.d., and 6 mm. i.d.) inserted in the form of a bundle 
that surrounded the innfer pyrolysis tube between the pyrolysis 
zone and the quench poiht. The pyrolysis system was evacuated 
to 4 mm. pressure. A solution of p-methylbenzyl chloride (0.86 
mole) in p-xylene (8.6  moles) was metered to the pyrolysis

(12) L. A. Errede and B. F. Landrum, J. Am. Chem. &oc., 79, 4952 
(1957).
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system at the rate of 0.017 mole/minute. The solution was 
vaporized at 323° in the vaporizer (no. 15 in Fig. 1 of ref. 12) 
and was pyrolyzed at 750° for 0.01 sec. in a fresh, quartz pyroly
sis tube. The pyrolyzate was passed through the fresh quartz 
packing in the post-pyrolysis zone which was also free of carbon 
char and the pyrolyzate was collected in 4 1. of hexane kept 
at —78°. The resulting solution was warmed to room tempera
ture and only a trace of insoluble poly-(p-xylylene) was obtained 
(ca. 0.5 g .). The polymer was removed by filtration and the 
mother liquor was separated by distillation at atmospheric 
pressure. The residue (b.p. >  140°) then was separated by 
distillation at 3.5 mm. to give three main fractions: (1) p- 
methylbenzyl chloride, 59 g., b.p. 63-67°; (2) 1,2-di-p-tolyl- 
ethane, 21 g., b.p. 125-135°, m.p. 77-78° after one recrystalli
zation from methanol; (3) residue (2 g.), b.p. >  135°. The in
frared spectrum of this residue indicated a mixture of 1 ,2 -di- 
p-tolylethane, diarylmethanes, anthracenes, and a small amount 
of another component that could be cyclo-tri-p-xylylene. Thus,

9.3 moles of pyrolysis feed stock was converted to about 0.2 
mole of p-methylbenzyl units that were isolated as 1 ,2 -p-tolyl- 
ethane (2 %  yield) and as polymerization products of p-xylylene 
(trace amounts only).

In order to test the effect of freshly deposited carbon char, 
the apparatus was used for pyrolysis of 10  moles of p-xylene 
at 1050° and 0.01 sec. residence time. This “ conditioning run”  
caused a uniform layer of carbon char to be deposited over the 
entire quartz surfaces of the post-pyrolysis zone.

The pyrolysis apparatus then was used to repeat the original 
pyrolysis experiment. An equal amount of pyrolysis feed stock 
solution (8.6  moles of p-xylene and 0.86 mole of p-methylbenzyl 
chloride) was pyrolyzed as described before, to generate the 
equivalent amount of p-methylbenzyl radicals (about 0 .2  mole) 
in the pyrolysis zone. The reaction products were isolated as 
described previously and the 0 .2  mole of p-methylbenzyl radicals, 
generated in the pyrolysis zone, were isolated as poly-(p-xylylene) 
(0.11 mole), cyclo-tri-(p-xylylene) (0.03 mole), and 1,2-bis- 
p-tolyletbane (0.06 mole of p-methylbenzyl equivalents).

A STUDY OF THE MECHANISM OF CARBON MONOXIDE ADSORPTION ON 
PLATINUM BY A NEW ELECTROCHEMICAL PROCEDURE1

B y  S . G i l m a n

Research Laboratory, General Electric Co., Schenectady, N. Y.
Received May 25, 1962

The adsorption of CO has been studied by means of a new electrochemical procedure utilizing a complex poten
tial-time wave form. By means of this method, information on the type of bonding is obtained as a function 
of total surface coverage. Also, a minimum rate constant is estimated for the rapid chemisorption of CO from 
solution. Information is presented to reveal unusual reproducibility of the Pt surface before adsorption. Hy
drogen adsorption is shown to be measurable with high precision using linear sweep speeds of up to 800 v./sec.

Introduction
There is increasing interest in the mechanism of 

electrochemical oxidation of carbonaceous fuels in con
nection with fuel cell technology. A  knowledge of the 
mechanism of fuel adsorption is of fundamental im
portance to the elucidation of the over-all electrode 
reaction mechanism.

The electrochemical techniques previously described2 
for measuring CO adsorption have now been further 
developed and make possible a more detailed study of 
the system.

The bonding of CO to platinum at the gas-solid inter
face has been studied by Eischens and Pliskin3 using in
frared techniques. These investigators uncovered evi
dence for both a linear (one-site) and bridged (two-site) 
adsorption structure on cabosil and alumina-supported 
platinum. The linear structure was found to account 
for approximately 15% of the total coverage on the 
former and 50% of the total coverage on the latter sup
port. Gruber,4 using conventional gas-phase volu
metric techniques, studied the total adsorption of CO 
and, alternately, hydrogen on alumina-supported 
platinum of varying dispersion. Assuming a combina
tion of linear and bridged structures, he derived the 
contribution of each at saturation coverage as a func
tion of platinum dispersion. None of the previous 
approaches to the problem could easily lead to infor
mation on the type of bonding as a function of total 
coverage.

(1) This work was made possible by the support of the Advanced Re
search Projects Agency (Order No. 247-61) through the United States Army 
Engineer Research and Development Laboratories under Contract Number 
DA-44-009-ENG-4853.

(2) S. Gilman, J. Phys. Chem., 66, 2657 (1962).
(3) R. D. Eischens and W. Pliskin, “ Advances in Catalysis,” Vol. X, 

Academic Press, Inc., New York, N. Y., 1958, p. 18.
(4) H. L. Gruber, J. Phys. Chem., 66, 48 (1962).

In this work, the rapid electrochemical techniques 
employed permit us to determine the contribution of 
the bridged and linear structures to the coverage as it is 
increased from zero to saturation. It also allows us to 
place a minimum limit on the rate of the rapid chemi
sorption of CO from solution.

Experimental
The electrochemical cel and reagents have escribed

previously.2 The electrolyte was 1 N  HClOu the working elec
trode had a geometric area of 0.08 cm.2. All potentials are re
ferred to a hydrogen electrode in 1  JV HCIO4. A diagram of the 
circuit used appears in Fig. I. The signal generator consisted 
of two Exact Model 250 signal generators whose ramp output 
■was added by means of a network. Separation between ramps 
was achieved by means of a Tektronix Type 161 delay pulse 
generator. Potential “ staircases”  were generated using relays 
and batteries for signals of longer than 15-sec. duration and 
with Tektronix Type 161 delay units for step signals of shorter 
duration. The potentiostat used was a Wenking “ Fast Rise”  
potentiostat. The current-time (potential) signals were meas
ured with a Tektronix Type 536 oscilloscope using type D and 
type T plug-ins.

The potential function employed in this work is diagrammed 
in Fig. 2. The significance of steps A -E  is covered below.

I. For Adsorption of 100% CO by Linear Diffusion.— (A)
Pretreatment step (15-sec.) to remove adsorbed oxidizable im
purities, and to produce a layer of adsorbed oxygen which serves 
to block adsorption. CO is kept bubbling through the solution. 
Some molecular oxygen is evolved at a steady-state rate of ap
proximately 1  m a./cm .2.

(B) Potential step during which the oxygen layer formed in 
(A ) is maintained, molecular oxygen from (A) is swept away, and 
the concentration of the adsorbate is brought to its bulk value. 
CO is kept bubbling through the solution for 0.5 min. The 
flow of gas is then stopped and the solution allowed to become 
quiescent for 1.5 additional min. to allow for linear diffusion. 
No measurable current (less than 1 ^a./cm .2) flows after the first 
second of pretreatment during this step.

(C ) Reduction and adsorption step. The adsorbed oxygen 
layer is reduced within a few milliseconds, exposing a reproducibly
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ELECTRODE

Fig. 1.— Circuit diagram.

ANODIC RAMP E

TIME — ►

Fig. 2.— Complex signal used for electrochemical study of ad
sorption.

clean surface to the adsorbate. The duration of step (C) is the 
adsorption time, r .

(D ) Cathodic sweep. During this sweep hydrogen is elec- 
trolytically deposited on sites not previously covered with CO. 
The sweep speeds used are specified below. Step (D ) is elimi
nated if only step (E) is of interest. For measurements of 
(see below) the oscilloscope is triggered at the beginning of the 
sweep.

(E) Anodic Sweep. During this sweep, adsorbed CO is oxi
dized and the surface is covered with a layer of adsorbed oxygen. 
Subtraction of the charge due to the surface oxidation ( “ solvent 
correction” ) from the total charge yields the charge due to CO 
oxidation (1). If step (D ) is included in the sequence of signals, 
step (E) serves to indicate whether cathodic step (D ) causes 
displacement or reduction of adsorbed CO. For the measure
ment of Q 'co, the oscilloscope is triggered at the beginning of 
this sweep.

II. For Adsorption of 1% CO with Stirring.— The procedure 
is the same as for steps 1(A) through 1(E) with the following 
exceptions.

(1) Steps (A) through (E) are conducted with constant flow 
of a mixture of 1 %  CO, 99%  argon, and with mechanical stirring 
by a paddle stirrer rotating at 200  r .p .m.

(2) Step (B) is only of 0.5 min. duration with the “ quiet 
period”  of 1.5 min. eliminated.

III. For Measurement in the Absence of Adsorbate.—
Steps (A) through (E) are conducted as in (I) above with argon 
substituted for the adsorbate.

All potentials were adjusted to within 2 mv. using a Rubicon 
portable potentiometer.

R esults and D iscussion
I. Anodic Sweep Experiments.— Figures 3A and 

3B presents the series of traces obtained a t anodic 
sweep speeds of v =  1100 and 360 v./sec., respectively. 
F igu re  3 A corresponds to  adsorption of C O  from  the un
stirred solution saturated w ith  the gas at 1 atm . 
F igure  3B corresponds to  adsorption of C O  from  a 
stirred solution saturated w ith  1%  C O , 99% argon. 
Th e  tem perature was 30° in  both cases. Th e  charge 
density (m coul./cm .2) due to  oxidation  of C O , Qlco, is

A. Adsorption of CO from a quiet saturated solution of 100% 
CO. Sweep speed, v =  1100 v./sec.

Trace r, msec.
A 0 . (so lv en t corn .)
B 4 .8
C 30
D 98
E 195
F 910

B. Adsorption of CO from a stirred solution saturated with 1 %  
CO, 99%  argon; v =  360 v./sec.

Trace T , sec.
A 0 .

B 1 . 0

C 3 .0
D 6.0
E 1 3 .0
F 100

(solvent corn.)

Fig. 3.— Typical anodic pulse traces (30°).

obtained by subtracting the area under the solvent 
(dashed) curve from that under the curve correspond
ing to any value of r (the adsorption time) to the point 
of coincidence of the two curves. The solvent curve is 
obtained at r =  10 msec, in the presence of argon (see 
section IV  below). The assumptions involved in this 
procedure have been discussed previously.2 The tech
nique was previously found to give constant (/%, over 
a large range of sweep speeds.

Figure 4 plots Q‘co against adsorption time, obtained 
by evaluating oscillograms typified by Fig. 3A. Let us
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Fig. 4.— Charge due to oxidation of CO during the anodic 
sweep as a function of total adsorption time. The dashed line is 
for semi-infinite linear diffusion.

assume th a t the adsorption of C O  is lim ited  b y  diffusion 
to  the surface. F o r the short adsorption tim es in 
vo lved, le t us fu rth e r assume sem i-in fin ite  linear d if
fusion. Th e  hypothetica l charge, Q‘ ‘co, m ight then be 
regarded as the in tegra l of a “ diffusion current den
s ity ,”  id, of C O  to  the surface.

Q‘ c o  = f Q iddt (1)

F o r sem i-infin ite linear diffusion5

id =  m r-1/2FDl/icoCcorl/t (2)

Hence

Ql co =  2mr~1/,FD'/'coCcoT~l/i (3)

where

n =  2 electrons/moleeule 
F =  Fa raday constant 
D =  3.1 X  10~6 cm .2/sec. (ref. 2)
C =  8.92 X  10~7 m ole/cm .3 (ref. 6)

S ubstitu ting num erical values fo r the constants in  eq. 3

Q‘ co =  1. 22r'/2 m coul./cm .2 (4)

Th e  theoretical curve fo r Q‘ 'co is p lotted  in  F ig . 4 where 
it  serves as an excellent fit fo r the experim ental points 
corresponding to  Q'co u n til the surface is la rge ly covered 
w ith  C O . Th e  value of Q‘Co a t r  =  4.8 msec, is 0.068 
m coul./cm .2 as compared w ith  Q‘ 'Co =  0.062 m coul./ 
cm .2, im p lyin g  th a t diffusion control commences a t 
values of r less than 5 msec. Reduction of the surface 
oxygen la ye r is not complete u n til a fter 1 msec, (see 
below ), and so it  is lik e ly  th a t rapid  adsorption begins 
on the p a rtly  o r la rge ly oxygen-covered surface, and 
th a t the adsorption becomes diffusion lim ited  a t t  <  5 
msec. L e t us assume th a t a t sm all r  and zero C O  
coverage

‘liica ~  nFkadgCcQ (6)

and th a t d iffusion contro l commences a t 1 msec. 
Th en 7

(5) H. A. Laitinen and I. M. Kolthoff, J. Am. Chem. Soc., 61, 3344 
(1939).

(6) “ Lange Handbook of Chemistry,”  Tenth Edition, McGraw-Hill Book 
Co., Inc., New York, N. Y., 1961.

(7) “ New Instrumental Methods in Electrochemistry,”  Interscience Pub
lishers, Inc., New York, N. Y., 1959, p. 76,

and /cad, =  1 cm./sec. is the m inim um  rate con
stant fo r adsorption of C O  a t 30° and 1 atm . D eter
m ination of the actual value of K d, a t low  coverage 
w ould lik e ly  require measurement a t much sm aller 
values of r  and another technique is therefore required. 
M easurem ent of fcads at larger coverages w ith  C O  w ill 
be discussed in  a future publication.

Fig. 5.— Adsorption time-dependence of several different 
charge densities. Determined in stirred 1 N HCIO4 solution 
saturated with 1%  CÖ, 99% argon at 30°.

Fig. 6.— Adsorption time-dependence of several different charge 
densities. Determined in stirred 1 N HCIO, solution saturated 
with 1 %  CO, 99% argon at 83°.

Since rates of adsorption at low  coverages w ith  C O  
are rapid , adsorption m ay be made to  occur at a linear 
rate b y  decreasing the C O  concentration and em ploy
ing reproducible m echanical s tirrin g . F igu re  5 p lots 
the results obtained b y  analysis of the traces typ ifie d  
b y  F ig . 3B ( v  =  360 v./sec., 30°). F igu re  6 p lots sim i
la r results fo r Qlto obtained at 83° w ith  a sweep speed 
of v =  400 v./sec. Q'co is seen to  fo llow  the expected 
linear law  u n til h igher coverages are achieved in  each 
case.

I I .  Cathodic Sweep Experim ents.— F igu re  7 com
piles typ ica l cu rren t-tim e  (voltage) traces fo r the re
duced electrode surface in  the argon-saturated qu iet 
solution. Th e  reduction tim e, r , is kept constant a tlOO  
m sec.; each curve corresponds to  a d ifferent sweep speed 
v. F igu re  7B demonstrates the m anner in  w hich the 
charge due to  saturation hydrogen adsorption, Q3u is 
evaluated. Th e  horizonta l dashed line p a rtia lly  cor
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rects fo r double-layer changing. The ve rtica l line ap
proxim ately locates the po in t at w hich m olecular h y 
drogen begins to  evolve. Ta b le  I  lis ts  the values of

T a ble  I

Qsh a s  a  F unction  of v E mploying  a  Single C athodic Sw eep

v, v./sec. Q®H, mcoul./cm.!
5 0.360

10 .362
60 .358

800 .350
2 “ .350

° Method of Will and Knorr.8

Q sh so obtained. These results are constant to  w ith in  
1% from  v =  5 to  60 v./sec., and agree w ith in  a few 
per cent w ith  the value obtained a t 800 v./sec., and the 
value obtained b y  the m ethod of W ill and K n o rr8 em
p loyin g  a repetitive  trian gu la r sweep w ith  v =  2 v./sec. 
Th e  la tte r investigators were lim ited  to  sweep speeds 
less than approxim ately 2.0 v./sec. because of the prob
lem of overlap of oxygen adsorption find hydrogen ad
sorption inherent in  the use of a repetitive  sweep. 
Th e  technique here em ployed m ay be em ployed at 
speeds even in  excess of 800 v./sec., although the ease 
w ith  w hich po in t C  (F ig . 7B) m ay be resolved becomes 
more d ifficu lt, especially when the surface is p a rtia lly  
covered w ith  C O . A  sweep speed of 60 v./sec. was 
found convenient fo r use in  the rem ainder of th is w ork.

In  F ig . 8, typ ica l hydrogen adsorption traces are as
sembled fo r several d ifferent values of C O  adsorption 
tim e, r . Th e  charge due to  adsorption of hydrogen 
on the surface p a rtia lly  covered w ith  C O , Qn, is esti
mated in  the same m anner as was (jsH- Th e  condi
tions of F ig . 8 are the same as those em ployed in  meas
u ring Qlco fo r F ig . 5 (30°, 1%  C O , s tirrin g  rate, 200 
r.p .m .) and the results are p lotted  on the same axes in  
F ig . 5. Th e  experim ent was repeated at 83°, and the 
results are plotted in  F ig . 6. QSE is taken as QB at r  =  0. 
Q Sh has a somewhat sm aller value a t 83° than at 30°. 
B oth  values are reproducible to  less than 1% (see IV  
below ).

In  the analysis of the data w hich follow s, the as
sum ption w ill be made th a t QH is the charge due to  ad
sorption of hydrogen on sites not previously covered 
w ith  C O . T h is  in  tu rn  depends on the assumptions 
th a t: (1) no C O -P t bonds are broken in  the course of 
hydrogen-deposition; (2) no reduction of C O  occurs 
in  the course of hydrogen-deposition. ' A  test of these 
assumptions is made b y  com paring the traces obtained 
during the anodic pulse w ith  and w ith o u t an im m edi
a te ly preceding cathodic pulse. Such comparisons were 
made over the entire range of adsorption tim es covered 
b y  F ig . 5 and 6. T yp ic a l traces are assembled in  F ig .
9. I t  is seen th a t the anodic C O  m axim um  is com
p le te ly unaffected. Th e  additional currents are due 
to  oxidation  of m olecular hydrogen generated during 
the cathodic pulse. T h is  is taken as évidence th at as
sumptions (1) and (2) above are va lid . Prolonged 
evolution of hydrogen at potentials more cathodic than 
0 v o lt was found to cause some desorption of C O  and to 
introduce an anomalous m axim um . Such prolonged 
cathodic treatm ent is, however, not otherwise en
countered in  th is  w 'ork.

TTT- Evaluation of CO-Pt Bonding from Cathodic 
and Anodic Pulse Data.— F o r the purpose of th is

(8) F. G. Will and C. A. Knorr, Z . E lek troch em ., 64, 258 (I960).

t (s), msec.
0 50 100

Fig. 7.— Cathodic pulse traces in argon-saturated solution, r = 
100 msec. ( “ <S”  is a scale factor).

t, msec.
5 10

Fig. 8 .— Typical cathodic traces during adsorption of CO from 
stirred solution saturated with 1% CO, 99% argon (30°).

Trace Adsorption time, r (s
A 0.1, no CO
B 2 .0
C 4.0
D 8 .0
E 2 0 .0

treatm ent, we w ill make the assumption th a t bonding 
is a com bination of the bridged (tw o-site ) or linear 
(one-site) structures.3 Then

St =  Su +  $ b +  Sl (7)

where SH, <SB, and Sl are the concentration of sites 
(m m oles/cm .2) available fo r simultaneous hydrogen,
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Tr 2 SEC., NO CATHODIC PULSE

U. volts.

Fig. 9.— Typical anodic traces (with and without cathodic 
pre-pulse) during adsorption of CO from stirred solution at 
30°.

bridged C O , and linear C O  adsorption, respectively, 
and St is the to ta l concentration of sites available fo r 
adsorption. Then

where

= tihS^hF  =  uhS tF (8)

Qh =  uhS hF (9)

Qbc o  = u bS bF (10)

Qlc o  = ulS lF ( ID

3  = Q BCO +  Q LCO (12)

« h and n-B =  one electron/site
nl  =  tw o electrons/siteQBco =  charge density due to  oxidation  of 

bridged C O  during the anodic sweep 
QLco =  charge density due to  oxidation  of 

linear C O  during the anodic sweep 
SSb. =  concn. of sites available fo r saturation 

hydrogen-coverage in  the absence of
C O

E quation  8 involves the assumption th a t a ll adsorption 
sites available fo r C O  adsorption are also available fo r 
hydrogen adsorption. T h is  is already im plied b y  the 
suggestion th a t coverage w ith  hydrogen is approxi
m ate ly a m onolayer a t room  tem perature.9 I t  w ill be 
shown below th a t eq. 8 appears to  be rigorously correct 
at 30°, b u t inexact a t 83°.

S ubstitu ting eq. 8 to  11 in to  eq. 7 and rearranging, 
we obtain

Q Bco =  QSh —  Qa — Q Lco/2 (13)

substitu ting eq. 12 in to  13, we obtain

Q Bco =  2QSh — 2Qh — Q‘co (14)
Q Bco is determ ined on F ig . 5 (30°) b y  perform ing the 
required subtractions graph ica lly. Th e  bridged struc
ture alone appears to contribute to Q'co u n til a m axi
mum value of Q Bco =  0.16 m coul./cm .2 is achieved, 
when the linear structure begins to contribute its share 
to the to ta l charge. Th e  adsorption is diffusion-con
tro lled  (fo llow ing the p lo t fo r Q‘ 'Co) through m axim um

(9) M. Becker and M. Breiter, Z . E lek troch em ., 60, 1080 (1956).

coverage w ith  the bridged structure and through partia l 
coverage w ith  the linear structure, when the rate is 
obviously no longer determ ined b y  mass transport. 
The fact th at Qa extrapolates back to  Q Sh is evidence 
th a t St =  S \  since the adsorption of the first sm all 
am ount of C O  causes the m axim um  possible decrease 
in  <SH. T h is  w ould not occur if  some of the sites a va il
able to  C O  adsorption were not available to  hydrogen 
adsorption.

A t  83°, we are firs t struck b y  the observation th a t 
QsH has the value 0.327 ra ther than 0.365 m coul./cm .2. 
Since St could not depend on tem perature, we m ust 
conclude th a t a ll adsorption sites do not cover w ith  h y 
drogen a t the higher tem perature. T h is  m ay in  tu rn  
be due to  an increase in  the rate of hydrogen desorp
tion , or to  the evolution of m olecular hydrogen on a 
surface o n ly  partially covered w ith  hydrogen a t the 
higher tem perature. Th e  p o ss ib ility th a t it  is due to 
adsorption of accum ulated decom position products of 
perchloric acid was investigated b y  re ta in ing the 
orig ina l solution, low ering the tem perature to  30°, and 
again m easuring QSH. Q SH was found to  have its usual 
30° value and the p o ss ib ility  of contam ination was dis
proved.

W hen the value of Q SH at 30° is used, as Q-n a t t =  0, 
the results (F ig . 6) a t 83° are q u a lita tive ly  qu ite sim ilar 
to those a t 30°. Th e  strik in g  quantitative difference is 
th at the charge due to  the bridged structure contrib 
utes a m axim um  of on ly 0.10 m coul./cm .2 as compared 
w ith  0.16 m coul./cm .2 at the lower tem perature. 
Judging from  the scatter of Q Bco points a t either tem 
perature, th is difference is probab ly sign ificant to  0.01 
m coul./cm .2. Th e  resulting la rger con tribution  of the 
linear structure at the higher tem perature results in  a 
larger saturation value of Qlco a t 83°. F o r 100% C O  
at saturation coverage (30°) Q/o was found to have the 
value 0.511 m coul./cm .2 and QH the value 0.081 m coul./ 
cm .2.2 S o lving eq. 14 using these values, Q Bco =  
0.08 m coul./cm .2, w hich is o n ly  50% of the value found 
a t low er coverages using 1%  C O  as adsorbate. T h is  
difference could be accounted fo r b y  a difference in  Qn 
of o n ly 0.04 m coul./cm .2, p a rt of w hich could be due to  
adsorption of im purities a t the re la tive ly  long adsorp
tion  tim e, and to  the d ifficu lty  w ith  w hich Qa is esti
m ated a t high coverage w ith  C O  (po in t C  of F ig . 7B is 
not easily resolved). I t  is therefore n ot u n lik e ly  th a t 
the m axim um  value of QB(;0 =  0.16 m coul./cm .2 is 
actu a lly m aintained through saturation coverage. I t  
is also possible th a t the final C O  molecules adsorbed 
(w ith  d ifficu lty, judging from  the decreased rate) tend 
to  convert some bridged C O  to  linear C O , b y  p a rtia l 
displacem ent.

Th e  fractiona l surface coverage w ith  the bridged 
and linear species m ay be defined as

#BCO =  S b / S t (15)

0Lico =  S b / S t (16)

Then  em ploying ( 9 ) - ( l l )

#Bco =  Q Bco / Q Sh (17)

0Lco =  QLco/2 Q Sh , QSh always taken at 30° (18)

Hence, a t 30° 0LCo =  0 u n til 9BCo reaches the m axim um  
value of 0.44, when 0L<-<> rises to  its  saturation value of 
0.46. A t 83°, 0Bco reaches its  m axim um  value of 0.30
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before 0LCO increases from  0 to  its  saturation value. I f  
we define the coverage w ith  the bridge structure in  
term s of the saturation surface coverage w ith  C O , 
rather than in  term s of the concentration of to ta l ad
sorption sites, then

0B co =  Sb/(2Sl T - $ b )  saturation =  Q&co/Qtco

saturation (19)

and 0B'co has the value 0.31 a t saturation a t one 
atmosphere and 30°. T h is  is approxim ately the 
average of the results obtained on cabosil and alum ina- 
supported platinum  b y  Eischens and P lisk in .3

IV. Examination of the Reproducibility of the 
Electrode Surface.— 'The results presented thus fa r 
depend strong ly on the a b ility  to  exactly reproduce and 
measure S t .  S T  d ire c tly  determ ines Q SH and the “ sol
vent correction” fo r the anodic sweep experim ents. 
B oth  of these la tte r quantities therefore serve as a 
sensitive ind ication  of surface re p ro d u cib ility. The 
subject of surface re p ro d u c ib ility  is introduced a t th is 
po in t, since the reasoning previously applied to  C O  ad
sorption m ay be now applied to im p u rity  adsorption. 
Th e  la tte r seems to  be the key consideration in  th is 
m atter.

On app lying a 60 v./sec. linear cathodic sweep to  the 
electrode in  the quiet, argon-saturated solution, the 
trace obtained at r  =  10 msec, is th a t w hich appears 
in  F ig . 7a (30°). Th e  trace is identical after 100 msec, 
of reduction, b u t thereafter Qn decreases grad ua lly w ith  
tim e. Such reduction in  hydrogen adsorption was ob
served b y  W ill and K n o rr8 and B re ite r and K ennel10 in  
sulfuric acid solutions, and ascribed to  “ surface re
crysta lliza tio n .” T h is  im plies th at the surface has no 
true constant and reproducible area, but increases 
w ith  pretreatm ent and decreases w ith  tim e. I t  was 
observed in  th is w ork, however, th at decrease in  Qn is 
accelerated b y  stirrin g . T h is  serves as a first indica
tion  th a t the effect is, in  fact, due to  adsorption of im -

T a b l e  II
E le c tr o d e  Su r fa c e  R e p r o d u c ib il it y

A Q,
t, sec. meoul./cm.2 eca (*Hi mcoul./cm.2 0ce

Initially
0 .0 0 1 -0 .1 3 8 -0 .1 7 0.310 0.14

.0 10 .000 .00 .365 .00

.10 0 .000 .00 .365 .00

1 .0 0 .000 .00 .356 .0 2

1 0 .0 .000 .00 .360 0.360
.358 av. .0 1
.362

1 0 .0° 0 .0 1 2 1 0 .0 2 .334 .09
100 .0300 .04 .337 .08
10 0“ .0583 .08 .236 .27

1000 .0714 . 1 0 .186 .49
1000“ .242 .75 .114 .70

After 1 2  hr. of anodic pulsing on 10  cm .2 electrode
10 0 .0 0 0 0 .0 0 0.360 0 .0 1

10 ° .000 .00 .357 .04
100 .000 .00 .357 .04
10 0“ .0156 .0 2 .288 .2 1

1000 .0258 .04 .328 .09
1000“ .244 .33 .178 .51
“ With stirring at 200 r.p.m.

(10) M. Breiter and B. Kennel, Z. Blektrochem., 64, 1180 (1960).

purities on the fresh ly reduced and active  surface. 
Th e  values of QH obtained w ith  and w ith ou t m echanical 
s tirrin g  are recorded in  Table  I I . I f  the m axim um  value 
of Qn ( r  =  10 to  100 msec.) is taken as Q SH, then

0cc =  (QSh — Qh)/Q Sh (20)

and do has the significance of the fractional sites covered 
w ith  im purities, if  (as fo r C O ) no in teraction  between 
deposited hydrogen and adsorbed im purities occurs. 
The im pressive re p ro d u cib ility  of Qn fo r any p articu la r 
value of t  is im m ediately obvious. F o r r =  10 sec., 
the second e n try  in  the table was taken several days, 
and the th ird  e n try  several weeks after the first, during 
w hich tim e the electrode had been exposed to  several 
hundred activation  and pulse cycles. Th e  average 
deviation of 0.3%  fo r these values clearly established 
the re p ro d u cib ility of ST under carefu lly controlled 
circumstances. T o  determ ine whether our procedure 
leads to m axim um  “ activa tion ,” the potentia l of step 
A  (see Experim ental section) of the pretreatm ent was 
increased to  2.0 v . and m aintained fo r 10 m in. (m axi
mum pretreatm ent of W ill and K n o rr.8 O n ly  a small 
(1 % ) decrease in  Qn was observed, possibly due to  ex
tensive m u ltip le -layering of oxygen during pretreat
m ent.

W hen an anodic sweep (v =  360 v./sec.) was applied 
to  the electrode in  quiet, argon-saturated solution, the 
trace obtained fo r t =  10 msec, was identical w ith  that 
appearing in  F ig . 3B as the “ solvent curve,”  the currents 
w hich flow  are due to a com bination of double-layer 
charging and surface oxid a tion .2 A n y  difference in  
integrated charge A Q between th is trace and that 
corresponding fo r large values of r  m ay be taken 
as due to  oxidation  of an adsorbed im p u rity , b y  analogy 
w ith  the w ork on C O . Fu rth er, le t us define a quan
t it y  0ac

0ac  =  AQ /2Q Sh (2 1)

0ac w ould be equal to 6CC if  the adsorbed m ateria l were 
a ll oxidizable, w ith  tw o electrons required per adsorp
tion  site. A Q and 0ac are presented in  Table  I I  for 
various values of t . AQ  is negative a t r  =  1 msec., 
since the surface is not ye t com pletely reduced. AQ 
and 0ao are zero from  t =  10 msec, to  10 sec. in  the un
stirred solution. Thereafter, AQ  becomes positive, 
b u t the values of 0ao bear no simple constant re lation 
ship to  9Cc. T h is  m ight be explained b y  a com bination 
of events.

(1) Some adsorbed im purities do not oxid ize during 
the anodic sweep u n til the region of m olecular oxygen 
evolution  is entered.

(2) A  va rie ty  of im purities are adsorbed; the num
ber of electrons per site required depends on the struc
ture of the p articu la r im p u rity  adsorbed. Th e  average 
num ber of electrons per site m ight be expected to va ry  
w ith  com position and, hence, tim e.

In  support of argum ent (1) above, it  m ay be re
m arked th a t fo r large r, one pulse does not clear the 
electrode surface, as evidenced b y  the distorted ap
pearance of the subsequent trace. Fu rth er, the traces 
fo r high AQ  (and r ) often do not coincide w ith  the trace 
fo r r  =  10 msec, in  the region of m olecular oxygen 
evolution, suggesting th a t the surface s till is p a rtia lly  
covered.
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Th e  fact th a t some im purities, a t least, are oxidizable 
suggests th at th ey m igh t be rem oved b y adsorbing on a 
clean electrode surface, and then app lying an anodic 
pulse. O ur experience w ith  C O  suggests th at th is ad
sorption m ight be transport-lim ited  a t low  coverages, 
and k in e tica lly  retarded a t higher coverages, so th a t 
frequent anodic pulses are advantageous. A  10 cm .2 
smooth P t electrode was inserted in  the cell and pulsed 
fo r 12 h r. w ith  s tirrin g . One pulse (v =  6 v./sec.) was 
applied every 12 sec. Th e  table records the various 
param eters measured after the purifica tion. Judging 
from  dcc, the surface is covered to  the extent of o n ly 4 %  
after r  =  100 sec., and 9%  after r  =  1000 sec. in  the 
“ qu iet”  solution (transport b y  convection). T h is  m ay 
be compared a t comparable tim es w ith  the 50% reduc
tion  observed before purifica tion, and in  the w ork of

W ill and K n o rr8 and B re ite r and K ennel.10 N o  a t
tem pt was made to  trace the o rig in  of im purities in  th is 
w ork.

A ll measurements of C O  reported above were made 
on the pulse-purified solution. Th e  m ethod of p u rifi
cation b y  the use of anodic pulses m ay have advantages 
over more conventional electrochem ical methods of 
purifica tion  b y  evolution of hydrogen and oxygen at 
a u x ilia ry  electrodes,11 since the adsorption of im purities 
is retarded b y  these la tte r conditions and the ca ta lytic  
efficacy of the electrode reduced.

Acknow ledgm ent.— Th e  author washes to  thank M r.
J . Adam chick fo r his valuable assistance w ith  the elec
tron ic  instrum entation.
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BAND SHAPES IN NON-LINEAR CHROMATOGRAPHY WITH AXIAL DISPERSION
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By the use of a polynomial type of adsorption isotherm, a nonlinear partial differential equation has been de
veloped that applies to the nonlinear equilibrium chromatography of a single solute in thé presence of axial dis
persion. Analytic solutions to this equation have been obtained for the case where the nonlinearity is small, or 
the initial solute concentration is small, or both. Discontinuous solutions for no axial diffusion also have been 
generated. The effects of a nonlinear isotherm and axial dispersion on band broadening, peak height, and band 
shape are discussed by evaluating the analytical solutions under typical conditions found in chromatography.

Th e  equation of con tin u ity fo r the exchange of solute 
between a m obile phase and a fixed bed of solid adsorb
ent particles is usua lly taken as1-7

ÒC , ÒC „  ò2C  1 dn
—— -f- u —  =  E ——  —  — - —
òt àz òz- e òt ( 1 )

where C is the moles of solute per u n it volum e of m obile 
phase, n the moles of adsorbed solute per u n it volum e 
of packed adsorbent, u is the constant m obile phase 
ve lo c ity  through the interstices, e the vo id  fraction, 
and E  the coefficient of axia l dispersion. E quation  1 
assumes uniform  colum n tem perature and pressure and 
neglects radia l varia tions in  solute concentration and 
ve lo c ity  w ith in  the interstices.

Th e  term  (l/e)(bn/dt) in  equation 1 represents the 
exchange of solute between the phases and is evaluated 
either b y  using a fin ite  rate of in terfacia l transport1-3'6“ 8 
or b y  in troducing the concept of instantaneous equ ilib 
riu m ,2'4-7“ 14 when the values of n a t each axia l posi
tion , 2 , would be given b y  the adsorption isotherm  n =  
/ (C ). In  the absence of axia l diffusion, a linear iso
therm  causes a pulse of solute to  pass through the 
colum n unchanged b u t delayed,9 whereas if  the isotherm

(1) E. Glueckauf, K. H. Barker, and G. P. Kitt, Discussions Faraday 
Soc., 7, 199 (1949).

(2) L. Lapidus and N. R. Amundson, J. Phys. Chem., 56, 984 (1952).
(3) W. C. Bastian and L. Lapidus, ibid., 60, 816 (1956).
(4) E. N. Lightfoot, ibid., 61, 1686 (1957).
(5) A. Acrivos, Chem. Eng. Sci., 13, 1 (1960).
(6) J. E. Funk and G. Houghton, Nature, 188, 389 (1960).
(7) J. E. Funk and G. Houghton, J. Chromatog.] 6, 193, 281 (1961).
(8) H. C. Thomas, Ann. N. Y. Acad. Sci., 49, 183 (1948).
(9) J. N. Wilson, J. Am. Chem. Soc., 62, 1583 (1940).
(10) D. DeVault, ibid., 65, 532 (1943).
(11) J. Weiss, J. Chem. Soc., 297 (1943).
(12) J. E. Walter, J. Chem. Phys., 13, 229 (1945).
(13) E. Glueckauf, J. Chem. Soc., 1302 (1947).
(14) I. Fatt and M. A. Selim, J. Phys. Chem., 63, 1641 (1959).

is concave tow ard the C -axis the tra ilin g  edge develops 
a fin ite  slope and the leading edge rem ains ve rtica l, the 
reverse being true fo r isotherms concave to the n- 
axis.8“ 13 Lapidus and Am undson2 have dem onstrated 
that, in  the presence of a linear isotherm , a xia l disper
sion causes the sharp boundaries to  be smoothed out 
and the bands to  become broader. A n a lytic a l solutions 
fo r instantaneous equilibrium  w ith  axia l dispersion and 
a nonlinear isotherm  have been attem pted b y  Glueckauf, 
et al.,1 who obtained approxim ate results lim ited  to  the 
case of p a rtia l enrichm ent w ith  a single boundary, no 
solution being obtained fo r the diffuse rear boundary. 
L ig h tfo o t,4 using instantaneous equilibrium , and A c r i
vos,5 using a fin ite  rate, have obtained asym ptotic ap
proxim ations fo r a single boundary w ith  axia l dispersion 
th a t are o n ly applicable to distances fa r rem oved from  
the colum n entrance and to nonlinear isotherm s concave 
tow ard the C -axis. N um erical solutions fo r a solute 
pulse using a high-speed d ig ita l com puter have been 
obtained b y  Funk and H oughton6'7 fo r ga s-liq u id  p a rti
tion  chrom atography in  the m ost general case in vo lv in g  
fin ite  transfer rates, axia l dispersion, colum n pressure 
drop, and using a nonlinear isotherm  of the po lynom ial 
form

n =  / (C ) =  K a +  KiC +  K 2C 2 (2)

T h is  form  of isotherm  has the advantage th a t it  is con
cave to  the n -axis fo r positive K 2 as above, concave to 
the C -axis fo r negative K 2, and linear fo r K 2 =  0. 
Furtherm ore, the constant K0 has been introduced so 
th a t eq. 2 m ight be used to  approxim ate a h ig h ly  curved 
isotherm  w ithout the use of higher order terms such as
K/J3, K tC * ,------ ; in  such cases the constants K 0,
K lt and K 2 w ould be adjusted to  represent the equ ilib 
rium  curve b y  a curved line segment in  the region of
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concentration where m ost of the mass transfer occurs. 
How ever, in  m ost cases where the non -id ea lity is not too 
great, the true physical situation  then w ould be rep
resented b y  setting K 0 =  0 and adjusting K x and K 2 
accordingly. Since it  is w ell known th a t both axia l 
dispersion and a nonlinear isotherm  have a profound 
effect upon the shape, size, and position of elution bands 
in  chrom atography and ion exchange, it  is the purpose 
of the present com m unication to show that, when non
linear isotherm  (2) is combined w ith  con tin u ity eq. 1, 
the resulting partia l d ifferentia l equation is amenable to 
solution when the solute is in  sm all concentration, or 
the non linearity is sm all, or both. Th e  ana lytica l solu
tions also w ill be used to  show how the elution tim e, 
peak height, band w id th , and band shape are influenced 
b y  the physical parameters in  the system.

The present discussion w ill be confined to  the case of 
elution developm ent chrom atography in  w hich an iso
lated section of adsorbent of length L0 is first saturated 
w ith  a single solute such th a t the equilibrium  concen
tra tion  in  the m obile phase is u n ifo rm ly Co. Develop
ment of the chrom atogram  then is started b y  releasing 
the solute pulse in to  a stream  of pure solvent. Thus, 
fo r an in fin ite  colum n w ith  C (f, °°) = 0  the above condi
tions correspond to  the fo llow ing in itia l value problem

<7(0,z) =  Co
7 2 .( 0 ,z )  =  K o  +  K i C 0 +  X 2 C 0 2

— Lq/2 <  z <  Lq/2

(3)

C(0 ,z) =  0Ì 
w(0,z) =  0J |*| >  h / 2

E q u ilib riu m  w ill be assumed in it ia lly  and at each sub
sequent po in t in  the colum n. In  th is connection in itia l 
conditions (3) also m ight approxim ate the rap id  sample 
in jection  technique used in  gas chrom atography if  equi
lib riu m  is reached instantaneously.

Partial Differential Equation of Nonlinear Equi
librium Chromatography.— I f  nonlinear isotherm  (2) 
is substituted fo r n in  co n tin u ity eq. 1 the result, after 
some rearrangem ent and redefinition  of variables, is

ÒC _  \UC ÒC _  E0 ò-C 
òt ~  1 +  XC  ò£ “  1 +  XC ò£2

where

U =  « / (  1 +  K / t)-  X =  2K¡/e (l +  Ki/t)

Ee =  E/( 1 +  K ,A ) ;  i  =  z - U t

In  nonlinear eq. 4 U is the ve lo c ity  the solute band 
w ould possess if  the adsorption isotherm  were linear or 
X =  0. Th e  param eter X is proportional to  K 2 of eq. 2 
and therefore is a measure of the n on lin earity of the 
isotherm , being positive fo r an isotherm  concave to  the 
n -axis and negative fo r an isotherm  concave to  the C - 
axis. I t  is clear th a t if  the isotherm  is linear, or X =  0, 
eq. 4 w ill reduce to the parabolic diffusion equation

ÒC „  ò2C 
òt ~  E° ò£2

(5)

The new variable, £, represents the axia l coordinate, z, 
referred to  an o rig in  m oving w ith  a ve lo c ity  U. The 
effects of a xia l dispersion are represented b y  Ec, which 
is lower than E  b y  the factor (1 +  Ki/e). H ow ever,

th is reduced axial diffusion coefficient w ill be compen
sated b y a greater retention tim e w hich w ill perm it a 
longer tim e fo r dispersion to occur. In  th is connection 
the retention tim e, tR} fo r linear chrom atography is 
given b y  L/U, where L is the length of the chrom ato
graphic column so that

( 6 )

The so-called apparent retention tim e w ill be tR m inus 
L/u.

Th e  nonlinear te rm \UC/{\ +  XC) in  eq. 4 is equiva
lent to  a convective ve lo c ity  th at is a function  of the 
solute concentration so th at a ll parts of the e lu tion  band 
w ill not be trave lin g at the same rate, whereas the term  
E0/( 1 +  XC) corresponds to  a diffusion coefficient th a t 
is a function of concentration. B oth  these effects w ill 
result in  different solute concentrations being dispersed 
a t d ifferent rates, thus causing the elution band to 
become asym m etric in  a direction th a t depends upon 
the sign of X. A lthough  eq. 4 is a com plicated nonlinear 
partia l d ifferentia l equation, i t  can be made amenable 
to  solution b y  lim itin g  considerations to  either d ilute 
solutions or to  sm all nonlinearities or both such th at 
|XC| < <  1, when

òt ò£ ò£2 (7)

The lim ita tion  of sm all |x C| is not critica l since even 
sm all values can lead to  quite a large am ount of asym 
m etry if  the elution tim e is long enough. H ow ever, if  
the residence tim e is too long, the asym m etry m ay be
come progressively reduced because the effects of 
prolonged axia l dispersion w ill tend to  reduce the con
centration C and hence the d isto rtion  ve lo c ity  \UC. 
Th e  ve lo c ity  X UC w ill cause the h igh concentrations at 
the peak of the pulse to  trave l faster than the lower con
centrations a t the base, thus producing an elution band 
th a t is skewed in  a direction determ ined b y  the sign of 
X and hence the shape of the adsorption isotherm .

Band Broadening in Linear Chromatography.— A l
though band broadening in  linear chrom atography has 
been considered b y  a num ber of w orkers,1-3'6'7 it  is use
fu l to obtain the p articu la r solution fo r developm ent 
chrom atography and to  produce a relationship between 
band breadth and the physical parameters in  the system. 
The solution to  eq. 5 fo r an in fin ite  one-dim ensional 
colum n w ith  an in itia l condition (7(0,0 is15

c m )  =
c( o,r>

2\/irEct eXP
(8 )

Th e  particu la r solution fo r in itia l conditions (3) then is 
rea d ily found b y  in tegration  to  be

Th e  peak concentration, CP, of the elution band w ill 
occur a t £ =  0 and pass the m easuring po in t in  the 
colum n at the retention tim e tR =  L/U , so th at

(15) H. S. Carslaw and J. C. Jaeger, “ Conduction of Heat in Solids,’ * 
Oxford University Press, New York, N. Y., 1959.
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a = 8E0L/LoW.

Fig. 1 .— Effect of parameters on band broadening in linear 
chrom atography.

Equation  9 gives a sym m etrical dispersion around the 
peak w hich trave ls a t the solute ve lo c ity , U, so th a t a 
measure of the band broadening can be obtained b y 
determ ining the distance of the po in t of in flection in  the 
e lution curve from  the center of the band. T h is  m ay 
be accomplished b y  determ ining the value of £, des
ignated £ (c/. inset of F ig . 1), fo r w hich d 2C/d?2 =  0 
in  eq. 9 and then setting t =  L/U. The fo llow ing trans
cendental equation results

1 —  8 tanh (j3/a) =  0 (11)

where

«  =  8 EJL/WU  =  8EL/L0hi 

and 8 =  /L0

The dimensionless param eter ¡3 represents the ra tio  of 
the band w id th  at tim e t to the in itia l sample size, w hile 
a is another dimensionless param eter whose value de
term ines the band broadening as shown in  F ig . 1, w hich 
represents a p lot of eq. 11. A t  low  values of a, p a rtic 
u la rly  fo r a <  0.5, it  is apparent th at band broadening 
is re la tive ly  insensitive to  the operating variables. 
In  order to determ ine the factors th at influence a and 
hence 8, it  is necessary to  have a relationship fo r E in  
packed beds. A t  the present tim e the o n ly relationship 
available is th a t obtained th eoretica lly b y  Beran,16 
M cH e n ry and W ilh e lm ,17 and A ris  and Am undson,18 
nam ely, E =  adu, where d is the particle  diam eter and a 
is a dimensionless constant th at appears to  have a value 
in  the range 0.5-15, depending upon the nature of the 
flow . I f  th is form  fo r E  is used in  the present case, we 
find a =  8adL/L^, so th at band broadening is reduced 
b y increasing the in itia l pulse length, decreasing the 
colum n length, and reducing the particle  diam eter. 
Decreasing the grain  size as a method of increasing reso
lu tion  in  chrom atography has been m entioned b y 
G lueckauf, et al.1 I t  is interesting th a t the model used 
fo r E  predicts th a t band broadening should be inde
pendent of eluent ve lo city, an observation th a t could 
be tested rea d ily b y  experim ent.

(16) M. J. Beran, J. Chem. Phys., 27, 270 (1957).
(17) K. W. McHenry and R. H. Wilhelm, A.I.Ch.E. J ., 3, 83 (1957).
(18) R. Aris and N. R. Amundson, ibid., 3, 280 (1957).

£
Fig. 2.— Effects of axial dispersion in linear and nonlinear 

chromatography for L0 =  4 cm. and U =  0.5 cm./sec.; (a) linear 
chromatography, X =  0 with the product E0t as a parameter; 
(b) partly developed elution band at t =  10 0  sec.; (c) fully devel
oped elution band at t =  400 sec.

Letter Subscripts Extent of
on graph cm.2/sec. for letters nonlinearity

A 0 .0000 0 X =  0.00
B .0025 + Xc0 =  + 0 .0 5
c .0 10 0 — XCo =  -0 .0 5
D .0400

Figu re  2(a) shows plots of C /C 0 vs. £ according to  eq. 
9 using the product E0t as a param eter. I t  is apparent 
th a t dispersion occurs sym m etrica lly around the peak 
as discussed b y  Fu nk and H oughton,6’7 so th a t the 
peak concentration ra tio , C B/Co, and the band broaden
ing ra tio , 8, w ill adequately represent the effects of 
axia l dispersion in  linear chrom atography. H ow ever, 
when the adsorption isotherm  is nonlinear, changes in  
band shape m ay occur sim ultaneously w ith  changes in 
height and w id th , so th a t nonlinear chrom atography 
requires a m uch more com plicated m athem atical fo r
m ulation. In  th is connection G lueckauf, et al.,1 have 
pointed out th a t because of the m athem atical d iffi
culties involved, the case of nonlinear chrom atography 
w ith  axia l dispersion represents an im portant gap in  our 
knowledge of chrom atography, p a rticu la rly  in  view  of 
the fact th a t both of these phenomena usua lly are pres
ent in  practice.

Band Shapes in  N onlinear Chrom atography.— The
effect of a nonlinear isotherm  on band shape can be ob
ta in  b y  noting th a t nonlinear equations of typ e  7 
can be reduced to  the parabolic diffusion equation b y 
the fo llow ing change of variab le due to H o p f19

(19) E. Hopf, Comm. Pure Appl. Math., 3, 201 (1950).
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2Eq 1 d0 
\U <j> d£

( 1 2 ) ~  =  -So({ +  w  -  Sod; -  M o )  (17) 
^0

Thus, substitu ting expression 12 fo r C in  eq. 7, we ob
ta in  d0/d£ =  H 0 d 20/d£2, a result sim ilar to eq. 5, so 
th at the solutions to  eq. 7 w ill be given b y  eq. 8 w ith  C 
replaced b y  0. Furtherm ore, if  C(0,£) represents a 
general in itia l condition fo r the in troduction  of solute 
in to  the colum n, then 0(0,£) m ay be obtained b y  direct 
in tegration of re lation 12

0(0,£) =  0 (0 ,- °°) exp
'X H  
2 Ec ft. CM* (13)

Accord ingly, eq. 12 and 13 m ay be combined w ith  eq. 
8, in  which C is replaced b y  0, to  y ie ld  the solution

So is the Heaviside u n it step function  defined b y

( 0 ; f < 0

5o(f) =  <V*; r  =  o (18)
( i ;  r > 0

I t  is interesting to  note th a t the error functions of eq. 9 
become the step functions of eq. 17 as E0 —► 0. Solution 
17 demonstrates the w ell known resu lt9-11 th a t, in  the 
absence of axia l diffusion, linear chrom atography yields 
a pulse th at passes through the colum n unchanged in 
either size or shape as shown b y the discontinuous curve 
A 0 in  F ig . 2(a). W hen X ^  0 the solutions th a t sa tisfy

C
/ : \Ut

exp
ik m ) +!  r f : d ï

r» T A -  í ' V  ah /*£' i
/ -  - exp L ■ \ w W  +  2 B , / - .  d|

(14)
XH

2 Ee J ~
W hen in itia l conditions (3) are introduced in to  eq. 14, the fo llow ing ana lytic  solution results fo r a pulse input

C _____________________ exp (g) [erf (p - f  h) —  erf(g +  h)]_________________
C0 1 -  erf(p) +  exp(̂ ) [erf(p +  h) -  erf(q +  h)] +  e xp (m )[l +  e rf(g )]

(15)

where

p =  (£ +  l/iE0)/2'\/Ej, 
q =  «  -  1/ 2L o ) /2 V B 7 i  
g =  XC0H(2££ +  \C0Ut2 +  Lot'f/iEj, 
h =  \C0Ut/2\/Ej,
Tti — \C0UL0/2Ee

I t  is im portant to  note th a t eq. 15 correctly reduces to 
eq. 9 if  A is set equal to  zero, corresponding to  a linear 
isotherm .

A lthough  eq. 15 is a complete solution representing 
the combined effects of a xia l dispersion w ith  a nonlinear 
isotherm , it  also is necessary to  have a solution to  eq. 7 
w ith  He =  0 in  order to  separate the effects of diffusion 
from  those of the nonlinear isotherm . Solutions to  eq. 
1 w ith  E  =  0 and dC/dt =  0 fo r various types of non
linear isotherm  have been discussed b y  D e V a u lt,10 
W eiss,11 G lueckauf,1-13 and Thcm as.8 H ow ever, the 
particu lar case of po lynom ial isotherm s of type  3 
has not been treated previously. Furtherm ore, it  ap
pears th at in  add ition  to  neglecting a xia l dispersion, 
earlier w orkers often did not include transient effects 
represented b y  the term  5C/d£ in  eq. 1, the equation of 
con tin u ity being sim p ly eudC/bz =  dn/dt. Thus, in  
order to  establish connections between results 9 and 
15 and the equivalent solutions fo r the cases where 

=  0 in  eq. 7, these la tte r solutions w ill now be de
veloped fo r the po lynom ial adsorption isotherm  (3). 
The general solution to  eq. 7 w ith  no axia l dispersion 
(H 0 =  0) is

C =  0 a  +  A CUt) (16)

The function 0 m ust satisfy the in itia l conditions (3) 
and also reduce to  the correct form  for linear chrom atog
raphy as A ->  0. F o r linear chrom atography (X =  0) 
the function 0 th a t satisfies in itia l conditions (3) is 
clearly the difference between twm u n it step functions

eq. 16 as w ell as in itia l conditions (3) and also give  a solu
tion  of the form  (17) as A -*■ 0 m ight be form ed b y  com
b in ing the step functions So(Ç +  V 2H0 +  A CUt) and $0(? 
—  V sLo  +  \CUt) ; again the s im ila rity  between the ar
guments of these step functions and those of the error 
functions in  eq. 15 should be noted. H ow ever, the argu
ments of So in  th is case are continuous in  C inside the 
in te rva l 0 ^  C ^  Co so th a t fo r a fixed value of t the pos
sible relationships between C  and £ are given b y  £ - f  1/2Z/o 
+  A CUt =  0 and f  —  -/-¿I-a +  A CUt =  0. A cco rd in g ly, 
if  X >  0 then C  m ust increase lin e a rly as £ decreases, 
whereas fo r X <  0 there w ill be a linear increase in  C w ith  
an increase in  £. Thus, if  £0 is the value of £ wdien C  =  0, 
then £0 =  V 2L 0 fo r X >  0 and £0 =  —  V 2H0 fo r X <  0. 
Ta k in g  the case of positive X first, the value of £, desig
nated £1 , at -which C  =  Co on the continuous curve, w ill be 
given b y  the linear form  £ 1  =  1/2L 0 —  \C0Ut. A  discon
tin u ity  in  C w ill be present at the rem aining boundary, £ 
=  £2 , where C  =  V 2C 0, so th at £ 2  =  —  V 2L 0 —  (AXCoCT 
Since £ 2 m ay be sm aller than £1 , a region can exist in  
which the concentration is u n ifo rm ly Co, a band of th is 
type  being termed p a rtly  developed. Th e  discontinuous 
curves A+  and A -  of F ig . 2(b) illu stra te  the asym 
m etrical trapezoidal shapes of p a rtly  eluted bands. 
Thus, for positive X the discontinuous solution fo r a 
p a rtly  eluted band is summ arized b y

A); '/ ,U  <  £
V / 2H 0 — £; V 2T 0 —  \C0Ut <  £ <  l/iLo 

\CUt = ICoUt; - V 2L 0 -  VsXCoC/ <  £ <  \UU ~
I \CoUt (19)
\0; £ <  - 'M o  -  V 2A UC0t

Th e  analogous solution fo r a p a rtly  eluted band w ith  
negative X s im ila rly can be shown to  be

( 0 ;  - M - 0 > £
VMo + ¡A Cot / — 1
< lx lC JJt: 1/o\\CnlJt +- V

_ 'A A  >  £ >  — '/M o  
|x|Cf/1 — < IxIC oH i; Vafx C0Ut +  'M o >  £ >  |a |C0Ut -  

M o  (2 0 )
(O; £ >  V i\\\CoUt +  M o
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I t  is evident from  solutions 19 and 20, p lotted as 
curves A+  and A -  in  F ig . 2 (b ), th a t a p a rtly  eluted 
band w ill d rift in  the direction of negative £ if  X is 
positive  and vice versa fo r negative X. H ow ever, the 
po in t £i always moves faster than £ 2  so th a t, if  e lution is 
continued, £i w ill eventually become equal to  £2, when

( 1/ì\C0Ut; X >  0 
— 'A lx jC o I /i /X  <  0

(2 1 )

Th ereafter the band assumes a trian gu la r shape w ith  
one boundary alw ays ve rtica l and is  termed fu lly  
developed. Since the sloping boundary s till obeys the 
equation \CUt =  1/iLa —  £ fo r X >  0 and \\\CUt =  
V 2L 0 +  £ fo r X <  0, another equation is necessary to  
define the trian gu la r band com pletely, th is additional 
equation being the m ateria l balance fo r the solute in the 
pulse. I f  the orig ina l solute in  the pulse is L0C0 and the 
po in t (£3,6V) defines the apex of the trian gu la r elution 
band, then a m ateria l balance gives

|x|C3 t/i =  2 L0C0/C3 =
/ V 2T 0 —  £3 ; x  >  0  

H M «, +  £3; x  <  0
(2 2 )

Tria n gu la r e lution bands A +  and A -  in  F ig . 2 (c), cor
responding to  X >  0 and X <  0, respectively, are typ ica l 
examples of fu lly  developed chrom atogram s in  the 
absence of axia l diffusion.

In  order to  determ ine the effects of axia l dispersion on 
both p a rtly  developed and fu lly  developed chrom ato
gram s, eq. 15 has been p lotted  in  F ig . 2 (b) and 2(c) fo r 
values of Ec of 0.0025, 0.010, and 0.040 cm .2/sec. w ith  
U — 0.5 cm./sec. and L0 =  4 cm. A  p a rtly  developed 
band is obtained b y  calculating the concentration pro
file  a fter 100 sec., w hile  a fu lly  developed band is ob
tained when t =  400 sec. A  value of |xCo| =  0.05 
has been chosen so th a t |XC| ^  0.05 and the criterion  
|XC| < <  1 is  satisfied. I t  is evident from  F ig . 2 th at

even a re la tive ly  sm all value of |XC| can produce con
siderable d istortion  and displacem ent of the band if  the 
retention tim e is long enough. I t  m ay be noted th a t if 
X is negative and the adsorption isotherm  is concave to  
the C'-axis, the peak moves faster through the colum n 
than it  w ould if  the isotherm  were linear, the leading 
edge having a m uch steeper slope than the tra ilin g  edge 
— the reverse being true fo r the positive  value of X. 
In  the absence of axia l diffusion, one of the boundaries is 
always ve rtica l, as discussed b y  earlier w orkers.8-13 
How ever, the effect of axia l dispersion is to  cause both 
edges to  slope and to  round off the sharp corners, y ie ld 
in g  shapes of the type  th a t is com m only observed in  
practice. T h a t the bands observed experim entally 
ra re ly even approxim ate the discontinuous form s ex
pected fo r no axia l dispersion was discussed quite parly 
b y  W ilso n .9 I t  is evident from  the present analysis 
th at the effect of a nonlinear isotherm  is to  produce dis
to rtion  of the elution band, w hile  the effect of axia l dis
persion is  to  cause the band to  become more sym 
m etrical, the final shape being a balance between these 
tw o phenomena (c/. F ig . 2). In  addition, eq. 15 fo r 
sm all |XCo| yie lds elution bands fo r positive and nega
tive  X th at are m irro r im ages of each other in  the plane 
£ =  0 .

F in a lly , the ana lytic  solutions to  eq. 5 and 7 w ith  
and w ith ou t axia l dispersion have revealed a basic d if
ference between linear and nonlinear chrom atography, 
nam ely th a t in  the linear case the in itia l concentration 
of solute has no effect on the final elution curve if  C/Co 
is used as the variab le (c/. eq. 9 and 17), whereas in  the 
case of the nonlinear isotherm  the shape and location of 
the final elution curve is profoundly affected b y  the in i
tia l solute concentration, Co, through the term  \C0Ut 
(cf. eq. 15, 19, and 20). Th us, in  ana lyzing d ifferent 
m ixtures of the same solute having a nonlinear isotherm , 
some changes in  the shape and position of the chrom ato
gram  can be expected.

RADIOLYTIC AND THERMAL DECOMPOSITION OF BORAZOLE
B y  C l a r e n c e  J . W o l f  a n d  R i c h a r d  H . T o e n i s k o e t t e r  

Parma Research Laboratory, Union Carbide Corporation, Parma SO, Ohio 
Received May 29, 1962

The hydrogen yield from the Co60 7 -ray radiolysis of borazole is constant (<7(H2) =  0.36) from —196 to —120° 
and then increases to 2.90 at 30°. Diphenylpicrylhydrazyl scavenger experiments indicate a yield of 7.5 ±  0.5 
radicals per 100 e.v. absorbed. At 24°, borazole decomposes thermally, producing hydrogen at a rate of 4 X  10~8 
moles/l.-sec. for 24-hr. periods. The decomposition reaction at 30.8 and 40.8° appears to be autocatalytic since 
the rate of hydrogen production increases with time.  ̂ to.

In troduction
Previous w ork1 indicated th a t m ethyl substituted 

borazoles resembled a liphatic hydrocarbons w ith  re
spect to  radiation  yie lds. I t  was of interest, therefore, 
to  study the radiation chem istry of borazole. Since 
borazole is isoelectronic w ith  benzene and is sometimes 
referred to  as “ inorganic benzene,”  it  is of interest to 
compare the radiolysis of borazole w ith  benzene and 
w ith  the saturated cyclic  hydrocarbon, cyclohexane. 
Th e  radiation  chem istry of benzene2-5 and cyclo -

(1) C. J. Wolf and R. H. Toeniskoetter, J. Phys. Chem., 66, 1526 (1962).
(2) S. Gordon and M. Burton, Discussions Faraday See., 12, 88 (1952).
(3) J. P. Manion and M. Burton, J. Phys. Chem., 56, 560 (1952).
(4) S. Gordon, A. R. Van Dyken, and T. F. Doumani, ibid., 62, 20 (1958).
(5) R. H. Schuler, ibid., 60, 381 (1956).

hexane7-18 has been studied extensively. H ydrogen  
yie lds of 0.038 and 0.044 molecule per 100 e .v. have

(6) L. Bouby, A. Chapiro, M. Magat, E. Migirdicyan, A. Prevot-Bernas,
L. Reinsch, and J. Sebban, Proc. Intern. Conf. Peaceful lises At. Energy, 7, 
526 (1955).

(7) M. Hamashima, M. P. Reddy, and M. Burton, J. Phys. Chem., 62, 246
(1958).

(8) M. Burton, J. Chang, S. Lipsky, and M. P. Reddy, Radiation Res., 8, 
203 (1958).

(9) H. A. Dewhurst, J. Phys. Chem., 63, 813 (1959).
(10) J. Dyne and W. H. Jenkinson, Can. J. Chem., 38, 539 (1960).
(11) R. W. Fessenden and R. H. Schuler, J. Am. Chem. Soc., 79, 273 

(1957).
(12) L. J. Forrestal and W. H. Hamill, ibid., 83, 1535 (1961).
(13) P. J. Horner and A. J. Swallow, J. Phys. Chem., 65, 953 (1961).
(14) W. S. Guentner, T. J. Hardwick, and R. P. Nejak, J. Chem. Phys., 

30, 601 (1959).
(15) G. R. Freeman, ibid., 33, 71 (1960).
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been reported fo r the y -ra y  radio lysis of benzene b y  
Schuler5 and Gordon, et al.,4 respectively. The reported 
hydrogen yie lds from  irrad ia ted cyclohexane v a ry  
between 4.85 found b y  H orner and Sw allow 13 and 5.85 
molecules per 100 e.v. as found b y  B urton , et al.,B 
and Forresta l and H a m ill.12

A lth o u gh  borazole is known to  decompose a t room  
tem perature,16 17 18 19 little  is known about the kinetics of 
decom position. Laubengayer, M oews, and P o rte r20 
studied the decom position of gaseous borazole in  the 
tem perature range 337 to 3713. H ydrogen was the 
principal gaseous product and evidence was found for 
production of d ip h en yl- and naphthalene-type com
pounds. S im ilar results recently have been reported 
fo r the decom position of liq u id  bcrazole.21 W e report 
here the rate of hydrogen production from  liq u id  bora
zole at 30.8 and 40.8°.

Experim ental
Borazole was prepared by reduction of B-trichloroborazole 

with lithium aluminum hydride19 in tetraethylene glycol dimethyl 
ether. The crude product (obtained in 45%  yield) was separated 
from the reaction mixture by distillation through a water cooled 
spiral reflux condenser at a pressure of 10-3  mm. Redistillation 
at atmospheric pressure gave a fraction boiling at 54.2°. The 
borazole then was vacuum fractionated through traps at —45, 
— 78, and —196° until the vapor pressure of the fraction trapped 
at —78° was 85 mm. at 0° (lit. 85 mm. at 0° for pure borazole22). 
This fractionation procedure was repeated prior to loading of the 
sample tubes and the samples were stored at —196° to minimize 
thermal decomposition. Borazole was recovered from irradiated 
or thermally decomposed samples and was purified in the same 
manner and reused.

Samples of borazole, weighing approximately one gram, were 
vacuum distilled into Pyrex tubes 10 mm. X 100 mm. All 
samples were irradiated at the desired temperature in a 3200-c. 
cobalt-60 -y-ray source. The dose rate was 1.1 X 1020 e .v ./g .- 
hr. measured by means of a ferrous sulfate dosimeter assuming a 
ferric yield of 15.6.23 All doses were corrected for the decay of 
the cobalt-60 source and for the difference between the electron 
density of the sample and that of the dosimeter. For irradia
tions below room temperature the samples were immersed in ap
propriate boiling liquids and liquid-solid mixtures.

Sample tubes were opened in the vacuum system and hydrogen 
was pumped through a —196° trap with the aid of a Toepler 
pump and measured in a calibrated gas buret. The quantity 
and purity of the hydrogen were then checked in a gas chroma
tograph. In preparation of the borazole samples, mercury con
tamination was minimized by passing the borazole vapor through 
a U-trap packed with glass wool and cooled to —45°. Within 
the limits of experimental error, it was found that the presence 
of small but visible amounts of mercury affected neither the radia
tion-induced reactions nor the thermal reactions.

The samples used for the thermal decomposition measurements 
were held in a thermostated water badi controlled to better than 
± 0 .3 °  for periods of time ranging from 6 to 160 hr.

In order to determine the effect of the glass vessel composition 
on the thermal reaction, borazole was loaded into sample tubes 
made from several types of glasses including one Pyrex tube which 
had been irradiated to a total dose of 2 X 1021 e .v ./g . Samples 
were stored at 24° for 70 hr. and the amounts of hydrogen pro
duced, in units of micromoles of H2 per gram of borazole, were: 
Pyrex, 11.9; Vycor, 11.9; quartz, 9.8; Nonex, 10.5; cobalt 
glass, 11.2; uranium glass, 9.1; and irradiated Pyrex, 12.6.

(16) T. D. Nevitt and L. P. Remsberg, J. Phys. Chem., 64, 969 (.1960).
(17) G. E. Adams, J. H. Baxendale, and R. D. Sedgwick, ibid., 63, 854

(1959).
(18) E. S. Waight and P. Walker, J. Chem. Soc., 2225 (1960).
(19) R. Schaeffer, M. Steindler, L. Hohnstedt, H. S. Smith, Jr., L. B. 

Eddy, and H. I. Schlesinger, J. Am. Chem. Soc., 76, 3303 (1954).
(20) A. W. Laubengayer, P. C. Moews, Jr., and R. F. Porter, ib id .,  83, 

1337 (1961).
(21) G. Mamantov and J. L. Margrave, J. Inorg. Nucl. Chem., 20, 347 

(1961).
(22) E. Wiberg and A. Bolz, Ber., 73B, 209 (1940).
(23) S. C. Lind, “ Radiation Chemistry of Gases,” Reinhold Publ. Corp.,

New York, N. Y., 1961, p. 59.

Fig. 1 .— Temperature dependence of the hydrogen yields from 
irradiated borazole.

These values indicate little, if any, effect of glass composition 
on the rate of decomposition of borazole at 24°.

Diphenylpicrylhydrazyl was obtained from Distillation Prod
ucts Industries. Its molar magnetic susceptibility was found to 
be 1255 X 10-6 c.g.s./m ole, indicating a high state of purity 
(theoretical susceptibility of pure DPPH is 1270 X  10-6  c .g .s ./ 
mole) .24 DPPH concentration in the scavenger experiments was 
determined spectrophotometrically at 520 (molar extinction 
coefficient 12,100) in a Cary Model 14 recording spectrophotom
eter. A known concentration of DPPH in the liquid to be 
studied was degassed by conventional techniques in a 1 mm. fused 
silica absorption cell prior to irradiation. The sample was ir
radiated, the optical density determined, and the sample then 
re-irradiated. This sequence was continued until all of the DPPH 
was consumed.

Borazole was found to react with DPPH at room temperature 
in the absence of radiation. In the time interval used, the ther
mal rate of DPPH consumption was approximately linear. 
In order to determine the radical yields during irradiation, it was 
necessary to correct for the decrease in DPPH concentration 
due to the thermal reaction during the irradiation period and 
while the sample was in transit between the source and the spec
trophotometer. This was done by following the thermal re
action spectrophotometrically before and after irradiation 
and then extrapolating the thermal curves to the midtime of the 
irradiation period.

Results
R ad io lysis of Borazole.— -The q u a n tity of hydrogen 

produced from  the y -ra y  radio lysis of borazole at 30° is a 
linear function of dose to  25 X  1020 e .v./g. Therm al 
decom position represented approxim ate ly 5 %  of the 
to ta l hydrogen obtained. A fte r suitable corrections 
G (H 2) was found to be 2.90 ±  0.08 molecules per 100
e.v.

<?(H2) as a function of tem perature is shown in  F ig . 1. 
The hydrogen y ie ld  from  borazole irrad ia ted at or 
below — 120° is 0.36 molecule per 100 e.v. In  the 
liq u id  phase the hydrogen yie ld  increases from  0.93 
to 2.90 molecules per 100 e.v. in  the tem perature in 
te rva l —  63 to  30°. A t  the m elting po in t it  appears 
th a t the physical state of borazole does not affect the 
hydrogen yie ld .

D ip h e n ylp ic ry lh yd ra zyl (in itia l concentrations be
tween 0.5 and 1.5 X  10 3 m olar) was used to determ ine 
the to ta l free radical y ie ld . F igure  2 shows the de
crease in  D P P H  concentration as a function of tim e 
and irrad ia tion . The therm al reaction occurs a t a

(24) J. V. Zanchetta, Thesis, University of Bordeaux, 1961.
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Pig. 2.— Radical yield from irradiated borazole using DPPH as 
scavenger.

Pig. 3.— Hydrogen from the thermal decomposition of borazole.

rate of 4 X  lO -7 m ole/l.-sec., ten times faster than the 
rate of therm al hydrogen production. From  the de
crease in  D P P H  concentration w ith  dose, a y ie ld  of
7.5 ±  0.5 radicals per 100 e.v. was calculated.

Th erm al Decom position of Borazole.— In it ia lly , the 
therm al decom position of borazole was studied in  order 
to  correct the results of the radiation  experim ents. 
O ver periods of tim e less than 24 hr. the rate of hydrogen 
production at 24° was found to be about 1.7 X  10_7 
mole of H 2/g .-h r. How ever, d ifficulties in  storage of 
our stock supply of borazole led us to suspect auto
catalysis in  the therm al reactions. F o r th is reason 
the rate of hydrogen production from  borazole as a 
function  of tim e was investigated a t 30.8 and 40.8.° 
Tw o  sets of seven samples each were used, the seven 
samples of series (A ) being prepared sim ultaneously 
from  a single batch of purified borazole w hile the series
(B ) samples were taken from  another batch of borazole.

Th e  hydrogen obtained from  the therm al decomposi
tion  of borazole a t 30.8 and 40.8° as a function  of tim e 
is shown in  F ig . 3. Th e  results fo r series (A ) do not 
coincide w ith  the results fo r series (B ) b u t the over-a ll 
effects are sim ilar. Th e  shapes of these curves indicate 
th a t the rate of hydrogen production increases w ith  
tim e. T h is  suggests th a t the decom position m ay be 
autocata lytic.

D iscussion
R ad iation  induced reactions w hich occur at low  

tem peratures generally are considered to result from

one or more of three processes: ( 1 ) m olecular detach
m ent, (2 ) excited atom  or molecule reactions, and
(3) recom bination reactions w ith in  a spur. A ll three 
processes should be essentially independent of tem 
perature. Io n ic  reactions m ay also occur b u t th ey 
usua lly can be recognized b y  th e ir inverse tem perature 
characteristics. Free radical reactions norm ally re
quire energy of activation  and are, therefore, tempera
ture dependent. Thus, a study of the tem perature 
dependence of radiation  yie lds can help in  form ulating 
a mechanism.

Below  — 120° H 2 p robably is produced b y  some com
b ination  of processes (1), (2), and (3). In  the tem 
perature range — 80 to 35° the tem perature coefficient 
fo r hydrogen production is about 2 kcal./m ole. Th is , 
together w ith  the observation th a t m any radicals are 
present during radiolysis [G(radical)dPPii =  7.5], sug
gests th a t a t room  tem perature H 2 is p rim a rily  form ed 
b y  a conventional radical mechanism, such as

B 3N 3H 6 B 3N 3H 5 +  H  

H  +  B 3N 3H 6 — >  H 2 +  B 3N 3H 6

A rom atic  compounds in  general, and benzene in  
particu la r, are w ell known to  be re la tive ly  radiation  
resistant w ith  respect to hydrogen production. C y - 
clooctatetraene, w hich has a low  degree of arom atic 
character, 26 is s im ila rly resistant to  rad ia tion . The 
mechanisms fo r energy dissipation w hich render 
s ta b ility  to  benzene and cyclooctatetraene, however, 
m ust not be operative in  borazole, although the aro
m atic character of the borazole rin g  appears to  be 
about 2 4 % .26 Th e  hydrogen y ie ld  from  borazole 
((t (H 2) =  2.90) more closely resembles th a t from  
cyclohexane (G (H 2) =  5.5) 7 - 1 8  than th a t from  ben
zene (C?(H2) =  0.038)4-6 or cyclooctatetraene (G (H 2) =  
0 .0 2 0 ) . 27

A p p ro xim a te ly 80% of the hydrogen obtained 
during radio lysis of cyclohexane is produced b y  molec
u lar and hot atom  reactions . 10 Th e  low  tem perature 
y ie ld  of hydrogen 7’ 9’ 28 from  cyclohexane reflects the 
tem perature independence of such processes. In  the 
case of borazole radiolysis, the low  hydrogen y ie ld  at 
low  tem perature (tr (H 2) - i 96° =  0.36) suggests th at 
m olecular and hot atom  reactions are re la tive ly  un
im portant.

Th e  therm al decom position of borazole appears to  
invo lve  autocatalysis. A u to ca ta lytic  schemes in vo lv 
ing one cata lyst or an induction period m ay be w ritte n  
w hich are consistent w ith  the data of either series 
(A ) or series (B ) (see F ig . 3). H ow ever, in  order to 
account fo r the variance of results between the tw o 
series, a more com plex scheme m ust be considered, such 
as

X  +  B  — >  C  +  F I2 ( 1 )

C  +  B  — >  H 2 +  C  +  P  (2)

B  — ■> P ' +  H 2 (3)

where B  is borazole, X  is an im p u rity  w hich reacts

(25) H. D. Springall, T. R. White, and R. C. Cass, Trans. Faraday Soc., 
50, 815 (1954).

(26) H. Watanabe, K. Ito, and M. Kubo, J. Am. Chem. Soc., 82, 3294
(1960).

(27) S. Shida, H. Yamazaki, and S. Arai, J. Chem. Phys., 29, 245 (1958).
(28) Unpublished results. For cyclohexane we find; ((7(112)- =4.50 .
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w ith  B , C  is a cata lyst fo r the decom position of bora
zole, and P  and P ' are products.

Accord ing to eq. 1, 2, and 3, the rate of hydrogen 
production is given b y

d H 2/df =  kiBX hBC -p  kJB (4)

The rate of production of C  is

dC/dt =  hB X  (5)

integrating (5) gives

C =  hBXt +  Co (6)

and substitution of (6) in to  (4)

d H 2/d i =  hBX  +  k,BC0 +  k3B +  hhJBXt (7)

In tegra tin g  eq. 7 and m aking use of the in itia l condi
tions, H 2 =  0 a t t =  0, and d iv id in g  both sides b y  t 
gives

H 2/f =  k\BX -f- k2BCo -f- k$B -(-  ̂/ 2k\k2B2Xt (8)

The m axim um  conversion of borazole in  our experi
ments corresponds to  about 2 %  decom position so that 
the terms B and B2 in  eq. 7 m ay be considered con
stant. I f  X  m ay be assumed constant, then according 
to  eq. 8, a p lo t of H 2/f vs. t should give a stra igh t line. 
F igure  4 shows th is linear re lation fo r the experim ental 
values of H 2/ i vs. t.

Accord ing to  th is scheme, a t either tem perature, 
the ra tio  of the slopes of the series (A ) line to  the series 
(B ) line gives the ra tio  of X  in  the tw o sets of samples. 
T h is  ra tio  is 2.2 a t 30.8° and 2.2 a t 40.8°. Th e  in te r
cept term  of eq. 8 contains five unknowns, k, fc2, k3, 
X, and Co, w hich cannot be evaluated. H ow ever, 
fo r the special case where kiBX «  k2BC0 »  kzB, 
eq. 8 reduces to

H 2/£ =  k2BC0 -|- V 2ti±k2B2Xt (9)

T h is  sim plification  follow s if  hydrogen is not obtained 
via reaction 1 and reaction 3 is v e ry  slow. Th e  re
action scheme then reduces to

X  +  B  — *- C  (10)

Fig. 4.— H i/t vs. t (eq. 7) for thermally decomposed borazole.

C  +  B - ^ H 2 +  C  +  P  (11)

Using eq. 9 and the intercepts from  F ig . 4, the ra tio  
of Co (series A ) to  Co (series B ) is 1.3 at 30.8° and 1.2 
a t 40.8°. F o r each series of data the ra tio  of the in te r
cepts a t the tw o tem peratures gives fc2(40.8°)/fc2 
(30.8°). T h is  ra tio , together w ith  the corresponding 
slopes, perm its estim ation of fci(40.8°)/fci(30.8°) fo r 
each series. From  the data fo r series (A ), activation  
energies of 17 and 28 kcal./m ole are calculated fo r re
actions 10 and 11, respective ly; series (B ) data lead to 
activa tion  energies of 15 and 29 kcal./m ole fo r the 
same reactions.

Th e  lin e a rity  of hydrogen vs. dose fo r borazole sug
gests th a t trace im purities do not appreciably a lter 
G (H 2). Thus, one suspects th a t the mechanisms fo r 
ra d io lytic  and therm al decom position are d istin ct 
and independent.

Acknow ledgm ent.— W e are indebted to  D r. A . W .
Czanderna fo r the m agnetic susceptib ility measure
m ents and D r. J . A . G horm ley’s continued interest 
and advice are appreciated.
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ELECTRODE DEPOLARIZATION KINETICS ON OPEN CIRCUIT1 2 3
B y  T e r r e l l  N . A n d e r se n  and  H e n r y  E y r in g
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Received May 31, 1962

Platinum wire electrodes, in nitrogen-saturated, aqueous solutions containing F e+3, M n04_, C e+4, Fe(CN )6-3, or 
CriOj-2  ions, were cathodically polarized to potentials at or near that of a reversible hydrogen electrode. The 
polarizing circuit then was broken and the ensuing chemical oxidation of the electrode surface was studied ki- 
netically by following the potential with respect to time. Three segments were observed in the open circuit 
potential-time depolarization curves. The first was a decay in less than 0.005 sec. from the hydrogen over
potential to the reversible hydrogen potential. During the second segment, the chemisorbed hydrogen was 
diminished in concentration at a rate equal to the limiting current of the oxidant. The rate of change of potential 
during the third segment was controlled by the rate at which oxidant accumulated at the electrode and reductant 
was transported away from the electrode. A  mathematical analysis was given which satisfactorily predicted 
the shape of the second and third segments. Between these latter portions of the curve, the potential was a 
mixed one, and the shape of the curve was not correlated with the concentrations of species present. However, 
this somewhat linear slope corresponded to a charging of the double layer (of constant capacity) at a rate near 
that of the limiting current of the oxidant. The results indicated that the electrode, at the reversible hydrogen 
potential, had a hydrogen coverage of approximately one monolayer. Similar experiments were performed with 
a palladium electrode to study the importance of absorbed (or occluded) hydrogen. It was found in this case 
that the flux of absorbed hydrogen to the electrode surface was important throughout most of the depolariza
tion, to potentials very close to the steady state.

In troduction
I f  a hydrogen electrode is subjected to  an oxidative  

environm ent, a t least tw o processes m ust take place 
before the potentia l attains a steady state. These are
(1) the rem oval of chemisorbed hydrogen from  the elec
trode surface and (2) the arrangem ent of a new double 
la ye r corresponding to  the potentia l of the oxidant or 
of the new environm ent. D u rin g  such processes, po
te n tia l-tim e  curves exh ib it inflections and cu rre n t- 
potentia l curves exh ib it m axim a, w hich indicate th a t 
more than one ra te -contro lling mechanism is im portant 
in  establishing the new potentia l.2-11

I t  is the object of th is paper to  study the kinetic 
processes taking place during the chemical oxidation 
of smooth platinum  cathodes b y  fo llow ing the potentia l 
change. Palladium  cathodes also are studied in  order 
to  emphasize the im portance of absorbed hydrogen.

Th e  oxid izing system  chosen was nitrogen-saturated, 
d ilu te  su lfuric or hydroch loric acid containing F e +S, 
M n 0 4- , Ce+4 5 6 7 8 9 10 *, C r2b 7-2 , or F e (C N )6-3 ions. The 
hydrogen was supplied to  the electrode b y  cathodic 
polarization , whereupon the po larizing c ircu it was 
broken and the electrode was allowed to  depolarize on 
open c ircu it.

F o r any electrode we m ay w rite , in  general

. d(/dL . d (C d iA 0
t e x t  —  L l l  H ---------- —  =  L l i  +

di d l ( 1 )

(1) This is an essential portion of a thesis submitted to the Chemistry De
partment, University of Utah, in partial fulfillment of the requirements for a 
Ph.D. Degree.

(2) J. K. Lee, R. N. Adams, and C. E. Bricker, Anal. Chim. Acta, 17, 321 
(1957).

(3) H. P. Agarwal and D. R. Sikka, Bull. India Sect. Electrochem. Soc., 6, 
1, 11 (1957).

(4) J. Giner, Z. Elektrochem., 64, 491 (1960).
(5) T. C. Franklin and S. L. Cooke, Jr., J. Electrochem. Soc., 107, 6, 556 

(I960).
(6) A. L. Ferguson and M . B. Towns, Trans. Electrochem. Soc., 83, 271 

(1943).
(7) F. P. Bowden, Proc.. Roy. Soc. (London), A125, 446 (1929).
(8) J. A. V. Butler and G. Armstrong, ibid., A 137, 604 (1932).
(9) A. Frumkin and E. E. Aikasyan, Dokl. Akad. Nduk SSSR, 100, 35 

(1955).
(10) M . Breiter, C. A. Knorr, and W. Volkl, Z. Elektrochem., 59, 681

(1955).
 ̂ (11) J. D. Pearson and J. A. V. Butler, Trans. Faraday Soc., 34, 1163

(1938).

where iext is the external current, 2 i{ is the sum of the 
currents fo r the faradaic processes a t the electrode, 
CdL is the d ifferentia l capacitance of the double layer, 
<7dL is the charge on the electrode side of the double 
layer, and E  is the potentia l of the electrode com
pared to  th a t of a reference electrode (using the G ib b s - 
Stockholm  sign convention). 2z'f m ay be expressed as a 
difference of the sums of the cathodic and anodic reac
tions, and is related exponentia lly to  the p o te n tia l.12'13

In  the event th a t mass transfer to  or from  the elec
trode is slow , equations m ay be set up fo r the con
servation of mass of each species a t the interface. I f  
both charge transfer and mass transfer are rate con
tro llin g , the system  of d ifferentia l equations describing 
the over-a ll process cannot be solved to  give  potentia l 
e xp lic itly  as a function  of tim e. T h is  results from  the 
com plex nature of the equations as w ell as from  the lack 
of knowledge concerning the in itia l conditions, rate 
constants, and the diffusion mechanism of hydrogen in  
the m etals.

In  order to  make sim plifications in  the analysis, an 
experim ental analysis is firs t made to  determ ine w hich 
processes predom inate at an y given potentia l.

Experim ental
The cell consisted of a 600-ml. Pyrex electrolytic beaker tightly 

fitted with a rubber stopper, 14 which held the various inlet tubes. 
250 ml. of electrolyte (dilute H2S04 or HC1 with oxidant added) 
was chosen for each experiment; by using this volume the bulk 
concentration of any species would not change by as much as 1 %  
during a run. The electrolyte was vigorously stirred in all of the 
experiments (unless specified otherwise) by means of a magnetic 
stirring bar. The solution was kept N 2-saturated by bubbling 
99.997% pure nitrogen through it prior to each experiment.

The indicator electrode consisted of 99.9% purity platinum 
(the palladium content was less than 0 .0 1 % ), or palla
dium wire of 0.0406-cm. diameter (B&S gage 26), with 10.2 cm.

(12) S. Glasstone, K. J. Laidler, and H. Eyring, “ The Theory of Rate 
Processes,”  McGraw-Hill Book Co., New York, N. Y ., 1941, p. 575.

(13) P. Delahay, “ New Instrumental Methods in Electrochemistry,”  
Interscience Publishers, Inc., New York, N. Y., 1954, p. 32.

(14) The rubber stopper enclosing the top of the cell was presoaked in 
dilute base and acid solutions. Prior to and during the experiments neither 
the electrodes nor the electrolyte came in contact with the stopper. The ex
periments were run within a few minutes after transferring the electrolyte to 
the cell, with N2 vigorously bubbling through the solution in the meantime. 
Therefore it is considered that the rubber stopper in no way affected the ac
curacy of the results within the ascribed precision.
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immersed in the solution. The immersed portion of the electrode 
was in the shape of an inverted horseshoe with the two ends pro
truding out of the cell through ceramic tubes which insulated the 
wire from the rubber stopper. Therefore, the wire could be 
heated in the cell by passing current through it to clean its sur
face.

A saturated calomel electrode was used as the reference half- 
cell and made contact with the electrolyte by means of a KC1- 
agar salt bridge drawn to a capillary at its tip. The working 
electrode also consisted of platinum; it was enclosed in an in
verted Pyrex tube which allowed oxygen gas produced during 
polarization to be evolved. A glass tube was contained in the 
stopper as an inlet for reagents; otherwise it was closed. The 
tubes and electrodes were positioned relative to one another so 
that the salt bridge and working electrode were on opposite sides 
of the indicator electrode.

The potential difference between the indicator and reference 
electrodes was recorded by means of an Offner Type P dynograph 
assembly with a Type 9405 cathode follower coupler inserted 
between the amplifier and electrode leads. The limit of precision 
of the instrument was ± 5  mv. except at potentials positive of 600 
mv. and negative of —150 mv. (vs. s.c.e.). A Model G Beckman 
pH meter was used to read steady-state potentials within ± 2  mv.

A constant polarizing current was supplied by means of a d.c. 
battery connected in series with an ammeter and variable resistor.

The electrolyte was prepared and purified following methods 
set forth by Bockris. 16’16 The water was doubly-distilled from 
basic permanganate solution, chemically pure acid was added, 
and the resulting solution was pre-electrolyzed. Electrolyte 
transference was made by means of N 2 pressure or vacuum.

The indicator electrode was flamed, placed in the cell, and 
heated to approximately 900° for 1  min. in a nitrogen atmosphere 
(by means of a powerstat), and then successively anodized and 
cathodized at 10 ma. for a few seconds. The latter treatment 
probably removed trace amounts of impurities, and may have 
produced a fresh coating of spongy platinum17 on the electrode. 
The electrolyte was introduced into the cell and nitrogen-satu
rated, after which analytical grade depolarizer, dissolved in solu
tion, was added to the cell (along with product salt, if desired). 
The oxidizing agents used were X 2Cr20 7, K M n04, Ce(S04)2, 
Fe2(S 0 4)3 or F e(N 03)3, and K 3Fe(CN )6 and the product solutions 
were CrK(S0 4)4, M nS04, C e(N 03)3, FeS04, and K 4Fe(CN)6. 
The range of concentrations studied was 10~ 4 to 5 X  10~ 3 M .

The electrode then was cathodically polarized, 18 the nitrogen 
was turned off, and the polarizing circuit was broken, allowing 
the indicator electrode to depolarize on open circuit. The nitro
gen was turned off to prevent bubbles from impinging on the 
electrode or on the tip of the salt bridge during depolarization. 
The cleanliness of the electrode was ascertained by the overvolt
age corresponding to a given current density and by the length 
of time necessary for the depolarization to take place. The elec
trode was considered “ clean”  in the above tests, as well as in 
actual experiments, when ( 1 ) good reproducibility was obtained 
in the repetition of experiments, and (2 ) when further purification 
of the solution or electrodes did no*, yield different results. Any 
data presented here were remeasured several times, and the rel
ative precision was better than 15% unless otherwise stated. Ex
cept for the experiments in which the stirring rate was varied, the 
speed of the stirring bar was 670 ±  25 r.p.m. The temperature 
was 25 ±  1 ° in all experiments except when T was varied and the 
nitrogen pressure was approximately 0.85 atm. in each experi
ment. The time of depolarization in the absence of oxidant was 
30 or more times that obtained in the presence of oxidant at its 
lowest concentration, so oxygen and other stray depolarizers 
were considered to have negligible effect on the results.

Experimental Results and Conclusions
The typ ica l shapes of the depolarization curves for 

platinum  and fo r palladium  are shown in  F ig . 1, a l
though the particu la r curves shown were obtained in  
M n 0 4- .19 In  each case the polarization  current was

(15) A. M. Azzam, J. O’M. Bockris, B. E. Conway, and A. J. Rosenberg, 
Trans. Faraday Soc., 46, 918 (1950).

(16) J. O’M. Bockris, “ Modern Aspects of Electrochemistry,”  Academic 
Press, New York, N. Y., 1954, p. 135.

(17) F. C. Anson, Anal. Chem., 33, 934 (1961).
(18) It made no difference in the results whether polarization was begun 

before or after oxidant was added.
(19) Any effects illustrated in the case o: a particular solution were ob

served in any of the depolarizers, unless specified otherwise.

Fig. 1.—Depolarization curves for Pt and Pd showing the 
effect of polarization time: curve 1, Pt; ipoi =  0.5 to 120 sec., 
curves 2 to 4, Pd; ipoi =  5.5, 11, and 30 sec., respectively. Solu
tion: 0.45 M  H2S04 containing 3.2 X 10-4 M  MnOt~

greater than the lim itin g  current of the oxidant, so 
liberation of hydrogen occurred. I t  can be seen th a t 
the depolarization curves each consist of three d istin ct 
segments, A B , B C , and C D , b y  w hich these segments 
shall be referred to  throughout the rem ainder of th is 
paper. The length c f B C  (in  seconds) w ill hereafter 
be referred to  as r  or the transition  tim e. In te rp re ta 
tion  of the results along w ith  experim ental and theo
retica l ju stifica tion  is given below.

D epolarization during A B .— W hen the b a tte ry c ircu it 
is opened, the hydrogen concentration on the platinum  
electrode im m ediately decreases to  th a t coverage which 
can be supported b y atm ospheric pressure; an y hyd ro 
gen more than th is im m ediately leaves the electrode as 
gas, due to  a pressure difference across the interface. 
Thus the potentia l rises from  EA to  E&, the reversible 
hydrogen potentia l, in  less than 0.005 sec. Since h y 
drogen overvoltage decay has been studied extensively 
elsewhere20’21 segment A B  was not studied k in e tica lly  
here.

In  the case of palladium , (P d -H )„  and/or (P d -H )^  
are/is form ed inside the m etal a t some concentra
tio n .22'23 W hen the current ceases, the surface h y 
drogen im m ediately is absorbed or evolved to  the extent 
th at the palladium  surface and in te rio r are approaching 
equ ilibrium  w ith  respect to  hydrogen (although, of 
course, the surface hydrogen is being oxidized ra p id ly  
b y the oxidan t). I f  ve ry  little  hydrogen is present in  
the m etal, the potentia l E% 'null be positive w ith  respect 
to the hydrogen potentia l, w hile  if  the in te rio r is nearly 
saturated, the potentia l w ill lie  near the hydrogen elec
trode potentia l.

D epolarization d in in g  B C .— From  B  to  C  the on ly 
net change taking place a t the electrode-solution in te r
face is the decrease of adsorbed hydrogen, due to  its  
oxidation  b y depolarizer. Th e  oxidant ions are reduced 
as ra p id ly  as th ey reach the electrode surface, so th e ir 
concentration at the interface, as w ell as th a t of the 
production, is not changing. Th e  chem istry thus con
sists of a com petition between (a) d iffusion of absorbed 
hydrogen from  the m etal in te rio r, and (b ) mass trans
p o rt of oxidant from  the solution to  the electrode sur
face. In  the case of p latinum  there is ve ry  litt le  ab-

(20) P. C. Milner, J. Electrochem. See., 107, 343 (1960).
(21) P. Ruetschi, ib id . ,  105, 819 (1959).
(22) S. Schuldiner, G. W. Castellan, and J. P. Hoare, J. Chem. Phys., 28, 

16 (1958).
(23) T. B. Flanagan and F. A. Lewis, J. Electrochem. Soc., 108, 437

(1961).
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Fig. 2.— Depolarization curves for Pt in 0.45 M  H2S04 con
taining the various oxidants at 16 db 1 X  10~ 4 equiv./l.: (1) 
M n04~; (2 )C e+ 4; (3 )C r20 , - 2; (4) Fe+3; (5) Fe(CN)<r3.

POTENTIAL (VOLTS vs. SCE ).
Fig. 3.— Experimental determination of limiting currents in 

0.45 M  H2S04 containing 36 X  ICG4 IV solutions of various oxi
dants: (• ) M n04_ ; (O) F e+3; (A) Fe(CN)6-3 ; (A) Ce+4. Geo
metric electrode area =  1.3 cm.2.

sorbed hydrogen, so (b) is the slowest step during r, 
w hile  in  the case of palladium  there is an abundance of 
absorbed hydrogen, and both (a) and (b) are compa
ra b ly  slow. Th e  supporting evidence fo r the preceding 
explanation of B C  is p len tifu l.

(a) P la tinum .— -(1) A ll of the oxidants studied gave 
sim ilar typ e  curves as shown in  F ig . 2. Th e  break

potentials Eb and E q were independent of the typ e  or 
concentration of oxidant studied, b u t depolarization 
was more rapid  in  more concentrated solutions of 
oxidant.

(2) The break potentials, Eb and E q, were inde
pendent of any variables in  the experim ent except the 
hydrogen ion concentration. Eb corresponded to the 
reversible-hydrogen electrode potentia l a t a hydrogen 
pressure of 1 atm . Eq increased w ith  an increase of 
hydrogen ion concentration in  a manner commensurate 
w ith  a hydrogen electrode from  p H  0 to  3; fo r p H  
greater than 3, concentration po larization  of H +  oc
curred and masked the bu lk  p H  effect. Eb varied  w ith  
p H  in  the same m anner as did Ec, b u t the precision of 
the potentia l reading was quite poor (± 2 5  m v.).

(3) L im itin g  currents were obtained in  solutions 
containing F e +3, Ce+4, M n 0 4~, and F e (C N )6-3 ; 
F igure  3 shows the po ten tia l-cu rren t plots fo r each of 
these oxidants a t a concentration of 36 X  10- 4  equiv
alents/!. in  0.45 M  H 2SO 4 solutions stirred  a t 670 
r.p .m . The points were obtained b y  ap p lying a con
stant current and observing the steady-state potentia l 
to w hich the electrode relaxed w ith in  1 sec. Th e  lim it
ing currents were found experim entally to  be d ire c tly  
proportional to  the oxidant concentration. I t  can be 
seen from  F ig . 3 th a t the oxidants are being transported 
to the electrode a t th e ir lim itin g  currents at a ll poten
tia ls positive of Ec- In  the case of C rA L -2 , the poten
tia l at constant current slow ly d rifted  tow ard negative 
values and d id  not reach a steady-state w ith in  1  m in., 
except fo r potentials more negative than — 250 m v. 
A s m any authors have stated 24’ 25 a film  is form ed on 
platinum , upon reducing dichrom ate, w hich prevents 
further reduction of the dichrom ate b u t w hich sup
ports reduction of H +. T h is  explains the negative 
d rift of potentia l w ith  tim e: C r2C>7 ~2 reduction sites 
are continuously poisoned, so the effective current 
density fo r dichrom ate reduction increases w hile  the 
to ta l current is being held constant.

(4) Th e  depolarization rate at B C  was independent 
of the product ion concentration in  the bu lk  of the solu
tion , from  ve ry  low  concentrations (none added) to 
10-1 M. H igh  concentrations (10-2  to IC C 1 M) of 
M n + 2 reacted w ith  M n 0 4~ to  form  M n 0 2, and hence 
slowed down the depolarization rate b y  low ering the 
effective M n 0 4~ concentration.

(5) The depolarization rate was independent of h y 
drogen ion concentration from  p H  0.2 to  4, a t con
stant ionic strength (b y  the addition  of K 2S 0 4 to  the 
H 2S0 4).

(6) The rate was independent of K 2S 0 4 concentra
tion  w ith in  the concentration region fo r w hich the 
a c tiv ity  coefficient of oxidant ions did not v a ry  grea tly. 
In  solutions of 0.1 N  HC1 containing C r20 7 - 2  and Fe+ 3, 
r  was identica l w ith  th at in  d ilu te  su lfuric acid solu
tions over the entire range of concentration of oxidant. 
The anion was not varied in  the case of the other o x i
dants.

(7) r  decreased sign ifican tly w ith  an increase in  
stirrin g  rate throughout the complete s tirrin g  range. 
In  the range 300-900 r.p .m ., r  decreased b y  32-35%  
for every 100% increase in  stirrin g  rate. In  non-stirred 
solutions there was present an additional arrest sta rting

(24) Yu. Yu. Matutis and A. Yu. Mitskene, Lietuvos TSR Mokslu Akad. 
Darbai Ser. B , 1, 45 (1959).

(25) H. Gerischer and M. Kappel, Z. physik. Chem., 20, 83 (1959).
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at K b and ending approxim ately 60 m v. positive of K B. 
Th is  was due to  hydrogen gas near the electrode being 
oxidized.

(8) The depolarization rate in  vigorou sly stirred 
solutions was independent of the polarization  tim e from  
fpoi =  0.5 sec. to  2 m in. Longer tim es were n ot studied 
due to  the greater re la tive  im portance of im purities 
w hich were slow ly plated out during cathodization.

(9) Th e  depolarization rate was essentially insensi
tive  to the po larization  potentia l unless hydrogen gas 
was liberated, in  w hich case the slope of the entire de
polarization curve was noticeab ly decreased.

Since r  fo r p latinum  is independent of po larization  
tim e, and K c —  K b is a constant, we can assume th at 
rough ly the same am ount of hydrogen is oxid ized in  
each depolarization during the transition  tim e. From  
the lim itin g  current data we m ay fu rth e r say th a t th is 
rate is constant [electron/(cm .2 sec.)], and is pro
portional to  1/r. From  the abcve deductions, several 
results can be obtained w hich fu rth e r strengthen the 
previous discussion.

(10) A n  apparent activa tion  energy m ay be found 
fo r the slow process during r  b y  em ploying the A r 
rhenius rate equation

K  f  E  \
rate =  ~  =  A exp ( -  — ) (2)

where K  is the activa tion  energy, T is the absolute tem 
perature, R equals the gas constant, and A and fci are 
constants. Therefore

log (1) -  log  ( I )  -  (3)

Th e  slope of the log (1 /r) vs. ( —  1/T) curve (fo r the 
oxidant 8 X  1 0 "4 M  F e +S) gave an activa tion  energy of
4.94 kcal./m ole w ith  a standard deviation of 0.4%  
between the experim ental points and the line. The 
viscosity of aqueous solutions changes slow ly enough 
between 2 and 85° (the range in  w hich the tem perature 
varia tion  was carried out) th a t the increase in  reaction 
rate m ay be assumed to  app ly o n ly  to  the diffusion co
efficients of the ions (o r the slow surface process, if  
there is one w hich is rate determ ining). Th e  low  
activation  energy obtained is typ ica l of diffusion, and 
in  fact ve ry  closely agrees w ith  the 2.6%  per degree in 
crease in  the diffusion coefficients of the ions in  excess 
e lectro lyte  as given b y  Jander.26

(11) W e can compare the re la tive  rates of reaction, 
as w ell as the re la tive  lim itin g  currents of the various 
depolarizers, to  th e ir d iffusion coefficients. T h is  is 
done in  Table  I  a t the same stirrin g  rate and concentra
tion  (9 X  10-4  M) fo r each oxidant species. Colum n 
2 shows the diffusion coefficients27 of the various ions in  
excess e lectro lyte  (as the experim ents here em ployed) 
a t 22°. These values were chosen from  the data of 
Jander.26 I t  has been shown th a t D, fo r ions in  excess 
e lectro lyte , is independent of concentration in  the range 
10-3 to  10-1 M ,2S so these values are considered ap
plicable in  a ll the w ork here reported. Colum n 3 shows 
the lim itin g  currents fo r the various depolarizers, re -

(26) G. Jander, C. Blohm, and B. Grtittner, Z. anorg. allgem. Chem., 258, 
205 (1949).

(27) No value for Dce+ 4 in excess electrolyte could be found; 0.43 was 
approximated as Dce+s(J)Fe3+/I>Fe+2). The value agrees quite closely 
with DTh+4» and is assumed to be accurate to within 15%.

(28) B. Gruttner and G. Jander, Z. anorg. dllgem. Chem., 266, 225 (1951).

ferred to th a t fo r F e +3, a t concentrations of 9 X  10-4 
M. Colum n 4 indicates the re la tive  reaction rates, 
given  b y  1/r, fo r section B C  of the curve. Colum n 5 
shows the re la tive  flu x (compared to  th a t fo r Fe+ 3) for 
the several oxidants. Since z'iim =  AnFmCo* and we 
have no theoretica l w ay of know ing to  w hat power D 
enters in to  to, the ra tio  of nl) is taken to  be the ra tio  of 
the flu x fo r the various depolarizers. T h is  approxim ates 
m b y  D/8 where 8 is an effective diffusion la ye r w hich is 
nearly the same fo r each oxidant. Since several prod
ucts could result from  the reduction of M n 0 4~, three 
values fo r the corresponding flu x are listed which 
represent n values of 3, 4, and 5, respective ly. B oth 
experim ental m ethods (transition  tim es and lim itin g  
currents) show the same re la tive  reaction rates among 
the depolarizers as do the diffusion coefficients. Since

— K  ~  =  *lim=  AFnCox°mox (4)
df at

the rate of reaction during r , as given b y  the over-a ll 
am ount of hydrogen oxidized per u n it tim e, should be 
firs t order w ith  respect to  the bu lk  concentration of 
oxidant. T h is  is  assuming A (C K ) is constant (as is 
A K ) during r , and is  independent of Co*0. Therefore 
(Co*T) should be constant in  the case of each depolari
zer over d iffering concentrations. T h is  is shown to  be 
nearly so in  Tab le  I I .  I t  is to  be noted th a t C in  eq. 4 
and 5 is the to ta l measured capacity of the electrode 
and includes the so-called pseudocapacity due to  h y 
drogen atoms.

T a b l e  I
C om pa riso n  of R e a c t io n  R a te s  U sin g  D if f e r e n t  

M eth o d s  o f  C alc u l a tio n

/  cm.A Mim 1/r l̂iint(calccL)
Depolarizer ~  V d a y / ) 1 / r(Fe+3) *lim(Fe +3) (calcd.)

Fe+3 0 .5 4 1 . 0 1 .0 1 . 0
M n 0 4- 1 .5 9 .8 6 .7 8 .3 ,1 1 .1 ,1 3 .8
C e+4 0 .4 3 0 .7 6 0 .3 4 0 .7 9
Fe(CN)e-3 0 .5 2 0 .9 1 1 .3 5 0 .9 6
Cr20 , - 2 0 .9 3 5 .8 1 0 .3

T a b l e  II
C o n c e n tr a t io n  D e pe n d e n c e  of r

nCox"
(equiv./l.) (C '«qFe +3 ( n C °  r)crtO, 2 (C°r) + *

X 10* X 10« X 10* X 10*
36 2 .7 0 2 .7 0 5 .2 5
24 2 .5 2 2 .7 6 6.0
16 2 .4 2 .7 2 6.0
10 2 .5 2.8 7 .6
6 2 .3 7 2 .8 2 8.2
2 1 .7 8 2.6

A lthough  it  has been established previously th at 
the slow step, in  the case of p latinum , is the linear rate 
of oxidation of hydrogen, it  is s till necessary to explain 
the shape of the p o ten tia l-tim e  curve. Since the solu
tion  is n itrogen-saturated, the N em st equation cannot 
be used to  describe the electrode potentia l. R ather, 
the tim e dependence of the charge d istribu tion  along 
the coordinate ve rtica l to the electrode surface, or of 
the electrode capacity, m ust be taken in to  account. 
Considering eq. 1 we have, therefore, during section B C  
of the platinum  depolarization curve: 2i{ =  —d(CE)/ 
dt. Consider the H a(ia and protons to  be essentially in  
equilibrium . Th e  rate of oxidation  of the reductant is 
negligib le, and the reduction of the depolarizer proceeds
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Fig. 4.— Experimental and calculated E vs. t curves from l =  0 
to t for Pt. Solutions 16  X  10-4  M  M n04~: (1) calcd.; (2) 
exptl.; 18 X  10~ 4 M  Ce+4; (3) calcd.; (4) exptl.

a t the constant rate, ¿i;m, throughout r . Then , neg
lecting absorbed or gaseous hydrogen, we have

Since no e xp lic it expression fo r C as a function  of E  was 
available, an experim entally determ ined capacity was 
used. Th e  C-E  curve was graph ica lly integrated to 
obtain q as a function of E. Then using the re lation 
ship q =  5 ,nit —  inmt, E  was found as a function of t. 
Th e  capacitance-potential curve was taken from  the 
paper of B re ite r10 as determ ined and confirm ed b y 
several authors10- 2 9 - 3 3  fo r smooth p latinum  in  H 2SO 4 

solutions. In  converting B re ite r’s data (0, the surface 
coverage) to q, it  was assumed th a t there was present one 
hydrogen atom  fo r each surface platinum  atom  a t a d 
value of 1. Th e  value of 1.5 X  1016 surface platinum  
atoms per cm . 2 of electrode was used34 and the true area 
of the present electrode was taken as tw ice its  apparent 
area. P o ten tia l-tim e  curves, as calculated and as ob
tained experim entally, are shown in  F ig . 4 fo r tw o of the 
systems studied.

I t  can be seen th a t the agreement in  shape as w ell as 
slope of the calculated and experim ental curves is ve ry 
good. Since the roughness factor of the electrode sur
face was o n ly estim ated, the agreement of the slopes is 
not too im portant except th a t th ey agree to  approxi
m ately 30%. The im portant agreement is the general 
linear curve w ith  its  sligh t inflection. The tw o sligh t 
m axim a w hich occur on either side of the in flection also 
occur as m axim a in  polarography, and have been in te r
preted in  the case of e lectro lytic  oxidation  of hydrogen 
electrodes as absorbed, as w ell as adsorbed, hydrogen 
in  the p latinum . 5 , 35 T h a t the am ount of absorbed 
hydrogen is ve ry  sm all is evidenced b y  the short lived  
nature of the second arrest, as w ell as b y  the independ
ence of the depolarization tim e on the po larization  tim e. 
T h is  is confirm ed b y other techniques w hich measure 
hydrogen in  p latinum . 36

(29) E. Wicke and B. Weblus, Z. Elektrochem., 56, 169 (1952).
(30) A. Eucken and B. Weblus, ibid., 55, 114 (1951).
(31) P. Dolin and B. Ershler, Acta Physicochim. URSS, 13, 747 (1940).
(32) P. Dolin, B. Ershler, and A. Frumkin, ibid., 13, 779 (1940).
(33) M. Breiter, H. Kammermaier, and C. A. Knorr, Z. Elektrochem.., 60, 

37 (1956).
(34) H. A. Laitinen and C. G. Enke, J. Electrochem. Soc., 107, 773 (1960).
(35) A. Frumkin and E. E. Aikasyan, Dokl. Akad. Nauk SSSR, 100, 35 

(1955).
(36) D. P. Smith, “ Hydrogen in Metals," Univ. of Chicago Press, Chicago, 

Illinois, 1958.

I t  is interesting to  calculate the am ount of hydrogen 
oxidized during t. The am ount of hydrogen w ill be re
ported as the num ber of surface platinum  atoms covered 
assuming one hydrogen atom  per surface p latinum  
atom . C a lcu lating the q u a n tity of hydrogen as inmr, 
we obtained the results in  Ta b le  I I I .  6 is the fraction  
of surface p latinum  atoms covered w ith  hydrogen. 
Th e  results are consistent w ith  one another (consider
ing th a t the capacity of the electrode m igh t v a ry  some
w hat from  one system  to another). Th e  results also 
agree w ith  other authors who have anodica lly oxid ized 
p latinum  from  the hydrogen equ ilibrium  potentia l, and 
who have concluded th at the m etal is covered la rge ly 
w ith  atom ic hydrogen . 10' n - 30,37

T o  realize fu rther the im portance of occluded h y 
drogen (as compared to  th a t of adsorbed and gaseous 
hydrogen) experim ents were run  w ith  palladium  sim ilar 
to  those fo r p latinum .

T a b l e  III
Su r fa c e  C o v e r a g e  of P la t in u m  E le c tr o d e

Oxidant ’¿lim» D ia . t , sec. e
36 X  10~ 4 M  Fe+S 4.05 0.075 0.49
16 X  IO-4  M  Fe+ 3 1 . 8 .15 .43
18 X  IO-4  M  Ce+1 1.52 .32 .78
18 X  IO-4  M  Fe(CN)<r3 1 . 8 .14 .40
5 X  10- ' M  M 11O4- 5.42 .092 .80

(b ) Palladium .— -A  palladium  electrode gave results 
w hich were ve ry  d ifferent from  those cf p latinum  in  tw o 
respects: ( 1 ) a t a given polarization  tim e or current 
(w ith  other variables also being fixed ), the depolari
zation tim e was ve ry  m any tim es longer; and (2 ) in  
stirred  solutions, the depolarization tim e fo r palladium  
was ve ry  sensitive to  the tim e and current of po la ri
zation— i.e., to  the am ount of hydrogen discharged at 
the surface. ( 1 ) and (2 ) above are exem plified in  
F ig . 2, w hich shows the depolarization curve fo r p la ti 
num  and palladium  in  0.45 M  H 2SO 4 containing 3.2 X  
10- 4 M M n 0 4- .

Palladium  shows the same type  of dependence on 
stirrin g  rate and oxidant concentration as platinum .

D epolarization  during C D .-— W hen the rate of supp ly 
of in te rna l hydrogen has become slow  enough (due to  
the d im inution  of its  source), and the surface con
centration is sparse enough th at oxidant can accum ulate 
a t the electrode surface, the potentia l rises sharp ly 
(C  in  F ig . 2). A t  th is stage of the depolarization, re
actions (i) and (ii)  become im portant in  determ ining 
the potentia l. Th e  reason th a t the depolarization 
during part C D  (as w ell as B C ) fo r palladium  is slower 
than th a t fo r p latinum  is also due to  absorbed hydrogen; 
th is m ay be shown b y  slow ing down the rate of transport 
of oxidant to  the surface. I f  th is is done (b y  suddenly 
decreasing the rate of stirrin g  of the solution) the de
po larization  curve changes direction and the potentia l 
becomes negative again. W hen the transport rate of 
oxidant is decreased, the hydrogen concentration on the 
electrode actu a lly increases since the diffusion rate of 
absorbed hydrogen to  the surface overtakes the rate of 
transport of oxidant.

W hen M 1 1 O 4 -  o r C e + 4 was used as the depolarizer, 
the depolarization curve leveled out m uch more s low ly 
than in  the case of the other oxidants (see F ig . 2 and 3). 
T h is  was due to  the form ation of p latinum  (or p a l-

(37) B. Ershler, Acta Physicochim., 7, 327 (1937).
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ladium ) oxide,2'38 w hich took place before the steady 
state could be attained.

Th e  depolarization rate during C D  depended on the 
concentration of oxidant and s tirrin g  rate q u a lita tive ly  
in  the same m anner as d id  1/r . In  order to  evaluate 
the idea th a t mass transport was the slow step a model 
was set up and compared w ith  the experim ental results 
w ith  platinum . Th e  F e +2-F e -3 system  was con
sidered, since oxides were absent, and the o x id a tio n - 
reduction reaction was assumed to  be in  equilibrium . 
Because of the geom etry of the cell, the approxim ation 
was made th a t there was a diffusion la ye r of thickness 
5 around the electrode, beyond w hich the s tirrin g  of the 
solution kept the depolarizer concentration constant—  
the bulk concentration. Between the electrode surface 
and 5, a diffusion w hich obeyed F ic k ’s law  was assumed 
to be the o n ly mode of mass transport. T h is  model 
is ve ry  approxim ate since the im m obile la ye r would 
va ry  in  thickness from  one p a rt of the electrode to 
the other because of the m otion of the liqu id .

D u rin g  the transition  tim e, t , F e +S does not accumu
late a t the electrode, so the in itia l condition is òCVe V  
òt =  0. Therefore, from  F ic k ’ ssecond law , òC?e+*/òx 
— constant where x is the rad ia l distance out from  the 
surface of the w ire. L inear diffusion, ra ther than c y lin 
d rica l diffusion, is sufficient here since the diffusion 
layer, 5, is sm all compared to  the radius of the w ire. 
W e shall assume, fo r calculation purposes, th a t CVe +, 
is constant and equals C°Fe+! throughout C D , although 
the concentration of F e +2 near the electrode is larger 
than its  value in  bu lk  and decreases w ith  tim e. From  
the in itia l and boundary conditions Cpe« was obtained 
as a function of tim e using a Fourie r series fo r the prod
uct solution to  F ic k ’s second law. Since the series 
converged v e ry  s low ly, a Burroughs 205 D a ta tron  was 
used to obtain num erical results to  the resulting equa
tion

C F e  +3 — C 3 Fe +3
n2ir2Dt\ 

452 /
(6 )

Th e  com puter was set to  calculate values fo r the series 
at a given t u n til tw o successive values differed b y less 
than 10%, at w hich tim e the com puter increased t and 
calculated the next series.

Th e  experim ental values were compared w ith  the 
calculated ones b y  converting the experim ental po
ten tia l to  CFe +3/L°Fe +3t and com paring the result w ith  
the calculated ra tio . Th e  theoretical results are shown 
in  F ig . 5a fo r d ifferent values of the param eter 5, and 
the experim ental curve, fo r (7°Fe«  =  1.6 X  10-3 M  
and C°Fe+* =  3.2 X  10~3 M  (in  0.45 M  H 2S0 4) is shown 
in  F ig . 5b. Since there is no w ay of know ing at which

(38) I. M. Kolthoff and N. Tanaka, Anal. Chem., 26, 632 (1954).

Fig. 5a (left).— Calculated values of C/C°: ( • )  =  0.001 cm.; 
(A) =  0.002 cm.; (O) =  0.005 cm.; (A) =  0.01 cm. Fig. 5b 
(right): C/C° taken from experimental decay curve.

potentia l the oxidation -reduction  couple becomes rate 
contro lling, there is no w ay to  choose t =  0 fo r the ex
perim ental curve. Therefore the upper ha lf of the 
curves were compared to  determ ine an optim um  5; 
th is can be seen to  be approxim ately 0.0015 cm. Th e  
theoretical and experim ental curves agree w ell from  
Ed down to C/C° values near 0.25, w hich is below the 
sharp bend in  the depolarization curve (between C  
and D ). Below  th is value the calculated C/C° drops 
m uch faster than the experim ental one. T h is  is be
cause the N em st equation no longer applies. The 
potentia l can change no faster than the double layer 
can be charged and th is rate is at least as slow  as the 
lim itin g  current. Considering a constant double 
la ye r capacity of approxim ate ly 20 ¿if./cm .2, the dE/dt 
curve can never atta in  the steep asym ptotic slope which 
the diffusion equation predicts. Some hydrogen 
probably is present during part of th is potentia l clim b. 
N eglecting the concentration polarization  of F e +2 
w ould tend to  make the curve less steep also. I t  is 
interesting to note th a t the lim itin g  current obtained in  
th is w ork resulted in  a calculated value fo r 5 of 0.0011 
cm. (fiim =  ADC°n5/8). T h is  calculation also uses 
the diffusion la ye r concept w hich m ust be considered 
o n ly approxim ate.
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ORGANO SILYLETHYLENEDIAMINE COMPOUNDS. II. THE NUCLEAR 
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The n.m.r. spectra of a series of known compounds of the types

■ k  y t
N—CH2CH2—N and

SiMe3

c h 2

c h 2

•Ns

VN/
I

SiMe3

,R /
Si.\

R-;

indicate that the CH2 group resonances in the heterocyclic molecules are characteristically about 0.30 p.p.m. 
downfield from the CH2 resonances in the chain compounds. When one or two of the R  groups in the chain 
compounds are hydrogen, the CH2 group resonance shows complex fine structure. This structure is consistent 
with spectra calculated for X A 2B2 or X A 2A2'X '  systems with reasonable values for the coupling constants. The 
NH protons are located by H L (N 141 double resonance for these cases. The CH2 group resonances in the het
erocyclic systems show some structure when R /  and R 2' are very different. It is shown that these features are 
very useful in the determination of the structures of mixed ring and chain compounds.

Introduction
There recently has been considerable interest in  the 

synthesis of linear and cyclic  silylam ines.2-6 Sim ple 
linear and cyclic  silylam ines, fo r exam ple, are of par
ticu la r interest as model compounds fo r the study of 
silicon -n itrogen  polym er systems.7 Th e  structures of 
a num ber of simple silylam ines have recently been de
term ined b y  chemical m ethods.5'6 I t  is of in terest to 
characterize the n .m .r. spectra of these compounds 
since the simple silylam ines often appear as functional 
un its in  more com plex silicon -n itrogen  compounds.

The n .m .r. spectra of four known linear silylam ines 
and fou r known cyclic  silylam ines are discussed in  th is 
paper. I t  is shown th a t the n .m .r. spectra of these 
compounds are consistent w ith  the structures proposed 
from  chemical evidence.5’6 Th e  n .m .r. spectra of three 
new silylam ines then are discussed in  term s of the gen
eral features of the known compounds. I t  is shown 
th a t considerable inform ation on the structure of even 
com plex silylam ines can be obtained d ire c tly  from
n.m .r. spectra.

Experimental
The preparation and properties of most of the linear and 

cyclic silylamines discussed here have been described pre
viously.6'6 However, the preparation of compounds IV  and VI 
has not been given previously.

Compound IV was prepared by reaction of Me3SiNHCH2CH2- 
NHSiMe3 and C6H6SiCH3Cl2 in benzene according to the 
method described by Henglein and Lienhard6 (50% yield based 
on C6H 5SiCH3Cl2), b.p. 64-65° (1 mm.), n%> 1.4957.

Anal. Calcd. for SiaCisHsoN,: C, 55.83; H, 9.37; N, 8 .68 ; 
(322.7). Found: C ,55.93; H ,9.26; N ,8.61; (319).

Compound VI was obtained by the reaction of CH3NHCH2- 
CH2NHCH3 and (CH 3)3SiN(C2H6h8 * (30%  yield), b.p. 211-212°, 
n 21-6D 1.4340.

(1) Alfred. P. Sloan Foundation Fellow.
(2) C. Eaborn, “ Organosilicon Compounds,”  Academic Press, New York, 

N .  Y . ,  1 9 6 0 ,  p .  3 3 9 .

(3) R. Fessenden and J. S. Fessenden, Chem. Rev., 61, 361 (1961).
(4) J. M. Maselli, ‘ ‘The Present State of Silicon—Nitrogen Chemistry,”  

Technical Report Nonr-1866(I3), October 11, 1961.
(5) D. Kummer and E. G. RochowT, Z. anorg. allgem. Chem., in press 

(paper I in this series).
(6) F. A. Henglein and K. Lienhard, Makromol. Chem., 32, 218 (1959).
(7) (a) R. N. Minn6 and E. G. Rochow, J. Am. Chem Soc., 82, 5625 

(1960); (b) 82, 5628 (1960).
(8) H. Pfleger, “ A Contribution to the Chemistry of Silylamines and

Silazanes,”  Technical Report Nonr-1866(13), Sept., 1961.

Anal. Calcd. for Si2Ci0H28N2 (232.5): C, 51.65; H, 12.14; 
N, 12.06. Found: C, 51.67; H, 11.97; N, 12.10; (209).

The n.m.r. spectra were obtained with Varian Associates A-60 
and V-4300 high resolution n.m.r. spectrometers. The second 
radiofrequency field for the proton-nitrogen-14 double reso
nance experiments was supplied with a locked oscillator system 
that has been described previously .9a’b

Linear Silylamines.— -The proton chemical sh ifts in  
fou r compounds of the type

Hi E-3
\  /

N— CH2CH2— N

R 2 H;

where the R  groups include H , C H 3, and S i(C H 3) 3, are 
given  in  Ta b le  I .  The preparation and chemical 
properties of these compounds have been discussed 
p reviou sly.6’6 Th e  spectrum  of compound I

H H

^ N C R C IT N 7  I
/  \

SiMe3 SiMe3

includes a sharp peak at 9.99 r, a com plex m u ltip le t 
centered at 7.38 r, and a ve ry  broad peak centered at 
about 9.42 r. These features are rea d ily assigned from  
re la tive  intensities to  the S iM e3 groups, the C H 2 bridge 
protons, and the N -H  protons, respectively.

Th e  spectrum  of the C H 2 bridge protons consists of 
an unsym m etrical “ trip le t”  structure as shown in  F ig . 
1. T h is  spectrum  arises from  the m utual coupling of 
the N H  protons w ith  the bridge m ethylene groups. 
Th e  spin system  of interest can be described as an 
X A 2A 2'X '  or X A B A 'B 'X ' type , where A  and A ' fo r 
example refer to  protons th at have the same chemical 
sh ift, b u t are not m agnetically equ ivalent.10 A  com
plete analysis of the X A 2A 2'X '  system  w ith  the as
sum ption of reasonable values of the coupling con
stants gives the calculated spectrum  of the bridge 
protons th a t is also shown in  F ig . 1. The value of J aa

(9) (a) J. D. Baldeschwieler, J. Chem. Phys., 36, 152 (1962); (b) J. D. 
Baldeschwieler and E. W. Randall, Chem. Rev., in press.

(10) 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, p. 116.
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Fig. 1.— CH2 bridge proton resonance of compound I and 
spectra calculated for (A ) the X A 2A2'X ' case with J AA =  JA,A, 
=  10.4 c./sec.; JAA, =  J A,A =  6.9 c./sec.; J XA =  J A,X- = 
7.1 c./sec.; J X,A =  ~  0.5 c./sec., and (B ) the X A B A 'B 'X '
case with the above coupling constants, and 5AB =  2.0  c./sec.

=  J a 'a ' was assumed to  be 10.4 c./sec.,11’12 the value 
of J aa ' =  J a'a was taken as 6.9 c./sec.,13 and J xa =  
J x 'a ' =  7.1 c./sec. and J xa ' =  J x 'a =  0.5 c./sec. 
were assumed.

I t  is of course possible th a t the m ethylene protons are 
not chem ically equivalent, and th a t the spin system 
m ust be described as X A B A 'B 'X ' type . I f  the n itro 
gen atoms were te trahedra lly hyb rid ized , and the rate 
of n itrogen inversion were v e ry  low , the nitrogen atoms 
could be considered as asym m etric centers (includ ing 
the lone p a ir). In  th is case the tw o protons of a 
m ethylene group could be non-equivalent even if  the 
populations of the three conform ers were equal. N u 
merous examples of th is typ e  of non-equivalence have 
been reported. 11’12’u ’18

A n  upper lim it on SAb can be set b y  an exam ination of 
the spectrum  of compound IV ,  where the N H  protons 
have been replaced b y  C H 3 groups, b u t the nitrogen

(11) J. S. Waugh and F. A. Cotton, J. Pays. C h e m 65, 562 (1961).
(12) P. R. Shafer, D. R. Davis, M. Vogel, K. Nagarajan, and J. D. Rob

erts, Proc. Nad. Acad. Sci. U.S., 47, 49 (1961).
(13) S. Stafford and J. D. Baldeschwieler, J. Am. Chem. Soc., 83, 4473 

(1961).
(14) H. Finegold, Proc. Chem. Soc., 283 (1960).
(15) P. M. Nair and J. D. Roberts, J. Am. Chem. Soc., 79, 4565 (1957).

Fig. 2.— CH2 bridge proton resonance of compound II, and 
spectra calculated for the A 2B2X  system with JAA =  JBB =  
10.4 c./sec., / AB =  6.9 c./sec., JBX =  7.1 c./sec., JAX =  0.5 
c./sec., and (A) dAB =  —3.0 c./sec. and (B ) 5AB =  + 3 .0  c./sec.

CHS c h 3
\  /

n c h 2c h 2n
/  \

SiMes SiMe3
IV

s till m ay be asym m etrica lly substituted. Th e  bridge 
proton resonance in  th is compound is a single sharp 
peak. Calculations perform ed fo r an A B A 'B ' system 
w ith  J AB =  J a 'b' =  10.4 C./seC., and J Aa ' =  J ab' =
6.9 c./sec. show th a t if  6Ab is la rger than about 2 c./sec., 
additional detectable lines should be present in  the 
spectrum . Th e  spectrum  calculated fo r the X A B A 'B 'X ' 
case using 5ab =  2.0 c./sec. and the same values of the 
coupling constants assumed fo r the X A 2A 2 'X '  calcula
tion  is also in  agreement w ith  the observed spectrum , as 
shown in  F ig . 1.

I t  is also possible th a t w ith  the large S iM e3 substitu
ents in  compound I ,  the populations of the three con- 
form ers about the carbon-carbon bond of the bridge are 
different. Th e  spectrum  calculated fo r a trans arrange
m ent of the nitrogen atoms w ith  5Ab =  0.0 c./sec., J Aa' 
=  15.0 c./sec. (trans H -C -C -H  coupling), and J Ab' =
2.5 c./sec. (gauche H -C -C -H  coupling) is also in  sub
stantia l agreement w ith  the observed spectrum .

Since the w ealth of structure th a t m ust be present
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Fig. 3.— Ring CH2 proton resonance of compound VI, and 
spectrum calculated for A B A 'B ' system with JAB =  JA,B, =  
10.4 c./sec., JAA, = J RR, =  0.0 c./sec., JAD, =  J A,B = 7.0 
c./sec., and =  2.0  c./sec.

in  the C H 2 group resonance cannot be resolved, these 
in teresting structura l possib ilities cannot be d iffer
entiated.

Th e  assignment of the ve ry  broad resonance a t 9.42 r  
in  compound I  to  the N H  resonance has been con
firm ed b y  proton-n itrogen-1 4  double resonance.16 
W hen a strong radiofrequency fie ld  is applied near the 
N 14 resonance frequency, the N H  resonance is sharp
ened considerably. Th e  N 14 resonance frequency can 
be measured b y  the double resonance m ethod.17 The 
N 14 resonance in  I  is 18.7 p.p.m . to  low  fie ld of the N 14 
resonance in  N 14H 4+.18 

Th e  spectrum  of compound I I

SiMe, H

N C H jC H ^
/  \

SiMe3 SiMe,
II

includes tw o sharp peaks a t 10.00 and 9.92 r , and a com
plex m u ltip le t a t 7.40 r. These resonances are re a d ily 
assigned from  in te n s ity argum ents to  the single S iM e3 
group, the p a ir of S iM e3 groups a t one end of the m ole-

(16) E. W. Randall and J. D. Baldeschwieler, unpublished results.
(17) J. D. Baldeschwieler and E. W. Randall, Proc. Chem. Soc., 303

(1961).
(18) E. W. Randall, “ Studies in Electron Spin and Nuclear Spin Reso

nance Spectroscopy,”  Technical Report Nonr 1866(13), August, 1961.

cule, and the C H 2 bridge protons, respectively. The 
bridge proton resonance is again com plex, as shown in  
F ig . 2. Spectra calculated fo r an A 2B 2X  system  w ith  
5 a b  =  ±3.0 , J a a  =  J b b  =  10.4, T ab =  6.9, J b x  =
7.1, and T ax =  0.5 are also shown in  F ig . 2 and indicate 
th a t the peak due to  the C H 2 group closest to  the — N - 
(S iM e3) 2 group (the A 2 protons) lies a t low er field than 
the resonance of the bridge protons adiacent to  the 
-N H S iM e 3 group 

Th e  spectrum  of compound I I I

SiMe, SiMe,

\ r c H 2CH2i / /
/  \

SiMe3 SiMe,
III

includes o n ly tw o sharp lines a t 9.94 and 7.29 r . These 
are re a d ily assigned to the S iM e3 protons, and the bridge 
protons, respectively. The spectrum  of com pound IV  
consists sim ply of three sharp peaks a t 9.99, 7.55, and
7.37 r . These are again assigned on the basis of re la 
tive  intensities to  the SiM e3, C H 3, and bridge protons, 
respectively.
1 C yc lic  S ilylam ines.— Th e  proton chem ical sh ifts in  
fou r compounds of the type

SiMe3

SiMe3

where the R  groups include C H 3, C ells, and C l are given 
in  Table  I I .  Th e  preparation and chem ical properties 
of these compounds have been discussed p re v io u s ly .6'6 
Th e  spectrum  of compound V

SiMe3

SiMe3

V

consists of three sharp peaks a t 9.94, 9.89, and 7.04 r . 
These features can be assigned to the S iM e3, C H 3, and 
rin g  C H 2 groups, respectively, from  re la tive  in te n s ity 
argum ents. Since the rin g  C H 2 resonance is a single 
sharp peak, the n .m .r. spectrum  of V  is consistent w ith  
the assumption th a t the five-m em bered rin g  is planar, 
and th a t the nitrogen atoms are either trig o n a lly  h y 
brid ized, or undergo rapid inversion. I f  the five - 
membered rin g  were non-planar, then the protons on the 
tw o C H 2 groups w ould not be equivalent and the C H 2 
resonance w ould show a com plex structure. S im ila rly , 
if  the SiM e3 groups were fixed above or below the plane, 
the C H 2 protons w ould again be non-equivalent, and 
tw o isomers of V  m ight be expected w ith  ds and trans 
arrangements of the S iM e3 groups w ith  respect to  the 
plane of the ring . There is no evidence fo r these 
effects in  the n .m .r. spectrum  of V .

Th e  spectrum  of compound Y I  includes three peaks
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T a b l e  I
P r o t o n  C h e m i c a l  S h i f t s  i n  L i n e a r  S i l y l a m i n e s

R i R 3
\  /

n c h 2c h 2n

r 2 \ l
■R Grcups-

No. Ri R. R>
I SiMe3 H SiMe3 H

II SiMe3 SiMe3 SiMe3 H
III SiMe3 SiMe3 SiMe3 SiMe-
IV SiMe3 c h 3 SiMe3 CH,

Chemical shifts, r units, ±0.02-
CH, Ri R, R. R.
7 .3 8 9 .9 9 9 .4 2 9 .9 9 9 .4 2
7 .4 0 9 .9 2 9 .9 2 1 0 .0 0 9 .4 2
7 .2 9 9 .9 4 9 .9 4 9 .9 4 9 .9 4
7 .3 7 9 .9 9 7 .5 5 9 .9 9 7 .5 5

T a b l e  II
P r o t o n  C h e m i c a l  S h i f t s  i n  C y c l i c  S i l y l a m i n e s

SiMe3

/Nv
CH2
I

c h 2
Si

R i

"N
I

SiMe3

R 2

R Groups- Chemical shiftfl, t units, +0.02-------•
No. Ri R, CH, SiMe, Ri R,

V CIL c h 3 7 .0 4 9 .9 4 9 .8 9 9 .8 9
VI c h 3 c 6h 6 6 .8 5 1 0 .0 7 9 .5 2 2 .5 1 ,2 .8 3

VII c h 3 Cl 6 .9 3 9 .8 7 9 .4 9
V ili Cl Cl 6 .8 4 9 .8 2

SiMe3

N.
CH2

c h 2
\ . /

N
I

SiMe3

Me

Cl

VII

spectively. F o r th is compound the C H 2 resonance is a 
single sharp peak, even though the substituents on the 
rin g  S i atom  are different. A p p a re n tly fo r these sub
stituents, ¿¡a b  fo r the rin g  protons is too sm all fo r 
add itional structure to be apparent.

Th e  spectrum  of compound V I I I

SiMe3

I
/ N v

CH2 \  / Me
I Si

c h 2 /  V  h\  /  ^605
N
i
SiMe3

SiMe3

'N v
CH2

c h 2
s

Si
Cl

\
N
I

SiMe3
VIII

Cl

VI

centered a t 10.07, 9.52, and 6.85 r , as w ell as two 
groups of peaks centered a t 2.83 and 2.51 r . The 
tw o groups a t 2.83 and 2.51 r have an in tensity 
ra tio  of 3 :2 , and are assigned to  the phenyl protons. 
The peaks a t 10.07, 9.52, and 6.85 r  can be assigned 
to the SiM e3 group, the C H 3, and the rin g  C H 2 protons, 
respectively, on the basis of re la tive  in tensity.

Th e  SiM e3 and C H 3 resonances are single sharp peaks. 
H ow ever, the rin g  C H 2 resonance appears to  be broad
ened, and to  show some additional structure as shown 
in  F ig . 3. Since the C H 3 and C 6E& substituents on the 
ring  S i are ve ry  different, th ey destroy the plane of 
sym m etry containing the ring . Th us the protons of 
the C H 2 groups above and below the rin g  are not equiva
lent, and structure due to  the m utual coupling of these 
protons can appear. I f  the fou r protons are con
sidered as an A B A 'B ' system , and the fo llow ing con
stants are assumed: 5Ab =  2.0, J ab =  Ja'b> =  10.4, 
JAa' —  J bb' 0.0, Jab' =  Ja'b =  7.0 c./sec., the 
calculated spectrum  shown in  F ig . 3 results. Th is 
calculation shows th a t the observed structure can result 
from  non-equivalence of the C H 2 protons above and 
below the rin g  if  reasonable values of the coupling con
stants are chosen.

The spectrum  of compound V I I  consists of three sharp 
peaks a t 9.87, 9.49, and 6.93 r . These are rea d ily as
signed to the S iM e3, C H 3, and rin g  C H 2 groups, re

includes o n ly two sharp peaks a t 9.82 and 6.84 t ,  which 
are assigned to the S iM e3 and rin g  C H 2 groups. The 
C H 2 resonance shows no structure as w ould be expected 
fo r sym m etrical substitu tion  of the rin g  S i atom .

A  com parison of the chemical sh ifts given in  Tables 
I  and I I  indicates th a t the rin g  C H 2 resonances seem 
to be generally about 0.30 p.p.m . downfield from  the 
C H 2 resonances in  the linear compounds. T h is  fact 
is p a rticu la rly  useful in  d istinguishing between linear 
and cyclic  ethylenediam ine groupings in  more com plex 
molecules.

M ixe d  Linear and C yclic  S ilylam ines.— Th e  reaction 
of M e3S iN H C H 2C H 2N H S iM e 3 w ith  M eS iC h  gives a 
com plex silylam ine w ith  the form ula SieCaiHseNs, 
based on chemical analysis and m olecular w eight.6 
From  chemical evidence, tw o structures can reasonably 
be proposed fo r th is compound.

The spectrum  of compound I X  consists of peaks 
centered a t 9.98, 9.93, 9.44, 7.27, and 6.97 r . The 
peaks at 9.98 and 9.93 t  have a re la tive  in te n s ity of 
about 1:6, and m ust be assigned to  the S iM e3 and C H 3 
resonances in  either structure. Th e  resonance a t 9.44 r  
is ve ry  broad and weak, and could arise from  the N H  
protons in  either structure.

Th e  resonances at 7.27 and 6.97 r have a re la tive  
in tensity of 1:2, and both show additional structure as 
shown in  F ig . 4. These peaks m ust be assigned to  the 
rem aining C H 2 groups. Th e  resonance centered at



102 D. K ummer and J. D . B aldeschwieler Vol. G7

/ - N
c h 2
I

c h 2

SiMe3 SiMe3
I

N /C H 3 CH3X  / n \ Ch 2 
Si .Si I

/  n - c h 2c h 2- n /  \  _y OH2
N ! I N
I H H i
SiMe3 SiMe3

IXa

SiMe3 SiMe3

N —CH2CH2—N
/

M e—Si—N —CH2CH2—N —Si—Me

\ i  h/
n - c h 2c h 2- n  
I I

SiMe3 SiMe3

IXb

7.27 consists of an asym m etric “ trip le t”  pattern  th at 
is characteristic of the C H 2 protons of the six-p roton  
system

R R
\  /

N— CH2CH2— N
/  \

H H

as illu stra ted  b y  compound I .  T h is  feature clearly
\  /

m ust be assigned to  a N-— C H 2C H 2— N  group,

H H
w hich, however, is also present in  both IX a  and IX b .

A  decision between IX a  and IX b  m ust then be based 
on the resonance a t 6.97 r . T h is  peak is in  the range of 
chemical sh ifts observed fo r rin g  C H 2 groups in  com
pounds V  through V I I I ,  as given in  Table  I I .  In  
compound IX a , the tw o substituents on the rin g  silicon 
atoms (— C H 3 and — N H C H 2. . .) are v e ry  different. 
Thus the structure th a t is observed on the peak at 
6.97 r  could arise from  non-equivalence of the rin g  C H 2 
protons as in  compound V I .  In  fact, the structure on 
the 6.97 r  peak is ve ry  sim ilar in  appearance to  the C H 2 
structure in  compound V I  as shown in  F ig . 3. Thus, 
the n .m .r. spectrum  is consistent in  every detail w ith  
the proposed structure IX a .

\  /
I f  it  is assumed th a t the N — C H 2C H 2-N  group in

structure IX b  is analogous to  the sim ilar group in  
compound I ,  then it  is reasonable to  suggest th a t the

rem aining N — C H 2C H 2— N  groups m ust
/  \

be sim ilar to  compound I I I .  Thus a sh ift of the C H 2 
protons 0.30 r  downfield in  structure IX b  is d ifficu lt 
to  ju s tify . N o structure was observed on the C H 2 
resonances in  compound IV .  I t  seems u n lik e ly th a t 
the additional constraints imposed b y  structure IX b  
could cause the non-equivalence of ffie  C H 2 protons 
required to give the structure on the 6.97 t peak. Th us 
the n .m .r. spectrum  indicates th a t IX a  is the more 
probable structure fo r th is compound.

In  the reaction of

SiMe3
I

/ N
CH2 \  / Me 
I Si

CH<  /  x c .

I
SiMe3

w ith  N H 2C H 2C H 2N H 2, a product is obtained w ith  the 
form ula S iiC u E U N i based on analysis and m olecular 
w eight.6 Th e  probable structure of th is compound 
from  chem ical argum ents6 is

CH2

c h 2

SiMe3
1

.N n 

'N '
I

SiMe3

. /
CH3

jSi / SiMe3

X 'n - c h 2c h 2—N
I I

H H

X

Th e  spectrum  of th is compound consists of resonances 
centered a t 9.97, 9.94, 9.91, 7.31, and 7.01 r . Th e  
peaks at 9.97, 9.94, and 9.91 t  can be assigned to the 
SiMe-i protons on the chain, the — C H 3 group, and the 
rin g  S iM e3 groups, respectively. Th e  features centered 
a t 7.31 and 7.01 r  show structure as indicated 
in  F ig . 5. The peak at 7.31 r is assigned to  the linear 
R  R '

\  /
N — C H 2C H 2— N  grouping. The structure arises

from  the coupling of the six protons w hich m ust 
be considered fo r example as an X A 2B 2Y  grouping, since 
the groups R  and R ' are quite different. The feature 
a t 7.01 t is assigned to the rin g  C H 2 groups w hich show 
structure as in  compound IX a  since the substituents 
of the rin g  S i atom  (— C H 3 and — N H C H 2. . .) are quite 
different. Thus the n .m .r. spectrum  of compound 
X  is consistent w ith  the m ost probable structure pre
dicted from  chemical evidence.6 A  com parison of the 
proton spectra of compounds V I I ,  V I ,  X ,  and IX ,S iM e3 SiM e3
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where the substituents on the rin g  S i atom  are M e, 
C l; M e, C 6H 6; M e, N H C H 2C H 2N H S iM e 3; and M e, 
N H C H 2C H 2N H S iC H 3 (N S iM e3C H 2— ) 2 shows ve ry  
clearly the effect of increasing the size of one substituent 
on the non-equivalence of the rin g  protons.

In  the reaction of M e3S iN H C H 2C H 2N H S iM e 3 w ith  
S iC h , a crysta lline  compound is obtained w ith  a form ula 
given b y analysis and m olecular w eight as S i6C i6H 44N i.6 
On the basis of chemical argum ents, o n ly one reasonable 
structure can be proposed fo r th is compound

SiMe3 SiMe3 

X I

Th e  spectrum  of th is compound consists of on ly two 
sharp peaks a t 9.94 and 6.91 t. These m ust be assigned 
to the SiM e3 and rin g  C H 2 groups. Since the planes 
of sym m etry of both rings are m aintained in  th is struc

ture, no structure is expected on the C H 2 resonances. 
Thus the n .m .r. spectrum  of compound X I  is in  good 
agreem ent w ith  the proposed structure.

Conclusion
Com pounds I  through V I I I  illu stra te  a num ber of 

characteristic features of the n .m .r. spectra of linear 
and cyclic  silylam ines. These features include both 
proton chemical sh ifts and structure arising from  pro
ton sp in -sp in  coupling in  certain functional groupings. 
Th e  u t ility  of these features in  d ifferentiating structures 
th a t in vo lve  both cyclic  and linear diam ine groupings 
has been illustrated  w ith  three new compounds. 
A  detailed analysis of the n .m .r. spectra of functional 
groups of th is typ e  is of p a rticu la r use in  the deter
m ination of the structures of silicon -n itrogen  polym ers.19

Acknowledgments.— Th e assistance of Professor E . G . 
Rochow in  th is study is g ra te fu lly  acknowledged. The 
w ork was carried out w ith  the financial support of the 
N ationa l Science Foundation and the Office of N ava l 
Research. Th e  com putations were perform ed w ith  
the I.B .M . 7090 com puter of the M assachusetts 
In s titu te  of Technology Com putation Center.

(19) E. G. Rochow and D. Kummer, to be published.

VAPOR PRESSURE AND HEAT OF SUBLIMATION OF CALCIUM FLUORIDE12
B y  D avid  A . Schulz and A lan  W . Searcy

Department of Mineral Technology and Inorganic Materials Research Division, Lawrence Radiation Laboratory, University of California,
Berkeley, California

Received June J, 1962

The vapor pressure of CaF2 was investigated in the temperature range 1400 to 1850°K. by the torsion-effusion 
method. The vapor pressure (in atmospheres) of <3-CaF2 is given by the equation log P  =  —19.973/T +  7.8717 
in the experimental range. Extrapolation yields a calculated normal boiling point of 2786°K. and a heat of 
sublimation at 298°K. of 101.2 kcal. by the third-law method and 101.4 kcal. by the second-law method. Molecu
lar-streaming conditions were demonstrated to break down when the mean free path became about as short as 
the orifice diameter, but a dependence on orifice length as well as orifice diameter was observed.

Introduction
The o n ly  vapor pressure measurements th a t have 

been available fo r calcium  fluoride were obtained b y  
R u ff and Le Boucher b y  use of a dynam ic m ethod.3 
T h e ir method entailed observation of the tem perature 
a t which a substance begins to  b o il when under an ex
perim entally fixed am bient pressure and could be 
applied o n ly fo r determ ination of vapor pressures of 
liqu ids. The lowest tem perature of measurement b y  
R u ff and Le Boucher was 2086 °K.

I t  seemed desirable to  measure the vapor pressure 
of C a F 2 at lowrer tem peratures in  order to  check the 
reported pressures and obtain  a value fo r the heat of 
sublim ation a t 298 °K. from  data th a t required less 
extrapolation. Th e  torsion-effusion m ethod was ap
plied in  the research reported here.4'5

Experimental
In the torsion-effusion method, an effusion cell is suspended in 

a vacuum furnace by a fine wire. Upon heating, vapor escapes 
through eccentrically placed orifices in the cell, thereby exerting a

(1) This work was done under the auspices of the U. S. Atomic Energy 
Commission.

(2) From the thesis submitted by D. A. Schulz in partial fulfillment of the 
requirements of the Ph.D. degree.

(3) O. Ruff and L. Le Boucher, Z. anorg. cdlgem. Chem., 219, 376 (1934).
(4) H. Mayer, Z. Physik, 67, 240 (1931).
(5) M. Vollmer, Z. physik. Chem., Bodenstein Festband, 863 (1931).

torsional force on the wire. The angle through which the cell is 
turned is measured, and from this angle the vapor pressure can 
be calculated by means of the formula P  =  2<t>D/CZqaf), where P  
is the vapor pressure, D  is the torsion constant of the wire, q is 
the perpendicular distance from the cell center to the axis of the 
effusion hole, a is the area of the orifice, /  is the force-reduction 
factor due to finite orifice channel length, and is the angle 
through which the cell has rotated. Values for /  have been 
tabulated by Freeman and Searcy,6 Detkov ,7 and Schulz and 
Searcy.8

For this research, the suspension thread was 17 in. of 2-ml. 
diam. tungsten wire. Components of the effusion cell and cell 
block were of National Carbon AUC premium graphite. Four 
chambers with axes 7/ i 6 in. from the center of the cell block were 
drilled into the side of the block, two each on opposing faces. Two 
loaded effusion cells with effusion orifices oriented to yield addi
tive torques were fitted into w o  of the four chambers of the cell 
block. Empty cells were fitted into the other two chambers. 
In other runs the positions of the effusion cells and of the empty 
cells were reversed in order to evaluate and subtract the influence 
of a residual torque that resulted from electromagnetic repulsion 
of the torsion assembly by the alternating field of the furnace 
element. 9

The calcium fluoride used in this work was supplied by Dr.
K . K . Kelley of the U. S. Bureau of Mines and was from the 
same lot as that on which Naylor performed heat-content experi
ments.10

(6) R. D. Freeman and A. W. Searcy, J. Chem. Phys., 22, 762 (1954).
(7) S. P. Detkov, Zh. Fiz. Khim., 34, 1634 (1960).
(8) D. A. Schulz and A. W. Searcy, J. Chem. Phys., 36, 3099 (1962).
(9) A. W. Searcy and D. A. Schulz, to be submitted to J. Chem. Phys.
(10) B. Naylor, J. Am. Chem. Soc., 67, 150 (1945).



104 David A. Schulz and Alan W . Searcy Voi. 67

T a b l e  I :  T e m p e r a t u r e , P r e s su r e s , an d  R a tio s  o f  M e a n  F r e e  P a th  to  O r if ic e  D ia m e t e r

Temp., Pressure, AH°29S, Temp., Pressure, AR°298,
°K. atm. \/d keal. °K. atm. \/d keal.

1624 4.284 X  IO" 5 0.63 100.77“ 1788 4.816 X  10"4 .25 1 0 0 .86“
1612 3.256 X  10“6 0.83 100.98“ 1779 4.157 X IO- 4 .29 100.96“
1598 2.494 X  10"6 1.07 101.03 1770 3.576 X  IO“ 4 .33 101.05“
1584 1.862 X  10~6 1.42 101.15 1762 3.109 X IO“ 4 .38 101.17“
1564 1.251 X  IO“ 5 2.09 101.25 1748 2.566 X  IO“ 4 .46 101.17“
1550 9.652 X  10-' 2.69 101.23 1734 2.069 X  10~ 4 .56 101.27“
1530 6.614 X  10“6 3.87 101.16 1715 1.453 X IO- 4 .80 101.58“
1516 4.927 X  10' 6 5.15 1 0 1 . 2 2 1700 1.200 X IO" 4 .96 101.51“
1497 3.472 X  IO“9 7.23 101.06 1696 1.163 X IO" 4 .98 101.39“
1477 2.308 X  10“ 6 10.73 101.04 1679 9.163 X  IO- 5 1.24 101.31
1467 1.793 X  10“ « 13.72 1 0 1 . 1 2 1668 7.750 X  10- 6 1.45 101.25
1449 1.240 X  10~ 6 19.61 101.08 1656 6.337 X  IO" 5 1.76 101.25
1435 8.724 X  10“7 27.61 1 0 1 . 2 1 1640 4.881 X IO"6 2.27 101.25
1421 6.175 X 10“7 38.64 101.25 1846 1.185 X IO“ 3 0 .1 0 1 0 0 .2 0 “
1630 4.804 X  10“6 0.57 100.77“ 1833 1.003 X  IO“ 3 . 1 2 100.25“
1616 3.578 X 10“6 0.76 100.90“ 1820 8.204 X  IO“ 4 .15 100.39“
1610 3.083 X 10“6 0.87 101.04“ 1805 6.434 X  IO- 4 .19 100.61“
1592 2.174 X IO' 5 1.23 1 0 1 . 1 2 1795 5.415 X  10~ 4 .2 2 100.74“
1576 1.605 X 10“6 1.64 101.16 1781 4.313 X  IO“4 .25 100.56“
1556 1.087 X IO“6 2.40 101.17 1765 3.252 X  IO" 4 .32 100.69“
1541 8.336 X IO“6 3.10 1 0 1 . 1 1 1753 2.714 X  IO- 4 .44 101.25“
1518 5.306 X 10~6 4.79 1 0 1 . 1 0 1739 2.224 X IO' 4 .53 101.28°
1506 3.937 X 10-« 6.41 101.25 1729 1.897 X IO" 4 .61 101.32“
1484 2.670 X 10~s 9.32 101.08 1721 1.575 X  IO-* .74 101.63“
1470 1.986 X 10-« 12.42 101.03 1711 1.359 X  10~4 .85 101.62“
1456 1.475 X  10 ~6 16.56 101.03 1689 1.054 X  IO" 4 1.08 101.36
1442 1.047 X IO“ 6 23.13 1 0 1 . 1 1 1676 8.747 X IO’ 6 1.29 101.28
1427 7.089 X 10-’ 33.79 101.26 1664 7.181 X 10 "6 1.56 101.27
1S30 9.479 X 10~ 4 0.13 100.28“ 1649 5.814 X IO’ 6 1.92 101.13
1821 8.013 X  10“ 4 .15 100.50“ 1634 4.540 X  IO“5 2.43 101.13
1812 6.954 X  IO’ 4 .18 100.55“ 1625 3.883 X  10~6 2.83 1 0 1 . 1 2
1795 5.423 X  10 .2 2 100.74“ 1611 3.106 X  IO"5 3.51 101.07

“ All heats bearing this symbol were calculated from experimental data for which the mean free path was less than the diameter of the 
effusion hole. These heats were not considered in the computation of the average therefore. The first 28 measurements were made 
with the larger orifices.

Two sets of lids were used. One set had orifices that were 0.08 
cm. in diameter and 0.04 cm. thick, and the other had orifices 
0.32 cm. in diameter and 0.04 cm. long. The cell block, cruci
bles, and lids were degassed at 1900°. Samples were heated in 
cells whose lids contained no holes, in order to check for torque 
produced by sample leakage; none was found.

In a typical run, about 1 g. of calcium fluoride was loaded into 
each of the two effusion cells. Covers were placed over the 
apertures in the cells, and the cells then were fitted into the 
selected pair of holes in the cell block. Counter cells, containing 
no sample, were placed in the remaining pair of holes. In making 
a run, the power was turned on and gradually raised, while the 
ambient pressure was kept below 5 X 10-6  mm. until a deflection 
of about 1 radian was noted on the circular scale. The cell was 
allowed to remain at this power setting for about 1 hr.; then the 
deflection and temperature were recorded. The temperature 
was lowered in steps of 10  to 2 0 °, and allowed to equilibrate at 
each temperature for 20 min. Deflection and temperature read
ings were taken, the temperature was again lowered 10  to 2 0 °, 
and the procedure was repeated until the deflection became too 
small to measure. After the system had reached room tempera
ture, the zero-point position was noted.

To obtain corrections for the residual deflection, runs were 
made in which the effusion holes were placed to reverse the direc
tion of torque. With this arrangement, the residual deflection 
became subtractive. The two orientations of effusion holes 
yielded pairs of flaring deflections vs.l/T  curves, very close to
gether at high pressures and parting at lower ones. Smooth 
curves were drawn through both sets of points. For every data 
point in each set, an isothermal line was drawn intersecting the 
smoothed curve through the other set. The data points of each 
curve then were averaged with the intercepts of the smoothed 
curve with the other curve to obtain corrected deflections. These 
corrected deflections then were converted into pressures. These 
pressures, corrected for thermal expansion of the cell parameters,

are shown in Table I and Fig. 1. A more detailed description of 
the apparatus and techniques is given in a previous paper. 9

Results and D iscussion
Studies on low-pressure gas flow  have dem onstrated 

th at the m olecular flow  equations become inapplicable 
when the mean free path of the vapor approxim ate ly 
equals the diam eter of the effusion orifice. Ta b le  I ,  
therefore, shows fo r each measurement the calculated 
ratios \/d of the mean free path to  the average orifice 
diam eter in  addition to  the pressure and the th ird -la w  
value of the heat of sublim ation a t 298 °K. O rifice  
lengths l and diam eters d fo r each cell are listed in  Ta b le
I I .  These ratios were calculated b y using the hard - 
sphere approxim ation,11 w ith  the m olecular diam eter of 
C a F 2 taken as 7.4 A ., the sum of ion ic diam eters at room  
tem perature. The num erical values of \/d calculated 
b y  th is approxim ation cannot be q u a n tita tive ly  correct, 
b u t th ey are satisfactory fo r in terna l comparisons.

In  F ig . 1, open circles and squares indicate those 
points w ith  calculated \/d ratios less than u n ity ; those 
w ith  ratios greater than u n ity  are shown as closed circles 
and squares. Th e  solid line of the graph is calculated 
from  heats of sublim ation obtained from  the low -tem 
perature data. A s can be seen from  th is graph, when 
the larger orifice was used, m olecular flow  prevailed to 
ju st the tem perature fo r w hich \/d is calculated to  be 
u n ity . W hen the sm aller orifice was used, m olecular 
flow  prevailed to a tem perature fo r w hich \/d is cal
culated to be about 0.3.
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T a b l e  II
O r if ic e  D im e n sio n s“

Cell Hole diameter d, cm.   — Lid thickness l, cm.-------. —----- Channel factor / ------- . .—Moment arm q, cm.—.
(l) (2) U) (2) (1 ) (2) (1 ) (2)

1 0.32160 0.32314 0.03759 0.04064 0.92704 0.92171 0.8684 0.8700
2 .32160 .32314 .03759 .04064 .92704 .92171 .8827 .8827
3 .07984 .07939 .04115 .04064 .72645 .72788 .8684 .8700
4 .07984 .07939 .04115 .04064 .72645 .72788 .8827 .8827

“ The torsion constant for these runs was 1.9897 dyne-cm.-rad. K

4.6 5.0 5.4 5.8 6.2 6.6
l/T X I04 -  °K ''.

Fig. 1.— The vapor pressure of calcium fluoride.

F o r /3-CaF2 the vapor pressure in  atmospheres is 
given b y  the expression log P  =  —  19,973/T +  7.8717. 
The heat of sublim ation of a -C a F 2 at 298°K. was cal
culated from  the lower-tem perature data fo r each orifice 
b y  both the second-law (sigm a-plot) m ethod and th ird - 
law  m ethod. F o r the sigm a-plot m ethod the equation

2 =  - R  In  p +  Aa In  T +  7 ,A bT =  +  1

was used. In  th is equation AH i° and /  are constants 
from  w hich the heat and entropies of sublim ation can 
be calculated, and a and b are the constants in  the heat- 
capacity equation Cp =  a +  bT.

F o r /3-CaF2 K e lle y12 reports th a t Cp =  25.81 +  2.50
X  10_3r  (± 0 .1 % ) in  the range from  1424 to  1691 °K.
Brewer, et al.,13 have estim ated the v ib ra tion  frequen
cies fo r gaseous C a F 2 to  be 484, 95(2), and 675 cm .-1 .
H eat capacities were calculated from  these frequencies
a t 50° in terva ls.

(11) S. Dushman, “ Scientific Foundations of Vacuum Technique,”  John
Wiley & Sons, Inc., New York, N. Y ., 1949, Chapter 1.

(12) K. K  Kelley, U. S. Buieau of Mines Bulletin 584, 39 (1960).
(13) L. Brewer, G. Somayajulu, and E. Brackett, Lawrence Radiation

Laboratory Report UCRL-9840, September, 1961.

The least-squares calculation yie lds 2 =  (111,615)/ Z2 * * * * 7 * * * * 
— 133.27, from  w hich A ffi°  =  111,615, and A if 01M3 
9 1.50 kcal. T h is  compares w ith  AH°m3 =  91.39, 
which is calculated from  the assum ption th a t ACP =  0 
in  the experim ental range. G raphica l in tegration  of the 
heat capacities from  298 to  1543°K. yie lds 17.99 kcal. 
Th e  difference in  heat content between a -C a F 2 a t 298° 
and |S-CaF2 at 1543° is 27.93 k ca l.12 Therefore, A//°29g 
fo r sublim ation of a -C a F 2 is calculated to  be 101.44 
kcal.

Free-energy functions fo r the th ird -la w  calculations 
were available fo r the gas a t 500° in te rva ls ,13 and heat- 
content and entropy data were available fo r the solid a t 
100° in te rva ls .12 K e lle y and K in g  lis t 16.46 ±  0.08 
e.u. as the entropy of a -C a F 2 at 298°K.14 Free-energy 
functions were p lotted  fo r the condensed phases and the 
gas, and smooth curves were draw n through each set. 
Free-energy functions read from  the curves were com
bined w ith  the in d iv id u a l pressure values in  the equa
tion

A H ° 298 =  —RT  ln  V —
AP°T — A//°298 

T
to y ie ld  A iT 298 values. Th e  average th ird -la w  AHM$ 
value w ith  standard deviation  from  the 11 low est- 
tem perature vapor-pressure points obtained w ith  the 
sm all effusion holes is 101.22 ±  0.02 kcal. Th e  average 
from  23 points when a hole 16 tim es greater in  area was 
used is 101.14 ±  0.02 kcal. Th e  apparent error is there
fore ±0.06 kcal. between the tw o sets or the average 
AHms is 101.17 ±  0.06 kcal. Th e  sum of the errors 
made in  m easuring orifice areas, lid  thicknesses, mom ent 
arms, and torsion constants should not contribute more 
than a 2 %  error in  the calculated vapor pressures. 
Deflections were read to  the nearest 0.001 radian and 
therefore contribute possible errors of 0 .1%  a t the 
higher deflections and 10% fo r 0.01 radian deflections. 
Pressure errors then should v a ry  from  2 to  12%, de
pending upon the m agnitude of the deflection. B la ck - 
body conditions fo r tem perature measurement were 
established b y  use of several holes of varied  depths. 
N o dependence of measured tem perature on hole depth 
was found. Th e  N ationa l Bureau of Standards ce rti
fies the corrected table of tem peratures fo r the pyrom 
eter used to  be accurate to  w ith in  ±3° in  the tem 
perature range investigated. A n  e rror of about ±3° 
arises from  the problem  of m atching brightness in  our 
experim ents. Since the ±3° calibration  uncerta in ty 
arises la rge ly from  the same problem  of m atching 
brightnesses, a to ta l error of ±5° in  tem perature is 
estim ated.

The pressure and tem perature errors could therefore 
am ount to  uncertainties of 0 .4%  in  the AIPmh values 
obtained from  large deflections and 0.7%  in  values from

(14) K. K. Kelley and E. G. King, U. S. Bureau of Mines Bulletin 592 
(1961).
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the sm allest deflections used. O ther errors to be consid
ered are those contained in  the free-energy functions. I f  
a ll estim ated errors are taken in to  account, a gross un
ce rta in ty of 1 kcal. is estim ated fo r the heat of sublim a
tion  a t 298°K.

From  the th ird -la w  average value &H°-m  =  101.17 
±  1.0, the heat of sublim ation of /3-CaF2 at its  m elting 
p o in t is calculated to  be 89.01 kcal.

E xtra p o la tion  w ith  heat-capacity data fo r the liq u id  
and gas yie lds calculated vapor pressures in  the liq u id  
range. Th e  norm al bo ilin g po in t and heat of vaporiza
tion  a t the bo ilin g po in t are calculated to  be 2786°K. 
and 72.0 kcal. In  F ig . 1, the liq u id  pressure curve cal
culated from  the th ird -la w  data is seen to  be in  good 
agreement w ith  experim ental points of R u ff and Le 
Boucher.3 Th e  low -tem perature data extrapolated 
over 300° from  below the m elting po in t y ie ld  pressure 
values higher b y  less than 30% than those of R u ff and 
Le  Boucher.

In  these calculations it  is assumed th a t C a F 2(g) was 
the vaporizing species. The o n ly gaseous calcium  
fluoride m olecule ye t observed spectroscopically is 
C a F  (g ).15 H ow ever, therm odynam ic calculations show 
th a t the to ta l pressure to  be expected from  the reaction 
C a F 2(l) -*■ C a F (g ) +  F (g ) w ould be a t least several 
orders of m agnitude below the observed pressures. 
Calculations also dem onstrate th a t dissociation to  ele
m ental calcium  and fluorine gas is negligib le . Ham m er 
found magnesium fluoride vapor to  have the m olecular 
w eight of M g F 2 monomer m olecules.16 Calcium  fluo
ride was expected, therefore, to evaporate p rim a rily  to  
C a F 2 monomer molecules.

Th e  upturn  in  apparent pressures th a t was observed 
when the mean free path X became sm all re la tive  to 
orifice dimensions could be due to  increased im portance 
of a second vapor species. H ow ever, the tem perature 
a t w hich a second species reaches measurable concentra
tions w ould be independent of orifice area if  the second 
species evaporated w ith  a h igh evaporation coefficient. 
I f  the second species evaporated w ith  a low  evapora
tion  coefficient, the increase in  apparent pressure 
should appear a t low er pressures w ith  the sm aller orifice 
ra ther than a t higher pressures.

A n  upturn  in  apparent pressures when X reaches 
lengths com parable w ith  the orifice dim ension has been 
observed b y  us fo r tin  and has been studied in  some 
d e ta il.9 Th e  results of th a t study and th is one are 
easily understood in  term s of onset of viscous flow , and 
no other explanation appears equally plausible.

Th e  excellent agreement between heats of sublim ation 
calculated b y  the second- and th ird -la w  methods and 
between our extrapolated pressures and the measured 
pressures of R u ff and Le Boucher lend confidence to  the 
conclusion th a t the correct evaporation reaction has 
been chosen.

(15) G. Herzberg, “ Molecular Spectra and Molecular Structure. I. 
Spectra of Diatomic Molecules,”  D. Van Nostrand Co., New York, N. Y., 
1950.

(16) R. R. Hammer, “ The Vapor Pressure of Magnesium Fluoride,”  Ph.D. 
Thesis, University of California, September, 1961.

M ore im portant than the therm odynam ic in form ation 
per se is the clear dem onstration obtained here of the 
breakdown in  a p p lica b ility  of the m olecular stream ing 
conditions w hich are necessary fo r v a lid ity  of the to r
sion-effusion m ethod. A p p a re n tly, th is  w ork and a 
second study b y  us9 constitute the o n ly  detailed in vesti
gations ye t made of the h igh pressure lim it to  the force- 
of-effusion equations, although an im portan t study b y  
Carlson (under the guidance of P . W . G illes and R . J . 
Th o rn ) of the h igh pressure lim it to  the Knudsen 
effusion w eight loss equation provides closely related 
in form ation .17

O ur tw o studies demonstrate th a t the lim itin g  mean 
free path a t w hich the force equations can be applied 
m ay be m uch more sensitive to  l/d than is the path  in  
measurements of the to ta l w eight loss.17 A  change of 
the ra tio  of channel length l to orifice diam eter d in  th is 
study from  1/2 to  y 8 increased the lim itin g  value of X/d 
from  0.3 to  1. Shortening the orifice length appears 
d e fin ite ly to  reduce the upper pressure lim it to  w hich 
the force-of-effusion equation can be applied. T h is  
difference m ay arise because the force measurements 
are more sensitive than to ta l w eight loss measurements 
to  scattering of molecules trave lin g  a t sm all angles 
re la tive  to the axis of the orifice.

Carlson has hypothesized th at the presently unex
plained upturn  in  apparent vapor pressures of uranium  
d ioxide18 m ay have arisen from  onset of viscous flow , 
b u t he d id  not feel justified  in  a firm  conclusion, prob
a b ly because the upturn  in  the uranium  dioxide study 
was pronounced when X/d was as high as 6 (assum ing a 
linear ion ic m odel fo r the gas collision diam eter) and 
was observable when X/d was about 60. Carlson’s own 
results indicated th a t the upturn  should begin when 
X/d was approxim ate ly 1.

H ow ever, fo r the investigation  of uranium  oxide, the 
pressures were calculated from  the q u a n tity of m ateria l 
th a t effused through a ve ry  th in  orifice in  a cone whose 
sides made an angle of o n ly about five  degrees w ith  the 
orifice axis. W e conclude th at, fo r short orifices and 
sm all angles to  the norm al, deviations from  m olecular 
stream ing conditions m ay w ell be observable under the 
conditions fo r w hich the uranium  oxide pressure up turn  
was observed.

Th e  inference draw n18 from  the research of Johnson19 
th a t m olecular stream ing equations m ay be used fo r 
short orifices when values of X/d are less than 0.1 ap
pears d e fin ite ly disproved, although fo r orifices w ith  
longer channels the equations m ay possib ly be applied 
in  force or collection measurements when X/d is of the 
order of 0.1. T h is  last po in t requires fu rth e r study.
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It is shown that the surface of a dilute solid solution of CaCk in NaCI contains a higher concentration of calcium 
than the bulk. The higher catalytic activity of the solid solution toward ethyl chloride dehydrohalogenation 
than NaCI alone can be accounted for by the high concentration of calcium ions on the surface of the solid solu
tion.
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I t  has been shown b y  G rim m  and Schwam berger1 
th a t a num ber of ionic crysta ls includ ing N a C I and 
C aC b  can be used as cata lysts fo r the dehydrohalo- 
genation of e th y l chloride. Since th is in itia l w ork , the 
dehydrohalogenation of e th yl chloride and other organic 
chlorides over ionic crystals has been the subject of a 
num ber of d ifferent investigations,2-7 and it  has, in  
general, been found th a t m onovalent a lka li halides 
have high activation  energies and low  rates, whereas 
d iva lent halides have lower activa tion  energies and 
higher rates, and th a t the activa tion  energy increases 
w ith  increased size of the cation. Schwab and N o lle r5 
have related the ca ta lytic  a c tiv ity  to the m agnitude of 
the dipole mom ent at the surface, N o lle r and Osterm eier6 
to the donor, acceptor properties of the surface ions, and 
H auffe7 to  the presence of free electrons and anion 
vacancies in  the ionic crystals.

I t  was shown b y  Schwab and N o lle r6 th a t the addi
tion  of 0.12 mole %  sodium  chloride to  calcium  chloride 
increased the activa tion  energy fo r the e th yl chloride 
dehydrohalogenation from  11.4 to  23.3 kcal. mole. A n  
explanation of the effect of the sodium  chloride was given 
b y Hauffe.7 H e proposed th a t the addition  of N a C I 
to  C a C k  reduces the free electron concentration of the 
solid and results in  a higher activa tion  energy fo r e th yl 
chloride chem isorption which he views as the slow step 
in  the reaction.

I t  is the purpose of th is  paper to show that, although 
the mechanism proposed b y  H auffe is a ttra ctive , the 
results of Schwab and N o lle r5 m ay find another explana
tion . I t  is proposed th a t the surface com position 
of the d ilute solid solution is ve ry  d ifferent from  the 
bulk com position and th a t the ca ta lytic  a c tiv ity  is s till 
determ ined b y the dipole moments at the surface as 
proposed b y  Schwab and N o lle r5 or b y  the donor-ac
ceptor properties as proposed b y  N o lle r and Osterm eier.6

Instead of w ork ing w ith  d ilu te  solutions of N a C I 
in  C a C l2, as used b y  Schwab and N o ller, we have used 
d ilu te  solutions of C a C k  in  N a C I because of the ease 
of preparing and handling such crysta ls, due to  the ir 
non-hygroscopic nature and because a convenient w ay 
to analyze the surface concentration of these crystals, 
using the v e ry  sm all so lu b ility  of N a C I and C a C k 
in  acetone, has been found. From  our experim ental 
results, we w ill show th a t a sm all am ount of C a C k  
in  N a C I grea tly increases the ca ta lytic  a c tiv ity  per un it

(1) H. G. Grimm and E. Schwamberger, R éu n io n  in terp h y s . C h im . P a r is , 
214 (1928).

(2) G. M. Schwab, T ra n s. F a ra d a y  S o c ., 42, 689 (1946).
(3) G. M. Schwab and A. Karatzes, J. P h y s .  C o llo id  C h em ., 52, 1053 

(1948).
(4) E. Cremer and R. Baldt, Z. N a tu r fo rsch ., 4a, 337 (1949).
(5) G. M. Schwab and H. Noller, Z. E lek troch em ., 58, 762 (1954).
(6) H. Noller and K. Ostermeier, ibid., 60, S21 (1956); 63, 191 (1960).
(7) K. Hauffe, D ech em a  M o n o g ra p h ., 26, 328 (1956).

area of the crystal and this can be a result of the high 
concentration of calcium ion on the surface of the crystal 
as compared to the bulk concentration.

Experim ental
Small cubes of NaCI were made8 by adding saturated sodium 

chloride solution to an alcohol-water mixture. Small cubes of 
NaCI containing ~ 0 .2 %  CaCk were made by mixing a saturated 
sodium chloride solution with a saturated calcium chloride solu
tion. Some of the cubes appeared perfect under the microscope, 
others appeared to have stepwise depressions on the surface. 
In addition, finely divided NaCI, CaCk, and NaCI +  CaCk 
were made by fusion, rapid quenching, and grinding. In the 
latter case, the material was treated with anhydrous HC1 at 500° 
before use in order to destroy the small amount of sodium 
or calcium hydroxide that was inevitably the result of fusion in 
air.

The surface area of the solid material was measured by krypton 
adsorption at 77°K. In a typical adsorption isotherm, the 
amount of Kr adsorbed increased almost lineally up to 0.2 rela
tive pressure and then changed very little in the range 0.2-0.35 
relative pressure. Because these isotherms did not plot as well 
as the usual B .E .T . plot, we have arbitrarily used the value 
adsorbed at p/po =  0.25 for the monolayer and have used 20.8 
A .2 for the area of the Kr molecule. A size distribution of 
precipitated cubes was obtained by microscopic observation and 
the area was calculated as 410 cm .2/g . From the krypton iso
therm, a value of adsorption at p/pa =  0.25 was obtained cor
responding to 720 cm.2/g . This difference may be due to the 
presence of stepwise depressions in the surface of some of the 
cubes. The precipitated cubes were stable in laboratory air 
(< 50%  relative humidity), whereas the ground salt lost surface 
area after exposure to laboratory air. For the catalytic runs, 
the salt samples (1-3 g.) were placed in a 1-cm. i.d. Vycor tube 
with a sintered Vycor disk to hold the sample and the Vycor tube 
was inserted into an aluminum core in a furnace. Ethyl chlo
ride at ~ 2 0  cc./m in. was passed through the sample and through 
distilled water to collect the HC1 produced. It was necessary 
to wash down all the exit tubing (all glass, no rubber tubing) 
after a run, in order to get reproducible results.

The technique, used for measuring surface composition is as 
follows. The salt sample (3 to 4 g.) containing a small amount of 
calcium chloride was heated in the apparatus of Fig. 1 to 500° 
for several hours in oxygen-free nitrogen (in some runs in anhy
drous HC1) and then held at a given temperature for a given 
time after which the nitrogen was replaced by helium and the 
sample tube quenched in ice water, so as to freeze the surface 
composition. This sample was washed with four 50-cc. portions 
of acetone. The solubility of calcium chloride in the acetone 
we used is ~ 1 0  pg./cc. and of sodium chloride is ~ 0 .9  /xg./cc. 
These small solubilities have enabled us to dissolve, remove, and 
analyze the calcium chloride in the surface layer of the salt. 
The acetone was evaporated to dryness in Pyrex beakers (the 
initial use of platinum crucibles was found unnecessary), triple- 
distilled water added, and both the conductivity and the calcium 
content of the water determined. The conductivity measured 
the sum of the calcium and sodium ion concentrations, which 
together with the calcium concentration can be used to determine 
the sodium concentration. The calcium was titrated with the 
sodium salt of ethylenediaminetetraacetic acid using Eriochrome 
Black T  as an indicator. The sample was held in the same 
container for the heat treatment and acetone wash which was

(8) Fitz-Hugh Marshall, Phys. Rev., 58, 642 (1940).
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T a b l e  I

C a t a l y t ic  A c t iv it y  f o b  E t h y l  C h l o b id e  D e h y d b o h a l o g e n a t io n  

Ethyl chloride flow rate ~ 2 0  cc. STP per min.

-N aCl-
-NaCl +  0.11 mole—. 

% CaCli
-NaCl +  0.11 mole—- 

%  CaCii
-NaCl +  0.19 mole—- 

% CaCli

CaCli
Av. of various 
samples 1800

Empty 3g . 2 g . 3  g . 3 g. to 12.000
reactor 870 cm.2/g . 650 cm.2/g . 1200 cm.2/g . 2700 cm. Vg. cm.Vg.

Moles of Moles HC1 Moles0 HC1 Moles HC1 Moles'* HC1 Moles HC1 Moles0 HC1 Moles HC1
Reaction HC1 in Moles HC1 per min. Moles HC1 per min. in 30 per min. in 30 per min. per min.
temp., 30 min. in 30 min. per cm.1 in 30 per cm.* min. per cm.2 min. per cm.2 per cm.2

°C. X 10« X 10« X 10» min. X  10« X 10” X 10« X 10» X 10« X 10” X  10”
3 0 0 1 . 3 1 . 8 2 3 7 . 7 4 . 8 4 . 4 1 0 4 . 1 4 7

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

4 0 0 6 . 7 3 . 4 4 . 3 2 5 6 4 5 6 5 2 1 1 5 “ 4 7 7 0 0

115 X  10_* mole of HC1 per 30 min. corresponds to a per cent decomposition of ethyl chloride ~0 .4% . 
“ Not corrected for homogeneous reaction.

Fig. 1.—Step A, anneal sample: (1) inlet, prepurified N2;
(2) outlet, N2; (3) ground glass joint; (4) Vycor reactor tube; 
(5) furnace; (6 ) sample; (7) UF fritted disk. Step B, sample 
washed with acetone: (1) inlet, acetone-saturated N2; (2) water 
bath, 25°; (3) acetone washing sample. Step C, acetone
pumped off for analysis: ( 1 ) inlet, acetone-saturated Nj; (2 ) 
outlet, wash acetone.

done in the absence of air (see Fig. 1 ). It is necessary to use at 
least four acetone washes since the equilibrium between the 
calcium chloride dissolved in the acetone and calcium chloride 
adsorbed on the salt surface does not completely favor calcium 
in solution. If, for example, one contacts 50 cc. of acetone con
taining 200 Mg- of calcium (as CaCl2) with 4 g. of NaCl of total 
area 1 . 1  m .2, then approximately half of the CaCh will be ad
sorbed and half will remain in solution. The adsorbed material 
can be recovered by subsequent washes.

R esults and D iscussion
Th e  ca ta lytic  results are given in  Ta b le  I .  Three d if

ferent size precipitated sodium chloride cubes were used 
of areas 2700,1200, and 650 cm .2/g. Th e  h igh area crys
ta ls contained 0.19 mole %  C a C l2 and the tw o low  area 
crysta ls 0.11 mole %  C a C l2. In  addition, there are data 
fo r pure sodium  chloride cubes (<30 p.p.m . of calcium  
chloride) and fo r the em pty reactor. Th e  rate fo r the 
em pty reactor is larger than fo r the sodium chloride 
cubes a t 400°, because the cubes have v e ry  low  cata
ly tic  a c tiv ity ; in  both cases we are m easuring the ho
mogeneous9 reaction and the tim e of contact is longer 
in  the em pty tube. The am ount of HC1 produced is 
proportional to  the to ta l area of sa lt in  the cata lyst 
tube. Since the largest per cent decom position of 
the e th yl chloride is o n ly ~ 0 .4 % , the reaction rate 
is independent of flow  rate. Th e  data show th at 
a sm all mole per cent calcium  chloride has ve ry  
grea tly increased the ca ta lytic  a c tiv ity . W e w ill 
propose an explanation fo r th is increased a c tiv ity  in  
term s of a surface concentration of calcium  ion on the

(9) D. H. R. Barton and K. E. Howlett, J . C h em . S o c ., 165 (1949).

salt surface th a t is m uch larger than the bu lk  com posi
tion .

Tab le  I I  gives some typ ica l results fo r the surface 
analysis experim ents. Th e  to ta l surface of the sample 
was ~ 1 .1  m .2 and th is corresponds to  0.012 mmole 
of N a ions if  the to ta l surface consisted of the 100 face. 
In  order to  see, from  geom etrical considerations o n ly, 
w hat is the m axim um  am ount of calcium  a N a C l 100 
face can contain w ith ou t form ing a new 3-dim ensional 
compound of N a C l and C a C l2, such as N aCaCla (iso- 
m orphous w ith  K C a C ls ), one can draw  tw o types of 
surfaces. In  one, there are a ll chloride ions w ith  an 
equal num ber of cation vacancies made b y  replacing 
N a+  w ith  C a C l+. In  the other, w hich has one-half

T a b l e  II
S u b f a c e  A n a l y s is  U s in g  A c e t o n e  W a s h  

Fused sample of NaCl with 0.19 mole %  CaCl2 (0.13 wt. %  Ca) 
used for the experiments. Pretreated with anhydrous PICl and 
washed with acetone before the experiment. Surface area 2700 
cm.2/g .; 4.24 g. used. Total calcium in the salt =  5500 Mg- 
In all cases ~ 45  Mg- of NaCl removed per 50 cc. of acetone.

Heated to 500° for 3.5 hr. and quenched 
1st 50 cc. acetone wash contains 25 Mg- of calcium
2nd 50 cc. acetone wash contains 9 Mg- of calcium
3rd 50 cc. acetone wash contains 6 Mg- of calcium
4th 50 cc. acetone wash contains 3 Mg- of calcium

Total calcium removed = 43 Mg- 
Heated to 150° for 4.75 days and quenched 

1st 50 cc. acetone wash contains 323 Mg- of calcium 
2nd 50 cc. acetone wash contains 250 Mg- of calcium 
3rd 50 cc. acetone wash contains 102 Mg- of calcium 
4th 50 cc. acetone wash contains 26 Mg- of calcium 
5th 50 cc. acetone wash contains 301
6th 50 cc. acetone wash contains 17 ( these done 24 hr. after 
7th 50 cc. acetone wash contains 8 ( first four washes 
8th 50 cc. acetone wash contains 4 /

Total calcium removed = 760 Mg-

as much calcium  per u n it area, we have replaced tw o 
sodium  ions w ith  a calcium  ion and a cation vacancy. 
I f  each sodium were replaced b y a calcium  ion together 
w ith  a chloride ion, the surface could hold 480 jug- of 
calcium . Since in  the experim ent a t 150° we have ob
served a rem oval of ~760 jug- one m ight conclude th a t 
a separate phase of C a C l2 (saturated w ith  N a C l) 
is form ed and th a t 0.19 mole %  calcium  chloride is 
above the so lu b ility  a t 150°. Such a conclusion cannot 
be made w ith  confidence, however, since the absolute 
value of our surface area is in  doubt b y  perhaps the 
difference between 480 and 760 (although the re la tive
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values can be determ ined m uch more accurate ly). 
In  the case of the 500° pretreatm ent, i t  also can be seen 
th a t the surface concentration of calcium  is higher than 
the bulk. I f  the surface contained the same per cent 
calcium  as the bulk, it  w ould have ~ 1  fig. of calcium  
instead of the ~ 43  ¡ig. observed. The alternate ex
planation th at the surface had the same com position 
as the bu lk  and th a t we obtained the 43 fig. as a result 
of a rap id  exchange 43 layers deep (presum ably due to 
recrysta llization) seems ve ry  u n like ly fo r tw o reasons:
(1) if  this were so, we m igh t expect to obtain the same 
result independent of the annealing tem perature, which 
is not the case, and (2) exchange between poorly soluble 
ionic surfaces and ions in  aqueous solution usually on ly 
involves the m onolayer,10 since recrysta lliza tion  is slow.

Table I I I  show's the results of some experim ents 
w ith  fused N a C l containing 0.19 mole %  C a C l2 in  
which the sample has been annealed fo r various times 
and tem peratures. A p p ro xim a te ly 180 ¡ig. of sodium 
chloride was rem oved in  each experim ent (4 acetone 
washes). The to ta l area of the sample was 2.1 X  104 
cm .2 which corresponds to  1288 fig. of N a C l on the cube 
faces or to  866 fig. of Ca if  each sodium  ion were re
placed b y C a C l+. I f  the surface had the same com
position as the bulk, it  w ould contain 1.6 fig. of calcium . 
One can see th a t the surface concentration of calcium  
ion is larger than the bulk concentration and increases 
w ith  lower annealing tem peratures and th a t above 250° 
the surface and bu lk  reach equ ilibrium  in  several hours. 
Th e  in te rio r and surface of a N a C l crysta l can accom
modate a Ca ion from  C a C l2 if  there is associated w ith  
the Ca ion a cation vacancy. In  addition, a Ca ion 
can appear a t or near the surface w ith ou t a cation 
vacancy if  there is a chloride ion on the surface to  keep 
electrical n e u tra lity. Th e  difference between bulk and 
surface calcium  concentration m ay reflect the greater 
ease of m aking a cation vacancy w ith  its  associated Ca 
ion on the surface than in  the bu lk  and th is effect in 
creases w ith  lower tem perature because the energy 
required fo r the surface cation vacancy form ation is 
lower than fo r the bu lk  vacancy form ation. A  theo
retica l treatm ent of th is difference in  bu lk and surface 
com position of ionic crystals has beengiven byS chw ab.11

I t  is interesting to  note th a t a t the end of th is series 
the calcium  chloride content of the solid was o n ly 45% 
of the in itia l concentration. Th e  concentration of 
undesirable ions a t the surface of a solid and subsequent 
rem oval offers possibilities fo r purifica tion  of solids. 
A fte r the final 150° treatm ent in  Table  I I ,  the sample 
was annealed at 300° and o n ly 11 Mg- of calcium  was 
recovered from  the surface. I t  tvas thought th a t th is 
low value m ay be a result of some im p u rity  accum ulat
ing on the surface of the salt th at was insoluble in  ace
tone, such as C a (O H )C l or CaO  (the so lu b ility  of CaO , 
for exam ple, is 0.02 fig./cc. of acetone at room  tem pera
ture) so the sample was treated w ith  anhydrous HC1 
at 500° fo r 1.7 h r. A fte r th is treatm ent, the value of 
calcium  appearing on the surface after a 300° anneal 
increased to  26 fig.

Table  I V  gives some values fo r the concentration of 
calcium  on the surface of precipitated N a C l cubes 
w hich behave s im ila rly  to  the fused and ground ma
te ria l. Th e  cubes also showed (data not given in  the

(10) A. C. Wahl and N. A. Bonner, "Radioactivity Applied to Chemistry,” 
John Wiley and Sons, New York, N. Y., 1951, p. 312.

(11) G. M. Schwab, Z. Elektrochem., 56, 297 (1952).

T a b l e  III
Surface C om po sitio n  E x p e r im e n t s  on  4.21 G ram s  of F used 

NaCl +  0.19 M ole %  CaCl2 

Surface area 5000 em.2/g.
An Micrograms

nealing of Ca re Total Total fig.
temp., Duration moved in cumulative ng. left in

°C. of anneal expt. of Ca removed sample
Initial acetone wash 34 34 5560
500 17 hr. 56 90 5470
300 16 hr. 95 185 5275
300 5 days 103 288 5172
300 2  hr. 88 376 5084
400 18 hr. 63 439 5021
400 2  hr. 60 499 4961
500 1  hr. 48 547 4913
250 16 hr. 124 671 4789
250 2  hr. 10 1 772 4738
250 69 hr. 114 886 4574
200 16 hr. 445 1331 4129
200 3.5 hr. 227 1558 3902
200 91 hr. 399 1957 3503
150 15 hr. 287 2244 3216
150 64 hr. 419 2663 2797
150 1 1  days 434 3097 2363
300 2.3 hr. 1 1 2352
300 2.5 hr. 26 after HC1 treatment“

“ Solid analyzed at this point and found to contain 2090 tig. 
of calcium; 4.10 grams of the original sample was recovered 
from the reactor at this point.

table) the same effect as the fused m ateria l, in  th at 
after a num ber of low  tem perature anneals in  which 
considerable calcium  was rejected to  the surface, the 
sample then gave abnorm ally low  calcium  surface con
centration values fo r 300-500° anneals. Th e  low  values 
were increased b y  treatm ent w ith  anhydrous HC1 at 
500°.

T a b l e  IV
S u r fa c e  C a lc iu m  A n a ly sis  o f  Sm a l l  NaCl C u b e s  C o n ta in in g  

0.19 M o le  %  CaCl2

Area is 2700 cm.2/g .; weight of sample used is 5 g.
Anneal 

temp., °C. Time, hr.
Micrograms of 
Ca on surface

Micrograms of 
Ca in bulk“

200 64 407 3452
200 17 307 3145
200 2 10 1 3044

“ This sample had originally 6450 fig. of Ca in the bulk but 
had been used for a number of preliminary runs. The calcium 
content of the solid was found by analysis at the end of the 
experiment.

Th e  high value of surface calcium  ion concentrations 
as compared to  the bu lk  concentration can be used to 
explain the ca ta lytic  results of Tab le  I .  A t  400° the 
salt w ith  low  mole per cent C a C l2 has ~ 7 %  of the 
a c tiv ity  of calcium  chloride per u n it area. From  the 
surface analysis figures of Table  I I I ,  one w ould estimate 
th a t the surface contained ~ 6 0  fig. of calcium  out of a 
possible 866 fig. or th a t 7 %  of the surface is calcium  
ion. Since the calcium  concentration on the surface 
varies w ith  tem perature, the apparent activation  energy 
fo r the reaction w ill invo lve  the energy change fo r th is 
process. The exact agreement of 7 %  in  both cases is 
m ost lik e ly  fortu itous, b u t the fact remains th a t in  the 
case of the dehydrohalogenation of e th yl chloride b y 
these ionic surfaces, the chemical com position of the 
surface appears to give  a satisfactory explanation fo r 
the ca ta lytic  a c tiv ity  w ith ou t the necessity fo r in vo lv in g  
the free electron picture of H auffe.7
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NUCLEAR MAGNETIC RESONANCE SPECTRA OF SOME ALKYL VINYL ETHERS
AND METHYL VINYL SULFIDE
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The n.m.r. spectra of methyl vinyl sulfide, methyl vinyl ether, ethyl vinyl ether, and isobutyl vinyl ether have 
been observed and analyzed in tetramethylsilane solution. From the chemical shift data, it appears that lone- 
pair conjugation with the ir-electron system is more important in the case of oxygen than sulfur. In methyl vinyl 
ether a coupling constant between the methyl group and the a-proton of 0.3 c.p.s. is observed, with no detectable 
coupling between the methyl group and the /3-protons. However, in methyl vinyl sulfide the methyl group 
couples with the /3-protons, 0.4 c.p.s. (cis) and 0.2 c.p.s. (irons), with no coupling being observed between the 
methyl group and the a-proton. This long-range coupling is thought to reflect the participation of structures 
involving the d-orbitals of sulfur.

110 R. T. Hobgood, Je ., G. S. R eddy, and J. H. Goldstein

In troduction
T h is  com m unication reports the results of a nuclear 

m agnetic resonance (n .m .r.) study of m ethyl v in y l 
sulfide, m ethyl v in y l ether, e th yl v in y l ether, and iso
b u ty l v in y l ether under comparable conditions in  the 
in e rt solvent tetram ethylsilane. N .m .r. spectra, as 
w ell as m any other physical techniques, have been used 
previously in  efforts to  discover the re la tive  mesomeric 
and inductive  effects of substituents on an ethylen ic 
system .1-3 Analyses fo r the ethers have been per
form ed p re viou sly,4'5 b u t due to  differences in  solvents 
and methods of referencing, it  was necessary to  re
analyze them  as ABC systems under the conditions 
em ployed here. Th e  long-range coupling constants 
through the hetero atom  have been determ ined b y  firs t- 
order perturbation  methods. Th e  chem ical shifts and 
coupling constants have been examined in  an effort to 
deduce the difference in  the m anner and extent of in te r
action of su lfur and oxygen w ith  the 7r-electron system .

Experim ental
All spectra were observed on a Varian Model A-60 high-resolu- 

tion spectrometer operating at 60 M e./sec. The spectra of 
methyl vinyl ether and methyl vinyl sulfide were calibrated 
on a Varian Model 4300 B high-resolution spectrometer operating 
at 40 M e./sec. by the usual side-band technique6 while the spectra 
of the remaining compounds were calibrated on the A-60 spec
trometer by the same method. The spectra of the ethers and 
the sulfide were observed in 1 0 %  solution (by volume) in tetra
methylsilane used as solvent and internal reference.

The 40 M e./sec. spectrum of methyl vinyl sulfide is shown in 
Fig. 1 and 2. Figure 1 is the vinylic portion under medium 
resolution, i.e., the splittings due to the methyl protons are not 
resolved. Figure 2 is the spectrum of the methyl group under 
conditions of very high resolution. The splitting between each 
pair of consecutive lines is 0 .2  c.p.s., which is produced by'two 
coupling constants (0.4 and 0.2 c.p.s.) with two of the vinylic 
protons.

R esults and D iscussion
In  a ll pertinent cases, the v in y lic  portion  of the spec

trum  was analyzed as an ABC system  w ith  any fu rther 
sp littin g  due to  a lk y l substituents being treated b y 
first-o rd e r perturbation  th eory. Th e  values of the 1 2 3 4 5 6

(1) L. Pauling, “ The Nature of the Chemical Bond,”  3rd Ed., Cornell 
University Press, Ithaca, N. Y., 1960, pp. 288-290.

(2) E. B. Whipple, W. E. Stewart, G. S. Reddy, and J. IT. Goldstein, 
J. Chem. Phys., 34, 2136 (1961).

(3) C. N. Ban well and N. Sheppard, J. Mol. Phys., 3, 361 (1960).
(4) C. N. Banwell, N. Sheppard, and J. J. Turner, Spectrochim. Acta, 16, 

794 (1960).
(5) W. Brugel, Th. Ankel, and F. Kruckeberg, Z. Eleklrochem., 64, 1121 

(1960).
(6) 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, p. 74.

chem ical shifts and coupling constants, shown in  Table  
I ,  were obtained b y  num erically fittin g  the observed 
spectra. Th e  m axim um  discrepancy between observed 
and calculated shifts, 0.2 c.p.s., occurred fo r o n ly  a few 
peaks, and the over-a ll agreement is w ith in  the mean 
deviation  of the measurements. Th e  observed A B C  
intensities were obtained num erically b y  a trian gu la r 
approxim ation of the peak area. Considering approxi
m ations due to  fu rther sp littings b y  the substituents, 
the observed A B C  intensities agree quite w ell w ith  the 
calculated ones. A ll the chemical shifts in  the table 
have been converted to  60 M c./sec. fo r com parison 
purposes.

C oupling constants fo r m ethyl v in y l ether have been 
reported previou sly4 w hich do not d iffer sign ifican tly 
from  those obtained here. Com plete A B C  analyses fo r 
the three ethers reported here have been published 
earlier.6 H ow ever, due to  differences in  solvents and 
references used, in d iv id u a l chemical sh ifts v a ry  from
5-15 c.p.s. from  those listed in  Table  I .

Th e  m ost strik in g  feature of the values in  Ta b le  I  is 
the extrem e h igh -fie ld  position of the /8-protons in  the 
ethers (~ 7 5 -8 5  c.p.s.) above ethylene.7 I t  is d ifficu lt 
to  conceive of an anisotropy effect of oxygen w hich 
w ould produce an up-fie ld  sh ift th is great. In  a crylo 
n itrile , where the anisotropy of the — C = N  group is 
expected to  be larger or certa in ly not sm aller than th a t 
fo r oxygen, the calculated an isotropy sh ift of the fi- 
protons8 is m uch sm aller (11.5 c.p.s. fo r the cis and 15.0
c.p.s. fo r the trans position in  the upfield d irection) 
than the observed upfield sh ift in  the case of the ethers. 
I t  is more lik e ly  th a t lone-pa ir conjugation of the o xy 
gen w ith  the unsaturated system  w ith  its  resulting flow  
of charge in to  the /3-position is responsible fo r th is ob
served upfield sh ift.

In  m ethyl v in y l sulfide the /3-protons are 14-28 c.p.s. 
above ethylene, w hich is in  sharp contrast w ith  the corre
sponding ether (/3-shifts ~ 75-85  c.p.s. above ethylene). 
Th e  re la tive  electronegativities of su lfu r and oxygen 
w ould suggest th a t any inductive  effect operating on 
the /3-position should be in  the opposite d irection . In 
deed, the a -proton  sh ift does fo llow  the order of elec
tronegativities and since any inductive  effect w ould 
p robab ly be short-range, one m ight assume th a t the 
inductive  effect is the contro lling factor on the a -sh ift. 
C onceivab ly, however, the a -proton  sh ift in  the tw o 
compounds m ight be due to a difference in  the an isot-

(7) G. S. Reddy and J. H. Goldstein, J. Am. Chem. Soc., 83, 2045 (1961).
(8) G. S. Reddy, J, H. Goldstein, and L. Mandell, ibid., 83, 1300 

(1961).
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T a b l e  1“
N .m .r . Spe c t r a l  P a r a m e t e r s  f o r  M e t h y l  V in y l  Su lfid e  an d  Som e  A l k y l  V in y l  E t h e r s

(c) H  H (a ) (c )H H (a )

\  / \ /

O II o c = C
(b) /  \ / \  (d)

H  O C H ,(d ) (b )H O C H 2C H (C H 3) 2
(c )H  H (a ) (c )H H (a ) (c )H C H 3(a)

\  / \ / \ /
C = C C== C c== C

/  \ / \  (d) / \
(b )H  S C H s(d) (b )H O C H 2C H 3 (b )H O CH a(d)

COa -3 8 0 .7 -3 8 6 .0 -3 8 1 .6 -3 8 3 .0 -1 0 4 .0
COb -2 9 0 .4 -2 4 1 .8 -2 4 2 .7 -2 4 2 .8 -2 2 5 .0
Cûc -3 0 4 .5 -2 3 2 .7 -2 3 1 .0 -2 3 0 .4 -2 2 5 .0
COd -1 2 7 .2 -1 8 9 .8 -2 1 9 .2 -2 0 5 .5
J ab 16.4 14.1 14.5 14.4 0.5
J a c 10.3 7.0 7.0 6.9 0.5
J be - 0 . 3 - 2 .0 - 1 . 7 - 1 . 8
J ad 0 .0 0.3 0.5
J bd 0.4 0 .0
Jc d 0 .2 0 .0

a All chemical shifts and coupling constants are expressed in c.p.s. at 60 Me,/sec. with respect to internal tetramethylsilane.

Fig. 1.-—The observed vinyl spectrum of methyl vinyl sulfide 
in tetramethylsilane at 40 Me. /sec. Linearity should not be 
assumed in the observed spectrum. The direction of increasing 
field is from left to right.

ropy of the tw o hetero atom s. Th e  /3-shift differences 
in  the tw o compounds probab ly can be explained best 
b y  the difference in  lone-pa ir conjugation of oxygen and 
sulfur. Previous n .m .r. data fo r "he v in y l halides in 
dicate th at the sm aller the halide, the greater the capa
b ility  fo r lone-pa ir con jugation .2 I t  therefore seems 
quite reasonable to  expect th a t oxygen, because of its 
sm aller size, w ould show a greater tendency fo r lone- 
pa ir conjugation then su lfur.

E th y l v in y l ether and isob u tyl v in y l ether in  general 
have the same chemical sh ifts as m ethyl v in y l ether. 
Since no d ilu tion  studies were made in  the present w ork, 
it  is d ifficu lt to  ascertain the chemical sh ift differences 
w ith  a great degree of ce rta in ty. Plowever, i t  appears 
th a t the R  group does not have any significant effect 
on the /3-shifts, im p lyin g  th a t the R  groups studied 
here do not a lter the capacity fo r lone-pa ir conjugation 
of oxygen sign ifican tly and th a t oxygen acts as a buffer 
between the tw o groups.

I t  has p reviously been observed7 th a t the to ta l 
m ethyl substituent effect on the tw o |3-protons in  an 
unsaturated system  is generally 30 c.p.s. H ow ever, 
in  isopropenyl m ethyl ether the to ta l a -m eth yl effect 
is on ly 16 c.p.s., perhaps im p lyin g , since the m ethyl 
and the m ethoxy groups are cross-conjugated, th a t the 
charge transfer from  the m ethyl group is reduced.

Fig. 2.-—The observed methyl group spectrum of methyl 
vinyl sulfide in tetramethylsilane at 40 Me./sec. The separa
tion of the left-most peak from its nearest neighbor is 0.23 c.p.s. 
The direction of increasing field is from left to right.

The gem. coupling constant in  m ethyl v in y l sulfide has 
a greater degree of uncerta in ty than any of the other 
param eters due to  the coupling of the /3-protons w ith  
the m ethyl group. I t  m ay v a ry  from  — 0.5 to  0.0
c.p.s. w ith ou t changing the calculated spectrum  sign ifi
ca n tly. Th e  value of — 0.3 c.p.s. was chosen in  order 
th at the pairs of lines w hich are p rim a rily  influenced b y  
th is coupling constant w ould coincide exactly. I t
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should be pointed out th at a value of + 0 .3  c.p.s. w ill 
not produce exact coincidence of these lines. Since 
each of these peaks is fu rth e r sp lit b y the m ethyl group, 
any value from  — 0.5 to  0.0 c.p.s. could be used w ith 
out serious divergence from  the observed spectrum .

One of the m ost surprising features about the spec
trum  of m ethyl v in y l sulfide is th a t the /3-protons couple 
w ith  the m ethyl group (0.4 c.p.s. cis and 0.2 c.p.s. 
trans) w hile  there is no evidence of coupling between 
the a-proton  and the m ethyl group. The absence of 
the la tte r m ight be due to the angles in vo lve d .9 In  
F ig . 1, it  can be seen clearly th a t there is no coupling 
between the a-proton  and the m ethyl group. The 
a-proton  quartet shows no evidence of fu rth e r sp littin g  
since the ring ing produced b y  a fast sweep does not 
show the effect of tw o or more frequencies beating 
against one another.10 Th e  long-range coupling to the 
/3-protons is rem iniscent of sim ilar long-range interac
tions through conjugated system s.11 Since it  is w ell 
known th a t the S atom  interacts w ith  unsaturated 
structures as if it  were itse lf pseudo-ethylenic in  charac-

( 9 )  H .  S . G u t o w s k y ,  M .  K a r p l u s ,  a n d  D .  M .  G r a n t ,  J. Chem. Phys., 3 1 ,  
1 2 7 8  ( 1 9 5 9 ) .

( 1 0 )  J . J .  T u r n e r ,  J. Mol. Phys., 3 ,  4 1 7  ( 1 9 6 0 ) .
( 1 1 )  H .  J .  B e r n s t e i n ,  J .  A .  P o p l e ,  a n d  W .  G .  S c h n e i d e r ,  Can. J. Chem., 

35, 6 5  ( 1 9 5 7 ) ;  R .  R .  F r a s e r ,  ibid., 38, 5 4 9  ( 1 9 6 0 ) .

te r,12 the transm ission of sp in -sp in  coupling across 
m ethyl v in y l sulfide appears to  be not unreasonable. 
Th e  cited behavior of S m ay in vo lve  the participation  
of its d -orb ita ls and the m ethyl group can be pictured 
as hypercon jugating w ith  these orb ita ls to  produce a

structure of the form  C H 2= C H — S = C H 3. From
energetic considerations, structures of th is typ e  in 
vo lv in g  the d -orb ita ls are more reasonable fo r su lfur 
than fo r oxygen. Consequently, if long-range m ethyl 
coupling depends sign ifican tly on such a structure, it  
w ill be expected to  be larger fo r the sulfide than fo r the 
ether. Th e  greater upheld displacem ent of the /3- 
protons in  the ether, it  should be rem arked, results 
from  a correspondingly larger mesomeric transfer of 
p-electrons from  the hetero atom , w hich is not related 
to the above mechanism of coupling.

I t  should be noted th at the question of the re la tive  
signs of the long-range coupling constants in  m ethyl 
v in y l sulfide cannot be resolved w ith  our present 
procedure and data.
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CARBON-13 SPLITTINGS IN FLUORINE NUCLEAR MAGNETIC RESONANCE
SPECTRA1
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Spin-spin coupling constants between F 19 and directly bonded C 13 nuclei have been measured for a wide variety 
of organofluorine compounds. The coupling constants tend to decrease with increasing fluorine chemical shifts.
It is suggested that the degree of C -F  double bond character is the most important single parameter influencing 
both of these observed quantities, with increased double bonding leading to stronger C -F  coupling and de
creased fluorine magnetic shielding. Increasing C +- F ~  ionic character apparently entails increased fluorine 
shielding and reduced C -F  coupling, but this effect is quantitatively less important. Increasing the s-character 
of the carbon orbital used in the C -F  bond also appears to reduce the magnitude of the C -F  coupling constant.
A number of long-range C-F, H -F, and F -F  coupling constants also are reported.

Considerable effort has been devoted to discovering, 
both b y theoretical and em pirical methods, how the 
chem ical shifts and sp in -sp in  coupling constants which 
characterize nuclear m agnetic resonance (n .m .r.) spec
tra  are related to  parameters describing the electronic 
wave functions of molecules. In  p articu la r, sp in - 
spin coupling constants, ./«„■, between an F 19 nucleus 
and the nucleus of a d ire c tly  bonded atom , M , have been 
measured fo r a va rie ty  of substances.2-4 The results 
were interpreted w ith  the hypothesis th a t the coupling 
constants depend p rim a rily  on the fractional p -char- 
acter of the atom ic o rb ita l of atom  M  th a t is used in  the 
M -F  bond. A lth ough  data fo r organic fluorine com
pounds are p a rticu la rly w ell suited to test th is hypoth 
esis, o n ly a few scattered observations of C 13- F

(1) Support of this work by the National Science Foundation is gratefully 
acknowledged.

( 2 )  H .  S .  G u t o w s k y ,  D .  W .  M c C a l l ,  a n d  C . P .  S l i c h t e r ,  J. Chem. Phys., 2 1 ,  
2 7 9  ( 1 9 5 3 ) .

( 3 )  J .  A .  P o p l e ,  W .  G .  S c h n e id e r ,  a n d  H .  .1. B e r n s t e in ,  “ H i g h - R e s o l u t i o n  
N u c l e a r  M a g n e t i c  R e s o n a n c e , ”  M c G r a w - H i l l  B o o k  C o . ,  I n c . ,  N e w  Y o r k ,  
N .  Y . ,  1 9 5 9 ,  p .  1 9 6 .

( 4 )  E .  L .  M u e t t e r t i e s  a n d  W .  D ,  P h i l l ip s ,  J. Am. Chem. Soc., 8 1 ,  1 0 8 4  
(1 9 5 9 ) .

coupling constants (Jet)  have been published.6-9 
The aim of the present research was to make a sys
tematic study of J  of values for a variety of organo
fluorine compounds and to attempt to determine how 
these values depend on changes in the nature of the 
C-F bond.

Experim ental
The experimental procedures were analogous to those used to 

study C13-H  coupling constants, 10 that is, they involved measure
ments of the spacings between “ C 13-satellites”  in the F 19 n.m.r. 
spectra recorded at 56.4 Mc.p.s. The compounds were either 
commercial samples or were prepared in our Laboratory using 
standard methods. 11 Most of the observations were made with 
liquid samples at room temperature, but several of the fluoro- 
methanes were studied as gases, and liquid formyl fluoride was

(5) P. C. Lauterbur, J. Chem. Phys., 26, 217 (1957).
(6) G. V. D. Tiers, J. Phys. Soc. Javan, 15, 354 (1960).
(7) G. V. D. Tiers and P, C. Lauterbur, J. Chem. Phys., 36, 1110 (1962).
(S) P. C. Lauterbur, in "Determination of Organic Structures by Physical

Methods,”  F. C. Nachod and W. D, Phillips, Ed., Academic Press, New 
York, N. Y., 1962, p. 505.

(9) A survey including eighteen compounds has appeared since this study 
was completed: R. K. Harris, J. Phys. Chem., 66, 768 (1962).

(10) N. Muller and D. E. Pritchard, J. Chem. Phys., 31, 768, 1471 (19591.
(11) D. T. Carr, Ph.D. Thesis, Purdue University. 1962.
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T a b l e  I

O b s e r v e d  C 13-F  C o u p l i n g  C o n s t a n t s  a n d  C h e m i c a l  S h i f t s  

f o r  O r g a n o f l u o r i n e  C o m p o u n d s  L i s t e d  i n  O r d e r  o f  I n c r e a s 

i n g  / c f  V a l u e s

No.
Compound
Formula

Coupling constants 
JCF, JCCF, 
c.p.s. c.p.s.“

ÖFi
p.p.m.

Isotope
shift,

p.p.m.6
1 c h 3f 158 276 0.067
2 c 6h 5c h 2f 165 207 .107
3 (CH3)3CF 167 132 .114
4 OLLFo 232 148 .143
5 p-CILOCJLF 237 125
6 p-CH,C«H4F 241 119
7 O-C1C0H4F 244 116
8 c 6h 5f 244“ 114
9 p-BrC6H4F 247 116

10 m-CICeHiF 248 111
11 p-CF-AELF 252° 109
12 p-CH3C (0)C 6H4F 253 107

Cl

13 C - O - F

V Cl

253 - 2 1 . 6 98 .090

14 c f 3— c ^ c — c f 3 256 -5 7 .2 57 .142
15 c f 4 257 69 .105
16 p -n o 2c 6h 4f 257 103
17 c f 3n = s f 2 263 50 .147
18 (CF3)2CF2 265 -3 2 .5 134 .115
19 (CF3)20 265 62 .116
20 (CF3)3N 269 59 .125
2 1 p-n h 2c «h 4c f 3 270 -3 2 .4
22 p-FCelhCFs 271 -3 3 .2
23 p-( CF3)2C6H4 271 -3 2 .9 65 .128
24 c f 3c h 3 271 65 .128
25 c f 3h 272 84 .133
26 CF3CH2Br 272 -3 8 .5 71 .129
27 m-(CF3)2C6H4 272 65 .128
28 CF3CH2C1 274 74 .108
29 c f 3c c i= c c i2 274 -3 9 .2 62 .140
30 c f 3c h 2o h

O C2H 5
/ \ /

278 .116

31 h 2c — c— c f 3 278 78 .106
32 c f 3c c i3 283ri — 43. l d 82e . 131d
33 CFsCOOH 283 — 44. l d 79 . 129''
34 CF3COOC2H5 284 -4 4 .1 78 .130
35 (CF3)2CF2 285 - 4 0 .0 86 .106
36 c f 2= c d 2 287 88
37 c f 2c i c h 3 288 47 .147
38 CFü=C C 12 289d - 4 4 . 2d 89 ,103d
39 CF3C (0)C H 3 289 83 .1 2 0
40 Cyclic C4FS 298 -2 5 .8 138
41 c f 3ci 299 33 .152
42 Cyclic C4F4C14 300 114 .152
43 c f c i= c c i 2 303d - 4 3 . 7d 79d . 1 1 2 d
44 CF3Br 324 2 1 .152
45 CF2C12 325 8 .164
46 c f c i 3 337 0 .192
47 C6H 6C (0)F 344 -6 1 .0 -1 7 .118
48 c f 3i 344 5 .132
49 CH3C (0)F 353 -5 9 .7 -4 7 .125
50 CF2Br2 358 — 7 .168
51 H C (0)F 369 -4 1 .128
52 CFBr3 372f -  7'

“ Negative signs have been chosen for / ccf on the basis of 
conclusions reported in ref. 7. 6 Sf is greater for the C 13-con-
taining than for the normal isotopic species. c ± 5  c.p.s. Other 
values are ± 1  c.p.s. or better. ''From  ref. C. e From ref. 13. 
1 From ref. 8 .

studied at about —60° using a low-temperature probe acces
sory .12 No indication was found that the / cf values are affected 
by the presence of solvents or impurities or by moderate changes 
of temperature.

The measured values of / cf span a range from 158 to 372 c.p.s. 
They are collected in Table I together with a few values from 
other laboratories. The table also contains chemical-shift values 
for the respective fluorine resonances, defined using trichloro- 
fluoromethane as the reference. Most of these shifts were 
measured in this Laboratory using pure liquid samples and 
external references without corrections for dilution or bulk- 
susceptibility effects. They may therefore differ from the 
“ best”  values13 by a few units (p.p.m .) but the accuracy is ade
quate to show to what extent the chemical shifts and coupling 
constants are correlated (see Discussion.) The coupling constants 
themselves were rounded off to the nearest whole number of 
c.p.s. and should be in error by not more than 1 .0  c.p.s. in most 
cases.

The center of gravity of the C 13 sidebands in the fluorine n.m.r. 
spectrum usually falls at an appreciably higher field than the 
signal from the CI2-containing species.6 Such isotope shifts, 
generally of the order of 0 .1  p.p.m. but varying noticeably from 
compound to compound, are also reported in Table I . A number 
of the spectra included “ extra”  C 13 sidebands due to spin-spin 
coupling in the isotopically substituted species containing the 
fragment C 13-C 12-F . These long-range coupling constants, 
/ ccf, are included in Table I. They are listed with negative 
signs on the assumption that / cf and / ccf will in general have 
opposite sign, though this has been proved only in two cases.7 
No attempt was made to measure the C 13-C 12-F  isotope shifts 
which are expected6’7 to be of the order of 0 .0 2  p.p.m.

A number of long-range H -F  and F -F  coupling constants were 
also measured, and these are presented in Table II. Some of the 
F -F  couplings can be detected only by studying the C 13 sidebands 
because of equivalence of the relevant fluorine atoms in the 
isotopically unsubstituted molecule, as for example in CF3-  
0 -C 13F3.

T a b l e  I I

O b s e r v e d  L o n g - R a n g e  C o u p l i n g  C o n s t a n t s

C o m p o u n d H - C - F
Jk—f ( c . p . s . )  

I I - C - C - F  H
------------- - J FF
C - C - C - F  ( c . p . s . )

CFH., 46.5
CF2H2 50.4
c f 3h 79.0
c 6h 5c h 2f 48.0
LlC (0)F 182
CH3C (0)F 6.9
c f 3c h 2c i 8.5
CF3CH2Br 9.0
CF3CH2OH 8.9
c f 3c h 3 12.8
c f 2c i c h 3 14.8
(CHs)3CF 20.4
p-CH3C (0 )C 6H4F 8.7 5.5
p -n o 2c 6h 4f 8.2 4.8
p-CILOCfJLF 7.8 4.8
p-CF,Cr,H/’ 8.5 5.1
p-BrCeELF 8.1 4.9
c f 3— c = c — c f 3 2.2
(CF3)20 8.0
(CF3)3N 10.8
c f 3n = s f 2 10.7
c f 3- c f 2- c f 3 7.6

Discussion
A  p re lim inary exam ination of the data in  Table  I

shows no simple re lation between J cf and any single
param eter, such as the carbon-orb ita l h yb rid iza tion  co
efficient, th a t m ay be used to  characterize the C -F  
bond. Instead, the m agnitude14 of J Cf m ust depend

( 1 2 )  V a r í a n  A s s o c i a t e s ,  P a l o  A l t o ,  C a l i f o r n i a .
( 1 3 )  G .  F i l i p o v i c h  a n d  G .  V .  D .  T ie r s ,  J. Phys. Chem., 63, 7 6 1  ( 1 9 5 9 ) .
( 1 4 )  I t  m u s t  b e  b o r n e  i n  m i n d  t h a t  t h e  m e a s u r e m e n t s  d e t e r m i n e  t h e  

m a g n i t u d e  b u t  n o t  t h e  s ig n  o f  Jcf a n d  t h a t  t h e  s y m b o l  Jcf is  u s e d  h e r e  
in  p l a c e  o f  j Jcf | o n l y  f o r  t h e  s a k e  o f  c o n v e n i e n c e .
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Fig. 1.—C13-F  coupling constants, J cp, as a function of fluorine 
chemical shift, 8f, for monosubstituted fluorobenzenes. The 
numbers labeling the points identify the compounds in accord
ance with the sequence in Table I. Jof values are accurate to 
within 1  c.p.s. except for the two points with large error bars.

Fig. 2.—J cf values of the halogenated methanes as a function 
of the number of fluorine atoms.

on several such variables, also includ ing a t least ionic 
character and double-bond character. Th e  evaluation 
of the data is hindered b y  the fact th a t reliable values 
of such parameters are not available from  other sources. 
I t  is possible a t best to  ca ll attention  to  certain em pirical 
regu larities and to  draw  some ten tative  conclusions re
gard ing the re la tive  im portance of various factors which 
m ay influence J  Cf.

Th e  largest values of JCF in  Ta b le  I  are associated 
w ith  the m ost negative values of SF, the fluorine chemical 
sh ift, and there is a m arked tendency fo r J cf to  de
crease un ifo rm ly as SF becomes more positive. H o w -
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Fig. 3 .—./cf values of the halogenated methanes and (CF3)20  

and (CF3)3N as a function of 8f

ever, if  J0F is p lotted  against §F, the points representing 
the data do not define a single stra ight line b u t rather 
a set of lines each corresponding to  a group of stru ctu r
a lly  sim ilar molecules. F o r exam ple, F ig . 1 shows such 
a p lo t fo r fluorobenzene and several m onosubstituted 
fluorobenzenes. The points fa ll quite close to  the line 
JCF =  350 —  0.915f. W ith in  th is series, the h yb rid i
zation of the fluorine-substituted carbon probab ly 
varies ve ry  little . I t  seems then th a t w ith  constant 
carbon-orb ita l hyb rid iza tion , those changes in  the 
C -F  bond w hich increase SF reduce JCF. E m p irica l15 
and approxim ate theoretica l considerations16 show th a t 
8f rises w ith  either increasing C + -F -  ionic character 
or decreasing C -F  double-bond character. I t  follows 
th a t decreasing the C + -F -  p o la rity  or increasing the 
am ount of p i-bonding results in  larger values of J CF.

A n oth er class of closely related compound comprises 
the halogenated methanes, C F „ X (4-» ;„  where X  stands 
fo r hydrogen or a halogen atom  and n =  1, 2, 3, or 4. 
F igu re  2 is a p lo t of JCF as a function  of n fo r these 
compounds which shows th a t the effects of successive 
substitutions of other atoms for the fluorines of C F 4 
are not ad d itive .9 F o r the series C F BH (4- K), JCF has 
a m axim um  at n =  3. Since each of the relevant 
bonding parameters should v a ry  m onotonically (but 
not lin e a rly) w ith  increasing fluorination, th is suggests 
again th a t a t least tw o factors exert opposing effects 
on the coupling constant.

In  F ig . 3, the JCF values fo r the halogenated m eth
anes are p lotted  against the chemical shifts. R ough ly, 
the data fo r compounds containing four halogen atoms 
determ ine a stra igh t line, which also passes through 
the points representing (C F 3) 20  and (C F 3) 3N , and 
those for C H 3F , C H 2F 2, and C H F 3 determ ine another. 
In  the tetrahalom ethanes, each bond is made w ith  a 
carbon o rb ita l w ith  ve ry  nearly sp3 h yb rid iza tion , but 
in  the C F „H (4- B) series, the carbon o rb ita l used in  the 
C -F  bond probab ly has increasing s-character w ith  
increasing flu o rin a tio n .10 Th e  re la tive  positions and 
slopes of the lines in  F ig . 3 then suggest th a t, other 
th ings being equal, reducing the s-character o f the 
carbon o rb ita l increases ./cf.17

(15) L. H. Meyer and H. S. Gutowsky, J. Phys. Chern., 57, 481 (1953).
(16) M. Karpins and T. P. Das, J. Chern. Phys., 34, 1683 (1961).
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Th e  tetrahalom ethane data m ay be used to  estimate 
the re la tive  im portance of changes in  p i-bond order 
and changes in  sigm a-bond p o la rity  as factors affecting 
/ of and 5f . The trend in  the series C F „C 1 (4- m) is 
tow ard both increased C + -F ~  ionic character and in 
creased C -F  double bonding w ith  increasing chlorin 
a tion .15 These factors exert opposing influences 
on 5f and also on J cf. In  each case, the pi-bonding
effect overwhelm s the effect of the sigm a-bond p o la rity  
change. Double-bond character emerges as probably 
the most im portant single param eter influencing 
both / of and 5f . A p p a re n tly, th is is true fo r m ost 
organofluorine compounds although it  has on ly been 
e xp lic itly  recognized fo r the chlorofluorom ethanes.16’18

The slope of the “ tetrahalom ethane” line in  F ig . 3 
differs from  th a t o f the “ fluorobenzene” line of F ig . 1. 
T h is  m ay be due in  p a rt to  intram olecular van der 
W aals forces whose effect on 5F has been discussed b y  
E va n s.19 F o r the six compounds of typ e  C F 3Y  included 
in  F ig . 3, both J cf and ¿¡F are w ell correlated w ith  the 
size (covalent radius) of Y .

The th irteen compounds studied which contain the
/

fragm ent C F 3- C -  behave v e ry  d iffe ren tly from  the
\

other C F 3Y  compounds. Th e  p lo t of J cf vs . 5f , 
F ig . 4, shows a fa ir ly  good linear correlation b u t w ith  
the tw o quantities increasing together. N o explana
tion  fo r th is o d d ity is offered.

The three acid fluorides included in  th is study have 
v e ry  low  SF values and large coupling constants. These 
data probab ly reflect large resonance contributions

o -
/

from  structures of the typ e  R -C
\

F +
The m onofluorinated hydrocarbons C H 3F , CoH6- 

C H 2F , and (C H 3) 3C F  should have quite sim ilar C -F  
bonds, and the observed J cf values are nearly the same. 
S u rp ris ing ly, the 8f values are 276, 209, and 132 p .p .m ., 
respectively. T h e y  cannot be rationalized in  a satis
fa cto ry w ay at th is tim e.

In  sum m ary, m any b u t not a ll of the data are con
sistent w ith  the fo llow ing conclusions. (1) Increasing 
the extent o f p i-bond  form ation  between C  and F  
raises / Cf . (2) Increasing the sigm a-bond ionic char
acter in  the sense C +-F ~  tends to  reduce J cf, but th is 
effect often is overpowered b y  the p i-bonding effect.
(3) Increasing the carbon-orb ita l s-character in  the 
C -F  bond reduces J cf.

These ideas m ay serve to  explain q u a lita tive ly  the 
puzzling fact th a t the isoelectronic species C F 4 and B F 4~

(17) Approximate calculations11 show that there is a large, positive 
contact contribution to «/cf which increases with increasing carbon s- 
character. Hence there is a strong possibility that the sign of 7cf is actually 
negative.

Note Added in Proof.— Evidence supporting this possibility has now 
been found independently by G. V. D. Tiers, J. Am. Chem. Soc., 84, 3972 
(1962).

(18) For a discussion of the large variations in C -F  double-bond charac
ter in the series CFnH(4_n) see L. Pauling, "The Nature of the Chemical 
Bond,”  2nd Ed., Cornell University Press, Ithaca, N. Y., 1960, p. 314.

(19) D. F. Evans, J. Chem. Soc.t 877 (1960).

Fig. 4. J cf values as a function of 5f for molecules containing
/

the fragment CF3— C— .
\

have, respectively, J CF =  257 c.p.s. and J bf =  4 
c.p.s.20 Since the m agnetogyric ratios are 1.40 nuclear 
magnetons for C 13 and 1.79 for B 11, comparable values 
of these coupling constants m igh t be expected. H ow 
ever, p i-bond ing in  an M F 4 m olecule entails a transfer 
of electrons from  the fluorines to  the central atom , 
and since boron has a sm aller nuclear charge than 
carbon one expects less double-bond character in  the 
B -F  bond of B F 4~ than in  the C -F  bond of C F 4. I t  
is lik e ly  th a t the value of J BF, like th a t of J cf, is de
term ined b y  several contributions w ith  unlike signs, 
and a reduction of the p i-bond order m ay then produce 
a situation  where the rem aining contributions ju st 
cancel one another. U pon passing from  B F 4_ to B F 3 
one expects an increase in  b oron -orb ita l s-character 
and also in  B -F  double-bond character. Th e  above 
discussion suggests that these changes tend to  produce 
opposite effects on J BF. Indeed, the coupling con
stant in  B F 3 is 15 c.p.s., nearly the same as in  B F 4_ .20>21

The long-range coupling constants obtained here are 
in  line w ith  values reported ear her3’6'7'22 except th a t the 
J  ccf values v a ry  over a w ider range than previously 
reported. Th e  Jc  cf values are not w e ll correlated 
w ith  estimated values of the C -C -F  angle nor w ith  
the C -C  bond order. There is a rough correlation 
between values of J cf and J ccf in vo lv in g  the same 
fluorine, but the values fo r C F 3C = C C F 3 and fo r cyc lo - 
C 4F 8 are out of line.

(20) D. E. Pritchard, Ph.D. Thesis, Purdue University, 1960.
(21) The idea that Bu-F  coupling constants primarily reflect changes 

in the degree of multiple bonding was also suggested to the authors in a per
sonal communication by P. C. Lauterbur.

(22) L. Petrakis and C. H. Sederholm, J. Chem. Phys., 35, 1243 (1961).
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The ionization constants for the ligand 2,2',2"-tripyridine have been redetermined, using a spectrophotometric 
method which does not require the direct observation of the extinction coefficients of the singly-protonated 
forms. The new pK  values are significantly larger than those previously reported in the literature. Accurate 
values of the ionization constants are necessary to obtain the stoichiometry and binding constants of tripyridine 
with transition metal ions.

In troduction
Th e  s ta b ility  constants of m any nitrogenous biden- 

tate ligands w ith  transition  m etal ions have been de
term ined, including 2,2'-d ip yrid in e ,1 1,10-phenanthro- 
lin e ,2 and several substituted phenanthrolines. 2 ,2 ',- 
2 " -T r ip y rid in e  is one of the few tridentate  nitrogenous 
ligands studied thus fa r. A  recent report3 indicated 
th a t in  m oderately strong acid, the b is -(2 ,2 ',2 "- 
tr ip y rid in e )-iro n (II) com plex existed m a in ly in  a 
doubly protonated form , despite a ve ry  h igh s ta b ility . 
T h is  w ould seem v e ry  u n like ly, since there is no evi
dence th a t any of the bidentate ligands com plex w ith  
the ferrous ion in  th is m odification except in  concen
trated perchloric acid .4 Since an apparent stoichiom 
e try  of the bis com plex w hich includes tw o protons 
could be produced b y incorrect values of the ionization 
constant of the ligand, it  was decided to  remeasure 
the firs t tw o ionization constants of trip yrid in e , using 
more accurate techniques and more rigorous m ethods 
to  analyze the data.

Theoretica l
Since there is good evidence th a t 2,2'-d ip yrid in e  

accepts o n ly one proton in  up to  0.1 N  hydroch loric 
acid ,1 it  w ill be assumed th a t 2 ,2 ',2 "-trip yrid in e  can 
accept tw o protons o n ly when th e y are in  non-adjacent 
positions. Thus, the asym m etric doubly-protonated 
form  is assumed to  have no appreciable form ation in  
the p H  region studied. The sym m etric form , abbre
viated  tr ip y H 2+2, dissociates to  form  the asym m etric 
singly-protonated base, abbreviated tr ip y AH + , w hich 
is in  tautom eric equ ilibrium  w ith  the sym m etric 
form , trip ysH + . B oth  of the singly-protonated com
pounds dissociate to form  the free base, tr ip y .

Le t

=  [trip y  ][H  + ] =  [tr ip y ] [H + ]
1A [tr ip y AH + ] 1S [tr ip y sH + ]

K  =  [tr ip y AH + ][H + ]
[tr ip y H 2+2]

where [H + ] is operationally defined as [H + ] =  antilog 
( — p H ), and the constants AGa, AGs, and AG are im p lic
it ly  concentration constants. A lso  le t

D  =  eo [trip y ] +  eiA [trip yAH + ] +

eis [trip ysH + ] +  £2 [tr ip y H , +2 ]

and

T =  [tr ip y ] +  [trip yAH + ] +  [tr ip y sH  + ] +  [trip yH »+ 2]
(1) J. H. Baxendale and P. George, Trans. Faraday Soc., 46, 55 (1950).
(2) T. S. Lee, I. M. Kolthoff, and D. L. Leussing, J. Am. Chem. Soc., 70, 

2348 (1948).
(3) R. B. Martin and J. A. Lissfelt, ibid., 78, 938 (1956).
(4) E. A. Ilealy and R. K. Murmann, ibid., 79, 5827 (1957).

where D is the observed optical density and e0, «ia , 
etc., are the extinction  coefficients of the various 
species.

A s is rea d ily shown

[trip y ] =  T
1 +  [H + ]

[H +?
K 1AK 2

I f  a ll experim ents are carried out a t the same to ta l 
concentration of trip yrid in e , then the quantities 
Da, D ia, Lbs, and D» can be defined analogously to  
th e ir respective extinction  coefficients as

Da =  eo T D,a =  £i aT A s =  eis T D2 =  t2T

Then

1 +  h+iÆ  +  ^ +
[H + 12

D

a , +  § A a
¿MA

k 1ak 2 j

, [H + j
K 1S

D is  + E H  A
K u K ,

or

D -  8 =
K is  1 

K , K  j a +  AGs
[H + ] (D2 -  D) +

K iaDiS -T  K isD iA 
A ia  +  AGs ( 1 )

where <5 =
K 1AK 1S 

K\a +  AGs
(Da -  D)

[H + ]

T h is  expression is useful at low  p H  values where 5 is 
sm all. A lso , defining

5' =
K is  1  

K 2 K ia +  K is
[H + ](A  -  D)

it  is easily shoivn th a t

n , K1ADis -f- K iSD1a
K ia +  K is

K iaK is (D —  Dp)
K ia +  Kis [H + ] W

Equation  2 is useful at higher p H  values where S' is 
sm all. D, D0, D2, and the p H  are d ire c tly  observable. 
The quantities 5 and S' can be calculated b yre -ite ra tio n . 
(K1S/K2)/(K}A +  K i8) and (KlAK lS)/(Kik +  A lS) 
can be obtained from  the stra ight line p lots of D — 
S vs. [H + ](D , -  D) and D - d '  vs. (D -  D 0)/ [H + ], 
respectively.

I t  is obviously im possible, b y  spectrophotom etric 
means, to solve fo r either K ia, AGg, or K 2 w ith ou t
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additional in form ation or assumptions. Therefore, 
it  is useful to  define the operational constants kh 
lc-i, and D i

KidUs
K ia +  K is

k% — K  2
g iA  +  K 1S 

K 1S

A
K iaD is +  K isD ia 

K is +  K ia

D i, the intercept in  the plots of either eq. 1 or 2, is in  
general dependent upon tem perature and ionic strength.

Thus

[tr ip y ] =  T
1

[H + ]
i  +  +

h

[H +]2
kik‘2

so the concentration of free base can alw ays be cal
culated when the to ta l trip yrid in e  concentration and the 
p H  are known.

Experim ental
A sample of 2,2',2"-tripyridine was obtained from the G. 

Frederick Smith Chemical Co., and was recrystallized from a 
40-60° cut of petroleum ether, removing an insoluble brown 
oil. The material was further recrystallized from an aqueous 
methanol solution, in which it was soluble at room temperature 
but only moderately soluble at 5°. The resulting crystals 
were very pale yellow in color. Calcd. for C15H 11N3: C, 77.23; 
H, 4.75; N , 18.02. Found; C, 76.96; H ,4.85; N , 18.12.

Stock solutions of tripyridine were prepared by dissolving 
several milligrams of the base in hydrochloric acid and diluting 
with conductivity water; the pH of such solutions was about 3. 
All experiments were carried out at a total concentration of tri
pyridine less than 1 0 -4  molar to prevent precipitation of the free 
base.

Measurements of the pH were made on a Beckman Model 
GS pH meter, using the expanded scale. The electrodes were 
standardized with 0.05 M  potassium acid phthalate, according 
to the recommendations of the National Bureau of Standards.5 
Buffers were prepared from potassium acid phthalate-sodium 
hydroxide mixtures in the region around pH 4.5, and from hydro
chloric acid-sodium chloride mixtures in the region around 
pH 3.2. The measured pH values probably are precise to 0.01 
or better.

Measurements of the optical density were made on a Beckman 
Model DU spectrophotometer. Care was taken to ensure that 
all measurements in a particular run were made at exactly the same 
wave length and slit width. Small corrections were made for 
the absorption of the phthalate buffer. Measurements of the 
optical density probably are precise to 0.005 or better. The 
spectra of tripy H2+2 and the free base tripy are shown in Fig. 1, 
along with the calculated values of Di/T at 25.0° and ionic 
strength 0.01. The observed extinctions vary with slit width, 
and so are only valid at the experimental value of 0.26 mm.

R esults

p/c, was measured a t 25.0 ± 0 .1 °  and ionic strengths 
of 0.01 and 0.05, and, a t the low er ionic strength, at
13.2 ±  0.2°. p/c2 was measured at 25.0 ±  0.1° at 
ionic strengths 0.001 and 0.01, and, a t the low er ionic 
strength, at 36.6 ±  0.1° and 13.2 ±  0.2°. A ll data 
were subjected to  least squares analysis, and the mean 
errors were com puted. Th e  possible inaccuracy in  the 
results is considered to  be about 0.02 greater than the 
mean error in  the case of pfc2, due to  an uncerta in ty 
in  the absolute value of the p H  caused b y  unknown 
liq u id  ju nction  potentials, and about 0.04 greater in  the

(5) W. J. Hamer, G. D. Pinching, and S. F. Acree, J. Res. Natl. Bur. Std., 
36, 47 (1946), EP 1690.

280 300  3 2 0  3 4 0

X ( m j j ) .

Fig. 1.— Absorption spectra of 2,2',2 "-tripyridine and its acid 
derivatives. Key: open circles, tripyH2+2; solid circles, tripy; 
solid triangles, Di (see text).

case of pfci, due to  both the un certa in ty in  the p H  and 
uncerta inty in  3'. H ow ever, the sum of these errors 
never exceeded ±0.07, so both the pk values can be 
considered accurate w ith in  th is  am ount. Th e  data 
are summarized in  Table  I ,  and the results in  Table
I I .  A ll measurements of pfcx were made a t 322 m 
s lit w id th  0.20 m m ., and a ll measurements of pfc2 were 
made at 288.5 m/i, s lit w id th  0.26 mm. Accord ing to 
F ig . 1, these are the tw o m ost favorable wave lengths.

T a b l e  I
p&i

D pH D pH D pH
0.392 4.644 01.494 4.304 0 .550 4.295

.340 4.817 .424 4.504 .460 4.495

.310 4.939 .368 4.666 .410 4.656

.267 5.033 .292 4.876 .323 4.865

.240 5.125 .263 4.962 .290 4.951

.218 5.209
I --= 0.05 7 = 0 .0 1 7 =  0 .01

t =  25i.O ±  0 .1 ° t =  25.0 ±  0 .1 ° t =  13.2 :t  0 .2 °
* =  322! m/i, slit width =  0.20 mm., Da -= 0.066, D2 --= 0.838

T ~ 5  X 10~ 5 M

pfoi
D pH D pH D pH D pH

0.394 3.064 0 .357 3.064 0.421 3 .064 0.409 3.045
.370 3.169 .333 3.169 .393 3 .169 .393 3.142
.349 3.284 .314 3.284 .370 3 .402 .373 3.252
.326 3.402 .285 3.538 .343 3 .538 .355 3.366
.314 3.538 .263 3.677 .341 3.470

.327 3.575
7 =  0.001 7 =  0L001 7 =  0.001 7 = 0 .0 1

t = 25.0 ±  t =  36J6 ± t =  13.2 ± t =  25.0 ±
0 .1 ° 0 .2 ° 0 .2 ° 0 .1 °GO00<NII i.5 m/i, slit width =  0.26 mm., D0 =  0.390, Z)2 =̂ 0.515

T ■~  2.5 X  10 M



118 D aniel Cubicciotti Vol. 67

T a b l e  II
pfci R.m.s. error Di R.m.s. error

1 =  0.05 
t =  25.0°

4.81 0 .0 2 0.584 0.004

1 =  0 .0 1
t =  25.0°

4.66 .0 1 .654 .004

I =  0.01 4.68 .03 .604 .008
t =  13.2°

pfe
I  =  0.01
t =  25.0°

3.28 .0 2 . 224 .005

I  =  0.001 
t =  25.0°

3.27 .05 .192 .015

1 =  0 .0 0 1  
t =  36.6°

3.08 .04 .188 .005

I  =  0.001 3.46 .05 (0.196 used)
t =  13.2°

D iscussion
Three other measurements of the ion ization  con

stants of 2,2/,2 "-trip y rid in e  have been m ade.3-6-7 
One of these measurements6 apparently was based on 
the extrapolation of potentiom etric data in  p a rtia lly  
aqueous solutions to  pure w ater, and so cannot be 
compared rigo rously w ith  the present results. The 
value of pKi +  pK2 was 7.1, compared to  the value 
(fo r pki +  pfc2) of about 7.9 at 25°, I  =  0.01, obtained 
above.

M a rtin  and L issfe lt,3 using an experim ental method 
sim ilar to  the present technique, found p iv i =  4.33, 
p A 2 =  2.64 (both values corrected to  I  =  0). Th e ir 
values fo r the extinction  coefficients of the s in g ly - 
protonated base apparently were assumed ra ther than 
measured b y  extrapolation as in  the present paper. 
These assumed values are in  serious disagreement w ith

(6) W. W. Brandt and J. P. Wright, J. Am. Chem. Soc., 76, 3082 (1954).
(7) P. Offenhartz, G. P. Haight, and P. George, Paper No. 55, Division of 

Physical Chemistry, American Chemical Society National Meeting, New 
York, N. Y., 1960.

the calculated values shown in  F ig . 1 and Table  I I .  
Th e  disagreement in  the pK  values probab ly can be 
traced to  the difference in  extinction  coefficients used.

A  p re lim inary value for pfci of 5.04 a t 25° and I  =  
0.1 was reported previously b y  the present authors.7 
N o correction fo r the effect of pfc2 on the data was 
made in  th is earlier value, and the inaccuracy in  the 
p H  determ ination was m uch greater.

I t  is of interest to note th a t if 2K,a =  Kis, the statis
tica l ra tio  of the constants, then, from  the expression 
h  =  K iaK is/(K ia +  A is ), it  follow s th a t pKiA =
4.48 and p A is  =  4.18 at 25° and I  =  0.01. Th e  pK  
fo r 2 ,2 '-d ipyrid ine  a t th is tem perature and ionic 
strength is 4.30,1 so th a t, as expected, the firs t io n i
zation constants of d ipyrid in e  and trip yrid in e  are not 
m uch different. A  second possible assum ption is th a t 
PA ia  =  p/Ciipy =  4.30; th is gives p A is  =  4.41.

A lth ough  fci and fc2 are not true therm odynam ic 
constants, i t  is possible to  define A F =  — R T Ir ik  =  
AH -  TAS, where AH = -R T *  (d In  k/dT). Values 
of the p A ’s, free energies, heats, and entropies of io n i
zation fo r p yrid in e ,8 2,2,-d ip yrid in e ,1 and 2,2',2"- 
trip yrid in e  are summarized in  Tab le  I I I .  Th e  more 
positive entropy change fo r the ion ization  of the d ou b ly- 
protonated trip yrid in e  is in  keeping w ith  the different 
charge typ e ; th a t is, in  th is reaction, an ion w ith  a 
+ 2  charge dissociates to  tw o + 1  ions, whereas each 
of the other ionizations in  Tab le  I I I  is the dissociation 
of a + 1  ion to  a proton and a neutral compound.

T a b l e  I I I
P K A F AH AS

( /  = 0.01) (kcal.) (kcal.) (e.a.)
Pyridine 5.24 7.07 3.86 —1 0 .8
2,2'-Dipyridine 4.30 5.80 2 .0 —13
2,2',2''-Tripyridine, p ki 4.66 6.36 0.7 - 1 9

p fa 3.28 4.47 6 .8 +  8

(8) F. L. Hahn and R. Klockman, Z. physik. Chem., 146, 373 (1930).

THERMODYNAMICS OF LIQUID SOLUTIONS OF BISMUTH AND SULFUR1
B y  D a n ie l  C u b ic c io t t i

Stanford, Research Institute, Menlo Park, California 
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The pressure of S2 in equilibrium with bismuth-sulfur melts has been determined at 705, 740, and 800° over the 
concentration range from pure bismuth to the composition at which a second phase formed'—solid Bi2S3 at 705 
and 740°, and liquid sulfur at 800°. A transpiration method was used in the lower pressure range and a dew
point method for the higher pressures. The thermodynamic quantities for solution of sulfur and bismuth in the 
melt were derived; these are discussed with regard to the possible nature of their binding in the melt. Evidence 
was found for the gaseous molecule BiS and its heat of dissociation was obtained.

In troduction
W e have been studying the chem istry of metals 

dissolved in  th e ir m olten halides in  th is Labora to ry 
for some tim e.2 I t  seemed of interest to  investigate 
the b ism uth -su lfu r system  since the phase diagram  
reported in  the lite ra tu re 3 indicated th a t liq u id  B i2S3 
was com pletely m iscible w ith  liq u id  bism uth. O ur 
re -investigation  of the phase diagram  already has

(1) This work was made possible by the financial support of the Research 
Division of the United States Atomic Energy Commission.

(2) Consult for earlier references, D. Cubicciotti and F. J. Keneshea, Jr., 
J. Phys. Chem., 63, 295 (1959).

(3) M. Hansen, “ Constitution of Binary Alloys,”  2nd Ed., McGraw-Hill 
Book Co., New York, N. Y., 1958.

been reported.4 Th e  present article  describes the 
chem istry of the system as derived from  measurement 
of the su lfur pressure.

Experim ental
The thermodynamic properties of these bismuth-sulfur melts 

were characterized by measuring the pressure of sulfur and its 
temperature coefficient over the liquid composition range. For 
most of the range, from zero to about 50 atom %  sulfur, the 
partial pressure of sulfur was determined by a transpiration 
method. At greater sulfur concentrations, the pressure became 
too large for that method, so a dew-point method was used.Transpiration Method.— A stream of nitrogen was passed 
through a bulb containing the melt and then through a col

(4) D. Cubicciotti, J. Phys. Chem., 66, 1205 (1962).
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lector tube. The volume of nitrogen and the weight of sulfur 
collected provided the information to calculate the pressure of 
sulfur. The container was a silica glass bulb having a nitrogen 
inlet tube and an outlet tube which had a ball-joint, end. A 
collector tube with a matching ball-joint end led the gas out of 
the hot zone and collected the condensable vapors. The con
tainer bulb and the ball joint to the collector were in the con
stant temperature zone of the furnace; thus all condensation 
occurred in the collector well downstream from the joint. The 
amount of condensed material in the collector was determined 
by weight, and the nitrogen by volume in a gas buret arranged 
so that the gas was collected at constant pressure.

A glass sleeve was sealed to the cell in order that the ball 
joint could be blanketed with an atmosphere of nitrogen to keep 
air from diffusing into the cell. This sleeve was joined to a plastic 
glove-box filled with nitrogen. The arrangement was such 
that a collector could be introduced to or removed from the 
cell at the ball joint and the system exposed only to an atmosphere 
of nitrogen.

The cell was enclosed in a heavy-walled nickel tube to equalize 
the temperature. The system was heated in a three-section tube 
furnace. The temperature of each section was controlled by a 
potentiometer-controller and Chromel-Alumel thermocouple. 
The temperature of the cell was measured with a P t-R h thermo
couple that had been calibrated at the Zn, Pb, and A1 freezing 
points.

The cell was charged initially with a weighed amount of bis
muth, about 100 g. The cell was sealed into position and 
flushed with nitrogen. Then determinations of the vapor density 
of bismuth were made before any sulfur was added. Sulfur was 
added to change the composition of the melt by approximately 7 
percentage units after each set of determinations. The addition 
of sulfur was accomplished by distilling weighed amounts into 
the nitrogen upstream from the cell. The sulfur that was not 
condensed in the melt was caught in a collector downstream, and 
weighed. The distillation took 0.5-1.0 hr., and the system 
was allowed 2 or 3 hr. to come to steady state before the next, 
determination of sulfur pressure was made.

A typical experiment lasted about 1000 min. and 0.1 to 0.25 g. 
of sample was collected. For each composition, determinations 
were made at 705, 740, and 800°. Since these temperatures 
were not reproduced exactly from one determination to the next, 
small corrections were made on the final pressures to adjust them 
to those temperatures.

In a transpiration experiment, the condensable vapors reach 
the collection tube by diffusion, as well as by being carried by 
the gas stream. The importance of the diffusion was evaluated 
by making determinations in which the nitrogen flow was stopped 
but conditions were otherwise unchanged. The diffusion cor
rection was a function of the partial pressure of sulfur in the cell 
but was not otherwise sensitive to temperature. The correction 
amounted to as much as 9 % ; however, only in a few cases was it 
more than 5%  of the sample collected.

It was observed that some bismuth condensed in the collector 
along with sulfur. This appeared as metallic crystals in the col
lector just upstream from the sulfur. X -Ray analysis showed 
the crystals to be Bi2S3. The amount of bismuth in each sample 
was determined by burning off the sulfur in a stream of oxygen 
and reducing the residue to bismuth in a stream of hydrogen at 
600°. The weight of the residue was equal to the amount of 
bismuth and the difference from the total weight was equal to 
the sulfur.

Dew-Point Method.— When the sulfur pressure became too 
great for the transpiration method, a dew-point method was used. 
The cell was a silica glass bulb with a side arm bent in the form 
of a “ J.”  The bulb was maintained at constant temperature in 
a nickel sleeve in a furnace. The side arm extended horizontally 
into a second furnace whose temperature was independently 
controlled. A window was placed so that the bend in the side 
arm could be observed. As the bend was the coolest part of the 
system, sulfur condensed there first. A calibrated PfuRh 
thermocouple was tied with glass thread where condensation 
was first observed to occur. A similar thermocouple was at
tached to the bulb next to the liquid sample.

The cell was filled with weighed amounts of bismuth and 
sulfur, pumped out, and sealed. The whole cell was heated to 
temperature and then the side arm was slowly cooled until sulfur 
condensed, just below the thermocouple. The temperatures of 
the bulb and side arm were quickly measured. The side arm was 
then heated and the performance was repeated. Repeated

Fig. 1.—'The square root of the partial pressure of S2 over 
bismuth-sulfur melts. Crosses are results from transpiration 
experiments; they were corrected for the small amount of sulfur 
as BiS. Circles are results from dew point measurements.

measurements of the condensation temperature generally agreed 
to within 0.5 degree. (The temperature at which the sulfur 
began to evaporate also was observed. It was not sufficiently 
reproducible nor did it agree with the condensation temper
ature.)

To check the system, measurements were made on pure sulfur 
from 300 to 450°. The dew points measured were from 1.7 to 
2.1° higher than the temperature of the liquid sulfur. This was 
because the condensation occurred below the point where the 
thermocouple was attached, i.e., the thermocouple region was 
warmer because of the glass thread insulation. The position of 
the first condensation relative to the thermocouple was reproduc
ible. Therefore, it was decided that a correction of 2° should be 
subtracted from all dew point measurements to correct for that 
effect.

The amount of sulfur in the vapor, which would reduce the 
amount in the liquid phase, was estimated from vapor density 
information. It was always small compared with the amount of
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0.90 0.92 0.94 0.96 0.98 1.00 1.02
l/T  X I03 ,

Fig. 2.— Sulfur pressures obtained from dew points. The 
data points are total sulfur pressures. The straight lines represent 
partial pressures of Sj calculated from the total pressures. 
Numbers on the lines refer to atom fraction sulfur in the melt. 
The vertical curved line represents a phase boundary. To its 
left there is one condensed phase— liquid; to its right, two con
densed phases— liquid and solid Bi2S3.

sulfur in the cell and thus made a negligible correction to the 
composition of the melt.

Materials.— The bismuth and sulfur were “ High Purity 
Elements”  obtained from the American Smelting and Refining 
Co. They were quoted to be 99.999+% pure and were used 
without further treatment. The nitrogen was “ high purity”  
gas (99.99+%). It was passed through silica gel at —80° to 
dry it.

R esults
Transp ira tion .— U nder the conditions of the transpi

ra tion  measurements the results of th is  stu d y indicate 
th a t the o n ly  im portant gaseous molecules were S2

and B iS . Th e  re la tive  im portances of the other 
possible su lfur species, such as S, S3, S4, etc., were 
evaluated from  th e ir therm odynam ic functions (see 
below ). Th e ir contributions to  the vapor were 
negligible. Th e  pressure of S2 was determ ined from  
the am ount of su lfur in  the samples after the sm all 
am ount a ttribu ted  to  B iS  was subtracted. The e vi
dence fo r B iS , and its  p artia l pressure w ill be discussed 
below.

Th e  results of the transpiration  experim ents are 
given in  F ig . 1 as crosses. Th e  data are reported as 
the square root of S2 pressure because th a t function  is 
proportional to  the a c tiv ity  of su lfur in  the system. 
A t  a ll three tem peratures, the square root of S2 pres
sure was proportional to  the atom  fraction  of su lfur 
in  the liq u id  from  zero to  alm ost 0.2. A t  greater 
su lfur concentrations there were increasing positive 
deviations from  th is (H e n ry ’s law ) region.

D ew  P o in t.— The to ta l pressures of a ll su lfur species 
were evaluated from  the dew points using the vapor 
pressure equation reported b y  W est and M enzies.5 
I t  was necessary to  use th e ir equation to  extrapolate 
beyond th e ir measurements to  obtain  values greater 
than 2700 mm. Th e  to ta l pressure of su lfu r obtained 
In  th a t w ay is shown in  F ig . 2 as a function of reciprocal 
of absolute tem perature fo r several m elt com positions.

Th e  alm ost ve rtica l curved line in  F ig . 2 separates 
the region of one condensed phase from  th a t of tw o 
condensed phases. The data fo r th is line  were taken 
from  the liqu idus of the phase diagram .4 I t  was found 
th a t sulfur pressures to  the rig h t of th a t line, i.e., 
for samples in  w hich solid B i2S3 was present, were not 
consistent w ith  one another. Th e  points in  th a t region 
are some of those obtained and illu stra te  the lack of 
consistency. Therefore measurements in  th a t region 
were not pursued.

In  the region of one condensed phase (to  the le ft of 
the ve rtica l curve) the logarithm s of to ta l su lfur 
pressure vs. reciprocal of tem perature fe ll reasonably 
close to  stra ight lines. Since the pressures derived 
from  the data of W est and M enzies represent the to ta l 
pressure of a ll su lfur polym ers, fu rth e r calculation 
was necessary to  derive the p a rtia l pressures of S2 
to compare w ith  the transpiration  results and to  
evaluate the a c tiv ity  of sulfur in  the system.

Th e  p a rtia l pressure of S2 a t each dew po in t was 
evaluated as follows. I t  was assumed th a t the to ta l 
pressure of su lfur species was equal to  the vapor pres
sure measured b y  the dew point. The re la tive  p artia l 
pressures of the several sulfur species were quite different 
a t the hot end and cold end of the dew po in t cell 
because the equ ilib ria  among the su lfur species were 
tem perature dependent. Th e  mean free paths of the 
molecules, under the conditions of these experim ents, 
were ve ry  m uch shorter than the dimensions of the 
cell. Therefore, the p artia l pressures of the ind ividu a l 
su lfur species a t one end of the cell were independent 
of those a t the other end. Because of the short mean 
free path, a m olecule makes m any collisions in  tra ve l
ing from  one end of the tube to  the other. These col
lisions cause it  to  come in to  equ ilibrium  w ith  the sur
rounding local molecules. O n ly  if  a m olecule had a long 
free path and could traverse large fractions of the 
distance between the hot and cold end w ith ou t col

(5) W. A. West and A. W. C. Menzies, J . P k y s .  C h em ., 33, 1880 (1929).
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lision could the partia l pressures of in d iv id u a l species 
a t the tw o ends of the tube be equal. Th us under the 
conditions of these experim ents, the o n ly  relationship 
was th a t the to ta l pressure of su lfur species a t the tw o 
ends was equal.6

Th e  partia l pressure of S2 over the m elt (hot end of 
cell) was calculated from  the to ta l pressure of sulfur 
together w ith  the therm odynam ic inform ation fo r the 
sulfur species. Therm odynam ic data fo r the species 
S, S j, and S8 were obtained from  the J A N A F  tables7 
and those fo r S3, S4, and S8 from  the w ork of L u ft.8 
The partia l pressure of S2 was calculated fo r each 
dew -point measurement, and fo r each m elt compo
sition  a stra igh t line was drawn through the data. 
The lines obtained are shown in  F ig . 2. The partia l 
pressures of S2 over pure liq u id  su lfur were taken from  
ref. 7.

Th e  pressures of S2 over m elts of 0.52 to  0.67 atom 
fraction su lfur were read from  the lines of F ig . 2 
at 705, 740, and 800° and added to F ig . 1 so th a t those 
curves of S2 pressure could be extended over the entire 
liq u id  range from  pure bism uth to  the com position 
at w hich a second phase form s (solid B i2S3 at the tw o 
lower tem peratures and liq u id  su lfur a t the highest).

B iS  in  Vapor.— In  the transp iration  experim ents, 
bism uth was found in  the samples collected, as noted 
above. Th e  apparent pressure of bism uth increased 
as the su lfur concentration in  the m elt was increased. 
Th us some species containing both bism uth and su lfur 
m ust have been present in  the vapor. Th e  nature of 
th a t species was discovered as follows.

Th e  apparent pressures of bism uth over the pure 
liq u id  as calculated from  the transpiration  results on 
the assumption th a t B i was the o n ly  vapor species are 
shown in  the second colum n of Tab le  I .  U nder the 
conditions of these experim ents it  is known th a t bism uth 
vapor consists of comparable am ounts of B i and B i2 
molecules. Therefore, the apparent pressures ex
pressed as B i should equal the sum of the true pres
sures of the B i species plus tw ice those of the B i2. 
Th e  partia l pressures of these species were evaluated 
from  the to ta l vapor density measured b y  transpira
tion  and the equ ilibrium  constants re la ting them  at each 
tem perature. The equ ilibrium  constants were ob
tained from  the therm odynam ic data fo r those gaseous 
species given b y  B rew er.9 Th e  partia l pressures of 
B i and B i2 over pure, liq u id  bism uth so calculated are 
given in  the last tw o columns of Table  I .

F o r each transp iration  experim ent it  was then pos
sible to  calculate the pressures of B i and B i2 expected 
fo r each m elt; hence, the pressure of B i would equal 
the p artia l pressure of B i over pure bism uth tim es the 
a c tiv ity  of bism uth in  the liq u id , and th a t of B i2 
would equal its  partia l pressure over pure bism uth 
times the square of the a c tiv ity  of bism uth in  the 
liqu id . Th e  am ount of bism uth expected in  the 
sample from  such calculations was subtracted from  the 
to ta l am ount and the difference was th a t due to  a

(6) In these experiments the pressure of BiS was negligible compared 
with the pressure of sulfur species. The partial pressure of BiS was never 
more than a few mm., while the sulfur pressure was at least an atmosphere.

(7) JANAF Interim Thermochemical Tables, prepared by members of the 
staff of the Thermal Laboratory, the Dow Chemical Co., Midland, Mich. 
Revision as of September, 1961.

(8) N. W. Luft, Monatsh., 86, 474 (1955).
(9) L. Brewer and K. Pitzer, Revision of G. N. Lewis and M. Randall, 

“ Thermodynamics,’ ' McGraw-Hill Book Co., New York, N. Y., 1961, p. 672.

Fig. 3.—Excess bismuth in vapor. Log-log graph of [pres
sure of excess bismuth in vapor/activity of bismuth in liquid] 
vs. [square root of sulfur pressure] at 705° (lowest set of data), 
740°, and 800° (uppermost set). Straight lines drawn with unit 
slope.

T a b l e  I
P r e ssu r e s  o v e r  P u r e  B ism u th

Temp.,

Total measured 
by transpira

tion, expressed
Partial press. 

Bi, caled.,
Partial press. 

Bis, caled.,
"C. a* mm. Bi mm. mm.
705 0.028 0.0084 0.0098
740 .062 .018 .022
800 .20 .063 .068

gaseous B i-S  species. From  th is difference a pressure 
of “ excess” bism uth (as m onom eric B i) was calculated.

T o  establish the form ula of th is  m olecule, the equi
librium

a-B i(l) +  y/2 S2(g) =  BhS*(g) 

was considered. Its  equ ilibrium  expression

(B L S J  [pressure of excess B i]
(B i)* ^ ) "72 [a c tiv ity  B i in  liq u id ]x [p(S2) ] i//2

should be a constant. Thus a graph of log [excess 
B i pressure/(activity B i)* ] vs. log [p1/!(S2) ]  should 
give a stra igh t line of slope equal to the exponent y.

Such a graph was drawn assuming x equal to  one. 
Th e  data could be f it  b y  stra igh t lines of u n it slope, 
ind icating the m olecule to  be B iS . Th e  results showed 
th a t a sm all fraction  of the su lfur in  the low  pressure 
range had to  be a ttribu ted  to  B iS . Th e  low er pres
sures of su lfur were corrected fo r th is B iS  (the higher 
values were unaffected) and the data replotted to  give 
the graph shown in  F ig . 3. Th e  precision of these data 
is not ve ry  h igh because the pressure of excess bism uth 
fo r low  su lfur pressures is o n ly a fraction  of the to ta l
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Fig. 4 .—Activities of sulfur and bismuth at 705° (dotted), 
740° (dashed), and 800° (full curve).

bism uth pressure, w hile  a t h igh su lfur pressures the 
to ta l w eight of bism uth collected was sm all. The 
data do fa ll reasonably close to  stra igh t lines. The 
equ ilibrium  constants fo r the reaction

B i(l)  +  V 2S2(g) =  B iS (g ) (1)

were, respective ly, 0.10, 0.15, 0.31 (pressures in  m m .) 
a t 705, 740, and 800°.

I t  should be noted th a t a graph in  w hich x had been 
assumed to  be tw o gave a set of equally good stra ight 
lines of slope, y, equal to  tw o, w hich w ould indicate 
the species to  be B i2S2. Thus, th is m ethod o n ly gives 
the ra tio  o f bism uth to  su lfur in  the molecule, nam ely 
u n ity . Th e  argum ent th a t led the w rite r to  believe 
the B iS  was m onom eric is as follows. Th e  entropy 
change, calculated from  the data, fo r the reaction

7*Bis(g) +  7*S*(g) =  B iS (g ) (2)

was 3 e.u. The entropy change calculated from  the 
same data fo r the reaction

B i2(g) +  S2(g) =  B i2S2(g) (3)

th a t is, if  a dim er were form ed, was about — 13 e.u. 
Th e  entropy change fo r a reaction in  which the net 
num ber of gas molecules does not change (i.e., eq. 2) 
w ould be expected to  be about zero and the 3 e.u. 
observed is close to  zero, whereas fo r a reaction in  
w hich tw o gas molecules become one (i.e., eq. 3) a 
value closer to  — 25 or — 30 e.u. w ould be expected, 
as contrasted to  the value — 13 calculated from  the 
data.

Th e  am ount of su lfur as B iS  in  the vapor was a small 
fraction  of the to ta l sulfur. Th e  sm all, alm ost negli
gible correction required was made on the data shown 
in  F ig . 3.

Therm odynam ic D ata.— Th e  a c tiv ity  of su lfur in  
the m elts re la tive  to  pure, liq u id  su lfu r is equal to  the 
square root of the pressure of S2 d ivided b y  its  value fo r 
liq u id  su lfu r a t the tem perature in  question. Th e  a ctiv 
it y  of su lfur in  the m elts a t the three tem peratures 
studied is shown in  F ig . 4. Th e  curves have the

Fig. 5 .—The partial molal quantities of solution at 800°: 
top, enthalpy; middle, excess free energy; bottom, excess 
entropy times temperature. Full curves for sulfur, referred to 
pure liquid sulfur. Dashed curves for bismuth referred to pure 
liquid bismuth.

same characteristics as those fo r the p a rtia l pressures 
of S2. Th e  horizonta l portions of the curves indicate 
the region in  w hich tw o condensed phases existed.

Th e  a c tiv ity  of su lfur follow ed H e n ry ’s law  up to  
alm ost 20 atom  %  sulfur. Th e  H e n ry ’s law  constants, 
k in  the re la tio n : a c tiv ity  of su lfur =  k X  atom  frac
tion , were 0.039, 0.047, and 0.059 at 705, 740, and 800°.

Th e  enthalpy of solution of liq u id  su lfur in  the m elts 
was derived from  the change of logarithm  of a c tiv ity  
w ith  reciprocal of absolute tem perature. F o r the 
transpiration  results these enthalpies were derived 
from  the highest and lowest tem perature data, w hile  
fo r the dew -point w ork the slopes of the lines of F ig . 2 
were used. A  smoothed curve draw n through the 
enthalpies is shown in  F ig . 5. Th e  excess partia l 
m olal free energy of solution of liq u id  su lfur in  the 
m elts was taken as RT  In  [a c tiv ity  of sulfur/atom  
fraction  of su lfu r]. Th e  curve fo r th is function  fo r 800° 
is the m iddle one of F ig . 5. The excess p a rtia l m olal 
entropy tim es the tem perature (a t 800°) is the lowest 
curve of F ig . 5. I t  is the difference of the upper tw o 
curves.

Th e  a c tiv ity  of bism uth in  the m elts was calculated 
from  th a t of su lfur using a graphical G ibbs-D uhem  
m ethod. Th e  curves fo r the three tem peratures are 
shown in  F ig . 4. Th e  a c tiv ity  of b ism uth follow ed 
R a o u lt’s law  over the same concentration range in  w hich 
su lfur followed H e n ry ’s law. The p a rtia l m olal en
th a lp y, excess free energy, and excess entropy tim es 
tem perature of solution of bism uth were calculated 
from  those of sulfur using a G ibbs-D uhem  equation
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fo r each therm odynam ic q u a n tity .10 T h e y  are also 
shown in  F ig . 5.

The enthalpy of dissociation of gaseous B iS  was 
obtained as follows. Th e  change of the logarithm  
of the equ ilibrium  constant w ith  reciprocal of tem pera
ture fo r reaction 1 gave an enthalpy change of 25 ±  
5 kcal. a t the m id-tem perature, about 1000°K. F o r 
the reaction

B i(l)  =  B i(g )

Brewer9 gives Aff(298°) =  49.5 kcal. A t  1000°K. 
th is becomes 45.3 kcal., using S tu ll and Sinke’s11 
heat content values. F o r the reaction

7 & (g )  =  S (g)

the J A N A F  tables7 give A/7(1000°) =  51.0 kcal. 
Therefore, fo r the dissociation reaction

B iS (g ) =  B i(g ) +  S (g ) Aff(1000°) =  71 ±  5 kcal.

The heat of dissociation of the S2 m olecule is 102 kcal. 
and th a t of the B i2 m olecule is 47 kca l.9’11 The average 
of these is 75 kcal. Thus the heat of dissociation of 
B iS  is equal to the average of the heats of dissociation 
of B i2 and S2.

D iscussion
Some insight in to  the nature of these b ism uth - 

su lfur m elts can be obtained from  the results presented 
above. Th e  a c tiv ity  of su lfur followed H e n ry ’s 
law  up to  alm ost 20 atom  %  su lfur. T h is  behavior 
indicates th a t the su lfur is m onatom ically dispersed 
in  the m elts. I t  also indicates th a t there is little  
interaction between the sulfurs even when there are 
as m any as one su lfur atom  to five bism uths. From  
th is it  would seem th a t the su lfur valences are of the 
short-range saturated type . Thus, it  is u n lik e ly  th at 
the su lfur species are ions since ions w ould show rela
tiv e ly  long-range interactions.

B ism uth showed ideal solution behavior over the 
range from  0 to  alm ost 20 atom  %  sulfur. Thus in  a 
m elt w ith  as m any as one su lfur to  five bism uth atoms 
there was no heat of solution of bism uth and the en
tro p y  of solution was th a t fo r random  m ixing of the 
bism uths and the sulfurs; so the positions available 
to a bism uth atom — w hether com pletely surrounded 
on ly b y  bism uth or w ith  one or perhaps tw o sulfurs in  
the coordination shell— were equivalent.

A s  more su lfur is added, its  a c tiv ity  increases more 
ra p id ly  than H e n ry ’s law  u n til, a t tem peratures below 
775°, solid B i2S3 precipitates. In  solid B i2S3 there are 
chains in  w hich bism uth and su lfur a lternate.12 P au l
in g 18 suggests th a t the m etallic luster of substances of 
th is type  is due to  m eta l-m eta l b inding. Since these 
m elts were m eta llic -looking ,4 even those saturated 
w ith  liq u id  sulfur, it  m ight be presumed th a t b ism u th - 
bism uth bonds exist even in  m elts w ith  as high a sulfur 
atom  fraction  as 0.67.

(10) Sea ref. 9, ec|. (20-20).
(11) D. R. Stull and G. C. Sinke, “ Thermodynamic Properties of the 

Elements,”  American Chemical Society, Washington, D. C., 1956.
(12) A. F. Wells, “ Structural Inorganic Chemistry,”  Oxford Press, 

London, England, 1945, p. 392.
(13) L. Pauling, “ The Nature of the Chemical Bond,”  Third Ed., Cornell 

Univ., Press, Ithaca, N. Y., 1960, p. 442 ff.

Th e  behavior of su lfur in  the system  changes in  the 
region of 65 atom  % . A t  sm aller su lfur concentrations 
it  shows negative deviations from  R a o u lt’s law  and 
negative heats of solution re la tive  to  pure, liq u id  sul
fu r. Thus the sulfur is more stab ly bound in  those 
b ism uth -su lfu r m elts than in  pure sulfur. A t  con
centrations greater than 65 atom  %  the su lfur shows 
positive deviations from  R a o u lt’s law  and the heat 
of solution becomes positive— typ ica l of a system  ex
h ib itin g  tw o -liq u id  im m isc ib ility . Th e  environm ent 
for the sulfur in  such m elts is energetically less favor
able than in  liqu id  sulfur, but the favorable entropy 
factor overrides the energy up to  67%. I t  m ay be 
th a t the su lfur added beyond about 60 atom  %  would 
form  p rim a rily  su lfu r-su lfu r bonds, as in  polysulfides. 
Thus the nature of the b inding of the additional sulfur 
would change from  p rim a rily  b ism uth -su lfu r to  s u lfu r- 
su lfur bonds in  the region in  w hich the enthalpy of solu
tion  increased sharply.

Rosenqvist14 has made measurements v e ry  sim ilar 
to  these fo r the s ilve r-su lfu r system  over the range from  
A g  to  A g 2S. H e found positive deviations from  
R a o u lt’s law  as contrasted to  the negative deviations 
found here in  the range B i to B i2S3. Otherw ise the 
systems behave s im ila rly.

The ra tio  of the re la tive  concentration of su lfur to 
bism uth in  the vapor to  th a t in  the m elt is useful in  
considering the vaporization  process as a means of 
p u rify in g  bism uth from  sulfur. I f  th a t ra tio  is greater 
than u n ity , the m elt becomes richer in  bism uth when 
evaporation occurs; if less than u n ity , the vapor 
(or d istilla te ) is richer in  bism uth. In  the present 
case the vapor is always richer in  su lfur than the m elt. 
Th e  ra tio , R, is expressed as

m  p (B iS ) +  2p(S2) +  3p(S3) +  -
\B i/  vapor p (B iS ) +  p (B i) +  2 p (B i2)

= (IS = i K
\ B i;melt X (B i)

in  w hich p is the partia l pressure of a species and X  
the atom  fraction  of a com ponent in  the liq u id . In  the 
num erator the dashes indicate other sulfur species. 
Excep t fo r quite low  sulfur atom  fractions the pre
dom inant species in  the vapor is S2, so R  is greater 
than u n ity  and increases w ith  atom  fraction  sulfur. 
A t  sufficiently low  sulfur atom  fractions, B iS  becomes 
the im portant su lfur-conta in ing vapor species, and 
its  pressure is proportional to the su lfur atom  fraction ; 
the im portant b ism uth-containing species are B i and 
B i2, whose pressures are essentially independent of m elt 
com position. The ra tio  reaches a fin ite  lim itin g  value 
fo r in fin ite  d ilu tion  of sulfur. Th e  lim itin g  values are 
about the same at a ll three tem peratures studied and 
equal to  about 8. Th us over the entire range, R is 
greater than u n ity  and the m elt is always enriched in  
bism uth when some of it  is rem oved b y  evaporation 
(under equ ilibrium  conditions).
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w ork, and to Professor Leo Brewer fo r im portant cor
rections on the o rig ina l m anuscript.

(14) T. Rosenqvist, Trans. AIM S, 185, 451 (1949).
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IONIZATION AND DISSOCIATION PROCESSES IN PHOSPHORUS TRICHLORIDE
AND DIPHOSPHORUS TETRACHLORIDE1
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Appearance potentials and relative abundances are reported for the principal positive ions in the mass spectra 
of phosphorus trichloride and diphosphorus tetrachloride. Probable ionization and dissociation processes are 
deduced from the energetics, and the heats of formation of the various ions are given. The following molecular 
ionization potentials are given: phosphorus trichloride, 10.75 ±  0 .2  and diphosphorus tetrachloride, 9.36 ±  0 .2  
e.v. Ionization potentials of PCI, PC12, and P2 are calculated to be 9.6, 9.0, and 11.1 e.v., respectively. D- 
(C12P-PC12) =  58 kcal./mole.

124 A. A. Sandoval, H. C. M oser, and R. W. K iser

In troduction
Th e  preparation and properties of diphosphorus 

tetrachloride have been described in  tw o publications.2'8 
R ecently, an im proved synthesis and a mass spectral 
cracking pattern  fo r P 2C I4 were reported b y  Sandoval 
and M oser g iv in g  additional evidence fo r the existence 
of th is com pound.4 W e therefore undertook a de
ta iled mass spectrom etric investigation  of the positive 
ions produced from  P 2C I4 in  order to  define the ion i
zation and dissociation processes occurring in  P 2Ch 
under electron im pact. W e report here the results of 
th is study of P 2C h, as w ell as a re -investigation  of the 
electron im pact processes in  P C I3 .

Experim ental
The preparation of the diphosphorus tetrachloride was ac

complished by using two different synthetic techniques. One of 
these has already been described4 and the other method will be 
considered in a separate publication.6 The results of the 70 
e.v. mass spectrometric analyses of both preparations were 
identical.

Phosphorus trichloride (Baker and Adamson Reagent Grade) 
was purified by using repetitive vacuum distillation and conden
sation techniques. Mass spectrometric analysis did not indicate 
any gross impurities in the samples to be used for the electron 
impact studies.

The ionization and appearance potentials were determined by 
the extrapolated voltage differences analysis6 of the ionization 
efficiency curves obtained using a time-of-fiight mass spectrom
eter described previously.7 The energy compensation tech
nique8 also was employed in these determinations. Spectros
copically pure xenon (Linde Co.) and nitrogen were employed 
as calibrating gases by comparing their observed ionization po
tentials with their known spectroscopic values. The gas used 
¡is the calibrating standard was intimately mixed with the PC13 
or the P2CI4 during the determinations of the appearance poten
tials of the various ions formed. The chlorine-37 isotope pro
vided a convenient internal m/e reference; however, the ap
pearance potentials were determined from ion currents due to 
those positive ions containing the chlorine-35 isotope (except 
for m/e 31 and 138 in PC13 and m/e 62 in P2C14). Negative ions 
were not studied.

Results
The results of the mass spectral data (p a rtia l mass 

spectra o n ly) and the appearance potentia l determ ina
tions are presented in  Tables I  and I I .  The principa l

(1) This work was supported in part by the United States Atomic Energy 
Commission under Contracts A T (ll-l)-584  and AT(11-1)-751 with Kansas 
State University. Portion of a dissertation presented by A. A. Sandoval 
to the Graduate School of Kansas State University in partial fulfillment for 
the degree of Doctor of Philosophy in Chemistry.

(2) A. Besson and L. Fournier, Compt. rend., 150, 102 (1910).
(3) A. Finch, Can. J. Chem., 37, 1793 (1959).
(4) A. A. Sandoval and H. C. Moser, Abstr. of Papers, 141st National 

Meeting of the American Chemical Society, Washington, D. C., March 21- 
29, 1962, p .  21-M.

(5) A. A. Sandoval and H. C. Moser, Inorg. Chem., 2, 27 (1963).
(6) J. W. Warren, Nature, 165, 810 (1950).
(7) E. J. Gallegos and R. W. Kiser, J. Am. Chem. Soc., 83, 773 (1961).
(8) R. W. Kiser and E. J. Gallegos, J. Phys. Chem., 66, 947 (1962).

positive ions and th e ir re la tive  abundances in  the mass 
spectrum  fo r 70 e.v. electrons are given in  columns 1 
and 2, respectively, of each table. The appearance 
potentials of the various positive ions and the probable 
processes b y  which the ions are formed at the threshold 
appear in  columns 3 and 4. Colum n 5 gives the de
term ined heat of form ation of the io n ; A H f+ was cal
culated from  the appearance potentia l according to  the 
process shown (see Discussion, below ). N egative 
ions were not studied. The error values shown in d i
cate the precision of successive determ inations and do 
not necessarily reflect the absolute e rro r involved  in  
the measurements.

T a b l e  I
I o n iza tio n  an d  D isso c ia tion  P ro cesses  o f  P h o sph o ru s  T r i

ch lo rid e

m/e

138
R.A.
31.5

A.P., e.v.
10.75 =*= 0.2 PC13 —

Process
PC13 +

AHf+,
kcal./
mole

175
136
10 1

30.8
10 0 .0 12.32 ±  .2 > PC12+ +  Cl 182

66 29.2 16.8,3 ±  .3 PC1+ +  2C1 257
35 48.3 20.2 ±  .4 C1+ +  P +  Cl2 317

31 20.9 21.2 ±  .5 —>
C1+ +  PCI +  Cl 
P+ +  3C1

(35)“
329

° The value in brackets refers to the heat of formation of the 
PCI radical.

In  the therm ochem ical calculations fo r the heats of 
form ation of the gaseous ions and radicals, we have taken 
—  73.22 kcal./m ole for the heat of form ation of phos
phorus trich lo ride  (g ).9 From  the appearance poten
tia ls fo r m/e =  101 and 66 in  P2CI4 and PC13, and as
suming th a t K (P -C 1 ) in  PC13 =  78 kcal./m ole10 m ay 
be taken as Z)(C12P -C 1 ), we estim ate the heat of form a
tion  of diphosphorus tetrachloride to  be — 106 kcal./ 
mole. In  addition, heats of form ation of C l(g ), 
P (g ), and P 2(g ), of 29.01, 75.18, and 33.82 kcal./m ole,9 
respectively, were em ployed in  our calculations.

D iscussion
M ass Spectra.— Th e  70 e.v. mass spectrum  (p a rtia l) 

of phosphorus trich lo ride  reported in  Table  I  is in  
essential agreement w ith  th a t of Kusch, H u stru lid , 
and T a te 11 (taken at 120 e .v.) considering the electron 
energy difference. Th e  partia l mass spectrum  (at 
70 e .v.) of diphosphorus tetrachloride reported here is

(9) F. D. Rossini, D. D. Wagman, W. H. Evans, S. Levine, and I. Jaffe, 
“ Selected Values of Chemical Thermodynamic Properties,”  National Bu
reau of Standards Circular 500, U. S. Government Printing Office, Washing
ton, D. C., 1952.

(10) T. L. Cottrell, “ The Strengths of Chemical Bonds,”  2nd Ed., Butter- 
worths Scientific Publications, London, 1958, p. 283.

(11) P. Kusch, A. Hustrulid, and J. T. Tate, Phys. Rev., 62, 840 (1937).
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T a b l e  I I

I o n iza tio n  an d  D isso c ia tio n  P kocesses  o f  D iphosph ohu s  T e tr a c h l o r id e

m/e R.A. A.P., e.v. Process AHf +, kcal./mole
202 4.6 9.36 ±  0 .2 P2CI4 —  P2C1+ 1 1 0
167 5.3 11.7 ± .3 —  P2C1+ +  Cl 135
132 1.5 13.9 ± .3 P2C12+ +  Cl2 215
10 1 10 0 .0 1 1 .6g ± 2 PC1U +  PC12 ( -1 9 )*
97 5.8 16.1 ± .4 —  P2CI+ +  Cl2 +  Cl 236
66 36.5 15.7 ± .3 - »  PC1+ +  PC12 +  Cl ( -3 0 )*
62 9.9 19.7 ± .4 P2+ +  Cl2 +  2C1 290

“ The values in brackets refer to the heat of formation of the PC12 radical.

new. I t  is p a rticu la rly  sign ificant th a t the PC12+ 
at m/e =  101 is of greatest in te n s ity in  the spectrum . 
N o significant quantities of PC13+ ions were observed 
in  the mass spectrum  of P 2C I4. F u rth er rem arks on 
th is feature are given fo llow ing the consideration of the 
appearance potentials of the various ions.

Appearance Potentia ls, m/e =  31.— Th e appear
ance potentia l of 21.2 e.v. fo r the P +  ion was deter
m ined on ly in  the case of PC13, although it  had a re la tive  
abundance of more than 15% in  the P 2C14 spectrum . The 
value of A ff,+ (P ) =  329 kcal./m ole, obtained from  the 
observed appearance potentia l is in  excellent agree
m ent w ith  the lite ra tu re .9 W e note th a t our appear
ance potentia l fo r P + from  P C I3 is nearly an electron 
v o lt lower than th a t determ ined b y  Kusch, H u stru lid , 
and T a te .11

m/e =  35.— Th e  appearance potentia l of C1+ from  
P C I3 of 20.2 e.v. leads to  a calculated AHr  (C l) =  
317 kcal./m ole, approxim ately 10 kcal./m ole lower 
than the lite ra tu re  va lue . 9 F o r th is reason, we believe 
some contribution , possibly significant in  nature, 
m ay also be made b y  the process in vo lv in g  P C I and C l 
as neutral fragm ents; if  th is is so, we calculate the heat 
of form ation of P C I to  be +35 kcah/m ole, a value which 
appears to  be not unreasonable. E (P -C l)  from  P C I3 

is given b y  C o ttre ll10 as 78 kcal./m ole. Since AHr  
(P C I3) =  — 73 kcal./m ole, the A/7f(P C l) is expected 
to  be in  the neighborhood of +25 kcal./m ole.

m/e =  62.— The heat of form ation of P 2+, derived 
from  the appearance potentia l and process given in  
Ta b le  I I ,  is 290 kcal./m ole. Com bination of th is result 
w ith  A # f(P 2) =  33.82 kcal./m ole leads to  an ion ization  
potentia l of 11.1 e .v. fo r P 2, in  fa ir agreement w ith
11.8 ±  0.5 e.v. reported b y  G u tb ie r.12

m/e =  66.— A/7f+(P C l) =  257. as determ ined from  
the appearance potentia l fo r the PC1+ ion from  PC13. 
U tiliza tio n  of th is value w ith  the appearance potentia l 
of PC1+ from  P 2CI4 leads to  a heat of form ation of 
the PC12 radical of — 30 kcal./m ole. T h is  value is 
ve ry  close to  AH/(PC12) =  — 24 kcal./m ole, calcu
lated from  li/ P -C l)  =  78 kcal./m ole and A H + P C h ) =  
— 73 kcal./m ole. Therefore, we believe th a t the pos
sible form ation of C l-  (o r PC12~) in  an ion pa ir form a
tion  process does not, in  fact, occur. O ur value of 
AH/+(PC1) is about 15 kcal./m ole lower than th a t de
rived  from  Kusch, H u stru lid , and T a te ’s d a ta .11’13 
From  the values of A ff+ P C l) and A77f+(PC1) given in  
Table  I I ,/ (P C I)  =  9.6 e.v.

m/e =  97.— From  the process shown in  Table  II, 
we deduce A//i+ (P2C l) =  236 kcal./m ole. Th e  proc-

(12) H. Gut.bier, Z. Naturforsch., 16A, 268 '1961).
(13) F. H. Field and J. L. Franklin, “ Electron Impact Phenomena and 

the Properties of Gaseous Ions,”  Academic Press, Inc., New York, N. Y., 
1957, p. 299.

ess in  which 3C1 are form ed as the neutra l fragm ents 
leads to  a value of A//f+ (P 2C l) =  178 kcal./m ole, a 
value w hich appears to  be sign ifican tly too low . I f  
ion p a ir form ation is  invo lved, A//f+ (P 2C l) =  324 or 
266 kcal./m ole, respectively. B o th  of these values 
appear too great; ce rta in ly the value of 324 kcal./ 
mole is beyond reasonable expectations. W e believe, 
therefore, th a t an ion pa ir form ation process does not 
make a sign ificant contribution  in  the form ation of 
P 2C1+.

m/e — 101.— T h is  ion is the ion of greatest abundance 
in  the spectra of both PC13 and P 2C14, and is the P - 
C l2+ ion. From  the PC13 study, A//f+(P C l2) =  182 
kcal./m ole. T h is  value m ay be compared to  the 
value of 189 kcal./m ole reported in  the lite ra tu re . 1 1 ’ 13  

Com bination of our result of A i7 f+(PC12) =  182 kcal./ 
mole w ith  the appearance potentia l of 1 1 .6 s e-v - for 
m/e =  101 from  P 2C h  leads to  A/Z+PCb) =  — 19 
kcal./m ole. From  the appearance potentials of the 
m/e =  6 6  ions, we derived a value of — 30 kcal./ 
mole fo r All ¡(PCI/). Hence, we believe th a t AHr  
(PC12) =  — 25 kcal./m ole. From  th is, we see th a t the 
ion ization  potentia l of PC12 is about 9.0 e.v.

U sing i? (P -C l) =  78 kcal./m ole , 10 A # f(P C l3) =  -7 3  
kcal./m ole, and A iB (C l) =  29 kcal./m ole, we calculate 
A fl+ P C h ) =  —  24 kcal./m ole, in  good agreem ent w ith  
our average value of — 25 kcal./m ole. W e conclude 
th a t the process is th a t given in  Tab le  I I  and ion pair 
form ation processes do not make a sign ificant contribu
tion .

m/e =  132.— From  the appearance potentia l of
13.9 e.v. fo r P 2C12+ from  P 2C h, we calculate AH,+- 
(P 2C I2) =  157 kcal./m ole, assuming 2C1 as the neutral 
fragm ents. H ow ever, we s lig h tly  favor the process 
in vo lv in g  the form ation o f a chlorine m olecule; th is 
gives a A ff f+(P 2C12) =  215 kcal./m ole. C le a rly, no 
certain assignment of one process or the other process 
can be derived from  the data here presented. I f  
an ion pa ir form ation process were involved in  the fo r
m ation of P 2C12+, A/U + O bC b) w ould be closer to  245 
kcal./m ole, a value w hich we believe to  be too great in  
com parison to  AH t+ values of the other P 2C b + ions.

m/e =  138.— The ionization potentia l of PC13 was 
determ ined to be 1 0 .7 , 5  ±  0.2 e.v. Th is  leads to  AH p -  
(PC ls) =  175 kcal./m ole. O ur results are not in  agree
m ent w ith  the earlier w ork of Kusch, H u stru lid , and 
T a te . 1 1  W e repeatedly observed a difference of 1.5 
to  1 . 6  e .v. fo r [A P (P C 1 2+) —  A P / P C b 4)]  from  the 
P C I3 study, whereas Kusch, H u stru lid , and T a te 1 1  

observed on ly 0.3 e.v. difference. W e cannot offer any 
explanation fo r the difference of our results w ith  those 
of the earlier workers, but we do observe th a t a recent 
determ ination of the ion ization  potentia l of AsCU
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b y C u llen  and F ro s t14 gave a result 0.6 e.v. lower than 
th a t determ ined b y Kusch, H u stru lid , and T a te . 1 1

m/e =  167.— Th e  dissociative ion ization  of P 2C L 
to form  P 2C I3 was observed to  require 11.7 e.v. T h is  
result leads to  A/7 f+ (I\ C l3) =  135 kcal./m ole. E ner
getic considerations indicate th a t C l-  is not form ed as an 
accom panying fragm ent in  the form ation of P 2C I3 +

m/e =  2 0 2 .— Th e  ion ization  potentia l of P 2C1,, was 
observed to  be 9.36 ±  0.2 e .v. T h is  gives a calculated 
AZ7{^(P 2C I4) =  110 kcal./m ole. A lth o u gh  the in 
te n sity of th is ion in  the mass spectrum  of P 2C I4 is on ly 
about 5 %  of the base peak (m/e =  101, PC12), it  was 
quite sufficient in  in te n s ity to  afford a precise determ i
nation of the ion ization  potentia l. Th e  background 
a t m/e =  202 due to  m ercury from  the diffusion pum p 
was v e ry  sm all; in  addition, the ion ization  potentia l 
of 9.36 e .v., one electron v o lt lower than the ionization 
potentia l of m ercury, indicates no significant contribu
tion  to  the m/e =  202 peak from  m ercury in  the region 
o f the ion ization  threshold.

(14) W. R. Cullen and D. C. Frost, Can. J. Chem., 40, 390 (1962).

Com bining the appearance potentia l of PC12+ from  
PC13 and of PC12+ from  P 2C I4 w ith  D(C12P -C 1 ) =  78 
kcal./m ole, we calculate D(C12P -P C 1 2) =  63 kcal./ 
mole. A  value of Z>(C12P -P C 1 2) =  52 m ay be obtained 
using A P (P C 1 +) from  both P C I3 and P 2C I4 and D- 
(C b P -C l). Hence we take D (C I2P -P C I2) =  58 kcal./ 
mole. C o ttre ll10 lists I? (P -P ) in  P 4 as 48 kcal./m ole 
and D (P -P ) as 116 kcal./m ole (from  P 2). From  our 
data and using E ( P -C l) =  78 kcal./m ole, we calculate 
D  (P -P ) in  P 2 to  be 113 kcal./m ole.

The P -P  sigma bond energy is 58 kcal./m ole from  our 
study of P 2C I4. T h is  w ould indicate th a t the P -P  
bond in  P 2 has x  character, and we estim ate th is 7r 
character to be about 1 .1 - 1 . 2  x  bonds, in  agreement 
w ith  Van W azer’s value of 1.3 x  bonds. 15
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The problem of thermally induced water vapor diffusion is analyzed with thermodynamics of irreversible proc
esses and Onsager’s relation. The rate equations are developed to account for the effect of significant thermal 
gradients on the free energy-temperature function. This effect has been isolated from other potential fields and 
the rate equations evaluated with appropriate data. The Onsager reciprocity relation was tested and found to 
be valid within the bounds of experimental error for a particular system.

I .  In troduction
Consider a system in  w hich tw o m oist porous disks 

are separated b y  a sm all a ir space. The tem perature of 
each disk m ay be adjusted in d iv id u a lly  to  create small 
therm al gradients. The system is oriented in  the g ra v i
ta tional field such th a t no convective currents are pres
ent in  the a ir gap at steady state. There then w ill be a 
simultaneous diffusion of heat and m oisture from  the 
warm  a ir-w a te r interface to  the cool a ir-w a te r in te r
face. F o r ve ry  sm all therm al gradients, the rate of 
vapor diffusion through the a ir space m ay be described 
approxim ately b y  F ic k ’s law . A  more com plete trea t
m ent of the phenomena including the specific effects of 
the tem perature difference has been w ell developed 
from  the kinetic th eory of gases and has been reviewed 
in  the m onograph b y  G rew  and Ib b s .2 The flow  of heat 
across the a ir space m ay be accounted fo r sa tisfactorily 
b y  summ ing up the components of heat transferred b y 
therm al conduction, b y  radiation, and as la tent heat of 
vaporization .

Th e  purpose of th is paper is to combine some of these 
more classical results w ith  rate equations developed 
from  irreversible therm odynam ics such th a t a test of 
the v a lid ity  of the Onsager recip rocity re lation can be 
made. W h ile  Onsager’s recip rocity re lation has been 
verified experim entally fo r a num ber of isotherm al sys-

(1) Approved by the Director, Utah Agricultural Experiment Station, as 
Journal Paper 265.

(2) K. E. Grew and T. L. Ibbs, “ Thermal Diffusion in Gases,” Cambridge 
University Press, New York, N. Y., 1952.

terns, as reviewed b y  M ille r,3 there s till is little  proof of 
its  v a lid ity  when applied to  processes com plicated b y  
therm al gradients.

In  order to  suspect reasonably th a t the system  de
scribed at the beginning of th is  discussion is suitable fo r 
analysis w ith  therm odynam ics of irreversible processes, 
consideration m ust be given to  several crite ria  such as 
lin e a rity , independence of fluxes or d riv in g  forces, the 
degree of displacem ent from  equilibrium , etc. These 
result from  assumptions made in  the developm ent of 
the general th eory and have been discussed b y  de G root 
and M azu r4 and P rigogine .5 Because these crite ria  are 
as ye t more q ua lita tive  than quantita tive , it  usua lly is 
necessary to  test each particu la r case against experi
m ental evidence before a final conclusion can be drawn. 
In  th is case it  is convenient to  argue the ju stifica tion  fo r 
app lying the Onsager id e n tity  b y  po in ting out the anal
ogy between the system  in  question and electro-osm o
sis. Suppose th a t the w ater was being transported 
across a porous p lug rather than an a ir space and th at it  
was flow ing in  response to an e lectrica l potentia l ra ther 
than a therm al potentia l. Thus, the therm al potentia l 
could be analogous to  electrica l potentia l, heat flu x 
analogous to  electron flu x, and the a ir gap analogous to  
the porous p lug when the m obile mass com ponent is

(3) D. G. Miller, Chem. Rev., 60, 15 (1960).
(4) S. R. de Groot and P. Mazur, “ Non-equilibrium Thermodynamics,”  

John Wiley and Sons, New York, N. Y., 1962.
(5) I. Prigogine, “ Introduction to Thermodynamics of Irreversible Proc

esses,”  Charles C. Thomas, Springfield, Illinois, 1955.
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w ater. I f ,  on the other hand, an osm otic or other ex
ternal force were applied across the a ir gap, a spontane
ous therm al gradient could develop (diffusion therm o
effect and la tent heat transfer), w hich w ould be anal
ogous to  the forced flow  of w ater through a porous 
p lug g iv in g  rise to  an electrical gradient. Onsager’s 
re lation is, as shown b y  M ille r,3 w ell established for 
m any electro-osm otic systems. Furtherm ore, Scheer6 
recently has argued th a t a flu x across paralle l phase 
boundaries m ay be expressed as a linear function of the 
differences in  electrochem ical potentia l across the sys
tem .

Sim ilarities between the problem  presented here and 
therm al osmosis and therm om echanical effects are also 
obvious. Th e  use of therm odynam ics of irreversible 
processes in  the analysis of therm al osmosis of gas 
through a membrane has led D enbigh and Raum ann,7 
and Bearm an,8 to  w orkable relations between the tem 
perature gradient, pressure gradient, and the heat of 
transfer. Th e  problem  of therm al d iffusion in  liqu ids 
has been approached through the th eory of irreversible 
processes in  a p a rticu la rly  interesting m anner b y  
D ougherty and D richam er,9’10 and the lite ra tu re  on th is 
subject has been reviewed th orough ly b y  von  H a lle .11 
H utchison, N ixon , and D enbigh ,12 Spanner,13 and 
T a y lo r and C a ry 14 have studied the therm om echanical 
phenomena arising in  various porous systems w ith  ir 
reversible therm odynam ics. Good use has been made of 
the general th eory fo r developing rate and steady state 
equations fo r these non-isotherm  problem s; however, 
experim ental ve rifica tion  of the Onsager recip rocity 
relation fo r these applications is lacking. A s pointed 
out b y  M ille r,3 o n ly  K a p itza ,15 M eyer and M e llin k ,16 
and Brewer and Edw ards,17 w ork ing w ith  liq u id  helium , 
have reported data suitable fo r testing the Onsager 
hypothesis as related to  the therm om echanical effect. 
In  th is case the re c ip roc ity re la tion  appeared to  be 
va lid .

Expressions already w ell known fo r the therm o
m echanical effect are not applicable to  the problem  
under discussion here. Th e  rigorous developm ent of 
these equations requires either in fin ites im a lly sm all 
therm al gradients or a free energy function  th a t is in 
dependent of tem perature. W h ile  these conditions are 
not s tric tly  com plied w ith  in  m ost therm om echanical 
experim ents, the errors m ay be reduced to  second order 
b y  a significant pressure difference or other force field 
across the d iv id in g  barrier. None of these crite ria  are 
m et b y  the system  in  question here, i.e., there is no 
significant pressure difference, the tem perature gradient 
is not in fin ites im a lly sm all, and the free energy of water

(6) B. T. Scheer, Science, 135, 313 (1962).
(7) K. G. Denbigh and G. Raumann, Proc. Roy. Soc. (London), A210, 

377, 518 (1952).
(8) R. J. Bearman, J. Phys. Chem., 61, 708 (1957).
(9) E. L. Dougherty and H. G. Drichamer, ibid., 59, 443 (1955).
(10) E. L. Dougherty and H. G. Drichamer, J. Chem. Phys., 23, 295 

(1955).
(11) E. von Halle, “ A New Apparatus for Liquid Phase Thermal Dif

fusion,”  available from the Office of Technical Service, U. S. Dept, of Com
merce, Washington, D. C., 1959.

(12) H. P. Hutchison. I. S. Nixon, and K. G. Denbigh, Discussions Fara
day Soc., 3, 86 (1948).

(13) D. C. Spanner, Symp. Exptl. Biol., V I I I ,  76 (1964).
(14) S. A. Taylor and J. W. Cary, Trans. 7th Intern. Congr. of Soil Sci., I, 

80 (1960).
(15) P. Kapitza, Phys. Rev., 60, 354 (1941).
(16) L. Meyer and J. Mellink, J. Physica, 13, 197 (1947).
(17) D. F. Brewer and D. O. Edwards, Proc. Phys. Soc. (London), 71, 117 

(1958).

is a function of tem perature. Therefore, the develop
m ent of rate equations fo r the flu x of heat and water 
m ust begin w ith  the entropy function for th is p a rticu la r 
case.

H . Th eore tica l
Fo llow in g the analysis of P rigogine ,6 the rate of in te r

nal entropy production, <7, due to  the flow  of mass and 
energy across the a ir gap m ay be w ritte n  as

< r = — + i / c A — (1)

or

<j =  —  Jw A —  +  JwHq A  — +  Jq  A —  (2)

where J  is flu x, nv the chemical potentia l of w ater, T 
the absolute, tem perature, H0 the absolute enthalpy per 
mole of the pure w ater in  the cool plate, A  indicates the 
difference between the tw o plate faces; and the sub
scripts w , e, and q denote w ater, energy, and heat, 
respectively. Th e  system  so described is discontinuous, 
i.e., tw o liq u id  w ater film s supported b y  the porous 
plates and separated b y  a gas phase.

In te gra tin g  the G ibb s-H e lm h o ltz equation at a con
stant 1-atm . pressure over the tem perature difference 
between the plates gives

A ^  =  - G P A  In T +  (Ho ~  CPT0) A ^  (3)

provided the tem peratures lie  between 273.16 and 
373.16°K. and the heat capacity of liq u id  w ater, C'p, is 
taken as constant so th a t H  =  CP(T  —  T0) +  H0. 
P u ttin g  eq. 3 in to  2 results in

<7 =  J w (c 'p  A  In  T +  CPT0 A  +  J q A |  (4)

The phenom enological equations fo r heat and mass 
transfer then m ay be w ritte n , as shown b y  P rigog ine ,5 as

Jw  =  l J c p A  In T +  CpTg A  +  Lwq A  ^  (5)

Jq =  A  In r  +  CpT0 A  ^ )  +  L q A  ^  (6)

where L  is a phenom enological coefficient.
In  th is case physical significance can be assigned to 

L w, L qw, and L q through the fo llow ing arguments.
Suppose th a t for the system  described in  the In tro 

duction the w ater were driven  across the a ir space o n ly 
b y  an osm otic pressure difference between the water 
reservoirs. Equation  1 then w ould become sim ply

<r =  -  Jw A  y  =  A  In  V (?)

where p is vapor pressure of water and R is the gas con
stant. In  th is case eq. 5 w ould become

Jw  =  —LWR A  In  p (8)

F o r th is isotherm al process, the vapor flu x also m ay be 
represented b y  P ic k ’s law

./ w =  - D
dc 
cÜ

D

RIT
dp

Dp
RIT

d In  p (9)
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Fig. 1.— Cross-sectional diagram of the vapor diffusion apparatus. 
It is described in detail in section III, Experimental.

where D  is the diffusion coefficient fo r w ater vapor in  
a ir, c the concentration of water vapor, and l the dis
tance between the plates. Com parison of eq. 8 and 9 
suggests th at fo r sm all vapor pressure gradients, the 
approxim ation

Lvt
Dp

RHT
( 1 0 )

w ill be useful.
W hen the system operates under a therm al gradient 

such th a t there is a steady state flux of both heat and 
vapor, the net heat flu x across the a ir space m ust be the 
sum of three components: th a t transferred b y  the 
vapor as la tent heat (A Hv), th a t flow ing b y therm al con
duction through the gas, and th at transferred b y ther
m al radiation. F o r sm all therm al differences, the radia
tion  flu x is approxim ately proportional to the tem pera
ture difference, AT, w hich m ay be taken as T2 A  (l/T). 
Thus the net heat flu x per u n it area m ay be w ritte n  as

/ q =  A HVJW +  (K  +  0) j  A  | ( ID

where K  is Fo u rie r’s therm al con d u ctiv ity of a ir and /3 
is the p ro p o rtion a lity constant fo r ra d ia tion .18 R e
placing J w w ith  its  equivalent from  eq. 5, eq. 11 becomes

Jq =  AHvLwCp A  In T +

AHvLwCPTo -J- AHvLwq (K  T  /3)
T 2

^  ( 1 2 )

Com parison of eq. 6 and 12 leads to the conclusions that 
for th is system

L qw  =  AIDLW =  (13)

and

Lq — AHvLwq T  (K  +  |0) —  (14)

Th e  linear phenom enological equations fo r the net 
flu x of w ater and heat across the a ir space of th is system 
m ay be rew ritten  then as

2.3CPDp
RUT

A  log T +

f CpToDp

V RHT (15)

(18) In this analysis A l/7 7 >  0 when Jq is chosen as positive since the 
term, JqAl/!F, in eq. 4 must be positive.

and
2.ZCpAH vDp

J* =  ------- —  A l° g  1 +RHT

CpT0AHyDp 
RHT

+  (K + (3)
7”

A y  (16)

Equations 15 and 16 account fo r the m ost significant 
mechanisms of transfer across the a ir space and should 
give good approxim ations of the w ater and heat fluxes 
due to sm all therm al gradients. Use of eq. 13 and 15 
provides a d irect test of the Onsager re c ip roc ity relation 
provided one value of ,/„ as a function of T is available.

I I I .  Experim ental
The simultaneous fluxes of heat and water vapor were measured 

with the apparatus diagrammed in Fig. 1. The upper water 
chamber, 1 , was warmed to a steady-state temperature by apply
ing a constant voltage across the heater, d. The lower water 
chamber, j, was cooled to a steady state temperature by circulat
ing constant temperature water through a copper coil, h. The 
resulting thermal gradient between the porous ceramic disks, f, 
caused a diffusion of water vapor across the air space, k. This 
flux produced a corresponding movement of a mineral oil bubble 
through the calibrated flow tube, a, and so the rate of vapor trans
fer between the porous plates could be measured. The mercury 
manometer, b, was connected into the circulating water system 
to prevent liquid phase water from moving into the air space and 
also to assure a negligible total pressure difference between the 
two water reservoirs, j and 1. The apparatus, except for the ex
ternal flow tube and manometer, was covered with aluminum foil 
and supported in a vacuum chamber. To calibrate the apparatus 
for heat loss to its surroundings, the air space, k, was filled with 
water. The steady-state temperature in the warm chamber was 
recorded as a function of voltage across the heater with the cool 
chamber temperature held constant. The power input minus the 
heat conducted across the water-filled air gap was plotted against 
warm chamber temperature. This formed a heat loss calibration 
curve. The steady-state heat flux across the air gap then was 
known from the difference between the electrical energy input 
and the apparatus’ heat loss.

The temperature of the water reservoirs was measured with 
thermistors, e and i. The temperature of the air-water interface 
was measured with the thermistors, g. These were small bead 
sensers enclosed in slender glass rods. They were held in contact 
with the air-water interface by a spring, as shown in Fig. 1. 
Atmospheric pressure was maintained by the vent, c, which was 
covered with a flexible rubber membrane. The vapor gap was 
1.5 cm. across and 19.8 cm. in diameter. It was bounded horizon
tally by ceramic filter plates. These plates were supported by 
perforated 0.5-in. lucite disks. The covers for the water reser
voirs were also made from 0.5-in. lucite plates. The vertical 
boundaries of water chambers and air space were made from rings 
of Vs-in. wall lucite tube. Rubber gaskets were used where 
necessary, and the apparatus was held together with 1 2  '/V in. 
bolts. It was always placed in the vacuum chamber with the cool 
side downward to prevent convection currents from developing 
in the air space. The vacuum chamber was placed in a constant 
temperature air bath, and the whole assembly was housed in a 
constant temperature room.

Measurements of heat and water flow were made by first apply
ing a constant a.c. voltage to the 4.43-ohm heating element. 
The power source was an electronic voltage regulator and rheostat. 
The voltage across the heater was measured with an a.c. meter 
which had been calibrated with a standard calorimeter assembly. 
At least 16 hr. was allowed for the system to reach steady state. 
The flow rate through the external tube, the level of the mercury 
manometer, and the temperature distribution across the appara
tus were measured periodically for the next 6 to 8 hr. to assure 
that the system was at steady state. The simultaneous fluxes of 
heat and moisture measured as a function of temperature at the 
air-water interfaces are shown in Table I.

IV . Results
N um erical values for L qw were calculated from  eq. 

13. Corresponding values of L wq were calculated from  
eq. 15 using the tem perature and w ater flu x data given
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T able I
E x p e r im e n t a l  O b s e r v a t io n s  an d  C a lc u l a t e d  V a lu es

T T J w <i
Warm film, Cool film, Measured, J w (L,vq/ Measured J q

°C. °C. moles/sec. cm.2 Predicted Lqw Lwq ^qw) (mjoules/sec. cm.2) Predicted
13.83 11.95 1.44 X  10-s 1.43 X  IO- 8 0.626 X  IO- 3 0.628 X IO' 3 1 .0 0
20.60 15.55 5.06 5.01 0.773 0.782 1 . 0 1
27.22 26.37 1.56 1.45 1.527 1.642 1.08 0.49 0.85
28.68 27.23 2.74 2.61 1.632 1.712 1.05 1.51 1.42
30.43 28.30 4.16 4.17 1.803 1.796 1 .0 0 2.24 2.38
31.67 28.95 5.25 5.59 1.895 1 .8 8 8 1 .0 0 2.83 3.16
33.15 29.88 6.90 7.21 2.055 1.967 0.96 3.75 4.01
33.35 30.32 6 .2 2 6.69 2.050 1.917 0.94 4.06 3.72
34.26 30.53 8.15 8.44 2 . 1 2 2 2.060 0.97 4.73 4.67
35.06 31.10 9.35 9.29 2.208 2.264 1.03 5.40 5.10
37.00 36.20 2.17 2.25 2.699 2.614 0.97 1.58 1.19
43.48 40.60 11.03 10.47 3.622 3.816 1.05 4.80 5.29

in  Ta b le  I .  Th e  results and the ra tio  (L wq/ L qw) are 
included in  Table  I .  Values of Alfv and p were taken 
from  the “ Handbook of C hem istry and Physics,” 19 and 
values of D  came from  D orsey.50 T h e y  were chosen in 
accordance w ith  the average tem perature between the 
two a ir-w a te r interfaces. The coefficient, D, was taken 
as inversely proportional to the atm ospheric pressure, 
in th is case, 64 cm. I t  was also considered to  be un
affected b y  the sm all th erm a lly induced concentration 
differences of the gases in  the a ir space.

I f  one assumes th a t the Onsager re c ip roc ity re lation 
is va lid  fo r th is system , eq. 15 m ay be w ritte n  as

J w
D'pCv "
RHT

A  In  T +  (To + (17)

The steady-state vapor flu x m ay be predicted from  th is 
equation fo r any given tem peratures of the a ir-w a te r 
interfaces w ith ou t any p rio r measurements of flu x in  the 
system . Th e  values of Jw so calculated are shown in 
Table  I .

Equation  12 m ay be used to  find values of heat flu x, 
provided the value of the constant (K  +  ¡3) is known. 
The value of /3 depends on the p articu la r system  used 
and so m ust be measured. F o r th is case a reasonable 
estimate of (K  +  (3) is 4 X  10“ 4 joule per sec. cm. °C. 
Values fo r the sim ultaneous heat flow  calculated from  
eq. 12 also are listed in  Ta b le  I .

Before draw ing any conclusions based on these re
sults, the m agnitude of the experim ental errors m ust be

(19) “ Handbook of Chemistry and Physics,” Chemical Rubber Publishing 
Co., 35th Edition, 1953-1954.

(20) N. E. Dorsey, ACS Monograph 81 (1940).

considered. Random  varia tions in  w ater flu x measure
ments were generally less than ±0.15 X  10_s mole per 
sec. cm .2. Th e  d ifficu lties in reproducing heat flux 
measurements were greater. V a ria tion s of 0.5 m joi le 
per sec. cm .2 sometimes occurred. H ow ever, the 
measured values of heat flu x were not necessary for 
testing the v a lid ity  of Onsager’s recip rocity re lation. 
The fou rth  significant figure in  the tem perature 
measurements m ust be regarded as an estim ation. 
Varia tions in  the steady-state tem peratures shown in  
Tab le  I  were not greater than ±0.05°. Th e  accuracy 
of the vapor flu x measurement m ay have been affected 
b y  the ve rtica l boundaries of the a ir space, though it  is 
believed th a t th is was less than the error developed b y 
random  variations. Th e  accuracy of the heat flu x 
measurements was la rge ly dependent on the v a lid ity  of 
the heat loss calibration. T h is  could have been in  error 
b y  as m uch as 10%. Th e  tem perature recorded b y  the 
therm istors m ay have been s lig h tly  different from  the 
true tem perature of the a ir-w a te r interface, though it  is 
not lik e ly  th a t th is error was greater than 0.1°.

Considering these experim ental d ifficu lties and the 
approxim ations required in  using isotherm al values of 
p, D, AHv, C p, and F in  non-isotherm al equations, the 
varia tion  of the ra tio  L wq/ L qw is not unreasonable. 
Th e  differences between the measured and predicted 
values of heat and vapor fluxes are also w ith in  the lim its 
of experim ental and theoretical errors. Th e  author 
concludes that the Onsager re c ip roc ity relation is va lid  
fo r th is system , and th a t eq. 12 and 15 give  reliable esti
mates of the simultaneous fluxes of heat and water 
across the a ir space.
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INVESTIGATION OF SOLUTION ADSORPTION ON PLATINUM OF PURE AND 
MIXED FILMS OF FATTY AMINES BY CONTACT POTENTIALS1

B y  K . W . B e w ig  a n d  W . A . Z ism a n

U. S. Naval Research Laboratory, Washington 25, D. C.

Received June 20, 1962

A homologous series of pure, primary, fatty amines from C4 to C22 has been studied in the form of retracted 
monomolecular films adsorbed on pure polished platinum. The change in the contact potential difference 
between the platinum electrode and a stable reference electrode of gold coated with FEP Teflon as the result of 
the adsorption of each condensed monolayer was measured at 20° and 50% relative humidity in filtered 
air carefully freed from organic contaminants. The molecular packing of amine molecules in each monolayer 
was measured conveniently although indirectly by obtaining the contact angle of pure methylene iodide as in 
our previous investigations. Contact potential differences were reproduced readily under these conditions in 
independent measurements within ± 2 %  provided the electrode temperature and the relative humidity were 
controlled appropriately. Monolayers were deposited on the platinum electrode by retraction from a variety 
of pure solvents. Plots of the contact angle vs. the number of carbon atoms per amine molecule and of the con
tact potential differences vs. the contact angle were found most informative about the effects of homology, 
molecular packing, and orientation, as well as of solvent inclusion through molecular adlineation in the mono- 
layers. The molecular adlineation of solvents containing a phenyl group as well as branching of the hydro
carbon chain were compared with that of straight chain alkane solvents.

In troduction
A fte r a m etal surface has been coated w ith  a film  of 

either Teflon  or F E P  Teflon, there is p ra ctica lly  no 
tendency to  adsorb gases or vapors w hich are above 
th eir bo iling po ints.2 3 A n  unreactive m etal, like  gold, 
when so coated is an effective reference electrode fo r 
studying the adsorption of molecules on an uncoated or 
“ active”  m etal electrode b y  means of measurements of 
change in  the contact potentia l difference between the 
electrodes. T h is  useful surface p rop erty of fluorocarbon 
resins follow s from  th e ir e xtra o rd in a rily  low  surface 
energies (or low  c ritica l surface tensions of w ettin g). 
F o r exam ple, the c ritica l surface tension of w ettin g  of 
Teflon  is 18.5 dynes/cm .,8 and of F E P  Teflon  o n ly  16.2 
dynes/cm .4 5 R ecently, M a rtin e t6 and Graham 6 have 
shown th a t Te flon  has low  gas a d so rp tiv ity  a t o rd in a ry 
tem peratures. W e report here the changes observed in  
the contact potentia l difference between such a reference 
electrode and the clean polished surface of p latinum  (the 
active electrode) upon w hich a close-packed m onolayer 
of each of the homologous fa tty  amines has been ad
sorbed. Results are also presented on the effects of 
va ryin g  the solvent from  w hich the amine is adsorbed, 
the tim e allowed fo r adsorption, the conditions under 
w hich m ixed condensed film s of solute and solvent are 
adsorbed, and on the re lation  between structure of amine 
and solvent molecules fo r stable m ixed film s to  form .

Experim ental
Materials and Procedures.— The primary fatty amine com

pounds used as adsorbates in this investigation were of unusual 
purity; when each was melted and recrystallized in flowing dry 
nitrogen gas, a melting point range within 1  or 2 ° of the best 
literature values was obtained. All of the contact potential 
measurements were made using the vibrating condenser method7’8 
in a room ventilated with filtered air freed of adsorbable vapors 
and controlled to 50 ±  5%  relative humidity and 20 ±  1°.

(1) Presented at the National Meeting, Division of Colloid and Surface 
Chemistry, American Chemical Society, Washington, D. C., March 29, 1962.

(2) (a) K. W. Bewig and W. A. Zisman, NRL Report 5383, “ Metals
Coated with Films of Low Surface Energy as Reference Electrodes for the 
Measurements of Contact Potential Differences,” October 23, 1959; (b)
K. W. Bewig and W. A. Zisman, Advances in Chemistry Series, No. 33, 
American Chemical Society, Washington, D. C., 1961, p. 100.

(3) H. W. Fox and W. A. Zisman, J. Colloid Sci., 5, 514 (1950).
(4) M. K. Bernett and W. A. Zisman, J. Phys. Chem., 65, 2266 (1961).
(5) J. M. Martinet, Rapport CEA 888, Centre D ’Etudes Nucleaises de 

Socloy, 1958.
(6) D. Graham, J. Phys. Chem., 66, 1815 (1962).

The platinum surface on which each monolayer was adsorbed 
was prepared by polishing it on a wet “ kitten’s ear”  cloth with 
levigated alumina having an average particle size of 0.3 m; 
it then was scrubbed on a clean, grease-free cloth, rinsed in 
flowing distilled water, and dried in clean air. In the carefully 
controlled air used, this treatment gave adequately reproducible 
contact potential differences between the reference electrode 
and the clean platinum electrode and also the platinum electrode 
after having been coated with an adsorbed monolayer of the 
amine. Reproducibility was always within ± 1 0  mv. even after 
24 hr. When platinum was cleaned in this way, much more 
reproducible data were obtained than after flaming, or after 
various etching treatments, or after cleaning with redistilled 
solvents. Of course, none of these treatments in the air pro
duced platinum surfaces free of oxide.

Each of the fatty amines studied was adsorbed on the platinum 
by retraction9 -11 from a solution in pure nitromethane or in each 
of a variety of pure hydrocarbons. The contact potential dif
ference referred to throughout this report was obtained by first 
allowing a freshly cleaned, plane, platinum electrode which was 
3/s in. in diameter and 1/K in. thick to come to equilibrium with 
the room atmosphere for 30 min., at which time the difference 
in contact potential between it and the coated reference electrode 
was measured. Next, the electrode was removed from the vi
brating condenser and placed in a solution of the amine for the 
desired immersion time. Finally, the electrode was removed 
slowly from the solution with its plane face held vertically in 
order to allow the liquid to retract, and the resulting dry, mono
layer-covered electrode was inserted in the vibrating condenser. 
The resulting potential difference was found to be constant for 
a long time and so could be measured readily. The difference 
in the contact potential before and after the platinum had been 
so immersed and retracted from the adsorbing solution will be 
denoted as i F .

The contact angle ( 0) reported here is the value measured with 
a sessile drop of pure, colorless, methylene iodide (surface tension,
50.8 dynes/cm. at 20°) resting on the film-coated, horizontal, 
platinum surface of the active electrode. A contact angle of 
from 68 to 70° always is obtained with methylene iodide when 
resting under equilibrium conditions on the close-packed methyl 
terminal groups of a film comprised of paraffinic polar mole
cules.11-13  We have used methylene iodide extensively for meas
urements of contact angles on films because its high surface 
tension leads to large values of 6, the approximate spherical 
shape of the molecule minimizes any tendency to molecular ad-

(7) W. A. Zisman, Rev. Sci. Instr., 3, 369 (1932).
(8) K. Bewig, NRL Report 5096, “ Improvements in the Vibrating Con

denser Method of Measuring Contact Potential Differences,”  February 4, 
1958.

(9) W. C. Bigelow, D. L. Pickett, and W. A. Zisman, J. Colloid Sci., 1, 513 
(1946).

(10) W. C. Bigelow, E. G. Glass, and W. A. Zisman, ibid., 2, 563 (1947).
(11) E. G. Shafrin and W. A. Zisman, J. Phys. Chem., 64, 519 (1960).
(12) O. Levine and W. A. Zisman, ibid., 61, 1068 (1957).
(13) O. Levine and W. A. Zisman, ibid., 61, 1188 (1957).
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lineation in films of polar paraffinic compounds, and the large 
size of the methylene iodide molecule prevents liquid or vapor 
permeation into close-packed monolayers of paraffinic derivatives.

The alkane solvents used in these experiments were 99 +  %  
olefin-free; they were obtained from Phillips Petroleum Corp., 
Humphrey-Wilkinson, and Matheson. Coleman and Bell, and 
before each sample was used it was percolated through a column 
of activated silica gel and adsorption alumina. An exception 
was n-octadecane, which has a melting point of 28°; this com
pound was liquefied at 35° and it was used as obtained from the 
supplier. The nitromethane solvent was Eastman spectro 
grade and it was also used without further purification.

Results w ith  Adsorbed F ilm s w hich A re  Free of 
Solvents.— F igu re  1 is a p lo t of the values of A F  ob
tained fo r the homologous series of p rim a ry fa tty  amines 
when p lotted  against the num ber (N) of carbon atoms 
in  the amine m olecule. Each m onolayer was adsorbed 
from  a 0 . 1 0  w t. %  solution in  1 0  m l. of nitrom ethane. 
Previous research9 - 1 3  had shown th a t th is concentration 
was more than sufficient to  guarantee adsorption of 
each amine on p latinum  in  the form  of a close-packed 
m onolayer. N itrom ethane has a surface tension a t 20° 
of 36.2 dynes/cm ., w hich is su fficien tly greater than the 
critica l surface tension of w ettin g of 24 dynes/cm . ob
served w ith  close-packed paraffin ic film s to  perm it 
isolating the platinum  coated w ith  its  adsorbed m ono- 
la ye r from  the solution b y  the re traction  m ethod . 1 1 - 1 3  

Each graphical po in t in  F ig . 1 was unchanged when the 
tim e of im m ersion before re traction  was varied from  1 2  

m in. up to  24 h r.; consequently, w ith  the 0.1%  concen
tra tion  of amine used, the equ ilibrium  adsorbed film  
was always obtained w ith in  the firs t few m inutes of im 
mersion of the p latinum . H ow ever, to  be certain th at 
the tim e of adsorption w ould not be a factor in  p lo ttin g  
F ig . 1 fo r every member of the homologous series of 
amines, an im m ersion tim e of 30 m in. was always used.

The reset accuracy of any one measurement of A F  
was w ith in  2 or 3 m v .; the the spread of a series of inde
pendent experim ents is shown in  F ig . 1, the average 
deviation from  the curve being ±20 m v. Th e  graph 
reveals an asym ptotic m axim um  fo r tetradecylam ine 
(C u ) and its  higher homologs. Because of the non
linear shape of nitrom ethane and its  v o la tility , m ixed 
film s of solute and solvent w ould not be expected at 
adsorption equ ilibrium  a t the h igh solute concentra
tions used; the fo llow ing results w ill show th a t no evi
dence to  the con tra ry was found. Hence, the observed 
values of A F  m ust result from  the change in  the surface 
density of amine dipoles adsorbed on the platinum . 
Since there is no va ria tion  in  the dipole m om ent of the 
higher fa tty  amines, the conclusion appears unavoidable 
th a t the num ber and orientation  of the adsorbed amine 
molecules m ust be identica l in  a ll m onolayers fo r which 
N  >  14. Th e  sim plest in terpretation  is th a t these film s 
are close-packed m onolayers. Th e  progressive decrease 
in  A F  fo r the amines below C 14 m ust mean th a t the 
decreasing la tera l attractions b y hydrocarbon “ ta ils” 
having values of N  below 14 perm it either large, 
lateral, therm al m ovements in  the chains or tiltin g  of 
the m olecular axes in  the adsorbed film . Therefore, the 
surface density of the adsorbed amine dipoles m ust de
crease w ith  N. Th e  positive sign of the values of A F  
means th a t the adsorbed amine molecules were oriented 
in  a ll cases so th a t the positive pole was directed away 
from  the m etal substrate . 2

A  condensed m onolayer of octadecylam ine on an 
aqueous substrate a t p H  8.2 has a value of A F  =  0.600

Fig. 1.— Contact potentials of homologous amines adsorbed on 
platinum from nitromethane.

v . and a lim itin g  area per m olecule of 20.4 A .2 at zero 
com pression.14 U sing the H elm holtz re lation, A F  =  
4xi7/ix, to  com pute /x±, the norm al com ponent of the 
dipole mom ent of the molecules adsorbed on the aqueous 
substrate, where y =  l/(20.4  X  10-16) or 4.9 X  1014 
adsorbed molecules per cm .2, we obtain yj_ =  0.324 D . 
Th e  lite ra tu re  value of the dipole m om ent of octadec
ylam ine in  the gaseous state is 1.3 D .15 The sm aller 
value of p.± of octadecylam ine when adsorbed on water 
p robab ly is the resultant of the induced dipoles caused 
b y  p ro x im ity  of the amines and also the effects of d i
poles in  the surface la ye r of the liq u id  substrate which 
originate in  hydrogen bonding and also in  orientation  in  
the local field of the amine dipoles.

The situation  of a condensed m onolayer on a m etal 
substrate is analogous to  th a t of an aqueous sub
strate. D iffe ren t m etals have d ifferent w ork functions 
so th a t the in teraction  energy between a condensed 
m onolayer and the underlying solid w ould be different 
fo r each m etal; consequently, the resultant of the d i
pole po larization  effects w ould change in  each case. 
A  fu rth e r com plication arises from  the fact th a t metals 
react d iffe rently w ith  any one reference atmosphere so 
th a t th e ir apparent w ork functions w ould d iffer from  
the values obtained from  a nascent state surface. F o r 
these reasons, when the H elm holtz re la tion  is used to  
com pute mxj the apparent norm al component of the 
dipole mom ent of the adsorbed molecules w ould be ex
pected to  change fo r d ifferent m etal adsorbents and 
there w ould not necessarily be a one to  one correspond
ence w ith  the w ork function sequence of the metals. 
In  any case, n± w ould d iffer from  the dipole m om ent, n, 
of a m olecule determ ined from  dielectric constant 
measurements of its  vapor or of its  solution in  a non
polar solvent.

U sing a m u ltip le -d ip  technique, B igelow , P icke tt, and 
Zism an9 adsorbed octadecylam ine on a p latinum  dipper 
from  solution in  d icyc loh exyl and determ ined the aver
age cross sectional area per adsorbed molecule to  be 
about 30 A.2 B rockw ay and K a rle 16 and B igelow  and 
B rockw ay17 have shown b y  electron d iffraction  experi
ments th a t there is a random  t i lt  of several degrees in 
the axes of polar molecules adsorbed b y  retraction  on 
solid substrates. Consistent w ith  th is is the structura l 
m odel of m icelles of such film s proposed b y  E p ste in .18 
E ith e r such a m icellar structure or a sligh t random t ilt  
of the adsorbed m olecular axes could account fo r less

(14) H. W. Fox, J. Phys. Che-n., 61, 1058 (1957).
(15) J. W. Smith, Chem. Soc., 1567 (1933).
(16) L. O. Brockway and J. Karle, J. Colloid Sci., 2, 277 (1947).
(17) W. C. Bigelow and L. O. Brockway, ibid., 11, 60 (1956).
(18) II. T. Epstein, J. Phys. Colloid Chem., 54, 1053 (1950).
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Fig. 2.—Contact angles of homologous amines adsorbed on 
platinum from nitromethane.

dense film s adsorbed on solids than on liq u id  substrates, 
thereby producing the apparent area per m olecule of 
30 A . 2 on p latinum  as compared to  20.4 A . 2 per m ole
cule on the aqueous substrate.

From  F ig . 1 fo r the higher homologs of the aliphatic 
amines, AV =  0.945 v . I f  it  is assumed th a t the average 
area per molecule is 30 A .2, 17 =  3.33 X  1 0 u  adsorbed 
molecules per cm .2, and =  0.753 D ., w hich is much 
closer to  the dipole m om ent in  gaseous states than ever 
found before. Bowden and Th rosse ll19 have reported 
th a t platinum  surfaces cleaned b y  polishing and wash
ing methods have hygroscopic im purities on the surface 
because of which a t room  tem perature and 80% re la tive  
h u m id ity there results adsorption of about 2 0  m olecular 
layers of w ater. W hen such im purities were absent, 
o n ly one m onolayer of water was adsorbed. Th e  ad
sorbed w ater present on such a surface w ould be more 
rig id ly  bound and its  orientation po larization  and dipole 
induction effects would be less than th a t of the bulk 
water substrate; therefore, j_ fo r the adsorbed amine 
m onolayer should be between the value obtained on 
bulk w ater and th a t of the gaseous amine molecules as 
has been indicated b y  the above experim ents.

W hereas the values of AV result from  the electrostatic 
field orig ina ting p rin c ip a lly in  the polar term inal groups 
of the adsorbed amine molecules, the values of 6 are de
term ined essentially b y the nature and packing of 
m ethyl groups on the opposite term inal of each m olecule 
adsorbed on the m onolayer. 20 Th e  cosines of the con
tact angles of m ethylene iodide observed on the same 
adsorbed film s studied in  obtain ing the data of F ig . 1 
are p lotted in  F ig . 2 against N. A ga in  an asym ptotic 
m axim um  is seen fo r C 14 and higher amines. T h is  result 
can be explained read ily if  the m onolayers comprised of 
the C 14 and higher amines are solid close-packed film s, 
whereas those having A  <  14 are less densely packed. 
On com paring F ig . 1 and 2 it  w ill be evident th a t cos 9 
vs. N  varies lin e a rly fo r N  <  14, whereas AV vs. N  
varies in  a curvilinear m anner. The trian gu la r data 
points in  F ig . 2 show the excellent agreement of our data 
fo r film s on p latinum  w ith  the results of Levine and Z is
m an 13 obtained on condensed m onolayers of the same 
compounds adsorbed b y retraction  on glass from  the 
pure liq u id  amines.

R esults on M onolayers Contain ing Solvent M ole 
cules.— B a rte ll and co-w orkers2 1 ' 23 have used an

(19) F. P. Bowden and W. R. Throssell, Nature, 167, 601 (1951).
(20) W. A. Zisman, “ Relation of Chemical Constitution to the Wetting 

and Spreading of Liquids on Solids,”  NRL Report 4932. May 15, 1957; pub
lished in “ A Decade of Basic and Applied Science in the Navy,”  Office of 
Naval Research, Rept. ONR-2, 30 (1957), Supt. of Documents., U- S. Govt. 
Printing Office, Washington, D. C.

(21) L. S. Bartell and R. J. Ruch J. Phys. Chem., 60, 1231 (1956).

Fig. 3.— Contact potentials of octadecylamine adsorbed on 
platinum from nitromethane and hexadecane.

optical interference spectrom eter to  show th a t octa
decylam ine film s adsorbed and retracted from  hexa
decane solutions on polished chrom ium  were m ixtures 
of solute and solvent molecules. Levine and Zism an 13 

found th a t such m ixed film s also could be form ed on 
glass surfaces and could be detected and studied rea d ily 
b y m ultip le-traverse, boundary fric tio n  measurements 
of film  d u ra b ility . T h e ir m ixed film s were m etastable, 
fo r th ey d id  not occur if  sufficient im m ersion tim e was 
allowed before retraction  to  atta in  true adsorption 
equilibrium . A n  im m ersion tim e of around 24 h r. was 
required before a ll of the hexadecane was replaced b y 
fa tty  amine molecules.

In  F ig . 3 the observed value of AV fo r octadecylam ine 
adsorbed from  solution is p lotted  against the im m ersion 
tim e, and each curve describes the results obtained 
using a d ifferent solvent. The dotted curve shows the 
results obtained using a 0 .1 %  b y  w eight solution in 
nitrom ethane. A s  m entioned before, molecules of th is 
solvent w ould not be expected to  adlineate w ith  octa
decylam ine to  form  a retracted m onolayer. T h is  con
clusion was verified upon observing th at, fo r im m ersion 
tim es va ryin g  from  12 m in. to  24 h r., AV had a constant 
value of 945 m v. and 9 a constant value of between 6 8  

and 69°. I t  also w ill be noted th a t these values agree 
w ell w ith  the asym ptotic m axim um  values shown fo r 
pure film s of the fa tty  amines in  F ig . 1  and 2, respec
tiv e ly . Since nitrom ethane has a dipole mom ent of 3.4
D . and octadecylam ine 1.2 D ., any sign ificant propor
tion  of the nitrom ethane included in  the film  w ould 
cause a sign ificant change in  AV. Hence it  can be 
concluded th a t the octadecylam ine film s retracted from  
such nitrom ethane solutions are devoid of solvent.

Th e  lower curve of F ig . 3 is fo r the results obtained 
upon re tracting octadecylam ine from  a 1 . 0  w t. %  solu
tion  in  «-hexadecane; th is large solute concentration 
was used because it  is fa ir ly  close to  the so lu b ility  of the 
amine a t 2 0 ° and hence created favorable conditions 
fo r guaranteeing the adsorption on platinum  of a close- 
packed film . Th e  contact angles of the resulting re
tracted film s were from  6 8  to  69° over the entire range 
of im m ersion tim es studied (up to 24 hours). H ow ever, 
A F  increased w ith  the im m ersion tim e from  760 m v. 
after 12 m in. to  a m axim um  of 925 m v. after 6  h r.

(22) L. S. Bartell and R. J. Ruch, ibid., 63, 1045 (1959).
(23) L. S. Bartell and J. F. Betts, ibid., 64, 1075 (1960).
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N ote th a t th is m axim um  value is about 20 m v. less 
than obtained fo r the condensed film  adsorbed from  
solutions in  nitrom ethane. W hereas the contact angles 
indicate a close-packed film  of outerm ost m ethyl groups, 
the measurements of AV  reveal th a t during the firs t 
few hours of im m ersion, the amine molecules in  the 
adsorbed film  were not close packed b u t grad ua lly be
came nearly so after 6 hr.

A  saturated alkane has a zero dipole m om ent in  the 
vapor state,24 * and a reasonable assumption is th a t the 
mom ent is n il in  the m ixed adlineated film s described 
here. H ow ever, if  the term inal m ethyl group of the 
alkane is in  contact w ith  the p latinum , it  m ay become 
polarized b y  the electrostatic fie ld of the m etal. I f  no 
contact is made, the induced polarization  mom ent prob
a b ly is negligib le. Assum ing the adlineated alkanes 
do not contribute to  AV, it  is evident th a t AV is deter
m ined sole ly b y the num ber of amine molecules ad
sorbed per u n it area and b y  the norm al component of 
the am ine-p latinum  dipole m om ent. I f  the adlineated 
alkane molecules are so located th a t the outerm ost 
m ethyl groups are situated approxim ate ly in  the same 
plane as the m ethyl term inals of the adsorbed amine 
molecules, then the surface density of outerm ost m ethyl 
groups in  the m ixed film  w ould be the same as in  the 
puie film  because the cross sectional areas of amine and 
alkane are nearly the same; hence unlike AV, d w ould 
not be affected b y the presence of the adlineated alkane 
molecules.

Since the AV value of 945 m v. obtained from  the 
study of octadecylam ine in  nitrom ethane is due solely to  
the oriented dipoles of close-packed amine molecules 
adsorbed on the surface of the p latinum , th is value can 
be used as a reference fo r com puting the proportion  of 
amine molecules to  adlineated alkane molecules in  the 
m ixed film . Thus, from  the increase in  AV w ith  im 
m ersion tim e shown in  F ig . 3, one can com pute how the 
percentage of alkane molecules in  the m ixed film  de
creases as the tim e of im m ersion increases. Th e  results 
calculated on the basis th a t the cross-sectional area of 
adsorbed amine molecules and of alkane molecules is 
about the same are given in  F ig . 4.

F igu re  4 makes it  evident th a t after 1 h r. im m ersion 
tim e, about 20 mole %  of the adsorbed film  consists of 
adlineated hexadecane molecules. B a rte ll and B e tts23 
also found th a t octadecylam ine adsorbed from  hexa
decane contained approxim ate ly 20% of the solvent in  
the film s. H ow ever, our results show th a t the included 
hexadecane is gradua lly replaced b y  octadecylam ine 
u n til a fter 6 hours 1%  or less of the hexadecane re
mains in  the adsorbed film . Th e  fact th a t the asym p
to tic  m axim um  is 925 m v. rather than the value of 945 
m v. fo r a condensed retracted amine m onolayer m ay 
mean th a t the solute concentration is not h igh enough 
to  give  closest packing of the amine m olecules; how - 

* ever, the 1.0 w t. %  solution was about the m axim um  
concentration a t room  tem perature at which octadec
ylam ine could be dissolved in  hexadecane.

In  attem pting to  stud y the effects on m ixed film  
form ation of using lower n-alkanes such as tetradecane, 
dodecane, etc., a d iffic u lty  encountered was th a t re
tracted film s could not be obtained below tetradecane. 
The reason fo r th is resu lt is th a t re traction  becomes

(24) C. J. F. Bottcher, “ Theory of Electric Polarization,”  Elsevier Pub
lishing Co., 1952, p. 329.

Fig. 4.—Calculated mole per cent of hexadecane adlineated with 
octadecylamine adsorbed on platinum.

more d ifficu lt the sm aller the difference between the sur
face tension of the solution and the c ritica l surface ten
sion of w etting of 24 dynes/cm . w hich is characteristic 
fo r a surface of close-packed m ethyl groups.26 In  the 
fa m ily  of n-alkanes, the surface tension of hexadecane is
27.6 dynes/cm. and of heptane is 20.3 dynes/cm .26; 
hence retraction is im possible below tetradecane. D e
spite th is lim ita tion , we have managed to  study adlinea- 
tion  fo r these and other related solvent-solu te systems 
b y  using a simple technique w hich has a good experi
m ental foundation. Levine and Zism an12 have dem
onstrated th a t solid m onolayers can be rubbed re
peatedly and vigorou sly w ith  clean tissue paper w ith ou t 
changing the coefficient of boundary fric tio n , the film  
d u ra b ility , and the contact angles w ith  various liqu ids; 
th ey also showed the equivalence of solid film s retracted 
from  solution w ith  those obtained b y  rubbing aw ay any 
excess of the solution placed on the smooth adsorbing 
surface. Th e  same technique was used here to  prepare 
m ixed film s of the fa tty  amines w ith  the lower n-alkane 
liqu ids. Added ju stifica tion  fo r so doing is our ob
servation th a t a clean p latinum  surface can be rubbed 
vigorou sly w ith  a clean tissue paper w ith ou t any more 
change in  AV than 7 or 8 m v. m axim um  deviation as a 
result of much repeated handling and rubbing. F u r
therm ore, the adsorbed m onolayers of amines and al
kanes described below were not changed any more than 
th is sm all am ount as a result of the same repeated rub 
bing treatm ent w ith  tissue paper.

Tab le  I  summarizes the results obtained w ith  m ono- 
layers of the fa tty  amines adsorbed from  solution in  
various pure alkane solvents; those re la ting to  heptane, 
decane, or dodecane were obtained b y  the above- 
m entioned tissue-rubbing m ethod. In  the firs t row  of 
Tab le  I  the data fo r octadecylam ine adsorbed from  
nitrom ethane are tabulated fo r reference. Values of 
AV given in  the th ird  and fou rth  columns were deter
m ined in  each case fo r im m ersion tim es of 12 m in. and 
24 hr. In  the fifth  colum n is the m ethylene iodide con
ta ct angle (6) w hich was measured after each im m ersion 
tim e; it  w ill be noted th a t 6 was usua lly 68 or 69° and 
was never below 67°, w hich indicates th a t the outerm ost 
com position of each m ixed film  is a close-packed surface 
of m ethyl groups. Hence, i t  is not lik e ly  th a t the lower 
term inal of the adlineated alkane m olecule was in  con
ta ct w ith  the p latinum  substrate.

In  the last tw o columns are given the estim ated mole

(25) E. G. Shafrin and W. A. Zisman, J. Colloid Set., 7, 166 (1952).
(26) O. R. Quayle, Chem. Rev., 53, 439 (1953).
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T a b l e  I
C o m pa riso n  o f  Se v e r a l  A m in e s  A d so r b e d  on  P la t in u m  from  V a r io u s  A l k a n e s  C o m pared  w it h  O c ta d e c y la m in e  A d so r b e d  from

N it r o m e th a n e

Solute Solvent
AF,

12 min.
AV, 

24 hr.
C H *

e

Mole % alkane 
in film after 

12 min.

Mole % alkane 
in film after 

24 hr.

0 . 1 %  Cis amine CH8N 0 2 0.945 0.945 69° 0 0

1 %  Cj4 amine C12 alkane .710 .880 67° 24.9 7.0
Oh alkane .510 .805 6 8° 46.0 14.9
Cm alkane .645 .840 o oo o 31.8 1 1 . 1

1 %  Cie amine C12 alkane .735 .910 69° 22.3 3.6
Cm alkane .730 .935 69° 2 2 .8 1 . 0

Ci6 alkane .710 .800 69° 24.9 15.4

1 %  Cis amine Ci alkane .937 .955 6 8° 1 . 0 0

C10 alkane .913 .934 6 8° 3.4 1 . 1

C12 alkane .840 .920 69° 1 1 . 1 2 .6

Ci e alkane .760 .925 69° 19.5 2 . 1

Ci8 alkane“ .778 .819 6 8° 17.7 13.4
Adsorbed from solution at 35°.

T a b l e  II
D a t a  fro m  T h r e e  A m in e s  A d so r b e d  on  P la t in u m  from  E q u a l  C h a in  L e n g th  A l k a n e s

Mole %  alkar.e
AF, AF, AF, in film after 

Solute Solvent 12 min. 24 hr. 48 hr. 24 hr.

Mole %  alkane 
in film after 

48 hr.

1 %  Cu amine Ci 4 alkane“ 0.510 0.805 0.806 14.9 14.7
b .517 .808 .805 14.5 14.9

1 %  Cie amine Cm alkane“ .710 .800 .804 15.4 15.0
b .702 .798 .792 15.5 16.1

1 %  C l8 amine C,a alkane6 .778 .819 .814 13.4 13.9
“ Adsorbed from solution at 20°. 6 Adsorbed from solution at 35°.

T a b l e  III
D a t a  f o r  T h r e e  A m in e s  A d so r b e d  on  P l a t in u m  from  1-P h e n y ld o d e c a n e  an d  T w o  B ra n c h e d  C h a in  H y d r o c a r b o n s

Mole % solv. Mole % solv.
AF, AV, AV, CH2I2 in film after in film after

Solute Solvent 12 min. 24 hr. 48 hr. 0 24 hr. 48 hr.
1 %  Cjs amine l-Phenyldodecane 0.926 0.939 0.942 6 8° 0 .7 0
1  %  Cis amine Pristane .748 .950 .935 62-67° 0 1 .0
1 %  Cj2 amine Squalane .847 .917 .929 61-66° 3.0 1 . 8

per cent of alkanes in  the m ixed film . W hen the length 
of the n-alkane m olecule was much sm aller than th a t of 
the a lk y l amine m olecule— as, fo r exam ple, in  the com
bination  of a C 7 alkane w ith  a C i8 amine— then little  
solvent adlineation took place since A H  after a 1 2 -m in . 
im m ersion and again after 24 h r. was not sign ifican tly 
d ifferent from  945 m v., the value fo r a condensed film  
free from  solvent molecules. A s the num ber of carbon 
atoms in  the amine and alkane molecules became more 
nearly equal, the rate of change in  A F  w ith  the im m er
sion tim e increased as shown in  Table  I  b y  the progres
sive changes in  the series form ed b y  C i8 amine dissolved 
in  the alkanes from  C7 to  C i8. W hen both chains con
ta in  the same num ber of carbon atoms, adlineation of 
the solvent is the m ost m arked and m ost tenacious as 
shown b y  the fact th a t A F  after 24 hr. im m ersion is fa r 
less than 945 m v. fo r the pa ir C i4 alkane and C 14 amine, 
the pa ir C i6 amine and C ]6 alkane, and C i8 amine w ith  
Cis alkane.

Ta b le  I I  summarizes the results obtained w ith  these 
three m ost stable systems. On extending the im m ersion 
tim e from  24 to  48 h r., no sign ificant change in  the 
m ixed film  occurred. Since n-octadecane is solid at 
room  tem perature, it  was necessary to  liq u e fy and use 
it  at 35° as a solvent fo r the study summ arized in  Table
I I .  Therefore, in  order to  obtain com parable data for 
Tab le  I I ,  the systems C i4 alkane w ith  C 14 amine and the 
Cíe amine w ith  the C i6 alkane also were studied a t 35°.

N o sign ificant tem perature effect occurred in  going 
from  25 to  35° w ith  these system s; a ll the contact 
angles at both tem peratures were 6 8  to  69°. Th e  per
sistent value in  Table  I I ,  last tw o columns, of about 15 
mole %  of alkanes in  the stable m ixed film s suggests 
there is some kind  of regular structure invo lved  in  the 
steady-state condition encountered in  these so lu te - 
solvent systems. One such system  is a tw o-dim ensional 
cluster or m ixed m icelle consisting of one central alkane 
m olecule surrounded b y  six adhering sym m etrica lly 
placed fa tty  amine molecules. I f  the alkane made no 
contribution  to  A F , a surface covered b y  these close- 
packed m icelle groups w ould indicate an inclusion of
14.3 mole %  of alkane molecules fo r such a hypothetica l 
structure.

B ranching of the solvent molecules w ould be expected 
to  decrease the adlineation in  m ixed film s; hence the 
effect on the A F  vs. tim e curves was exam ined. Th e  re
sults obtained w ith  1 %  solutions of octadecylam ine in  1 - 
phenyldodecane, pristane (2,6,10,14-tetram ethylpenta- 
decane), and squalane (2,6,10,15,19,23-hexamethyl- 
tetracosane) are summarized in  Table  I I I .  Solutions 
in  1 -phenyldodecane showed p ra ctica lly  no evidence of 
solvent adlineation as indicated b y  A F  in  the th ird  and 
fourth  columns of the table and the m ethylene iodide 
contact angles given in  the fifth  colum n. Th e  m ole per 
cent of solvent in  the film  after 12 m in. and 24 h r. was 
calculated from  the estimated cross section of the phenyl
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group obtained from  S tu a rt-B rig le b  ba ll model measure
ments. The behavior indicates th a t the size, 27.5 Á .2, 
and shape of the phenyl group does not allow  the 1- 
phenyldodecane to adlineate w ith  the octadecylam ine, 
which has an estim ated ba ll m odel cross section of 20.4 
A .2. H ow ever, the tw o hydrocarbons, pristane and 
squalane, each having m any m ethyl side chains, showed 
adlineation com parable to th a t of the m ism atched 
pairs of stra ight chain hydrocarbons and amines. A l
though the cross sectional areas of pristane and squalane, 
estimated 30 Á .2, are greater than th a t of the alkane sol
vents, 20.4 Á .2, nevertheless the linear close packing w ith  
the hydrocarbon ta ils of the amine m olecules appears to 
be quite sim ilar to  th a t of the alkanes as determ ined from  
ball model studies. T h is  com p a tib ility  of the tw o mo

lecular systems probab ly accounts fo r the adlineation of 
these solvents. In  the case of pristane and squalane, 
the contact angle (in  the fifth  colum n) corresponding to 
im m ersion times of 12 m inutes is o n ly  from  61 to  62° 
fo r the branched chain solvents; thus these adlineated 
solvents reduced the contact angle, whereas the alkanes 
presented an outerm ost m ethyl group w hich d id  not 
d isturb  the close-packed m ethyl surfaces of the a lkane- 
amine systems. I t  should be observed th a t the ba ll 
model show’s th a t because of tiltin g  of the term inal 
m ethyl groups of pristane and squalane there w ould be 
fewer m ethyl groups expected per square centim eter of 
surface, and th is m ay account fo r the 61 to 62° contact 
angles.

COULOSTATIC STUDY OF ADSORPTION KINETICS AT A METAL-ELECTROLYTE
INTERFACE

B y  P a u l  D e l a h a y

Coates Chemical Laboratory, Louisiana State University, Baton Rouge, Louisiana 
Received June 22, 1962

Variations of the surface concentration and potential with time are derived for the coulostatic method for an 
adsorption process, obeying the logarithmic Temkin isotherm at equilibrium, at an ideal polarized electrode and 
for mixed control by semi-infinite linear diffusion and adsorption kinetics. It is assumed that the charge density 
on the electrode varies according to a step-function of time in such a way that the cell with the ideal polarized 
electrode is essentially at open circuit after the abrupt change of charge density. Limiting cases corresponding 
to pure control by either adsorption kinetics or diffusion also are considered. The evaluation of the adsorption 
exchange rate, v°, from potential-time variations is indicated. It should be possible to determine values of 
v° ^ 10-5  mole cm . -2  see. “ 1 for observations with t ^ 1 Msec. Faster processes might be investigated with 
shorter measurement times.

A  coulostatic m ethod was recently suggested in  a 
paper from  th is La b o ra to ry1 fo r the study of adsorption 
kinetics of a neutra l substance a t a m eta l-e lectro lyte  
interface. Th e  influence of mass transfer control 
was not considered. Th e  more general case w ith  con
tro l b y  adsorption kinetics and mass transfer, as de
term ined b y  sem i-in fin ite  linear diffusion, is analyzed 
here.

P rin c ip le  and Boundary Value Problem .— Consider 
an ideal polarized electrode on w hich a neutral sub
stance other than the solvent is adsorbed. Fu rth e r, 
assume th a t the charge density on the electrode is 
changed according to  a step-function of tim e in  such 
a w ay th a t the cell w ith  the ideal polarized electrode is 
essentially a t open c ircu it im m ediately after the change 
of charge density. Th e  surface concentration of 
adsorbed substance progressively reaches its  equ ilibrium  
value after the step-variation  of the charge density, 
and the potentia l varies accord ingly. Param eters fo r 
adsorption kinetics can be deduced from  the potentia l
tim e variations. Th e  kinetics of adsorption processes 
obeying the logarithm ic Tem kin  isotherm  a t equi
lib rium  w ill be discussed here, but the m ethod can be 
extended to  processes obeying other isotherm s. The 
m ethod also m ay be applied when a specific form  of the 
rate equation fo r adsorption is not postulated provided 
on ly a sm all departure from  equ ilibrium  is considered; 
the adsorption rate then is expressed in  term s of the 
p artia l derivatives w ith  respect to  the variables on

(1) P. Delahay and D. M. Mohilner, J. Phys. Ckem., 66, 959 (1962); J. 
Am. Chem. Soc., 84, 4247 (1962).

w hich the rate depends.2 I t  w ill be assumed here 
th a t the rate equation previously derived1 fo r processes 
obeying the logarithm ic Tem kin  isotherm  applies.

The logarithm ic Tem kin  isotherm  is

bT =  —AG° +  RT  In  C° (1)

where F  is the surface concentration of adsorbed sub
stance; C° is the bu lk  concentration of adsorbed sub
stance; A (7° is the standard free energy of adsorption; 
6 is a param eter characteristic of adsorption; and R 
and T are as usual. Equation  1 is w ritte n  in  term s of 
C° ra ther than the corresponding a c tiv ity  on the as
sum ption th a t the a c tiv ity  coefficient in  solution is con
stant (d ilu te  solution of a neutra l substance). Th e  net 
adsorption rate per u n it area fo r a sm all departure 
from  equilibrium , w ith  w hich we are concerned here, 
is1

v = v -m C x=a/C«) -  (b/RT)8T -

(1/R,T)8(AG9)] (2)

where

8CX=o =  C _ „ -  C° (3)

sr = r -  r ; (4)

5(A(7®) = AG9 -  AGi1 (5)

In  the preceding equations v° is the exchange rate 
per un it area; AGq is the charge-dependent part of

(2) Cf. W. Lorenz, Z. EleJctrochem., 62, 192 (1958), who used this approach 
in the study of adsorption kinetics by the non-faradaic impedance method.
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Fig. 1.-—Variations of 5F/5(A6?) with time for mixed control 
by adsorption kinetics and diffusion for different adsorption ex
change rates. Data: b =  5 X  1012 mole- 1  cm .2 cal., c =  10-6 
mole cm.-3, d =  5 X  10-6 cm . 2 sec.-1, T =  25°.

AG°, and Cx=.o is the volum e concentration, at the 
electrode surface, of the adsorbed substance. The 
subscript i indicates the in itia l values of v" and A G9 
w hich preva il before va ria tion  of the charge density. 
One has v ^  0 fo r net adsorption or desorption, re
spectively. The values C°, 1\, and A  b p  correspond to 
in itia l conditions a t w hich there is equ ilibrium  accord
ing to the isotherm  of eq. 1. Since 8(AGq) varies ab
ru p tly  because of the change of the charge density 
g, T , Cx = o, and E  v a ry  u n til equ ilibrium  corresponding 
to  the new value q is reached. Th e  change of potentia l 
from  its  in itia l value before charging to  the value at 
tim e t a fter charging is1 for sm all variations of q

5E =  (bE/bg)r  bg +  (bE/bP )q 5 r (6)

tion  of surface concentration oP was obtained b y  in 
tegration. Thus

8(AG9) 1
* r =  üi° " W ------------ xR T  m  —  p

where

 ̂— [1 —  exp (jnH) erfc (m iV l) ]  
m

—  -  [1 —  exp(p2f) erfc (p t'/2) }  
V

m
2 G°D T

V  Z»;0 N2 hWi°T 

\ 2 C W ' )  ~  R T _

(8 )

(9)

p =  (ibvi°/RT)(l/m) (10)

Th e  function  y =  1 —  exp(X2) erfc(X) is such th a t y — 
0 fo r X =  0 and y =  1 fo r . Hence (F ig . 1) oP =  
0 fo r f =  0 and 5P =  —  8(AGJ)/b fo r <—*- °° (since mp =  
bvf/RT according to  eq. 10). Th e  la tte r value of oP 
corresponds to  the va ria tion  of T  at equ ilibrium  as 
deduced from  the isotherm  of eq. 1. One read ily 
ascertains from  eq. 8 th a t <5P, a t any tim e, has always 
the same sign as —  5(AGq)/b.

Adsorption C ontro l vs. D iffusion  C ontro l.— W hen 
(cf. eq. 9)

4 bC°D
(11)

Vi y> RT

Vi° ¿'A »  !  
GVD'/2

(12)

there is pure diffusion control. Th e  function  exp 
(m2t) erfc (mt'/’) in  eq. 8 vanishes, and eq. 8 becomes 
after in troduction  of the corresponding values of m 
and p

where the partia l derivatives are taken fo r the in itia l 
charge density and surface concentration.

Th e  concentration C fo r mass transfer controlled 
b y  sem i-infin ite linear diffusion is the solution of P ick ’s 
equation fo r the fo llow ing in itia l and boundary condi
tions: C =  C° fo r x ^  0 and t =  0; C — C° fo r x —> °o 
and f ^  0, and

Cx=o bD 
C° RT

fo r x =  0 and t >  0. Th e  notations are C°, concen
tra tion  of the adsorbable substance in  the bu lk  of the 
so lu tion ; D  is the diffusion coefficient of th is substance; 
x is the distance from  the electrode (more rigorously, 
distance from  the plane of closest approach fo r the ad
sorbed substance). Th e  boundary condition 7 was 
derived from  eq. 2 b y  reckoning th a t the rate dol’/'di 
fo r t >  0 is equal to  the flu x of the adsorbed substance 
a t x =  0, i.e., th a t 5P is the in tegra l from  0 to  t of the 
flu x a t x =  0.

Varia tions of Surface Concentration. General Equa
tion .— Th e  flu x a t the electrode surface (bC/bx)x = 0 
was derived b y  Laplace transform ation, and the rate 
d§P/di (=  D (bC/b:t)x = o) was obtained. Th e  va ria -

One has, as fo r the general case, 5 r =  0 a t t =  0, 
a n d S r =  —  8(AG9)/bior <-><».

C ond ition  11 is satisfied a t room  tem perature, fo r 
instance, fo r Via ^  10~4 mole cm .-2  sec.-1 fo r b =  5 X  
1012 m ole-1 cm .2 cal., C° =  10-6 mole cm .-3 , and D =  
5 X  10-6 cm .2 sec.-1 (F ig . 1). Cond ition  12 then is 
satisfied fo r t >  10-s  sec.

There is pure control b y  adsorption kinetics (F ig . 2) 
when (cf. eq. 9)

Vi° «
4 bC°D 

RT
(14)

The quantities m and p of eq. 9 and 10 then are im agi
n a ry but it  can be easily shown3 th a t eq. 8 reduces to

8T =  -  [5(A(?4)/ fr]{1 -  e xp [—  (vfb/RT)t}} (15)
(3) Note that

erf(l'X) =  w J o eI'UU

Cf. H. S. Carslaw and J. C. Jaeger, “ Conduction of Heat in Solids,”  Oxford 
University Press, London, 1947, p. 372.
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Th is  result was d ire c tly  derived in  a previous paper1 
fo r pure adsorption control.

Sm all and Large Argum ents and Im aginary A rg u 
m ents.— -One obtains after expansion of the exponential 
and error functions

8(A G”) 
RT

ST = Vi°

\ (to2 +  mp +  p2)t2 +  ,
Z 07T

-  t +  — ^  (to +  p )th -
3 7T 

1
(to2 +  p2){m  +  p)i‘!-..

(16)

Conversely, one has fo r mt'/l »  1 and pt'/2 > >  1

ST =
S(AGq)

1  - _V 2 -  +  -  TO p I1/ 2 * (17)

S im ilar equations can be w ritte n  fo r pure diffusion 
control, b u t ST varies w ith  t'/r fo r sm all argum ents 
since th is term  does not cancel out as in  eq. 16. I t  
follows eq. 17 and the corresponding equations for 
pure diffusion control th a t the adsorption rate doF/df 
varies w ith  t~ /2 fo r su fficien tly long times, whether 
there is control b y  diffusion o n ly or b y  diffusion and 
adsorption kinetics.

W hen (cf. eq. 9 and 10)

<
. 4 bC^D 

RT
(18)

to and p are im aginary, and it  can be shown easily th at 
the coefficients of the series of eq. 16 are real. Thus

TIME ( microsec.).
Fig. 2.-—Initial segments of the curves of Fig. 1 (solid curves) 

and corresponding curves for pure control by adsorption kinetics. 
The curves for mixed control by adsorption and diffusion for the 
lowest four adsorption exchange rates practically coincide with 
those shown for pure control by adsorption.

P o te n tia l-T im e  Varia tions and D eterm ination of
t’i°.— -The p o ten tia l-tim e  variations are d ire c tly  deduced 
b y in troduction  of 5F, as given above, in  eq. 6. Th e  
first term  on the rig h t hand side corresponds to the 
varia tion  of E  a t t =  0 upon the change of the charge 
density. Th e  adsorption exchange rate Vi0 is deduced 
from  the p o ten tia l-tim e  variations.

Conclusion

TO +  p  —
Viu

(19)

f  ÎL° N2 fWi0
to2 +  mp +  p2 =  ( -  —  (20)

\C°DV*) ~  2
(to2 +  p2)(m  +  p) =

l  Vi° y  _  to i0' V i"

RT  J  C°D1/2 
(2 1 )

Exchange rates fo r adsorption of neutral molecules 
at a m eta l-e lectro lyte  interface can be determ ined b y  
the present coulostatic method provided the rate is ap
preciably sm aller than the lim it fo r pure diffusion given 
b y  conditions 11 and 12 (e . g ^  10-5 mole cm .-2 
sec.“ 1, t ^  1 nsec.).
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KINETIC STUDIES ON THE DECARBOXYLATION OF SEVERAL UNSTABLE ACIDS
IN THE MOLTEN STATE

B y  L o u i s  W a t t s  C l a r k

Department of Chemistry, Western Carolina College, Cullowhee, N. C.
Received July 2, 1962

Kinetic data are reported on the decarboxylation of anthranilic acid, p-aminobenzoie acid, benzylmalonic acid, 
and malonic acid in the molten state. The malonic acid study was undertaken in order to up-date previous 
data reported 42 years ago. An enthalpy-entropy plot of the data for these four acids plus those for picolinic 
acid and oxanilic acid reported previously yielded two straight lines. The isokinetic temperatures were calcu
lated from the slopes of the lines and calculated AF° values were found to agree with the theoretical. Informa
tion regarding the nature of the activated states was deduced based upon the position of any acid of a given 
series on one of the lines. The malonic acid data were found to be at variance with those reported previously, 
indicating that older kinetic data in the literature are in need of rechecking.

Num erous kinetic studies have been carried out b y  
m any investigators on the decarboxylation of a large 
num ber of unstable acids in  a va rie ty  of solvents.1 
A lthough  data on the decarboxylation of the free acids 
in the m olten state or in  in ert solvents are needed also in  
order to  obtain a more complete understanding of the 
effect of solvent and structure on the reaction, it  appears 
th a t re la tive ly  few such compounds have been in vesti
gated. These include m alonic acid ,2 trich loroacetic 
acid ,3 oxan ilic acid ,4 and p ico lin ic acid.5

Th e  present paper reports results of k inetic studies 
w hich have been carried out in  th is Lab ora to ry on the 
decarboxylation of three additional acids in  the m olten 
state, nam ely, an thranilic acid, p-am inobenzoic acid, 
and benzylm alonic acid. E ffo rts to correlate the data 
obtained in  th is research w ith  those fo r the decarboxyla
tion  of m alonic acid reported b y  H inshelw ood2 in  1920 
were unsuccessful, and prom pted a recheck of the be
havior of th is compound using the more up -to -date  
equipm ent now available. Th e  data fo r the m alonic 
acid reaction thus obtained are included in  th is report.

Experim ental
Reagents.— The benzylmalonic acid and anthranilic acid used 

in this research were highest purity or reagent chemicals and were 
used without any further purification. The p-aminobenzoic acid 
was technical grade. However, before use, it was carefully 
reerystallized from ethanol, and a pure, dry sample of m.p. 187- 
188° was easily obtained. The malonic acid was reagent grade, 
100.0% assay, m.p. 134.0°. The benzylmalonic acid, anthra
nilic acid, and p-aminobenzoie acid used yielded the theoretical 
amount of CO. on complete decarboxylation, but in the case of 
malonic acid the additive vapor pressure of the acetic acid re
leased during decarboxylation caused a slight increase in the 
volume toward the end of the reaction.

Apparatus and Technique.— The apparatus employed in the 
present investigation was the same as that which has been 
used in previous studies.0 It  consists of a thermostated oil bath 
provided with a thermometer calibrated by the U. S. Bureau of 
Standards. The steam point of the thermometer is carefully 
rechecked at frequent intervals to ensure reliability. The 
reaction vessel was the same as that used in studying the de
carboxylation of molten oxanilic acid4 and picolinic acid .6 It 
was connected by standard taper joints to a condenser, the con
denser being connected to the water-jacketed buret by a short

(1) For reviews, cf., E. F. Gould, “ Mechanism and Structure in Organic 
Chemistry,”  Henry Holt and Company, New York, N. Y ., 1959, pp. 346 ff., 
S. L. Friess and A. Weissberger, Ed., “ Technique of Organic Chemistry; 
Volume VIII, Investigation of Rates and Mechanisms of Reactions,” 
Interscience Publishers, Inc., New York, N. Y., 1st Ed., 1953, pp. 382 ff.; 
J. Hine, “ Physical Organic Chemistry,”  McGraw-Hill Book Co., Inc., New 
York, N. Y., 1956, pp. 283 ff.

(2) C. N. Hinshelwood, ./. Chem. Sac., 117, 156 (1920).
(3) L. W. Clark, ./. Am. Chem. Soc., 77, 3130 (1955).
(4) L. W. Clark, J. Phys. Chem., 66, 1543 (1962).
(5) L. W. Clark, ibid., 66, 125 (1962).
(6) L. W. Clark, ibid., 60, 1150 (1956).

rubber hose. A piece of flexible tubing joined the buret to a 
leveling bulb holding an entraining liquid. This liquid consisted 
of a solution 20% by weight of sodium sulfate and 5%  by volume 
of sulfuric acid in which C 0 2 is insoluble. The vapor pressure 
of this solution was calculated using Raoult’s law and activity 
coefficients of the two solutes. It was found to be 91.0% of 
the vapor pressure of pure water. In converting the observed 
gas volumes to STP, the vapor pressure of this solution was 
subtracted from the observed corrected barometric pressure.

In each decarboxylation experiment a sample of the required 
acid was used which would yield 40.0 ml. of C 0 2 on complete 
reaction.7 The weights of these samples in grams were as 
follows: malonic acid, 0.1870; benzylmalonic acid, 0.3489; 
anthranilic acid and p-aminobenzoic acid, 0.2464.

Results
Th e  decarboxylation of an thran ilic acid, p-am ino- 

benzoic acid, and benzylm alonic acid was studied at 
three different tem peratures over a 10-20° tem perature 
range. Th e  experim ents were perform ed tw o or three 
times a t each tem perature. Th e  evolved C 0 2 (converted 
to S T P ) was p lotted  against tim e fo r each experim ent. 
Th e  p lo t of log (U , —  F t) vs. tim e, taken from  repre
sentative points on the smoothed experim ental plots, 
yie lded stra ight lines over m ost of the reaction in  each 
case.

Th e  decom position of m olten m alonic acid was 
studied at four different tem peratures between 140 and 
150°. A t  higher tem peratures the reaction was too 
rapid to be measured w ith  precision and low er tem 
peratures were im practical because of the slowness of 
the m elting. Tw o  or three experim ents were perform ed 
at each tem perature. A s in  a ll rate studies, the begin
n ing of the reaction was somewhat erra tic, the firs t few 
m illilite rs  of evolved C 0 2 occurring p rio r to the com plete 
m elting of the sample. T h is  necessitated an extrapola
tion  back to  zero tim e fo r the firs t 5 -10%  of the reac
tion . In  a typ ica l experim ent w ith  m alonic acid, fo r 
exam ple, the sample was added to the reaction flask at 
146.03° (cor.) and was com pletely m elted in  5 m in. 
N o readings were taken before the m elting was com
plete. A t  th is tim e 1.4 m l. of C 0 2 (uncorrected) were 
evolved. T o  com plicate the situation  fu rther, as acetic 
acid accumulated from  the reaction, its vapor pressure 
became appreciable toward the end of the experim ent so 
that a linear logarithm ic p lo t was obtainable o n ly over 
about the first 60-70% of the reaction. F igu re  1 is a 
typ ica l p lo t of the experim ental data, showing the de
com position of m olten m alonic acid at 150.93° (cor.). 
A  sligh t downward trend of the logarithm ic p lo t toward 
the end of the reaction is evident.

(7) These weights were calculated, ba.serl not upon the ideal gas laws, but 
upon the actual molar volume of CO2, 22, 264 ml. at STP.
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Fig. 1 .— Experimental data for the decarboxylation of 0.18G0 
g. of malonic acid at 150.93° (cor.): I, volume of CO2 at STP 
(ml.); II, log ( 7 „  -  U ).

The average values of the apparent first-o rd e r rate 
constant fo r each compound at each tem perature were 
obtained from  the slope of the experim ental logarithm ic 
p lot. The values thus obtained are shown in  Ta b le  I .  
A n  E yrin g  p lo t of the k inetic data fo r the decarboxyla
tion  of m alonic acid a t the fou r tem peratures studied is 
shown in  F ig . 2. Th e  param eters of the E y rin g  equa
tion , based upon the data, in  Ta b le  I ,  are shown in  
Ta b le  I I ,  along w ith  com parative data p reviously re
ported fo r oxan ilic acid and p ico lin ic acid.

T a b l e  I
A p p a r e n t  F ir s t -O r d e r  R a t e  C o n s t a n t s  f o r  t h e  D e c a r b o x 
y l a t io n  o f  S e v e r a l  U n s t a b l e  A c id s  in  t h e  M o l t e n  S t a t e

Temp., k X 104, Av.
Acid °C. (cor.) sec. “ x dev.

Malonic acid 139.63 3.87 ± 0 .0 3
144.40 6.39 ±  .04
146.03 7.34 ±  .04
149.93 12.7 ±  .05

Benzylmalonic acid 141.03 7.37 ±  .04
150.78 17.0 ±  .05
161.12 40.2 ±  . 1

Anthranilic acid 171.57 3.69 ±  .0 2
181.78 6.51 ±  .0 2
191.65 11.04 ±  .05

p-Aminobenzoie acid 189.64 7.62 ±  .04
194.59 9.75 ±  .04
2 0 0 . 1 1 14.12 ±  .05

T a b l e  II
K in e t ic  D a t a  f o r  t h e  D e c a r b o x y l a t io n  o f  S e v e r a l  U n-

s t a b l e  A c id s  in  t h e  M o l t e n  S t a t e

A E* AS*
Acid (kcal./mole) (e.u./mole)

Oxanilic acid4 40.1 + 2 1 .4
Picolinic acid1 39 8 +  13.2
Malonic acid“ 35.8 +  11.9
Benzylmalonic acid 29.4 -  2 .6
p-Aminobenzoic acid 24.9 -1 9 .9
Anthranilic acid 2 1  6 -2 6 .5

The data of Hinshelwood 
* =  33.0 and AS* =  + 4 .5 .

(ref. 2 ) for this reaction yield

D iscussion of Results
I t  is not surprising to  find th at the data obtained in  

th is present investigation  on the decarboxylation of 
m olten m alonic acid (see line 3 of Ta b le  I I )  d iffer

Fig. 2.—Eyring plot for the decarboxylation of molten malonic 
acid at different temperatures.
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Fig. 3..—Enthalpy-entropy- plot for the decarboxylation of 
several acids: I, amino acids (anthranilic, p-aminobenzoic, and 
picolinic); II, keto acids (benzylmalonic, malonic, and oxanilic).

somewhat from  th a t reported b y  H inshelw ood 42 years 
ago. T h is  result points out the fact th a t m any of the 
older kinetic data in  the lite ra tu re  are in  need of careful 
rechecking.

I t  has been w ell established th a t the mechanism of 
the decarboxylation of m alonic acid in  basic typ e  sol
vents is a bim olecular reaction, the rate-determ in ing 
step being the form ation of an interm ediate com plex 
between solute and solvent species.8 I t  is logica l to 
assume th a t the decarboxylation of the m olten acid is 
bim olecular also, the com plex in  th is  case being form ed 
b y the coordination of tw o “ superm olecules”  of m alonic 
acid— a polarized, electrophilic, carbonyl carbon atom

(8) G. Fraenkel, R. L. Belford, and P. E. Yankwich, J. Am. Chem. Soc.> 
76, 15 (1954).
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of one molecule attracted to  the unshared pa ir of elec
trons on the nucleophilic h yd ro xy l oxygen atom  of 
another— both e lectrophilic and nucleophilic species 
existing as associated complexes composed of tw o or 
more molecules each.9 There is no reason to doubt but 
th a t an analogous mechanism obtains in  the case of the 
decarboxylation  of the other acids listed in  Table  I I . 4

Figu re  3 is an e n th a lp y-en trop y p lo t of the data 
shown in  Table  I I .  I t  w ill be observed th a t the data 
fo r the tw o amino acids and the one im ino acid f it  on one 
stra igh t line, of slope 460°K. or 187°C., the so-called 
isokinetic tem perature10 (line I  of F ig . 3). T h is  tem 
perature corresponds to  the m elting po in t of p-am ino- 
benzoic acid. Th e  zero intercept of line  I  in  F ig . 3 is
33.9 kcal./m ole. T h is  is equal to  A 77° =  A F°, or the 
free-energy change of the reaction at the isokinetic tem 
perature. Th e  experim ental values of A F V “ for 
an thranilic acid, p-am inobenzoic acid, and p ico lin ic 
acid tu rn  out to  be, respectively, 33.8, 34.0, and 33.8 
kcal./m ole, agreeing w ell w ith  the theoretical values.

Benzylm alonic acid and m alonic acid m ay be re
garded as types of /3-keto acids, w hile  oxan ilic acid is 
analogous to  an a-keto acid. Th e  AH*-AS* p lots of 
these three acids f it on a separate stra ight line (line I I  
of F ig . 3) of slope 445°K. or 172°C. Th e  zero intercept 
of line I I  is 30.5 kcal./m ole, and the AF*m,> values fo r 
benzylm alonic acid, m alonic acid, and oxan ilic acid 
are, respectively, 30.4, 30.5, and 30.6 kcal./m ole. 
These results suggest the p o ss ib ility th a t other sub
stituted  m alonic acids, substituted oxam ic acids, and 
a- and /3-keto  acids should also fa ll on th is same line.

Th e  position of any acid of a given  series on one of 
the lines in  F ig . 3 affords inform ation on the nature of 
the activated state. W e see th a t p ico lin ic acid has a 
re la tive ly  h igh activation  energy, and also a high prob
a b ility  of form ation of the interm ediate com plex as 
shown b y  the large positive value of A$*. Th e  high 
AH* m ay be a ttribu ted  to the re la tive ly  weak electron 
a ttractin g power of the a-im ino group, on the one 
hand, and the weak b asic ity of the n itrogen due to  reso
nance on the other. Th e  large A<S* indicates re la tive ly  
little  association of the p ico lin ic acid m olecules or

(9) L. W. Clark, J. Phys. Cliem., 6 4 ,  692 (1960).
(10) J. E. Leffler, J. Org. Chem., 2 0 ,  1202 (1955).

zw itterions. There is a ve ry  large decrease in  both AH* 
and AS* on going from  pico lin ic acid to  p-am inobenzoic 
acid. Th e  large negative value of AS* in  th is case m ay 
be ascribed to  the association of the p-am inobenzoic 
acid to  form  long chain clusters. Th e  low  enthalpy of 
activation  m ay be explained on the basis of the carbonyl 
group of a zw itterion  coordinating w ith  one of the 
amino nitrogen atoms of a cluster of un-ionized m ole
cules. I f  an am ino group captures a proton  the resu lt- 

-b
ing — N H 3 group w ill have an electron a ttra ctin g  effect 
w hich w ill increase the effective positive charge on the 
carbonyl carbon atom  of the carboxylate ion, thus caus
ing a low ering of AH*. A  sim ilar explanation undoubt
ed ly holds in  the case of the isomer, an thran ilic  acid. 
Th e  lower AH* fo r th is reaction is consistent w ith  the 
closer p ro xim ity  of the amino group to  the carboxyl 
group, and the decrease in  AS* is ind icative  of an ortho 
effect.

A  comparison of the data fo r oxan ilic acid and pico
lin ic  acid shows them  to  have v e ry  nearly equal enthal
pies of activation . P ico lin ic  acid is actu a lly sm aller 
than oxan ilic acid, and the fact th a t the form er has a 
lower value of AS* than the la tte r points to  an ortho 
effect arising from  the re la tive  positions of the im ino and 
carboxyl groups in  the m olecule.

A lth o u gh  oxan ilic acid has a more com plex structure 
than does m alonic acid a com parison of the AS* values 
of these tw o reactions shows th a t the interm ediate 
com plex of the form er has the sim pler structure. T h is  
points again to the tendency of dibasic acids to  as
sociate past the dim er stage to  form  “ superm olecule” 
clusters composed of an aggregation of m olecules.11 
Th e  low ering of AS* on going from  m alonic acid to 
benzylm alonic acid reflects the large sterie hmdrance 
produced b y  the dangling benzyl group in  the la tte r. 
Th e  benzyl substituent also produces a ra ther large 
low ering of AH+ as would be anticipated in  view  of the 
— 7 effect of the phenyl m oiety.
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The association constants at 25° of tetra-n-butylammonium perchlorate have been determined in CeHjCN 
(D = 25.2), o-Cl2C6H4 (D =  10.1), and in six mixtures of these two solvents with dielectric constants 18.6, 16.0, 
13.8, 11.4, 10.8, and 10.2. It is found that the association constants (A A-values) in mixtures having D-values less 
than 18.6 do not satisfy a linear relation between log K a  and 1 / D  (known for this salt) in that the A A-values are 
less than those given by this linear relation. This deviation from linearity is shown to be consistent with the 
assumption previously made to account for the divergences from linearity found for this salt in C2H4CI2 and 
CH3CHCICH2CI, namely that the effective dielectric constants of these mixtures in the salt solutions are greater 
than their measured dielectric constants in the absence of salt.

Recent results obtained in  th is La b o ra to ry2 have 
shown th a t the va ria tion  in  the values of K A, the associa-

(1) Postdoctoral Fellow at U.C.L.A., 1961-1962.
(2) Y. H. Inarm, H. K. Bodenseh, and J. B. Ramsey, J. Am. Chem. 

Soc., 8 3 ,  4745 (1961).

tion  constant, of tetra -n -butylam m onium  perchlorate, 
(n -B u ^N C lC b , found in  s ix one-com ponent solvents, 
each consisting of b u t one m olecular species and ranging 
in  die lectric constant (D -va lue ) from  9.9 to 25.2 a t 25°,
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is represented b y  a linear re la tion  between log K a  and 
1 / A  I t  also was shown th a t the A A -va lu es of te tra -w - 
butylam m onium  picrate, (n -B u )4N P i, found b y  other 
investigators in  six one-com ponent m onom olecular 
solvents, covering a range of A v a lu e s  from  5.04 to
34.69, conform  to  th is  same linear re lation.

T h is  linear re lation  between log I f  a  and 1 /D has been 
derived in  tw o different w ays3-4 on the basis of the fo l
low ing assumptions: (1) tw o oppositely charged ions 
constitute an associated ion pa ir when and o n ly when 
th e ir distance of separation is so sm all th a t no solvent 
molecules exist between them  (the distance com m only 
referred to as the "con tact distance”  and designated b y  
the le tte r a); a t separation distances greater than a 
th ey behave as free ions, nam ely as ions w hich are a va il
able to  contribute to  the conductance of a solution, (2) 
the “ contact distance”  of a given salt has the same value 
in  different solvents, i.e., is independent of the dielec
tric  constant of the solvent, and (3) the predom inant 
in teraction between oppositely charged ions is a charge - 
charge in teraction .

In  several investigations during recent years, Fuoss 
and collaborators have determ ined the effect of va ryin g  
the die lectric constant of the solvent on the K A-value of 
various salts b y  use of a series of m ixtures of tw o m isci
ble solvents w hich in  th e ir pure state differ appreciably 
in  die lectric constant. In  the report of one of the more 
recent of these investigations, H irsch  and Fuoss5 noted 
th a t the points given in  a p lo t of log I f  a  against 1/D (fo r 
each of the three salts (n -B u )4N P i, (r -B u )4N I, and 
(n -B u )4N N 0 3 in  C6H6N 0 2-C C 1 4 m ixtures) are better 
represented b y  a curve, concave downward, than b y  a 
stra ight line . A  consideration of the results obtained in  
tw o other of these investigations6'7 shows unm istakably, 
although not so pronouncedly, th a t the points (in  a p lo t 
of log I f  a  vs. 1/D) deviate from  lin e a rity  in  the same 
sense.

T h a t such deviation from  a linear re lation  between 
log I f  a  and 1/D w ill be found to exist whenever a series 
of m ixtures of tw o solvents, having considerably d if
ferent d ielectric constants, is used seems quite probable 
in  view  of the fo llow ing considerations. I t  has been 
found2 th a t the IfA -va lu e s of (ti-B u )4C104 in  ethylene 
chloride (D  =  10.23) and in  propylene chloride (D =  
8.78), also of (n -B u )4N P i in  ethylene chloride, are ap
preciably less a t the respective d ielectric constants of 
these pure solvents than the values to  be expected from  
the established2 linear relations. A  probable explana
tion  of these divergences has been found in  the assump
tion  th a t the d ie lectric constant of th a t portion  of each 
of these tw o solvents w hich exists near enough to  an ion 
to  be appreciably influenced b y  its  electric field is dis
tin c tly  greater than the macroscopic d ielectric constant 
of the pure solvent (an assumption not applicable to 
solvents w hich consist of b u t one m olecular species). 
In cid en ta lly, independent non-conductim etric evidence 
has been adduced8 which substantiates th is assumption. 
I f  the ju stifica tion  given2 fo r th is assumption is va lid  
for the solvents, ethylene chloride and propylene chlo
ride, (each known to  consist of tw o m olecular species

(3) J. T. Denison and J. B. Ramsey, J. Am. Chem. Soc., 77, 2615 (1955); 
see also ref. 2.

(4) R. M. Fuoss, ibid., 8 0 ,  5059 (1958).
(5) E. Hirsch and R. M. Fuoss, ibid., 8 2 ,  1021 (1960).
(6) F. Accuscina, S. Petrucci, and R. M. Fuoss, ibid., 8 1 ,  1301 (1959).
(7) R. M. Fuoss and E. Hirsch, ibid., 8 2 ,  1013 (1960).
(8) Y. H. Inami and J. B. Ramsey, J. Chem. Phys., 3 1 ,  1297 (1959).

w hich d iffer appreciably in  p o la rity ) then it  seem rea
sonable to  presume th a t it  (th is assum ption) is likewise 
applicable to  m ixtures of tw o solvents, each consisting 
of but one m olecular species and d iffe ring appreciably in  
dielectric constant. Th ereby the downward curvature 
of the graphs obtained on p lo ttin g  log K a  v s . 1 / D  when 
using such solvent m ixtures m ay be accounted fo r.

I t  has been the purpose of th is investigation  to  deter
m ine whether the A i-v a lu e s  of a sa lt in  a series of m ix
tures of tw o such solvents deviate as expected from  a 
linear re lation between log K a  and 1 / D .  O ther investi
gations w ith  two-com ponent solvent m ixtures, includ
ing the three referred to  above, have not provided the 
inform ation desired due to  the facts: (1) th a t the dielec
tr ic  constant of one of the components was too sm all to 
perm it determ ination of the A a-values over the entire 
range of com position and (2) th a t the linear relation 
between log K a  and 1 / D  to  be expected fo r the salt in  a 
series of one-com ponent m onom olecular solvents, cover
in g  the range of d ie lectric constants invo lved, had not 
been established (and could not be if  the d ie lectric con
stant of one of the components was too sm all). I t  has 
been shown2 th at these essential requirem ents are fu l
filled  b y  the salt, (w -B u ),N C ]0 4, and b y  the tw o solvents, 
benzonitrile , C 6H 5C N , ( A s - =  25.2) and o -d ich loro -
benzene, o-C 6H 4C12 (A s 0 =  1 0 . 1 ).

Experim ental
The methods of preparation, purification, desiccation, and 

identification of (n-Bu^NClCh were those used previously.2
Treatment of Solvents.— The o-dichlorobenzene was obtained 

(as previously described2) from the Eastman product (White 
Label grade) by fractional distillation (b.p. 81.0-82.0° at 30.9 
to 32 mm.) and found via gas chromatography to contain less 
than 0.5 mole %  of p-dichlorobenzene as the only foreign organic 
substance present. The benzonitrile, Eastman (Yellow Label 
grade), required more elaborate purification. Prior to fractional 
distillation, it was treated with benzoyl chloride and sodium 
hydroxide (somewhat in excess of that needed to hydrolyze any 
unreacted benzoyl chloride). This heterogeneous mixture was 
stirred for several hours at room temperature and finally over a 
steam bath. The resulting organic layer was washed twice with 
concentrated NaCl solution after which it was dried over CaCL 
for 24 hr. On fractional distillation a colorless product (b.p. 
84° at 2 2  mm.) was obtained in which no impurity was detectable 
in its gas chromatogram.

Both of these solvents were dried and stored in contact with 
Davison silica gel. The specific conductances of the C6H5CN 
and of the o-CeEUCL were 5.4 X  10-8  and 5 X  10-19  ohm - 1  
cm .-1, respectively, and those of the mixtures were between 
these two values.

The density (at 25°) of each of these solvents and of each of 
their mixtures was determined with a Lipkin-type pycnometer 
(volume, 3 ml.) which was calibrated with conductance water. 
The Ubbelohde viscometer, used to determine viscosities, had 
the flow time for conductance water at 25° of 106.6 sec. The 
density and viscosity found for each of the pure components 
agreed well within experimental error with their presently ac
cepted values.

Conductance Measurements.— These were made with the 
Shedlovsky9 alternating current bridge modified as previously 
described.2 The conductance cell was the Kraus erlenmeyer 
type10 which had a cell constant equal to 0.1473 cm .-1.

Dielectric Constant Measurements.— A bridge method was 
chosen which permits determination of the dielectric constants 
with sufficient accuracy ( ± 1 % ) for the purposes of this investi
gation. It involved the use of a General Radio Twin-T Imped
ance Measuring Circuit (type 821-A), a Bendix Radio Frequency 
Meter (type BC-221M) as an oscillator, and a Signal Corps 
radio receiver (type BC-348Q) as a detector. Both the oscillator 
and the detector were connected with the impedance circuit by 
coaxial cables supplied with the twin-T circuit.

(9) T. Shedlovsky, J. Am. Chem. Soc., 52, 1793 (1930).
(10) C. A. Kraus and R. M. Fuoss, ibid., 55, 21 (1933).
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Fig. 1.-—-Dependence of the association constant of (n-Bu)4- 
NCIO4 on the dielectric constant of the solvent. Point numbers 
correspond to those given to the solvents in Table I.

The Pyrex capacitance cell (requiring ~ 3 5  ml. of liquid) 
which consisted of three concentric platinum cylinders was made 
in accordance with the specifications given by Smyth .11 This 
cell can be filled and emptied, via suction, without altering its 
position in the oil-filled thermostat (maintained at 25 ±  0.01°). 
Before each determination the cell was flushed out with pure ace
tone and dried with a stream of filtered dry air.

To fix the geometry of the circuit between the bridge and the 
cell rigid copper bars ( 1  X  Vs in.) were used. The grounded 
connection, which remained unbroken, consisted entirely of such 
a bar. For the other connection a cam was mounted near the 
end of a somewhat shorter bar. To this cam a copper wire 
(B.&S. gage 11), bent to a half circle (radius ~ 7  in .), was at
tached in such a way that contact between the end of the copper 
wire (sharpened to a point) and the mercury in contact with the 
ungrounded cell terminal could be made and broken by a small 
turn of the cam, thereby producing but a very small (and re
producible) change in the mutual position of the two leads.

The air capacitance of the cell was determined at 0.50 M e./sec. 
with benzene as the reference and found to be 50.8 pf. For 
adequate calibration of the cell it was necessary to use a 
series of liquids with dielectric constants covering the range from 
2 to 26. Those were benzene (D  =  2.274), chlorobenzene (D  = 
5.621), acetone (D  =  20.7), benzonitrile ( D =  25.2 ), and four 
mixtures of nitrobenzene and anisole, chosen to provide D- 
values between 5 and 20. The D-values of the four one-com
ponent liquids are those given by Maryott and Smith.12 Those 
of the four mixtures of nitrobenzene and anisole were readily 
obtainable from the results of Powell and Martell, 13 who have 
determined the D-values of eleven mixtures of these two liquids 
covering the entire range of composition. From the smooth 
curve given by plotting these D-values against the weight per 
cent, w, of nitrobenzene the following values were found for the 
four mixtures used: w =  29.24, D =  10.05; w =  41.02, D =  
12.9; w =  52.01, D  =  16.0; w =  60.97, D  =  18.8.

The benzonitrile used was that obtained by the procedure de
scribed above. All the other liquids, except acetone which was 
Baker Analyzed Reagent grade, were initially Eastman White 
Label products. The acetone was merely dried thoroughly with 
Davison silica gel. Before fractionally distilling, the benzene 
and the chlorobenzene were treated in the way described by 
Browm, Levina, and Abrahamson.14 After the nitrobenzene had 
been dried over silica gel for 24 hr., it was twice fractionally 
distilled at reduced pressure (~ 1 2  mm.). The anisole was 
washed once with 2 N  NaOH, three times with water, and then 
dried with CaCL for 15 hr. before being fractionally distilled.

(11) C. P. Smyth and A. Weissberger, “ Technique of Organic Chemis
try; Physical Methods,”  Vol. I, Part 3, 3rd Ed., Interscience Publishers, 
Inc., New York, N. Y., 1959, p. 2567 and pp. 2631-2632.

(12) A. A. Maryott and E. R. Smith, Natl. Bur. Std. Circular No. 511, 
1951.

(13) A. L. Powell and A. E. Martell, J. Am. Chem. Soc., 79, 2118 (1957).
(14) A. S. Brown, P. M. Levina, and E. W. Abrahamson, J. Chem. Phys.,

19, 1226 (1951).

The boiling point of each of these liquids agreed with their well 
established values.

To ascertain that errors due to lead inductance were insignifi
cant, all calibrations and measurements were carried out at four 
different frequencies, viz., 0.50, 1.80, 3.00, and 5.00 M e./sec. 
The dielectric constants obtained at these four frequencies 
agreed within ± 0 .4 % , which is well within the desired accuracy.

The capacitance of the cell containing a liquid having a greater 
dielectric constant than 18 exceeded the range of the precision 
condenser in the twin-T circuit. With such liquids ( D >  18) 
calibrations and measurements were made with a small fixed 
condenser in series with the cell. It was essential that the 
condenser, so used, should be small dimensionally, have a 
very small temperature coefficient, and have a constant capacity 
during the time in use. In every case two such condensers were 
used separately, one having a capacity of 244 pf. and the other, 
480 pf. With each of these condensers, in series, measurements 
for a given liquid were made at each of the four frequencies 
(specified above). The results obtained showed the same good 
agreement as did those obtained in the direct reading range (i .e ., 
where a series condenser was not required).

Properties of Solvents.— The values obtained for the density, 
d, the dielectric constant, D, and the viscosity, v, of the solvents 
used in the conductance measurements are given in Table I. 
The symbol, w, represents the weight per cent of benzonitrile 
[(10 0  — w ) equals the weight per cent of o-dichlorobenzene].

T a b l e  I
P r o p e r t ie s  of S o lv e n t s  a t  25°

W d, g./ml. D y ,  poise

( 1 ) 10 0 .0 0 1.008 25.20° 0.01246
(2 ) 44.99 1.1505 I8 .6 4 .01272
(3) 30.04 1.2003 16.04 .01275
(4) 17.51 1.2406 13.8o .01281
(5) 7 53 1.2811 11.36 .01284
(6) 4.99 1.2906 10.75 .01285
(7) 1.51 1.2991 1 0 . 2 1 .01285
(8 ) 0 .0 0 1.3005 1 0 . 1 2 6 .01284

Value given by Maryott and Smith. 12 Not redetermined
this investigation. b Value found in this investigation which is 
larger than that, 9.93, accepted by Maryott and Smith. 12

Results
Th e  values of the association constant, K A, and the 

lim itin g  equivalent conductance, Ao, were determ ined b y  
use of the equation developed b y Shedlovsky,15 nam ely

l/AS(e) =  [c\PS(z)]K a/A»* +  1/A0

In  each of the e ight solvents the conductances a t five 
concentrations of the perchlorate, covering the range 
from  ~ 1 0 -4  to  ^ 1 0 -6 volum e form al, were measured. 
Eva luations of i f  a  and A 0 were ve ry  g re a tly  expedited 
b y use of the I.B .M . com puter, N o . 7090, available on 
campus at the U C L A  Com puting F a c ility . Th e  m axi
mum probable error in  the value of K A thus was found 
to be in  no case greater than 2 % ; in  m ost cases it  was 
less.

In  Ta b le  I I  are given the values of K A and A 0 ob
tained, along w ith  those of log K A and 100/DmSLCTO, 
The solvents are designated b y the code num bers used 
in  Table  I .  D uplicate runs were carried out w ith  each 
of the tw o pure com ponents; not w ith  any of the m ix
tures. Since the duplicate values of K A found in  each of 
the pure components differed b y  less than 1% , it  was 
presumed th a t duplicate values of K A in  each of the 
m ixtures w ould e xh ib it no greater disagreem ent.

In  F ig . 1 the values of log K A are p lotted  against 100/ 
Anaco- W ith  the ordinate scale used the m axim um  d if
ference between duplicate values of log K\, presumed 
possible, is too sm all to  be indicated b y  open circles. 
Since it  has been found2 th a t the values of log K A of

(15) T. Shedlovsky, J. Franklin Inst., 220, 739 (1938).
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T able I I

Constants op (ra-BufiNCKh in the Solvents at 25°
Solvent Ao Ka X 10-3 log K\ 100/D macro

( i ) 46.02 0.0753 1.877 3.97
(2 ) 42.53 0.400 2.602 5.37
(3) 41.84 1.067 3.028 6.23
(4) 40.75 2.94 3.468 7.25
(5) 41.78 12.32 4.091 8.80
(6) 40.00 30.7 4.487 9.30
(7) 45.31 78.1 4.893 9.79
(8 ) 42.3 93.4 4.970 9.88

(n -B u )4NC104 in  s ix m onom olecular solvents, including 
C 6H 5C N  and o-C 6H 4C12, v a ry  lin e a rly  w ith  l/ D macro, the 
dashed stra ight line in  F ig . 1 w hich is drawn through 
the points given  b y  CsEbCN  and b y  o-C 6H 4C12 should 
represent th is linear re lation  quite closely. T h a t it  
does so is confirm ed b y  the fact th a t its  slope is on ly 
s lig h tly  (~ 3 .5 % ) greater than th at of the most prob
able stra ight line found® to  be given b y  the six m ono- 
m olecular solvents.

I t  is seen th a t in  a series of m ixtures of CeHgCN and
o-C 6H 4C12 the va ria tion  of log K a and l/ D macro cannot 
be represented b y  a stra ight line. A lso  in  each of the 
m ixtures containing less than ~ 4 5  w eight %  of C 6H BC N  
(100/Dmacro >  5.37) the value of log K a is d is tin c tly  
less than it  w ould be if log K a varied lin e a rly w ith  
l/7)maero- I t  also is notew orthy th a t deviation from  
lin e a rity  w ould be p ra ctica lly  undetectable in  m ixtures 
containing more than ~ 4 5  w eight %  of C6H5C N .

D iscussion
These results substantiate the prediction th a t the 

values of log K a of a salt in  a series of m ixtures of tw o 
solvents having appreciably different dielectric con
stants should deviate from  the linear re la tion  between 
log K a of th is salt and 1/D in  the sense th a t th e ir values, 
over a considerable range of com position, should be 
less than those to  be expected from  th is linear re lation. 
The prediction is a consequence of the assumption th at 
molecules of th a t com ponent of the m ixture  w hich has 
the larger dielectric constant w ould have a greater 
tendency to accum ulate in  the neighborhood (or near 
v ic in ity ) of an ion  than w ould the com ponent w ith  the 
lower dielectric constant. T h is  w ould result in  m aking 
the dielectric constant of th is sm all p o rtion  of a solvent 
m ixture (w hich is effective in  determ ining the s ta b ility  
of the associated ion p a ir) greater than th a t of the 
pure solvent m ixture, i.e., of the solvent m ixture  in  the 
absence of ions; thereby causing the A A -va lu e  of a 
salt to  be sm aller than expected.

T h is  assumption has been shown2 to provide a prob
able in terpretation  fo r the deviations from  lin e a rity  
found to  exist w ith  (n -B u )4NC104 in  each of the solvents, 
ethylene chloride and propylene chloride, and w ith  
(n -B u )4N P i in  ethylene chloride. Each of these tw o 
one-com ponent solvents consists of tw o m olecular 
species, one d is tin c tly  more polar than the other.

I t  is apparent (from  F ig . 1) th a t deviation from  line 
a r ity  would not be detectable w ith  (n -B u )4NC104 in  
m ixtures of C 6H 5CM  and o-C 6H4C12 w hich have dielec
tric  constants greater than 18.6 (100/D <  ~ 5 .4 ). T h a t 
such a linear portion  of the graph w ould exist in  m ix
tures w ith  D -va lues in  the higher range m ight have been 
expected from  the results obtained b y  Fuoss, et al.5-7 
T h e ir results show th a t the points given b y  each of the 
salts used in  the several m ixtures w ith  D -va lues in  the 
higher range are w ell represented b y  a stra ight line. 
H ow ever, it  was not known w hether th is linear portion  
of th e ir graphs w ould coincide w ith  the stra igh t line to 
be expected when log K a of the salt is p lotted  against 
100/D of a series of one-com ponent solvents w ith  D - 
values covering the same range as th a t of these m ixtures. 
From  the results of th is investigation  it  is concluded 
th at such coincidence w ould exist. I f  th is conclusion is 
va lid , it  follows th a t the n-param eter of a given salt 
m ay be evaluated from  the slope (=  e2/230.3akT) of 
th is in itia l stra ight line portion  of such graphs. A lso 
the extrapolation of th is linear portion  to  the value of 
100/D  corresponding to  th a t of the com ponent having 
the sm aller D -va lue should give  the A A -va lu e  of the 
salt in  th is pure component w hich cannot be determ ined 
d ire c tly  due to the smallness of its  d ielectric constant.

T h is  linear portion  of these graphs m ay be interpreted 
to mean th at the effective (m icroscopic) d ie lectric con
stants of those m ixtures to  w hich th is linear portion 
pertains do not d iffer perceptib ly from  the d ielectric 
constants of these pure solvent m ixtures. Th e  conclu
sion th a t th is condition would exist o n ly  in  those solvent 
m ixtures w hich have D -va lues in  the higher range seems 
reasonable since in  these m ixtures the molecules of the 
component having the higher d ie lectric constant would 
be expected to  have the least (and ve ry  sm all) tendency 
to accum ulate in  the near v ic in ity  of an ion.

Th e  results show th a t deviation from  the linear rela
tion  between log K a and 100/D, w hich is known for 
(ti-B u )4NC104 (the dashed stra igh t line  in  F ig . 1), exists 
to a measurable extent in  m ixtures of C 6H 6C N  and o- 
C 6H 4C12 w hich have D -va lues less than -— -18.6 (w ~  
42.5). O ver the range of D -va lues from  18.5 to  about
12.5 th is deviation is seen to  be represented b y  a curve 
which is concave downward. I t  is recalled th a t H irsch  
and Fuoss6 noted deviations from  lin e a rity  in  th is same 
sense w ith  three different salts in  a series of m ixtures of 
C 6H bN 0 2 and CC14. T h a t no change in  curvature 
(from  downward to  upward) was observed b y  these in 
vestigators m ay be a ttribu ted  to  the fact th a t it  was im 
possible to  determ ine A A -va lu es in  C 6H 5N 0 2-C C 1 4 m ix
tures containing sufficien tly low  w eight per cent of 
C 6H 6N 0 2 since the D -va lues of such m ixtures were too 
sm all to  perm it th e ir evaluation. I t  is seen th a t th is 
reversal in  curvature w ith  (n -B u )4NC104 in  the o -C l2- 
C 6H 4-C 6 H 6C N  system  occurs a t a com position near 
12.2% C 6H 6C N  (100/D «  8).
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The flash-desorption technique was applied to the ethylene-alumina system to investigate the surface of alumina.
The apparatus consisted of a programming controller increasing the catalyst temperature linearly with time at 
various speeds and of a thermistor type thermal conductivity cell for measuring the rate of desorption of ethylene.
The existence of two different sites for the adsorption of ethylene on alumina was established. On one of these 
sites the activation energy of desorption was 26.8 kcal./mole (I), and on the other 36.4 kcal./mole (II). These 
sites occupy 2.8% of the total surface area, 60% of which belongs to I, 40%  to II.
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In troduction
Flash-desorption technique has been used b y several 

investigators2 3 4 5 6 7 ~8 to  obtain k inetic in form ation on 
adsorption and desorption of gases on metals. V e ry  
interesting inform ation recently was obtained w ith  th is 
technique b y  Redhead.8 who studied desorption of 
gases from  a m etal filam ent using u ltrah igh  vacuum  
techniques. The desorption was followed b y  measuring 
pressure changes b y  means of an ion ization  gage. 
Th e  filam ent tem perature was increased lin e a rly w ith  
tim e and the activation  energy of desorption was ob
tained b y  assuming the tem perature independent 
factor in  the Arrhen ius equation to be 1013.

Th e  present w ork has been carried out under condi
tions much more sim ilar to  those o rd in a rily  em ployed 
in  ca ta lytic  reactions. Desorption of ethylene has 
been studied in  an attem pt to  obtain in form ation on 
the properties of the cata lyst surface of alum ina. A  
therm istor type  therm al con d u ctiv ity cell was used 
to detect the ethylene desorbed from  the cata lyst in  
a stream of helium . Th e  speed of increase of cata lyst 
tem perature was variab le and considerably slower than 
used b y previous authors.

Experim ental
Apparatus.— The apparatus used is shown in Fig. 1 . The re

actor, R , is a quartz tube of 8-mm. i.d. provided with a perfo
rated disk on which a small amount of alumina is placed. The 
part of the apparatus to the right of stopcocks Si and S2 is an 
ordinary static system which can be used to measure the adsorp
tion when Si and S2 are closed. The amount of ethylene ad
sorbed on the catalyst was measured in the usual way using the 
manometer, M , and a cathetometer. Following this, the cata
lyst was evacuated and then the stream of helium was admitted 
through Si, over the catalyst in R, through S2, the thermal con
ductivity cell, D, and finally through the liquid nitrogen trap, 
T ,. Helium from the cylinder was passed through silica gel at 
liquid nitrogen temperature to remove traces of water. The 
flow rate of helium was measured by a soap film flow-meter at
tached to the outlet of the rotary pump.

When the catalyst temperature is raised at a uniform rate by 
means of the programming controller, ethylene desorbs from the 
catalyst and is carried with helium past the thermal conductivity 
cell, D, by means of which the concentration of ethylene in helium 
is determined in the same manner as in gas chromatography and 
is recorded on a recorder (Leeds & Northrup Speedomax, full 
scale: 1 mv., response time: 1 sec.). Since the flow rate of 
helium is constant, the deflection of the recorder due to the pres

(1) Contribution no. 7142 from the National Research Council, Ottawa, 
Canada.

(2) G. Ehrlich, J. Phys. Chem., 60, 1388 (1956).
(3) (a) T. W. Hiekmott and G. Ehrlich, J. Chem. Phys., 24, 1263 (1956); 

(b) J. Eisinger, ibid., 27, 1206 (1957),
(4) R. E. Schlier, J. Appl. Phys., 29, 1162 (1958).
(5) T. W. Hiekmott and G. Ehrlich, J. Phys. Chem. Solids, 5, 47 (1958).
(6) G. Ehrlich, J. Appl. Phys., 32, 4 (1961).
(7) G. Ehrlich, J. Chem. Phys., 34, 29, 39 (1961).
(8) P. A. Redhead, Trans. Faraday Soc., 57, 641 (1961).

ence of ethylene in the carrier should be proportional to the rate 
of its desorption. The rate of desorption increases with tempera
ture at first but eventually begins to decrease as a result of de
pletion of adsorbed gas so that a peak is recorded. The recorded 
peaks will be called in the present paper the flash-desorption 
chromatogram. Simultaneously, the temperature of the catalyst 
is recorded by means of a second recorder which is connected to 
an Alumel-Chromel thermocouple, TC2, inserted directly into the 
center of catalyst bed, as shown in the inset of Fig. 1. As the 
charts of the two recorders are driven at the same speed, the 
temperature at any point of the flash-desorption chromatogram 
can be determined. The temperature at which peak maximum 
appears is related to the activation energy of desorption, as will 
be discussed later. The surface area of the thermocouple, TC 2, 
and of its leads was so small that their effect on the adsorption 
was neglected. The temperature indicated by the inside thermo
couple TC2 was always a little higher than that indicated by TC,. 
The temperatures reported here are those read by means of TC2. 
The speed of raising the catalyst temperature could be varied 
from 0.5 to 40 ° /m in .

The detector used was a conventional thermal conductivity cell 
of thermistor type, AEL 9677 of the Gow-Mac Instrument Co.

Materials.— Alumina was prepared by adding an excess of a 
1 0 %  ammonium hydroxide solution to a 2 0 %  aluminum nitrate 
solution at room temperature. The precipitate was washed 
with distilled water several times, 9 dried at 1 1 0 °, and crushed to 
small cubes of about 2  mm. The weight of alumina placed into 
the reactor was 0.253 g. and the length of the catalyst bed was 
13 mm.

Before use, alumina was treated with air for 2 hr. at 600° and 
evacuated at the same temperature for more than 60 hr., until 
no more water condensed in the trap Ti during evacuation. After 
each run the catalyst was evacuated for 2 hr. at 600° and this was 
followed by evacuation for 12 hr. at 550°. The total BET 
surface area of the catalyst after this treatment was 41.7 m .2 for 
the sample of 0.253 g. used. The amount of ethylene adsorbed 
in each run under the same conditions was found to be constant 
within the experimental error, indicating that the above pretreat
ment was adequate for the cleaning of the catalyst surface.

Phillips research grade ethylene was passed through activated 
charcoal, condensed in a liquid nitrogen trap, and evacuated. 
A trace impurity of ethane was present but no attempt was made 
at further purification.

Procedure.— In every run the adsorption of ethylene was first 
measured. When ethylene was admitted to the catalyst, a 
pressure change was observable only within 2 or 3 min.; the 
amounts adsorbed reported here all were measured after 10  min. 
After this measurement the catalyst was evacuated for 10 min. 
at room temperature (series I), and then exposed to the helium 
flow. When the recorder base line of the thermistor detector 
became stable after several minutes, indicating that no gas was 
evolved from the catalyst, the flash-desorption was started.

In the experiment series II, the catalyst was heated up quickly 
to 10 0 ° in vacuo after the adsorption measurement and evacuated 
for 60 min. at the same temperature instead of the evacuation 
for 10  min. at room temperature in series I. The subsequent 
procedure was the same as in series I.

The amount of gas desorbed by flash-desorption can be meas
ured by either (1) trapping in the trap T, followed by g:us chroma
tographic analysis, or (2 ) measuring the area of the flash-

(9) The final pH of the wash water was between 8 and 9. No analysis was 
carried out for residual nitrate.
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Fig. 1 .— Diagram of the apparatus.

desorption chromatogram. The latter method contained, how
ever, some uncertainty due to the shift of the base line during 
flashing, although this agreed with the result of the former 
method within the experimental error of about 10%. The values 
reported in this paper all were obtained by the former method.

R esu lts and D iscussion
Figu re  2(a) shows the typ ica l flash-desorption 

chrom atogram  of an experim ent in  series I ,  i.e., w ith  
the cata lyst evacuated fo r 10 m in. at room  tem perature 
before the flash-desorption. F igu re  2(b) was obtained 
a t a different speed of flashing. Th e  speed of ra ising 
tem perature is given  in  the figures as 0 (° C ./m in .). 
I t  is seen th a t tw o superposed peaks are obtained. 
Th e  results of series I  are sum m arized in  Ta b le  I  in  
w hich TMi is the tem perature a t which the firs t peak 
m axim um  appeared. Th e  am ount of gas desorbed 
during the flashing was measured as described above.

W hen the ca ta lyst was evacuated fo r 60 m in. at 
100° before the flash-desorption (series I I ) ,  the first 
peak disappeared and o n ly  the second peak was le ft 
as seen in  F ig . 2 (c). T h is  peak can be w ell super
posed onto the second peak of F ig . 2 (b) obtained at 
approxim ately the same (3, as shown in  F ig . 2 (d). 
Th e  results of series I I  are listed in  Ta b le  I I  in  which 
TM2 is the tem perature a t w hich the second peak 
m axim um  appeared. TMi values taken from  the 
chrom atogram s of series I  were s lig h tly  d ifferent from  
those listed in  Ta b le  I I  due to  the influence of super
position of the firs t peak upon the second peak. In  
sim ilar experim ents w ith  ethane instead of ethylene, 
no peaks such as w ith  ethylene were observed.

I f  ethylene was introduced to  the cata lyst under 
higher pressure than 50 mm. fo r a long tim e, the m ain 
peak of the flash-desorption chrom atogram  appeared 
at higher tem perature and the gas chrom atographic 
analysis showed th a t the desorbed m ateria l consisted 
alm ost en tire ly of butenes. H ow ever, the present 
experim ents were done a t pressures below 10 mm. and 
both peaks in  series I  and I I  were identified b y  gas 
chrom atography as ethylene containing less than 0.5%  
of C s and a trace of C 4 hydrocarbons.

W hen the tem perature, T, of the cata lyst is raised, 
the fo llow ing general re lation should hold

d 20/di2 =  520/df2 +  (b26/btbT +  b26/bTbt)dT/dt +

b26/bT2(dT/dt)2 +  be/bT-d2T/dt2

where 6 is the surface coverage and t is the tim e.

Fig. 2.-—Flash-desorption chromatograms, (a) Expt. no. 22: 
evacuated before flashing 10  min. at room temperature; ft =  
10.08°/min. (b) Expt. no. 29: evacuated before flashing 10
min. at room temp., ft =  16.03°/min. (c) Expt. no. 34: evacu
ated before flashing 60 min. at 100°, ft =  15.90°/min. (d) 
Superposition of chromatograms from Expt. no. 29 and 34.

I f  the tem perature is increased lin e a rly w ith  tim e, 
so th a t T =  T 0 +  fit, where T and T0 are, respectively, 
the tem perature at tim e t and the in itia l tem perature, 
and if  it  is assumed th at bd/bt >■ bd/bT throughout
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Fig. 3.—Plot of eq. 3 for series I.

the course of an experim ent,7 the above equation can 
be sim plified to

d2d/dt2 = à2d/àt2 +  @à2d/dTàl (1)

A t  the same tim e the rate of desorption, iq, is w ritten  as

rd =  —  V m d d / d t  =  kQ9 e xp (— Ed/RT) (2)

where k0 is a constant, Ed is the activa tion  energy of 
desorption, and vm is the am ount of gas adsorbed at 
0 = 1 .  From  (1) and (2), and p u ttin g  d 20/df2 =  0 
a t T =  Tm, we have

EddVm/RTm2k0 =  e xp (— Ed/RTU) 

w hich is the same as Redhead’s result,8 or 

2 log T m  — log ¡3 =  A'd/2.303 R T m  +  log EdVm/Rk0

(3)

Th e  p lo t of the le ft hand side of eq. 3 against l/TM gives, 
therefore, a stra ight line, from  w hich Ed and k0/vm 
are obtained.

Th e  assumption th a t àd/ài àd/àT appears 
reasonable because in  a fast flow  of helium  the rate of 
readsorption should be negligible. I f  the rate of read
sorption had an effect, TM and the shape of the peak 
w ould be altered b y  a change in  the flow  rate of helium  
s im ila rly  to the changes occurring in  adsorption gas 
chrom atography. H ow ever, expt. no. 44 in  Ta b le  I ,  
w hich was done at more than tw ice the flow  rate than 
in  the rem aining experim ents, gave the same T m  and 
peak shape. In  addition, the good lin e a rity  of the 
p lo t of eq. 3 also supports the above assum ption, as 
w ill be shown later.

In  F ig . 3, 2 log Tm —  log (3 was p lotted  against 1 /TM 
fo r the firs t peak (Tab le  I ) .  From  the slope and 
intercept Ed and k0/vm were found to be 26.8 kcal./ 
mole and 1.6 X  101B sec.-1 , respectively. Assum ing 
th a t the adsorption of ethylene on alum ina is non- 
dissociative and localized, the absolute rate of desorp
tion  is w ritte n  as

T a b l e  I
A dso rptio n  an d  F lash -D e so r ptio n  o f  E t h y l e n e . Se r ie s  I 
(Alumina evacuated for 10 min. at room temperature before 

flash-desorption, flow-rate of He 45.7 ±  0.3 ec./min.)
-Adsorption— ------------------v /--------- Flash- Desorption------ -—-

Amt. of gas Amt. of gas
Expt. Temp., Pressure, adsorbed, ß, T Ml, desorbed,

no. °C. mm. cc. (NTP) °C./min. °C. cc. (NTP)
22 2 4 .9 6 .1 3 0 .2 1 8 1 0 .0 8 74
23 2 4 .8 6 .3 4 .227 2 0 .7 0 79
24 2 4 .7 6 .3 7 .239 5 .0 5 68
26 2 5 .2 5 .2 8 .273 5 .1 4 72
27 2 6 .2 5 .6 3 .259 2 1 .0 5 81
28 2 6 .5 5 .3 8 .251 1 0 .40 74 0 .0 9 1
29 2 5 .8 5 .9 6 .266 16 .03 77 .095
44° 2 4 .0 5 .7 3 .323 16 .35 77
45 2 4 .8 1 .4 3 .212 1 6 .10 .102
46 2 4 .2 9 .0 0 .344 1 6 .05 78 .105
50 2 5 .0 0 .0026 .097 1 5 .7 8 .099

“ Flow-rate of He, 102.5 cc./m in. 6 Measured by McLeod 
gage.

where /* and /a are the p a rtitio n  functions of the acti
vated com plex (excluding kT/hv) and adsorbed mole
cule, respectively, ca is the surface concentration of 
the adsorbed molecule, and k and h are the Boltzm ann 
and P lanck constants, respectively. A lso  assuming 
th at the freedom of both the activated com plex and the 
adsorbed molecules is so sm all th at /* =  /a =  1, we 
have

rd =  Cz(kT/h) e xp (— Ed/RT)

where kT/h corresponds to k0/vm in  eq. 2. Th e  cal
culated value of kT/h a t 350°K. is 0.73 X  1013 sec.-1 
and is in  reasonable agreement w ith  the observed 
ko/vm =  1.6 X  1016 sec.-1 considering th a t the freedom  
of the activated com plex m ight be greater than th a t of 
adsorbed molecules, i.e., /*//a >  1.

U n fortun ate ly, a good linear p lo t as in  F ig . 3 was not 
obtained fo r the second peak (series I I ) .  In  th is case 
the activa tion  energy of desorption was calculated 
from  eq. 3 assuming th a t k0/vm was 1.6 X  1015 as ob
tained fo r the first peak. Th e  values of Ed are given 
in  the last colum n of Table  I I  and the mean value is
36.4 kcal./m ole. Since the adsorption reached equi
lib rium  ve ry  q u ick ly (usually w ith in  a few m inutes),

T a b l e  II
A dso rptio n  an d  F lash -D eso r ptio n  of E t h y l e n e . Se r ie s  II 
(Alumina evacuated for 60 min. at 100° before flash-desorption; 

flow-rate of He 45.7 ±  0.3 cc./min.)
/■-------------- Adsorption——-—— —* ✓-------------Flash-Desorption'——  

Acti
vation

Amt. of Amt. of energy

Expt. Temp.,
Pres
sure,

gas ad
sorbed, 

cc.
ß,

°C ./ Tm,

gas de
sorbed, 

cc.

of de
sorption, 

keal./
no. °C. mm. (NTP) min. °C. (NTP) mole
33 2 6 .1 5 .7 7 0 .2 7 8 1 7 .00 202 0 .0 4 4 3 6 .6
34 2 5 .9 5 .6 1 .285 1 5 .9 0 203 .045 3 6 .8
35 2 5 .4 6 .3 3 .307 1 9 .8 0 207 .044 3 6 .8
36 2 6 .0 5 .8 7 .311 9 .8 7 186 .041 3 5 .8
38 2 6 .0 5 .7 2 .289 3 1 .9 5 210 .041 3 6 .6
39 2 5 .5 0 .0 5 .306 4 0 .3 2 208 .041 3 6 .3
42 2 6 .0 5 .7 6 .305 1 6 .00 194 3 6 .0
47 2 5 .0 2 .0 3 .214 1 5 .55 200 .041 3 6 .5
48 2 5 .0 2.22 .234 15 .80 203 .042 3 6 .7
49 2 5 .0 10.11 .377 1 5 .50 195 .039 3 6 .1

r d =  ca(/fTA)(/*//a) exp(-Ed/RT) Mean 36.4
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Fig. 4.—Isotherm of ethylene at room temperature.

the observed activa tion  energies of desorption w ill 
be approxim ately equal to  the heats of adsorption.

In  F ig . 4 the am ount of gas desorbed b y  flashing and 
the am ount of adsorbed gas are plotted against the 
pressure a t w hich the adsorption was measured. I t  
is seen th a t the am ount of the gas desorbed is constant 
and independent of the pressure a t w hich adsorption 
was carried out. T h is  indicates th a t the strong adsorp
tion  (chem isorption) w hich is not rem oved b y  evacua
tion  at room  tem perature is already saturated a t a 
pressure as low  as 0.002 mm. There exist, therefore, 
tw o types of chem isorption of ethylene on alum ina: 
one corresponds to  0.058 cc./0.253 g. of alum ina w ith  
a heat of adsorption of 26.8 kcal./m ole, the other to 
0.042 cc./0.253 g. w ith  a heat of adsorption of 36.4 kcal./ 
mole. Th e  B E T  area of th is ca ta lyst was 41.7 m .2/ 
0.253 g., as mentioned before. vm was found to  be
3.64 cc./0.253 g. from  the Langm uir p lo t ranging from  
30 to 150 mm. of ethylene. Com bin ing th is vm w ith  
B E T  area, 43 A . 2 is obtained as the sectional area of an
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Fig. 5.-—Change of the heat of adsorption with surface coverage 
(ref. 1 0 ).

adsorbed m olecule. A lth o u gh  th is value seems to be a 
little  too large, it  is of the rig h t order of m agnitude. I f
3.64 cc. is adopted as vm, 0.058 and 0.042 cc. correspond 
to  surface coverages of 1.6 and 1.2%, respectively.

I f  an adsorbed m olecule experiences the repulsive 
force from  a m olecule adsorbed on an adjacent site 
and not from  other molecules, the heat of adsorption 
varies w ith  the surface coverage as shown in  F ig . 5, 
so th a t tw o d is tin c tly  d ifferent heats of adsorption m ay 
be observed on homogeneous surfaces.10 In  the present 
case, however, the distance between chemisorbed mole
cules is a t least about 29 A ., provided ethylene molecules 
are dispersed homogeneously on the surface. Th is  
distance is too large fo r the repulsive forces between 
molecules to  be effective. Therefore it  is un like ly 
th a t the existence of tw o d ifferent heats of adsorption 
depends on the in teraction  between adsorbed molecules 
except if  the active sites on w hich ethylene chemisorbs 
are dispersed patchwise on the surface.

Th e  shapes of the tw o peaks on the flash-desorption 
chrom atogram s were broader than calculated as
sum ing a constant Ed. In  view  of th is, it  m ay be 
possible th a t a heterogeneity of the surface is involved. 
T h is  m atter, however, cannot be discussed a t present.

(10) K. J. Laidler, “ Catalysis”  (P. H. Emmett), Vol. 1, Chap. 3, Reinhold 
Publ. Corp., New York, N. Y .( 1954.
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SOLVENT EFFECTS IN THE ELECTRONIC SPECTRUM OF ORGANOLITHIUM
COMPOUNDS1
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We have found that the absorption maximum in the electronic spectrum of di- or triphenylmethyllithium com
pounds is shifted to longer wave lengths by more polar solvents. For the most thoroughly studied species, 
1 ,1 -diphenylhexyllithium, the shifts in absorption maximum are approximately proportional to the solvent 
dielectric constant. Two factors are considered to account for the observed red shift in absorption maximum: 
first, a decrease in the energy required for the electronic excitation resulting from increased solvation of the 
excited state due to the polarizability and dipole orientation of the solvent; and second, the more polar (basic) 
solvents promote ionization of the carbon-lithium bond, raising the ground state energy of this electron pair 
relative to the excited state. A solvent induced shift in the absorption spectrum cannot be considered to be a 
general phenomenon for all organolithium compounds. The position of the absorption maximum of mono- 
phenylmethyllithium species, e.g., polystyryllithium, poly-a-methylstyryllithium, benzyllithium, and «-methyl- 
benzyllithium is insensitive to solvent. A lack of increase in dipole moment on electronic excitation of these 
species or a preference of these less sterically hindered species toward self solvation is suggested to be responsible 
for the insensitivity of their spectrum to solvent. Consideration of solvation effects can improve the agreement 
between the spectrum of the cation and anion of a given species or the correlation of the absorption with calcu
lated transition energy.

U ltra v io le t spectra of polar molecules usua lly are 
altered b y  changes in  p o la rity  of the solvent media. 
In  general, the K -bands of conjugated compounds are 
shifted to  the red b y  more polar solvents.1 2 A  report 
of the spectrum  of the polar organolith ium  compound, 
p o lys tyry llith iu m , showed the spectrum  to  be insen
sitive  to  solvent changes, i.e., in  tetrahydrofuran  and 
benzene.3 O ur measurements of the spectrum  of th is 
species also show it  to  be solvent insensitive. In  addi
tion  we have found th is same solvent in se n s itiv ity in  
the spectrum  of other m onophenylm ethyl organo
lith ium  species such as b enzyllith ium , a -m eth ylb en zyl- 
lith ium , and p o ly -a -m e th yls tyry llith iu m . O n the other 
hand, we have found the electronic spectrum  of di- 
and trip h e n ylm e th yllith iu m  compounds to  be ve ry  
sensitive to  solvent. F o r these species a more polar 
solvent produces a pronounced red sh ift in  the absorp
tion  m axim a. There appears to  be a linear relationship 
between the frequency of the absorption m axim um  and 
the dielectric constant of the solvent fo r 1 ,1-diphenyl
h e xyllith iu m  in  the seven solvents exam ined. These 
experim ents indicate th a t a lack of solvent se n sitiv ity 
is characteristic of the electronic spectrum  of mono
phenylm ethyl organolith ium  species, whereas a pro
nounced solvent dependence is typ ica l of the spectrum  
of d i- and trip h e n ylm e th yllith iu m  species.

Experim ental
The spectra were measured in a closed cell apparatus4 consisting 

of a 0.2-cm. path length quartz cell, sealed to a side arm of a 25- 
ml. flask. This was connected to a high vacuum system via an 
attached vacuum stopcock for alternate evacuation and flushing 
with argon. The spectra were measured under an argon at
mosphere. A  removable 0.18-cm. quartz spacer was sealed in 
the side arm, thus permitting a change in cell path length. This 
apparatus is illustrated elsewhere.5 A  Cary Model 14 spectro
photometer was used to record the spectrum.

The standard procedure followed to form 1,1-diphenyl-n- 
hexyllithium, polystyryllithium, and poly-a-methylstyryllith-

(1) Preliminary communication: R. Waack and M. A. Doran, Chem. Ind. 
(London), 1290 (1962).

(2) L. Lang, Ed., “ Absorption Spectra in the Ultraviolet and Visible 
Region,”  Academic Press, New York, N. Y., 1961, p. 53.

(3) D. J. Worsfold and S. By water, Can. J. Chem., 38, 1891 (1960).
(4) The high reactivity of organolithium compounds requires the use of 

an absorption cell that prevents contact with air or moisture.
(5) R . Waack and M. A. Doran, to be published (1963).

ium was to add re-butyllithium to a solution of the correspond
ing olefin in the desired solvent. The solvents were distilled 
from lithium aluminum hydride or liquid sodium under argon. 
The olefins, 1,1-diphenylethylene, styrene, and «-methyl
styrene were vacuum distilled from calcium hydride and stored 
under argon. With «-methylstyrene, the concentration of the 
monomer was well below its equilibrium value.6 Hence, the 
initiation product should predominate. A stoichiometric amount 
of n-butyllithium to olefin was used, except with styrene where 
excess olefin was used to ensure consumption of the ra-butyl- 
lithium. If the previous procedure is reversed, there are no 
differences in the spectrum, but in the standard procedure the 
spectrum of the olefin was recorded and its subsequent disap
pearance observed on addition of the n-butyllithium .7 Butyl- 
lithium in hexane solution was obtained from Foote Mineral 
Corporation. A small amount of hexane therefore was present 
in each experiment. This should not affect the absorption spec
trum as the active center is expected to be preferentially sol
vated by the more abundant higher polarity solvents. Gas- 
tight syringes (Hamilton Co.) were used to transfer the solvent, 
olefin, and organolithium solutions.

Benzyllithium was prepared from tribenzyltin chloride and 
phenyllithium in ether,8 chilling the reaction after 2  hr. to precip
itate the tetraphenyltin and filtering. «-Methylbenzyllithium 
was prepared in an analogous manner from «-methylbenzyltri- 
phenyltin.9 The yields of tetraphenyltin in these reactions were 
95 to 10 0 % . Carbonation of benzyllithium resulted in a 70% 
yield of phenylacetic acid. Phenyllithium was prepared from 
bromobenzene and lithium metal in ether at 10°. Carbonation 
produced benzoic acid in greater than 90% yield. Triphenyl
methyllithium was prepared in tetrahydrofuran from triphenyl- 
methyl chloride and lithium metal at 0°, filtering after 4 hr. 
Benzyllithium and «-methylbenzyllithium, which were prepared 
directly in the cell apparatus by reacting stoichiometric amounts 
of phenyllithium (or butyllithium) with the appropriate tin com
pound, gave long wave length absorption identical with the previ
ous preparations. The tetraphenyltin so produced does not inter
fere although its spectrum is observed. The rate of the trans- 
metalation reaction is directly observable from the build-up 
of lithium compound. It is very rapid in TH F but becomes 
progressively slower in the less polar solvents, analogous to the 
olefin addition reaction.6 Each experiment was completed 
by the addition of several drops of ethanol, destroying the long 
wave length absorption of the carbanion and producing the 
spectrum for the hydrocarbon.

(6) H. W. McCormick, J. Polymer Sci., 25, 488 (1957).
(7) In THF and dimethoxyethane, maximum intensity is obtained im

mediately. In the less polar solvents, the addition reaction is progressively 
slower and the disappearance of the olefin can be followed. For example, 
see A. G. Evans and D. B. George, J. Chem. Soc., 4653 (1961).

(8) II. Gilman and S. B. Rosenberg, J. Org. Chem., 24, 2063 (1959).
(9) This tin compound was kindly supplied by Dr. F. C. Leavitt and 

Miss Priscilla A. Carney of this Laboratory.
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Results
Th e  position of the principa l absorption m axim um  of

1 ,1 -d iphenyl-n -hexyllith ium  ( I)  in seven different sol
vents is listed in  Tab le  I .  In  the five  m ost polar 
solvents, a weaker absorption band a t shorter wave 
length is also evident, e.g., Amax 315 mu in  T H F  w hich 
shifted to  300 m/i in  isopropyl ether. T h is  band is 
not observed in  the tw o low  p o la rity  solvents. I t  is 
apparent th at a more polar solvent m edium  causes a 
bathochrom ic sh ift in  the absorption m axim um . The 
81 m ix sh ift between the m ost polar and least polar sol
vent is unusually large. Th e  ionic strength of the 
solution apparently is of lesser im portance, because 
excess amounts of b u tyllith iu m  have no effect on the 
position of the absorption m axim um  of I .

T a b l e  I
T h e  P ositio n  o f  t h e  A b so r ptio n  M a x im u m  in  t h e  E le c tr o n ic  
Spe c tr u m  o f  1,1-DiPHENYL-n-HEXYLLiTHiuM in  So lven ts  o f  

D if f e r e n t  P o l a r it y

Primary absorption Dielectric
Solvent max., m/i constant (20°)

T etrahydrof uran 496 7.58“
1,2-Dimethoxyeth ane 495 b

Diethyl ether 438 4.335'
Isopropyl ether 428 3.88'
n-Butyl ether 435 3.06 (25°)'
Benzene 426* 2.286'
ra-Hexane 415 (broad) 1.890'

“ F. E. Critchfield, J. A. Gibson, Jr., and J. L. Hall, J. Am. 
Chem. Soc., 75, 6044 (1953). 6 The dielectric constant of 1,2- 
dimethoxyme thane has been determined as 5.50 and that of 
TH F as 6.00: J. L. Downs, J. Lewis, B. Moore, and G. 
Wilkinson, J. Chem. Soc., 1367 (1959). The small difference 
between the dielectric constant of these two solvents corroborates 
our observation of their similar solvation properties. However, 
the above value for the dielectric constant of THF is quite 
different from that determined by Critchfield, et alA We have 
chosen to use this latter value. " A. A. Maryott and E. R . Smith, 
“ Table of Dielectric Constants of Pure Liquids,”  N .B.S. Circ. 
514 (1951). d This measurement in benzene agrees with the 
recent report for the spectrum of I in benzene, i.e., Xraftx 428 m/i: 
A. G. Evans and D . B. George, J. Chem. Soc., 4653 (1961). 
e P. Debye and H. Sack, “ Constantes Dielectriques Moments 
Electriques,”  Hermann and Cie, Paris, 1937.

The dependence of the position of the absorption 
m axim um , in  reciprocal centim eters, on solvent polar
ity , as expressed b y  solvent d ielectric constant, is 
illustrated in  F ig . 1. Th e  lin e a rity  of F ig . 1 m igh t be 
expected from  the relationship A E =  hv, p rovid ing 
the solvent d ielectric constant is a consistent measure 
of the extent of solvent in teraction  on the transition  
energy. The faster rate of developm ent of absorption 
in tensity in  the h igher die lectric media is also illu stra 
tive  of such solvation a b ility .5 Th e  slope of the line 
measures the average low ering in  electronic transition  
energy b y  solvent in teraction , per u n it d ie lectric con
stant. One m ight expect th a t extrapolating to  zero 
dielectric constant w ould best estim ate the transition  
energy in  the absence of solvent effects. Th e  lim its  of 
±5  mju shown in  F ig . 1 are an estim ate of the possible 
varia tion  in  locating the m axim um  of these rather 
broad absorption curves. Th e  scatter shown b y  the 
data is perhaps caused b y  steric effects, w hich are not 
expressed in  the die lectric constant, b u t w hich are a 
prom inent factor in  the a b ility  o f the medium to 
solvate. There is no simple relationship between the 
absorption m axim a and solvent re fractive  index.

Another species sim ilar to I  is trip h e n ylm e th yllith iu m

O 1 2 3 4 5 6 7 8
SOLVENT DIELECTRIC CONSTANT

Fig. 1.— Absorption maximum in ultraviolet spectrum of 1,1- 
diphenyl-n-hexyllithium .

( I I )  . T h is  is reported to  show m axim um  absorption 
a t 475 and 410 m/i in  d ie th yl e ther,10 whereas we 
observe the absorption m axim um  of I I  a t 500 and 425 
m/i in  T H F ; thus, the absorption of I I  also experiences 
a red sh ift w ith  increasing solvent p o la rity .

Th e  spectrum  of the d iph enylm ethyl anion (the 
gegenion is not specified, b u t is assumed to  be N a) is re
ported to  have an absorption m axim um  a t 435 m/i in  
d ie th yl ether,10 w hich is alm ost identica l w ith  our obser
va tion  of I  in  ether. Th e  sm all 3 m/i difference is explic
able in  term s of the usual bathochrom ic effect of sub
s titu tin g  an a lk y l group fo r a hydrogen.2’5

In  liq u id  ammonia, the position of m axim um  absorp
tion  of d iphenylm ethyl potassium  is reported as 440 
m /i,11 s trik in g ly  sim ilar to  th a t in  d ie th yl ether. In  
view  of the high d ielectric constant of ammonia, 
however, (22.5 a t — 33.4°, see Tab le  I ,  ref. c) it  is 
apparent th a t the relationship of F ig . 1 does not hold ; 
th is is perhaps due to  the larger gegenion or the dual 
solvating behavior of N H 3, i.e., it  can act as a base to 
solvate the cation o r H -bond w ith  the lone p a ir electrons 
of the ionized C -L i bond.

Th e  spectrum  of the a lka li m etal-benzophenone k e ty l
( I I I )  is also reported to  experience a red sh ift (of the 
order 30-35 m/i) on changing solvent from  1 ,4-di- 
oxane (e25° 2.209') to  T H F .12 Th e  ir-electron system  
of I I I  is quite sim ilar to  th a t of I .  Th e  electronic 
transition  observed fo r th is ra d ica l-ion  system  is sug
gested to  be the excitation  of an electron from  the 
lowest antibonding ir-o rb ita l to  one of h igher energy.18

In  contrast to  the d i- and trip h e n ylm e th yllith iu m  
species, the electronic absorption spectra of m ono- 
phenylm ethyllith ium  compounds are com paratively 
insensitive to  solvent. Th e  firs t reported exam ple was 
p o lys tyry llith iu m .3 W e observe th is species to  have a 
single w ell defined absorption m axim um  a t 335 m/i in  
T H F  and s im ila rly  a t 334 m/i in  benzene. Th e  o n ly 
solvent effect is a broadening of the band in  the more 
polar m edium . W e have measured the spectrum  of 
other m onophenylm ethyllith ium  compounds in  three 
d ifferent p o la rity  solvents. These data are summ arized 
in  Ta b le  I I .

I t  is apparent th a t these m onophenylm ethyl organo- 
lith ium s do not show a pronounced solvent se n sitiv ity 
in  th e ir electronic spectra. In  fa ct there appears to

(10) S. F. Mason, Quart. Rev., 15, 336 (1961).
(11) I. V. Astafev and A. I. Shatenshtein, Opt. Spectr. (English Transla

tion), 6, 410 (1959).
(12) H. V. Carter, B. J. McClelland, and E. Warhurst, Trans. Faraday 

Soc., 56, 455 (1960).
(13) B. J. McClelland, ibid., 57, 1458 (1961).
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T a b l e  II
T h e  P o s it io n  o f  t h e  A b s o r p t i o n  M a x i m u m  in  t h e  E l e c t r o n ic  
S p e c t r a  o f  M o n o p h e n y l m e t h y l  O r g a n o l it h i u m  C o m p o u n d s  

in  S o l v e n t s  o f  D if f e r e n t  P o l a r i t y

✓----- — Position of maximum absorption, mu—•——»

Solvent Benzyllithium
a-Methyl-

benzyllithium
Poly-a-

methylstyryllithium
THF 330 335 340
Et20 328 335 337
Benzene 344 349

be a sm all opposite (blue) sh ift in  the least polar sol
vent.

Another o rgan o -a lka li m etal system in  w hich the 
spectrum  does not appear to be solvent sensitive is the 
a lka li m etal-arom atic hydrocarbon radical-ions. Th e  
m ajor absorption band of sodium -anthracene ra d ica l- 
ion is identical in  1,4-dioxane12 and in  T H F 14a or d i- 
m ethoxyethane.ub

Discussion
A lthough  the solvent effects in  the electronic spec

trum  of organolithium  compounds (carbon -lith ium  
bond) have not been studied previously, the effect 
of solvents on electronic spectra in  general has received 
considerable attention. Some of the h ig h ly  conjugated 
organic dyes show pronounced solvent effects in  th e ir 
spectra.15 The shifts usua lly are less pronounced than 
th a t observed here. F o r example, phenol blue, w hich 
consists of both hom opolar and charged zw itterion ic  
resonance structures, undergoes a pronounced red 
sh ift in  absorption m axim um  in  more polar solvents. 
On the other hand the spectrum  of B indschellers’ 
green, which has a form al charge in  both the ground 
state and excited state, is re la tive ly  insensitive to  
solvent changes. These different behaviors are read ily 
explained b y  the a b ility  of the solvent to  stabilize 
th e ir d ifferent resonance structures.16’17 Th e  odd 
alternant organolith ium  species are a ve ry  interesting 
example of a class of compounds a ll of sim ilar structure 
(in  having analogous resonance form s) but fo r which 
we find ind ividuals th a t behave in  d ifferent manners 
regarding spectral sh ifts due to  solvent. Thus, the 
explanation here is not sim ply the preferred stab iliza 
tion  or destabilization b y  the solvent of a certain reso
nance structure.

In  each of these organolith ium  species delocalization 
of the carb on -lith ium  bond electrons throughout the 
x-system  is a stab ilizing factor. T h is  tendency to  
delocalize the unshared p a ir, fo r exam ple in  I ,  is re
flected in  the high “ a c id ity”  observed fo r the cor
responding hydrocarbon. A lon g w ith  its  stab ilizing 
effect, electron delocalization moves the bonding and 
antibonding x-o rb ita ls  closer together.18 Thus, we 
assume th a t the observed long wave length absorption 
in  each of these compounds is due to  the excitation  of an

(14) (a) P. Balk, G. J. Hoijtink, and J. W. H. Sehreurs, Rec. trav. chim., 
76, 813 (1957); (b) E. DeBoer and S. I. Weissman, ibid., 76, 824 (1957).

(15) L. G. S. Brooker and R. H. Sprague, J. Am. Chem. Soc., 63, 3214 
(1941).

(16) G. W. Wheland, “ Resonance in Organic Chemistry,”  John Wiley 
and Sons, New York, N. Y., 1955, pp. 325-326.

(17) M. J. S. Dewar, Chem. Soc. (London), Spec. Publ., 4, 75 (1956).
(18) In an odd alternant molecule as I, the highest occupied orbital is 

non-bonding, so these electrons do not contribute to the resonance energy. 
It is the lowering of the other 7r~orbitals (relative to their position in the non- 
delocalized molecule) that produces increased stability. The occurrence of 
the non-bonding orbital between the bonding and antibonding orbitals is the 
reason odd alternants absorb at longer wave length than even alternants, for 
example see ref. 17, p. 78.

electron from  the highest occupied x -o rb ita l to  the 
lowest antibonding x -o rb ita l.

Th e  absorption of u ltra v io le t lig h t b y  a m olecule 
results in  its  electronic excitation  from  some ground 
state energy to  a more energetic excited state. In  
solution, the extent of the solvation  of the molecule in  
each of these tw o electronic states influences th e ir 
re la tive  positions in  energy. I t  is apparent th a t in  d i- 
and trip h e n ylm e th yllith iu m  compounds, the more 
polar m edium  reduces the energy difference between 
the ground and excited states, thus causing a red sh ift 
in  absorption m axim um . W e consider th a t the pro
nounced red sh ift in  absorption m axim um  of such 
species, w ith  more polar solvents, m ight be explained in  
two w ays w hich are somewhat interrelated. F irs t, 
note th a t the organolith ium  systems under discussion 
consist of a polar solute in  both polar and non-polar 
solvent m edium. A s we m entioned, conjugation bands 
in  electronic spectra frequently are shifted tow ard 
the vis ib le  b y  a more polar solvent. Th is  is because the 
absorbing m olecule (to  be considered in  the classical 
sense as an oscillating electron) w hich is imbedded in  
a dielectric medium polarizes the m edium  and thus 
decreases the w ork required fo r electronic e xc ita tio n .19’20 
The low ering in  energy is dependent on the p o la riz
a b ility  of the solvent. There m ay also be a solvent 
effect due to  orientation  of the solvent dipoles b y  the 
solute. In  the spectrum  of a polar solute in  a polar 
solvent, a strong red sh ift m ay be expected if  the solute 
experiences an increase in  dipole m om ent on e xc ita tio n .21 
Th e  increase in  solute dipole in  the excited state 
results in  a gain in  solvation energy fo r th is state, rela
tive  to  the ground state, through increased in teraction  
w ith  the oriented solvent molecules. O n the other 
hand, should the solute dipole decrease during elec
tron ic excitation, the oriented solvent w ould cause a 
blue sh ift due to  “ orientation stra in ,” w hich w ill be 
superimposed on the po larization  red sh ift.21 Such 
m ay be the case fo r the m onophenylm ethyl organolith 
ium  compounds discussed la ter. Another factor, the 
prom otion of ionization of the ca rb o n -lith iu m  bond b y  
more polar solvents,22 m ight also be considered as 
contributing to  the observed solvent effect in  the 
spectra of organolith ium  compounds. Consider th a t 
an organolith ium  compound m ay be described, in  
valence bond language, b y  a wave function  containing 
contributions from  covalent and ionic structures, 
i.e.

>FR-Li =  a^(cov.) (R -L i)  +  biZ'(ionio) (R eLi® )

Presum ably, in  the ground state — a— • is large whereas 
in  the electronic excited state — b—  w ould be of 
greater im portance. Thus, an increase in  ionic 
character of the ground state, via solvent-prom oted 
ionization, should lower the electronic transition  
energy (keeping in  m ind th a t the transition  is sug
gested to be x-* -x*  of the delocalized electrons). T o  
say th is in  another w ay, bond form ation lowers the 
energy of the ca rbon -lith ium  bond electrons, whereas 
ionization raises the energy of these electrons, re la tive

(19) F. A. Matsen, “ Techniques of Organic Chemistry,”  Yol. IX , Inter
science Publishers, Inc., New York, N. Y., 1956, p. 695.

(20) S. F. Mason, Quart. Rev., 15, 368 (1961).
(21) N. S. Bayliss and E. G. McRae, J. Chem. Phys., 58, 1002 (1954).
(22) D. J. Kelley and A. V. Tobolsky, J. Am. Chem. Soc., 81, 1597 

(1959).
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to the non-delocalized structu re .23 T h is  concept is 
analogous to  the w ell known blue sh ift caused b y  h y 
drogen bonding solvents on carbonyl n-^-7r*-transi
tions.24 In  th is la tte r system , the energy of the non
bonding electron pa ir is lowered in  the ground state 
b y H -bond  form ation, whereas there is little  H -bond ing 
in  the excited state.26'26 Th e  result is an increase in  
transition  energy observed as a blue sh ift. The a b ility  
of the solvent to  prom ote ion ization  of the organo
lith iu m  compound is related to  its  b a s ic ity ,27 w hich is 
determined b y such properties as perm anent dipole 
and p o la riza b ility  as w ell as steric factors w hich regu
late the closeness of approach or the num ber of closest 
solvent molecules. In  Ta b le  I ,  solvent b asic ity de
creases in  the same order as the dielectric constant. 
From  th is discussion, the observed red sh ift in  the ab
sorption m axim um  of d i- and trip h en ylm eth yllith iu m  
species, w ith  increasing solvent p o la rity , m ight be a t
tributed to a decrease in  the energy required fo r the 
electronic excitation  resulting from  increased solvation 
of the excited state due to the p o la riza b ility  and dipole 
orientation of the solvent, or the more polar (basic) 
solvents prom ote ion ization  of the ca rb on -lith ium  bond 
thus raising the ground state energy of th is electron 
pair re la tive  to the excited state.

Fo llow ing the foregoing discussion, tw o possible ex
planations m ay be considered to  account fo r the in 
se n s itiv ity to  solvent of the m onophenylm ethyl 
organolith ium  compounds. The firs t p ossib ility is 
that in  these solvent insensitive species, electronic 
excitation is not accompanied b y  an increase in  dipole 
moment, so solvent orientation would not cause a 
lowering of the excited state energy. I f  the dipole 
m oment decreases on excitation, the effect of solvent 
“ orientation stra in”  m ay be superimposed on the 
“ red”  po larization  sh ift and if  the form er dominates,

(23) Electron delocalization stabilizes the excited state to a greater 
extent than the ground state, and results in a smaller difference in energy 
between these two states. Bond formation of the C—Li bond is analogous 
to twisting components of a conjugated system out of plane, resulting in re
duced interaction. This usually causes a hypsochromic shift in 7r—>-7r* 
transition and a loss of intensity. See, for example, M. J. S. Dewar, “ Steric 
Effects in Conjugated Systems,”  Academic Press, Inc., New York, N. Y., 
1958, p. 46.

(24) M. Kasha, Discussions Faraday Soc., 9, 15 (1950).
(25) H. McConnell, / .  Chem. Phys., 20, 700 (1952).
(26) C. J. Brealey and M. Kasha, J. Am. Chem. Soc., 77, 4462 (1955).
(27) H. C. Brown and R. M. Adams, ibid., 64, 2557 (1942).

a sm all red sh ift w ith  decreasing solvent p o la rity  m ay 
be realized. Such a trend is indicated b y  the data in  
Table  I I .  Another approach, w hich is in  keeping w ith  
the second explanation of the solvent effect discussed 
previously, is based on the w ell known tendency of 
organolith ium  compounds to  form  clusters.28 The 
species w hich show strong solvent dependence are 
ve ry  b u lky, and consequently m ay be ste rica lly pro
h ib ited  from  cluster form ation. Th e  organolith ium  
function of the bu lk ier species thus is available fo r co
ord ination w ith  the sm aller solvent molecules. On 
the other hand, the m onophenyl species should have 
little  steric in h ib itio n  to  cluster form ation, so they 
p referentia lly solvate themselves and are less sensi
tive  to  the solvent environm ent. Thus, we consider 
th at the in se n sitiv ity of the spectrum  of m onophenyl- 
m ethyllith iu m  compounds to  solvent m ay result from  
a lack of increase in  dipole m om ent on electronic excita
tion  or a preference of the less ste rica lly hindered species 
toward self solvation.

One im portant consequence of these findings bears 
d ire c tly  on the correlation of the absorption spectrum  
of cations, anions, or free-radicals of odd or even 
alternant hydrocarbons w ith  each other29 or w ith  
transition  energies calculated b y  m olecular o rb ita l 
m ethods.80 Th e  solvent in  w hich the spectrum  is 
measured has a pronounced effect on the observed 
transition  energy. I t  is apparent th a t in  com paring 
the spectrum  of the cation or anion of a species, which 
is solvent sensitive, the solvent medium of the cation 
and anion m ust have sim ilar solvating properties. 
F o r example, com paring the spectra of the d iph enyl- 
m ethylcarbonium  ion in  su lfuric acid (Amax 429 m/r31) 
and the anion in  isopropyl ether (Amax 428 m/i) gives 
quite good agreement, b u t the agreement is not good 
when the anion spectrum  is taken in  the higher sol
va tin g  medium T H F  (Amax 496). Th e  correlation of 
absorption frequency and transition  energy calculated 
b y  H uckel M .O . m ethod also m ay be im proved b y 
considering solvent effects.

(28) R. G. Wittig, F. J. Meyer, and G. Lange, Ann., 571, 167 (1951).
(29) M. J. S. Dewar and H. C. Longuet-Higgins, Proc. Phys. Soc. (Lon

don), A67, 795 (1954).
(30) A. Streitwieser, “ Molecular Orbital Theory for Organic Chemists,” 

John Wiley and Sons, Inc., New York, N. Y., 1961, p. 228.
(31) N. C, Deno, J. J. Jaruzelski, and A. Schriesheim, J. Org. Chem., 19, 

155 (1954).
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The storage shear modulus and loss tangent of polyvinyl acetate (weight-average molecular weight 2  X  106) 
were measured at radian frequencies between 0.7 and 40 sec. - 1  and at ten temperatures from 20.0 to 30.2°, using 
a modification of the torsion pendulum of Plazek, Vrancken, and Berge. Parallel dilatometric experiments were 
made to measure the isothermal volume contraction at most of these temperatures after quenching from well 
above the glass transition ( Te). From 31.25 to 39.2°, dynamic shear measurements were made under conditions 
of voluminal equilibrium. Above about 33°, the temperature dependence could be described by the method 
of reduced variables and the temperature shift factors followed the WLF equation with the parameters a; =  
5.3 X  10-4  deg.-1, / »  =  0.0225 (the subscript 35 referring to centigrade temperature). These parameters are 
somewhat different from those derived from shear measurements far above TK, indicating that the WLF equation 
requires some modification in the immediate vicinity of Tt. Below 33°, the method of reduced variables was 
inapplicable; the behavior could be ascribed to a change in the shape of the relaxation spectrum with decreasing 
temperature, namely, a depression of the plateau on the left side of the maximum. In the vicinity of its maxi
mum, the relaxation spectrum as obtained from both storage and loss components of the shear modulus (G', 
G ")  agreed well with that derived from earlier shear measurements at higher temperatures by Williams and 
Ferry. From 20 to 33.8°, dynamic shear measurements were made repeatedly during isothermal volume con
traction after quenching. Such experiments in principle provide for separation of the temperature dependence of 
relaxation times into the effect attributable to free volume and the effect of temperature at constant free volume. 
Correlation of the dependences of storage modulus and loss tangent on temperature and on elapsed time (at 
constant frequency) indicated that the relaxation times were essentially functions of free volume alone. How
ever, about 2 0 %  of the total temperature dependence of relaxation times may be ascribed to an effect which is 
either independent of free volume or else associated with a small change in free volume with temperature which 
is achieved instantaneously, the same above and below Te. The method of reduced variables was applied to 
the frequency dependence of G' and G "  at various temperatures using shift factors ar.t calculated from the Doo
little equation taking into account the dependence of free volume on both temperature and time. For G', which 
is negligibly affected by changes in the shape of the relaxation spectrum at short times, all the data fell nearly 
on a single composite curve. For G ", there were deviations corresponding to those observed under conditions 
of volume equilibrium, but the positions of the curves at all temperatures and elapsed times showed that these 
deviations (attributable to changes in spectral shape) were also functions of free volume alone. Finally, in 
an isothermal volume expansion experiment at 39°, the time dependence of G' and loss tangent showed the same 
autocatalytie character as the volume expansion itself, and corresponded to a time-dependent shift factor at 
which again agreed closely (after establishment of thermal equilibrium) with that calculated from the change in 
free volume.

A lthough  extensive studies3 of the frequency depend
ence of the storage and loss shear m oduli of amorphous 
polym ers have been made above the glass transition  
tem perature (Tg), there are ve ry  few data below Tg. 
(In  referring to  Te, i t  is of course recognized th at th is 
characteristic tem perature is not unique b u t is a func
tion  of the tim e scale of the experim ent. I t  can be 
cited q u a lita tive ly  as the upper boundary of the glassy 
state, b u t fo r more precise considerations its  tim e de
pendence m ust be e xp lic itly  form ulated.)

M ost measurements on glassy polym ers have been 
made a t essentially constant frequency and have 
ignored the frequency dependence.4 Below  Tg, a 
polym er is in  general not in  a state of equ ilibrium  w ith  
respect to  its  volum e at a given tem perature,6 and the 
dynam ic shear properties m ay be expected to  depend 
on the therm al and m echanical h isto ry of the sample. 
Such effects were noted b y  M cLough lin  and Tob o lsky 
in the (tensile) stress relaxation of po lym eth yl m ethacry
la te ,6 and a ttribu ted  to  the differences in  free volum e. 
The apparent m axim um  in  activa tion  energy fo r visco
elastic relaxation processes as a function of tem pera
ture7'8 m ust therefore be interpreted w ith  caution.

(1) Centre de Recherches sur les Macromol^cules, Strasbourg, France.
(2) Minnesota Mining and Manufacturing Company Fellow, 1061-1962.
(3) J. D. Ferry, “ Viscoelastic Properties of Polymers,”  John Wiley and 

Sons, New York, N. Y., 1961, Chapter 12.
(4) A. E. Woodward and J. A. Sauer, Advnn. Polymer Sci., 1, 114 (1958).
(5) A. J. Kovacs, J. Polymer Sci., 30, 131 (1958).
(6) J. R. McLoughlin and A. V. Tobolsky, ibid., 7, 658 (1951).
(7) A. V. Tobolsky and J. R. McLoughlin, J. Am. Chem. Soc., 74, 3378 

(1952).
(8) S. Saito and T. Nakajima, J. Appl. Polymer Sci., 2, 93 (1959).

Th e  ve ry  large increases in  viscosity and the tem pera
ture derivative  of viscosity in  glasses as T is dim inished 
approaching Tg, noted long ago b y  Voge l9 and T a m - 
m ann,10 are accompanied b y  sim ilar increases in  v is 
coelastic re laxation tim es. Accord ing to  the free space 
concept of D o o little ,11-12 these quantities depend on the 
fractional free volum e. R ecently,6 isotherm al tim e - 
dependent volum e changes have been observed fo llo w 
ing tem perature changes in  the v ic in ity  of Te. Such 
tim e-dependent contractions or expansions reflect p ri
m a rily  changes in  free volum e and therefore should be 
accompanied b y  m arked changes in  viscoelastic relaxa
tion  tim es. From  the D o o little  equation11-12 it  can be 
estim ated th at a re lative volum e change of 3 X  10~3 
would a lte r a relaxation tim e or viscosity b y  a factor of 
about 400.

Tim e-dependent effects fo r the viscosity of glucose 
were reported b y  Parks13 and fo r borosilicate glasses b y 
P rod ’homm e,14 b u t have not been investigated in  detail 
fo r polym ers. B y  com bining shear viscoelastic measure
ments w ith  d irect d ilatom etric measurements of volum e 
changes, it  should be possible to  determ ine the effects 
of isotherm al volum e changes on viscoelastic properties, 
and b y comparison w ith  the effects of tem perature to

(9) H. Vogel, Physik. Z., 22, 645 (1921).
(10) G. Tammann and G. Hesse, Z. anorg. allgem. Chem., 156, 245 (1926).
(11) A. K. Doolittle, J. Appi. P h y s 22, 1471 (1951).
(12) M. L. Williams, R. F. Landel, and J. D. Ferry, J .  Am. Chem. Soc.. 77, 

3701 (1955).
(13) G. S. Parks, L. E. Barton, M. E. Spaght, and J. W. Richardson 

Physics, 6, 193 (1934).
(14) N. Prod’homme, Verres Refractaires, 14, 261 (1960).
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decide whether the la tte r are sole ly a ttribu tab le  to  free 
volum e changes as assumed in  the treatm ent of D oo
lit t le 11 and related developm ents.12

The present study is devoted to  measurements of 
shear viscoelastic properties of p o lyv in y l acetate near 
Tg, both under conditions of volum e equ ilib rium  and 
during tim e-dependent isotherm al contraction o r ex
pansion processes. B y  m easuring the frequency de
pendence of the storage and loss m oduli, the effects of 
tem perature and therm al h isto ry on the relaxation times 
and relaxation spectrum  can be determ ined.

Material and Method.— The polymer investigated was an un
fractionated polyvinyl acetate with weight-average molecular 
weight 2.0 X 106, identical with that designated as PVAc II in 
reference 5. It was compression molded at 120° into sheets 
about Vs in. thick and slowly cooled to room temperature. 
The sheets were examined carefully in polarized light for absence 
of imperfections. From these, several nearly identical prism- 
shaped samples were cut, about Vs in. wide and l -1/* in. long.

The conditioning and installation of each sample were carried 
out as follows. The ends were clamped in holders as illustrated in 
Fig. 1 . Very little compressive stress was used, but the terminal 
surfaces of the sample were cemented in the holders with an 
epoxy resin, the proper alignment being maintained while 
mounted in a jig during setting of the cement. The sample then 
was annealed in the jig at 45° for several days (far enough above 
Tg to permit complete volume equilibration and removal of 
stresses, but not far enough for danger of sagging), in an air 
thermostat containing silica gel. This annealing was repeated 
after each experiment in the torsion pendulum, to erase the previ
ous thermal and mechanical history.

The torsion pendulum of Plazek, Vrancken, and Berge,15 
originally designed for soft, disk-shaped samples, and providing 
for measurements at different frequencies by changing the mo
ment of inertia, was modified as follows for hard, prism-shaped 
samples. Mountings were provided in ■which the sample end 
holders shown in Fig. 1  could be securely clamped. Since it is 
necessary to control the tension in a rigid sample (increased ten
sile strain can cause volume expansion when Poisson’s ratio is 
less than y2, and attendant changes in relaxation times from this 
source16'17), the lower mounting was attached to a thin plate 
(tension control spring) which provided a slight vertical flexibility 
while maintaining torsional rigidity. The top of the torsion wire 
was attached to a vertical screw carrying a large engraved disk, to 
provide for small controlled vertical displacements. Four strain 
gages, each about 500 ohms, were cemented to the tension con
trol spring (Fig. 2) and were connected in a Wheatstone bridge so 
that the displacement of the plate and hence the tensile stress 
could be monitored. With suitable calibration, the stress could 
be controlled within 5 X  103 dynes/cm.2, corresponding to a 
relative change in sample length of 2 X 10-7. In practice, the 
tensile stress was maintained near zero by adjustments of the top 
vertical screw. In experiments where time-dependent isothermal 
volume changes took place, intermittent adjustments were neces
sary throughout the measurements.

One sample was placed in a dilatometer, filled with mercury 
under vacuum, and its specific volume was measured as a func
tion of temperature and time with its thermal history paralleling 
as closely as possible that of the sample in the torsion pendulum. 
This technique has been described in detail elsewhere.6 The 
precision of volume measurements was about 3 X 10 ~5 cm .3.

Experimental Procedure.— Each series of dynamic measure
ments, covering a range of radian frequencies (« )  from about 0.7 
to 40 radians/sec., was preceded by a standard thermal treat
ment. First the sample was heated while held in the jig at 45° 
for at least 1 hr. (in some cases 3 hr.), to erase previous history, 
and then the jig was placed on Dry Ice for about 1 min. to bring 
the sample quickly to room temperature. The jig mounting 
permitted longitudinal motion of the sample to allow for thermal 
expansion and contraction in this direction. Within about 5 min., 
the sample could be removed from the jig and installed in the 
torsion pendulum, which had been preheated to the temperature

(15) D. J. Plazek, M. N. Vrancken, and J. W. Berge, Trans. Soc. Rheology, 
2, 39 (1958).

(16) J. D. Ferry and R. A. Stratton, Kolloid-Z., 171, 107 (1960).
(17) G. M. Bryant, Textile Res. J., 31, 399 (1961).

Fig. 1.— Holder for each end of the sample to clamp it in jig for 
cementing and conditioning, and in torsion pendulum for meas
urements.

Fig. 2.— Installation of sample in torsion pendulum with tension 
control spring and strain gages.

Fig. 3.— Isothermal volume contraction of samples in dilatom
eter at temperatures indicated: open circles, quenched from 40°; 
black circles, quenched from 50°.

at which the dynamic measurements were to be made. The 
elapsed time of the experiment was counted from the moment of 
quench, although thermal equilibrium in the torsion pendulum 
was reached only 30 to 40 min. later. Time-dependent dynamic 
measurements were significant only after attainment of thermal 
equilibrium, of course. The parallel dilatometric measurements 
were not strictly comparable in the early stages, because thermal 
equilibrium is reached in the dilatometer in less than 2  min. 
However, the importance of this difference diminishes with in
creasing elapsed time and the approach toward voluminal equi
librium.

The results of shear measurements after attainment of volu
minal equilibrium and the time-dependent results during ap
proach to voluminal equilibrium are described and discussed 
separately. For the former, it was necessary to keep the sample 
at constant temperature first for a period which varied from about 
30 min. at 37.5° to a month at 30.0° (c/. Fig. 3 below). If the 
equilibration period was longer than a day, the sample was equili
brated in a dry air thermostat rather than in the torsion pendulum 
itself, and then quickly installed in the preheated torsion pen
dulum. Measurements were not begun, of course, until a few 
hours had elapsed to eliminate the disturbance in thermal history 
caused by brief exposure to room temperature. Measurements
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Fig. 4.— Loss tangent plotted logarithmically against radian 
frequency at nine different temperatures, at voluminal equilib
rium: pip up, 31.25° (*); successive 45° rotations clockwise 
correspond to 32.45°, 32.6° (*), 33.8°, 35.0°, 35.06° (*), 36.35°, 
37.6°, and 39.2°; (*) indicates different sample.

were repeated a few hours later to make sure that the shear prop
erties were not changing with elapsed time.

Precautions were taken to avoid absorption of water by the 
sample during annealing, equilibration, and dynamic measure
ments.

The loss tangent (tan S =  G"/G') and storage shear modulus 
((?') were calculated from the frequency and logarithmic decre
ment by the equations previously given15 except that for a sample 
of rectangular cross-section the sample coefficient18 is K  =  16 
L/ncd3, where L  is the length, c the width, and d the thickness 
(d <  c). The coefficient ¡i depends on the ratio c/d, and was cal
culated by a well known formula19; for most of the samples it was 
close to 2.3. The sample width and thickness were measured at 
room temperature by a micrometer, taking the average of several 
readings at different points, and the length between the clamps 
was measured with calipers. Corrections at other temperatures 
were made from the dilatometrie data, assuming isotropic di
mensional changes.

Dilatometrie Measurements.— The results of a series of dilato
metrie measurements are presented in Fig. 3, where the relative 
difference between the volume v(t) at an elapsed time t after the 
quench and final equilibrium volume i>( °° ) is plotted against log 
t. As usual,5'20 v{ co ) was obtained directly at temperatures high 
enough so that voluminal equilibrium was reached within the 
experimental time scale, and at lower temperatures by a suitable 
extrapolation against T. In most of these experiments, the tem
perature before quench was 40° instead of 45° as in the torsion 
pendulum experiments, but this difference produces negligible 
deviations except in the early stages of the isothermal contrac
tion, as shown by the comparison at 25° in Fig. 3. More extended 
dilatometrie studies of polyvinyl acetate have been reported 
elsewhere.6-20

The data of Fig. 3 will be used in analyzing the dynamic shear 
data, as described below.

D ynam ic Shear M easurem ents at Volum inal 
Equ ilib rium

Experim ental R esults.— The loss tangent and storage 
m odulus, measured after attainm ent of vo lum inal 
equ ilibrium , are plotted against frequency a t nine 
tem peratures in  F ig . 4 and 5. Tw o  different samples 
were em ployed, as identified in the legend of F ig . 4; 
at nearly identica l tem peratures (35.0°), the values of

(18) L. E. Nielsen, Bull. Am. $ oc. Testing Materials, 165, 48 (1950).
(19) S. Timoshenko, “ Theory of Elasticity,”  McGraw-Hill Book Co., New 

York, N. Y., 1934, p. 349.
(20) A. J. Kovacs, “ Pkénomènes de Relaxation et de Fluage en Rheologie 

Non-Lineaire,”  Editions du Centre National de la Recherche Scientifique, 
Paris, 1961, p. 191.

Fig. 5.— Storage shear modulus plotted against logarithm of ra
dian frequency. Key to temperatures same as in Fig. 4.

Fig. 6 .— Storage shear modulus plotted against temperature at 
several radian frequencies as indicated.

tan 8 from  the tw o samples agree ra ther w ell, b u t those 
of G' show a sm all consistent difference. A  com parison 
w ith  a th ird  sample a t 37.6° (not shown) revealed a 
sim ilar discrepancy. Since G', un like tan 8, depends 
c ritic a lly  on sample dimensions, i t  m ay be estim ated 
th at its  absolute accuracy cannot be expected to be 
better than 2 % , and these differences are a ttribu ted  
to  sm all errors in  the sample coefficients.

Sm all em pirical corrections were made to  the values 
of G', therefore, to bring them  in to  re la tive  consistency ; 
the sm all uncerta in ty in  the absolute value of G' is of no 
consequence. In  F ig . 6, G' is plotted against tem pera
ture a t several selected values of the frequency. From  
th is p lot em pirical factors can be estim ated to  adjust 
the measured values a t certain tem peratures to  agree 
w ith  the best curves drawn through a ll the points, as 
follow s: at 32.45°, 0.968; at 32.6°, 0.978; and a t 
33.8°, 1.020. These factors were used in  subsequent 
calculations based on the G' data.
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Fig. 7.— Logarithm of loss tangent plotted against temperature at 
several radian frequencies as indicated.

In  F ig . 7, tan 8 is p lotted  against tem perature a t con
stant frequency, and since it  does not depend on sample 
dimensions, no deviations such as those in  F ig . 6 are 
apparent. The data a t 32.45° d id  not agree w ith  the 
others, however, and have been om itted from  fu rther 
consideration.

Application of Reduced Variables.— The G' curves in  
F ig . 5 are closely parallel and sh ip  factors log aT can 
be measured from  th e ir separations on the frequency 
scale in  the usual w a y, taking 35° as the reference 
tem perature. The m agnitude of G' was not reduced fo r 
th is purpose b y  the Tp/T0po factor com m only used in 
the transition  zone of viscoelastic properties, since the 
e lastic ity in  the glassy state is not of a rubber-like  
nature. Approxim ate sh ift factors also could be ob
tained from  tan 8 in  F ig . 4; the a,T values from  the two 
sources agreed above 33°, b u t diverged at low er tem 
peratures, as shown in  F ig . 8. I t  m ay be concluded 
that the shape of the relaxation spectrum  changes w ith  
tem perature below 33°, so th a t the m ethod of reduced 
variables becomes inapplicable.

Above 33°, the aT values can be closely fitted  b y  the 
W L F  equation12 in  the form

(1/2.303/35) (T  -  308.2) ^
l0g “ T -  ^  / „ / « , +  T -T 0 8 .2  ■ (1)

where the reference tem perature of 35° (308.2°K.) 
plays the role of Tg in  the usual form ulation. (Since the 
present treatm ent deals w ith  data in  the im m ediate 
v ic in ity  of the glass transition , the fact th a t there is no 
unique value of Ts m ust be e xp lic itly  recognized.) 
Here /35 is the fractional free volum e at 35°, and at its 
therm al expansion coefficient. A  satisfactory f it is ob
tained w ith / 3 5  =  0.0225 and as =  5.3 X  10 ~4 deg/“1, 
as shown b y the curve in  F ig . 8. In  fact, the calculated 
curve agrees w ith  the ttT values obtained from  G' over 
the whole tem perature range; th is is to  be expected 
since a change in  the shape of the re laxation  spectrum 
at short times w ill affect G' m uch less than G ". I t  also

Fig. 8.— Log ot plotted against temperature: points top
black, from empirical shifts of G'; bottom black, from shifts of 
tan 5; solid line, calculated from WLF equation with at = 5.3 X  
1 0 - /  / 35 =  0.0225; dashed line, calculated from WLF equation 
with parameters from shear measurements at higher temperatures 
by Williams and Ferry.

agrees almost exactly w ith  aT calculated from  the tim e- 
scale separation of the isotherm al bu lk  contraction 
curves in  F ig . 3.

The ra tio /235/ctf is ra ther precisely determ ined as 0.96 
±  0.04 deg. b y the slope of F ig . 8  at 35°. T h is  value 
also agrees w ith  th at calculated from  the in flectional 
slopes6- 20 of the curves of F ig . 3, and, of course, th at 
from  the separation of these curves on the tim e scale. 
How ever, there is some la titude in  the choice of the in 
d iv id u a l parameters / 35 and af from  the data of F ig . 8 , 
because of the lim ited  tem perature range; a 1 0 %  de
crease in  f 35 and a 2 0 %  decrease in  af w ould leave the 
solid curve essentially unchanged. A c tu a lly , the 
analysis of the tim e-dependent experim ents to  be pre
sented below determines af independently as 5.3 X  10- 4  

w ith  an accuracy of about 4 % . From  the in flectional 
slope of the isotherm al contraction, on the other hand, 
one obtains f 35 =  0.0195 and af =  4.2 X  10~4. T h is  
discrepancy probab ly is not serious because the calcula
tion  is based on an oversim plified m odel.5- 20

Th e  values of /35 and af obtained from  earlier dynam ic 
shear measurements on p o lyv in y l acetate b y  W illiam s 
and F e rry ,21 made between 45 and 90° in  the transition  
zone of viscoelastic behavior, are 0.029,/ and 5.9 X  10~4, 
and from  these a rather different curve fo r log ax is ob
tained as shown b y the dashed curve in  F ig . 8. I f  a best 
fit of the W L F  equation is made to  the earlier data a t 
the low -tem perature end of the range, from  45 to 57°, 
we ob ta in / 3 5  =  0.0286 and af =  5.0 X  10-4 , somewhat 
closer to  values from  the new data in  the range from  33

(21) M. L. Williams and J. D. Ferry, J . C o llo id  S c i ., 9, 479 (1954).
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Fig. 9.— Fractional free volume plotted against temperature, 
from WLF parameters as follows: 1, Williams and Ferry, best 
fit 45 to 90°; 2, Williams and Ferry, best fit 45 to 57°; 3, present 
measurements.

to 39°. I t  is evident th at the W L F  equation cannot 
be applied in  the im m ediate v ic in ity  of Tg w ith  the 
same parameters th a t a p p ly fa r above th is tem perature. 
A lthough  the ru le of thum b is often stated12 th a t the 
W L F  equation holds from  Tg to  Tg +  100°, the lower 
lim it probab ly should be raised to  Tg +  10°, w h ile  there 
is some evidence22 th at the upper lim it also can be 
raised.

I f  the fractional free volum e is calculated as /  =  /3g +  
af(T — 308.2) w ith  these different pairs of parameters 
and p lotted  against tem perature, the results (F ig . 9) 
suggest a sm all abrupt increase in /a b o u t 10° above the 
conventional identification  of Tg (w hich fo r p o lyv in y l 
acetate23 is about 32°). Since there is no physical 
evidence of such a transition  in  the free volum e (the 
to ta l volum e does not undergo a d iscon tinu ity, and the 
occupied volum e can h a rd ly decrease w ith  increasing 
tem perature), th is probab ly means o n ly th a t the abso
lute value of the free volum e does not have precise 
physical significance.

I t  is an im portant conclusion th a t the tem perature 
sh ift factors fo r shear and volum e (bu lk ) deform ations 
near Tg are identical, ind icating th a t the m olecular 
m otions b y  w hich these respective deform ations are 
accomplished are ve ry  sim ilar.

Reduced Shear M od u li.— Values of G' and the loss 
m odulus G "  are plotted in  F ig . 10 against the frequency 
reduced to  35° in  accordance w ith  the calculated curve 
of F ig . 8. A  single composite curve is obtained for 
G'; fo r G ", as expected from  F ig . 8, there are divergences 
of the data taken below 33 0. These correspond to  a drop 
in  the m agnitude of G "  w ith  decreasing tem perature.

From  earlier shear measurements21 at higher tem 
peratures w ith  the F itzgera ld  transducer apparatus,24 
reduced plots were obtained w hich located the m axi
mum in  log G "  as 9.47 and the m agnitude of log G' at 
the same frequency as 9.74. Th e  corresponding values 
from  F ig . 10 are 9.46 and 9.83, respectively, representing 
g ra tify in g  agreement since the experim ental methods 
are e n tire ly different. (The  average m olecular w eight 
of the earlier sample was lower, and its  d istribu tion

(22) L. J. Garfield, S. E. Petrie, and D. W. Vanas, Trans. Soc. Rhe
ology, 6, 131 1962.

(23) Reference 3, p. 222.
(24) E. R. Fitzgerald and J. D. Ferry, J. Colloid Set., 8, 1 (1953).

Fig. 10.— Composite plots of O' and G" reduced to 35°, using 
shift factors c i t  from WLF equation with af =  5.3 X  10~4, =
0.0225. Key to temperatures same as in Fig. 4-7.

LOGr REDUCED TO 35 °C.
Fig. 11.— Relaxation spectrum reduced to 35°: Points top 

black, from G'; bottom black, from G". Tagged points are from 
G" at 31.25° (Fig. 10). Vertical bars are values from previous 
measurements by Williams and Ferry, reduced from 75 to 35° 
by A log dT =  7.8.

probably broader, b u t these differences should not affect 
the viscoelastic properties near the m axim um  of G" .)

The location of the m axim um  on the reduced fre 
quency scale is at log « o r  =  — 1-5 from  F ig . 10, reduced 
to 35°, and a t 6.3 from  the measurements a t h igher 
tem peratures, reduced to 75°. Thus A  log o t  between 
the tw o reference tem peratures appears to  be 7.8. 
T h is  value is in  fact obtained from  the W L F  equation 
provided th at the low -tem perature parameters (/36 =  
0.225, af =  5.3 X  10~4) are applied from  35 to  45° and 
the high-tem perature pa ir (0.0298 and 5.9 X  10~~4) 
from  45 to  75°. Th e  la tte r assignment seems reason
able in  view  of the preceding discussion, and thus con
firm s the a p p lica b ility  of reduced variables where the 
tw o types of measurement overlap.

R elaxation  Spectrum . Th e  re laxation  spectrum  H, 
calculated from  the data of F ig . 10 b y the W illia m s - 
F e rry  approxim ation m ethod,25 is p lotted  in  F ig . 11. 
Th e  agreement between values from  G' and from  G "  
is in  m ost cases ve ry  satisfactory. N ear the m axim um , 
the data agree quite w ell w ith  those from  the earlier 
measurements21 reduced as described above. The 
shape of H  on the le ft side of the m axim um  is c lea rly 
delineated; it  flattens to  a plateau, and the height of 
the plateau drops somewhat a t low er tem peratures 
where the method of reduced variables fa ils. Evidence 
w ill be presented in  the next section th a t the la tte r 
anom aly also is associated w ith  free volum e changes.

(25) M. L. Williams and J. D. Ferry, J . P o ly m e r  S c i ., 11, 169 (1953).
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D ynam ic Shear M easurem ents during Isotherm al 
Contraction and Expansion

D ynam ic measurements as functions of elapsed tim e 
during approach to  vo lum inal equ ilibrium  were carried 
out in  three w ays. (1) Measurements a t constant 
moment of inertia  were made repeatedly a t constant 
tem perature fo llow ing the quench. Since G' changes 
on ly s lig h tly  during the isotherm al contraction, and co 
is proportional to  v / G 7, these represent tim e-dependent 
data at nearly constant frequency. (2) A  sample w hich 
had been kept a t room  tem perature fo r 72 days after 
m olding was installed in  the torsion pendulum  and 
brought as ra p id ly  as possible to 39°. Measurements 
were made repeatedly at constant m oment of inertia  
during the isotherm al expansion20 w hich ensued. (3) 
Measurements were made during isotherm al contraction 
at various frequencies and elapsed tim es, b y  changing 
the m oment of in e rtia  repeatedly. B y  in terpolation, 
values of G' and G "  corresponding to  fixed in terva ls 
of elapsed tim e were calculated, to  obtain the frequency 
dependence of the viscoelastic properties a t constant 
tem perature and elapsed tim e.26

Tim e-D ependent M easurem ents during Isotherm al 
Contraction at E ssen tia lly Constant Frequency.— In  
F ig . 12, the loss tangent is p lotted loga rith m ica lly 
against elapsed tim e fo llow ing quench from  45° to  room  
tem perature and insta lla tion  in  the torsion pendulum  at 
the tem perature indicated on each curve. M easure
ments were started about 10 m in. after the quench, but 
therm al equ ilibrium  is reached on ly after 30 m in. addi
tional tim e, as shown b y the ve rtica l dashed line. Thus 
the curves a ll sta rt from  about the same point, reflect
ing the re p ro d u c ib ility  of the quench to  room tem pera
ture, and then diverge. Th e  delay in  reaching therm al 
equ ilibrium  m ay cause some after-effects,28 as exem pli
fied in  the curve at 33.8° where isotherm al expansion 
followed b y the norm al slow contraction process causes 
tan 5 to pass through a m axim um . Such disturbances 
should have no effect, however, after a lapse of 2 hr. 
B y  th is tim e, the curves are nearly linear and are char
acterized b y  slopes w hich w ill be used in  subsequent 
calculations.

A  few values of the in d iv id u a l frequencies are shown; 
the extrem e range in  these experim ents was from  1.38 to
1.50 radians/sec., and the differences in  tan 5 corre
sponding to  th is range were w ith in  experim ental error.

The sm all changes in  oscillation frequency reflect 
changes in  G', w hich is p lotted  against the logarithm  of 
elapsed tim e in  F ig . 13. I t  is clear b y  com paring F ig . 12 
and 13 w ith  F ig . 6 and 7 th at the effects of an increase 
in  elapsed tim e on both G' and tan 5 are q u a lita tive ly  
equivalent to those of a decrease in  tem perature a t 
volum inal equilibrium , as would be expected if  these 
effects reflect p rim a rily  changes in  free volum e. The 
tim e-dependent viscoelastic properties approach lim it
ing values (at 32.5° and above) w ith in  elapsed times 
which are sim ilar in  m agnitude to those needed to 
achieve volum inal equ ilibrium  as measured in  the 
dilatom eter (F ig . 3).

Tim e-D ependent M easurem ents during Isotherm al 
Expansion.— In  F ig . 14, G' and log tan 8 are p lotted

(26) Such functions may be termed isoaeonal, as distinguished from iso
chronal functions which give27 the temperature dependence of viscoelastic 
properties at a fixed point on the viscoelastic time scale (for dynamic proper
ties, at fixed frequency).

(27) Reference 3, pp. 243, 315.

Fig. 12.— Loss tangent plotted logarithmically against elapsed 
time during isothermal contraction, following quench to room 
temperature and installation in the torsion pendulum at the tem
perature indicated on each curve. Vertical dashed line indicates 
time required for thermal equilibrium. Small numbers (1.400, 
etc.) are examples of actual radian frequencies in measurements 
at constant moment of inertia.

Fig. 13.— Storage shear modulus plotted against logarithm of 
elapsed time as in Fig. 13, at five different temperatures.

Fig. 14.— Storage modulus and logarithm of loss tangent 
plotted against logarithm of elapsed time during isothermal ex
pansion at 39°. The temperature change from 26.5 to 39° 
reached thermal equilibrium at about log t =  1.6. The dashed 
line shows the actual relative volume expansion in a comparable 
dilatometric experiment at 40°.

against log t fo r the sample w hich had been kept 72 days 
at 27 ±  2° and then heated in  the torsion pendulum  to  
39°. F o r the firs t 40 m in., the tem perature is com ing

(28) A. J. Kovacs, C o m p t. ren d ., 235, 1127 (1952).
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Fig. 15.— Storage modulus, logarithm of loss tangent, and 
specific volume plotted against temperature, at elapsed times of 
50 min., 400 min., and °° (complete volume equilibration). Fre
quency for dynamic measurements about 1.45 radians/sec.

to equ ilibrium , but the m ajor parts of the changes in  
G' and tan 5 occur isotherm ally after the final tem pera
ture is reached.

The re la tive  change in  specific volum e measured in  a 
sim ilar isotherm al expansion experim ent carried out in  
a dilatom eter is shown b y  the dashed curve in  F ig . 14. 
I t  is not s tric tly  comparable, since the tem perature is 
d ifferent b y  1 ° and therm al equilibrium  is reached much 
more q u ick ly in  the dilatom eter. A lso , the previous 
condition ing was s lig h tly  different, at 25° fo r 48 days. 
Nevertheless, it  is clear th a t the au toca ta lytic char
acter of the tim e dependence, characteristic of an iso
therm al expansion whose rate is controlled b y  free 
volum e,20 is m irrored in  both the specific volum e and the 
viscoelastic properties, re in forcing the view  th a t the 
la tte r are controlled b y the free volum e.

G lass Transition  Tem perature D efined b y D ynam ic 
M easurem ents.— -Attem pts to  specify the glass transi
tion  tem perature in  terms of tim e-dependent shear 
properties b y  specifying a p articu la r m agnitude of the 
modulus o r the location of m axim um  in  tan S at a given 
frequency can be ambiguous because of the gradual 
nature of the transition  in  shear properties and the 
d ifficu lty  of com paring m agnitudes in  different system s.29 
H ow ever, b y  adopting a convention sim ilar to th a t used 
in  d ila tom etry, values of Tt can be obtained from  shear 
properties w hich agree quite w ell w ith  the usual d ila to - 
m etric defin ition .

In  F ig . 15, values of G' and tan 5 interpolated from  
F ig . 4, 5, 16, and 17 a t w =  1.45 radians/sec., as w ell as 
values of specific volum e, are p lotted  against tem pera
ture a t elapsed tim es of 50 m in., 400 m in., and °o (i.e., 
volum inal equ ilib rium ). Th e  lim ited -tim e values at 
low  tem peratures are extrapolated lin e a rly  to intersect, 
as in  the conventional d ilatom etric p lo t fo r v, the 
equ ilibrium  values a t h igh tem peratures. V irtu a lly  the 
same value of Tg is obtained fo r a ll three experim ental

(29) Reference 3, p. 224.

quantities: 33.3° a t an elapsed tim e of 50 m in., and 
32.0° a t 400 m in. In  th is construction, the frequency of 
the dynam ic measurement is of course irre levan t, if  the 
tim e-dependent and volum inal equ ilibrium  values of 
the dynam ic shear properties are p lotted  fo r the same 
frequency; the value of Tg depends o n ly on the elapsed 
tim e after quench. The “ transition ”  in  each q u a n tity 
reflects the free volum e.

A n a lys is  of the Dependence of V iscoelastic P rop er
ties on Tem perature and Elapsed T im e .— In  general, 
the dependence of G' on frequency, tem perature, and 
elapsed tim e t m ay be w ritten

dG' =  (d G '/d  log co)T ,t d log co +  (■bG'/dT)„ it AT +

(d G '/d  log t) T ,„ d log t (2)

In  F ig . 6, 7, 12, and 13 the frequency is essentially con
stant, so the term  in  d log co and the co subscripts can be 
om itted. W e then can define a correlation deriva tive  
(5 log 1/dT) g ',»  w hich compares the effects of tem 
perature and elapsed tim e as

(d log f / d T V -  =  -  (d G '/ d T )* ../ (dG'/d log 0 t  (3)

where the derivatives on the rig h t are taken from  F ig . 6 
and 13, and the subscript G' , °° signifies th a t the tem l 
perature derivative  is taken at t =  » ,  viz., a t vo lum ina- 
equilibrium . The deriva tive  (d log ¿/d T)t,an 5j „ is 
defined in  an analogous w ay w ith  slopes taken from  F ig . 
7 and 12.

I f  G' and tan 5 depend on free volum e alone when 
either T or t is varied, then the three derivatives should 
be equal

(d log i/ d 7 )o ',„  =  (d  log i/dT)tan s,=° =  (d  log f/ d T )f,„

(4)

where

(d log i/ d T )f.»  =  -(d / / d r)t= „ / (d / / d  log 0 t  =

«f/d  (5)

Here /? is the negative of the in flectional slope of the 
p lo t in  F ig . 3, since the q u a n tity (v —  v„)/v„ is the 
same as /  —  /„ if  the tim e-dependent volum e changes 
are due to  collapse of free volum e o n ly .20

From  the slopes in  F ig . 6, 7, 12, and 13 a t a radian 
frequency of about 1.45 radians/sec., the derivatives (d  
log i/ d T jo ',»  and (d  log f/d T ) tan s, «  have been cal
culated and are compared in  Table  I  w ith  the ra tio  
at/¡3, taking af as 5.3 X  10“ 4 deg.“ 1. W h ile  there is 
some scatter, it  appears th at a t each tem perature the 
three derivatives are equal w ith in  experim ental error 
and therefore the effects of tem perature seem to  be a t
tribu tab le  to free volum e en tire ly.

T a b l e  I
C o r r e l a t io n  D e r iv a t iv e s  fo r  E ffects  of T e m p e r a t u r e  an d  

E lapsed  T im e

Temp., °C.
(3 log ( /  
3 T)q ', co

(3 log ( /  
3T)tan 5, co «f/¿3

20.0 0 .6 7 0 .7 8 0.68
2 5 .0 .69 .76 .68
3 0 .0 .67 .73 .69
3 2 .5 .86 .75 .75
3 3 .8 .92 .83 .79

There are, however, some inconsistencies showing
th a t th is conclusion is not s tric tly  correct. Th e  therm al
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expansion coefficient above Te is 6.9 X  10~4 deg.“ 1, 
from  dilatom etrie  data and extensive earlier w ork5’20; 
that fo r the glassy state is 2.5 X  10-4 , from  d ila tom etry 
far below the glass transition5'20 as w ell as the tem pera
ture expansion which precedes an isotherm al expansion 
experim ent (F ig . 14). I f  the difference, A a  =  4.4 X  
10-4 , can be identified w ith  the true therm al expansion 
coefficient of /, then the apparent value of a( =  5.3 X  
10-4 which gives such good agreement in  Tab le  I  
p robably includes a fictitious contribution  of 0.9 X  10-4 
representing an additional contribution  to  the tem pera
ture dependence of the re laxation  times— about 20% of 
the to ta l. Th is  could be an isochoric tem perature 
dependence, but the la tte r cannot be distinguished from  
an effect associated w ith  expansion of the occupied 
volum e or a contribution  to  the therm al expansion of 
free volum e w hich is instantaneous and is the same 
above and below Tg. Accord ing to  th is last in terpreta 
tion , the value of 2.5 X  10-4  below Tg w ould include 
0.9 X  10-4 fo r expansion of free volum e and 1.6 X  10-4 
for expansion of the rig id  structure. W hatever the in 
terpretation of the discrepancy, the value of 5.3 X  
10 ~4 for a{ reproduces the o ve r-a ll tem perature de
pendence of a ll the observed phenomena ve ry  satis
fa cto rily .

S im ilar conclusions can be reached from  F ig . 15. 
Since the expansion coefficients of v(t) between 20 and 
25° fo r t =  50 and 400 m in. are equal w ith in  experim en
ta l error to  th a t fo r the glassy state, the free volum e 
governed b y  the coefficient A a  is constant in  th is region 
of tem perature.80 I f  the shear properties depended on 
th is free volum e o n ly, (0G'/dT)ttU and (ò  log tan 
8/òT)tiu should be zero from  20 to 25°; m oreover, the 
shear isotherm s in  F ig . 12 and 13 should coincide a t 
these tem peratures. (Here the subscript t  denotes con
stant elapsed tim e of a m agnitude m uch sm aller than 
th at needed fo r vo lum inal equ ilib rium .) In  fact, neither 
of these conditions is fu lfille d , and the re la tive  positions 
of the curves in  F ig . 13 correspond to  a correlation de
riva tive  (ò  log t/òT)G',t of about 0.13 deg.-1 . T h is  
value is about one-fifth  of those in  Tab le  I .  Thus, b y  
considering the to ta l effect of tem perature as due o n ly in  
part to free volum e changes w ith  a residual effect of 
tem perature a t constant free volum e— e.g., fo r G'

where frequency is of course constant and t =  œ ; it  can 
be shown th a t the firs t term  on the rig h t is then 20% of 
the to ta l.

The a lternative in terpretation  here is th a t the free 
volum e is governed b y  the coefficient a* w hich includes 
a contribution  of 0.9 X  10-4 even below 7b, accounting 
for the tem perature dependence of the shear properties 
between 20 and 25°. In  th is case, the extrapolated lines 
in  F ig . 15 do not represent states of iso-free-volum e. 
How ever, on the basis of the present data there appears 
to  be no w ay of d istinguishing between the tw o a lte r
natives.

I t  should be emphasized, of course, th a t the effects 
of free volum e changes on G' and tan 8 a t constant fre 
quency are considered to  arise e n tire ly from  m odifica
tions of the shear re laxation  tim es, at least fo r free 
volumes greater than th a t corresponding to  volum inal

(30) T. G Fox and P. J. Flory, J. Appl. Phys., 21, 581 (1950).

Fig. 16.— Loss tangent plotted logarithmically against radian 
frequency at various elapsed times in minutes as shown, at 20 
and 30°. Heavy curves denote measurements at voluminal 
equilibrium at the temperatures indicated.

Fig. 17.— Storage shear modulus plotted against logarithm of 
radian frequency at various elapsed times at 20 and 30° as in 
Fig. 15.

equilibrium  at 33°, since above th a t tem perature re
duced variables are applicable (F ig . 10). Th e  m agni
tude of G' is supposed to  be in h eren tly independent of 
tem perature, since the p ro p o rtion a lity to Tp com m only 
used fo r trea ting viscoelastic properties in  the transition  
zone has been om itted in  the reduction. Assum ption of 
a sm all negative tem perature dependence fo r the m agni
tude of G', which would not be unreasonable fo r a glassy 
structure, also could resolve the discrepancy and rep
resents a th ird  a lternative  fo r in terpreta tion  w hich 
requires fu rth e r study fo r resolution.

Frequency Dependence of D ynam ic Shear P roperties 
as a Function of Elapsed T im e .— From  m uch more ex
tensive measurements w ith  different moments of inertia  
during isotherm al contraction a t 20, 25, and 30°, 
values of G' and tan 8 were determ ined over a range of 
frequencies a t periods of 50, 100, 200, 400, and 1360- 
1380 m in. after quench. Th e  isoaeonal curves a t 20 and 
30° are p lotted  against log u in  F ig . 16 and 17 together 
w ith  curves a t vo lum inal equ ilibrium  from  F ig . 4 and
5. Th e  measurements a t 25° were sim ilar and w ill be 
introduced la te r in  reduced plots. I t  is evident th a t 
each set of curves form s a coherent fa m ily.
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LOG w a -r .t .

Fig. 18.— Composite plot of G' from data of Fig. 16 and similar 
data at 25°, reduced to 35° and complete volume equilibration by 
shift factors OT.t calculated from free volume as described in text; 
solid curve corresponds to Fig. 10: points top black, 20°; right 
black, 25°; bottom black, 30°; tag up, 50 min.; right, 100 min.; 
down, 200 min.; left, 400 min.; no tag, 1360-1380 min. For 
clarity of presentation, some points falling very close to others 
have been omitted.

Fig. 19.— Composite plot of G" from data measured during iso
thermal contraction as in Fig. 18, with the same key for tempera
tures and elapsed times after quench. Heavy curves refer to data 
at voluminal equilibrium.

Reduced Variab les fo r Tem perature and Elapsed 
T im e .— W e choose volum inal equ ilibrium  at 35° as a 
reference state and define a factor aTit as the ra tio  of 
any re laxation  tim e at tem perature T and elapsed tim e 
t to  its value in  the reference state. Th e  shifts log ciT.t 
could be obtained em p irica lly b y  m easuring the sepa
rations on F ig . 16 and 17, but to test again the hypothe
sis th a t the re laxation  times are controlled b y  free 
volum e we have instead calculated them  from  the m odi
fied D o o little  equation12-16

Fig. 20.— Analysis of data of Fig. 14: log ar.t obtained em
pirically from G' (top black) and tan 5 (bottom black) plotted 
against relative volume measured dilatometrically, and compared 
with values calculated from the Doolittle equation (solid curve).

log OT.t =  (1/2.303)(l/ / r,t -  1 //»,-) (7)

w here/35|0O is taken as 0.0225 and f T,t is obtained from  
« f  =  5.3 X  10 4 together w ith  the isotherm al contrac
tion  data of F ig . 3, noting again th at (vt —  vœ)/vœ =  
ft — / ». Thus, /x,t =  /as,«. +  otf(T —  308.2) +  [(yt — 
vœ)/vœ]T. In  th is calculation, the value of cq used 
gives the correct tem perature dependence of at  inde
pendently of the uncertainties discussed above.

Reduced plots of G' and G "  against waT ,t derived in  
th is w ay are presented in  F ig , 18 and 19. F o r G' the 
superposition is rather satisfactory and confirm s again 
the role of free volum e. F o r G", the divergences at 
long elapsed times are analogous to  those a t vo lum inal 
equ ilibrium  at low  tem peratures; these w ill be fu rth e r 
discussed below.

Reduced Variab le  An a lysis of Isotherm al Expansion 
Experim ent.— The data of F ig . 14 have been analyzed 
s im ila rly, except th at here values of esj.t have been ob
tained em pirica lly and compared w ith  a curve cal
culated from  eq. 7, both p lotted  in  F ig . 20 against the 
parallel d ilatom etric data from  w hich the necessary 
values of /T|t were derived a t 38.9°.

T o  obtain log aT>t em pirica lly from  tan 8, the value of 
log coa-r.t corresponding to a measured tan ô was read 
from  a m aster curve fo r tan 8 at vo lum inal equ ilibrium  
(i.e., G"/G' from  the graphs in  F ig . 10), and log o> was 
subtracted from  it . T h is  calculation is lim ited  to t >  70 
m in., after w hich tim e the free volum e corresponds to  a 
tem perature above 33° at vo lum inal equ ilibrium  and 
the method of reduced variables can be safely applied. 
Log «x ,t was obtained from  G' in  a sim ilar m anner ex
cept th at m inor corrections were made fo r the change of 
the sample coefficient, taking in to  account the changes 
of sample dimensions w ith  tem perature and tim e. The 
calculations from  G' were made over the entire range of 
the experim ent, since the composite curve fo r G' in 
F ig . 10 shows superposition w ith in  experim ental error 
a t low  tem peratures even though the m ethod of reduced 
variables is not s tric tly  applicable. The g ra tify in g  
agreement between log aTit estim ated from  G' and 
from  tan 8 data lends confidence to  the m ethod of cal
culation .
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In  ca lcu la ting/Tit as a function  of tim e, it  was neces
sary to correct fo r the fact th a t the d ilatom etric experi
ment was made at 40° after keeping the sample a t 25° 
fo r 48 days, w hile the dynam ic shear measurements 
were made a t 38.9° after 72 days a t room  tem perature. 
The sm all differences in  the m agnitude of the free 
volum e and in  the tim e scale of the isotherm al expansion 
process arising from  these discrepancies were estim ated 
from  the therm al expansion coefficients and the data of 
F ig . 3, and the tim e scale of the isotherm al expansion 
process a t 40° was corrected using the log aT function to 
the corresponding tim e scale a t 38.9° where the shear 
experim ents were perform ed.

A fte r about 50 m in., when therm al equ ilibrium  has 
been reached in  the torsion pendulum , the agreement 
between the em pirical values of log aT ,t and those cal
culated from  eq. 7 is excellent, p rovid ing  quantitative  
evidence th a t the shear re laxation  times during the 
isotherm al expansion are controlled b y  the average free 
volum e. A t  earlier tim es, where the tem perature is 
changing, the em pirical values are larger than those 
calculated. The difference shows again an additional 
tem perature effect, w hich appears im m ediately upon 
change of tem perature before the tim e-dependent free 
volum e changes become effective. The m agnitude of 
th is instantaneous effect is again about 20% of the 
to ta l.

Reduction Anom aly at Low  Tem peratures and Long 
Elapsed Tim es.— -The drop in  the m agnitude of G "  at 
volum inal equ ilibrium  at tem peratures below 33°, seen 
in  F ig . 10, w hich reflects a depression in  the short-tim e 
plateau of H as in  F ig . 11, is seer, also in  F ig . 19 at long 
elapsed tim es. The s im ila rity  in  behavior suggests 
th at th is reduction anom aly is associated w ith  free 
volum e alone, ju st as the re laxation  tim e sh ift factors 
are. As a crude test of th is hypothesis, the vertica l 
separations of the various curves below the h igh-tem 
perature equ ilibrium  composite curve in  F ig . 19 have 
been measured and the to ta l ve rtica l displacem ent from  
the la tte r curve is p lotted  in  F ig . 21 against the frac
tional free volum e. Th e  points fo r vo lum inal equ ilib 
rium  at various tem peratures and fo r systems in  the 
course of isotherm al contraction a t various times a ll 
fa ll on the same curve, so th a t whatever the nature of 
the anom aly it  appears to be related to free volum e 
alone. The same conclusion can be drawn from  the 
close agreement of the second and th ird  columns in  
Table I ,  since at the lower tem peratures the method of 
reduced variables does not app ly and tan 5 is affected

Fig. 21.— Vertical displacement of log G" in Fig. 19, measured 
from curve at voluminal equilibrium above 33.8°, plotted against 
fractional free volume. Key for temperatures and elapsed times 
same as in Fig. 18. Crossed points refer to data at voluminal 
equilibrium.

b y both re laxation tim e shifts and change in  the shape 
of the relaxation spectrum .

The different curves in  F ig . 19 correspond to a pro
gressive depression of the plateau in  H (F ig . 11) w ith  
decrease in  free volum e. I f  the retardation  spectrum  L 
is calculated, it  is found th a t th is also undergoes a pro
gressive drop in  m agnitude w hile  rem aining fa ir ly  fla t. 
Th e  sym ptom s are not those of a /3 m echanism31’32; 
it  is d ifficu lt to in te rp ret them  w ith ou t more under
standing of the m olecular o rig in  of viscoe lastic ity in  
the glassy state.
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THE THERMAL ISOMERIZATION OF CYCLOPROPANE AT LOW PRESSURES
B y  A . D . K e n n e d y  a n d  H . O . P r i t c h a r d

Chemistry Department, University of Manchester, Manchester 18, England 
Received July IS, 1962

The isomerization of cyclopropane has been studied in a 1-1. vessel at 490° down to a pressure of 6 X  10-4  mm. 
At these low pressures, the rate constant becomes first order again in cyclopropane, and dependent on surface 
area, because the molecules are predominantly energized by collisions with the walls instead of collisions with 
other gas molecules. The activation energy was measured in this low pressure first-order region.

Some years ago, one of us1 collaborated in  an attem pt 
to study the isom erization of cyclopropane a t 5 X  10~3 
mm. in  a flow  system ; the experim ent failed, apparently

(1) H, O. Pritchard, R. G. Sowden, and A. F. Trotman-Dickenson 
Discussions Faraday Soc., 17, 90 (1954).

because of some k ind  of stream ing phenomenon, such 
as has recently been observed a t higher pressures b y 
B a tten .2 H ow ever, w ith  the developm ent of gas 
chrom atography using ve ry  high se n s itiv ity  ionization

(2) J. J. Batten, Australian J. Appl. Sci., 12, 11 (1961).
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log p (mm.).
Fig. 1.—■•, points taken from ref. 3; O, experiments in unpacked 

vessel; • , experiments in packed vessel.

Fig. 2.— Arrhenius plot for thermal isomerization of cyclopropane 
in a packed reaction vessel at 8 X  10-3  mm. pressure.

detectors, it  is now possible to analyze the products of a 
reaction carried out in  a static system  at less than 10“ 3 
mm. pressure. O ur aim  in  these experim ents was to 
observe the change in  kinetics w hich m ust occur when 
the mean free path exceeds the size of the reaction 
vessel and energization becomes p rin c ip a lly a w a ll proc
ess instead of a gas phase one.

Experim enta l
The apparatus and procedure were similar in principle to experi

ments performed previously in this Laboratory3 except that a 1-1. 
spherical Pyrex vessel was used instead of the original 2-1. cylin
drical one. The required pressure of cyclopropane was introduced 
into the reaction vessel by performing a series of expansions on a 
known quantity of gas: the gas buret in which the cyclopropane 
was originally measured and the whole series of expansion 
volumes were fitted with polythene diaphragm valves to reduce 
any loss of gas by absorption. The reaction vessel itself was iso
lated from the pumping system by a wide-bore mercury cut-off 
and a trap cooled in solid CO2 to prevent mercury vapor from 
entering the reaction zone. The sampling section likewise con
sisted of a set of expansion volumes isolated by polythene dia
phragm valves, leading to a 4-ft. chromatographic column which 
was built into the vacuum line: the column was packed with 2 0 % 
of molar A gN 03/glycol on firebrick and was operated at —30°. 
The detector used -was the Pye Argon system which is accurate to 
approximately ± 1 0 %  for hydrocarbon analyses on the small 
quantities that were available.

(3) H. O. Pritchard, R. G. Sowden, and A. F. Trotman-Dickenson, Proc.
Roy. Soc. (London), A217, 563 (1953).

Experiments were carried out in the region of 490° from 7 mm. 
pressure down to 6 X 10-4  mm. At the higher pressures, the 
rate constants coincide with those obtained previously3; as the 
pressure is reduced, the rate constant falls toward the second- 
order limit, but before this is reached, the rate constant levels off 
and the reaction becomes first order again in cyclopropane, as 
shown by the plot of log k/ka vs. log p in Fig. 1. The reaction is 
essentially first order at 1 0 ~ 3 mm., when the mean free path is 
about 7  cm., compared with the diameter of the vessel, which is 
13 cm.

The measurements then were repeated with the reaction vessel 
packed. The vessel was completely filled with 169 4-cm. lengths 
of 10 mm. o.d. Pyrex tubes (8 mm. i.d.) so that the total surface 
area was increased from 530 to 4390 cm .2 and the reaction volume 
fell from 1060 to 870 ml. The reaction now became first order 
slightly above 1 0 “ 2 mm. pressure, when the mean free path was 
about 0.7 cm. compared with the mean free travel of the order of 
1 cm. The rate constant for the formation of propylene in the 
low-pressure first-order region increased by a factor of about 2.5 
on packing the vessel.

The activation energy in the low pressure first order region was 
measured at 8 X 10-3  mm. in the packed vessel over the tempera
ture range 477-517°. The use of the packed vessel meant that 
we could operate at a higher pressure, thus allowing us to make 
more than one analysis for each run; also, since the rate constant 
is higher, the length of each run is shortened considerably. The 
activation energy was found to be 57.2 ±  2 kcal. with a frequency 
factor of 10 u -6 sec.-1; the frequency factor is of course dependent on 
the geometry of the packing. The Arrhenius plot is shown in Fig.
2 .

D iscussion
W e conclude, fo r reasons advanced below, th a t in  the 

low  pressure first-o rder region, the nature of the isom
erization  of cyclopropane is unchanged, the o n ly d if
ference being th a t energization takes place predom i
n a n tly on the walls instead of in  the gas phase.

F irs t, it  is necessary to discuss the p o ss ib ility of some 
system atic experim ental error in these observations. 
W e do not th in k  th at there is any significant error in 
our estimate of the cyclopropane pressure: th is was 
obtained from  the orig ina l q u a n tity of gas measured 
out, and the appropriate expansion ra tio ; we d id  not 
find any discrepancy between the am ount of gas we 
assumed w ent in to  the reaction vessel, and the am ount 
th at was available for analysis a fterw ard . N o r is it  
lik e ly  th a t the to ta l pressure in  the reaction vessel d if
fered m uch from  the cyclopropane pressure. The 
lowest pressure a t w hich we could operate was 6 X  10~4 
m m ., w hich is m uch in  excess of the attainable vacuum  
in  the reaction vessel (better than 10“ 5 m m .); also the 
pressure of m ercury vapor in  the vessel should be w ell 
below 10~6 mm. N o r is there lik e ly  to  be m uch error 
in  our estim ate of the reaction tim e. A t  the low  pres
sures, where the pum ping speed is lik e ly  to  be slow, 
runs usually lasted about 20 or about 40 hr. so th a t er
rors due to  slow pum ping would be negligib le. Even  at 
the highest tem perature of 517°, the shortest run was 3 
h r., so th a t even here, no significant error is lik e ly .

Tw o  a lternative  interpretations of the observations 
are possible, one th at we have a w a ll energized reaction, 
and the other th a t we have a true heterogeneous reac
tion  in vo lv in g  an adsorbed species; the th ird  p o ss ib ility 
envisaged b y  B u tle r4 in  a recent paper is ruled out be
cause we never observed any product other than pro
pylene in  any of our experim ents. W e believe th a t in  
th is reaction, the second postulate is unnecessary be
cause the observations fit the w a ll energization scheme 
quite w ell. In  the unpacked vessel, the num ber of 
m olecule-w all collisions equals the num ber of m ole-

(4) J. N. Butler, J . A m . Chem . S o c ., 84, 1393 (1962).
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cule--m olecule collisions a t about 5 X  10-3 m m .; the 
corresponding figure fo r the packed vessel is about 5 X  
10~1 2 mm. These are approxim ate ly the pressures where 
the low  pressure first-o rder regions begin in  each case 
and th is is consistent w ith  the in terpretation  th at 
collisions w ith  the w alls are some 3-5 tim es as effi
cient as collisions w ith  other cyclopropane mole
cules. Furtherm ore, if  we regard the w alls as acting 
instead of gas molecules as fa r as energization is con
cerned, the tem perature coefficient of the reaction shows 
the expected behavior. Th e  varia tion  in  tem perature

coefficient w ith  pressure has been observed fo r azo
methane6 and 1 ,1-dim ethylcyclopropane.6 In  both 
cases, as the pressure is reduced, the activa tion  energy 
fa lls b y  about 5 to  7 kcal. and the frequency factor fa lls 
b y a factor of 102 to  104. O ur activa tion  energy is 8 
±  2 kcal. below the h igh pressure value, and the fre 
quency factor, although it  is to  some extent dependent 
on the surface area, is down b y  a factor of about 103 to 
1 0 4.

(5) C. Steel and A. F. Trotman-Diekenson, J. Chem. Soc., 975 (1959).
(6) M. C. Flowers and H. M. Frey, ibid., 1157 (1962).

INTRAMOLECULAR REARRANGEMENTS. V. FORMATION OF ETHYLENE IN 
THE PHOTOLYSIS OF ETHYL ACETATE FROM 4 TO 500°K.1

B y  P . A u s l o o s  a n d  R i c h a r d  E . R e b b e r t  

National Bureau of Standards, Washington, D. C.

Received July 16, 1962

The formation of ethylene in the gas, liquid, and solid phase photolysis of CH3COOC2H5, CH3COOCD2CD2H, 
and CH3COOC2D6 has been investigated at various wave lengths and temperatures. The intramolecular isotope 
effect increases with a decrease in temperature in both the gas and liquid phase photolysis. In the liquid phase, 
an activation energy difference of 1.0 kcal./mole was obtained for D and H-atom transfer in the photolysis of 
CH3COOCD2CD2H. A variation in wave length influences the formation of ethylene in the gas and solid phases 
but does not affect the intra- and intermolecular isotope effects in the liquid phase. A comparison of the prod
uct yields in the mercury sensitized decomposition with those obtained in the direct photolysis, as well as a 
study of the effect of biacetyl on the ethylene yield, indicates that the formation of ethylene by an intramolecular 
rearrangement of the ester molecule excited to an upper triplet state cannot be ruled out.

In troduction
I t  is now w ell established2 th a t esters containing one 

o r more /3-hydrogen atoms in  the a lk y l group m ay de
compose photochem ically b y  an intram olecular rear
rangem ent in to  an olefin and the corresponding acid.

In  the present w ork, the gas, liqu id , and solid phase 
photochem ical decom positions of C H 3C O O C 2H 5, C H 3-  
C O O C D 2C D 2H , and C H 3C O O C 2D 6 have been inves
tigated in  order to obtain a better understanding of 
the in tra - and interm olecular isotope effects on the 
p rim ary process. The com parison of these results 
w ith  those obtained on the photolysis of C H 3C O C H 2C H - 
D C D 2H , 3 and on the p yro lys is  of isotop ica lly labeled 
e th yl acetate,4 was expected to  lead to  in teresting cor
relations.

Experim ental
Apparatus.— The gas phase was photolyzed in a quartz cell 

(10 cm. in length, 5 cm. in diameter) enclosed in a heavy alumi
num furnace provided with double quartz windows. The temper
ature was automatically controlled within half a degree.

The liquid phase was irradiated in a quartz cell (0.05 cm. in 
depth, 2 .5  cm. in diameter) provided with two outlets, one of 
which was sealed after filling and the other closed by a break 
seal. The liquid cell was immersed in a Pyrex dewar flask with 
double quartz windows. Cold ethyl alcohol was the refrigerant 
for experiments carried out from 193 to 273 °K .

The solid phase experiments were carried out in a stainless 
steel low-temperature dewar.5 The ethyl acetate was deposited 
on a gold plated brass plate, in order to ensure good thermal 
conduction. The flow rate for deposition of the sample was

(1) This research was supported by a grant from the U. S. Public Health 
Service, Department of Health, Education, and Welfare.

(2) (a) P. Ausloos, Can. J. Chem., 36, 383 (19.58); (b) P. Ausloos, J. Am. 
Chem. Soc., 80, 1310 (1958); (c) M. H. J. Wijnen, ibid., 82, 3034 (1960); 
(d) R. Borkowski and P. Ausloos, ibid., 83, 1053 (1961).

(3) R. P. Borkowski and P. Ausloos, J. Phys. Chem., 65, 2257 (1961).
(4) (a) A. T. Blades and P. W. Gilderson, Can. J. Chem., 38, 1401 (1960); 

(b) A. T. Blades and P. W. Gilderson, ibid., 38, 1407 (1960).
(5) Hofman Free Radical Research Dewar, D-1288.

about 2 cc. (STP)/m in. In most experiments about 30 cc. 
(STP) of gas was deposited on the brass plate.

In the mercury photosensitized experiments a flat spiral low- 
pressure mercury arc was used in conjunction with a Corning 
filter 7-54. A Hanovia SH-100 lamp was used in all other ex
periments. The incident wave length range was varied by using 
Corning filters 9-54 and 7-54, transmitting radiation at wave 
lengths greater than 2150 and 2250 A ., respectively. Because 
ethyl acetate absorbs mostly below 2350 A ., the effective wave 
length regions were roughly 2150-2350 A . and 2250-2350 A.

Materials.— Ethyl-d5 acetate and ethyl-d4 acetate were ob
tained from Merck, Sharp & Dohme of Canada, Ltd. Mass 
spectrometric analysis showed that the three batches of ethyl-d4 
acetate used in this work contained about 5%  ethyl-d3 acetate, 
the remainder consisted of CH3COOCD2CD 2H. It was not pos
sible to tell what fraction of the ethyl-ds acetate was CH3COO- 
CD2CDH2 or CH3COOCHDCD2H; consequently, the results 
have not been corrected for the presence of this impurity. At 
any rate, this correction would only be a minor one and certainly 
would not affect any of the conclusions drawn in this paper. 
The ethyl-d5 acetate batch contained 2.5%  ethyl-d4 acetate. 
Chromatographic analysis indicated that after a trap-to-trap 
distillation at —80°, the total chemical impurities amounted to 
not more than 1 % , ethanol being the major impurity.

CH3COOC2H6 was obtained from Eastman Kodak Co. After 
distillation the impurities did not exceed 0 .1 % .

Analysis.— The analytical system consisted of a solid nitrogen 
trap, a modified Ward still, an automatic Toepler pump, and a 
Toepler gas buret. The carbon monoxide-methane-hydrogen 
fraction was removed at —210°. Ethylene and ethane sub
sequently were distilled off at —180°. Propane and carbon 
dioxide were removed at —150°. All fractions were analyzed 
mass spectrometrically using a Consolidated mass spectrometer 
Model 21-101. Standard samples of C2D 4 and C2D 3H obtained 
from Merck, Sharp & Dohme were run on the same mass spec
trometer in order to calculate the isotopic distribution of the 
ethylenes.

Results

In  order to  study the re la tive  im portance of a H  
atom  to  a D  atom  transfer in  the intram olecular rear
rangements of the labeled e th yl acetates, ethylene
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ra ther than acetic acid has been determ ined quanti
ta tiv e ly . I t  m ay be noted th a t acetic acid has been 
observed as a product in  the liq u id  phase experim ents, 
but the fast exchange of C H 3C O O D  to C H 3C O O H  
during the ana lytica l procedure reduces the usefulness 
of a system atic analysis of th is compound.

In  order to  in h ib it radical reactions w hich m ay even
tu a lly  lead to  the form ation of ethylene, oxygen was 
present in  nearly a ll vapor phase photolysis experi
ments. U nder these conditions, ethylene was the on ly 
hydrocarbon product form ed in  the gas-phase photo l
ysis of e th yl acetate. In  the liq u id  phase experim ents, 
no radical scavengers have been used, because ethylene 
always accounted fo r more than 95% of the hydrocarbon 
products. A ll vapor phase experim ents were carried out 
at conversions va ry in g  between 0.03 and 0 .1% . The 
extent of decom position in  the liq u id  phase experi
ments was always less than 0 .0 2 % .

(A ) Vapor Phase Photo lysis .— In  order to  obtain 
in form ation on the re la tive  im portance of the olefin 
elim ination process, C H 3C O O C 2H 5 has been photo - 
lyzed  in  the absence of oxygen a t 135° and at a pressure 
of 5 cm. A t  th is tem perature the re la tive  d istribu tion  
of C O , C 0 2, and C 2H 4 is

F u ll arc: C O , 1.0; C 0 2, 0.25; C 2H 4, 0.39

H g (3P i) sensitized: C O , 1.0; C O 2, 0.15; C 2H 4, 0.83

In  the m ercury photosensitized decom position a t 135°, 
the form ation of ethane, propane, and butane was com
p le te ly inh ib ited  b y  the addition  of 1 %  oxygen, w hile 
the y ie ld  of ethylene was reduced b y  o n ly 6 % .

In  the m ercury sensitized decom position a t 30° 
carried out in  absence of oxygen the ethane, propane, 
and butane yie lds were, respectively, 1.1, 3.0, and 1.5% 
of the ethylene yie ld .

The results6 given in  Table  I  can be summ arized 
as follow s:

A  va ria tion  in  the pressure of oxygen from  0.1 to 
1  cm. has w ith in  experim ental error no effect on the 
yie ld  as w ell as on the d istribu tion  of the ethylenes.

Absorp tion  of shorter wave lengths b y  C H 3C O O - 
C 2D 4H  or an increase in  tem perature reduces the ra tio  
C 2D 4/C 2D 3H  to  a value which approaches the chance 
value of 0.5.

T a b l e  I
G as P h ase  P h o to lysis

-----Pressure, cm. — Ethylene,
[Ethyl Wave lengths, cc./min.

T °K. acetate] [O2] A. X 104 Ratio
CH3COOCD2CD2H c 2d 4/ c 2d 3h

315 3.0 0 . 1 Full arc 22.5 0.665
315 3.0 0 . 1 2150-2350 9 .0 0.805
315 3.0 1 . 0 2150-2350 9 . 1 0.803
4.31 3.6 0 . 1 2150-2350 9 .3 0.74
315 3.0 0 . 1 2250-2350 0 .2 1.06
315 2.9 0.05 2537 Hg(3P4) 4 .0 2.10
315 3.1 None 2537 Hg(3Pi) 4 .0 2.15

CH3COOC2H6-C H 3COOC2D 5 (1 :1) C2H4/C 2D 4
315 3.2 0 . 1 Full arc 3 3 .2 2.40
315 3.1 0 . 1 2150-2350 10 .0 2.35
500 4.4 0 . 1 2150-2350 1 0 .6 2.55
315 3.2 0 .1 2250-2350 1 . 3 2.25
315 3.2 None 2537 H g(3P,) 1.75

(6) A variation of the total ethylene rates given in the tables, for experi
ments performed in the same wave length range, reflect a variation in' the 
relative quantum yields.

In  the photolysis of equim olar m ixtures of C H 3- 
C O O C 2H 6 and C H 3C O O C 2D 5 the interm olecular iso
tope effect as evidenced b y the ra tio  C 2D 4/ C 2H 4 in 
creases s lig h tly  w ith  decrease in  wave length and in 
crease in  tem perature.

(B ) L iq u id  Phase P hoto lysis.— Th e  incident in 
te n sity was kept constant fo r a ll experim ents carried 
out in  the wave length range 2150-2350 A . F o r these 
experim ents the rates of form ation  of ethylene m ay 
thus be considered as re la tive  quantum  yie lds. Th e  
fo llow ing conclusions can be draw n from  the results 
given in  Ta b le  I I .

T a b l e  I I
L iq u id  P h ase  P h oto lysis

T, °K. Filter
Ethylene,
cc./min. Ratio

322.5
CH3COOCD2CD2H

9-54 3.00
c 2d 4/ c 2d 3h

2.35
302.5 None 2.57
302.5 7-54 2.54
302.5 9-54 2.88 2.56
273.0 9-54 2.46 3.07
270.0 9-54 2.40 3.10
244.0 9-54 2.20 3.70
224.0 9-54 2.09 4.50
198.0 9-54 1.72 5.95

273.0
ClLCOOOdb

9-54 2.95
273.0" 9-54 0.79
193.0 9-54 2.45

295.0
CH3COOC2D6

9-54 1.62
273.0 9-54 1.58
238.0 9-54 1.02
193.0 9-54 0.56
CH3COOC2H6-C H 3COOC2D 6 (1:1) C2H4/C 2D 4
322.5 9-54 1.86 1.84
302.5 9-54 2.05 1.82
302.5 None 1.80
273 9-54 2.03 1.87
273" 9-54 0.40 7.10
238 9-54 1.90 2.98
198 9-54 1.39 4.20
198 7-54 4.25

“ 2%  by volume biacetyl added.

A  va ria tion  of the incident wave length has no 
effect on the ratios C 2D 4/C 2D 3H  and C 2H 4/ C 2D 4 ob
tained in  the photolysis of C H 3C O O C 2D 4H  and C H 3- 
C O O C 2H 5-C H 3C O O C 2D 5 m ixtures, respectively.

In  the photolysis of C H 3C O O C 2D 4H  the to ta l 
ethylene undergoes a gradual increase w ith  increase in  
tem perature, w hile  the ra tio  C 2D 4/ C 2D 3H  dim inishes 
w ith  a raise in  tem perature. A  p lo t of log C 2D 4/ C 2D 3H  
against l/T  corresponds to  1.0 kcal/m ole.

The effect of tem perature on the yie ld  of ethylene is 
more pronounced in  the photolysis of C H 3C O O C 2D 5 

than in  the photolysis of C H 3C O O C 2H 5.
In  the photolysis of equim olar m ixtures of C H 3- 

C O O C 2H 5 and C H 3C O O C 2D 5, the ra tio  C 2H 4/ C 2D 4 

decreases w ith  increase in  tem perature u n til it  reaches, 
around 273 °K., a constant tem perature independent 
value of ''-T .8 3 . The same value is obtained b y  tak ing 
the ra tio  of the yie lds of C 2H 4 and C 2D 4 produced in  
the photolysis of C H 3C O O C 2H 6 and C H 3C O O C 9D 5 

at 273°.
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A d d itio n  of 2 %  b iace tyl reduces the yie ld  of e th y l
ene produced in  the photolysis of C H 3C O O C 2H 5 b y 
80%. A  sim ilar reduction is observed upon addition  
of b iacetyl to an equim olar m ixtu re  of C H 3C O O C 2H 5 

and C H 3C O O C 2D 5. In  the la tte r case addition  of 
b iacetyl also increases the ra tio  C 2H 4/ C 2D 4.

(C ) Solid Phase.— In  Ta b le  I I I  several experi
ments have been presented, w hich have been perform ed 
at various tem peratures of deposition and irrad ia tion . 
F o r comparison, a few experim ents carried out on 
C H 3C O C H 2C H D C D 2H  have been included as w ell. 
Products other than ethylene were o n ly observed in  the 
photolysis of e th y l acetate a t 4°K.

T a b l e  III
Solid  P h ase  P h o to ltsis

Ethylene,
T, °K . T, °K. cc./min. 

Wave lengths (deps.) (irrad.) X 104
CH3COOCD2CD2H

Ratio
c 2d „ /c 2d 3h

Full arc 77 77 2 .0 10.4
Full arc 4 77 1.9 8.9
Full arc 77 4 1 .0 3.5
Full arc 4 4 1 . 6 2 .0

CH3COOC,H5-C H 3COOC2D5 (1 :1 ) C2H4/C 2D4

Full are 77 77 25. C
Full are 77 4 1 0 .0

c h 3COCH2GHDCD2H C2D 3H /C 2D.;
3130 Á. 77 77 1 . 2 11.4
2537 Á. 77 77 5.0
3130 Á. 77 4 0.52 7.4
3130 Á. 4 4 .56 5.6

The results show th a t: (1) A t  an irrad ia tion
perature of 77 °K., the ratios C 2D 4/ C 2H 4 and C 2D 4/ 
C 2D 3I I  obtained in  the photolysis of an equim olar 
m ixture  of C H 3C O O C 2H 5 and C H 3C O O C 2D 6 and in 
the photolysis of C H 3C O O C D 2C D 2H , are s till con
siderably higher than those observed in  the liqu id  
phase a t tem peratures close to  the m elting point.
(2) A  decrease in  the tem perature of deposition from  
77 to  4°K. apparently reduces the ra tio  C 2D 4/ C 2D 3H  
in  the photolysis of C H 3C O O C D 2C D 2H . A  sim ilar 
effect is observed in  the photo lysis of C H 3C O C H 2- 
C D H C D 2H . In  the la tte r case there seems to  be a 
decrease in  quantum  yie ld  as w ell. (3) In  the pho
to lysis of C H 3C O O C D 2C D 2H  a decrease in  tem perature 
of irra d ia tio n  from  77 to 4°K. strong ly reduces the 
ra tio  C 2D 4/ C 2D 3H . A t  th is tem perature other prod
ucts, besides ethylene, are produced in  significant 
am ounts.7

D iscussion
I. Th e  N ature of the Upper E lectron ic State. 

(A ).— Th e  fo llow ing p rim a ry processes have been re
ported to  occur in  the vapor and liq u id  phase photol
ysis of e th y l acetate.2 From  the vapor phase experi-

C H 3C O O C 2H 6 — >  C H sC O  +  O C 2H 5 (I)

— > C I I 3C O O  +  C 2H 5 (H a )

— >  C H S +  C O O C 2H 6 ( lib )

— ^  C H 3C O O H  +  C 2H 4 (H I)
(7) The distribution of the gaseous products formed in the photolysis of 

CH3COOCD2CD2H carried out at 4°K. is as follows: CO, 50%; methane, 
24.2%; hydrogen, 12.3%; ethylene ~ 10% ; ethane ~ 3 .5%. The isotopic 
compositions of the hydrogen and methane fractions were as follows: CD4, 
3.1%; CDaH, 19.9%; CD2H2, 15.8%; CHsD, 23.2%; CH4, 38.0%; 
D2, 13.7%; HD, 37.3%; H2, 48.9%.

m ents2a it  could not be decided if either ( I la )  or ( lib )  
or both occur. How ever, the fact th a t above 124° 
the ra tio  C2H4/C02 as w ell as the yie lds of C 0 2 and 
C O  were w ith in  experim ental error independent of 
tem perature indicates th a t at these tem peratures and 
a t moderate intensities, C 0 2 and C O  m ay be taken as 
a measure of processes ( Ila )  +  ( lib )  and ( I) ,  respec
tiv e ly . A lso  the earlier observation221 th a t addition of 
iodine reduces the y ie ld  of ethylene b y not more than 
20% demonstrates th a t even in  absence of scavengers 
ethylene is m ain ly produced b y  process I I I .  I t  thus 
follows from  a com parison of the re la tive  yie lds of 
C O , C 0 2, and C 2H 4 produced in  the d irect photolysis 
at 135° w ith  those observed in  the H g (3P x) sensitized 
photolysis, th at the intram olecular rearrangem ent 
process is re la tive ly  more im portant in  the m ercury 
photosensitized decom position than in  the d irect 
photolysis. I f  as it  has been suggested8 one assumes 
th at the W igner spin conservation rule can be applied 
in  the case of the photosensitized excitation, one is 
forced to conclude th a t con tra ry to a recent p red iction ,9 
an e th yl acetate molecule excited to  an upper trip le t 
state does decompose according to process I I I .

I t  m ay be argued th a t the independence of the yie ld  
of ethylene (Tab le  I )  w ith  a va ria tion  of the pressure 
of oxygen seems to  ru le out the occurrence of the olefin 
elim ination process b y w ay of a trip le t sta te .10 H ow 
ever, it  should be noted th a t the transition  from  the 
upper singlet form ed in  the p rim a ry photochem ical act 
to the trip le t state m ay lead to  the production of a 
molecule excited to  a h igh vib ra tio n a l level of the trip le t 
state w ith  a short dissociative lifetim e. Such a v ib ra - 
tio n a lly  excited molecule m ay decompose before suffer
ing a quenching collision w ith  oxygen. In  th is connec
tion  it  m ay be pointed out th a t oxygen does quench the 
intram olecular rearrangem ent in  the photolysis of 2- 
pentanone, provided th at tem perature is low  enough 
and th at on ly the longer wave lengths are absorbed b y 
the ketone m olecule.11

O ther evidence fo r the elim ination of an olefin from  
compounds containing carbonyl which are excited to a 
trip le t level follows from  the recent observation12 th at 
traces of b iacetyl read ily quench the form ation of 
ethylene in  the photolysis of n -butyra ldehyde at 3340
A.

I t  is obvious th a t it  is experim entally d ifficu lt to 
determ ine at any p articu la r wave length, tem perature, 
and pressure if  a certain mode of decom position in  the 
gas phase occurs from  a m olecule excited to  an upper 
singlet state or to  a high v ib ra tio n a l level of the trip le t 
state, or both. A t  any 'ra te , the H g (3P x) sensitized 
experim ents presented in  th is paper indicate th a t the 
form ation of ethylene from  a m olecule excited to  an 
upper trip le t state cannot be ruled out.

(B ) L iq u id  Phase.— Recent gas phase photolysis 
studies13 have demonstrated th at energy transfer from  
a trip le t excited ketone m olecule to  b iace tyl occurs 
rea d ily a t the longer wave length and low  tem peratures.

(8) P. Borrell and R. G. W. Norrish, Proc. Roy. Soc. (London), A262, 19 
(1961).

(9) P. Borrell, Nature, 188, 1002 (1960).
(10) V. Brunet and W. A. Noyes, Jr., Bull. soc. chim. France, 121 (1958).
(11) R. Borkowski and P. Ausloos, J. Phys. Chem., 65, 2257 (1961).
(12) R. Borkowski and P. Ausloos, J. Am. Chem. Soc., 84, 4044 (1962).
(13) (a) H. Okabe and W. A. Noyes, Jr., ibid., 79, 801 (1957); (b) J. 

Heicklen and W. A. Noyes, Jr., ibid., 81, 3858 (1959); (c) D. S. Weir. 
ibid., 83, 2629 (1961).
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In  the liq u id  phase, because of extensive degradation 
of the vib ra tio n a l energy,2 one m ay expect th a t the 
energy transfer reaction between a trip le t excited mole
cule and b iace tyl w ill have a re la tive ly  h igh efficiency at 
a ll wave lengths. T h is  is indeed dem onstrated b y  the 
pronounced reduction (Tab le  I I )  in  the re la tive  quan
tum  yie ld  of ethylene caused b y  the addition  of 2 %  b i
acetyl. 14 A lth o u gh  these experim ents on ly demonstrate 
th a t transfer of electronic energy from  e th y l acetate to 
b ia ce tyl is an efficient process, i t  m ay be said th a t on 
the basis of the re la tive ly  long lifetim e of the trip le t 
state as w ell as in  view  of the recent gas phase experi
m ents,11’12 an excited trip le t rather than an upper singlet 
state is invo lved  in  th is process. In  th is  connection it  
m ay be pointed out th a t in  an earlier investigation  of 
the liq u id  phase photolysis of esters, a quenching of 
process ( I I I )  b y  a num ber of solvents has been ob
served.15 Evidence was presented which indicated th a t 
th is quenching process a ctu a lly consisted of a photo
chemical reaction in vo lv in g  an ester m olecule excited to 
a higher electronic level

O H

/
C H 3C O O C 2H 6* +  R H  — ■> C H 3C  +  R

\
o c 2h 5

T h is  reaction is analogous to  the H -a tom  abstraction 
from  solvent molecules b y e lectron ica lly excited 
acetone,16 b ia ce ty l,17 and benzophenone.18 These reac
tions have been ascribed 17’18c to  a trip le t state of the 
compound containing carbonyl.

I I .  In tra - and In term olecular Isotope Effect. (A ) 
Vapor Phase. C H 3C O O C D 2C D 2H  .— In  the presence 
of oxygen, C 2D 4 and C 2D 3H  are form ed b y the fo llow ing 
tw o processes

C H 3C O O C D 2C D 2H  +  hv — >

C H 3C O O H  +  C 2D 4 ( IV )

— ► C H 3C O O D  +  C 2D 3H  (V )

A  chance occurrence of these tw o processes w ould lead 
to  a value of 0.5 fo r the ra tio  C 2D 4/C 2D 3H . I t  can be 
seen (Tab le  I )  th a t th is value is o n ly approached in  the 
gas phase photolysis at the shorter wave lengths. I t  
is obvious th a t the increase of the ra tio  C 2D 4/ C 2D 3H  
w ith  increasing wave lengths and decreasing tem pera
tures is related to  the difference in  bond strength be
tween the C -H  and C -D  bond. R upture of the C -H  
bond apparently is favored at long wave lengths and low

(14) The importance of this quenching effect for other compounds con
taining carbonyl has been demonstrated by recent experiments carried out in 
this Laboratory. It was found that the addition of 2% biacetyl to 2-penta- 
none, photolyzed in the liquid phase at 2537 A. and 0°, reduced the quan
tum yield of ethylene by 90%.

(15) It should be noted that the quenching effect of these solvents (metha
nol, ethanol, n-heptane) is at least one order of magnitude smaller than the 
effect of biacetyl. Also, the efficiency of this process increases with decreas
ing C -H  bond strength in the solvent molecule. This would make biacetyl 
a rather ineffective additive.

(16) P. E. Frankenburg and W. A. Noyes, Jr., J. Am. Chem. Soc., 75, 2847 
(1953).

(17) H. L. J. Backstrom and K. Sandros, Acta Chem. Scand., 1 2 ,  823
(1958) .

(18) See for instance: (a) H. L. J. Backstrom, Z. ph-ysik. Chem., B25, 19 
(1934); (b) Y. Hirschberg and L. Farkas, J. Am. Chem. Soc., 59, 2453 
(1937); (c) H. L. J. Backstrom, A. Steneryr, and P. Perlmann, Acta Chem. 
Scand., 1 2 ,  8 (1958); (d) J. N. Pitts, R. L. Letsinger, R. P. Taylor, J. M. 
Patterson, G. Recktenwald, and R. B. Martin, J. Am. Chem. Soc., 8 1 ,  1068
(1959) .

tem peratures. S im ilar observations have been made in  
the course of a recent investigation  of the photo lysis of 
C H 3C O C H 2C D H C D 2H .11

A s  m ay be expected, the value fo r the ra tio  C 2D 4/ 
C 2D 3H , obtained in  the H g (3P i) sensitized experim ents, 
is la rger than th a t found in  the d irect photolysis ex
perim ents w hich have been carried out a t shorter wave 
lengths. I t  is in teresting to  note th a t the intram olec
u lar isotope effect in  H g (3P i) sensitized decom position 
of e th yl-d 4 acetate is nearly tw ice as large as th a t ob
served under com parable experim ental conditions in  the 
photolysis of C H 3C O C H 2C H D C D 2H . T h is  m ay be 
related to a difference in  the degree of v ib ra tio n a l de
activa tion  of these tw o compounds, p rio r to  decomposi
tion . A s  w ill be shown la te r in  the discussion, in  the 
liq u id  phase the ester and the ketone show about the 
same intram olecular isotope effect.

C H 3C O O C 2H 6-C H 3C O O C 2D 6 (1 :1 ).— From  the re
sults of Tab le  I  it  can be deduced th a t there is an ap
preciable interm olecular isotope effect19 fo r the tw o 
processes

C H 3C O O C 2H 6 +  hv — >  C H 3C O O H  +  C 2H 4 ( I I I )

C H 3C O O C 2D 6 +  hv — ► C H 3C O O D  +  C 2D 4 (V I)

In  the d irect photolysis, the variations of the ra tio  
C 2H 4/ C 2D 4 w ith  wave length and tem perature are 
rather sm all and do not w arrant any fu rth e r discussion.

(B ) L iq u id  Phase. C H 3C O O C D 2C D 2H .— Th e  fact 
th a t the ra tio  C 2D 4/C 2D 3H  is independent of wave 
length indicates th a t in  the liqu id  phase, the e th y l ace
tate m olecule excited to  an upper electronic state 
undergoes a collision induced degradation to  a lower 
ly in g  energy level. Th e  degree of excitation  of the 
molecule which decomposes apparently is independent 
of the exciting wave length. H ow ever, a va ria tion  in  
tem perature has a pronounced effect on the ra tio  
C 2D 4/C 2D 3H  as w ell as on the to ta l ethylene yie ld . In  
th is respect there is a s im ila rity  between the photolysis 
and p yro lysis  of e th yl acetate. A p p a re n tly, in  the 
liq u id  phase the excited molecules undergo a sufficient 
num ber of collisions p rio r to decom position to  achieve 
equ ilibration  of the v ib ra tiona l energy in  the upper 
electronic state. From  the results of Ta b le  I I ,  the 
fo llow ing expression can be deduced

hn/h d =  0.95e1000/ier

where /«h  and fco stand fo r the re la tive  rates of form a
tion  of C 2D 4 and C 2D 3H  per 0 -deuterium  atom , re
spectively.

I t  is of in terest to  note th a t th is rate expression is 
ve ry  sim ilar to  the one obtained b y  Blades and G ild e r- 
son4 in  th e ir investigation  of the gas-phase p yro lysis  of 
C H 3C O O C D 2C D 2H

kH/kD =  0 M elli5/RT

S im ila rly , the liq u id  phase photolysis of C H 3C O C H 2- 
C H D C D 2H  yielded a value of 1.15 ±  0.15 kcal./m ole 
fo r the difference in  activation  energy between the 
transfer of a D  and H -a to m .3 Th e  actual values of 
C 2D 3H / C 2H 2D 2 obtained in  photolysis of th is ketone,

(19) At 2200 A. the extinction coefficients of the two compounds do not 
differ by more than 5%  as measured on a Cary-15 spectrophotometer. 
The quenching cross sections in mercury sensitized decomposition have not 
been determined.
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at a given tem perature, agree closely w ith  the ratios 
C 2D 4/ C 2D 3H  given in  Ta b le  I I .  These sim ilarities are 
not unexpected if  one considers th a t in  a ll cases, de
com position occurs b y  w a y of a sim ilar six-centered 
interm ediate. The actual mechanism of th is process in  
the p yro lysis  has been discussed in  deta il b y  Blades and 
G ilder son . 4

In  the vapor phase photolysis of C H 3C O O C D 2C D 2H , 
the effect of tem perature on the ra tio  C 2D 4/C 2D 3H  is 
much less pronounced than in  the liq u id  phase. T h is  is 
not surprising in  view  of the fact th a t in  the vapor 
phase, as indicated b y the wave length effect, collisional 
degradation of the v ib ra tio n a l energy levels is not as 
effective as in  the liq u id  phase. I t  obviously m ay be 
expected th a t the m agnitude of the tem perature effect 
dim inishes w ith  a decrease of the incident wave length . 3

C H 3C O O C 2H 3 -C H 3C O O C 2D 6 ( l : l ) . — Th e  data of 
Table  I I  dem onstrate th at there exists a considerable 
interm olecular isotope effect. In  view  of the fact 
that at 273 and 193°K., the values obtained fo r the 
ratio  C 2H 4/C 2D 4 in  the photolysis of equim olar m ixtures 
of C H 3C O O C 2H 5 and C H 3C O O C 2D 5 are the same as 
those which can be deduced from  the yie lds of ethylene 
observed in  the photochem ical decom position of C H 3-  
C O O C 2H 5 and of C H 3C O O C 2D 5, it  m ay be concluded 
that the interm olecular isotope effects are not due to a 
transfer of energy from  C H 3C O O C 2D 5 to  C H 3C O O C 2H 6.

A  com parison of the ethylene yie lds given in  Table  I I  
shows th a t below 273°K., the m agnitude of the effect of 
tem perature on the re la tive  quantum  yie lds of the in tra 
m olecular processes varies according to  the fo llow ing 
sequence

C H 3C O O C 2D 5 >  C H 3C O O C 2D 4H  >  C H 3C O O C 2H 6

T h is  trend probably is related to  a difference in  activa 
tion  energy of decom position between the various 
excited molecules, w hich can be accounted fo r qualita 
tiv e ly  b y considering the C -H  and C -D  bond strengths 
and the num ber of /3-deuterium and hydrogen atoms in  
the molecule. T h is  in terpretation  is substantiated b y 
the observation th a t b iacetyl quenches the decomposi
tion  of C H 3C O O C 2D 5 more strong ly than th a t of C F I3-  
C O O C 2H 5. The higher activa tion  energy fo r the de
com position of the deuterium  labeled compound im plies 
a longer dissociative lifetim e and a larger p ro b a b ility  
to take part in  energy transfer processes.

In  th is connection it  m ay be noted th a t the more 
pronounced quenching effect of oxygen on the photo
chemical decom position of C H 3C O C H 2C H D C D 2H 3 as

com pared  to  C H 3C O C 3H 7 also has been  ascribed to  a 
longer d issociative lifetim e o f  th e  labeled  com pou n d .

I t  m ay fin a lly  be pointed out th a t the decrease of the 
re la tive  quantum  yie ld  of ethylene in  the liq u id  photol
ysis of e th yl acetate and 2 -pentanone3 c lea rly demon
strates th a t besides cage effects, deactivation processes 
have to  be considered as w ell to  account fo r the low  
quantum  yie lds of the dissociative processes in  some of 
the compounds containing carbonyl.

(C ) So lid  Phase.— Th e  results of Table  I I I  show 
th a t although the values of the ra tio  C 2D 4/C 2D 3H  
obtained in  the solid phase photolysis of C H 3C O O C D 2- 
C D 2H  at 77°K. are larger than those obtained in  the 
liq u id  phase, th ey are considerably sm aller than the 
expected value of 330 w hich can be extrapolated from  
the liq u id  phase data. Th e  fact th a t the interm olecular 
isotope effect is also considerably low er than m ay be 
predicted from  a consideration of the liq u id  phase data 
indicates th a t a hindered ro ta tion  cannot en tire ly ac
count fo r the low  intram olecular isotope effect. A p 
paren tly, an ineffective collisional deactivation p rio r to 
decom position could explain the observed trends. In  
agreement w ith  th is in terpretation  is the significant 
observation th at the quantum  yie ld  of the form ation of 
ethylene is not g re a tly affected b y a decrease in  tem 
perature from  77 to  4°K., ind icating th a t the energy re
quirem ent fo r decom position observed in  the liqu id  
phase is of less im portance in  the solid phase. M ore 
d irect evidence fo r a less efficient energy degradation in 
the solid phase as compared to  the liq u id  phase follows 
from  the observed effect of wave length on the solid 
phase photolysis of C H 3C O C H 2C H D C D 2H . 20 These 
experim ents show th a t in  contrast w ith  the liq u id  phase 
data , 3 the intram olecular isotope effect varies w ith  
wave length, and actua lly, ju st as in  the gas phase, in 
creases w ith  increase in  wave length.

The low ering of the in tra - and interm olecular isotope 
effects w ith  a decrease of the tem perature of irrad ia tion  
probab ly is ind icative  of a less efficient energy transfer. 
Th e  fact th a t at constant irrad ia tion  tem perature but 
fo r d ifferent tem peratures of deposition sim ilar trends 
are observed demonstrates th a t besides the irrad ia tion  
tem perature the structure of the solid m ay also affect 
the intram olecular isotope effect.

(20) It should be noted that the appearance of non-condensable products 
in the solid phase photolysis of ethylacetate at 4°K. implies that at this 
temperature some of the ethylene may eventually be produced by secondary 
radical reactions. The ketone experiments have been carried out for com
parison because in this case no other products have been observed besides 
ethylene, acetone, and 1-methylcyelobutanol. Also, the absence of ethyl 
radicals in the photolysis of 2-pentanone excludes the formation of ethylene 
by radical disproportionation reactions.
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THE REACTIONS OF METHYL RADICALS WITH AROMATIC COMPOUNDS. I.
TOLUENE, ETHYLBENZENE, AND CUMENE1

B y  I s a b e l  B .  B u r k l e y 2 a n d  R .  E .  R e b b e r t 2

Chemistry Department, Georgetown University, Washington, D. C.
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Acetone was photolyzed in the presence of toluene, ethylbenzene, and cumene between 80 and 250° in the gas 
phase. The activation energies for the reactions of the type CH3 +  RH -*• CH4 +  R  are 7.4 ±  0.3, 7.0 ±  0.3, 
and 6.4 ±  0.5 kcal./mole, respectively. The difference in the activation energy for the abstraction of a primary 
hydrogen compared to a tertiary hydrogen both alpha to a benzene ring is much smaller than in the correspond
ing aliphatic hydrocarbons.

In troduction
In  the past ten years, a considerable am ount of ef

fo rt has been expended in  m easuring the rate constants 
and a ctiva tion  energies fo r the hydrogen abstraction 
reactions of the m ethyl rad ica l.3 So fa r, the published 
works have not dealt to  any great extent w ith  the 
hydrogen abstraction from  arom atic compounds except 
benzene and toluene. The present investigations 
were undertaken w ith  a view  tow ard includ ing in  the 
available lite ra tu re  a better representation of arom atic 
compounds. Toluene, ethylbenzene, and cumene were 
chosen so th a t the activa tion  energies and rate of h y 
drogen abstractions from  prim ary, secondary, and 
te rtia ry  positions alpha to  the benzene rin g  could be 
determ ined fo r the m ethyl radical. In  the case of 
a liphatic hydrocarbons, the activa tion  energies fo r 
reactions of th is type  are approxim ate ly 10.0, 8.0, 
and 7.0 kcal./m ole, respective ly.3

Experim ental
Apparatus.— A conventional vacuum apparatus was used. 

A cylindrical quartz reaction cell (186 cc.) was placed inside an 
aluminum block furnace. The maximum temperature variation 
along the cell was 2.5°. The connecting tubing was heated to 
10 0 ° and the pressure was measured by means of an all-glass 
spoon gage in conjunction with a mercury manometer. A glass 
covered iron plunger was manipulated manually to ensure good 
mixing of the two compounds which were introduced into the 
reaction cell.

A Hanovia S-100 medium pressure mercury arc was the light 
source. No filters were used. The beam was roughly col
limated with an aluminum pipe.

Analysis.— Methane, ethane, and carbon monoxide were ana
lyzed by means of a Ward still, 4 gas buret, and copper oxide 
furnace. Carbon monoxide and methane were distilled over at
— 196° and measured together. The carbon monoxide was oxi
dized to carbon dioxide in the copper oxide furnace and the carbon 
dioxide was condensed in liquid nitrogen. The methane then 
was measured and the amount of carbon monoxide was the dif
ference in the two measurements. Ethane was brought over at
— 170°. No more than 3%  of the acetone was decomposed 
during any experiment.

Materials.— The acetone used in this study was Mallinckrodt 
analytical reagent grade. Impurities were stated to be less 
than 0.06%, mainly in the form of methanol. The acetone was 
introduced into the vacuum system and thoroughly degassed.

The toluene was Phillips research grade and was stated to be 
99.96 mole %  pure.

The ethylbenzene and cumene were standard samples from the 
National Bureau of Standards and were listed as 99.96 ±  0.02 
and 99.93 ±  0.03 mole %  pure, respectively.

Results
W hen acetone is photolyzed in  the presence of a

(1) Abstracted from a thesis submitted to the Graduate School of George
town University in partial fulfillment of the requirements of the M.S. degree.

(2) Division of Physical Chemistry, National Bureau of Standards, 
Washington 25, D. C.

(3) A. F. Trotman-Diekenson, Quart. Rev., 7, 198 (1953).
(4) D. J. LeRoy, Can. J. Res., B28, 492 (1950).

hydrocarbon, the fo llow ing reactions account fo r the 
form ation of methane and ethane

c h 3 +  C H 3C O C H 3 — »■ C H 4 +  C H 3C O C H 2 (1)

2 C H 3- -►  C 2I I 6 (2)

C H 3 +  R H  ■— >  C H 4 +  R (3)

I f  we assume th a t these are the o n ly  reactions form ing 
methane and ethane, we have

iS r- ~ W  ICH‘C0CIW +  W -[RH1
where Rcnt and R em  are the rates of form ation  of 
methane and ethane, respectively. Th e  ra tio  fci/fc21/! 
was determ ined b y  photo lyzing acetone b y  itse lf. 
Since a ll other parameters are measurable, the above 
equation can be used to  calculate fes/taA

In  the present investigation  the results of the photo l
ysis of acetone alone gave the fo llow ing stra igh t line 
w hich was determ ined b y  the m ethod of least squares

, h  2171
1 3  +  lo g  fcA 2 =  6 ' 1 3 0 ------- Y

A ll rate constants are in  molecules, cubic centim eters, 
and seconds. T h is  equation corresponds to  an a c ti-

T a b l e  I
k z—rr x  1 0 '® fa1/*

[Acetone] [RH] CH* +  cc.1/ 2
Temp., (/¿moles/ Time, (/¿moles) C2Ht molecules“ 1/ 2

°K. cc.) sec. CO CH» CsHe CO sec. “ V 2
Toluene

372.7 2.01 1.40 900 7.58 0.80 6.95 1.02 3.90
395.6 2.05 2.00 900 8.99 1.79 6.96 0.97 6.19
423.9 1.93 2.03 900 9.02 3.12 5.65 0.97 13.2
447.8 2.03 1.32 900 9.34 4.48 5.27 1.04 17.0
482.8 1.97 1.30 900 9.22 7.60 3.21 1.17 37.5
502.3 2.04 1.33 900 9.02 9.02 2.02 1.22 52.8
526.0 1.91 1.31 900 8.99 9.64 1.18 1.20 66.4

Ethylbenzene
358.0 1.80 1.80 3600 4.77 2.51 3.26 1.21 11.0
360.1 2.15 2.08 900 4.87 1.66 3.59 1.08 11.6
370.3 2.03 1.74 900 7.71 2.10 5.99 1.05 13.3
384.2 1.85 1.85 9144 5.72 2.52 3.69 1.09 19.2
393.8 2.16 2.15 900 8.00 4.02 4.70 1.09 23.0
403.9 2.02 2.02 900 5.53 3.82 2.80 1.20 29.9
429.4 1.96 1.96 900 10.28 7.18 3.99 1.09 45.9
449.8 2.00 2.09 900 11.65 9.80 2.69 1.07 70.7
455.5 2.04 2.04 900 5.93 7.38 1.18 1.45 81.9

Cumene
396.2 2.00 1.12 900 8.71 2.91 4.74 0.88 42.5
413.6 1.97 1.44 900 7.10 5.32 3.36 1.22 53.0
420.6 2.04 1.26 900 8.07 6.37 3.72 1.25 67.3
443.3 1.97 0.89 900 7.47 7.02 2.68 1.30 114
475.0 2.12 1.33 900 8.86 11.14 1.60 1.44 151
500.4 2.01 0.71 900 8.71 10.73 1.22 1.37 255
522.0 1.97 0.90 900 7.87 11.82 0.58 1.58 339
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vation  energy of 9.9 kcal./m ole fo r Ex —  1/2E2, com
pared to 9.7 kcal./m ole reported b y  T ro tm a n -D ick en - 
son and Steacie.6 Th e  results of the photolysis of 
acetone in  the presence of toluene, ethylbenzene, and 
cumene are given in  Tab le  I .  The fo llow ing equations 
also obtained b y  the method of least squares give the 
best stra ight lines through the experim ental points

F o r toluene: 13 +  log k3/k21/2 =  4.913 —

F o r ethylbenzene: 13 +  log k3/k2h =  5.260 -
1527

T

F o r cumene: 13 +  log kz/kz^ =  5.197 —

The activa tion  energies fo r the hydrogen abstraction 
reactions are 7.4 ±  0.3, 7.0 ±  6.3, and 6.4 ±  0.5 
kcal./m ole, respectively. These results of course 
assume zero activa tion  energy fo r the recom bination 
of tw o m ethyl radicals. Th e  lim its  of precision of the 
activation  energies were calculated from  the average 
deviation of the experim ental points.

D iscussion
I t  is assumed throughout th is discussion th a t the 

m ethyl radical abstracts the hydrogen atom  in  the 
a liphatic side chain alpha to the benzene rin g  and that 
it  does not abstract the hydrogen atom  w ith in  the rin g  
to any great extent. The reasonableness of th is as
sum ption is based on the follow ing.

(1) The activa tion  energy fo r abstracting a h y 
drogen atom  from  benzene is 9.2 kcal./m ole3 compared 
to 7.4 or less fo r the three arom atic compounds men
tioned in  th is paper. M oreover, the ra tio  k3 (toluene)/ 
k3 (benzene) at 182° is 11.6 and even greater fo r e th y l
benzene and cumene.

(2) The ra tio  of rates k3/kp' per active hydrogen 
atom increases b y  a factor of 5.7 from  toluene to e th yl
benzene and b y  a factor of 3.2 from  ethylbenzene to 
cumene. Changes in  rate of th is order of m agnitude 
are expected in  these cases fo r abstraction from  the 
side chains but not for abstraction from  the ring.

(3) Berezin, Kazanskaya, and M artin ek6 have 
shown th a t the ra tio  of the rate of abstraction of a 
tritiu m  atom  in  the side chain compared to  the rate of 
abstraction from  the para position in  the rin g  in  toluene 
is 156 at 85°. Th e  difference in  activa tion  energy 
for these tw o reactions is 2.6 kcal./m ole. These results 
were obtained b y  the therm al decom position of acetyl 
peroxide w hich was dissolved in  toluene over the tem 
perature range from  60 to 96°.

R ecently some evidence fo r the abstraction of a 
hydrogen atom  from  the rin g  has appeared in  the 
lite ra tu re .7’8 In  these cases toliienc-a-fl'a was used

(5) A. F. Trot man-Dickenson and E. W. R. Steacie, J. Chem. Phys., 18, 
1097 (1950).

(6) I. V. Berezin, N. F. Kazanskaya, and K. Martinek, Zh. Obshch. Rhim., 
30, 4092 (1960).

to show that hydrogen abstraction from  the ring 
occurs. Th is  is not too surprising since a ll th is w ork 
was done in  the liq u id  phase where it  is known 
th a t m ethyl radicals add to  the benzene rin g .9 Thus 
hydrogen abstraction from  the rin g  probab ly occurs 
after addition  as has been suggested b y  L e vy , Stein
berg, and Szw arc10 as w ell as others. H ow ever, in  
our w ork in  the gas phase, a m ethyl radical addition 
to the benzene rin g  cannot be occurring to any large 
extent. I t  p robab ly occurs to  a m inor extent. I f  
radical addition  occurs to  a large extent in  the gas 
phase, the equation fo r the m ateria l balance, (C H 4 +  
C 2H 6)/ C O , should fa ll below u n ity . In  fact, th is 
ra tio  usually is greater than one, especially a t the 
higher tem peratures. T h is  can be accounted for b y 
the reactions

C H 3 +  R  — >  C H 3R  (4)

2R — >  R 2 (5)

A t low  tem perature the steady-state concentration 
of R  is low  and R  is lost b y  the recom bination reaction
(4). Thus, the ra tio  (C H 4 +  C 2H 6)/ C O  is near one. 
A t  higher tem peratures, the steady-state concentra
tion  of R  increases and some of the radicals, R , are 
lost b y  the recom bination reaction 5. Th e  net effect 
is to  increase the ra tio  of (C H 4 +  C 2H 6)/C O .

I t  is interesting to compare the reactions of m ethyl 
radicals w ith  arom atic compounds to  the reactions of 
the perfluorom ethyl radicals. W h ittle  and co-w orkers11 
have shown th a t the perfluorom ethyl radicals add 
ve ry  easily to  the benzene rin g  in  the gas phase and 
th at abstraction from  the rin g  probab ly occurs through 
the addition  product. A s  m entioned previously, 
there is no evidence in  our results w hich would indicate 
th at m ethyl radicals add to the benzene rin g  in  the gas 
phase to any large extent.

A s in  the case of a liphatic hydrocarbons, the acti
va tion  energy for the abstraction of hydrogen atom 
decreases in  the sequence p rim a ry, secondary, te rtia ry , 
w hile the rate of reaction increases fo r the same se
quence. H ow ever, it  is to  be noted th a t the effect of 
the attached phenyl group is so strong th a t the d if
ference in  activation  energy and in  rate constant from  
the p rim a ry to  te rtia ry  compound is sm all compared 
to the same reactions in  a liphatic compounds. There 
is o n ly a 1.0 kcal./m ole difference in  a ctiva tion  energy 
for arom atic compounds compared to  3.0 kcal./m ole 
fo r a liphatic compounds. M oreover, the ra tio  of the 
rate of abstraction from  te rtia ry  to  p rim a ry compound 
is about 18 fo r arom atic compounds w hile it  is 50 for 
a liphatic compounds.

(7) S. H. Wileu and E. L. Eliel, ./. Am. Chem. Soc., 80, 3309 (1958).
(8) J. H. T. Brook and R. W. Glazebrook, Trans. Faraday Soc., 56, 1014

(1960).
(9) R. P. Buckley, F. Leavitt, and M. Szwarc, J. Am. Chem. Soc-., 78, 5557 

(1956).
(10) M. Levy, M. Steinberg, and M. Szwarc, ibid., 76, 3439 (1954).
(11) S. W. Charles and E. Whittle, Trans. Faraday Soc., 56, 794 (1960); 

S. W. Chailes, J. T. Pearson, and E. Whittle, ibid., 57, 1356 (1961).



170 Vol. 67

T H E  R E A C T I O N S  O F  M E T H Y L  R A D I C A L S  W I T H  A R O M A T I C  

C O M P O U N D S .  I I .  T H E  X Y L E N E S 1

B y  W i l l i a m  A. S a n d e r s  a n d  R .  E. R e b b e r t 2

William A. Sanders and R. E. Rebbert

Chemistry Department, Georgetown University, Washington 7, D. C.
Received July 30, 1963

Acetone was photolyzed in the presence of the p-, o-, and m-xylenes between 100 and 200°. The activation 
energies for the reactions of the type CH3 +  RH -*■ CH4 +  R  are 7.4 ±  0.2, 7.8 ±  0.3, and 8.5 ±  0.3 kcal./mole, 
respectively. The observed order of the activation energies for the three xylenes is consistent with a hypercon
jugation mechanism. It should be noted that the pre-exponential factors for the three xylenes are not constant 
but vary by a factor of four.

Introduction
As in part I , 3 this investigation was undertaken so 

that a better representation of the rates of hydrogen 
atom abstraction by methyl radicals from aromatic 
compounds would be available. The xylenes were 
chosen so that the effect of the para-, ortho-, and meta
substitutions could be determined. The observed 
activation energies should give some indication of the 
C-H bond strength of the molecule from which the 
hydrogen atom is abstracted. Szwarc4 has determined 
the bond dissociation energies for the hydrogen atom 
on the methyl groups of the p-, o-, and m-xylenes to 
be 75.0, 74.0, and 77.5 kcal./mole, respectively.

Experimental
The same apparatus and general procedure as described in 

part I 3 were used. The p- and o-xylenes were standard samples 
from the National Bureau of Standards. The m-xylene was 
Phillips Petroleum research grade.

Results
The results of the photolysis of acetone in the pres

ence of the three xylenes are given in Tables I  and I I .  
The following equations obtained by the least squares 
method give the best straight lines through the ex
perimental points

K  in iq
For p-xylene: 13 +  log = 5.262 -----—

b 1719
For o-xylene: 13 +  log —iys = 5.566 — — -

K 2 " 1

For m-xylene: 13 +  log = 5.886 —k2 n T
All rate constants are in molecules, cubic centimeters, 
and seconds; ks and fe2 refer to reactions 2  and 3  of part I

2CH3 C2H6 (2)

CH3 +  RH — > CH4 -j- R (3)

The activation energies for the hydrogen abstraction 
reactions are 7.4 ± 0.2, 7.8 ± 0.3, and 8.5 ± 0.3 
kcal./mole, respectively, for p-, o-, and m-xylenes. 
The pre-exponential factors, A 3/A21/2, for these three 
reactions are 1.8 ± 0.5 X 10—8, 3.7 ± 1.5 X 10~8, and
7.7 ± 1.6 X 10~ 8 molecule_1/! cc. 1/2 sec.~I/2. The 
limits of precision of the activation energies and the

(1) Abstracted from a thesis submitted to the Graduate School of George
town University in partial fulfillment of the requirements of the M.S. de
gree.

(2) Division of Physical Chemistry, National Bureau of Standards, Wash
ington 25, D. C.

(3) I. B. Burkley and R. E. Rebbert, J. P h ys. Chem., 67, 168 (1963).
(4) M . Szwarc, J. Chem. P h ys., 16, 128 (1948); 16, 637 (1948).

pre-exponential factors were calculated from the 
average deviation of the experimental points.

fca/fe'A
Ace- X 10»,
tone Xyl(me Product 00.‘A
pres- pres- molecules CH, + mole-

Temp., sure, sure, Time, X 1Ccc.-sec.
|-13

CiHs eules1/ 2-
°K. mm. mm. sec. CO CH, CiHe CO sec.V2

p-Xylene
372.0 44.3 49. 3 900 2.73 0.56 1. 91 0.91 8 .3
395.6 46.7 45. 6 900 3.11 0.99 2..12 1.00 14.8
417.7 49.0 48. 1 900 3.47 1.62 2 .04 1.05 23.5
447.5 52.3 48..5 900 3.82 2.72 1 .62 1.14 44.0
469.5 53.9 44,.9 900 4.01 3.47 1 .27 1.18 66.7

o-Xylene
374.3 43.1 46 .1 900 2.50 0.60 1 .77 0.95 10.1
397.2 46.3 50 .2 900 2.86 1.10 1 .85 1.03 16.8
421.5 45.9 40 .7 900 3.53 1.69 1 .80 0.99 32.0
428.8 47.6 25 .7 900 3.81 1.69 2 .23 1.03 40.3
452.5 51.3 42 .7 900 3.55 2.79 1 .39 1.18 56.4
467.2 57.0 44 .7 900 3.71 3.37 0 .96 1.17 79.4
477.6 52.1 28 .8 900 3.57 3.14 1 .03 1.17 98.1

m-Xylene
373.1 44.8 56..6 900 2.00 0.52 1 .34 0.93 8 .0
399.0 46.1 47..2 900 2.39 0.93 1 .45 1.00 16.5
421.5 48.7 53 .0 900 2.64 1.54 1 .19 1.03 27.9
447.4 52.6 51 .9 900 2.87 2.39 0 .91 1.15 51.7
469.6 54.3 43..8 900 2.76 2.70 0 .56 1.18 86.3

T able II
fa/fa'A
X 1013 A > X 10V

Compound (at 182°) As'/! Ei — 3/ zEi
p-Xylene 50.8 1 .8 ±  0. 5 7 . 4  ± 0 .2
o-Xylene 63.6 3 .7 ±  1. 5 7 .8  ± .3
m-Xylene 62.1 7 .7 ±  1. 6 8 .5  ± .3
Toluene3 22 0 .8 7 . 4

Discussion
Insofar as the activation energies of the hydrogen 

abstraction reactions by methyl radicals are related 
to the C-H bond dissociation energies, the results 
indicate that the bond dissociation energies of the hy
drogen atom on the methyl group of the xylenes should 
follow the order para, ortho, meta from the lowest to 
the highest. Szwarc4 has studied the kinetics of this 
pyrolysis of the xylenes by his toluene carrier tech
nique. He reported the following values of the bond 
dissociation energies of a hydrogen atom from the 
methyl group: 75.0, 74.0, and 77.5 kcal./mole, respec
tively, for p-, o-, and m-xylenes. In support of the 
order indicated by his results, Szwarc cited the work 
of Dobryanskii and Saprykin/ who studied the isom-

(5) A. F. Dobryanskii and F. Y. Saprykin, J . G en , C h em . (U S S R ),  9, 1313 
(1939).
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erization of the xylenes. They found that the ortho 
isomer isomerized most readily, while the meta isomer 
showed no tendency to isomerize and the para isomer 
was between the two. Although the experimental 
error in our results (about 0 . 2  kcal./mole) leaves the 
para-ortho order somewhat uncertain, two other 
investigators in our Laboratory6 7 have found this 
same order with the fluorotoluenes and the ethyl- 
toluenes.

The order for the activation energy of the hydrogen 
abstraction reaction increasing from the para to 
meta isomer can be explained on the assumption that a 
hyperconjugation mechanism is involved in the stabili
zation of the transition state complex. Szwarc4 

originally put forth this explanation in his study of 
the kinetics of the pyrolysis of the xylenes. Thus, 
for p- and o-xylenes we can write the resonance struc
tures

C H 3 ‘ " H ' ' - C H 2 C H a -

0  “ d

No such structure can be written for the meta-isomer. 
Moreover, there is the possibility that there is some 
steric hindrance in the transition state complex of the
o-xylene structure which lessens the full effect of the 
hyperconjugation. In this regard, it is interesting 
to note that for the fluorotoluenes the activation energies 
for the ortho and para isomers are relatively closer to 
one another and farther from the meta isomer.6 In 
the case of the ethyltoluenes just the opposite is true, 
that is, the activation energies for the ortho-meta 
isomers are closer together and farther from the para 
isomer.7 If steric hindrance is the reason for the dif
ference in activation energy between the ortho and 
para isomers, a smaller difference would be expected 
with the fluorotoluenes and a larger one with the ethyl- 
toluenes.

It is interesting to compare the results of this in
vestigation with the data obtained from studies of the 
analogous reaction with toluene. In Table II a sum-

(6) F. J. Wunderlich and R. E. Rebbert, to be published.
(7) I. B. Burkley, Ph.D. Thesis, 1962, Georgetown University.

mary of these results is given. The ratio of rate con
stants of the xylenes to toluene amounts to somewhat 
more than the statistical factor of two which may have 
been expected if the only change were the presence of 
an additional methyl group.

Throughout this paper we have assumed that it is 
the hydrogen atom on the methyl groups which are 
abstracted and not the hydrogen atoms on the ben
zene ring. The reasons for this assumption were given 
in part I . 3 It should also be mentioned that for all 
three xylenes a positive deviation was noticed above 
200°. However, the amounts of ethane produced at 
these high temperatures are very small. This makes 
accurate measurements difficult, since a small absolute 
error in the ethane measurement would produce a 
large error in the rate constant. A more recent in
vestigation7 of the o- and m-xylenes with acetone-d6 

did not show any curvature in the Arrhenius plots up 
to 275°. In this case, the ratio of CD3H/CD4 was 
measured on a mass spectrometer and the results, 
therefore, should be more accurate.

Finally, it should be pointed out that the pre
exponential factors for these three very similar re
actions are quite different. As seen in Table II, the 
pre-exponential factors vary by a factor of four from 
p- to m-xylene. Again this same variation in pre
exponential factors was obtained by two other in
vestigators with the fluorotoluenes6 and the ethyl- 
toluenes.7 The consistency of these three investiga
tions rules out experimental error as the cause of these 
differences in the pre-exponential factors. Although 
at the present time we have no explanation for these 
differences, it is important to note that the pre-exponen
tial factors are different since in the past many authors 
have assumed constant pre-exponential factors for 
similar reactions. Thus, they have calculated acti
vation energies from rate constants at one temperature. 
Activation energies so obtained may be considerably 
in error.

It is interesting to note that the activation energy 
and the pre-exponential factor for p-xylene are almost 
the same as those obtained for toluene itself, 3 while the 
ortho and meta isomers have higher activation energies 
and also higher pre-exponential factors. It is not 
immediately obvious why this should be.
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The intensity of light emission in the visible region, and for emission from the 11th and 6th vibrational levels 
of N 2(B 3n g), varies linearly with the square of the N atom concentration in such a way as to suggest that collision 
with an unpoisoned Pyrex wall may induce transition from the 6Sg+ state to the B state at vibrational levels 
less than eleven. The results further suggest that as many as 101 2 3 4 5 6 collisions with N 2(X ISE+) may be necessary 
to induce the conversion of the quintet state of nitrogen to a triplet state capable of causing light emission.
When NH 3 is added to active nitrogen in an unpoisoned system, its effect on light emission in the first positive 
system is complicated by the role of NH3 as an effective wall poison against surface recombination of N atoms, 
as well as its quenching action in the gas phase. However, in a system well poisoned against surface recom
bination, the quenching effect of NH 3 on light emission over the visible region, and particularly in the 5820 and 
6630-A. regions, suggests that NH3 deactivates the quintet state of nitrogen with a collision efficiency of about 
10~5. The quenching efficiency of NH 3 for N2(5ZB+) is reduced in the presence of significant concentrations 
of N2(A 32 u+), and it appears that most chemical decomposition of NH 3 is induced by a collision of the Second 
Kind with the A state molecule.

Introduction
It has been established conclusively4’6 that the inten

sity of the Lewis-Rayleigh nitrogen afterglow, for total 
emission and also for emission from the 1 1 th or 6 th 
vibrational levels of the B 3n g state, depends on the 
square of the concentration of N(4S). The characteris
tic vibrational distribution of the N2(B8ng -»■  A 3SU+) 1st 
positive bands appears to remain unchanged during 140 
sec. of decay,6 and the infrared, vacuum ultraviolet, and 
visible afterglows all decay7 identically with time. Al
though nitrogen atom concentrations were not deter
mined in the recent studies in static systems, 6 -8  they 
were estimated at a point downstream in some of the 
studies4 that have been made in flow systems, in which 
the afterglow intensities were measured by viewing 
longitudinally4'9' 10 a decay tube of at least 25-cm. 
length.

Recent work10 supports the postulate4' 11 that 4S 
nitrogen atoms first recombine to form weakly bound 
6Sg+ nitrogen molecules as a stable intermediate in the 
emission of the afterglow, and these then populate di
rectly the v = 12, 11, 10 (group 1) levels of the B state 
through a radiationless collision-induced transition. 
On the other hand, the strong emission from the lower 
vibrational levels of the B 3ITg state, i.e., v = 7, 6 , 5 
(group 4) and v = 4 (groups 3a and 3b), appears to 
arise from population of these levels of the B state 
through intermediate electronic states of lower energy 
content than 62 g+. Bayes and Kistiakowsky have 
pointed out10 that further progress in elucidating the 
initial steps of the afterglow mechanism requires ex
periments in which the nitrogen atom concentration and

(1) This investigation was supported by the National Research Council of 
Canada and the Defence Research Board of Canada.

(2) Presented at the Edmonton Conference of the Chemical Institute of 
Canada, May 28, 1962.

(3) Postdoctoral Fellow.
(4) J. Berkowitz, W. A. Chupka, and G. B. Kistiakowsky, J. Chem. Phys., 25, 457 (1956).
(5) G. B. Kistiakowsky and P. Warneck, ibid., 27, 1417 (1957).
(6) R, A. Young and K. C. Clark, ibid., 32, 604 (1960).
(7) R. A. Young, ibid., 33, 1112 (1960).
(8) T. Wentink, Jr., J. O. Sullivan, and K. L. Wray, ibid., 29, 231 (1958).
(9) U. H. Kurzweg and H. P. Broida, J. Mol. Spectroscopy, 3, 388 (1959).
(10) K. D. Bayes and G. B. Kistiakowsky, J. Chem. Phys., 32, 992 

(1960).
(11) A. G. Gaydon, “ Dissociation Energies and Spectra of Diatomic 

Molecules,”  Chapman and Hall, Ltd., London, 1953, 2nd Ed., p. 157; 
Nature, 153, 407 (1944).

the intensities in the afterglow spectrum are simultane
ously measured.

The intensity of the afterglow in active nitrogen pro
duced by a microwave discharge is quenched12 by the 
addition of NH3, especially10 the bands originating 
from the lowest vibrational levels of the B 3n g state. 
This interaction does not appear12 to involve N atoms 
and the pressure dependence of the quenching efficiency 
of added NH3 has been attributed10 to interaction be
tween NH3 and Nj (52g+)- On the other hand, the 
chemical decomposition of NH3, in active nitrogen pro
duced by a condensed discharge, 1 3 - 1 5  appears to be 
caused mainly by collisions between N2 (A32 u+) and 
NH3, with an over-all rate constant16 of about 1010 cc. 
mole- 1  sec.-1. The reaction apparently does not in
volve N atoms, 15 although the addition of NH3 does 
quench the CN emission from the reactions of active 
nitrogen with many carbon-containing compounds. 17’ 18 

The negligible extent of NH3 decomposition in active 
nitrogen of microwave origin has been attributed16 to 
the low concentration of N atoms, and hence low con
centration of excited nitrogen molecules formed by 
atom recombination, in such systems.

The present paper reports measurements on the after
glow intensities at different levels in a flow system, cor
responding to known times of decay of the active nitro
gen, for a system in which values had previously been 
obtained for both the N-atom concentrations, 15 and the 
concentrations of NH3 left unreacted16 at these levels, for 
different initial flow rates of added NH3.

Experimental
The afterglow was monitored by a 1P21 photomultiplier tube 

used in conjunction with an Eldorado photometer. The photo
tube was mounted on guide rails inside a dark box constructed 
around a straight tube reaction vessel. This permitted position
ing of the phototube, so as always to view the center of the reac
tion vessel at any level between 0.2 and 45 cm. below the reactant 
inlet. The nitrogen was activated by a condensed discharge and 
the linear flow rate of the gas through the cylindrical flow system

(12) G. B. Kistiakowsky and G. G. Volpi, J. Chem. Phys., 28, 665 (1958).
(13) G. R. Freeman and C. A. Winkler, J. Phys. Chem., 59, 371 (1955).
(14) R. Kelly and C. A. Winkler, Can. J. Chem., 38, 2514 (1960).
(15) A. N. Wright, R. L. Nelson, and C. A. Winkler, ibid., 40, 1032 

(1962).
(16) A. N. Wright and C. A. Winkler, ibid., 40, 5 (1962).
(17) K. D. Bayes, ibid., 39, 1074 (1961).
(18) A. N. Wright and C. A. Winkler, ibid., 40, 1291 (1962).
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was 478 cm. sec._1. All experiments were conducted at a pressure 
of 3 mm. and, in all other respects, the system was identical with 
that described previously.16'16.18 Experiments involving intro
duction of NH3 were initiated after the condensed discharge had 
been allowed to operate for about 20 min., at which time the 
temperature of the active nitrogen had reached a maximum value, 
constant for about 5 min.

With suitable collimation by a pin hole through 1/4-in. thick 
lucite in front of the phototube, readings were obtained for the 
unfiltered afterglow that approached the upper limit of the photom
eter, while the readings in the presence of filters were always at 
least a factor of 10 higher than the background values. Although 
the afterglow emission is given by the photomultiplier in terms of 
“ %  transmission,”  and consequently offers only a measure pro
portional to the light intensity, the readings were all made under 
similar geometrical conditions and comparisons between them 
therefore are valid.

Optical filters, constructed by Spectrolab of California for 
transmission peaked at 5820 and 6630 A ., and with less than 
25 A. transmission widths, permitted4 intensity measurements of 
the emission centered about the 11th and 6th vibrational levels, 
respectively, of the B 3n state. Readings were made for the visi
ble afterglow (unfiltered system) and at the two chosen wave 
lengths at selected positions for the unpoisoned Pyrex system and 
for the system when it was poisoned against atom recombination 
with a minute amount of water vapor.16 The photomultiplier 
readings decreased with time of operation of the condensed dis
charge but, after approximately 22 min., reached values that were 
constant for the subsequent 8 min. Only these steady values are 
recorded in the results. Similar readings were made, down to the 
45-cm. level below the reactant inlet, in the presence of known 
amounts of added NH3. The NH3 flew was continued for as long 
as 2 min, i.e., until three readings of the photomultiplier, spaced 
30 sec. apart, were identical.

Results
Dependence of Afterglow Intensity on [N] in the 

Absence of NHS.— Photomultiplier (PM) readings at 
the various levels may be compared with a measure of 
the N atom flow rates at the same levels, estimated 
from the extent of HCN production during the C2H4 

reaction. 16

For the unfiltered afterglow, plots of the PM read
ings against the square of the N atom flow rates yield 
reasonably straight lines, as expected (cf. Fig. 1A, for 
the poisoned system) . 19 These lines appear not to pass 
exactly through (0 ,0 ) , 20 and therefore have been de
scribed (Table I) by parameters a and b in the linear 
equation

PM readings = a(N atoms flow rate) 2 +  b
For emission from v = 11 (5820 A.) and from v =

6  (6630 A .), the values of a and b for the straight lines 
obtained up to the 15 cm. level also are given in Table 
I. At levels above 15 cm., however, the PM readings 
fell off markedly, as shown by the typical data plotted 
in Fig. IB and 1C for the poisoned system. This be
havior was almost certainly due to an increase in the

(19) The vertical height of the larger symbol in these figures corresponds 
to the limits of variation of a considerable number of experiments, while 
the circles represent a single experiment. Note that the origin in these 
plots is not at (0,0).

(20) It is of interest that equally good straight lines may be obtained 
if the PM readings are plotted against the N atom flow rate as determined 
by the NO titration method,16 in which case there is a considerable intercept 
on the ordinate, the sign of which is different for the poisoned and unpoisoned 
systems. These intercepts are in agreement with the suggestion16 that the 
destruction of NO may be due to both N2(A) and N atoms, with the con
centration of N2(A), relative to that of N-atoms, increasing with decay time 
of the active nitrogen in an unpoisoned system. If the NO method indicates 
a considerable value for the N-atom flow rate after decay times for which it 
had, in fact, decreased to low values in the unpoisoned system, a negative 
intercept would result. On the other hand, the proportionately greater 
concentration of N2(A) after shorter decay times16 in the poisoned system 
would tend to produce a line of too small slope, and hence extrapolate to a 
positive intercept.

Fig. 1.— Plot of PM  reading against the square of the N-atom 
flow rate, as given by HCN production iron C2Hj : A, unfiltered 
afterglow; B, afterglow at 5820 A.; C, afterglow at 6630 A.

surface .'volume ratio in the flow system in the vicinity 
of the bulbous inlet jet in the active nitrogen stream. 16

T a b l e  I

P a r a m e t e r s  f o r  t h e  D e p e n d e n c e  o f  t h e  A f t e r g l o w  I n -
TENSITT ON THE SQUARE OF THE N -ATOM  FLOW RATE

✓------Slope a ( %  trans.)/------ « ,---- Intercept i
(mole/sec. X IO-6) 2 (%  trans.)

Unfiltered afterglow
Poisoned

Un
poisoned

Poi
soned

Unpoi
soned

HCN data 1.14 2.03 15.0 42.0
NO data

Afterglow at 5820 A.
0.253 1.17 198 -1 0 4

HCN data 
Afterglow at 6630 A.

0.137 0.328 10.3 0.70

HCN data 4.14 X IO“ 6 5.48 X IO"8 -0 .3 6 0.25

Quenching of the Afterglow in the Presence of NH3.—
The introduction of NH3 invariably caused consider
able decrease in the afterglow intensity in the poisoned 
system (Table II), but an increase in the PM reading 
(minus sign) frequently was observed in the unpoisoned 
system. While this increase may be explained in terms 
of a “poisoning” effect of added NH3 (see Discussion), 
the behavior renders uncertain any estimate of the 
quenching influence of NH3 in the unpoisoned system, 
and such efforts have been limited, therefore, to the 
poisoned system.

The quenching efficiency of NH3 in the poisoned sys
tem may be determined from the dependence of the 
ratio I 0/ I  upon the amount of NH3 present, where 70 

and I  are the PM readings in the absence and presence 
of NH3, respectively. The flow rates of NH3 unreacted 
at various levels, for different initial flow rates of NH3, 
were obtained from the results of the earlier study16 

and were expressed in terms of concentrations by an ap
propriate factor (3.79 X 10~ 4 sec. cc.“ 1). Good
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T a b l e  II
D e c b e a s e  in  PM  R e a d in g s  ( %  T r a n s m is s io n ) a t  t h e  D i f f e r e n t  L e v e l s  in  t h e  P r e s e n c e  o f  A d d e d  NH3

Initial 
NHs flow 
rate, mole

sec.-1 '---------Unfiltered afterglow---------- /—----------------------------- Afterglow at 5820 A.— —-----------------------■» <--------------- Afterglow at 6630 A.~-
X 10' 0.5 cm. 15 cm. 30 cm. 45 cm. 0.2 cm. 2 cm. 5 cm. 15 cm. 30 cm. 45 cm. 0.5 cm. 15 cm. 30 cm. 45 cm.

Unpoisoned system
0° 270 240 160 12 0 26.5 31.5 31.0 26.0 19.0 13.5 0.70 0 .6 6 0 .5 5 0 .4 5

2.5 - 5 - 5 0 - 6 0 - 8 5 1.0 - 1 . 0 - 2 . 0 - 5 . 0 - 5 . 0 -1 0 .5 .05 -0 .0 6 -  .07 -  . 1 0

6.1 25 - 3 0 - 4 0 - 6 0 5.0 3.5 2.0 - 1 . 5 - 2 . 0 - 5 . 5 .10 0 -  .01 -  .03
8.0 40 - 3 0 - 2 5 - 4 5 7.0 6.5 4.0 0 0 - 4 . 0 .15 0.04 .05 0

12.5 50 0 - 1 0 - 2 5 10.5 9.5 7.0 2.5 2.5 - 1 . 0 .20 0.08 .09 0

Poisoned system
0.5 cm.

0“ 710 595 510 420 81.0 80.5 64.5 59.5 1.65 1.70 1.35 1.10
2.5 40 45 55 50 7 . 5 9.0 7.5 8.0 0.15 0.10 0 0
6.1 90 80 110 100 16.0 15.0 16.0 17.0 .30 .25 0.20 0.15
8.0 105 100 130 110 20.0 17.5 19.5 19.5 .40 .30 .30 .20

12.5 150 130 170 140 27.0 22.5 26.0 24.5 .55 .35 .40 .30
° Values at 0 flow rate of NH3 correspond to the PM  reading in the absence of NH3. This reading was reproduced prior to introduc

tion of NH8 and within 4 minutes of turning off the NH3 flow.

Fig. 2.— Plot of Io/I against the concentration of NH 3 left un
reacted at the levels: 0 ,0 .5  cm.; • ,1 5  cm.; A, 30 cm.; A , 45 
cm. Subdivided for the spectral conditions: A, unfiltered after
glow; B, afterglow at 5820 A .; C, afterglow at 6630 A.

straight lines were obtained when I 0/ I  values at a given 
level were plotted against the corresponding concentra
tions of unreacted NH3 in the system, as shown in Fig. 
2A (unfiltered afterglow), Fig. 2B (afterglow at 5820 
A.), and Fig. 2C (afterglow at 6630 A . ) 21 The slopes 
of these straight lines are summarized in Table III.

For both the unfiltered afterglow, and the selected 
wave lengths, the slopes (quenching efficiencies) are 
quite similar at the 0.5 and 15-cm. levels, but increase 
to a considerably higher value for the 30 and 45-cm. 
levels.

T a b l e  III
S l o p e s  o f  I<,/1 a g a in s t  C o n c e n t r a t io n  o f  U n r e a c t e d  NH3 a t  

t h e  V a r i o u s  L e v e l s

Unfiltered Afterglow at Afterglow at
Level (cm.) afterglow 5820 A. 6630 A.

0.5 5.8° 9.2
15 5.8 8.4
30 11 16
45 11 17

a Units are cc./m ole X  107.

The variation in I 0/ I  with distance below the NH3 

inlet depends strongly upon the initial concentration of 
NH3 added to the system, as illustrated in Fig. 3. It 
should be noted that, for the unfiltered afterglow (Fig. 
3A) and the afterglow at 5820 A. (Fig. 3B), marked in
creases in I 0/ I  between the 15 and 30-cm. levels occur 
only for initial concentrations of NH.3 > 9.5 X 10~ 10 

mole cc.-1.
Discussion

The Active Nitrogen Afterglow.— The linear relation 
between PM readings and the square of the N-atom 
flow rate, as illustrated in Fig. 1, demonstrates that the 
intensity of the visible22 afterglow depends only on the 
extent of homogeneous recombination of N atoms. 
Obviously, there is no important contribution to the 
visible afterglow from A state molecules formed on the 
Pyrex walls, in contrast to the emission from the v = 8  

and 6  levels of the B state following recombination on a 
cobalt surface. 28

The ratios of the slopes, a, for the unpoisoned system 
to those for the poisoned system are 1.78, 2.40, and 1.32

(21) Values of Jo were obtained for the filtered afterglows at any given 
upper level (i.e., close to the reactant inlet), where Fig. IB and 1C show a 
fall-off in the absence of NH3, by extrapolating the linear relations for the 
lower levels and reading the PM value for the N-atom concentration which 
the previous work15 showed to correspond to the upper level. The corrected 
value of J then was obtained by subtracting from this value of Jo the decrease 
in intensity observed in the presence of the added NHs at the same level.

(22) The spectral response of the phototube was limited to the range 
3000 to 6200 A.
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for the unfiltered afterglow, and the emissions from the 
5820 and 6630-A. regions, respectively. The greater 
values for the unpoisoned system, for emission in all 
three spectral regions used, probably results from the 
greater proportion of the N atom decay (approximately 
0.9 of the total) 15 that occurs without light emission by 
surface recombination, which is first or zero-order in N 
atoms. 23 24 25 The greater effect of a change of wall condi
tion on the values of a for the £820 A . region, in partic
ular, might be explained if the unpoisoned Pyrex walls 
were more effective than the poisoned walls for inducing 
an electronic transition from the quintet state to the 
3ng state26 (c/. ref. 27). The wall-induced change of 
spin would have to be accompanied by a loss of energy 
greater than the negligible loss that occurs4- 10 during 
the radiationless collision-induced transition between 
N2(62 g+) and N2(X 1 2 g+) in the gas phase, so as to popu
late the B state into vibrational levels less than y = 1 1 , 
rather than directly into the v =  1 2 , 1 1 , 1 0  levels, 
as assumed by Bayes and Kistiakowsky. 10 The cur
rently accepted theory of the afterglow4- 10 requires 
that the 62 g+ molecule make many collisions with 
N2(X) during a considerable lifetime and, at a pres
sure of 3 mm., with a mean free path of about 10- 3  

cm., it is possible that it might make a substantial 
number of collisions with the wall during its lifetime in 
the present system.

With similar wall conditions, the linear relation 
between [N ] 2 and the intensity of the afterglow does 
show some dependence upon the spectral region under 
investigation. If the change in PM readings, down to 
the 45-cm. level, is expressed in terms of a percentage 
decrease in light emission from that observed at the 
15-cm. level (a change of 153 and 38.8 X 10- 6  mole/ 
sec. 2 in the abscissas for the poisoned and unpoisoned 
systems, respectively), the following variation is ob
tained

Poisoned system 
Unpoisoned system

Emission from Emission from 
Unfiltered v — 11 v =  6
afterglow (5820 À.) (6630 Â.)

30 26 36
40 48 31

Emission from v = 11 in the unpoisoned system is more 
dependent upon [N] 2 than is the emission in this same 
system from the unfiltered afterglow or from v = 6 , 
while the reverse is true in the poisoned system. 28 

This might again suggest that a collision of N2(62 g+) 
with the unpoisoned walls effectively induced transition 
to the B state at v < 11.

That the manner of populating the B state is modified 
by wall collisions of a precursor of the afterglow is

(23) (a) P. Harteck, R. R. Reeves, and G. Mannella, Can. J. Chem., 38, 
1648 (1960); (b) Although NO may be des^n^ed by excited nitrogen mole
cules produced by wall recombination,15 light emission, if initiated at all by A 
state molecules in such low vibrational levels, would occur in the infrared 
(group 3b) and not be detectable in the present study.

(24) R. A. Back, W. Dutton, and C. A. Winkler, Can. J. Chem.., 37, 2059 
(1959).

(25) Although water vapor is known26 to be very effective for inducing 
vibrational relaxation in the gas phase, it is assumed that, because of the very 
short lifetime7 of the B state, the vibrational distribution within this state 
will not be affected significantly, at the pressure of 3 mm., by collision of 
Na(B) with the trace of water vapor present in the poisoned system. This 
property of water vapor would not be expected to operate for collisions with 
the much longer lived quintet state, because of the very shallow potential 
energy well associated10 with this nitrogen molecule.

(26) S. J. Lukasik and J. E. Young, J. Chem. Phys., 27, 1149 (1957).
(27) E. R. V. Milton, PI. B. Dunford, and A. E. Douglas, ibid., 35, 1202

(1961).

Fig. 3.— Plot of Iq/I against distance below the point of intro
duction of NH3 at the initial concentrations given by: O, 9.5 X 
10“ 10 mole cc.-1; • , 23 X  10“ 10 mole cc .“ 1; A, 31 X  10“ 10mole 
cc.“ 1; A j4 7  X  10 ” 14 mole cc.“ 1. Subdivided for the spectral 
conditions: A, unfiltered afterglow; B, afterglow at 5820 A.; 
C, afterglow at 6630 A.

further indicated by the observation that, for positions 
close to the inlet jet, the emission from particular 
spectral regions (5820 and 6630 A.), but not the total 
visible afterglow emission, 29 showed a falling-off from the 
linear dependence of intensity on [N] 2 (Fig. 1). In the 
poisoned system, this fall-off occurs, for emission from 
either v — 11 or v = 6 , at a value of (N-atom flow 
rate) 2 that corresponds to a decay time of about 18 
msec. In the unpoisoned system, the corresponding 
decay time is about 24 msec.

(28) This variation is not explicable by the temperature dependence of 
the intensity of the group 1 bands in active nitrogen,10 since the decrease 
in temperature between the 0.2 and 45 cm. levels was only 43 and 36° in 
the poisoned and unpoisoned systems,15 respectively. It is conceivable, in 
view of the effect of added foreign gases,10 that the introduction of even the 
trace of HuO vapor (<0.3 X 10 “6 mole sec.“ 1 in the presence of a flow rate 
of molecular nitrogen of 378 X 10 mole sec._1) might influence the manner 
in which the quintet state populates the triplet states, and hence the B3IIg 
state by collisions in the gas phase. However, in the absence of low-lying 
triplet states for the water molecule, such as would permit a resonance ex
change of energy and the consei’vation of resultant total spin of the collision 
partners, there is little reason to expect HaO to induce the electronic transi
tion from the quintet state much more effectively than ground state nitrogen 
molecules themselves. Moreover, HaO vapor was present at all levels in the 
poisoned system. It is assumed, therefore, that the values of the slope a, 
for emission in groups 1 and 4, are not greatly affected by the presence of the 
trace of poisoning agent in the gas phase.

(29) Neglecting the small variation in sensitivity of the phototube over 
the spectral regions studied, approximately 13 and 0.35% of the visible 
afterglow was emitted in the spectral regions centered at 5820 and 6630 A., 
respectively.
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An approximate minimum lifetime for the precursors 
of light emission may be estimated from the above fall- 
off behavior. The similarity in times over which colli
sions with the wall upstream may affect the vibrational 
distribution within the B state supports the view10 

that both v = 1 1  and y = 6  are populated by the same 
precursor of long life, rather than the postulate233 that 
the 6 th level is populated through A state molecules of 
high vibrational energy content. If it is assumed that 
recombination of N atoms yields N2(6Sg+), and that the 
intermediates between the quintet state and light emis
sion in the first positive system are of negligible life
times, as established7' 30 for the B state (~10 - 7  sec.) 
and assumed10 for the 3AU state, the average measured 
time interval for emission, about 2 1  msec., may be 
taken as an approximate m inim um  lifetime for the 52 g+ 
state.

A lifetime of 21 msec, for N2(52 g+) indicates that 
about 106 collisions with N2(X) are necessary to induce 
conversion of spin and transition to the triplet states, 
BTIg or 3AU. This may be compared with a probability 
factor of < 1 0 - 3  derived4 for the radiationless collision- 
induced transition to the B state, and with the number 
of collisions ('~109) with N2(X) required31 to induce the 
analogous transition from the A32 u + state to the ground 
X 1Sg+ state. It also may be concluded that, if the v = 
6  level is populated through the 3AU state as suggested 
by Bayes and Kistiakowsky, 10 this state cannot have 
the long life of 1 - 2  sec. recently ascribed to it . 32

The Quenching Effect of Ammonia.— There appear 
to be two effects when NH3 is added to the active nitro
gen stream in an unpoisoned system.

(i) . An increase is observed in the PM readings, 
which becomes greater with distance downstream from 
the inlet jet, for a given initial flow rate of NH3. This 
enhancement in afterglow intensity may be attributed 
to the ability of NH3 to poison the wall of the reaction 
tube against surface recombination of N atoms, as sug
gested16 previously to explain the increased extent of 
HCN production in the C2H4 reaction when NH3 was 
added upstream. 33

(ii) . A decrease in PM reading is observed when the 
flow rate of NH3 is increased at a given position in the 
reaction tube. This decrease is to be expected when 
the quenching effect of NH3 on the 1st positive system 
predominates over the increase in afterglow intensity 
that results from the poisoning effect of NH3 as in (i) 
above. The decrease in intensity is observed, even at 
low initial flow rates of NH3, for positions close to the 
NH3 inlet, presumably because the effect of NH3 as a 
wall poison, to promote an increased N atom concen
tration in the gas stream, is not pronounced for short 
times of decay. The effect of added NH3 on the after
glow is therefore quite complicated in an unpoisoned 
system, and only the results obtained in a poisoned 
system are amenable to satisfactory interpretation.

In the poisoned system, where the addition of NH3 

has little effect in altering the small extent of wall 
recombination of N atoms that occurs, 16 a decrease in

( 3 0 )  J .  C .  K e c k ,  J .  C .  C a m m o n ,  B .  K i v e l ,  a n d  T .  W e n t l i n k ,  Ann. P h y s 7, 
1 ( 1 9 5 9 ) .

( 3 1 )  J .  N o x o n ,  J. Chem. Phys., 36, 9 2 6  ( 1 9 6 2 ) .
( 3 2 )  C .  K e n t y ,  ib id .,  35, 2 2 6 7  ( 1 9 6 1 ) .
( 3 3 )  A n  in c r e a s e  i n  t h e  N - a t o m  c o n c e n t r a t i o n  d o w n s t r e a m  r e s u l t i n g  f r o m  

t h e  a d m i x t u r e  o f  small a m o u n t s  o f  O 2 u p s t r e a m  in  a  f l o w  s y s t e m  w a s  s i m i l a r l y  
a t t r i b u t e d '1 t o  a  r e d u c e d  r a t e  o f  r e c o m b i n a t i o n  o f  N  a t o m s  o n  w a l l s  d e a c t i 
v a t e d  b y  O 2 .

light intensity for all three spectral regions was observed 
at all positions, and for all initial flow rates of NH3 

(Table II). Since the quenching effect of NH3 on the 
unfiltered afterglow, and particularly on emission from 
the 6 th vibrational level, is similar to that on the emis
sion from the 11th vibrational level of the B state (Fig. 
2  and ref. 1 0 ), it may be attributed10 to collisional de
activation of N2(62g+) to a state incapable of causing 
light emission in the visible region. The similar quench
ing efficiencies for the unfiltered and filtered after
glows (Table III) indicate that, for the conditions of 
these experiments, the quenching is accompanied by 
relatively little alteration in the population distribution 
among the higher vibrational levels of the B3ng state. 
However, the quenching efficiency for emission from 
the v = II level is somewhat greater than for the other 
emissions (Table III), and this might reflect an en
hanced effect of high flow rates of NH3 on emission from 
this level, near which the maximum of the fully modified 
population curve10 occurs.

There is evidence that the quenching efficiency of 
NH3 for N2(6Zg+) is decreased by the presence of N2- 
(A32 u+). This is suggested by calculating the amount 
of NH3 that would be destroyed at the different levels 
using the results of the previous study16 and comparing 
the values with the amount of N2(A) present initially, 
also inferred from the earlier data. It is found that the 
marked increase in I a/ I  between the 15 and 30-cm. 
levels (Fig. 3) corresponds, except with the lowest con
centration of NH3 used, to the depletion that might be 
expected, by reaction with NFI3, of most of the N2(A) 
originally present in the active nitrogen. 34 In a similar 
way, emission in the infrared, originating from the 
lowest vibrational levels of the B state, is more strongly 
quenched by NH3 than any other part of the afterglow 
spectrum. 10 This might be due also to removal, by 
reaction, of N2(A) which otherwise serves to populate10 

these levels (group 3b) of the B state. It is interesting 
that, although decomposition of NH3 by N2(62 g+) can
not be ruled out, both resultant spin and extent of 
energy transfer could not be maintained between these 
collision partners, and it appears that most of the 
decomposition results from the collisions with electroni
cally excited nitrogen molecules that are not responsible 
for emission in the visible afterglow.

An approximation to the rate constant for N2(62 g+) +  
NH3 ^ N2(deactivated) +  ? (eq. 12 of ref. 10), may 
be obtained from the measured quenching efficiencies. 
Bayes and Kistiakowsky have derived a rather complex 
relation between I 0/ I  and added NH3 (eq. 1 of ref.
10). However, in the present system, NH3 exerts 
mainly a quenching, rather than a distributional effect, 
on the afterglow intensity, and the variation in fc2 

(distributional rate constants) of their mechanism, in 
the presence of added NH3, may be neglected. Simi
larly, the apparently negligible change in the rate of 
homogeneous recombination of N atoms, when NH3 is 
added to the poisoned system, 15 suggests that the proc
esses

(34) The small, but apparently steady, decrease in the rate Jo// with 
distance below the NH« inlet, at the two lower initial flow rates of NHa, 
for emission in the 6630-A. region (Fig. 3C) might be a consequence of the 
ability of NHs to alter10 the vibrational distribution within the B*ng state. 
In these experiments, only a very small fraction of the light emission occurs 
at 6630 A. and, at lower flow rates, the apparent effectiveness10 of NHs in 
drastically reducing the population peak at v = ~ 6  might make a significant 
contribution to the over-all quenching effect.
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k
N(4S) +  N(4S) +  M ^  N2(5Sg+) +  M

k— i

(eq. 1  of ref. 1 0 ) are little effected by the presence 
of NH3. With these approximations, it may be readily 
deduced that the slopes given in Table III give a 
measure of k n /k t [N2], where k 3 is the rate constant for 
transition of the quintet state, induced by collision with 
N2(X), to a triplet state capable of causing light emis
sion. The value for the unfiltered afterglow, at the 
lower positions where the influence of N2(A) is reduced, 
indicates a value35 for k n equal zo about 16/c3. As out
lined previously, the present work yields a collision 
efficiency of about 10-6 , for deactivation of N2(5Sg+) 
by N2(X), corresponding to the rate constant k3, and, 
since neither this reaction, nor reaction 1 2 , would be 
subject to a significant activation energy, it follows 
that NH3 deactivates the quintet state with a collision 
efficiency about 16 times that of NS(X), i.e., about 10“ 5. 
This rather low probability reflects the impossibility of 
a resonant energy exchange, and concomitant conserva
tion of total resultant spin, during a collision of the 
Second Kind between N2(62 g+) and NH3. Since the

(35) The quenching efficiency for emission at 5820 A., which might be 
subject to the distributional effect of added NH3, would increase this approxi
mate value by about 50%.

lifetime inferred for the 62 g+ state would permit a con
siderable concentration of these molecules, the apparent 
factor of about 1 0  between the “probability factors” 
for reaction of NH3 with the quintet state, and for reac
tion with N2(A), parallels the reduced quenching 
efficiency for N2(62 g+) in the presence of relatively 
large concentrations of N2(A).

This paper has presented data obtained from a system 
in which the N-atom concentrations, the concentrations 
of NH3 introduced or left unreacted, and changes in 
afterglow emission over different spectral regions, are 
simultaneously measured. The variation in the depend
ence of the intensity of light emission upon [N] 2 for 
different spectral regions, and for different wall condi
tions, has led to the conclusion that an unpoisoned 
Pyrex wall tends to induce transition from N2(6Sg+) to 
the B state at v < 11. A change in the vibrational dis
tribution within the B state with a greater surface to 
volume ratio in the flow system would appear to indi
cate a considerable lifetime for the quintet state of 
nitrogen at the pressure of these experiments ( ~ 3  

mm.). The quenching effect of NH3 on the afterglow 
emission also indicated a considerable lifetime for the 
quintet state before it is converted to a triplet or the 
singlet state of nitrogen by collision with the NH3 

molecule.
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Low pressure reactions of H2(g) with B -B 2Os mixtures and of H20(g ) with elemental boron in the temperature 
range 1000 to 1400“ K. have been investigated. The experimental technique involves flowing the reactant 
gas at pressures between 1 0 -6  and 1 0 -3  atm. into a Knudsen-type vessel containing a condensed sample, and 
observing the gaseous products effusing from the oven mass spectrometrically. The major product formed 
with either H2(g) or H 20(g ) as reactant is B30 3H3 (boroxine). A smaller yield of B30 3H8 (hydroxyboroxine) 
also is observed. In separate experiments, the products of these reactions have been collected in a cold trap 
at liquid nitrogen temperature. Upon warming, the condensed material evolves diborane and hydrogen. The 
heats of formation of B30 3H3(g) and B3O.H3(g) at 298°K. are —302 ±  7 and —393 ±  7 kcal./mole, respectively.

Introduction
Substituted boroxines (B30 3X 3) have been synthe

sized and studied by several investigators. 3 These 
derivatives include the trimethyl, trimethoxv, and 
trihalogenated compounds, which are presumed to 
have six-membered ring structures. Gaseous tri- 
hydroxyboroxine also has been reported as a product 
in the high temperature reaction of H20(g) with liquid 
B20 3. 4 Recently some attention has been directed 
toward B30 3F8, which is generated in the reaction

BF3(g) +  B A G ) < y B303F3(g)

The trifluoro derivative is quite stable thermally, as 
noted by the fact that the above reaction proceeds at 
temperatures between about 500 and 1000 °K. with

(1) Supported by the Advanced Research Projects Agency.
(2) Alfred P. Sloan Fellow.
(3) (a) A. B. Burg, J. Am. Chem. Soc., 62, 222S (1940); (b) P. Baumgarten 

and W. Bruns, Chem. Ber., 74, 1232 (1940); (c) Von J. Goubeau and H. 
Keller, Z. anorg. allgem. Chem., 267, 1 (1951); 272, 303 (1953).

(4) D. J. Meschi, W. A. Chupka, and J. Berkowitz, J . Chem. Phys., 33, 
530 (1960).

BF3(g) pressures between 10~ 6 and 1 atm.5'6 The 
unsubstituted boroxine (B30 3H3) has not been reported 
as an isolated compound although there is evidence 
that it is produced in low yield in the oxidation of 
pentaborane.7

The present investigation was prompted by some 
recent mass spectrometric studies of the low pressure 
reaction of H2(g)-BF3(g) mixtures with B20 3(1) . 8 

The gaseous products in this reaction are B30 3F3, 
B80 3F2H, B30 3FH2, and B30 3H3. From the data ob
tained it was possible to compare the relative stabilities 
of the four species. The heat of formation of B30 3- 
H3(g) was found to be —307 ± 8  kcal./mole. If we 
compare this value with the available thermochemical 
data for B20 3 and boron, it is evident that B30 3H3(g) 
is thermodynamically stable with respect to the

(5) D. L. Hildenbrand, L. P. Theard, and A. M. Saul, XVIII International 
Congress of Pure and Applied Chemistry, Montreal, 1961.

(6) R. F. Porter, D. R. Bidinosti, and K. F. Watterson, J. Chem. Phys., 
36, 2104 (1962).

(7) J. F. Ditter and I. Shapiro, J. Am. Chem. Soc., 81, 1022 (1959).
(8) R. F. Porter and W. P. Sholette, J. Chem. Phys., 37, 198 (1962).
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system H2(g), B(s), and B20 3(1) at high temperatures. 9 

Thus a further examination of high temperature re
actions in the B-H-0 system was undertaken. Bor- 
oxine is also of fundamental interest because of its 
analogy to the isoelectronic molecules, borazine and 
benzene.

Experimental
The mass spectrometer, high temperature assembly, and gas 

inlet system have been described previously.6’10'11 For these 
experiments a molybdenum reaction vessel was used. Its con
struction was similar to that of previous crucibles11; however, a 
small molybdenum cup was placed inside the vessel to contain 
the sample. Where B20 3 was used, this served to prevent the 
molten sample from clogging the gas inlet tube.

Samples of B20 3 were prepared as in previous experiments,6 
i.e., by decomposing and fusing Mallinckrodt reagent grade 
boric acid and dehydrating further inside the mass spectrometer. 
Boron was added to the molten B20 3 just before placing the sample 
in the mass spectrometer. For experiments using only 10B , 12 
the sample was packed into the molybdenum cup and dehydrated 
inside the mass spectrometer. Water vapor or hydrogen was 
admitted through the inlet tube and its pressure was controlled 
by a Hoke valve. In some experiments the valve was eliminated 
and water vapor at a known “ slush bath”  temperature was 
admitted directly into the reaction vessel, allowing a calibration 
of the cell pressure. This calibration will be described in a later 
section. Hydrogen, supplied by the Matheson Co., was puri
fied by passing through a liquid nitrogen trap before being ad
mitted to the reaction cell.

Results
Identification of gaseous products issuing from the 

hot reaction vessel was made from their mass spectral 
patterns. In Table I we show a typical mass spectrum 
obtained in the reaction of H20 (g) on an iso topically 
enriched sample of 10B. Spectra of products from the 
reaction of II2 and B-B20 3 mixtures were similar. 
A series of spectral patterns for m/e = 79 to 84 is 
given in Table II. Comparison of the isotope structure 
obtained for various experimental conditions shows 
that the sequence of ions arises from a species contain
ing three boron atoms. The spectral patterns are 
consistent with that for a molecule B30 3H3 (boroxine). 
The spectra are somewhat complicated by the fact 
that a hydrogen atom is removed on electron impact. 
This gives rise to overlap of peaks arising from the

T a b l e  I
M ass  Sp e c tr u m  o f  G aseo us  P ro d u cts  in  t h e  R e a ctio n  of 

H20(g ) w it h  10B(s) (E n r ic h e d )“
T  =  1250 °K., ionizing electron energy =  75 v.

m/e Ion
Intensity 

(relative units)
97 3.7
96 b 3o 4h 2+ 12.9
82 6.3
81 40.0
80 b 3o 3h 2+ 10 0 .0
79 5.5
70 1 .1
69 b 2o 3h + 4.8
68 1 . 8
54 6 .6
53 b 2o 2h + 36.0
52 4 .0
27 BOH + 17.3

a Sample is about 92%  10B and 8 %  nB.

(9) J.A.N.A.F. Thermochemical Data, Thermal Laboratory, Dow 
Chemical Co., Midland, Michigan, 1960.

(10) R. F. Porter and R. C. Schoonmaker, J. Phys. Chem., 62, 234 (1958).
(11) D. R. Bidinosti and R. F. Porter, J. Am. Chem. Soc., 83, 3737 (1961).
(12) Obtained from Oak Ridge National Laboratories.

parent ion (B30 3H3+) and B303H2+. This behavior 
also is observed with the isoelectronic borazine. Com
paring the data in Table II also shows that when FI2 

reacts with 10B(s) +  B20 8(1) with a natural 10B and nB 
abundance, mixing and exchange of the boron atoms 
must occur to account for the appearance of relatively 
intense peaks at m /e — 82 and 83.

A second but less abundant product has ion peaks in 
the m /e  = 96 to 100 range. This is identified as B3- 
0 4H3 (hydroxyboroxine). The product appears in 
reactions of H2 with (B +  B203) and H20 with elemental 
boron. The lower mass peaks were characterized as 
ion fragments. The relatively intense peak at m /e  = 
53 is assumed to be B20 2H+ and has an appearance 
potential above 20 v. Appearance potentials for 
B303H3+ and B30 3H2+ were obtained by extrapolation 
of appearance potential curves using H20+ as a volt
age calibration. These were found to be 13.5 ± 0.5 
and 14.5 ± 0.5 v., respectively.

Boroxine, B30 3H3.— For temperatures above 1100°K. 
gaseous boroxine is generated by the reactions

3AH2(g) +  B(s) +  B203(1) B303H3(g) (1)

and

3H20(g) +  3B(s) B303H3(g) +  3/2H2(g) (2)

Reaction 1 is not meant to imply that either pure boron 
solid or pure boric oxide liquid is necessarily present 
under the experimental conditions. For H2(g) pres
sures of about 0.1 mm. the ratio of B30 3H3+/H2+ for 
reaction 1  was generally between 0 . 0 1  and 0 . 1  in the 
temperature range 1100 to 1400°K. When H20(g) 
was passed into a cell containing boron, the initial 
ratio of B30 3H3+ to H2+ was considerably below 0.01. 
As H20 was continually passed over the sample the 
yield of B30 3H3 increased to a point which nearly coin
cided with the yield obtained when H2 was passed over 
a mixture of B-B 20 3. In reactions of H20 with boron, 
molecular hydrogen was always in greater yield than 
B30 3H3. This indicated that at least one additional 
reaction was occurring to produce Ii2(g). At the 
high temperature employed, unreacted H20 was never 
observed in the effusing gases. After H20 was allowed 
to react with boron for several hours, H2(g) was then 
passed into the oven. This again resulted in the pro
duction of B30 3H3 in maximum yield. These ob
servations show that the boron sample within the re
action vessel was partially converted to oxide. In 
Fig. 1  the log (B30 3H3+)/(H2+) is plotted as a function 
of temperature. The data as indicated were taken 
from reactions of H2 and B -B20 3 mixtures and H20 
with boron after the latter reaction was allowed to 
proceed for several minutes. Background levels of 
both reactant and product gases were generally present 
after reaction had proceeded for some time. The 
following experimental procedure for eliminating the 
background contributions at each temperature there
fore was employed. Upon opening the leak to admit 
reactant gas, the ion intensities would rise continuously 
for a while, finally becoming constant. This was ac
companied by a slight decrease in temperature in the 
reaction cell. When steady conditions were reached, 
equilibrium was assumed to have been established, and 
the data were recorded. The leak was then closed 
and the ion intensities allowed to decresase again to
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T a b l e  II
E f f e c t  of B o ron  I sotope  C om po sitio n  on  t h e  M ass  S pe c tr u m  o f  G a se o u s  B o r o x in e  

(m/e range =  79-84; ionizing electron energy =  75 v.; reaction temperature approximately 1200°K.; intensities in relative units)
Reaction m/e = 79 80 81 82 83 84

H20 (g ) +  “ B“ 5.5 10 0 .0 38.2 5.9 1 .2
H20(g ) +  (B +  B20 3), natural B abundance 3.8 24.2 77.3 10 0 .0 18.1
H2(g) +  I0B“ +  B20 3 (natural B abundance) 19.6 98.5 10 0 .0 54.9 5.9

“ Mass spectral analyses indicate sample is about 92%  10B.

Fig. 1.— Relative temperature dependence of boroxine and 
hydrogen in reactions of: H 20(g ) wbh B(s) [O, • ]; H2(g) with 
(B +  B20 3) [© ]; H2(g) with B after H20(g ) had reacted with 
it [©].

steady values, these being subtracted out as back
ground.

The pressure of H2(g) in these experiments was ap
proximately 10~ 4 atm. with fluctuations of about 25%. 
Since the experimental conditions within the reaction 
vessel containing B-B 20 3 mixture also eventually are 
approached in the reaction of H20 with boron, thermo
dynamic data obtained for either of these sets of con
ditions should then be equivalent. From the data in 
Fig. 1, we note that the yield increases quite rapidly 
in the lower temperature range, but tends to flatten 
off in the high temperature range. This effect may 
be attributable to either kinetic effect at the lower 
temperatures or thermodynamic changes occurring 
within the condensed phase in the reaction vessel. 
Further discussion of these effects will be deferred until 
later. From the second law procedure we can evaluate 
AH° for reaction 1  from the slope of a plot of

log
FB 3O3H3

= log
( I b&,U,+)

( W A
+  constant vs. l / T

A plot of this type is given in Fig. 2. At low tem
peratures the curve drops off as is expected from similar 
data in Fig. 1. In the higher temperature range 
(Jb303H3+)/(Jh2+)3/! increases by a factor of between 
2 and 3 for a 100° rise in temperature. These data give 
an apparent heat for reaction 1  of 2 2  ± 5  kcal./mole 
of B30 3H3(g).

As an alternative method for evaluating H °t of re
action 1  third law calculations were made from data ob-

Fig. 2.— Second law data for the reaction: 3/ 2H2(g) +  (B +  
B20 3) B30 3H3(g).

served at several temperatures. The equilibrium con
stant for this reaction is

K i — (P bjOjHsV C P h,,) /'1aBdB2o 3

For initial calculations, the activities as and aB2o3 were 
assumed equal to unity and were defined relative to 
amorphous boron and liquid boric oxide. Pressure 
calibration was achieved by admitting water vapor 
directly into the reaction vessel from a “thumb” 
of ice at known temperature. Dry Ice-carbon tetra
chloride and Dry Ice-dichloroethane slush baths were 
used to control the temperature of the ice. Since H20 
was converted entirely to H2 inside the crucible at 
reaction temperatures, P h2 was taken as the vapor 
pressure of water in equilibrium with ice at the known 
temperature. The pressure of B30 3H3 then was found 
from the relation

P Bj< , t / b303H,+ ̂ j h2 
iH,+

where and 7jh2 + are the total ion intensities of
the respective molecules and C is a constant including 
the relative collision cross sections for electron impact 
and the relative sensitivities for ion detection. The 
constant C was estimated to be the same as that for 
the similar system C6H6 and H2, the latter being readily 
evaluated by studying the pyrolysis of benzene in the 
mass spectrometer. Benzene was admitted at low 
pressure into the reaction vessel and pyrolyzed to yield 
a H2 pressure three times that of the CeH6 reacted. 
From the relation

P H2 formed _ 7 h2 + formed
__ =  u =  G —
P CgHe reacted /CflH6+ reacted

C was found to be 6 .8 . From the values of the equi
librium constant thus calculated, AF° was evaluated 
using the relation AF° = —RT In K.
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Fig. 3.— Second law data for the reaction: B30 3H3(g) +
V«B,03(1) t± B30 4Ha(g) +  2AB(s).

The standard entropy of B30 3H3 has been estimated 
at various temperatures by statistical thermodynamical 
comparison with three similar molecules whose en
tropies are tabulated, viz., B30 3F3, B3N3H6, and B3- 
06H3. 9 In the case of B30 3F3, for example, this cal
culation consisted chiefly of two parts: (1 ) replacing 
the contributions of the three B-F bonds toward the 
moment of inertia with those of B-H bonds, and (2) 
replacing nine assumed vibrational frequencies for the 
B-F bonds with those for B-H bonds. The calcula
tion from B306H3 was similar, B-0 and O-H bonds being 
replaced in this case. With B3N3H6 the known N-H 
frequencies were simply subtracted out, the contribu
tions of the BN and BO rings being assumed equal. 
The agreement among the three sets of values thus 
obtained was very good. The mean values calcu
lated for /S°Bs03Hs at absolute temperatures 300, 600, 
1000, 1200, and 1400° were 67.8, 87.3, 107.1, 114.7, 
and 121.3 e.u., respectively. Using tabulated values 
of S° for B, B203, and H2, TAS° for each temperature 
was calculated and combined with AF° to give Af/°T. 
The thermochemical data are summarized in Table 
III, from which we find the average value: AH°u00 = 
— 16.3 ± 1.5 kcal./mole of B303H3. (The three highest 
values of AH °t  from the table were not given full weight 
in the averaging, since they do not seem to be in line 
with the other values.)

Hydroxyboroxine, B30 4H3.— The production of hy- 
droxyboroxine, B304H3, also was investigated as a 
function of temperature and related to the production 
of B30 3 H3. The following equilibrium may be con
sidered

B303H3(g) +  VsBiO.Cl)

B304H3(g) +  2AB(s) (3) 

for which the equilibrium constant is

_  PB,o,H,(aB)v' _  (-/b,o,h,+) (ub)7*
PB,0,H,(aB203) 7 (/b,0,H,+) (UBjOi) /8

Here as and aB*Os were assumed to be unity for initial 
calculations. Since the two gaseous molecules would 
be expected to have similar cross sections and sensi
tivities, C also may be assumed equal to unity. An 
apparent AH T was found from the slope of a plot of 
log Kz vs. l / T ,  shown in Fig. 3; three separate sets 
of data are included in the one plot. This calculation 
gives AH t  = — 8  ± 3 kcal./mole of B30 4H3 for the tem
perature range 900 to 1300°K.

T a b l e  III
T h e r m o c h e m ic a l  D a t a  f o r  th e  R e a ctio n  

3/2H 2(g) +  (B +  B20 5) - *  B30 3H3(g)

T emp., 
°K.

Eh*
(atm.) 
X 10<

EbiOiHi 
(atm.) 
X 10*

*

ITeq

A F» 
(kcal./ 
mole)

AS*
(e.u.)

A//*
(kcal./
mole)

1290 3 . 2 14 .9 2 .6 - 2 . 5 - 1 0 . 0 - 1 5 . 4
1294 2 . 7 15 .4 3 . 4 - 3 . 2 - 1 0 . 0 - 1 6 . 1
1333 6 .6 3 3 .4 2 . 0 - 1 . 8 - 1 0 . 2 - 1 5 . 4
1341 6 .6 2 6 .9 1 .6 - 1 . 3 - 1 0 . 2 - 1 5 . 0
1368 3 . 0 10 .4 2 . 0 - 1 . 8 - 1 0 . 3 - 1 5 . 9
1450 3 . 4 17 .4 2 .8 - 3 . 0 - 1 0 . 8 - 1 8 . 7
1452 3 . 4 2 4 .4 4 . 0 - 4 . 0 - 1 0 . 8 - 1 9 . 7
1469 3 . 4 2 1 .6 3 .5 - 3 . 6 - 1 0 . 8 - 1 9 . 5
1454 7 .2 15 .6 0 . 8 + 0 . 6 5 - 1 0 . 8 - 1 5 . 1
1481 7 .2 2 4 .5 1 .3 - 0 . 7 - 1 0 . 9 - 1 6 . 8

The third law method was also used to calculate 
Ai?°T for one set of the same experimental data. The 
quantity ($0b.o<h» — *S°b80 iH3) was estimated via sta
tistical thermodynamics to be 15.3 e.u. at 1200°K. 
TAS° then was calculated for each temperature and 
combined with AF °  to give A H ° t , as summarized in 
Table IV. This treatment gives the average value: 
A li '\m  = 6.3 ± 1.0 kcal./mole of B304H3.

Heats of Formation.— Appreciable discrepancies are 
found between second law and third law calculations 
of A //°t for reactions 1 and 3, even when only the high 
temperature data are considered. This seems to 
indicate that thermodynamic changes occur within the 
condensed phase of the reaction system, thus invali
dating the assumption of unit activity for B and B20 3. 
Such an activity effect could be due to the solution of B 
in B203, for example, or to some chemical combination 
between the two such as (BO)!. Assuming a polymer

T a b l e  IV
T h e r m o c h e m ic a l  D a t a  f o r  th e  R e a c t io n  

B30 3TI3(g) +  y 3B20 3(l) B30 4H3(g) +  V»B(s)
Temp., AF», AS», A//»,

°K. Ke q kcal./mole e.u. kcal./mole
1020 0 .3 2 2 .3 2 . 6 5 . 0
1021 .31 2 .3 2 .6 5 . 0
1065 .33 2 .3 2 .6 5 .1
1112 .30 2 . 7 2 . 6 5 .5
1143 .21 3 .6 2 .5 6 .5
1173 .24 3 .3 2 .5 6 .3
1230 .21 3 .9 2 .5 7 .0
1272 .16 4 . 7 2 .5 7 .9
1303 .15 5 .0 2 .5 8 .2

formation of this type, we might postulate the follow
ing endothermic equilibrium to occur within the re
action vessel at higher temperatures

-  (BO)z(s) B,(s) +  B203(1) (4)x
This would result in an increase in the activities of B 
and B203— and therefore of («Bffln2o3) as in K h and 
(aB ’̂/aBjOs78) as in K%— with increasing temperature. 
Neglecting these factors then would lead to an over
estimation of AH °t  for reaction 1  and an underesti
mation of A#°t for reaction 3, the discrepancies being 
much larger in the case of the second law calculations. 
This is consistent with the experimental findings re
ported here. For reaction 1, then, the value of A H \  
obtained from the second law calculation would actually 
include AH°t  for reaction 4, whereas that obtained from
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the third law calculation would be a reasonable upper 
limit for A/7°t of reaction 1 itself. For reaction 3, 
the third law calculation would provide a lower limit 
for AH °t .

From the third law values of AH ct , heats of formation 
of B3O3H3 and B3O4H3 have been calculated using tab
ulated values for A H ° f  of B203.9 Corrections to A H ° t m  
were made from estimated values of ( H °T — H \ m)  
for the boroxines and tabulated values for B, O2, and 
H2. Using this treatment for B3O3H3 gives A/iV.« = 
—308 ± 6  kcal./mole, and for B3O4H3 AH°fm  = —399 
± 6  kcal./mole. The value for B3O3H3 is seen to be in 
good agreement with that found previously in the 
study of the fluoroboroxines,8 although the coincidence 
of nearly identical values is fortuitous considering the 
over-all uncertainties involved.

An attempt to produce boroxine by passing H2 

over B2O3 alone has resulted in the calculation of a 
lower limit for AH°mm of B30 3H3. The equation for the 
reaction is

3H2(g) +  V2B 203(1)

B30 3H3(g) +  y 2H20(g) (5)

Since only B20 3 was in the reaction cell, aB,Oi could be 
assumed equal to unity, and the partial pressures of 
H2, B30 3 H3, and H20 could be calculated readily from 
the intensities of the corresponding ions in the mass 
spectrum. Moreover, the intensity of B3O3H3—-which 
was very low even at the highest temperatures—• 
represented a maximum yield since it included the 
background contribution. A third law calculation 
gives AH°i2oo > 27.3 kcal./mole of B30 3H3 for reaction 5, 
from which AH°f29s > —324 kcal./mole for B30 3H3.

Preliminary experiments13 have been conducted in an 
effort to isolate the products of reactions 1 and 3. 
A sample consisting of a mixture of boron and B20 3 

contained in a molybdenum boat was heated in a 
quartz tube to a temperature of 1325°K. Water vapor 
was introduced into the system through a glass frit 
and the system was pumped through a liquid nitro
gen trap, maintaining a pressure of about 1 mm, A 
white solid condensed in the trap and on warming the 
trap to room temperature a gas evolved, which was 
shown by mass spectrometric analysis to be mainly 
diborane. Upon further heating of the white residue 
to about 2 0 0 °, hydrogen was evolved along with addi
tional diborane and there was some discoloration of the 
solid. The evolution of hydrogen is presumably ac
companied by the production of a suboxide of boron. 
Accordingly, the remaining solid was analyzed by 
permanganate titration to give the approximate 
composition BO1 .38.

These results indicate that at room temperature the 
condensed products probably disproportionate ac
cording to the reactions

B308H3(s) _<-Jl B203(s) +  y 2B2H6(g) (6 )

and B30 4 H3(s) '< > V3B(OH)3(s) +  B203(s) +
VsB2H6(g) (7)

From the equilibrium pressure of diborane observed, 
about 2 0  mm., AFVjs for reaction 6  was calculated and 
combined with tabulated values of *S°29s for B203(s) and 
B2H6(g) and an estimated value of S°m  for B30 3H3(s) of

(13) S. Gupta and R. F. Porter (further work in progress).

41 e.u., to give an approximate value for the heat of the 
reaction. The heat of formation of B30 3H3(s) at 
298°K. was then found to be —304 kcal./mole. The 
heat of formation of gaseous boroxine would be assumed 
to be 8  to 1 0  kcal. more positive, leading to a value of 
about —295 kcal./mole. This result suggests that 
B30 3H3(g) is somewhat less stable than was indicated 
by the previous experimental data. In view of this 
we suggest as the most probable value A//°f298 = —302 
± 7 kcal./mole for B308H3(g). This also requires 
lowering the value for B30 4H3(g) to AH°{m = —393 ±  
7 kcal./mole.

Table V is a list of best values presently available for 
the heats of formation at 298°K. for boroxine, the 
fluoroboroxines, and the hydroxyboroxines. Bond ener
gies were estimated, utilizing the experimental heats 
of formation listed in column two of the table. The 
B-H bond energy was assumed to be the same as that 
in BH3, 90 kcal./mole, and Cottrell’s value of 110.6 
kcal. was used for the O-H bond energy. 14 Using 
these, the values for the remaining bond energies most 
consistent with the experimental heats of formation are 
as follows: B-0 (in ring), 128 kcal.; B-0 (out of ring), 
120 kcal.; and B-F, 144 kcal. The last column of 
Table V lists the heats of formation obtained by using 
the above bond energies. Cottrell14 lists bond energies 
of 128 kcal. for B-0 in alkyl borates, and 154 kcal. 
for B-F in BF3. The difference between the B-F 
bond strength in BF3 and that in B30 3 F3 is consistent 
with the difference in B-F stretching frequencies re
ported for the two molecules. 16 A difference of this 
magnitude between the B-H bond strengths in B30 3H3 

and in BH3 would not be expected, since the interaction 
of the external bonds with the ring should be less in this 
case.

T able  V
H eats of F ormation of Gaseous B oroxines a t  298°K .

A27°/i98
(kcal./mole)-

Gaseous Caled, from
molecule Experimental bond energies

B3O3H3 -3 0 2  ±  r -6 -3 0 5
B3O3H2OH -3 9 3  ±  7° -3 8 6
B30 8H (0H )2 -4 6 7
B 303( 0 H  )3 -5 4 1  ±  10c -5 4 8
B 303H 2F -3 9 2  ±  66 -3 9 2
B 303H F 2 -4 7 9  ±  o -4 8 0
B 303F 3 -5 6 7  ±  2' -5 6 7

a This work. 6 Reference 8 . “ Reference 9.

Discussion
The structure of boroxine is assumed to be basically 

a six-membered ring of alternate atoms as in borazine, 
B3N3H6, although the bond angles within the ring are 
not necessarily equal. More likely, the B-O-B angles

H

are somewhat less than 120° and the O-B-O angles 
greater than 120°. The mass spectral pattern of

(14) T. L. Cottrell, “ Strengths of Chemical Bonds,”  2nd Ed., Butter- 
worths, London, 1958.

(15) H. D. Fisher, W. J. Lehmann, and I. Shapiro, J. Phys. Chem., 65, 
1166 (1961).
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boroxine is found to be analogous to that of borazine16 

rather than that of trifluoroboroxine, B30 3F3. As with 
borazine the major ion peak in the spectrum of B30 3H3 

is that resulting from loss of a H atom. This behavior 
also has been found with B30 3FH2 and B30 3F2H, 
whereas with B30 3F3 the major peak observed is the 
parent ion. The second most abundant fragment ion 
from boroxine, B20 2H+, corresponds to B2N2H3+ in the 
borazine spectrum. The size of this peak has been 
explained in part for borazine by the fact that stable 
neutral fragments result from such a fragmentation, 
which involves the breaking of alternate bonds in the 
ring. No important rearrangement process is evi
dent in the spectrum of boroxine, as occurs with tri
fluoroboroxine where B2OF3+ is the major fragment ion 
observed. The analog of the only other appreciable 
fragment peak found here, BOH+, is not so abundant 
in the borazine spectrum.

The observed appearance potentials for B30 3H3+ 
and B30 3H2+ (13.5 and 14.5 e.v., respectively) may be 
compared with those for the corresponding ions of 
B3N3H6 (1 0 . 2  and 11.5 e.v.) and CelR (9.6 and 14.5 
e.v.). A difference of only about 1  e.v. exists between 
the appearance of the parent and the parent-minus- 
H ions for both boroxine and borazine, whereas for 
benzene this difference is about 5 ev. This is reflected 
in the apparent ease with which B30 8H3 and B3N3E16 

lose an H atom upon ionization, thus giving large 
parent-minus-H peaks, while for CeH6 the parent ion 
peak is the most abundant. 16

No evidence was found for the formation of the 
molecule B20 3H2 reported by Ditter and Shapiro as an 
intermediate in the oxidation of pentaborane.7 The 
small ion peaks at m /e  = 68-70 are most likely frag
ments belonging to the B303H3 spectrum. At best, 
the amount of B2OxH2 present would be only a few 
per cent of that of boroxine.

There have been several reports17 -20  of a condensed 
(BO)z polymer of the type postulated in the preceding 
section. Indirect evidence for a condensed B-B 20 3 

phase also has been reported by Inghram, et al.,n
(16) E. D. Loughran, C. L. Mader, and W. E. McQuistion, Atomic 

Energy Commission Report LA-2368 (1960).

who observed that the addition of boron greatly re
duced the vapor pressure of B20 3 at high temperatures. 
A three-dimensional pattern of “boroxole rings” has 
been suggested13 as a possible structure for the (BO)* 
polymer

0 .
tW  " b " 0

This structure of alternate boron and oxygen atoms in a 
six-membered ring also has been postulated as the basic 
unit in polyborates, and is considered to have unusual 
stability in the crystalline polyborates as well as in 
aqueous solution. 22 The formation of boroxine from 
such a structure is easily visualized.

The species B202 (g) has been reported to be highly 
stable at high temperatures in the vapor from a B~ 
B20 3 mixture. 21 The contribution of this molecule was 
negligible in our experiments, however, since at the 
temperatures employed here its vapor pressure was 
low compared to that of the product, B303H3. At 
higher temperatures B202(g) would be expected to 
become predominant, unless the hydrogen pressure 
were increased to overcome this. The best yield of 
boroxine should therefore be expected with high H2 

pressures and temperatures around 1200°K.
The third law calculations for reactions 1 and 3 tend 

to minimize errors due to either activity effects or 
kinetic effects. The discrepancy between the second 
law and third law values for reaction 1  might be used 
to calculate a heat for reaction 4. However, part of this 
discrepancy is likely due to kinetic effects; therefore, 
such a calculation would be highly speculative.

(17) T. Wartik and E. F. Apple, J. Am. Chem. Soc., 77, 6400 (1955).
(18) A. L. McCloskey, R. J. Brotherton, and J. L. Boone, ibid., 83, 4750 

(1961).
(19) F. A. Kanda, A. J. King, V. A. Russell, and W. Katz, ibid., 78, 1509 

(1956).
(20) M. D. Scheer, J. Phys. Chem., 62, 490 (1958).
(21) M. G. Ingkram, R. F. Porter, and W. A. Chupka, J. Chem. Phys., 25, 

498 (1956).
(22) J. O. Edwards and V. Ross, J. Inorg. Nucl. Chem., 15, 329 (1960).
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The mass spectra of »-paraffins and »-terminal olefins in the Cio to C2o range, inclusive, have been studied to 
establish the quantitative relationships that must be predicted by a satisfactory theory of mass spectra. The 
»-terminal olefin spectra are generically similar to those for the »-paraffins but systematically have a higher 
center of gravity (based on C{M,n) plots). The linear behavior of classes upon M  (carbon number of parent 
molecule) previously observed for »-paraffins has been confirmed by this investigation. The same type of class 
dependence upon M  was observed for the olefins. Subclasses defined by Y(M ;n,j), each of which represents 
specific ions, showed, for both classes of compounds, a linear dependence on M  expressible as Y(M ,n,j) = / ¡ ( » ) .  
( M  — n , '). The postulate that the molecules first dissociate into CMH2n+i ions with subsequent dissociation 
into ions of different stoichiometry is shown to be untenable for some classes of ions but not for others. The 
data indicate that the presence of the double bond probably affects the molecule as a whole in all its dissociation 
modes rather than just those modes involving the double bond. Classes of ions defined by particular stoi
chiometric relationships and summed over all n are shown to be independent of or linearly dependent upon M. 
This suggests that the molecules may first dissociate to a particular stoichiometry and then to the final values o f ».

The theoretical studies aimed at formulating and 
quantitatively testing a complete theory of the frag
mentation and ionization by electron impact need 
systematically obtained data obtained under controlled 
conditions. Steiner,2a et al., and Schug,2b et a l dis
cussed some of the difficulties in the application of the 
statistical theory prior to its reformulation.3 It is 
believed that the data taken for events near and just 
beyond onset of fragmentation should be supplemented 
by observations at higher electron voltages wherein the 
structure type or molecular weight of the molecule are 
systematically varied. The purpose of this is to estab
lish the quantitative relationships between mass 
spectral parameters and structural parameters. This 
report constitutes an extension of studies previously 
reported4 on 71-paraffin spectra.

Source and Treatment of Data.— In the previous 
study4 the data were largely taken from existing API 
Research Project 44 spectral files. In this study, the 
data were taken at this Laboratory on a C.E.C. Model 
21-103 instrument. The conditions were as follows: 
electron current = 10.5 pa.; ionizing voltage = 70 
volts; ion chamber temperature = 250°; vapor 
temperature = 200°; first scan, m /e  12 through 90, 
magnet current 230 ma. (2200 gauss); second scan,
7n /e  60 through 500, magnet current 530 ma. (5067 
gauss); and collector slit width = 7 mils.

The compounds examined comprised the n-paraffins 
and the normal terminal olefins, Cio through C20, ex
cepting the Ci» members of both types which were un
available. The compounds were obtained from the 
Phillips Petroleum Company, the Aldrich Chemical 
Company, and the American Petroleum Institute. 
Infrared examination indicated the possibility of several 
per cent of olefin types other than the 77,-terminal olefins 
in the higher molecular weight members. However, 
this test6 is not highly accurate, and it cannot be reli-

(1) This material was presented at the 1961 meeting of ASTM E-14, 
Mass Spectrometry, Chicago, 111., as paper no. 26.

(2) fa) B. Steiner, C. Giese, and M. Inghram, J .  Chem. Phys., 34, 189, 
(1961); (b) J. C. Schug and N. D. Coggeshall, ib id .,  35, 1146 (1961).

(3) M. Vestal, A. Wahrhaftig, and W. Johnson, paper no. 19 presented 
at the 1961 meeting of ASTM E-14 on Mass Spectrometry at Chicago, 111., 
1961.

(4) N. D. Coggeshall, J .  Chem. Phys., 33 1247 (1960).
(5) E. L. Saier, A. Pozefsky, and N. D. Coggeshall, Anal. Chem., 26, 1258 

(1954).

ably calibrated in this range due to the unavailability of 
reference compounds. There was no mass spectral evi
dence for any isoolefins. In consideration of all the data 
obtained, it is believed that if impurity olefins were pres
ent that they were of the cis and trans n-olefin type.

Relative to the latter point, an examination of the 
API data for terminal vs. internal double bond 77-olefins 
of the C7, Cs, and C 9 classes showed spectral variations 
for the internal bond types which were not observed in 
the present studies. To our knowledge the spectra ob
tained therefore represent the best that can be obtained 
for the normal terminal olefins in the mass range studied 
until further, more highly purified materials become 
available.

As in the previous study4 we denote by P M,n,j the 
normalized ion intensity for an ion of stoichiometry 
C„H2„+2- i  coming from a compound of M  carbon atoms. 
An ion sum C{M,n) is the summation of normalized 
intensities of all ions of n  carbon atoms. The yield 
Y(M ,n•) = M C (M ,n) represents the yield of all ions of n 
carbon numbers being produced from a compound of M  
carbon atoms per unit of ionizing current and per mole.

A C.E.C. Mascot digitized the data for punching onto 
IBM cards. The cards were handled by machine cal
culations and tabulation to yield the data in a variety of 
forms. The intensities were given as percentages of 
total ionization, as monoisotopic peak heights, and as 
monoisotopic percentages of total ionization. Also, the 
ion summations (C(M ,n) = X)PM,n,j) by carbon number

3
on a monoisotopic basis were calculated.

General Behavior.—’In Fig. 1 may be seen plotted the 
C{M ,n) values for both n-octadecane and octadecene-1. 
The relative behavior seen here is typical of the entire 
series of paraffins and olefins. The differences always 
observed comprised the olefin C(M ,n) values being 
lower through 71 = 4, being higher for the region n  = 5 
to 9, and lower throughout the remainder. Clearly the 
centers of gravity of the C(M,ri) plots are shifted to 
higher values for the olefins. In Table I are given the n  
values for the centers of gravity (CG) of all members and 
the shift for each carbon number. It is interesting to 
note that the CG is shifting progressively to larger n 
values for both classes but that the difference between
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n —*■

Fig. 1.— C(M,n) values for n-octadecane and for 1-octadecene.

corresponding members reaches a maximum for n = 16 
and then progressively decreases.

T a b l e  I
C e n t e r s  o f  G r a v it y  o f  th e  C{M ,n ) P lots

Carbon no. n-Paraffin
n-Tenninal

olefin Difference

c 10 3 . 7 3 3.89 0.16
Cu 3.83 4.02 .15
c u 3.94 4.13 .19
Cu 4.04 4.26 .22
Cu 4.15 4.37 .22
c 16 4.24 4.48 .24
C16 4.36 4.57 .31
c i7 4.47 4.67 .20
C18 4.55 4.73 .18
C20 4.82 4.96 .12

Y (M ,n) values were plotted vs. M  and the types of 
relations observed previously for the n-paraffins4 again 
were obtained and the same generic type behavior also 
was obtained for the olefins. The data for the latter 
are seen in Fig. 2. Here it may be seen that the 
Y (M ,n ) approximately obey the general type relation

Y (M ,n) = f(n )(M  -  n ')  (1)

In Table II are given the /(n) values for both classes 
from this work as determined from the curve slopes, the 
f ( n ) values from the previous work, and the n ' values 
for the olefins. The latter were algebraically determined 
from the straight lines in Fig. 2. These were not deter
mined for the paraffins as it is believed the larger range 
of M  covered previously provides better n ' values. 
Values of f ( n ) and n ' were not determined for n > 9 as 
the limited spread of M  and the low Y (M ,n) values do 
not permit adequate accuracy.

It is interesting to note that for the paraffins the 
present/(n) values are in fair agreement with those pre
viously determined except for n  = 6 . In this case it is 
believed the previous value should be preferred due to 
the greater spread in M . A large difference in f{n) 
behavior between the paraffins and olefins may be 
noted with f(n )  peaking at n  = 4 for the latter and 
decreasing much more slowly with increasing n.

M —

Fig. 2.— Y(M ,n) plots for various n’s for the n-terminal olefins. 

T a b l e  I I
/(n .) V a l u e s  f o r  th e  « - P a r a f f in s  an d  « - T e r m in a l  O l e f in s

and n' V a lu e s  fo r  th e  L a t t e r

/— Paraffins-—/(n ) values— > ✓-----------Olefins-
n (This work) Previous4 /w n'
2 2 .0 0 .5 5
3 2 1 . 6 23.2 13.9 -1 3 .7
4 27.1 28.9 22.9 -  0 .9
5 19.8 2 0 .6 16.2 0.9
6 10.3 14.9 16.0 5.6
7 6.4 6 .8 14.0 7.6
8 3.4 3.6 7.3 8 .6
9 2.5 2.1 3 .7 8 .8

The data of this study provided the behavior for the 
Ci and C2 type ions which could not be determined in 
the previous study. This is because data for these ions 
have been left out of most of the API spectra. In 
Table III are given the Y(M,ri) values for n  = 1 and 2. 
When these are expressed as C(M ,n) values, it is clear 
that the data used to construct Fig. 1 of reference 4 
were not very accurate and that curve which was used 
to interpolate for C (M ,l)  +  C (M ,2) dips too steeply 
with increasing M . It is of interest to note for both 
types that the increase of Y{M ,n) with M  is very small 
for n  = 2  and that there is actually a negative slope for 
n = 1 .

Subclass Behavior.—-In the previous section we dis
cussed the behavior of ion classes wherein a class was 
defined as all ions having a particular number, n, of 
carbon atoms. In this section will be compared the 
behavior of the types: _ CbH2b+1, C„H2b, CbH2b_,, 
CnH2„_2, and CBH2t!_ 3 which in each case account for 
practically all of the ions in a class. The comparative 
behavior of corresponding types within a class should re
flect differences in dissociation behavior between a n- 
paraffin and a n-terminal olefin. For example, we may
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M —-
Fig. 3 .— Subclass behavior for the principal ions for n =  2 for 

the paraffins and olefins.
T a b l e  III

V a l d e s  of Y(M ,1) AND Y(M ,2 ) f o r  n- 
m in a l  O l e f in s

•Pa r a f f in s AND n-

__
M F(Af,l) Y(M, 2) YlM, 1) Y(M, 2)
10 3 .8 136 4 .8 132
11 3 .6 146 4 .2 134
12 3 .4 154 4 .0 144
13 3 .0 159 3 .5 138
14 2 .7 155 3 .4 144
15 2 .3 159 2 .9 143
16 2.2 156 2 .7 144
17 2.6 164 3 .2 148
18 2 .3 164 2 .9 146
20 1 .9 165 2 .4 150

postulate that the dissociation proceeds as follows:
(1 ) first, a carbon-carbon bond is broken to yield 
C„H2re+i ions, and (2 ) the CnHsn-i ions then dissociate to 
yield C„H2m, C„H2»-i, etc., ions. If this were true, the 
yields of the C„H2re+1 ions from olefins would be ex
pected to be only one-half of the yields of the corre
sponding types from paraffins of equal molecular weight.

In Fig. 3 is given the behavior of the mass 29 and 27 
ions (CnHarc+i and CreH2f!_i) for the paraffins and olefins. 
It is to be noted that between types they are about equal 
in both magnitude and slope with increasing M . This 
would not be the case if the above postulate were 
true.

In contrast to the quite similar behavior of paraffins 
and olefins for the principal 2-carbon ions seen in Fig. 
3 , we may see large but systematic differences in the 
subclass behavior shown in Fig. 4 and 5. These give 
the subclass behavior for the 4- and 5-carbon ion types, 
respectively. One important observation which may be 
made immediately is that the individual ions are linear 
but not proportional to M . Thus, a subclass yield 
specified by Y (M ,n ,j) = M P {M ,n ,j) is expressible as

M—►
Fig. 4.— Subclass behavior for paraffins and olefins for n =  4.

M —*■

Fig. 5.— Subclass behavior for paraffins and olefins for n = 5.

Y (M ,n ,j) = -  n,0

Thus, we have the observation that the intensity of a 
subclass ion is linearly dependent, but not proportional 
to M , the total number of carbon atoms in the molecule. 
This general type of behavior is observed for both paraf
fins and n-terminal olefins. However, the numerical
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M —►

Fig. 6.— S(M ,j) behavior as dependent on M  for paraffins and 
olefins.

values, f(n )  and n/, obviously differ widely for ions of 
the same type and mass originating from the two classes 
of compounds.

Slopes, i.e., fj(n) values, were determined for sub
classes up to n  = 7, inclusive. These are given in Table
IV. Due to the scatter of points and the limited mass 
range, these values should not be regarded as highly 
accurate, especially for ions of low intensity. Also in
cluded in Table IV are the Y  values for the two Cu 
compounds, pentadecane and pentadecene-1. Using 
these and the/j(n)’s, one can readily calculate the Y  for 
any subclass type for any other molecule among those 
examined.

These data also provide evidence against the simple 
dissociation model postulated above. By it we would 
expected the initially formed CMH2fI+i ions to divide 
into the various subclasses as

G 71̂ -211+1 ^  VftI 12?i+L, 5 bVIIoft—1]

CKH2n_2; C„H2n_ 3

A simple ancillary postulate to this model would be that 
C„H2m+i ions would always divide into the subclasses 
with the same relative relationships. Since the yield of 
the C„H2k+ 1 ions increases with molecular weight M  of 
the parent molecule, each subclass would also increase 
with M . Thus all /¡(n) values would be positive. 
Negative values have been clearly obtained for some 
classes and they constitute evidence against the above 
model and the ancillary postulate.

It seems very significant that the wide differences in 
slope occur within a subclass. In the previous work it 
was shown that class yields in terms of ions produced 
per unit of ionizing electron current and per mole of 
compound in the observation region are dependent in

T a b l e  IV

Slo pes  f o r  P r in c ip a l  S u bclass  I ons  a n d  Y V a lu e s  f o r  I ons 
from  Cis M o lecu les

/•------Y values, Cn-------•>
Class Ion .—-Slopes, f values——, Penta- Penta-

n Subclass mass Paraffins Olefins decane decene-1
2 CnH2n+l 29 5 .1 3 .3 106 8 8 .9

C^H2n—1 27 - 1 . 4 - 1 . 7 5 0 .3 4 8 .8
3 CnH2n+1 43 15 .5 10.1 289 164

42 0.6 - 0 . 5 3 6 .1 3 4 .5
CnH2w_i 41 7 .6 6.2 139 168
OnH2n—;2 40 0.0 0.0 3 . 4 4 .6
CnH2n-3 39 - 1 . 1 - 1 . 3 21.6 3 6 .2

4 CnH2n+l 57 17 .9 1 1 .4 289 111
c „h 2„ 56 1 .4 - 1 . 0 4 3 .4 8 1 .3
C„H2„_i 55 6 .5 9 .5 61 .1 136
CnH2„-2 54 1.0 1.8 6 .4 2 4 .0
C„H2„_3 53 0.1 0.0 6.1 12.0

5 CnH2n+i 71 13 .0 6.1 144 3 8 .3
c „h 2„ 70 0 .3 - 0 . 3 2 6 .9 6 5 .3
C»H2n-i 69 3 .0 6.1 1 9 .6 8 4 .8
C„H2n_2 68 0 .5 2.0 3 .3 1 7 .9
CnH2n_3 67 0 .5 2.0 3 .7 1 6 .8

6 Cnl32n_j-i 85 8.0 3 .3 7 7 .0 1 5 .6
CnH2n 84 0 .3 3 0 .5 13.1 3 4 .1
CnHin-J 83 2.1 8 .4 8 .3 7 5 .5
CnH2n_2 82 2 .3 2.0 1 8 .3
C„H2n_3 81 1.2 0.6 5 .9

7 C„H2n+1 99 2 .5 1.2 1 8 .4 1 .7
CnH2n 98 1 .3 0 .2 5 13 .4 2 3 .8

97 2 .4 9 .1 6 .9 6 9 .0
CnH2n_2 96 1.8 1.0 9 .2
CnH2n-3 95 0 .5 3 .1

some cases directly upon the size of the neutral frag
ments produced. However, in all cases observed there, 
the class yields varied linearly with total mass of the 
molecule. In Fig. 4 and 5 and in Table IV we see sub
class yields wdiich increase linearly with M  or which are 
essentially independent of M  as is the case for the 
CmH2n ions from both paraffins and olefins. In Fig. 3 
we see, for the CreH2n_i ions from both compound types, 
an example of a decrease of yield with M . Other ex
amples may be seen in Table IV. Thus, we see instances 
where increasing the size of the molecule may increase 
or decrease the probability of creation of particular ions.

The fact that subclasses depend differently upon M , 
or equivalently upon total mass, suggests that the sub
class types each arise through different dissociation 
mechanisms. This in turn suggests that the summation 
of a particular subclass type over n  should show a 
regular trend with M . We define such a summation 
as S (M ,j) which is given by

S (M ,j) = ( 1  /M ) Z Y ( M ,n , j )  = E P m,n, j
n n

S (M ,j)  thus represents the fraction, expressed in per 
cent, of all ions from a molecule of M  carbon atoms
that have the stoichiometry C„H2n+2_,., n  = 1,2,3------,
M . In Fig. 6  are plotted the S (M ,j)’s for the paraffins
and olefins. By definition, = 100. From

3
the observed behavior in Fig. 6 , it is clear that S (M , j)  
is approximately constant or a linear function of M  in 
all cases. Thus, we may express

S{M ,j) = a,jM +  bi
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From above we know that

so that Scij = 0 , which states that the negative slopes 
balance out the positive slopes. This is quite evident in 
both sets of curves in Fig. 6 .

The data in Fig. 4, 5, and 6 and in Table IV all dem
onstrate the rather extensive differences in detail be
tween the characteristics of 77-paraffin and n-terminal 
olefin spectra. Let us assume that the existence of the 
terminal double bond did not in any way affect the dis
sociation mechanism involving bonds apart from the 
double bond itself. With this assumption it would be 
possible to calculate much of the olefin spectra from the 
n-paraffin spectra as the effect of the double bond would 
be a mere stoichiometric change for many ions. The 
observed differences are much more profound than this 
and they indicate that the presence of the terminal ole
fin bond affects the whole molecule in its dissociation 
behavior.

Conclusions
The observations of above may be summarized as 

follows: (a) the spectra plotted as C(M ,n) vs. M  of the 
77-terminal olefins are generically similar to those of the 
R-paraffins in demonstrating the universal maxima in 
the C3-C 4 region with general decrease of intensities 
with increasing carbon number, (b) the Y (M ,n ) for 77- 
terminal olefins also depend linearly upon M , (c) the 
center of gravity of the C(M ,n) plots are always higher 
for the olefins than for the corresponding paraffins, (d)

the subclass behavior, expressible through Y (M ,n ,j) , 
for both paraffins and olefins was shown to be repre
sented by

Y (M ,n ,j) = -  n/)

(e) the differences in subclass behavior between the 
two types of compounds show the invalidity of the 
postulate that the molecules first dissociate into 
CnRin+i ions and these in turn dissociate further into 
CkH2„  C JI2k_1; C„II 2n—2, etc., 1 0 ns, (f) the subclass 
differences between the olefins and paraffins show that 
the double bond in the olefins has a general effect on the 
dissociation pattern that cannot be explained by a mere 
difference in stoichiometry, and (g) the subclass be
havior for both types of compounds indicates that a 
molecule CmH2m+2 may first dissociate into CmH2m+1, 
CmH2m, CmII2m- 2, or CAfH2.i/ - 3  ions with further dissocia
tions into ions of different n  values but of the same 
stoichiometry; suitable changes in stoichiometry apply 
to the consideration of olefins.

Although some speculation is offered relative to dis
sociation mechanisms, the main purpose of this work has 
been to find and describe mass spectral regularities that 
have regular dependence on M , n, or j ,  as used above. 
Such regularities must be quantitatively explained by 
the unimolecular theory as it develops and they serve 
to guide the development and to provide tests of va
lidity.

Acknowledgment.— Grateful acknowledgment is due 
to Dr. J. C. Schug for worthwhile discussions of this 
subject.
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Partition and water solubility data have been obtained for the system water-benzene-acetic acid, with the 
object of calculating the extent of hydration of the acetic acid species in the benzene phase. Results are con
sistent with the assumption that a monomer hydrate, but no dimer hydrate, forms in the organic phase at low 
acid concentrations. A general analytical treatment is presented for calculating hydration constants for solutes 
which associate in organic solvents.

Introduction
The partition, or distribution, method has been 

widely used in the determination of dimerization con
stants of carboxylic acids in solvents only slightly misci
ble with water. 1 - 4  In using the method, it is commonly 
assumed that the presence of small amounts of dissolved 
water in the non-aqueous phase does not interfere 
with the association of the acid. 1 However, we have 
noticed that literature values of dimerization constants 
calculated from partition data frequently are lower 
than those reported for the same acids in the corre
sponding anhydrous solvents.5

(1) M. Davis and H. E. Hallam, J. Chem. Educ., 33, 322 (1956).
(2) E. A. Moelwyn-Hughes, “ Physical Chemistry,”  Pergamon Press, 

Oxford, Second Revised Edition, 1961, pp. 1078-1080.
(3) G. C. Pimentel and A. L. McClellan, “ The Hydrogen Bond,”  Freeman 

and Company, San Francisco and London, 1960, pp. 45-49.
(4) E. A. Moelwyn-Hughes, Trans, Chem. Soc., 850 (1940).
(5) Reference 3, Appendix C, pp. 368-376.

A plausible explanation for this discrepancy in di
merization constants is that dissolved water reacts with 
the acid monomer to form a hydrate. To test this 
theory, we decided to measure the solubility of water in 
benzene as a function of the concentration of dissolved 
acetic acid. The Karl Fischer method was employed 
to analyze for water. Equilibrium concentrations of 
acetic acid in the benzene phase and in the aqueous 
phase were determined using standard alkali. We ob
served that the total concentration of water in the 
benzene phase increases significantly as total acid con
centration is increased.

Theory
Our solubility data can be explained on the basis of 

the assumption that the only species present as solutes 
in the benzene phase are CH3COOH, (CH3COOH)2, 
H20, and CH3COOH• IT20 (monomer hydrate). The
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Fig. 1.— Dependence of Z  and Y on C\. Z  values: X , at 35°; 
G at 15°. Y  values: +  at 35°; •  at 15°.

formal concentration of acetic acid in benzene can be 
expressed as

/A b =  CAb +  2 c A b +  CAWb (1 )

and the formal concentration of water in benzene may 
be written as

/ w b =  Ca w *5 +  c w b (2 )

where CAb, CA,b, Cwb, and cAwb represent the molarities of 
the species CH3COOH, (CH3COOH)2, IFO, and CH3- 
C00H-H20, respectively, in the benzene phase at 
equilibrium. Further, the equilibrium quotients

A2 — CA,b/cAb, Kh =  CAwb/cAbcwb, A d =  CaV caw (3)
should remain constant in dilute solutions; where caw 
represents the concentration of acetic acid monomer in 
the aqueous phase, A 2 and A h are the acid dimerization 
constant and acid monomer hydration constant in 
benzene, and K D is the distribution constant for the 
acid monomer.

Combining equations 1, 2, and 3, we may write

/A b — fw b +  Cwb

Ca w
Y  = K o  +  2ÀV A 2caw (4)

and

/ a V c a w =  Z  =  A d  +  A h C w bA n  +  2Ad2A 2caw (5 )

where Y  and Z  are defined in terms of measurable 
concentrations.6 Note that plots of Y  vs. caw and Z  vs. 
cAw should be linear, with a common slope of 2A d2A 2. 
However, the intercept obtained from a plot of Z  vs. 
cAw should exceed that determined from a plot of Y  vs. 
cAw by the constant A hcwbA D.

Results
Table I contains the partition and solubility data for 

the system water-benzene-acetic acid at 15 and 35°. 
The upper limit of the concentration of acid in the or
ganic phase is about 0.07 M , corresponding to a con-

(6) In dilute solutions, r\y6 should be constant and equal to the solubility 
of water in pure benzene at the given temperature. Also, caw (the acid 
monomer concentration in the aqueous phase) is equal to the formal con
centration of acetic acid in water minus the concentration of the acetate ion,
which can be computed from the ionization constant.

centration of about 1.7 M  in the aqueous phase. Al
though the water solubility data scatter to a certain ex
tent, the increase in water concentration in the organic 
phase is striking and parallels the increase in acid con
centration.

T a b l e  I
P a r t it io n  an d  W a t e r  S o l u b il it y  D a t a '1
/Ab CAW 

At 15°
fwb

0 0 0.0265
0.0152 0.709 .0287

.0206 0.851 .0280

.0294 1.047 .0291

.0474 1.366 .0307

.0691 1.680 

At 35°

.0310

0 0 0.0465
0.0187 0.700 .0485

.0248 .836 .0488

.0249 .841 .0495

.0355 1.048 .0490

.0549 1.361 .0527
“ All concentrations in mole/liter.

As a test of the hydration theory, the data are 
plotted in Fig. 1 in the form Y  vs. cAw and Z  vs. cAw. It 
can be seen that at each temperature the F and Z  points 
define nearly parallel curves; consequently, in curve- 
fitting data at each temperature, the curves were forced 
to have equal slopes. Table II summarizes results cal
culated from the parameters of these straight lines.

Except for the additive constant KhCwbK n , eq. 5 is 
identical with the expression commonly applied in 
treating partition data, to obtain A 2 and A d. Neglect
ing AhCwbAn in comparison with K b , one could cal
culate an apparent dimerization constant from the 
relation

Apparent = slope/2 -intercept2 (6 )

where the slope and intercept are obtained from a plot 
of Z  vs. cAw. However, in the present instance, an 
examination of Fig. 1 reveals that AhCwbAn is not small 
compared to A d ; and as a result, the partition method 
leads to a value of the dimerization constant that is too 
low. Values of A 2apparunt calculated from the present 
data by means of eq. 6 , and dimerization constants re
ported by Davies, et al. ,7 (from partition data) are in
cluded in Table II for comparison. Note that A 2 values

T a b l e  II
C u r v e  P a r a m e t e r s  an d  C a l c u l a te d  E q u il ib r iu m  C o n st a n t s“

t, °C. 15 35
Slope from Fig. 1 
Intercept from Fig. 1

0.0203 0.0205

Z  curve 0.0067 0.0121
Y curve .0041 .0091

cwb (mole/1.) .0265 .0465
Kh (l./mole) 26 7.1
A d 0.0041 0.0091
Ki (l./mole) 605 125
^apparent ( i . /moie) from eq. 6 225 70
Apparent (l./m ole) from ref. 7 200 (extrap- 81

olated)
“ All concentrations in mole/liter.

(7) M. Davies, P. Jones, D. Patniak, and E. A. Moelwyn-Hughes, J. Chem. 
Soc., 1249 (1951).



Jan., 1963 Role of Dissolved Water in Partition Equilibria of Carboxylic Acids 189

obtained by the preceding analysis are greater by a 
factor of 2 or 3 than the apparent constants.

Discussion
The results given here cast serious doubt on the relia

bility of the conventional partition method as a means 
of determining association constants. We believe that 
systematic studies of the variation in water solubility 
with acid concentration in the organic phase should be 
undertaken in order that available partition data may 
be re-evaluated with due regard being given to hydra
tion. We also wish to emphasize that the pres
ence of tiny amounts of dissolved water can lead to 
erroneous results in the case of other methods for 
determining association constants for carboxylic acids. 
In fact, we suspect that a major reason for the lack of 
agreement between various literature values of associa
tion constants of carboxylic acids in solution is that 
small, variable amounts of dissolved water have been 
present in most of the systems investigated.

Since both the monomer and the dimer of many 
polar solutes may be expected to hydrate, an extended 
treatment of data which would allow the determination 
of the extent of hydration of each species is desirable. 
We may develop equations analogous to 1 through 5, 
without making the restrictive assumption that the 
monomer monohydrate is the only hydrated species in 
the organic phase. If both the monomer and the dimer 
form hydrates, with formulas AWj and A2Wk, respec
tively, the hydration constants may be defined by the 
relations

Ahi = CAWjVCAbcwbl and Ah2 = CA,bwk/cAb cwbk (7)

The following equations then may be developed in a 
manner similar to the development of relations 4 and 5

f*h -  f r *  ±  cZ b =  Y =  K»[l +  (1 -  J)AhiCwbi] +
Ca

K d2[2 /v2 +  ( 2  -  A)Ah2cwbk]cAw (8 )

and

/A b/C A W — Z  — A d(1 +  AhiCwbl) +

AV(2A2 +  2Ah2cwbk)cAw (9)

These equations indicate that even in the more complex 
situations where both the monomer and the dimer form 
hydrates, plots of Y  and Z  vs. caw should be linear. If 
the monomer hydrates, the intercept of the Z  plot will 
exceed that of the Y  plot by the constant j K DK hlCwh‘] 
and if the dimer hydrates, the slope of the Z  plot will 
exceed that of the Y  plot by the constant kKD2K MCwbk. 
In order to determine j  and k uniquely, further data 
would be required.

We anticipate that plots of Z  and Y  similar to those 
in Fig. 1 will prove to be of great utility in the interpre
tation of partition data for carboxylic acids and other 
polar solutes. These plots can be classified into these 
four types

Type 1— Slope Z  = slope Y ; intercept Z  = intercept 
Y. No hydration of either A or A2 occurs. 

Type 2— Slope Z  = slope Y ; intercept Z  > intercept 
Y. Hydration of A, but not of A2, occurs. 

Type 3— Slope Z  > slope Y; intercept Z  = intercept 
Y. Hydration of A2, but not of A, occurs. 

Type 4— Slope Z  > slope Y ;  intercept Z  >  intercept 
Y. Hydration of both A2 and A occurs.

Type 1 plots may be expected only in systems where 
the solute is not capable of forming hydrogen bonds. 
The data presented in this paper indicate that systems 
containing acetic acid, and perhaps other carboxylic 
acids, yield type 2 plots. In general, it is expected that 
the majority of systems will be characterized by type 4 
plots; and that type 2 and 3 plots will result when 
hydration of either the monomer or the dimer predom
inates. Currently we are investigating other systems 
involving amides, carboxylic acids, and phenols, and in 
each case we find that the solubility of water in the non
polar solvent is greatly increased by the presence of 
small concentrations of the polar solute.
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Dissolved urea is suggested as a probe for studying water structure contributions to micelle formation and hydro
phobic bonding. Critical micelle concentrations (c.m.c.) of dodeeylpyridinium iodide in water and urea solu
tions at 25 and 45° determined by ultraviolet spectrophotometry are reported. The nature of the spectra and 
their intensities indicate that the nature of the micelles does not change drastically on the addition of urea. The 
c.m.c., however, is raised to a moderate extent, the effect being the same at 25 and 45°; urea thus weakens hydro- 
phobic bonding and the effect seems to be independent of temperature. Arguments suggesting the importance 
of contributions other than those due to water structure are presented. The relation of these findings to the 
stability of proteins is briefly indicated.

Introduction
Recent investigations1 - 6  have indicated that micelle 

formation in aqueous solution is primarily an entropy- 
directed process in which enthalpy changes play a 
minor role, although considerations based on the loss 
of interfacial energy, taken for granted until recently, 6 -9  

predict large enthalpy changes. The currently ac
cepted explanation3 invokes the iceberg picture of 
Frank and Evans. 10 A wide variety of phenomena, 
including hydrophobic bonding in general, 11 can be 
explained qualitatively on this basis. The possibilities 
remain, however, that interfacial effects are not 
entirely negligible, that enthalpies from several sources 
cancel each other in part, that a proper evaluation of 
pre-micellar association12 may alter the thermodynamic 
picture, and that a substantial entropy contribution, 
in the case of aliphatic systems, arises from the orienta
tions and bendings of the chain, which may be restricted 
in water and freer in a non-aqueous environment. 1 -13

The present paper deals with the use of dissolved 
urea as a probe for investigating the water structure 
contribution to micelle formation and hydrophobic 
bonding. The choice of urea rests on its two outstand
ing properties in aqueous solutions, namely, its great 
ability to undergo hydrogen bonding with water, 
due to the presence of three potential bonding centers on 
each molecule, and its small effect on the polarity of 
water. Urea actually increases the dielectric constant 
of water appreciably and surface tension slightly. At 
high concentrations, therefore, it should markedly reduce 
the cooperative structure of water itself, which is 
primarily due to hydrogen bonding and responsible for 
the solvent structure effects, 10- 14 without unduly af-

(1) G. Stainsby and A. E. Alexander, Trans, Faraday S o c 46, 587 
(1950).

(2) E. D. Goddard and G. C. Benson, Can. J. Chem., 35, 986 (1957).
(3) E. D. Goddard, C. A. J. Hoeve, and G. C. Benson, J. Phys. Chem., 61, 

593 (1957).
(4) P. White and G. C. Benson, Trans. Faraday Soc., 55, 1025 (1959).
(5) B. D. Flockhart, J. Colloid Sci., 16, 484 (1961).
(6) P. Debye, Ann. N. Y. Acad. Sci., 51, 575 (1949).
(7) M. Nakagaki, J. Chem. Soc. Japan, 72, 113 (1951).
(8) Y. Ooshika, J. Colloid Sci., 9, 254 (1954).
(9) I. Reich, J. Phys. Chem., 60, 257 (1956).
(10) H. S. Frank and M. W. Evans, J. Chem. Phys., 13, 507 (1945).
(11) W. Kauzmann, Advan. Protein Chem., 14, 1 (1959).
(12) P. Mukerjee, K. J. Mysels, and C. I. Dulin, J. Phys. Chem., 62, 

1390 (1958); P. Mukerjee, ibid., 62, 1397 (1958); P. Mukerjee and K. J. 
Mysels, ibid., 62, 1400 (1958); P. Mukerjee, ibid., 62, 1404 (1958); F. Van 
Voorst Vader, Trans. Faraday Soc., 57, 110 (1961); D. Eagland and F. 
Franks, Nature, 191, 1003 (1961); K. J. Mysels and P. Kapauan, J. Colloid 
Sci., 16, 481 (1961); G. D. Parfitt and A. L. Smith, J. Phys. Chem., 66, 942 
(1962).

(13) R. H. Aranow and L. Witten, ibid., 64, 1643 (1960).
(14) H. S. Frank and A. S. Quist, J. Chem. Phys., 34, 604 (1961).

fecting the interfacial effects and the concomitant 
restrictions on the freedom of movement of organic 
solutes.

In view of the possibly great significance of hydro- 
phobic bonding in the chemistry of proteins in aqueous 
solution, 1 1 the effect of urea on micelle formation may 
contribute to the understanding of the denaturing ac
tion of urea. From this point of view, a short study 
similar to ours has been published recently, 15 after our 
work was completed. The object of our study is 
mainly to understand the detailed nature of hydro- 
phobic bonding. The results are in fair agreement with 
the recent work15 but in strong disagreement with some 
older measurements. 16

Experimental
Materials.— Dodeeylpyridinium iodide was prepared from 

dodeeylpyridinium chloride (purity better than 95% ), obtained 
from Milton Industrial Chemicals, England, by washing with 
ether, recrystallization from dioxane, precipitation from con
centrated potassium iodide solution in water by cooling, repeated 
twice, followed by three reerystallizations from water. Analyti
cal reagent variety urea was used.

C.m.c. Determination.— On micelle formation, the spectra of 
long chain pyridinium iodides change.17-ls The c.m .c. values 
were determined by following this change in absorption, as shown 
in Fig. 1. Measurements at several wave lengths at 290 m/j, and 
above were made in a Hilger spectrophotometer using silica cells 
of 1-cm. path lengths. The cell chambers were thermostated at 
25.0 ±  0.2° and 45.0 ±  0.2°. Measurements at different wave 
lengths gave c.m .c. values in agreement to within 1% . The 
reproducibility of the c.m .c. was within 1-2% .

The measurements in pure water tended to be somewhat un
certain, presumably because of triiodide formation in small 
amounts. Some results, therefore, were obtained in dilute sodium 
thiosulfate solutions. The effect of changing the thiosulfate 
concentration was also studied.

Results and Discussion
The c.m.c. data are summarized in Table I. The 

effect of thiosulfate is small and negligible compared to 
the effect of the urea addition. Our value in water at 
25° is about 5% higher than that reported by Harkins, 
et al.ls

It is desirable to investigate if urea causes any 
change in the nature of micelles. The present spectro- 
photometric method can be adapted to give some in
formation on this question. The investigations of 
Kosower and co-workers19 on short chain analogs such

(15) W. Bruning and A. Holtzer, J. Am. Chem. Soc., 83, 4865 (1961).
(16) M. L. Corrin and W. D. Harkins, ibid., 69, 683 (1947).
(17) G. S. Hartley, Kolloid-Z., 88, 22 (1939).
(18) W. D. Harkins, H. Krizek, and M. L. Corrin, J. Colloid Sci., 6, 576 

(1951).
(19) E. M. Kosower and P. E. Klinedinst, Jr., J. Am. Chem. Soc., 78, 

3493 (1956); E. M. Kosower and J. C. Burbach, ibid., 78, 5838 (1956).
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Fig. 1.— Absorbance of dodecylpyridinium iodide at290m /ias 
a function of its concentration in 0.00C1 M  sodium thiosulfate at 
25° and varying concentrations of urea denoted by: O, 0 M ; 
A, 3.4 M ; □, 5.9 M . The c.m.c. values are marked by arrows.

T a b l e  I
C .m .c . D a t a  on  D o d e c y l p y b id in iu m  I o dide

■Urea concentration, M-
Medium 0 0.96 3.4 5.9 8.0

Water, 25° 0.00526 ........  3.00934 0.0136 . . . .
Water, 45° .00670 ...................0118 .0171 0.0213
0.0001 M

Na2S20 3, 25° .00515 ...................0093o .0139 . . . .
0.001 M

NaAOs, 25° .00475 .00575 -00910 .0133 . . . .
0.001 M

Na2S20 3) 45° .00563 .00710 .0110 .0157 . . . .

as methyl- and ethylpyridinium iodides leave little 
doubt that, the appearance of the new absorption on 
micelle formation is due to charge Transfer interactions 
between the iodide ions and the quaternary pyridinium 
ions. These short range interactions must be confined 
to the bound layer of the counterions on the micelle 
surface. They are also dependent on the polarity of 
the environment, 20 so that the micellar bands can be 
interpreted in terms of the effective polarity at the 
micelle surface. 21 If urea changes the nature of these 
charge interactions then the nature of the spectrum 
should be affected. If it alters the degree of dissocia
tion, which is of importance in any thermodynamic 
calculation, 22 the intensity of the absorption should 
change. 18

Figure 2 shows two different spectra in water and 5.9 
M  urea. These were obtained by measuring the absorp
tion of a solution appreciably above the c.m.e. against 
one slightly above it. They are, therefore, charac
teristic of the micelles. The logarithms of the optical 
densities are plotted against the wave lengths such that

(20) E. M. Kosower, J. Am, Chem, Soc., 80, 3253 (1958).
(21) P. Mukerjee and A. Ray, unpublished work.
(22) P. Mukerjee, J. Phys. Chem., 66, 1375 (1962).

260 280 300 320 340 360 380 400
Wave length in mju.

Fig. 2.— Difference spectra of the micelles of dodecylpyridinium 
iodide in 0.0001 M  sodium thiosulfate. Lower curve in water 
and the upper curve in 5.9 M  urea.

any variation in only the micellar concentrations 
shifts the whole curve equally in the vertical direction. 
The two different spectra in water and 8  M  urea are 
superposable within experimental error on shifting 
only the vertical scale, showing that the spectra are the 
same and, therefore, the nature of the charge inter
actions in the bound layer at the micelle surface are 
similar.

The intensity of absorptions at any wave length 
increases linearly with concentration above the c.m.c. 
in the concentration ranges studied (Fig. 1 ). The 
slope of the lines above the c.m.c. decreases by about 
25% on passing from water to 5.9 M  urea. If the 
molecular extinction coefficients are assumed to be 
constant, an increase in the degree of dissociation of 
the micelles is indicated, which is in conformity with 
the increase of the dielectric constant of the medium 
on adding urea, and the resultant decrease in the 
strength of the long-range electrical interactions. The 
magnitude, however, is small for our system though it 
may be larger for others. 23

Figure 3 shows the relative increase in the c.m.c. with 
the concentration of urea. The results of Bruning and 
Holtzer16 on dodecyltrimethylammonium bromide are 
also shown. The trend of their data at low urea 
concentration is very similar to ours but their value 
for 6  M  urea deviates appreciably. Some older meas
urements on sodium lauryl sulfate gave very different 
results, 16 even a slight decrease in the c.m.c. in 3 M  
urea. We ascribe this discrepancy to the shortcom
ings of the dye-spectral change method employed for 
the c.m.c. determinations, which have been examined 
in detail. 24

(23) E. K. Mysels, of the University of Southern California, Los Angeles, 
has studied the conductivity of sodium lauryl sulfate in 6 M  urea. The in
crease in dissociation in this case seems to be considerably more than in the 
case of dodecylpyridinium iodide (private communication).

(24) P. Mukerjee and K. J. Mysels, J. Am. Chem. Soc., 77, 2937 (1955).
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Molarity of urea.
Fig. 3.— The ratio of the c.m.e. in urea to the c.rn.c. in the ab

sence of urea as a function of the concentration of urea: A. , do- 
decylpyridinium iodide in water at 25 0; □ , ,  in water at 45 ° ; O , 
in 0.0001 M  sodium thiosulfate at 25°; A, in 0.001 M  sodium 
thiosulfate at 25°; □, 0.001 M  sodium thiosulfate at 45°; 
V , dodecyltrimethyiammonium bromide at 25°.15

The c.m.c. in our system increases almost linearly 
with urea concentration. Urea clearly has appreciable 
influence on micelle formation and hydrophobic bond
ing.

The effect of urea, moreover, seems to be independ
ent of temperature. Measurements could not be 
carried out in 8  M  urea at 25° because of the precipita
tion of a white solid, presumably an inclusion complex 
of dodecylpyridinium iodide in urea. Up to 5.9 M  
urea, however, while the c.m.c. increases by a maximum 
factor of 2 .8 , the ratio of the c.m.c.’s at the same urea 
and thiosulfate concentration at 25 and 45° remains 
constant to within 1.5% of the average value of about 
20%. This variation is within experimental error. 
Although thermodynamic interpretations in terms of 
c.m.c.’s alone have been shown to be uncertain, 22 

since the change in the dissociation in our system is 
nearly the same at 25 and 45°, our results strongly 
indicate that urea affects mainly the entropy change in

micelle formation, and not the enthalpy change, in 
accordance with our expectation that it modifies 
primarily the icebergs.

Quantitatively, however, the effect of urea seems to 
be small, considering that in 8  M  urea there are only 
five water molecules per molecule of urea, and that a 
decrease in the chain length by only two methylene 
groups raises the c.m.c. by a factor of 4. This sug
gests that water-structure effects may not be the 
whole cause of micelle formation. In support of the 
possible importance of interfacial effects and the 
chain-entropy, two other evidences may be cited. 
The effect of short-chain organic additives such as 
methanol, ethanol, or acetone, 25 at low molar concentra
tions, is much less than that of urea. The c.m.c. 
may even be lowered. At higher concentrations, how
ever, in the 6 - 8  molar range and above, the c.m.c. 
increases much more steeply than with urea and to 
much higher values. The most likely explanation 
seems to be lowering of the surface tension of the me
dium in the case of the organic additives, and the conse
quent reduction of any interfacial energy and the chain- 
entropy contributions.

The other evidence comes from the recent study of 
Whitney and Tanford, 28 who found a considerably more 
pronounced effect of urea on the solubility of amino 
acids with aromatic side chains than one with an ali
phatic one, although the expected entropy change on 
hydrophobic bonding is larger for the latter. 11 This 
greater vulnerability of the aromatic system, for which 
the chain-entropy should be negligible, to urea also 
argues for a substantial chain-entropy contribution to 
the hydrophobic bonding of aliphatic systems.

Finally, it may be remarked that the effects of urea 
and organic additives on micelle formation are clearly 
consistent with their denaturing effects on proteins11 

in terms of weakening of hydrophobic bonds, although 
different factors may be involved, as indicated above. 
If the effect of urea on hydrophobic bonding is inde
pendent of temperature, as is suggested by our work, 
a promising differentiating tool may be obtained for 
the study of the complicated features of protein stability 
and dena.turation.

(25) A. F. H. Ward, Proc. Roy. Soc. (London), A176, 412 (1940); A. W. 
Ralston and C. W. Hoerr, J. Am. Chem. Soc., 68, 2450 (1946); A. W. Ralston 
and D. N. Eggenberger, J. Phys. Colloid Chem., 52, 1492 (1948); E. C. Evers 
and C. A. Kraus, J. Am. Chem. Soc., 70, 3049 (1948); C. A. Kraus, ibid., 
70, 3803 (1948); G. L. Brown, P. F. Grieger, and C. A. Kraus, ibid., 71, 
95 (1949); H. S. Young, P. F. Grieger, and C. A. Kraus, ibid., 71, 309 (1949).

(26) P. L. Whitney and C. Tanford, J. Biol. Chem., 237, PC 1735 (1962).
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The effect of urea on the association of methylene blue in water, the extractability of methylene blue perchlorate 
into chloroform and its solubility, and the metachromatic interaction of methylene blue with polyacrylic acid 
have been investigated. Urea decreases the self-association of methylene blue and its metachromatic interac
tions very efficiently, and strongly influences the activity coefficient of monomeric methylene blue. These facts 
have been interpreted in terms of water-structure promotion around the dye ions and the consequent hydrophobic 
bonding in dye-association and metachromatic interactions. Several other lines of reasoning support the im
portant role of water-structure effects in dye-association. The quantitatively smaller effect of urea on aliphatic 
systems as compared to aromatic systems has been interpreted in terms of the possible chain-entropy contribu
tion for the former in hydrophobic bonding.

Introduction
The postulated presence of structured regions of low 

entropy, frequently called icebergs, around organic 
molecules or groups in water1 ’2 gives a fairly adequate 
explanation of observed facts regarding the transfer of 
such molecules or groups into non-aqueous environ
ments. Similar considerations indicate the thermo
dynamic possibility of association of organic molecules 
in water or hydrophobic bonding, the primary driving 
force of which seems to be the gain in entropy when part 
of the icebergs disappear. Since hydrophobic bonding 
seems to be as likely for aliphatic systems as aromatic 
ones, 2 it is of interest to examine the possible role of this 
type of bonding in the frequently studied but little 
understood association of ionic dyes, which are mostly 
aromatic in nature, in aqueous solution. We have 
investigated, for this purpose, the effect of urea on 
the association of methylene blue (chloride) in water, 
the activity coefficient of monomeric methylene blue, 
and the metachromatic interaction of methylene blue 
chloride with polyacrylic acid and its sodium salt.

That urea weakens hydrophobic bonding has already 
been established. 3 -6  We have ascribed this effect to 
the outstanding capacity of urea for breaking up 
hydrogen bonds in water,5 and thus destroying the ice
bergs which presumably are associated with fairly 
large-scale cooperative structures stabilized by water- 
water hydrogen bonding. 1 ’6 Since urea increases the 
surface tension of water slightly and the dielectric 
constant appreciably, effects due tc the reduction of the 
polarity of the medium, which are known to affect 
dye-association strongly,7 should be absent. These 
arguments provide the rationale for the use of urea in 
investigating water-structure contributions to hydro- 
phobic bonding.

A subsidiary point of interest is the possibility of a 
substantial chain-entropy contribution8'9 to hydro- 
phobic bonding in aliphatic systems. Since aromatic 
systems are mostly non-flexible, this type of entropy 
change in their case should be small. A  priori, there
fore, it may be expected that if the chain-entropy con-

(1) H. S. Frank and M. W. Evans, J. Chem. Phys., 13, 507 (1945).
(2) W. Kauzmann, Advan. Protein Chem., 14, 1 (1959).
(3) W. Bruning and A. Holtzer, J. Am. Chem. Soc., 83, 4865 (1961).
(4) P. L. Whitney and C. Tanford, J. Biol. Chem., 237, PC 1735 (1962).
(5) P. Mukerjee and A. Ray, J. Pkys. Chem., 67, 190 (1963).
(6) H. S. Frank and A. S. Quist, J. Chem. Pkys., 34, 604 (1961).
(7) E. Rabinowitch and L. F. Epstein, J. Am.- Chem. Soc., 63, 69 (1941).
(8) G. Stainsby and A. E. Alexander, Trans. Faraday Soc., 46, 587 (1950).
(9) R. H. Aranow and L. Witten, J. Phys. Chem., 64, 1643 (1960).

tribution, which is unlikely to be affected much by 
urea, is important for the aliphatic systems, then their 
hydrophobic bonding will be less vulnerable to urea.

Experimental
Materials.— Methylene blue was of commercial variety, used 

after three recrystallizations from distilled ethanol. Its molecular 
extinction coefficient at the band maximum in ethanol was 9.6 X 
104, which is slightly higher than the highest values mentioned 
in the literature.10’11

Methylene blue perchlorate was prepared by precipitating 
methylene blue chloride with potassium perchlorate and was re- 
crystallized from ethanol. The polyacrylic acid was prepared by 
bulk polymerization of acrylic acid with a trace of azo-bis-iso- 
butyronitrile. Its equivalent weight was determined by titrating 
against sodium hydroxide. Merck’s reagent variety urea was 
used.

Spectrophotometric Measurements.— These were carried out 
in a Hilger spectrophotometer using 1 and 0.1-cm. cells.

Results and Discussion
The spectrum of methylene blue in water in very 

dilute solutions, where association is negligible, is char
acterized by a prominent sharp peak at 660 m y, called 
the monomer peak, and a small shoulder at about 605 
m̂ i.

With increasing concentration, Beer’s law is not 
obeyed: the extinction coefficient at 660 m y  di
minishes and that at 605 m y  increases progressively. 7 

This is ascribed to the formation of dimers and higher 
multimers.7’ 1 1 ’ 12 The formation of these aggregates 
is quite pronounced in 1 X 1 0 - 4  M  solutions at ordinary 
temperature (ref. 7, also Fig. 1). With increasing 
proportion of an added organic solvent, the monomer 
peak intensifies at the expense of the dimer and multi- 
mer absorption. Figure 1 shows this effect for the addi
tion of ethanol. The reduction of the association is 
generally ascribed to the reduced polarity of the 
medium.7

The effect of the addition of urea is qualitatively very 
similar to that of ethanol as shown in Fig. 2. Thus 
urea, at similar molar concentrations, breaks up the 
aggregates of methylene blue about as efficiently as 
ethanol. As with ethanol, 10’ 11 a small part of the in
crease in the intensity at 660 m y  is due to a medium 
effect, which can be seen more clearly for a dilute sys
tem, 1 X 10~ 5 M  (Fig. 3). At this concentration 
there is still some association (3-4%) in water so that 
the medium effect is smaller than is apparent in Fig. 3.

(10) G. N. Lewis, T. T. Magel, O. Goldschmid, and J. Bigeleisen, J. Am. 
Chem. Soc., 65, 1150 (1943).

(11) L. Michaelis and S. Granick, ibid., 67, 1212 (1945).
(12) D. R. Lemin and T. Vickerstaff, Trans. Faraday Soc., 43, 491 (1947).
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Fig. 1.— Spectrum of methylene blue in water-ethanol mixtures. Optical densities deter
mined in 1-mm. cells. Concentration of methylene blue 1.20 X  10~4 M. Percentage of ethanol 
by volume: curve 1, 0% ; 2, 8%  (1.37 M ); 3, 20%  (3.43 M ); 4, 40%  (6.87 M ); 5, 60% (10.3 
M ); 6, 80% (13.7 M ); 7, 96%  (16.5 M ); temperature 20 ±  1°.

Figure 3 also shows the effect of polyacrylic acid and 
its sodium salt on a dilute methylene blue solution. 
The monomer peak is considerably lower in intensity. 
At the same time the absorption at lower wave length 
region is higher (the metachromatic effect). In the 
presence of 8  M  urea the metachromatic spectral 
effects with the polyelectrolytes disappear completely, 
and the absorption spectra become indistinguishable 
from that in the absence of the poly electrolytes.

Figure 4 shows a more pronounced metachromatic 
effect in a more concentrated methylene blue solution 
where the monomer absorption becomes extremely 
small, and a flat peak at about 570 mp is observed. On 
the addition of 6  M  urea the absorption curve regains 
the characteristic shape of dilute solutions, showing 
very little association.

The metachromatic effect is presumably due to the 
extensive association of the dye ions with the poly

electrolyte resulting in extended interactions of the 
dye chromophores. 11 Urea seems to inhibit this in
teraction in the same way as it inhibits aggregation 
in water alone.

Before these facts can be interpreted in terms of the 
non-specific effect of urea on the hydrophobic bonding 
between dye ions, two alternative explanations must 
be examined.

It has been suggested that the aggregation of dyes 
may involve sandwiched water molecules as inter
mediaries. 13 Conceivably, urea may prevent aggrega
tion by making such intermediary water molecules 
unavailable. The non-specific effect of urea on ice
bergs around the dye ions should, on the other hand, 
affect both monomers and the aggregated species. 
The other possible explanation is some specific reaction 
of urea with methylene blue.

(13) J. A. Bergeron and M. Singer, J. Biophys. and Biochem. Cytol., 4, 433 
(1958).
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Fig. 2.— Effect of urea on the spectrum of methylene blue in aqueous solution. Optical densities determined in 
1-mm. cells. Concentration of methylene blue 1.20 X  10-4 M. Concentration of urea: curve 1, 0 M ; 2, 1.77 M ; 
3, 3.53 M ; 4, 5.30 M ; 5, 7.07 M ; 6, 8.45 M ; temperature 20 ±  1°.

Fig. 3.— Spectrum of methylene blue in presence of polyelectro
lytes and urea. Concentration of methylene blue 1.38 X 10-6 M. 
Optical densities determined in 1-cm. cells. •, methylene blue 
in water; □, in 9.5 X  10~4 N  sodium polyacrylate; A, in 9.5 X  
10~i N  polyacrylic acid; X , indistinguishable curves of the three 
previous systems in 8 M  urea. Temperature 23 ±  1°.

To investigate these points we have determined the 
solubility of methylene blue perchlorate, which is 
sparingly soluble in water (~1.3 X 10~ 4 M  at 30°) in 
10 M  urea, in which the solubility increases by a factor 
of 30. Considering that the association of the dye in

10 M  urea is very little (see above), the activity co
efficient of monomeric methylene blue perchlorate 
must be reduced by about this factor of 30 in 1 0  M  
urea. The effect of urea on the activity coefficient of a 
few simple electrolytes studied14 is much smaller in 
magnitude and often in the opposite direction, so that 
this lowering of the activity coefficient for methylene 
blue perchlorate cannot be ascribed to the effect of 
urea on charged systems in general.

We also have studied the effect of urea on the distri
bution coefficient of methylene blue perchlorate be
tween water and chloroform. In these experiments we 
used an “iso-extraction” method developed in this 
Laboratory for the study of self-associating systems. 15 

A methylene blue chloride solution in dilute hydro
chloric acid (0.001 M ) is mixed with potassium per
chlorate solution and equilibrated with chloroform. 
The extracting species is primarily methylene blue 
perchlorate (MBCIO4); the extraction of methylene 
blue chloride is small and can be corrected for from 
a blank experiment in which potassium perchlorate is 
not added. At different concentrations of urea, the 
amount of potassium perchlorate added is varied such 
that the absorbance in the chloroform layer, and hence

(14) A. Seidell, “ Solubilities of Inorganic and Metal Organic Compounds," 
Vol. 1, Third Ed., D. Van Nostrand Co., New York, N. Y., 1940, pp. 292, 
1241, 1315.

(15) A. K. Ghosh and P. Mukerjee, unpublished results.
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Fig. 4.— Spectrum of methylene blue in the presence of sodium polyacrylate and urea. Optical densities deter
mined in 1-mm. cells. Concentration of methylene blue 1.0 X 10-4 M . □, methylene blue in water; X , 
in 6 M  urea; A, in 9.4 X 10“ 4 N  sodium polyacrylate; •, in 9.4 X 10~4 N  sodium polyacrylate and 6 M  urea.

the concentration of methylene blue perchlorate in it, 
remains constant. Assuming that the addition of urea 
to the aqueous phase does not change the activity co
efficients of the various species in chloroform, irrespec
tive of the state of the solution of methylene blue 
perchlorate in chloroform, the activity of MBC104 in 
chloroform and therefore the product (MB+)(C1 0 4 _ ) / ± 2 

in the aqueous phases in equilibrium must remain 
constant. Since the concentration product of (MB+)- 
(CIO4-) is known from analytical balance, the mean 
activity coefficient, /±, of MBCIO, in the presence of 
urea is readily determinable. For our rough calcu
lations, we have assumed the activity coefficient in the 
absence of urea to be unity (at the ionic strength of 
about 0.001 used any error should be less than 4%) 
and neglected all association (at the concentration of 
methylene blue used, 4 X 10~6 M , the maximum pos
sible error due to this is about 7%).

Figure 5 shows a plot of f ± on a log scale, against 
the concentration of urea. The point obtained from 
the solubility of MBC104 in 10 M  urea is also included. 
The effect of urea on /± is pronounced. Typical salting- 
in or salting-out type equilibria, involving the activity 
coefficient / of a non-electrolyte in the presence of 
electrolytes, show linear variation of log / with the con
centration of the electrolyte.16 From thermodynamic 
considerations,16 the reverse effect of a non-electrolyte

(16) G. N. Lewis and M. Randall, “ Thermodynamics,”  revised by K. S. 
Pitzer and L. Brewer, 2nd 'Ed., McGraw-Hill Book Co., Inc., New York, 
N. Y., 1961. pp. 584-586.

on log /± of an electrolyte should show similar linearity 
as seems to be the case here (Fig. 5). Since salting-in 
or salting-out equilibria are explained in terms of various 
non-specific effects, a similar explanation seems to be 
indicated here also. The data do not seem to be easily 
explained if a mass-action controlled adduct-formation 
with urea is invoked. The effect of urea, moreover, 
seems to be quite general in lowering the activity 
coefficients and preventing aggregations of dye mole
cules of very different chemical constitutions. We 
have observed that the solubility of orange OT, a highly 
insoluble non-ionic azo dye (l-o-tolylazo-2-naphthol) 
is increased by a factor of roughly 10 in 10 M  urea. 
Alexander and Stacey17 in their light scattering in
vestigations on several highly aggregating dyes, 
anionic and cationic and of very different structures, 
found that urea causes generally extensive disaggrega
tion. We have observed qualitatively that urea mark
edly lowers the association of pinacyanol, a carbocya- 
nine dye. It is very unlikely that specific effects could 
be operating in all of these cases.

Hydrophobic Bonding in Dye Association.— Accept
ing on the basis of the previous arguments the non- 
specific nature of the effect of urea, all the observed 
facts now fit the explanation which invokes the existence 
of structured regions, or icebergs, around the dye ions 
which are partly destroyed by urea. Thus, in the pres
ence of urea, the transfer of methylene blue to a solid form

(17) P. Alexander and K. A. Stacey, Proc. Roy. Soc. (London). A212, 274
(1952).
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0 2 4 6 8 10
Concn. of urea, moles/1.

Fig. 5.— The variation of the mean molar activity coefficient ( / ±) of MBCIO,, plotted on a log 
scale, with concentration of urea. Point at 10 M  urea derived from Bolubility, others from extrac
tion studies; temperature, 30°.

or into a non-aqueous environment, or the association 
of methylene blue to form aggregates, are all made less 
favorable because there is less entropy to be gained. 
Thus solvent structure induced hydrophobic bonding 
seems to play an important part in the association of 
dyes, and presumably other aromatic type molecules.

Several other lines of reasoning suggest the likelihood 
of this conclusion. The association of dyes is known 
not to occur or to do so only to a very limited extent in 
non-aqueous media, such as hydroxylic solvents of in
termediate polarity such as methanol, or even form- 
amide, 18 which has a dielectric constant greater than that 
of water. Thus an aqueous medium seems to be as 
particularly favorable for dye association as for micelle 
formation.

The detailed thermodynamics of association has not 
been satisfactorily worked out for any dye system. The 
primary reason for this is that the association, in all 
cases thoroughly investigated, seems to proceed step
wise to multimers higher than the dimer, and multimer 
equilibria of this kind are difficult to unravel. For 
thionine Rabinowitch and Epstein7 derived enthalpy 
and entropy values on the assumption of only dimeri
zation taking place. When converted to the “unitary” 
scale, 2’ 19 the entropy of association is slightly positive 
(~ 1 e.u.). Considering that the association of two

(18) Kh. Z. Arvan and N. E. Zaitseva, Opt. Spectr. (USSR), 10, 137 
(1961).

(19) R. W. Gurney, “ Ionic Processes in Solution,”  McGraw-Hill Book 
Co., Inc., New York, N. Y., 1953, p. 90.

similarly charged species should result in a loss of en
tropy due to charge compaction over and above the 
loss of the translational entropy of one ion, the net 
positive entropy change indicates a large positive en
tropy contribution from some source, which is very 
likely to be a water structure contribution.

A further interesting point is the magnitude of the 
urea effect for the aromatic systems as compared to 
typical aliphatic systems. For dodecylpyridinium 
iodide the critical micelle concentration increases by 
only a factor of 3.1 in 8  M  urea. 6 Thus the activity 
coefficient of dodecylpyridinium iodide is lowered by 
about this factor, which is considerably less than the 
effect on methylene blue. In the recent study of 
Whitney and Tanford on the solubility of amino acids, 4 

it was found that the effect of urea was considerably 
more pronounced for phenylalanine than for leucine 
containing non-polar side chains benzyl and secondary 
butyl, respectively. The entropy changes for the 
transfer of toluene and butane from aqueous solutions 
to pure liquids are, on the other hand, 16 e.u. at 18° 
and 23 e.u. at 25°, respectively. 2 This greater sensi
tivity of the aromatic systems to the effect of urea is 
in line with the suggested substantial contribution of 
chain-entropy for flexible systems,8'9 as indicated in the 
Introduction.
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of Scientific and Industrial Research, New Delhi, for 
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The chemistry of recoil carbon atoms has received 
considerable attention in recent years. The experi
ments of Wolfgang and his co-workers2 - 4  on the reac
tions of C u with gaseous hydrocarbons have been in
teresting, in particular their discussion of the formation 
of products by C 11 or C u H insertions into a C -II bond 
in the target molecules.

This paper presents the results of a study of the C 11  3 4 5 +  
liquid cyclohexane system in which the (7 , n ) reaction 
was used as the method of activation. The relative 
yields of gaseous products were determined as a function 
of the radiation dose and of the concentration of iodine 
dissolved in the cyclohexane. During the irradiation, 
the samples were subjected to rather large radiation 
doses and it was important to establish the contribution 
of radiation damage to the observed yields.

Experimental
Materials.— Phillips research grade cyclohexane (99.94 mole % 

purity) was used after drying over sodium wdre. “ Baker An
alyzed”  iodine was used without further purification. The 
tantalum foil used as a beam monitor was from the Ethicon 
Suture Laboratory. The irradiated tantalum foil was shown to be 
free of radioactive impurities. Helium which was used as a carrier 
gas in the chromatograph had a stated purity in excess of 99.99%.

Sample Preparation.— The systems studied were cyclohexane, 
either pure or with dissolved iodine, prepared by vacuum-line 
techniques and sealed in Pyrex glass bulblets with a volume of 
about 0.5 ml. Iodine concentrations were determined by a Hellige 
Duboscq colorimeter.

Synchrotron Irradiations.— The samples were irradiated in a 
thin-walled thimble which projected into the cavity of the dough
nut-shaped acceleration chamber of the Iowa State University 
electron synchrotron, operated at 47 Mev. Irradiations were for 
periods of 5 to 60 min. and all runs were made at room or ambient 
temperature. Tantalum foil strips used as X-ray dose monitors 
were placed around the bulblets at reproducible positions. A 
description of the irradiating position can be found elsewhere.6 
In addition to the bremsstrahlung which cause the nuclear trans
formation in carbon, samples were exposed to a high electron flux. 
These fluxes combined with the recoiling C11 atoms, with a kinetic 
energy of ~ 0 .5  Mev., to produce appreciable radiation decomposi
tion in the samples. The only activity observed in the samples 
was that of Cu.

In previous work6 using this synchrotron irradiations were 
made on samples outside the doughnut. In that position the flux 
responsible for activating the Cu and producing decomposition 
was much lower.

Gaseous Product Analysis.— A radio-gas chromatograph de
signed and built by R . Clark and W . Stensland of this Laboratory 
was used. The only column used was a diisodecylphthalate-di-

(1) Work was performed in the Ames Laboratory of the U. S. Atomic 
Energy Commission.

(2) C. MacKay and R. Wolfgang, J. Am. Chem. Soc., 83, 2399 (1961).
(3) C. MacKay, M. Pandow, P. Polak, and R. Wolfgang, "Chemical 

Effects of Nuclear Transformations," Vol. II, International Atomic Energy 
Agency, Vienna, 1961, pp. 17-26.

(4) C. MacKay, P. Polak, H. E. Rosenberg, and R. Wolfgang, J. Am. 
Chem. Soc., 84, 308 (1962).

(5) A. J. Bureau and C. T.. Hammer, Rev. Set. Instr., 32, 93 (1961).
(6) C. E. Lang and A. F. Voigt, ./. Phys. Chem.. 65, 1542 (1961).

methylsulfolane (D ID P -D M S) mixed column consisting of a 6- 
ft. section of D ID P  and a 16-ft. section of DMS, both 40% by 
weight, on eelite-22 (48-65 mesh). All the gaseous products ap
peared on a D ID P -D M S column, except that C2H4 and CiHe ap
peared as one product peak because of similar retention times. 
No attempt was made to resolve these activities since earlier 
work has shown that about four times as much ethylene as ethane 
is produced in the C11 +  cyclohexane reaction.

Activity Calculations.— The counting system was described by 
Lang and Voigt6; the gas stream was passed through a vial 
placed in the well of a N al(Tl) crystal. For each radioactive prod
uct the count rate vs. time was recorded on a strip chart recorder 
or summed by a scaler, or both. The scaler sums and the areas 
on the recorder charts were in quite good agreement. These data 
were corrected for background and for decay to the end of the 
irradiation (using 20.4 min. for the half-life of C 11) and standard
ized to a 1-g. sample. The corrected areas were multiplied by the 
flow rate to obtain values for the activities of the products.

Results
Sixteen experiments were done with pure cyclohexane 

and seventeen with iodine at various initial concentra
tions, in mole fraction: 1.6 X 10- 6  (6 ), 3.2 X 10- 5  (5), 
and 2.1 X 10- 3  (6 ). The labeled products observed 
were methane, ethane +  ethylene, propylene, acetyl
ene, and 4-carbon products. Tantalum foil monitors, in 
which the 8.15 hr. Ta180m was produced, were used to 
correct for variations in irradiation time and beam in
tensity. However, there was considerable scatter in 
the results when this external monitor was used.

It was observed that the acetylene activity com
pared to tantalum and corrected for irradiation time 
with (1 — e~M) terms was remarkably constant. In 12 
experiments the acetylene/tantalum activity ratio was 
found not to depend on irradiation time (from 5 to 40 
min.), on dose (over a 9-fold range), on dose rate (over 
a 2-fold range), or on iodine concentration. Hence, 
the acetylene yield could be and was used as an internal 
monitor, and the yields of other products are presented 
as ratios to acetylene. In this way agreement between 
experiments was greatly improved. Also, if the absolute 
yield of acetylene is known (Lang and Voigt estimate it 
as 14%)6 the absolute yields of other products can be 
obtained by multiplying the appropriate ratio by the 
absolute acetylene yield.

It is legitimate to use the acetylene activity as a 
measure of the total radiation dose as well. Although 
the total dose includes the contribution of electrons 
and bremsstrahlung of all energies, while the yield of 
acetylene measures only those X-rays of energy suffi
cient to induce the C 12(y , n) reaction, the method of 
producing the bremsstrahlung is the same in all experi
ments. Hence, the relative total doses in different ex
periments will be related to the acetylene activities, if 
these are corrected for C 11 decay during irradiation 
with the factor t/ ( l  — e-Xi).

The total radiation intensity in the system was esti
mated in two ways. The irradiation of cyclohexane 
containing low concentrations of iodine led to the dis
appearance of the iodine color after about 5 min. from 
an original concentration of 3.2 X 10- 6  mole fraction. 
With the assumption that G( —12) = 3.2,7 this corre
sponds to an intensity of ~1.5 X 101S e.v./g. min. Ex-

(7) E. H. Weber, P. F. Forsyth, and R. H. Schuler, Radiation Res., 3, 68 
(1955).
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periments with the Fricke dosimeter indicated the oxida
tion of ~ 6  X 10- 8  mole/1. min. of ferrous ion, corre
sponding to an intensity of ~ 2  X 1019 e.v./g. min. The 
actual dose rate probably lies between these limits.

Results on the effects of changing the radiation dose 
and the iodine concentration on the yields of CH4 and 
C2H4 +  C2H6 are shown in Fig. 1  and 2 . In all of the 
experiments at 1.6 X 10- 5  mole fraction iodine and in 
those for longer than 5 min. at 3.2 X 10- 5  m.f., the 
iodine color disappeared. In these experiments yields 
lay between the upper and lower curves of Fig. 1 and 2. 
Since iodine was not present during the complete ir
radiation, the results are not included in the figures.

The yield of methane relative to acetylene can be 
extrapolated to 0.29 ± 0.05 at zero radiation dose, inde
pendent of the iodine concentration. Similarly, the 
yield of ethylene plus ethane extrapolates to 0.13 ± 
0.03. Experiments with a silica gel column which does 
separate them indicate that the ratio for ethylene is 
~0.10 and that for ethane '—'0.03. The data for the 
production of propylene are similar to those of Fig. 1 
and 2  giving, on extrapolation, ~0.08 for the propylene/ 
acetylene ratio.

The yields of 4-carbon compounds show some varia
tion, with an average of 0.40 ± 0.06 relative to acetyl
ene for the iodine-free systems. ¡frans-Butene-2 has been 
identified tentatively as one of the 4-carbon products. 
The data show that in the presence of sufficient iodine 
the yield is reduced to zero.

Experiments were conducted to determine what 
effect traces of oxygen might have on the shape of the 
yield vs. dose curve. Solvent extraction experiments on 
pure cyclohexane, with CHCI3 and I2 as one phase and 
an aqueous solution 0.5 M  in Na»S03 and in NaOH as 
the other, showed that about 99% of the C 1 1 activity 
was organic. A gas chromatographic separation on a 
silica gel column showed that labeled CO and C02, two 
products expected in the presence of oxygen, were not 
present. Experiments on cyclohexane saturated with 
oxygen at atmospheric pressure gave results similar to 
those from the 1.6 X 10- “ mole fraction I2 systems, 
indicating that dissolved 0 2 behaves similarly to I2.

Discussion
The results show that the radiation-induced portions 

of the yields of CH4, C2H4 +  C2H6, and C3H6 are re
moved by iodine and hence involve species that react 
with iodine. While the short lives of the usual radicals 
exclude them from consideration as causing the build-up 
of yields to a maximum over a period of 20 to 30 min., 
other active species with lifetimes of a few minutes 
may be formed. In any case, additional data will be 
required before the nature of the radiation damage in 
this system is understood.

That portion of the yields which is produced at zero 
dose or in the presence of iodine can be considered as 
the true hot-atom yield, resulting from the fact that the 
C 11 fragment has energy above that of its surroundings. 
Although the C 1 1 fragment may lose electrons initially 
and start out as an ion, the ionization potentials of the 
various C-H radicals and cyclohexane are such that 
the radicals would be neutralized before reaching the 
energy range for reaction. Hence ion-molecule reac
tions can be eliminated. Since the steady state con
centration of radicals is much less than the con
centration of cyclohexane molecules, reaction of the

X-RAY DOSE (C, H,ACTIVITY x ——  } c 1 - e~ Xt
Fig. 1—Relative yields of CBU vs. radiation dose at various 

iodine concentrations. Mole fraction I»: •, 0; □, 3.2 X  10“6- ■ 
2.1 X  1 0 X

>-

Fig. 2—Relative yields of C;H4 +  C2H6 vs. X-ray dose at various 
iodine concentrations. Mole fraction I2: •, 0; □, 3.2 X  10~5; 
■, 2.1 X  10 - 3.

C 11 fragment with the latter is more probable, partic
ularly since this reaction would be exothermic even 
when the C 11 fragment is at thermal energies.

Thus, the various products appear to be formed pre
dominantly by reactions of the recoiling fragment with 
the molecules of cyclohexane. Displacement and ab
straction reactions can be expected to be important. 
The most abundant gaseous product, acetylene, could 
be formed by a reaction path involving displacement of 
hydrogen by a C*H radical, or it could be considered as 
insertion of a carbon in a C-H bond. In this mech
anism sufficient energy would be contributed to the 
intermediate so that two C-C ring bonds would be 
broken and the labeled product would rearrange to 
acetylene. The formation of the other two-carbon 
compounds could be quite similar, possibly involving 
C*H2 and C*H„ radicals, or an energetic C2*HX frag
ment could abstract hydrogens from the cyclohexane.

Of the other products, methane probably is produced 
by a series of abstraction reactions, as the C 11 fragment 
cools down but is still above thermal energies, since its 
yield at zero dose is not reduced by the addition of 
iodine. Three-carbon compounds could result from the 
rupture of a C6Hn • C*H intermediate in such a way that 
a 3-carbon chain results, followed by stabilization of the
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fragment by hydrogen abstraction. Since the yield of
4-carbon compounds was reduced to zero in the pres
ence of iodine, reactions to form these are more likely 
radiation induced or thermal.
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Alumina with a small amount of platinum is widely 
used as a re-forming catalyst—to catalyze reactions of 
dehydrocyclization, dehydrogenation, isomerization, 
and hydrocracking of hydrocarbons. 1 Such catalysts 
normally are prepared by impregnating alumina with 
a soluble platinum compound, followed by calcination 
in air at an elevated temperature.

The chemical state and degree of dispersion of the 
platinum in platinum-alumina have been the subject 
of several recent papers. Since the catalysts are em
ployed under reducing conditions, one presumes that 
platinum has been converted to the metallic state. 
Indeed, proposed mechanisms for the various re
forming reactions1 presuppose the existence of metallic 
platinum as the dehydrogenation component of these 
dual-function catalysts. Hydrogen consumption meas
urements in these Laboratories and by Mills, et al. , 2 

indicate nearly complete reduction of P t+ 4 to Pt° in a 
few minutes in hydrogen, at temperatures as low as 
245°. As suggested by Kluksdahl and Houston, 3 

the darkening and dehydrogenation activity which ap
pear upon reduction with hydrogen suggest the pro
duction of platinum metal. Furthermore, it has 
been observed in these Laboratories that hydrogen 
reduction at an elevated temperature is necessary to 
cause platinum-alumina to catalyze H2-D 2 exchange; 
rate constants of the order of 20-30 min. - 1  at — 195.5° 
and 518 mm. are observed for various preparations con
taining 0.6% Pt.

The above constitutes evidence for the existence of 
platinum metal upon treatment of platinum-alumina 
with hydrogen at elevated temperatures. Several 
workers have employed adsorption techniques to show 
that this platinum exists in a high degree of dispersion. 
Hughes, et al.,* used carbon monoxide adsorption, 
while others6 - 7  employed hydrogen adsorption to draw 
this conclusion. Hughes, et al.,* showed, in addition, 
that hydrogen reduction must be carried out above at 
least 2 0 0 ° to obtain adsorption by platinum metal; 
they showed further that a minimum extent of plati-

(1) F. G. Ciapetta, R. M. Dobres, and R. W. Baker, “ Catalysis,”  Vol. 6, 
ed. by P. H. Emmett, Reinhold Publ. Corp., New York, N. Y., 1958.

(2) G. A. Mills, S. Weller, and E. B. Cornelius, “ Second International 
Congress on Catalysis,”  Vol. II, Paris, 1960, Paper 113.

(3) H. E. Kluksdahl and R. J. Houston, J . Phys. Chem., 65, 1469 (1961).
(4) T. R. Hughes, R. J. Houston, and R. P. Sieg, Preprints Pet. Div., ACS, 

April, 1959.
(5) L. Spenadel and M. Boudart, J. Phys. Chem., 64, 204 (1960).
(6) S. F. Adler and J. J. Keavney, ibid., 64, 208 (1960).
(7) H. L. Gruber, ibid., 66, 48 (1962).

num area, as measured by carbon monoxide adsorption, 
is necessary to obtain activity for re-forming methylcy- 
clopentane. Similarly, Mills, et al. , 2 observed that a loss 
of catalytic effectiveness paralleled the growth of 
platinum metal particles as observed by X-ray dif
fraction. Platinum surface area thus is an important 
factor in re-forming.

A different point of view has been proposed by Mc
Henry, et al.,s who postulated the active component 
of these catalysts to consist of a platinum-alumina 
complex. This conclusion was based on their finding 
that dehydrocyclization activity was dependent on the 
amount of complex present, defined as that portion 
of the platinum which was soluble with the alumina 
in aqueous hydrofluoric acid or acetylacetone.

The present paper presents evidence to show that 
this apparent discrepancy can be resolved if one con
siders the “complex” to exist in the oxidized state and to 
be responsible for high platinum metal dispersion upon 
subsequent reduction.

Experimental
Platinum solubilities of Table I were measured by the method 

described by McHenry, et of.8 Table II results were obtained 
by digestion in 1 :4 H2S04 at 60° for several days; the solutions 
and the residues each were analyzed.

Chemisorptions of carbon monoxide were performed after 
reduction for 12 hr. at 482° in flowing purified hydrogen, and 
evacuation for 9 hr. at 300°, at about 5 X  10-6 mm.; this tem
perature of evacuation was chosen to minimize adsorption by 
alumina to about 0.05 cc. (ST P )/g . After cooling to room tem
perature in a few mm. of helium and evacuation of the helium, 
a measured quantity of carbon monoxide is admitted to the 
catalyst. One hour later, automatic Toepler pumping is started 
to return unadsorbed gas to the calibrated system. Thispump-

T a b l e  I
E f f e c t  o f  O x id a t io n  o n  S o l u b l e  P l a t in u m

Sample History
% soluble

Pt«

CO chemi
sorption 

(co. STP/g.)
A Used catalyst 0.23 0.14
B A +  3 hr., 440°, one atm. air .27 .20
C A +  3 hr., 480°, one atm. air .32 .22
D A +  3 hr., 505°, one atm. air .34 .24
E C +  20 hr., 505°, 10 atm. air .48 .33

° Solubility in H F; 0.6% total Pt.

T a b l e  II
E f f e c t  o f  O x i d a t i v e  C o n d it io n s  o n  S o l u b l e  P l a t in u m

Temp., °C.
Partial pressure 

of Oî, atm.
% soluble 
platinum«

Hr-D, exchange 
rate8

427 0.015 0.27
427 0.11 .427° 22
427 1.0 .452 30
482 0.21 .493 30
482 1.0 .509 46
510 0.015 .433 39
510 0.21 .508 50
510 1.0 .52 45
538 0.21 .504 57
538 1.0 .53 47
582 0.015 .367 18
582 0.21 .378 43
582 1.0 .533 44
650 1.0 .374 33

“ Solubility in H2S04; 0.55% total Pt. 6 See text. e This 
sample was used for the other treatments.

(8) K. W. McHenry, R. J. Bertolaeini, H. M. Brennan, J. L. Wilson, and 
H. S. Seelig, “ Second International Congress on Catalysis,”  Vol. II, Paris, 
1960, Paper 117.
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ing is continued for 6-12 hr.; no further carbon monoxide is 
recovered after 6-8 hr. The chemisorption is defined as the dif
ference between gas admitted and gas recovered.

The H2-D 2 exchange rates also are measured after reduction 
for 12 hr. at 482°. The catalyst is cooled to liquid nitrogen tem
perature in hydrogen, after which a mixture of 25% D 2 and 75% 
H2 is passed over the catalyst at a constant rate and at a constant 
pressure of 518 mm.; the effluent is analyzed for HD by mass 
spectrometry. From several consecutive runs at varying flow 
rates, the exchange rate constant is attained as the slope of a 
linear plot of —In (1 — X / X .) vs. 1 /S F , where X  is the conver
sion to H D, X e the equilibrium conversion, and S F  is expressed 
as cc. (STP)/g-/m in.

Results and Discussion
A commercial catalyst consisting of 0.6% Pt on 

alumina, partially deactivated by use and subsequent 
regenerations, was treated with dry air at various 
temperatures. The changes in carbon monoxide chemi
sorption and platinum solubility are shown in Table I.

Sample A, the regenerated catalyst, was found to 
have a small amount of platinum metal, barely detect
able by X-ray diffraction; this plus the low carbon 
monoxide chemisorption value indicates that some 
growth of platinum crystallites has occurred. Cor
respondingly, less than half of the platinum was 
soluble, compared to nearly 1 0 0 % for the fresh catalyst. 
As the severity of oxidative treatment was increased, 
the extent of platinum solubility increased. At the 
same time, the platinum surface area upon subsequent 
reduction increased. Thus, the formation of platinum- 
alumina complex results in greater platinum surface 
area, as measured by carbon monoxide chemisorption. 
The existence of a platinum-alumina complex is, 
therefore, desirable, not per se, but because it leads to a 
high dispersion of the platinum upon subsequent re
duction.

Consider the reaction

Pt +  02 <_- Pt02 fZf- Pt02-alumina

It is clear that in the presence of an oxygen partial 
pressure, there will be a tendency for the oxide to form, 
and that the oxidized state will be stabilized by complex 
formation with alumina. Therefore, an increase in 
oxidation severity increases the extent of complex 
formation. At the same time, since the particles 
of platinum are dispersed by the complex formation, 
subsequent reduction produces more highly dispersed 
platinum metal.

There are limits to the improvements one can attain 
by increasing oxidation severity. As platinum-alumina 
is treated in a given oxygen partial pressure at suc
cessively higher temperatures, a temperature will be 
reached at which the oxygen pressure equals the de
composition pressure. Above this temperature, there 
will be decomposition to form platinum metal. The 
critical temperature will increase as oxygen partial 
pressure increases. If the reasonable assumption be 
made that mobility is greatest in the oxidized state, 
the treatment at a temperature such that the decom
position pressure exceeds the ambient pressure will 
result not only in the formation of platinum metal, but 
in an increase in crystallite size. Herrmann, et al. , 9 

have reported a decrease in the amount of soluble 
platinum on heating in air at 593 and 625°.

The results given in Table II illustrate this hypoth-

(9) R. A. Herrmann, S. F. Adler, M. S. Goldstc.n, and R. M. DeBaun, 
J. Phys. Chem., 65, 2189 (1961).

esis. As oxygen partial pressure is increased with 
temperature held constant, the amount of platinum- 
alumina complex increases. As in Table I, this in
crease is accompanied by a subsequent increase in 
platinum dispersion upon reduction, as measured by 
the rate of H2-D 2 exchange. Also, as temperature is 
increased at constant oxygen pressure, the extent of 
complex formation passes through a maximum, as 
predicted. This critical temperature, at which the 
oxygen partial pressure equals the decomposition 
pressure, is near 510° at 0.21 atm. and near 580° 
at 1 . 0  atm.

It is concluded, therefore, that in the oxidized 
state a platinum-alumina complex does exist, but that 
it is converted to metal on treatment with hydrogen. 
Furthermore, the degree of dispersion of this metal 
increases with an increase in the fraction of platinum 
soluble in the oxidized state.

Acknowledgment.— The authors wish to acknowl
edge the assistance of J. S. Melik in determining rates 
of H2-D 2 exchange.

THE KINETICS OF THE OXIDATION OF
HYDROGEN PEROXIDE BY CERIUM(IV) 1 
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Chem istry Departm ent, Brookhaven National Laboratory,
Upton, Long Islan d, N ew  York

Received M a y  2d, 1962

Baxendale has reported that the oxidation of hy
drogen peroxide by cerium (IV) is complete within a 
few seconds at room temperature, even at micro
molar concentrations of the two reactants, and has pro
posed that the reaction proceeds in two one-electron 
steps. 2 The kinetics of the hydrogen peroxide-in
duced cerium (IH)-cerium (IV) exchange in 0.8 N  
sulfuric acid solutions have been studied by Sigler and 
Masters. 3 Following Baxendale, they have proposed 
that the hydrogen peroxide-cerium (IV) reaction pro
ceeds via the two-stage process

h
Ce(IV) +  H20 2 Ce(HI) +  H02 +  H+ (1 ) 

/b-i

fc2
Ce(IV) +  H02 — > Ce(III) +  02 +  H+ (2)

with k - i / h  = 0.129 ± 0.013 at 0°. According to 
Baer and Stein, on the other hand, the reverse of re
action 1  does not occur to any significant extent. 4 

The conclusions of Baer and Stein are based on studies 
of the stoichiometry of the hydrogen peroxide-cerium-
(IV) system. The formation of perhydroxyl radicals 
as intermediates in the hydrogen peroxide-cerium-
(IV) reaction, as required by the above reaction scheme, 
recently has been confirmed by means of electron spin 
resonance spectroscopy.6'6

(1) Research performed under the auspices of the U. S. Atomic Energy 
Commission.

(2) J. H. Baxendale, J. Chem . Soc. (London), Spec. Publ. N o . 1, 40 
(1954).

(3) P. B. Sigler and B. J. Masters, J. Am. Chem. Soc., 79, 6353 (1957).
(4) S. Baer and G. Stein, J. Chem. Soc., 3176 (1953).
(5) E. Saito and B. H. J. Bielski, J. Am. Chem. Soc., 83, 4467 (1961).
(6) B. H. J. Bielski and E. Saito, I . Phys. Chem., 66, 2266 (1962).
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TIME, MILLISEC.
Fig. 1.-—First-order plot of the kinetic data obtained in the 

first experiment of Table II. [Ce(IV )]0 =  92.5 X  10~6 F, 
[H A ]o  =  7.50 X  10-« F, [H2S04] =  0.8 N, T =  25.0°.

In  order to obtain additional inform ation, we have 
studied the kinetics of the hydrogen peroxide- -cerium - 
( IV )  reaction in  0.8 N  H 2SO 4 using a flow  technique. 
Th e  results obtained confirm  the mechanism proposed 
b y  S igler and M asters, and in  addition  establish th a t 
h  =  1.0 ±  0.1 X  106 F _ 1  sec. - 1  a t 25.0°.

Experimental
Ceric sulfate (G . Frederick Smith), cerous sulfate (Amend 

Drug & Chemical Co.), hydrogen peroxide (Baker Analyzed 
Reagent), and sulfuric acid (Baker and Adamson) were used 
without further purification. The solutions for the kinetic 
measurements were prepared with triply-distilled water. The 
kinetics were studied in 0 .8  A  sulfuric acid; no attempt was made 
to keep the ionic strength of the solutions constant. The ceric 
sulfate solution was standardized spectrophotometrically; a 
value of 5580 was assumed for the extinction coefficient of ceric 
sulfate at 320 m/i.7 The cerous sulfate and hydrogen peroxide 
were estimated either directly or indirectly as ceric sulfate; the 
cerous sulfate was estimated after the addition of excess potas
sium persulfate, and the hydrogen peroxide after the addition 
of excess ceric sulfate.

The disappearance of ceric sulfate was followed spectrophoto
metrically by means of a modified version of the rapid-mixing 
and flow apparatus which has been described previously.8’9 
The modification allowed reactions with half-times down to a 
few milliseconds to be studied by means of the stopped-flow 
technique. All the kinetic measurements were made at 25.0°. 
A first-order plot of the kinetic data obtained in the first experi
ment of Table II is shown in Fig. 1 .

R esults and D iscussion
I f  i t  is assumed th a t the hydrogen peroxide -cerium - 

( IV )  reaction proceeds via reactions 1 and 2, the rate 
of disappearance of cerium  ( IV )  is given  b y

d [C e (IV )]
df

{ fc - ilC e ( II I) ]  -  /c2 [C e ( IV )] } [H 0 2] -

M C e d V ) ] ^ ]  (3)

where the hydrogen ion and sulfate ion concentrations 
have been included in  the appropriate rate constants 
and the reverse of reaction 2  has been neglected. The

(7) A. I, Medalia and B. J. Byrne, Anal. Chem., 23, 453 (1951).
(8) N. Sutin and B. M. Gordon, J. Am. Chem. Soc., 83, 70 (1961).
(9) G. Dulz and N. Sutin. to be published.

T a b l e  I
Ox id a t io n  o p  H y d r o g e n  P e r o x id e  b y  C e r ic  S u l f a t e

[C e(III)] »  [Ce(IV )], [H A ] >  [Ce(IV)], [H SO d =  0.8
T = 25.0°

106[Ce(IV)]o, lOHCe(III) ]o, ioqmo.io, 10 'fcobed
F F F F -I sec.“ 1

15.5 6 .2 0 4.08 2 . 1 0

33.0 6.40 5.04 2.14
33.0 2.40 5.04 4.60
35.5 5.93 7.65 3.92
35.5 5.93 10.3 4.81
35.5 5.93 12.7 5.81
35.5 5.93 15.5 7.64
35.5 5.93 18.2 8.50
35.5 5.93 20.4 9.38
36.5 5.93 2.57 1.46
36.5 5.93 5.02 2 .6 6

50.0 6 .2 0 4.08 1.74
64.0 6.40 5.04 1.96

T a b l e  II
O x id a t io n  o f  H y d r o g e n  P e r o x id e  b y  C e r ic  Su l f a t e

[Ce(IV)] >  [H A ] ,  [H S 0 4] =  0.8 A , T  =  25.0°
10' [Ce(IV) 1„, IO3 [Cetili) ]o. îoqmchio, k̂ obßd,

F F F sec.-1
92.5 7.50 10 1

103 5.50 94.5
147 5.56 6.50 24.7
147 1 1 . 2 6.50 15.1
147 2 0 .2 6.50 9.30
147 28.0 6.50 7.58
147 42.6 6.50 5.33
147 55.6 6.50 4.74
147 60.7 6.50 4.00
147 69.6 6.50 3.49
147 8 8 .6 6.50 2 .8 8
147 1 1 1 . 0 6.50 2.25
200 3.90 5.00 88.9
200 4.88 5.00 71.9
200 5.75 5.00 62.5
200 7.96 5.00 53.6
294 8.90 13.5 71.0
294 33.4 13.5 28.0
294 64.0 13.5 17.1
294 83.4 13.5 1 1 . 6

steady-state equation fo r the concentration of the 
p e rh yd ro xyl radical is

=  0 =  M C e (IV )] [H 20 2] -  { fc -d C e (III) ]  +
at

/c2 [C e ( IV )} [H 0 2] (4)
Solving eq. 4 fo r the steady-state concentration of the 
p e rh yd roxyl radical and introducing th is value in to  
eq. 3 gives
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d [C e (IV )] =  _  2kihj [Ce ( IV )  ] 2 [H 2Q 2 ]
d t [C e ( III) ]  +  fc2 [C e (IV )]

The rate of disappearance of cerium  ( IV )  w ill be 
given b y  eq. 5 provided eq. 3 and the steady-state ap
proxim ation for the concentration of the p e rh yd ro xyl 
radical are va lid . I t  is possible to  derive tw o lim itin g  
kinetic expressions, w hich depend on the re la tive  
concentrations of cerous sulfate, ceric sulfate, and h y 
drogen peroxide, and these expressions w ill be discussed 
in  turn .

Case 1.— -In  th is  case [C e ( I I I i]  > >  [C e (IV ) j and 
[ H A ]  >  [C e (IV )]. I f  A:— i[ C e ( I I I ) ] »  /c2 [C e (IV )] 
eq. 5 becomes

d[Ce(IV)] = __ 2/c1fc2[HA][Ce(IV)]2 _ 
df ~ A:—! [Ce(III) ]

—  /’obsd [C e (IV ) ] 2 (6 )

where

[Ce nn)]o / [Ce (I2)]m.
Fig. 3.— Dependence of [Ce(IV)]m/i; 'obsd on [Ce(III)]0/[C e(IV )]m 

at 25.0°.

_  2fc1 fc2 [H 2Q 2]

ob3d “  k-dCeÇLII)] '

Values of kohad calculated from  the integrated form  of 
eq. 6  are presented in  Tab le  I .  Each value of fc0bSd 
presented in  th is table is the mean of four determ ina
tions. In d iv id u a l determ inations differed from  the 
mean b y  less than 10%. Th e  values of fc0bsd are plotted 
against [H 20 2 ]m/ [C e (III)]o  in  F ig . 2 , where [H 20 2]m 
is the mean concentration of hydrogen peroxide during 
the run. I t  w ill be seen th a t the p lo t is linear, and of 
zero intercept, as required b y  eq. 7. The value of 
kikz/k-i a t 25.0° calculated from  the slope is 1.37 X  
1 0 7 F - 1 sec.-1 .

Case I I . — In  th is case [C e (IV )] >  [H 20 2]. Under 
these conditions eq. 5 reduces to

c llC e d V )) _  2 d J H A ]  _  _  2 t, _  [ H A ]
d t d t

where

kjci [C e (IV ) ] 2
obsd

k -il  C e ( I I I ) ]  +  * ,[C e (IV )]
(9)

or

[C e (IV )] =  1  fe -d C e q il)]  

V  obsd h  + kMCe(TV)]
( 1 0 )

Values of /c'obsd calculated from  the integrated form  of 
eq. 8  are presented in  Table  I I .  A s in  case I ,  each value 
of fc'obsd is the mean of four determ inations w ith  the 
ind ividu a l determ inations d iffering from  the mean b y 
less than 10%. The values of [C e (IV ) ]/A/0bSd are plotted 
against [C e ( III) ] 0/ [C e (IV )]m in  F ig . 3, where [Ce- 
( IV )  ]m is the mean concentration of ce riu m (IV ) during 
the run. I t  w ill be seen th a t the p lo t is linear and of 
fin ite  intercept, as required b y eq. 10. Since the in 
tercept is ve ry  sm all, the value of 7cj was determ ined 
d ire c tly  b y  measuring the rate of the hydrogen per
oxide-cerium  ( IV )  reaction a t h igh cerium  ( IV )  concen
trations, b u t in  the absence of added cerium  ( I I I ) .  
Th e  results of these measurements, w hich are included 
in  Tab le  I I ,  give Ad =  1.0 ±  0.1 X  106 F - 1  sec. - 1  at 
25.0°. T h is  value of Ad is in  good agreement w ith  the 
value given b y  the intercept of F ig . 3. Th e  slope of 
F ig . 3 gives 1.19 X  107 F - 1  sec. - 1  fo r the value of k^ /  
lc~i a t 25.0°, w hich is in  good agreement w ith  the value 
calculated from  the slope of F ig . 2. Th e  mean of 
these values is 1.28 ±  0.1 X  107 F - 1  sec.-1 , correspond
ing to a value of 13 ±  2  fo r k2/k-i a t 25.0°. T h is  
value is consistent w ith  J ia t obtained b y  S igler and 
M asters at 0 ° . 3

Th e  studies described above are thus consistent w ith  
the mechanism proposed b y  S igler and M asters and 
in  addition  establish th a t kx =  1.0 ±  0.1 X  106 F - 1  

sec. - 1  in  0.8 V  su lfuric acid a t 25.0°.

COMMUNICATION TO THE EDITOR
O N  L A R G E  D IF F E R E N C E S  IN  T H E  E Q U I
L IB R IU M  S O L U B IL IT IE S  O F  H Y D R O G E N  

A N D  D E U T E R IU M  IN  P L A T IN U M - 
P A L L A D IU M  A L L O Y S

Sir:
The absorption of deuterium  b y  palladium  has been 

investigated recently, u tiliz in g  the technique of d irect 
absorption of deuterium  gas from  acidic heavy water 
solutions . 1  Th e  course of absorption was followed b y

(1) T. B. Flanagan, J. Phys. Chem., 65, 280 (1961).

changes of re la tive  resistance and electrode potentia l 
of the w ire specimens. I t  p reviously has been demon
strated th a t equ ilibrium  absorption data are obtained 
w ith  th is technique . 2 In  agreement w ith  earlier w ork, 
it  was found th a t the final equ ilibrium  so lu b ility  of 
deuterium  in  palladium  does not d iffer appreciably 
from  th a t of hydrogen in  palladium , i.e., D /P d  = 
0.65, H /P d  =  0.69 (atom ic ratios, 25°, 1 atm . pressure). 
H a vin g  regard to  th is difference in  solubilities in

(2) T. B. Flanagan and F. A. Lewis, Trans. Faraday Soc., 55, 1409 
(1959).
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palladium  (25°), a separation procedure fo r hydrogen 
isotopes is not p a rticu la rly  prom ising (barring special 
chrom atographic procedures3) .

Carson, et a ï. , 4 have u tilized  the technique m entioned 
above to  investigate the absorption of hydrogen b y  a 
series of p latinum -pallad ium  alloys. T h is  com muni
cation reports the extension of th is technique to the 
absorption of deuterium  b y  these same alloys. These 
results are shown in  Table  I  as compared to  the equi
lib riu m  solubilities of hydrogen in  the same a lloys.

T a b l e  I
E q u il ib r iu m  So l u b il it ie s  o f  H y d r o g e n  an d  D e u t e r iu m  in  

P l a t in u m - P a l l a d iu m  A l l o y s  (2 5 ° , 1 a t m .)
Atomic ratios

Atomic per cent platinum H /Pd D /P d
0 0 .6 9  0 .6 5
2 .7 9  .6 4  .51
5 .7 3  .59  .38
8 .8 0  .46  .03

1 2 .0 3  .20  .02

I t  m ay be seen from  Table  I  th a t there is a significant 
difference in  the equ ilibrium  so lubilities of hydrogen 
and deuterium  at certain a llo y  com positions, i.e,,
8.80 and 12.03% platinum . Th e  equ ilibrium  isotopic 
so lu b ility  ra tio  observed fo r these a lloys, approxi
m ate ly 1 0 : 1 , approaches the m axim um  kinetic sepa
ra tion  factors p reviously observed.

T h is  large difference in  isotopic solubilities suggests 
th a t these alloys m ay be u tilized  to effect an isotopic

(3) E. Gluekauf and G. P. Kitt, Proc. Intern. Symp. Isotope Separation 
Amsterdam, 227 (1957).

(4) A. Carson, T. Flanagan, and F. Lewis, Trans. Faraday Soc., 56, 363, 
371, 1332 (1960).

separation a t 25°. T o  test the fe a sib ility  of such a 
separation the fo llow ing experim ents were perform ed. 
A n  acidic solution of lig h t and heavy w ater (50%  
heavy water, 0.1 N) was electrolyzed w ith  a platinum  
electrode as anode and a 12.03% p latinum -pallad ium  
w ire specimen as cathode. A fte r electrolysis fo r 17 
h r. at 1  ma. current, the re la tive  resistance of the speci
men increased from  1.000 to 1.567 ohms. 4 Th e  sample 
was rem oved from  the electrolysis cell and degassed 
in vacuo (300°). The to ta l gas evolved was analyzed 
w ith  the aid of a mass spectrom eter as: 83.5% H 2, 
15.8% H D , and 0.7%  D 2; it  m ay be noted th a t these 
percentages are close to  those predicted b y  assuming 
statistica l equilibrium . Th e  separation factor, (C W  
C d ) i i / ( C h / C t O i , is 10.6, where the subscript I I  refers 
to the ra tio  of the to ta l concentrations of hydrogen 
and deuterium  in  the final state and the subscript I  
refers to  th e ir ra tio  in  the in itia l state. A  fu rth e r 
electrolysis experim ent was perform ed w ith  a w ater 
m ixtu re  richer in  heavy water (70%  heavy w ater). 
Th e  separation factor achieved in  th is experim ent was
15.3.
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