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The hydrolysis of /3-diethylaminoethyl acetate was inv
catet ”t ¥ty ro(s cee’a g%@r& ?/Eacu(ﬁl

TR A ety O
Introduction

The physiological activity of o-aminoethyl carbox-
ylates has prompted this investigation of the kinetics of

0
R—C R
\
OCH>CH:N
\
R
hydrolysis of a simple prototype at physiologically
significant pH values.

Davis and Ross2 compared the rates of hydrolysis of
ethyl acetate, dimethylaminoethyl acetate, and acetyl-
choline in acidic and basic 80% aqueous acetone solu-
tions at 50°. The marked increase in rate noted in
basic solution for acetylcholine was attributed to the
positive charge on the o-nitrogen atom. The forma-

tion of a sterically favorable activated complex was
postulated.

(CH3
+N/
o ‘ol
R—C¢  CH2
oRo’

The increased rate of hydrolysis of dimethylamino-
ethyl acetate (relative to ethyl acetate) was attributed
to activation of the carbonyl bond by the o-nitrogen
atom electrons.

The present research deals with a study of the com-
parative kinetics of hydrolysis of o-diethylaminoethyl
acetate, acetylcholine, and ethyl acetate over the pH
range 5.5-8.4 at 50-65°.

(1) In partial fulfillment of the requirements for the Master of Science
Degree at Niagara University, 1960. Presented at the 137th National Meet-
ing of the American Chemical Society, Cleveland, Ohio, 1960.

(2) w. Davis and W. C. J. Ross, J, Chem. soc., 3056 (1950); 2706 (1951).
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pH JT, BHVBo
50 8.0 5.2 X 10~9 0.658
29 8.0 6.4 X 10> 614
60 5.0 7.9 X 10~9 997
60 1.5 199
60 1.9 613
60 8.4 334
65 8.0 9.9 X 109 502

BH+ = acid salt. B0 = total ester.

Determination of Hydrolysis Rates of DEA HCL in Deu-
ter[%um Ox?é —Tﬁe same pryocet} re was emp]oye as In water.

(3) IT. Gilman, L. C. Heckert, and R. McCracken, J. Am. Chem. See., 50,
437 (1928).

(4) J. W. Churchill, M. Lapkin, F. Martinez, and J. A. Zaslowsky. ibid.,
80, 1944 (1958).
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The pH meter readings were however corrected by the method of
Long as described by Bender6

pD = pH + 04

reaction rate constants
land 1.66 X 1073

The calculated pseudo-first-order
at 60° and pD 8.4 were 157 X 10”3 sec.”
sec.“lin duplicate experiments.

The ifa (at 60°) of DEA-HC1 in DD was determined using
the relationship between pD and the measured pH.

#a(DD) = 4.09 X 109
5. The Hydrolysis of Acetylcholine Chloride.— acetyicholine

chloride (Matheson, Coleman and Bell) was recrystallized from
acetone. The dry hygroscopic salt had a melting point of 150-
151° in agreement with Jones and Major.6

The hydrolyses were conducted in a manner similar to that

described for DEA-HC1. The kinetic data, at 60°, are sum-
marized

pH hi, sec. 1 (pseudo-first-order) fa, 1 nole sec.

6.0 2.53 X 1076 26.4

6.9 2.13 X 1076 28.0

6.9 2.24 X 1076 29.4

7.8 1.77 X 1074 29.2

Av. fa: 28.2

The Hydroly5|s of Ethy' Acetate.—The reaction was stud-
ied at 60° employing the same general technique which has been
described, provision being made to operate in a closed system
to prevent evaporation losses.

The data are summarized

pH fa sec.”1 fa 1 mole sec.-I
6.0 1.0 + 0.08 X 1077 1.04
7.0 1.1 + 0.1 X 10”6 1.18
Av. fa: 1.1
The Determination of the Presence (or Absen of the
Et%ylenemmonlum ?on during tﬁe f—?y olysis 0 D —The

rapid reaction of ethyleneimmonium ion with sodium thlosulfate
suggested that the presence of thiosulfate ion in the hydrolysis
solution of DEA would monitor (at least qualitatively) the for-
mation of the cyclic ion. A known excess of sodium thiosulfate
was added to a hydrolysis solution at pH 8. After approxi-
mately 60% reaction, an aliquot of the solution was titrated
with standard iodine for thiosulfate assay. There was no con-
sumption of thiosulfate during the hydrolysis.

Discussion
Although the rate of hydrolysis over the entire pH
range can be expressed by the summation
h(B) + fBH+) + fc,(B)(H+) + /&B)(OH) +
*(BH+)(OH") + ie(BH+) (H+) is the
concentration of the free base of the ester and BH+ is
the acid salt)

(where B

the relationships
/| =
fl=

B/B,
BH+/B0O

permit all the terms to be converted to linear functions
of BO (total ester concentration). The following equa-
tion results after rearrangement of the terms

V = (hf+ hf+ hf(FL+) + hf(OH-) + h f(OH*) +
f8 (H+))BO

First-order constants were calculated at four dif-
ferent pH values (5.5-8.4) at 60°. The data are

(5) M. L. Bender, E. J. Pollock, and M. C. Neveu, J. Am. chem. soc., 84,
595 (1962). .
(6) L. W. Jones and R. T. Major, ibid, 69, 200 (1947).

J. A. Zaslowsky and E. Fisher
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Table |
Hydrolysis of DEA- HCI (60°)
kexp. (pseudo-first-

pH order constant), sec.-1 / fa sec.-1
8.4 4,11 X 10”3 0.666 6.17 X 10“3
8.4 4.25 X 10”3 .666 6.39 X 10”3
8.4 4.24 X 103 .666 6.39 X 10”3
7.9 2.27 X 10”3 .387 5.87 X 10”3
7.9 2.15 X 10”3 .387 5.55 X 10“3
7.9 2.09 X 10”3 .387 5.40 X 10“3
7.5 1.18 X 10"' 201 5.89 X 10”3
7.5 1.24 X 10”3 .201 6.17 X 10'3
5.5 1.64 X 1076 .0025 6.54 X 10”3
Av.. 6.04 X 10“3
Least squares value: 6.23 X 10”3

presented in Table I. Assuming the important kinetic
term to be fci(B), the autohydrolysis of the free base,
the pseudo first-order constant could be converted to
a true first-order constant by dividing the experimental
value by the fraction of free amine present at each pH
value (f). The results are given in columns 3 and 4
of Table I.

The constancy of the results over the 1000-fold range
of hydrogen ion concentration suggest that the assump-
tion was valid. A statistical treatment confirmed the
fact that within the precision of the experiments the
equation

k exp. = fki

represents the data to high degree of confidence
(>95%).
The equilibrium

B+ HD 1 BH+ + OH-
” (BH+XOH-) Kw
Kt ~ (B) ©K.

permits an alternate Kinetically equivalent interpre-
tation

fci(BH+)(OH~)

*q -

i(B) Kh fS(BH+)(OH-)

The value of kswas calculated directly from ki assuming
the latter to be the significant contributor. Kw at
60° was taken as 9.6 X 10“147 The least square
value of fs (at 60°) was 516 1 mole“1sec.“1 This
value has the same statistical significance as the first-
order constant kxpreviously developed. The following
alternate Kinetic terms were determined at each
temperature

T. °C. fa, sec. 1 fa, 1 mole-1 sec.~!
50 2.71 X 1073 259
55 4.80 X 10«3 413
60 6.23 X 1073 516
65 9.17 X 1073 715
60 (D20 ) 3.18 X 10”3 785
15480

The data fit the equation: fa = 1.73 X 101 KT 1 mole“1

sec.”1 (for water).

The value of AWMDD) necessary for the determina-
tion of fgDAD) was obtained from the data of Abel
and co-workers8 and the variation of K, (D) with

(7) H. S. Harned and R. A. Robinson, Trans. Faraday Soc., 36, 973
(1940).
(8) E. Abel, Es Brateau, and O» Redlieh, Z; physik. chem., 173, 353

(1935)i
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temperature reported by Wynne-Jones.9 AwD)
at 60°is 1.7 X 10-14 AwWDD) at 25° is 1.6 X 10-15.

The ratio fci(DD)//fa(HD) is 0.51; the ratio ks-
(DD)/fc6(HD) is 1.52. The data of Laughtoni®
and Reitz105for a series of solvolysis reactions indicated
a ratio of slightly less than unity for /c(D2)//c(H D).
The value for ki, was in accord with the work of Long
and co-workers1l and WibergR2on the expected isotope
effect for OH- catalyzed reactions, e.g., ethyl acetate,
1.33; methyl acetate, 1.60. Since recent work13 has
shed considerable doubt as to the utility of the deu-
terium isotope criterion for unequivocal mechanism
assignment, no attempt will be made to utilize this
criterion for distinguishing the two possible mechanisms.

A cyclic mechanism can participate in hydrolysis
reactions of /3-aminoethyl esters.21415 The question
to be resolved is then that of deciding which of the fol-
lowing is the probable reaction path

C2I§|5 Il:zqﬁ
0 J\NL
CHX" L + HD (fa)
0—c
+ C'H*
-O+H -V
CHaC CH~C + OH" M
0—C

The latter alternative (fc§ is chosen on the basis of
the work of Davis and Ross2and this research. The
former have shown that acetylcholine hydrolyzes in
basic solution about 150 times faster than ethyl ace-
tate and 32 times faster than dimethylaminoethyl
acetate at the same concentrations. In the present
research at relatively neutral pH values the second-

order reaction rate constants were
DEA-HC1 516 1 mole-1 sec.-1

28.2 1 mole-1 sec.-1
(ref. 2 at 50° in 80% aq. acetone is 27)

acetylcholine

ethyl acetate 1.1 1 mole-1 sec.-1

If the plausible assumption that DEA and dimethyl-
aminoethyl acetate are similar substrates is accepted
than the order of reactivity of Davis and Ross2 must
be reversed and the hydrochloride of the amine is
found to be about 20 times as reactive to (OH-)

(9) W. F. K. Wynne-Jones, Trans. Faraday Soc., 32, 1397 (1939),

(10) (a) P. M. Laughton and R. E. Robertson, Can. J. Chem., 94, 1714
(1956); (b) O. Reitz, “Handbuch der lvatalyse,” Vol. Il, Vienna, Austria,
Julius Springer, 1940, p. 273.

(11) J. G. Pritchard and F. A. Long, J. Am. Chem. Soc., 78, 6008 (1956);
P. Ballinger and F. A. Long, ibid., 01, 2347 (1959).

(12) K. Wiberg, Chem. Rev., 55, 713 (1955).

(13) M. L. Bender, E. J. Pollock, and M. C. Neveu, .7. Am. Chem. Soc.,
84, 595 (1962).

(14) G. F. Holland, R. C. Durant, S. L. Fries, and B. Witkop, ibid., 80,
6031 (1958).

(15) E. R. Garrett, ibid., 80, 4049 (1958).
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catalyzed hydrolysis as acetylcholine. These data
indicate that a positive charge on the nitrogen atom has
a markedly accelerating effect on the hydrolysis of
/3-amino esters; it is reasonable to expect the effect to
be more marked when the positive charge is carried
by a labile proton rather than by a quaternary nitrogen
atom. It appears that the electrically neutral /3
nitrogen atom is not a particularly effective activating
group.

It should be noted that at complete hydrolysis of
DEA the theoretical quantity of acid was not liberated.
Although this did not interfere with the kinetic interpre-
tation, it was of interest to correlate this “missing”
acid with the base strength of the formed alcohol
(diethylaminoethanol).

For example at pH 8.4, 33.4% of the original ester
was present as the acid salt; only 54% of the theoretical
quantity of acid was liberated at the conclusion of the
reaction. These data indicate that 46% of the formed
acid was bound as the acid salt of the alcohol. The
calculated Ka, at 60° of diethylaminoethanol is 1.0 X
10-9 (Kaof DEA is 7.9 X 10-9). This value was re-
producible at different pH values. At pH 5.5 the theo-
retical quantity of acid was not liberated for a dif-
ferent reason. Although essentially all the amine
remained bound as the acid salt only 83% of the
acid was neutralized at this pH.

To avoid possible interference of a significant salt
effect in the interpretation of the kinetics the solutions
were maintained as dilute as believed practical. Since
the reaction solutions were prepared from 0.003 M
solutions of DEA-HC1, the ionic strength of the initial
solutions were all about 3 X 10-s. At the termination
of the reaction the ionic strengths had increased to
6 X 10-3. The primary salt effect involves the ex-
pression (for a critical complex involving a positive
and a negative ion)

k -
log — = —2Az+z~\/u
ko

where A is the Debye-Hiickel constant (0.54 at 60°
in water), z+ and z~ are the valences of the ions partici-
pating in the rate-determining step, and f0 is the rate
constant for the infinitely dilute solution. This equa-
tion permits a calculation to be made of the expected
change in rate constant as the reaction progresses.
The initial rate constant was 0.872/fo, the final was 0.825-
Ao This small gradual change was not detectable in
the present experiments.

Conclusion

The labile hydrolysis of /3-aminoesters at physiologi-
cally significant pH values is probably caused by the
interaction of a /3-nitrogen atom carrying a positive
charge with the carbonyl oxygen of the ester. The
activated carbonyl linkage is rendered particularly
susceptible to hydroxy] ion attack.
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THE DEUTERIUM
IMIDAZOLE

ISOTOPE EFFECT

IN THE HYDROGEN BONDING OF

IN NAPHTHALENE SOLUTIONS

By Alec Grimison

Chemistry Departnment, University of Puerto Rico, Rio Piedras, P. R.
Received June IS, 1962

A study has been made of the self-association of imidazole and I-d-imidazole in naphthalene solution at 80°.

Under these conditions imidazole forms linear oligomers through N-H-N hydrogen bonding.

The deuterium

compound is found to be less associated, by about 8%, than the hydrogen analog. This difference is analyzed

in terms of the equilibrium constants and free-energy changes for the various association equilibria.

For, eg.,

dimerization the results give a AF° of —1100 cal./mole for imidazole, and a AF° of —1020 cal./mole for 1-d-

imidazole.

Introduction

The question of the relative strengths of the hydrogen
and deuterium bonds is one which has been discussed
recently in several papers,1-10 without any general
conclusion being reached. This problem is of interest
in fields varying from purely chemical kinetic and
mechanistic studies, where deuterium substitution in
solute or solvent is often used to aid interpretation, to
biological studies of the inhibition of mitosis by deute-
rium oxide.510 Some of the most important recent
evidence of quantitative significance is that of Potter,
Bender, and Ritter,2Dahlgren and Long,3and Plourde.4
These data will be discussed later.

The technique used by Potter, Bender, and Ritter was
to study, by means of vapor density measurements, the
relative extent of dimerization of acetic acid and deu-
terated acetic acid (actually acetic-ds acid-d). The
major difficulty lies in the small magnitude of the effect
for the systems studied, often of the same order as the
experimental error. It was felt that a more effective
approach to the problem was through the study of the
relative self-association of a highly associated system,
forming oligomers through hydrogen bonding. It was
preferable for the mathematical analysis of results that
the model system should show a linear increase of asso-
ciation with increasing concentration, indicating that
linear, rather than cyclic, polymers are being formed.
Further, the protons other than those involved in hy-
drogen bonding should be resistant to exchange by deu-
terium, or internal deuterium exchange may necessitate
the study of a completely deuterated compound, as in
the work of Potter, Bender, and Ritter.2 According to
the work of Halevi, 11 this introduces the possibility of
changes in the acid or base strength of the compound
(and thus in the strength of the hydrogen bonding), al-
though the existence of this effect has been disputed.

A system satisfying these requirements was imidazole
and 1-d-imidazole, as it is known that imidazole is highly

(1) J. H. Wang;, Am. Chem. Soc., 73, 510 (1951).

(2) A. E. Potter, Jr., P. Bender, and H. L. Ritter, J. Phys. Chem., 59, 250
(1955).

(3) G. Dahlgren, Jr., and F. A. Long, J. Am. Chem. Soc., 82, 1303 (1960).

(4) G. R. Plourde, Dissertation Abstr., 22, 1400 (1961).

(5) J. Hermans, Jr., and Il. A. Scheraga, Biochim. Biophys. Acta, 36,
534 (1959); see also M. Calvin, J. Hermans, Jr., and H. A. Scheraga, J. Am.
Chem. Soc.. 81, 5048 (1959).

(6) A. M. Hughes, B. M. Tolbert, K. Lonberg-Holm, and M. Calvin,
Biochim. Biophys. Acta. 28, 58 (1958).

(7) V. Moses, O. Holm-Hansen, and M. Calvin, ibid., 28, 62 (1958).

(8) A. M. Hughes and M. Calvin, Science, 127, 1445 (1958).

(9) A. Al. Hughes, E. L. Bennett, and M. Calvin, Proc. Natl. Acad. Sci.,
45, 581 (1959).

(10) See, e.g., P. R. Gross and W. Spindel, Ann. N. Y. Acad. Sci., 90,
Second Conference on the Mechanisms of Cell Division (1960), p. 500.

(11) E. A. Halevi, Tetrahedron, 1, 174 (1957).

This implies weaker hydrogen bonding by deuterium.

associated through N-1i-N bonds in solvents which do
not compete effectively for hydrogen bonding,12 and a
careful spectroscopic study of the association of imid-
azole in carbon tetrachloridei3 has recently proved that
linear oligomers are formed, as would be indicated on
steric grounds, and as previous cryoscopic work in naph-
thaleneX has suggested. Also, it is known that while
deuterium exchange of the 1-position is extremely
rapid, as expected for an N-H proton, the exchange
rates of the remaining C-H protons are very slow, par-
ticularly in neutral solution.’5 The possibility of in-
ternal exchange can therefore be ignored. The associa-
tion of imidazole and 1-d-imidazole was therefore
studied in naphthalene solution by a cryoscopic method,
which satisfies the dual requirements of simplicity and
accuracy, in the concentration range used.

Experimental

Molecular weights were measured by an adaptation of the
Beckmann f. pt. depression technique, but with certain altera-
tions, specifically designed to exclude moisture. Stirring was
found to be best accomplished manually, the spiral glass stirrer
being raised and lowered by a nichrome wire passing through a
closely fitting polythene seal. A Beckman f. pt. thermometer
was used, passing through a rubber bung, and capable of being
read to 0.002°. The freezing point cell was surrounded by an
air jacket, this being immersed in an oil bath, which was thermo-
stated to within 0.05° by a Sunvic unit and intermittent heater.
The use of a large (1.5 kw.) main heater through a rheostat
allowed rapid changes in the thermostating temperature of the
bath.

The stoppered freezing point cell, containing a weighed amount
of naphthalene, was quickly heated to about 10° above the
melting point of naphthalene by a small auxiliary oil bath, then
the thermometer and stirrer assembly replaced, and the whole
placed in the air jacket in the bath, which was thermostated at
about 1.5° below the freezing point of naphthalene. The naph-
thalene was allowed to cool while stirring gently, until a super-
cooling of about 0.02° had occurred, when slightly more vigorous
stirring produced crystallization, and the highest steady tempera-
ture reached under stirring was recorded as the freezing point.
No supercooling difficulties or correction proved necessary as is
found for certain other solvents, particularly sulfuric acid.
Subsequent measurements could be effected simply by warming up
the cell in the auxiliary oil bath, then replacing in the air jacket in
the thermostated bath, and were generally reproducible to
+0.002°. This procedureis much more rapid and rigorous than
the alternative of raising the cell temperature by means of the
main bath, then re-equilibrating the bath and cell at the correct,
thermostating temperature.  Solid samples were introduced
through a stoppered glass tube passing into the cell, by means of
a specially designed weight bottle and glass tube.

(12) K. Hofmann, “Imidazole and its Derivatives,” Pt. |, Interscience
Publishers, New York, N. Y., 1953, p. 24.

(13) D. M. W. Anderson, J. L. Duncan, and F. J. C. Rossotti, J. Chem.
Soc., 2165 (1961).

(14) L. Hunter and J. A. Marriott, ibid., 777 (1941).

(15) R. J. Gillespie, A. Grimison, J. H. Ridd, and R. F. M. White, ibid.,
3228 (1958); A. Grimison, Ph.D. Thesis, London, 1958.
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M aterials.—Deuterium oxide was >99.8%, obtained from Bio-
Rad Labs.

B. D. H. cryoscopic naphthalene was dried
twice over phosphorus pentoxide in vacuo at 60° and was
stored over P205in a vacuum desiccator. The freezing point of
the pure naphthalene provided a purity check, being usually
constant to within +0.005°. Samples varying more than 0.01°
from the mean were discarded, or resublimed.

Imidazole was purified by a preliminary recrystallization from
benzene, followed by vacuum sublimation at ca. 60°.

1-d-Imidazole was prepared by equilibrating 2 g. of imidazole
with two 15-ml. portions of 99.8% D2, removing the solvent by
means of a vacuum oil pump at room temperature each time,
then subliming the product to purify, without transfer from the
original vessel. This technique and associated apparatus has
previously been described. 5

Analysis of the D ata.— I he data from experimental cryoscopic
measurements consists initially of a series of values for the
apparent molecular weight of the solute at different solute con-
centrations. This is customarily expressed in terms of an asso-
ciation factor given by/ = Q/N, where Q — stoichiometric con-
centration of single molecules, i.e., in terms of formula weights,
and N = apparent concentration from measurement of any colli-
gative property, both expressed in the same units. 1 he first
step of an analysis of the data is a calculation of the equilibrium
constants, k1 for the self-association reactions LA ;+ AI,
where A = monomer, AL = polymer of order L, and k 1 — A1/A,
Also of interest may be the equilibrium constant k 1" for the addi-
tion of a monomer unit to a polymer of order L; i.e., the asso-
ciation reaction AL+ A ;+ Al +1,givenby K1 = K1 + 1/K 1.
From these equilibrium constants the free-energy changes for the
above reactions can be calculated. The basic assumption neces-
sary for a calculation of the equilibrium constants is that all
deviations from ideality are due to the presence of associated
molecules. This is certainly not strictly correct at the concen-
trations normally used in cryoscopic work, and precautions
need to be taken when making precise calculations. However,
the deviations will be of no significance in a relative study on two
closely similar molecules as reported here, i.e., it is assumed that
the solute-solvent interactions are not significantly changed by
the substitution of deuterium for hydrogen in this system. It is
appropriate to mention here that no assumptions are made that
some very weak hydrogen bonds are not formed with the solvent
naphthalene, but only that these interactions are so weak in
comparison with the predominant solute-solute hydrogen bond-
ing that any changes in this solute-solvent bonding by substitu-
tion of deuterium for hydrogen must be negligible. ,

As demonstrated in the work of Martin and Kilpatrick,B
the first essential step is the establishment of a relationship
between / and N or Q. Three somewhat different methods of
calculating the equilibrium constants are those of Lassettre,1&b
Dunken, 192 and Bjerrum and Fronaeus.2-2 See also Rossotti
and Rossotti.232 The method of Lassettre, although less generally
applicable than the others, is accurate and convenient for suitable
systems, and has been shown to give good results for compounds
with a similar type of association behavior to imidazole,® it
was therefore used exclusively.

Lassettre considered a general equation for association behavior

/ =1+ aQ + PN

where a and p are constants. It is obvious that in the limit
p = () the equation describes a compound in which/ is a linear
function of Q. It can be seen from Fig. 1 that this is true for
imidazole, so that « is easily determined from the slope of the
straight line plot. Lassettre goes on to prove that the equilib-
rium constants kK 1 are given by Kk L = (otL)L~I/L\, and the equi-
librium constants AV by kKi1* = a(L + 1)h~'/L for the limiting
case with (3=0.

Equilibrium constants k 1 and k 1 were therefore determined
from the slope of a plot of / against @ as above. The free energy

(16) N. E. White and M. Kilpatrifbg J. Phys. Chem., 59, 1044 (1955).
(17) E. N. Lassettre, Chem. Rev., £V, 259 (1937).
(18) E. N. Lassettre, J. Am. Chem. 4%% , 1383 (1937).
20
1

(19) H. Dunken. Z. physik. Chem., 1 (1940).
(20) K. L. Wolf, H. Dunken, and K. Merkel, ibid., 468, 287 (1940).
(21) J. Bjerrum, Kem. Maanedsblad, £4, 121 (1943).

(22) S. Fronaeus, Dissertation, “Komplexsystem bos Koppar,” Lund,

1948.
(23) F. J. C. Rossotti and N. Rossotti, J. Phys. Chem., 85, 1376 (1961).

resubliming
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changes involted in the more physically meaningful reaction
A + Al va Al + i, \Fr1*, for both normal and 1-rf-imidazole
were calculated from the relation AF1e* = -1ff Ina —RT
(L-1)Inw + L.

Results and Discussion

The results for the association of imidazole are shown
in Table | and plotted in Fig. 1. The slope of the
graph agrees very well with the results of Hunter and
MarriottX4 (1.5% diff.), although their graph was dis-
placed slightly to the right, and in fact failed to ex-
trapolate to the point/ = 1, Q = 0. This might be due
to the neglect of drying the naphthalene used, resulting
in some competition for hydrogen bonding by water.

Table |

Association of Imidazole"

Run no. Oonen. (m) AT, °C. Assn, factor
H. 2 0.0612 0.337 1.25
H. 2 1174 531 1.53
H. 1 .1300 .567 1.58
H. 2 .1625 .645 1.74
H. 3 .3705 915 2.79
H. 4 .3960 940 2.91
H. 3 4781 1.014 3.25
H.5 6117 1.095 3.86

akt for naphthalene = 6.90 throughout.

In Table Il is shown the association behavior of
1-d-imidazole, and these results are also plotted in Fig.
1. Qualitatively, it is immediately obvious that the
deuterium compound is less associated at all concen-
trations than the hydrogen compound; and the benefit
of working with a higher extent of association is im-
mediately seen by the spread of the two plots at higher
concentrations. It is worth noting that it is in this
very region that the precision of molecular weight
measurement is greatest, since the observed depressions
are large.

Table Il

Association of 1-d Tmidazole

Run no. Oonen. (m) ATf, °C. Assn, factor
D. 8 0.0347 0,224 1.07
D.9 1177 .550 1.48
1). 2 .1481 .618 1.65
D. S . 1486 .622 1.65
D. 9 .2545 .862 2.04
D. 8 .2827 .859 2.27
D. 8 4246 1.032 2.54
D. S .5459 1.125 3.35
D. 6 .6331 1.167 3.74
D. 1 .6767 1.178 3.96
D. 4 7417 1.218 4.20
D. 5 .7450 1.227 4.19

Table Il
a K® K, A« Kb

H CMPD 4.79 4.79 34.4 293.0 2741

Other workers  4.86
D CMPD 4.29 4.29 27.6 210.0 1758

The results, then, indicate that the deuterium bond is
weaker than the hydrogen bond, by 80 cal./mole in
1000 for the free energy of self-association, or roughly
8%. This is in agreement both in direction and mag-
nitude with results obtained by Grimison and Long
from a study of the effects of deuterium substitution on
some keto-enol equilibria involving internally hydro-
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Table IV

a K'i K't K, K't
4.79 4.79 7.18 8.51 9.35
4.29 4.29 6.43 7.62 8.37

H CMPD
D CMPD

Concn., m.
Fig. 1.—'Association behavior of imidazole (O) and I-2H-imid-
azole ().
gen bonded ends.24 The results also agree well with the
recent findings of Plourde4 on the dimerization of
phenol-li and phenol-d, although the effect was reversed
for the very weak association of phenolA and phenol-d
with added compounds.

The conclusion of Potter, Bender, and Ritter2from
their work on acetic acid was a difference of 300 cal. in
1400 cal. in the enthalpy of dimerization, with the deu-
terium bond stronger than the hydrogen bond. How-
ever, a survey of the measurements on acetic acid and
other carboxylic acids,? indicates that observed dif-
ferences are usually within the experimental error for
carboxylic acid systems, and formic acid shows
a lower extent of dimerization for the deuterium com-
pound, i.e.,, an effect in the opposite direction to

(24) A. Grimison and F. A. Long, unpublished work.
(25) “The Hydrogen Bond,” G. C. Pimentel and A. L. McClellan, W. H.
Freemann and Co., 1960, p. 210.

Kcal. (mole)
—Afv* —AFV

1.39 1.50
1.31 1.43

-AF
1.10
1.02

—AF'i°
1.57
1.49

AA/?,° cal./mole
78 + 1cal

that of Potter, Bender, and Ritter. Most of these
results stem from work in the gas phase. Pimentel and
McClellan® have concluded from these results that
—AH° is essentially constant, regardless of deuterium
substitution in the cases studied, and that the data do
not support the postulate of a stronger deuterium bond.

The work of Dahlgren and Long on the ionization
constants of maleic and fumaric acids and their mono-
ethyl esters in HD and D D 8showed that there was less
H bonding of the deuteriobimaleate ion in deuterium
oxide than the corresponding hydrogen analog. As
was pointed out, there is a considerable body of evi-
denceX®* B to suggest a smaller amount of H bonding
for deuterium in deuterium oxide than for hydrogen in
water, although this permits of two interpretations.
One is that in fact the relative hydrogen bonding of
deuterium would be weaker for the isolated molecules,
but the other is that the H bonding of the solvent HD is
greater than that for DD.

The implication of the present work is that the rela-
tive hydrogen bonding of deuterium is weaker for mole-
cules associating in a non-H bonding solvent, although
the second effect may also be important in aqueous
solutions. Plourde’s work suggests that the entropy
effect can be significant, at least for very weak hydrogen
bonds, and it is planned to ascertain if this effect is at
all appreciable for the association of imidazole.
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The rate of oxygen exchange between chromate and water in moderately alkaline solution is first order in

[CrO.-2] and independent of pH.
Below pH 9.7 the rate is dependent on pH.
nism involving Cr207-2.

Several investigators2 have observed that oxygen
exchange between chromate(VI) ions and solvent
water is subject to acid catalysis. Mechanisms involv-
ing formation of dichromate have been suggested.
Mills3 has rejected these mechanisms in favor of a

(1) Taken from part Il of the thesis to be submitted by Michael R.
Baloga to the Graduate School of Georgetown University in partial fulfill-
ment of the requirements for the Ph.D. degree, 1963.

(2) (a) E. R. S. Winter, M. Carlton, and H. V. A. Briscoe, J. Chem. Soc.,
131 (1940); (b) N. F. Hall and O. R. Alexander, Am. Chem. Soc., 62, 3455
(1940); (c) A. 1. Brodskii and E. I. Dontsova, Dapovidi Akad. Nauk,
URSS, 3 (1940); Chem. Abstr., 37, 4957 (1943).

(3) G. A. Mills, 3. Am. Chem. Soc., 62, 2833 (1940).

The first-order rate constant at 25° in M LIiCICfiis (6.9 + 0.1) X 10-4mm.-1.
At pH 7.2 the rate is second order in [Cr(V1)], indicating a mecha-

monomolecular dehydration similar to that suggested
for some other oxyions.4 No data are available as to
the effect of Cr(VI1) concentration on the rate of oxygen
exchange of chromates. The aim of this study was to
obtain such data as a test of the proposed mechanism.

Experimental
Reagents were prepared and purified by standards methods.
COj-free solutions were employed. Solid enriched Li2Cr04
(2.68 atom % 018 was dissolved in normal water containing
sufficient HC104 or LiOH to give the desired pH and having a

@ G A Millsad H C Urey, ibidt &, 1019 (1940).
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concentration of LiC104 calculated to bring the total, nominal
ionic strength to 1 M. The pH of the solution was measured
and, if necessary, readjusted after Li2Cr04 was dissolved. Re-
action mixtures were thermostated at 25.0 + 0.1°. Aliquots
were quenched with Ba(C104)2 solution.5 The resulting mixture
was centrifuged and the precipitate was washed with water and
vacuum dried. A Bendix time-of-flight mass spectrometer was
used to determine the isotopic composition of 0» obtained by
heating BaCr04at 500° for 2 hr.
Rates, R, were evaluated using eq. 1

cJ- C
0 "0
where C is the total concentration of oxygen in Cr(VI) and
C is the concentration OBin Cr(VI1). W is the total concentra-
tion of oxygen in water. Co' was checked by analysis of 02
obtained by decomposing Li2Cr04 at 1000°. C«' was obtained

after ten half-times. Both Co' and C,' agreed well with ex-
pected values. Rates are reproducible to 3%.

Results

Table | shows rates of oxygen exchange between
Cr042 and solvent water measured under various
concentration conditions at 25.0°. Above pH 9.7
the rate is independent of pH and first order in total
Cr(VI) concentration (thereafter [Cr(VI)]). This is
indicated by the constant values of k (ratio of rate to
[Cr(VI])]) found in experiments one to four. Experi-

R(W + G

= log F = (i)

lo
9 2.m ¢

Table |

Rate of Oxygen Exchange between Cr04 2 and HD at
25.0° (LiC104)

[Cr- [Li- Rate
1V1)] cioni X 10« fc X 10,
X 10, X 10, <7« M k X 10« M~1
Expt. pH M M min. min._1 min.-I  min. -J&
1 12.03 1.26 6.12 4080 0.849 6.79e
2 1090 1.64 5.05 4040 1.12 6.82e
3 10.90 1,57 5.26 3900 1.12 7.06¢
4 9.71 3.31 3850 2.34 7.04e
5 8.22 0.467 8.60 1600 0.808 (17.3)
6 7.20 .140 9.58 538  0.539 (38.5) 2.7
7 7.20 195 9.42 481 1.12 2.7
8 7.20 240 9.28 405 1.64 2.8
9 7.20 274 9.18 318 2.39 3.2
10 7.20 746 7.76 125 16.5 3.0
11 7.20 1.46 5.62 34 118 (5.5)
12 7.20 1.83 4.45 26 193 (5.7)
13 7.20 1.92 4.24 19 275 (7.4)

aRate/[Cr(VI)].
X 10“4min.-1.

1Rate/[Cr(VI)]2 ‘'Average (6.9 = 0.1)

(5) More easily handled precipitates were obtained when less than
equivalent quantities of Ba(C104)2 were used.
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ments four to six show the expected acid catalysis be-
low pH 9.7.

King and Tong have studied6 the formation of
Cr7~2from HCr04- in M LiC104 The acidity con-
stant of HCr04_ in this medium was not determined.
Studies in more dilute7 and more concentrated8 media
indicate that pKais about 5.9. This indicates that at
pH 7.2 most (>90%) of the Cr(V1) is present as Cr04-2
rather than asHCr04_or Cr"Cb-2. Therefore, the equi-
librium concentration of Cr22%" 2is approximately pro-
portional to [Cr(VI)]2

Experiments six to ten show that the rate of oxygen
exchange is proportional to [Cr(VI)]2at low [Cr(VI)].
This indicates the presence of a term in Cr207-2 in the
rate law. The results of experiments eleven to thirteen
might be thought to indicate a higher order term in
Cr(VI). It is more probable that these results reflect
variations in total ionic strength among these experi-
ments.

The rate law for oxygen exchange involves several
terms.

Rate = fc[Cr04~2] + /g>[CrD 7~-2] +

In order to compute a meaningful value for /cD or assess
the importance of terms in HCr04 ,9it is necessary to
have exchange and equilibrium data measured in the
same medium.

The observed second order constant f2 (Table 1)
could be related to ftD if these data were available.
The rate constant for Cr227~2hydrolyses measured by
Lipshitz and Perlmutter-Hayman, using flow tech-
niques, should be comparable to /cD. Several hazardous
approximations are involved in the comparison of their
results with our measured Ju but the sets of data do
not seem to be incompatible.

The experiments in basic solution show that exchange
occurs without polymerization: the experiments at pH
7.2 indicate that exchange occurs in neutral solution
by a mechanism involving Cr27-2.
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Among the polycrystalline sugars, only D-fructose and L-sorbose, when irradiated, are known to give an e.s.r.

spectrum of four lines.

When irradiated polycrystalline L-sorbose was heated to 100° it gave a spectrum
identical with that of irradiated D-fructose which had not been heated.
from polycrystalline materials were studied in more detail using single crystals.

In the present work, the results obtained
Irradiation at 77°K. followed

by heating revealed that a radical transformation occurs in these sugars, which is caused by the deformation

of the pyranose ring.

Introduction

The author and his co-Workers found that irradiated
polycrystalline fructose and sorbose yield well resolved
e.s.r. spectra, while most other irradiated sugars give
broad asymmetric spectra.3 When irradiated single
crystals of sucrose were studied, it was found that the
broadening of the lines is caused by some kind of anisot-
ropy.4 It was also found that, if polycrystalline 1-
sorbose irradiated at 20° is heated at 100°, the e.s.r.
spectrum thus obtained coincides with that of -
fructose which had been irradiated at 20° but not
heated.

The present work was planned to illustrate these
points by studies on single crystals.

Experimental

Single crystals of D-fructose were obtained by slow evaporation
of an aqueous solution. These crystals are orthorhombics
and conventional coordinate axes were selected as shown in Fig.
1. Single crystals of L-sorbose, obtained by slow evaporation
of a methanol solution, are also orthorhombic5 and conventional
coordinate axes were selected as shown in Fig. 1. By slow evapo-
ration of a 1:1 mixed solution of D-fructose and L-sorbose asingle
crystal having a different crystal structure from either fructose
or sorbose and with an apparent density of 1.60 (L-sorbose;
1.5 and D-fructose; 1.8) was obtained. However, the melting
point of this crystal was the same as that of L-sorbose, which is
less soluble in water than D-fructose.

These single crystals were irradiated at 77 and 293°K., and
e.s.r. measurements were made at both of these temperatures
at afrequency of 9400 Mc./sec.

Results

1. Irradiation at 77°K.—-The e.s.r. spectra, ob-
served at 77°K., of these crystals are shown in Fig. 2.
The spectra of both sorbose and fructose consist of a
doublet with a splitting of 18 gauss at a certain orien-
tation of the crystal in the magnetic field. This
doublet, the spacing of which is isotropic, further
splits at other orientations into a pair of doublets,
whose splitting is less than 2.5 gauss. Therefore there
are two kinds of protons interacting with the un-
paired electron. The spectral lines of sorbose are
broader and more deformed than those of fructose,
but are of the same nature.

When these crystals were warmed to 193°K., cooled
again to 77°K., and the e.s.r. spectra again measured,
the spectra obtained were as shown in Fig. 2. The
isotropic spacing; increased from 18 gauss to 23 gauss.

When these crystals were further warmed to 293°K.,

(1) This work was supported by the Air Force Office of Scientific Re-
search, Air Research and Development Command.

(2) Nishina Memorial Fellow.
(3) H. Ueda, Z. Kuri, and S. Shida, Nippon Kagaku Zasshi, 82, 8 (1961).

(4) H. Ueda, Z. Kuri, and S. Shida, J. Chem. Phys., 35, 2145 (1961).
(5) P. Groth, “Chemisehe CrystallOgraphie,” Vol. 3, Leipzig, 1912, p. 440.

The free radical produced is -CH(OH)-C(OH) -GHs-O

they gave spectra identical to those obtained from the
sugars irradiated at 293° K.

2. Irradiation at 293°K. A. D-Fructose.—On ir-
radiation at 293°K., a quartet e.s.r. spectrum is
observed as shown in Fig. 3. The spacing of the
quartet, which is independent of crystal orientation, is
15 gauss. However, the intensity ratios of these four
lines depend upon the orientation of the crystal in
the magnetic field. A quartet having equal spacings
can be obtained by nuclear spin coupling with two
protons (splitting factors 1:2) or three protons with
equal coupling.

When this crystal is cooled to 77°K. and the spectra
taken, broadened lines are observed at the same
positions as those observed at 293 °K.

B. L-Sorbose.—At this temperature, the spectra
from the irradiated sorbose are significantly different
from those of fructose. They consist of a doublet
and a quartet, as shown in Fig. 4. The quartet
becomes relatively stronger in intensity when the micro-
wave power is decreased. When the crystal is heated
to 100° for ten minutes the intensity of the doublet
decreases and that of the quartet increases, as shown
in Fig. 4. Therefore, the free radical which gives
rise to the doublet changes to the other radical, which
gives rise to the quartet. The spacings of the quartet
are all 15 gauss, the same as those in the spectrum of
fructose.

The power dependence of the intensity ratio, de-
fined by U/h of Fig. 4, is shown in Fig. 5. The change
of this intensity ratio with the orientation of the
crystal in the magnetic field is shown in Table I.

Table |

The Orientation Dependence of the Intensity Ratio

Angle: <H 0° 30° 60° S8z 120° 150°
Incident power

1 mw. 1.0 1.0 1.2 1.4 1.3 2.1
30 mw. 6.3 9.5 7.3 6.5 9.2 4.7

30mw./I mw.* 6.3 9.5 6.1 4.6 7.1 2.2

° This line shows the ratio of the values in the second and the
first lines. The 2-axis was kept perpendicular to the direction of
the magnetic field.

Discussion

Although the intensity of the quartet cannot be
used to decide the number of protons interacting with
the unpaired electron in the irradiated fructose and
sorbose at 293°K., it may be concluded that there are
three protons interacting equally with the unpaired
electron for the following reason. Among the various
hexoses, only these ketohexoses have a pyranose ring
with a methylene group in it. And since only these
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D-Fructose L-Sorbose

Fig. 1.—single crystals of D-fructose and L-sorbose.

Fig. 2—E.s.r. spectra of D-fructose irradiated at 77°K. A:
ZxH = 90°, ZyH = 75° and ZzH = 165°. B: ZxH = 90°,
ZyH = 30° and ZzH = 120°. Both A and B were measured
at 77°K. C: H/ly. D: ZxH = 90°, ZyH = 120° and ZzH
= 30°. Both C and D were observed after the crystal was
warmed to 193°K. and cooled again do 77°K.

ketohexoses, upon irradiation give rise to a quartet,
these methylene protons may be interacting with the
unpaired electron. The isotropic character of the
spacing of the doublet suggests that the structure of
the free radical isnot RCH—R '. Therefore, the struc-
ture of the free radical, in which the H atoms in the
methylene group are interacting with the unpaired
electron, is as shown in Fig. 6. If Hi and Hi' are in-
teracting with the unpaired electron, H3 should also
be interacting. The configuration in which the three
protons are interacting equally with the unpaired elec-
tron is that in which CiCZC3 are in the same plane,
as shown in Fig. 6C.

In the original configuration, Fig. 6A, however,
CICx3 are not in the same plane. In the configura-
tion shown in Fig. 6B, the pzorbital of the unpaired
electron is nearly parallel to the axial bond. There-
fore, S-1 interaction is observed only with Hi in this

Electron Spin Resonance of Irradiated d-Fructose and 1-Sorbose 967

2.0036

<-45Gauss —»

Fig. 3.—E.s.r. spectra of D-fructose irradiated at 293°K. A:
ZxH = 90°, ZyH = 60° and ZzH = 150° at the microwave
power of 20 mw. B: ZxH = 90°, ZyH = 105° and ZzH =
15° at the microwave power of 2 mw.

<-50 Gauss —

Fig. 4.—E.s.r. spectra of L-sorbose irradiated and measured at
293°K. A, at the microwave power of 2 mw. and aty ¢4 H; B,
in the same orientation in the magnetic field and at the micro-
wave power of 20 mw.; C, after the crystal was heated to 373°K.
for ten minutes. The microwave power was 2 mw. and the
orientation was the same as in the above two cases.

case. The doublet observed at 77°K. in the crystal
of both fructose and sorbose, and also at 293°K. in
the crystals of sorbose, is explained by this configura-
tion. In the crystals of sorbose irradiated at room
temperature, most of the free radicals are in the con-
figuration B. After heating, the configuration of most
of the free radicals changes to configuration C. How-
ever, in the crystals of fructose irradiated at room
temperature, all the free radicals have taken the con-
figuration C. The difference of melting point between
these two sugars may account for this difference.
The melting point of L-sorbose is 160°, while that of d-
fructose is 95°. The thermal change of configuration
which can only be accomplished at 100° in L-sorbose
has occurred in D-fructose even at 20°.

The spin densities calculated from the formula p =
A/2QcosDare listed in Table I1.
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1 I I
10 20 30
Incident Power (mW),

Fig. 5.—The power dependence of the intensity ratio U/h in
Fig. 4, which is supposed to be 3.0 in an ideal case.

Table Il

The Free Radicals in d-Fructose and 1-Sorbose

Irradia- Heating, Measure- Spin

Crystals tion, °K. °K. ment, °K. cos2d density
D-Fructose 77 77 0.9 0.4
77 193 77 .9 .5
293 293 9 4
L-Sorbose 293 293 7 5
293 293 .96 6

“ For the quartet. 6 For the doublet.

In Table Il, almost all the spin densities observed
appear too small. However, the unpaired electron
may find its spin density on the oxygen atom of the OH
group attached to C3 and perhaps on the oxygen atom
in the ring. On the other hand, cos® is not precisely
estimated for such deformed configuration.

The small splitting of 2.5 gauss, as seen in Fig. 2,
may be attributed to the interaction with the proton
of OH group attached to C2

Ogawa irradiated polycrystalline cyclohexanediol-
1,4 and obtained a well resolved triple triplet.6 This
spectrum could be interpreted in terms of a free radical
whose structure is R—C—OH. In this compound,
however, the power saturation phenomenon was not so
strong as with the sugars and the spectrum appeared

(6) S. Ogawa, J. Phys. Soc. Japan, 16, 1488 (1960).

(A) (B) (©)

Fig. 6 —The structure of the produced free radical. A: the
original molecules. The bold faced hydrogens are knocked off.
E: the free radical at lower temperatures. The top figure is a
side view of the radical from this side. The bottom figure is an-
other side view from the other side. The middle one is the upper
view. The dotted lobe shows the spin cloud. C: the free radical
after deformation at higher temperatures. O denotes hydroxyl
groups, = denotes —CH20H groups, 0 Xdenotes oxygen atoms.

as well separated lines. The result shows the cyclo-
hexyl ring is still present in the free radical.

The stability of the pyranose ring is not so high as
that of the cyclohexyl ring. The former ring can be
disintegrated in an aqueous solution by hydrolysis.
This small stability of the ring explains the radical
transition process in these sugars.

The saturation factor7 is expressed by the formula

n0 1+ V47THIW 2

where ns or n0is the difference in number of the un-
paired electrons between ground and excited energy
levels, n( is for thermal equilibrium, ns is for the satu-
rated state, 7 is the gyromagnetic ratio, Hi is the
strength of the microwave magnetic field, Ti is the spin-
spin relaxation time, and T2is the spin lattice relaxation
time. The irregularity of the intensity ratio of the
quartet, when the crystal is placed in various orienta-
tion in the magnetic field, may be intepreted by an
anisotropy of the spin lattice relaxation time T2

Acknowledgment.—The author thanks Prof. Walter
Gordy for his interest in this study. He also thanks
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()] D. J. B. Ingram, “Free Radicals as Studied by Electron Spin Reso-

nance,” Butterworth, London, 1958, p. 130.
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Contact angles and surfactant adsorptions have been measured in three-phase systems containing glyceryl

tristearate crystals, water, and either paraffin oil or air.

The addition of either oil-soluble or water-soluble sur-

factants, in concentrations up to 80% of the critical micelle concentration, has no effect on the contact angle

when the second liquid phase is paraffin oil, and results in a decreasing contact angle when air is present.

The re-

sults, as interpreted with the equations of Young and Gibbs, indicate that the surfactant adsorptions at the

three interfaces are proportional to one another over the whole concentration range.

This proportionality of

the adsorptions at different interfaces appeared to be generally valid for three-phase systems containing hydro-
phobic solids and yielded a new equation for the influence of adsorption on the contact angle in such systems.
The constant contact angle, observed in several systems hydrophobic solid-water-hydrocarbon liquid repre-

sents a special case of this equation.

It is suggested that a general relation exists between the adsorption at

different interfaces for a constant surfactant activity and the interfacial tensions of the different interfaces

when no surfactant is present.

Introduction

The contact angle, $, of a fluid-fluid interface against
a solid surface is determined by the three interfacial
tensions, 7, in the system by means of Young’s equation

Yso — 7sw = Tow X c0S & (D]

where S denotes the solid phase and 0 and W denote
oil and water, standing for any pair of immiscible
fluids.

The convention is followed here to measure the
contact angle in the water phase or, if no water phase
is present, in the fluid phase with the higher density.
Any of the interfacial tensions in eq. 1 can be affected
by surfactant absorption by virtue of Gibbs’ law

dyi

RTTi
dIna I @)

i = SO, SW, and OW

a being the activity of the surfactant and P, its surface
excess at any interface. The activity a in any of the
phases may be used in eq. 2, because the changes in In
a upon addition of surfactant are constant over the
whole system. These adsorptions can only influence
the contact angle if they affect the ratio between
7so—7sw and Tow- Therefore changes in contact angle
may be represented conveniently in terms of yso —
Ysw as a function of the liquid-liquid interfacial tension
7ow-

In such a plot any straight line through the origin is
the locus for a particular )-value, from 0° up to 180°
for points on the +45° line and the —45° line, respec-
tively.

The advantage of this representation over the usual
types is that it directly yields a relation between the
adsorptions at the three interfaces. From eq. 1 and 2
the slope of the above type of curve is found to be

d(7so — 7sw) _ Tso — Tsw
dyow bow

Contact angle measurements can thus be used to
calculate surfactant adsorption at an interface between
bulk phases not containing measurable amounts of

(1) Unilever Symposium, Surface Phenomena in Disperse Systems,
Noordwijk, September, 1961.

(2) The contents of this paper are part of a thesis prepared under the
supervision of Prof. Dr. J. Th. G. Overbeek of Utrecht University.

Knowledge of this relation will reveal the conditions necessary to obtain con-
tact angles which are insensitive to surfactant adsorption.

surfactant, if the adsorptions at the two other interfaces
are measured separately.

Contact angles and surfactant adsorption were
investigated in this way for triglyceride crystals in
contact with water and air or hydrocarbon liquid, in
the presence of various amounts of surface-active
agents.

Experimental

Materials.— Glyceryltristearate (fully hardened linseed oil,
recrystallized 5X from acetone and treated with alumina);
Paraffin oil (Brocades); Glyceryl a-monooleate (purity
98% by weight as determined by oxidation with periodic acid;
iodine value 71.5; melting point 35°); Sodium diethylhexyl-
sulfosuccinate (Aerosol OT, American Cyanamid Company;
purity 96% by weight as found from titration with a cationic
soap, standardized with highly purified sodium dodecylsulfate).
Glyceryl monooleate dissolves almost completely in the oil
phase and Aerosol OT in the water phase.

The critical micelle concentration of both surfactants is at
about 1.6 X 10-6molescm.~3

Methods. Measurement of Contact Angle.—Contact angles
were determined with Bartell’'s method,3 which measures the
capillary pressure across a liquid-liquid interface in a plug of
a powdered solid by compensation with a known external pres-
sure. The capillary pressure AP (going from water to oil) in
the pores formed by solid bodies of arbitrary shape is related
to the contact angle d by

T 7ow X COS #

m being the mean hydraulic radius of the plug, defined as the
ratio between liquid volume and solid surface of the pores. This
mean hydraulic radius was found from the permeability of the
plug.4

The apparatus used for the measurement of the permeability
and the capillary pressure consisted of a plug holder, both ends
of which could be connected with a pressure device and an in-
dicator tube with liquid to measure the rate of flow. In most
cases a simple glass tube, carrying a glass filter at the lower end
to support the plug, could be used as a plug holder; a more
complicated metal apparatus3 was only necessary in some cases
where the pressure to be applied during a measurement exceeded
one atmosphere. In each type of apparatus plugs could be pre-
pared from a slurry of coarse crystals in equilibrium with the
liquid phase containing the surfactant in the higher concentra-
tion. Crystals were used with a specific surface area between
1 and 4 m.2cm.3 as obtained by crystallization either from
paraffin oil under specified conditions or from acetone. Slurries
of the latter type of crystals were consolidated under a pressure
of several atmospheres. The resulting plugs were homogeneous
and did not show compression during the subsequent measure-

(3) (a) F. E. Bartell and LI. J. Osterhof, Ind. Eng. Chem., 19, 1277 (1927);
(b) F. E. Bartell and F. C. Benner, J. Phys. Chem., 46, 846 (1942).
(4) P. C. Carman, Trans. Inst. Chem.. Engr., 15, 150 (1937).
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Fig. 1.—Wetting of glyceryl tristearate: by paraffin oil and
water upon addition of glyceryl mono-oleate (X ) and Aerosol OT,
(0O); by air and water upon addition of Aerosol OT (0).

ments of permeability and capillary pressure; the porosity
ranged between 0.3 and 0.6 and the mean hydraulic radii be-
tween 0.2 and 1 ji.

After a determination of the permeability of a plug with an
amount of the equilibrated liquid, the second liquid was intro-
duced in the plug for the measurement of the capillary pressure
Ar .

The rate of flow of this liquid in the plug was measured as a
function of the external pressure, both for the advancement and
for the recession of the displacing liquid. Usually no move-
ment was observed in a certain range of pressure values, separat-
ing the branches for advancing and receding flow in the How-
pressure curve; this indicates contact angle hysteresis. The
external pressures found by extrapolation (from the lowest
measurable rates of flow, about 10 A. sec.-1) of the two branches
to zero rate of flow were used to calculate the advancing and
receding contact angles from eqg. 4. The interfacial tension
70w necessary for this calculation was measured with the drop
weight method,5 using the equilibrated liquid from the con-
solidated crystal slurry, and pure water or oil as the second
liquid.

Measurement of the Adsorptions.—The adsorption of sur-
factant at the liquid-liquid interface was found by applying
Gibbs’ law to interfacial tension measurements at known sur-
factant concentrations. The adsorption at the interface be-
tween the solid and the liquid containing the higher concentra-
tion of the surfactant was found from the difference between the
initial concentration in a plug and the equilibrium concentra-
tion, and the solid area available for adsorption. The surface
area of the solid in a unit volume of liquid is, by definition, equal
to the reciprocal value of the mean hydraulic radius » of the
solid-liquid mixture. Consequently the adsorption simply
amounts to r = mAc, where a. represents the decrease in sur-
factant concentration in moles cm.-3. The equilibrium sur-
factant concentration was determined either by titration with
a cationic soap (in the case of Aerosol OT) or by comparing the
interfacial tension of the equilibrated solution with the inter-
facial tensions at known concentrations (in the case of mono-
glyceride).

The third adsorption (at the interface between the solid
and the liquid not containing measurable amounts of surfactant)
was obtained by applying eq. 3 to the experimentally determined
contact angles, interfacial tensions, and adsorptions at the two
other interfaces.

Results

Results of advancing contact angle measurements in
the system tristearate-water-paraffin oil are given for
various concentrations of glyceryl monooleate and of
Aerosol OT in both cases up to about 80% of the c.m.c.
(Fig. 1, left hand curve).

The remarkable result of these measurements was
that the contact angle did not change on varying the
nature or the amount of the surfactant added. For 24
out of 27 experiments a mean value of 108° was found,
with nonsystematic deviations up to 10°. This sur-
prisingly constant contact angle should correspond with
a straight line pointing to the origin in Fig. 1. Such
a straight line does result from the method of the least

(> A. Weissberger, “Physical Methods of Organic Chemistry,” Vol. I.
Interscience Publishers, Inc., New York, N. Y., 1945, p. 167.
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squares, giving an equation in which the intercept on
the ordinate of Fig. 1 is negligibly small

Yso — 7sw = —0.317ow — 0.2 (5)

Similar results were also obtained in some additional
measurements with cetyl alcohol, soluble in oil, and
sodium dodecylsulfate, soluble in water. The slight
deviation from a zero value of the additional constant
in eq. 5 corresponds with a systematic increase in the
contact angle of only 2° over the whole range of sur-
factant concentrations. This slight variation is far
within experimental error.

The receding contact angles in all cases were about
90°, except at very high concentrations where they
approached the values of the advancing contact angles.
For contact angles of about 90° the experimental error
in the displacement measurements is very high; within
this error there was no difference in the contact angles
found for the oil-soluble and the water-soluble surfact-
ants.

Finally similar measurements were performed with
Aerosol OT as a surfactant and air as second fluid
phase, instead of paraffin oil. Results from advancing
contact angles (Fig. 1) can be represented again by a
straight line, which, however, does not point to the
origin in this case

Ysa — 7SW = —0.56yWA + 21 (6)

In this case the high value of the additional constant
signifies a decrease in contact angle from 106° at zero
concentration to 82° at 80% of the c.m.c. of the sur-
factant. Again receding angles of about 90° were ob-
served at low concentrations; this hysteresis started to
decrease as soon as the advancing angles had decreased
to below 90°.

The adsorption measurements showed saturation
adsorption (given in Table 1) for concentrations higher
than about 0.5 X 10-6 mole cm.-3, for both surfactants
and at all interfaces.

Table |

Area per Molecule (in A.2) at Saturation Adsorption for

Various Surfactants at Different Interfaces

Interfaci -
Qil Solid Solid Water Solid
Water Qil Water Air Air
Glyceryl monooleate 38 2000 1j5
Aerosol OT 106 116 88 106 159
Discussion

The Accuracy of the Permeability Method.—It is
realized that this method, used for the determination
of mean hydraulic radius and specific surface area, is
not very accurate. This is not believed to be serious
for the contact angle measurements, because it can
be shown that the same average capillary radius
determines both the permeability and the capillary
pressure. Possible errors may thus cancel out largely.
The adsorption values at the solid-liquid interfaces,
however, are surely affected by any uncertainty
in the solid surface areas. These values must there-
fore be regarded as approximate. The error is assumed
to be not larger than about 20%, as judged by compari-
son with surface areas estimated microscopically.

The Hysteresis of the Contact Angle.— Of the known
mechanisms of contact angle hysteresis, neither rough-
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ness of the solid surface nor slow establishment of
adsorption equilibrium seem to be relevant in the
present measurements. Roughness hysteresis would
not vanish at high surfactant concentrations, and the
second-type hysteresis might be expected to be dif-
ferent for oil-soluble and water-soluble surfactants,
a difference which was not found experimentally.
Maybe different orientations of the solid phase mole-
cules, dependent on which liquid has been present on
the solid surface, are responsible here.

This gives no information about which angle is more
representative for the system. In agreement with
common use,6 the advancing angle has been chosen
here for two reasons: first, at high concentrations the
receding angle values approached those of the advanc-
ing angles, second, the advancing angle values were
more accurate and reproducible. The advancing angle
will therefore be assumed to be more probably an
equilibrium angle. If only the last-mentioned mecha-
nism contributes to the hysteresis, both angles might
represent a kind of equilibrium, and the interpretation
to be given for the advancing contact angles could be
used in the same way for the receding angles.

Contact Angles and Adsorptions.—The contact
angle measurements given in Fig. 1 show two re-
markable features: first in all cases the slope of the
plots given by eq. 3 is independent of surfactant con-
centration, from zero up to the c.m.c., and even of the
type of surfactant; second the straight lines point to
the origin (indicating a constant contact angle) if
paraffin oil is used as second fluid phase.

The constant slope means that the difference FS —
Isw is proportional to Tow over tl e whole concentra-
tion range. Such a proportionality has not been re-
ported before, but nevertheless appears to occur gener-
ally in three-phase systems containing hydrophobic
solids. Some typical examples are shown in Fig. 2,
calculated from the contact angle data of the authors
indicated.7-9 (It will be noticed that also in the
measurements on solid paraffin the slope is independent
of the type of surfactant, like in Fig. 1.) This linear
relation corresponds with a linear relation between cos
i) and 1 tow, Whereas a linear relation between cos i)
and 7ow has been suggested by several authors, for
example Fowkes8 and Zisman.10 The latter, empirical
relation, however, only gives a good fit to the experi-
ments plotted in Fig. 2 over a rather small range of
high concentrations, whereas the linear relation between
Tso ~ 7sw and yOw holds for the whole range from
zero to the c.m.c.

The present linearity is most simply explained by
assuming that the three adsorptions remain proportional
to each other over the whole concentration range. It
should be possible to prove this by careful measure-
ments of two of the adsorption isotherms, which should
then show an identical shape. Present adsorption
measurements below saturation adsorption were not
accurate enough to allow such a proof. From the
literature data only Smolders’ investigation9 contains

(6) (a) L. A. Girifalco and R. J. Good, J. Phys. Chem., 64, 5G1 (19GO0);
(b) G. A. H. Elton, J. Colloid Sci., 7, 450 (1952); (c) F. M. Fowkes and
W. M. Sawyer, J. Chem. Phys., 20, 1G50 (1952).

(7) F. M. Fowkes and W. D. Harkins, J. Am. Chem. Soc., 62, 3377
(1940).

(8) F. M. Fowkes, J. Phys. Chem., D/, 98 (1953).

) C. Smolders, Rec. trav. chim., 80, G (19G1).
(10) M. K. Bernett and W. A. Zisman, J. Phys. Chem., 63, 1241 (1959).
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ysaAw

Fig. 2.—Wetting of solid paraffin by air and water upon addi-
tion of butyl alcohol (curve A) from data of Fowkes and Harkins7
upon addition of Aerosol OT (curve B) from data of Fowkess;
wetting of talc upon addition of butyl alcohol (curve C) from
data of Fowkes and Harkins7; wetting of mercury at the electro-
capillary maximum by hydrogen gas and water upon addition of
sodium decyl sulphonate (curve D) from data of Smolders.9

sufficient information for this check, because in the
case of mercury as a “solid” all interfacial tensions are
accessible to measurement. Proportionality of adsorp-
tions is equivalent with a linear relation between the
interfacial tensions; such linear relations do result
from his 7-measurements. It will be supposed that
also in the other systems with a constant slope the
adsorptions separately are proportional. These pro-
portionalities are not unexpected for the low concentra-
tion range, by virtue of Traube's rule, nor for the
high concentrations, where the adsorptions no longer
change. Surprising is only that in systems with hydro-
phobic solids the proportionality factors for the two
concentration regions are equal, and that they are also
observed at intermediate concentrations. No explana-
tion can be given for this, by lack of a theory which
predicts the influence of both surfactant concentration
and nature of the interface on adsorption. Knowledge
of the latter influence is also necessary to predict the
actual value of the constant slope, which determines
whether § increases or decreases upon surfactant addi-
tion.

In special cases, as a second remarkable result, the
straight line discussed above points to the origin, so
that # is not affected by the surfactant

Fso — Tsw
= = constant

Tow Tow

7s0 — 7sw

This was found for tristearate in contact with paraffin
oil and water (Fig. 1). An effect of surfactant addition
on the contact angle could only be obtained by replac-
ing the hydrocarbon liquid by air; then the system be-
haves like all hydrophobic solids in contact with air and
water. A similar difference has been found by Schul-
man and Lejall for the wetting of artificially hydro-
phobic BaS04: a decrease of the contact angle to zero
was found on using air and a constant obtuse contact
angle when benzene was used instead of air. The most
simple explanation of this behavior would assume a
direct proportionality of the adsorption at any inter-
face with the interfacial tension of that interface in
the absence of surfactant, y°. This cannot be correct,

(11) J. 1. Schulman and J. Leja, Trans. Faraday Soc., 50, 598 (1954).
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however, since the data of Fig. 1 and Table | then
would give values for 7°so and 7°sw which are not only
improbable in view of the estimated value 7°so ~ 10
ergs cm.-2, but moreover differ for the systems con-
taining monooleate and AOT.

For oil-water and air-water interfaces, Bartell and
Davis2 found a general increase of the adsorptions of
aliphatic alcohols with increasing 70 except for the
air-water interface, which showed lower adsorption
values than would correspond with 70 = 72 ergs cm.-2.
To account for this, they introduced the concept of the
“available free surface energy,” which is only about
50 ergs cm. ~2for air-water because surface tensions of
aqueous surfactant solutions can never be decreased to
below 20 ergs cm.-2. Quantitatively, however, the
relation between r and 70 or the available fraction of
7°, is not even known for these fluid-fluid interfaces.

(12) F. E. Bartell and J. K. Pavis, J. Phys. Chem., 45, 1321 (1941).
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Still more difficulties may be expected on extending
such a relation to interfaces with solids. Quantitative
prediction of contact angles as influenced by surfactant
adsorption is therefore not possible at present.

Qualitatively, the concept of the available free sur-
face energy might explain why a constant angle is
generally not obtained in systems solid-air-water, as
these systems contain at least one interface for which
the available free surface energy is not given by the
total surface tension, which determines the contact
angle.

Further research will be necessary in order to elucidate
the factors determining the relation between adsorp-
tion and interfacial tension, and thus the influence of
surfactant adsorption on contact angles.

Acknowledgment.—The author is indebted to Mr.
H. Dekker, who performed all of the measurements.
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A method was developed for following reaction Kkinetics in solution.

The temperature difference between a

reaction calorimeter cell and a reference calorimeter cell, both immersed in a constant temperature bath, was

measured.
and was used to calculate the rate constant.
and over a range of temperatures.

The area swept out by the temperature-time curve was related to the heat formed by the reaction
The method is useful for reactions with half-lives of 0.5-10 minutes
As a test of the method the hydrolysis rates of tetramethyldiamidophos-

phorochloridate over the range 10-40° were determined and found to agree well with earlier data.

We have developed a method for determining moder-
ately rapid reaction rates in solution by measuring the
heat evolved as a function of time, using a pair of simple
twin calorimeters.1 Related methods have been de-
scribed independently by a number of other investi-
gators.2 We compare our method with these and other
methods below.

General Description.—Our equipment resembles that de-
scribed by Borchardt and Daniels3 although our studies are per-
formed at almost constant temperature. Briefly, in a constant
temperature bath are immersed two identical glass reaction
vessels, each equipped with an efficient stirrer and a thermistor.
Each cell contains the same amount of reagent solution. One
cell serves as the reaction calorimeter cell and the other as a
reference calorimeter cell. The thermistors are connected through
an amplifier and a bridge to a recording potentiometer, providing
a measure of the temperature difference between the two calorim-
eter cells as the reaction proceeds. The reaction proceeds at
essentially constant temperature as far as the rate constant is
concerned, since the largest temperature rise is about 0.1 °.

When the reagent is injected into the reaction calorimeter cell,
a plot of temperature difference against time resembles curve A
of Fig. 1. The initial sharp rise in temperature at time zero when
the reagent is injected is caused by (a) the difference in tempera-

(1) See J. M. Sturtevant in “ Physical Methods of Organic Chemistry,”
Interscience Publishers, New. York, N. Y., 1945, Vol. |, pp. 342—344.

(2) (a) V. Kamenik,and H. Hruby, CJiem. Prumygyl, 5, 510 (1955); (b)
F. Becker, Z. physik, Chem., 26, 1 (1960); (c) P. Baumgartner and P.
Duhaut, Bull. soc. chim. France, 1187" (1960); (d) Z. Manyasek and A.
Rezabek, J. Polymer Sei., 56, 47 (1962).

(3) H. Borchardt and F. Daniels, J. Am. Chem. Soc., 79, 41 (1957). See
also C. Kitzinger and T. Benzinger, Z. Naturforsch., 10b, 375 (1955); “Prin-
ciple and Method of Hc¢atburst Cak>runetry=and the Determination of Free
Energy, Enthalpy, and Entropy Changes” in “Methods of Biochemical
Analysis,” Vol. VIII, edited by D. Glick, Interscience Publishers, New
York. N. Y., 1960, p. 309.

ture of the added reagent reaction from that in the cell, and (b)
the heat of mixing of the reagent with the solvent. The reaction
begins and heat is generated, causing a further rise in tempera-
ture. However, heat is also being lost from the reaction cell to
the bath. After a maximum temperature is reached, a gradual
decline of ATt, the temperature difference between reaction and
reference cells at any time t, to zero.occurs. (This cooling process
can be observed separately in curve B in Fig. 1, obtained by add-
ing a drop of warm solvent to the reaction calorimeter cell after
the reaction is ended.)

Calculation of the First-Order Rate Constant.—The
exact form of curve A will clearly depend on kh the rate
constant of the chemical reaction, and on the rate of
cooling. We now show how the former can be extricated
from the data given by curve A. At any time, t, the
following heat balance equation holds

Cp&Tt — Qm + Qr — Qd (1)

where

Cp is the heat capacity of the reaction cell and contents in cal.
per temperature unit. It is taken as constant during the run.

ATt is the temp, difference between the reaction and reference
cells in appropriate units at any time.

Qmis that heat in cak which would be just sufficient to cause the
rapid temperature rise, A7’i, which is observed when the given
quantity of. reagent at any temperature is mixed with the solu-
tion, in given amount and concentration, at the particular bath
temperature.

ATi is the value of ATt reached almost instantly after injection
of the reagent.

Qtis the heat in cal. evolved by the reaction of the given amount
of reagent by time t.

Qd is the heat in cal. which has been dissipated from the reaction
cell into the bath by time t
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Heat is being lost to the bath throughout the run, and
if Newtonian behavior is followed the heat lost will be
expressed as

1 doQd d ATt
= KATt (2)
Cp df dt

where K, in reciprocal minutes, is a constant characteris-
tic of the particular cell, stirrer, and cell contents.
That Newtonian behavior is indeed followed in our
equipment was demonstrated by plotting the data rep-
resented by curve B, Fig. 1, according to the equation

ATt = AT, e~Kt ©)]

A semilogarithmic plot of A7't against time was linear
and K was evaluated numerically from the slope.
Integrating equation 2 gives 4
[1
- f dQd = - Qd = KCPf * ATt 4

The term Qmcan be evaluated from the value of AT,
(see Fig. 1, curve A or B)

Qm = CpATi (5)
Replacing terms in equation 1 with their equivalents
from equations 4 and 5 rearranging, we obtain
Qr = CpATt - CPATiI + KCp f ttEQ ATtdt (6)

Now, Qris proportional to the concentration of prod-
uct, (P)t, formed at time t

Qr _ (P)t
Qr(», (M)o (7)

in which Qr(,) is the total heat in calories formed by
the complete reaction of the added reagent under the
specified conditions and (M)0is the initial concentration
of reagent. By eliminating Qr between equations 6 and
7, we show this explicitly

Cr(M)o
Qr(»)

(P)t jar. - at-, + *:/m_,am J

®)

Here the bracketed term involving experimentally
accessible quantities is directly proportional to the prod-
uct concentration. The values of ATt and AT) are
read directly from the potentiometer tracing at various
times and just after injection, respectively, K is eval-
uated from curve B as described above, and the inte-
grals under the curve are evaluated at various times by
either planimetrie, weighing, or computer methods.

The form of equation 8 allows the calculation of the
first-order rate constant fc by the mathematical
method of Guggenheim4or, preferably, the more recent
one of Swinboume.5 The procedure of the latter led
to equation 9

iAT* + K AT\ =

ekIT JAT(t+T) + K f ‘+T ATwdt\ + C (9)

where r is a fixed time interval between two sets of
readings. A plot of the left side of equation 9 against
(4) See A. A. Frost and R. G. Pearson, “Kinetics and Mechanism,”

John Wiley and Sons, Inc., New York, N. Y., 1953, pp. 48-49.
(5) E. S. Swinbourne, J. Chem. Soc., 2371 (1960).
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Time, min.

Fig. 1.—Potentiometer tracings for a first-order reaction and
for a cooling curve.

the bracketed term on the right gives a straight line
with slope elT, from which the rate constant, kh can
be evaluated. The Guggenheim procedure gives anal-
ogous results.

We might also have proceeded to calculate the frac-
tion reacted, x, at any time as follows. Lettingt =
in equation 8 gives 10

Py = (qT7 o ~ ATli + KL oATtd\ (10
Dividing (8) by (10) and letting x = (P)t/(P)», we
obtain (11)

ATt -

ATi + K r ATtdt

(11)
- AT>+ K Lo AT'dt

The rate constant ki could then be evaluated by con-
ventional means. This is less satisfactory than the
Swinbourne method. The total area under the curve
is difficult to evaluate precisely because of the asymp-
totic approach of the curve to the time axis.

Comparison of Present Calculation Method with
Those of Previous Investigations.— In the above treat-
ment of the data we have worked with the relationship
of heat to time. A number of earlier investigations
have focused attention on the relationship of tempera-
ture to time.6 We can show that our equation is con-
sistent with their treatment as follows. Differentiating
equation 8 and letting

(P)t
(M)o
we obtain
dx d ATt
Cr (dATt AFY (12)
dt Qr(ro) \ di
For a first-order reaction equation 13 holds
—kit (13)

Eliminating dx/dt between (12) and (13), integrating,
and evaluating the integration constant by letting
ATt = AT, att = 0 provides equation 14

(6) (@) R. P. Bell and J. C. Clunie, Proc. Roy. Soc. (London), 212,
(1952), and later articles; (b) V. Gold and J. Hilton, J. Chem. Soc., 838
(1955); (c) R. P. Bell, V. Gold, J. Hilton, and M. H. Rand, Discussions
Faraday Soc., 17, 151 (1954); (d) N. H. Ray, ibid., 4023 (1960); (e) P. A. H.
Wyatt, J. Chem. Soc., 2299 (1960); (f) W. J. Albery and R. P. Bell, Trans.
Faraday Soc., 57, 1942 (1961).
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Fig. 2.—"Representative Swinbourne first-order rate plots for
the hydrolysis of tetramethyldiamidophosphorochloridate in
water: 1, 10° 2, 20®; 3, 30° (100 was subtracted from each
observed abscissa point). A7””~ are in chart divisions, K in
min.-1, and area in chart divisions X min.

Fig. 3.—Arrhenius plot .of the first-order rate constants for
the hydrolysis of tetramethyldiamidophosphorochloridate in

water. The line was drawn from the data given in ref. 8.
(K - fcOATt = ~_  h e~ht+
Cp
\kaTi- hAT, - --JKkil«-" (14

The quantity QUa)/Cp is the temperature rise which
would bo, observed under adiabatic conditions. Equa-
tion 14 is identical with the one derived by Bell and
Clunie,a who treated the problem as a case of two
consecutive first-order reactions, with temperature
playing the role of the intermediate compound.

We considered the possibility that a simple plot of
the logarithm of ATt against time might be linear with
a slope equal to —0.434/ci. Analysis of the required

Vol. 67

conditions revealed that, under our experimental condi-
tions, such a plot would not give reliable values of %

Test of the Method.— It was advisable to test the
method on a reaction of known rate. The hydrolysis
of totramethyldiamidophosphorochloridate7 was se-
lected

(Cil3N (0] '(CH,)XNN
// h fast

/  \

(CH3N cl _(CH)2N

[/ \
(CH3N oh

Reactions were followed to 90% completion. Swin-
bourne plots of the data obtained are given in Fig. 2.
They appeared to be satisfactorily linear. The rate
constants calculated from the slope of these lines are
given in Table I. They agree to within 5% of each
other with the exception of the two values at 60° (which
are commented on below) and with the values deter-
mined independently by a potentiometric method.
This precision is about as high as this method provides
in general. The data were also treated by Guggen-
heim’s method and yielded results consistent with
those recorded in Table I. The data are plotted in Fig.
3 according to the Arrhenius equation.

Table |

First-Order Rate Constants” for the Hydrolysis of Tetra-

METHYLDIAMIDCPHCEPHOROOHL.CRIDATE IN WATER SCLUTION

Initial concn.
of halide, Lit.7R\ X 103
Temp., °C. M X 103 k X 103 sec."1 sec._1
10.0 23 1.8 1.75
10.0 23 1.9 1.75
20.0 16 5.2 5.20
20.0 16 5.4 5.20
22.6 37 6.1 6.80
30.0 14 14 14.2
40.0 11 32 36.5b
40 0 9 32 36.56
60.0 7 (87) 1SO6
60.0 e (35) 1SO6
“ Calculated by method of Swinbourne.5 b Extrapolated
value.

Advantages of the Differential Calorimetric Method.
—Like all thermal methods the present method is ap-
plicable to a variety of reactions which for one or
another reason cannot be followed by other more com-
monly used means. Conversely, since it is nonspecific
to a particular reagent in the solution, one must be
sure that the course of the reaction under study is
definitely established.  Although only exothermic
reactions have been explicitly considered, the method
should also apply to endothermic ones.

The advantages over the thermal maximum methodé
are: (1) the adiabatic temperature rise is not required;
(2) any heat of mixing, either positive or negative, is
conveniently handled in the calculations and need not
be compensated experimentally; (3) a series of kinetic

(7) H. K. Hall. Jr., 3. Org. Chem., 21, 248 (1956).
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points is obtained throughout the reaction rather than
a single value; (4) the essential equipment is common-
place and can easily be assembled for short-term studies;
(5) no calibration of the cell by a reaction of known heat
is required. The differential calorimetric method is
roughly comparable to the adiabatic method of Wyattésf
in these advantages.

The advantages over the method of Becker2 reside
chiefly in points 2 and 4 and perhaps in the calculations,
since no slopes are required. The use of a reference cell
favors our method over that of Baumgartner and
DuhautZ only in point 2.

Limitations and Possible Sources of Error.—The
present equipment did not permit the determination of
rates of reactions whose half-lives are less than 30 sec.
If these more rapid reactions are attempted, deceptively
straight first-order plots with slopes which differ from
run to run, may be obtained as in the two runs at 60°.
Here the extrapolated half-life is about 20 sec., which is
too fast for our equipment. In this it compares un-
favorably to the thermal maximum method. The
time-temperature curve swells up toward the ordinate
axis and becomes indistinguishable from the cooling
curve as the reaction becomes progressively faster.
The cooling rate half-life in our equipment was 0.5-0.7
min.

In the direction of slower reactions, potentiometer
drift was found to be negligible during the course of an
experiment. However, the potentiometer often did not
return exactly to the original base line, falling either
slightly above or below it. Acceptable runs displayed a
deviation of not more than 1-2% of the maximum
height during the run. One possible cause is a non-
Newtonian dissipation of heat at small values of ATt.
Another contributing factor may be an inevitable slight
mismatching of the two cells. As stirring continues, a
slight buildup of heat in one relative to the other may
take place. This occurs even though stirring in the
cells is allowed to proceed for a while before the start
of the reaction. The deviations are most appreciable
toward the end of the run (which is another reason for
not placing too much confidence in the approximate
method of calculation of Appendix I) and set an upper
limit to the half-life of about 10 min. Viscous liquids
also fail to give satisfactory kinetic data, because the
heat is not properly dissipated from the reaction cell.

Although the rate constants for second-order reac-
tions can be calculated from the extent of reaction, X,
we preferred to study such reactions by using a large
excess of one reagent and measuring the pseudo first-
order disappearance of the other. Since the accessible
half-lives vary from 0.5-10 min. and the reagent con-
centration can be varied from 0.01- 1.0 M, the accessi-
ble second-order rate constants at a single temperature
are in the range of 1 X 10-3 to 2.5 M -1 sec.-1. Since
the temperature can be varied considerably, depending
on the solvent, a wide variety of reactions can be
studied by this calorimetric method.

In practice, one will obtain a curve of the form B,
Fig. 1, if the reaction with reagent R is too fast to
measure and also if it is too slow to measure; the curve
in the latter case stems merely from the heat of mixing.
These can be distinguished through use of an added
control reagent of moderate reactivity in the solution.
If the rate of reaction with S alone is measurable and
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the reaction curve for a mixture of R and S is of the
form of curve B, this suggests that R is reacting too
quickly to measure. One must be sure that neither R
nor S catalyzes the reaction of the other.

Experimental

Apparatus.—Two Pyrex tubes 3.05 cm. in diameter, 14 cm.
long, topped by a34/28 outer joint were used as cells. Each had a
capacity of approximately 65 ml. Two machined “Teflon”*
resin stoppers approximately 2.54 cm. thick equipped with insert
holes for the stirrers, thermistors, and for addition of sample, en-
closed the cells. In later experiments creased cells were used to
ensure rapid dissolution. The cells were supported in a constant
temperature bath by inserting them .through close fitting holes
drilled through a 0.64 cm. piece of “Lucite”8 sheeting which
covered the bath. Both the reference and reaction solutions were
stirred with identical stirrers driven from the same stirrihg motor
by means of a pulley arrangement. The stirrers consisted of 0.16
cm. diameter stainless steel rods equipped with identical “ Teflon”
stirring blades. The stirring shafts fitted through holes in the
“Teflon” stopper which served to center and lubricate the stir-
rers.

The differential temperature was measured with two glass-
enclosed thermistors 11.4 cm. long which protruded through holes
in the stopper and dipped into the reaction and reference solutions.
The output of the thermistors was fed to a bridge and thence
through alLeeds and Northrup d.c. amplifier (Model 9835A) into a
recording potentiometer (L. & N. Model G, 12 mv., without
standardization). Chart speeds varying from 2.54 to 10.2 cm.
per minute were used. For temperatures below approximately
40°, 2000-ohm thermistors (Veco 32A30 U-9) were used; 10,000-
or 100,000-ohm thermistors (Veco t X 929; t X 928) were used
for higher temperatures. The bridge circuit was conventional.
Amounts of reactant ranging from 0.01 to 0.07 ml. were added to
the reaction cell by means of a Gilmont Ultramicroburet (the
Emil Greiner Co.). The tip of the buret was elongated and bent
at a 60° angle so it could be readily inserted through the addition
port of the reaction cell.

Procedure.—In a typical run 30 ml. of reaction solution was
pipetted into each cell. The “Teflon” stoppers containing the
stirring shafts and thermistors were inserted into each cell and
the constant temperature bath adjusted to the desired tempera-
ture. The contents of the cells were vigorously stirred. When
thermal equilibrium was established between the two cells, as
indicated by a horizontal differential base line free of drift, the
reactant, 0.05 ml., was rapidly added to the reaction cell by
means of a Gilmont Ultramicroburet. The completion of the
reaction was indicated by the return of the differential plot to the
original base line, ample time being allowed.

After each run the cell dissipation constant was determined by
adding a drop of solvent to the reaction mixture. If this added
solvent is at a slightly higher temperature than that of the reac-
tion mixture, curve B is obtained.

Above 60° condensation of water on the “ Teflon” stoppers, and
subsequent dripping back into the solution caused appreciable
irregularities in the temperature-time curve.

Calculations.—The recorder chart paper was Leeds and
Northrup No. 951, 120 ARV. Along the time axis the scale is in
inches, while the transverse (temperature) axis is in arbitrary
units (one chart division ~2.19 mm.). As equation 9 shows, it is
not necessary to evaluate ATt in degrees, but only a quantity
proportional to it. We have, therefore, retained the tempera-
ture readings in these chart divisions (C.D.) and made no attempt
to calibrate the temperature scale. In most runs the Zero line was
set at 20 C.D. and, by adjusting the amount of reagent added,
the maximum reading during the run was ~100, so that ATt
varied from 0 to ~80 C.D. For use in equation 9, ATt and AT-,
were read from the potentiometer tracing at a series of times in
arbitrary units. If A7\ was negative, it was added algebraically.
The base line reading was taken as that at zero time. The inte-

gral/ : ATtdt was read for each time with a planimeter or cal-

culated with a computer. If negative, as at the beginning of
many runs, it was added algebraically.
As noted the Swinbourne equation took the form

(8) Trademark for Du Pont's TFE-fluorocarbon resin- -
(9) Trademark for Du Pont’s acrylic resin.
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{ATt+ A (area)t} =
eKT{Ar(t+T) + A(area)(t+T} + C (9)

where K is the cooling curve constant, k, is the first-order rate
constant, tis the time, and ATt is the height of the differential
temperature plot from the base line. Reactions were followed to
90% completion and t was the time at which x = 0.40, as estab-
lished by a preliminary conventional first-order calculation using
the observed total area.

The Guggenheim equation was
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fat + In [AT(t+r) + A(area)(t+T) - AT* -

if(area) (t)] = C (15)

The data to 90% completion were used and r equaled the time for
70% completion.

Acknowledgments.—We are deeply indebted to Mrs.
Nancy Abbadini, Mrs. Janet Willoughby, and Mr.
John Bair for excellent, technical assistance.
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The geometrical problem of the distribution of distances from random sources to the wall in a right circular

cylinder is completely solved.
istry experiments.

The distribution function is used to determine the recoil loss in hot atom chem-
The cylinder shape for minimum recoil loss is determined for conditions of fixed sample

volume and particle range; the recoil loss is compared with that for a spherical sample.

Introduction

Reactions involving hydrogen atoms of high kinetic
energy have been extensively studied with the use of
tritons produced by the nuclear process He3(n,p)T.1-8
The tritons produced in this process recoil with a
specified range r in the given reaction system. Some
tritons escape into the container walls before they have
had opportunity to dissipate all of their energy to
molecules of the gas. The calculation of this recoil
loss, a geometrical problem, is of importance in such
studies. We shall investigate first the distribution of
path lengths in the container, then the recoil loss, and
finally the shape considerations for minimum recoil
loss.

Distribution of Path Lengths.—The helium is gen-
erally contained in an ampoule of the shape of a right
circular cylinder of radius R and length L. Tritons
are produced uniformly throughout its volume and
recoil in random directions from the site of production.
The path length, or flight, is the distance to the wall,
and we wish to find P(l), where P(l)dl is the prob-
ability of a path length between land | + dl. Appro-
priate variables are shown in Fig. 1.

The probability that a flight originates at (p, Q and
travels in the direction (6, 4 is

APE)Z = 2pdp dE dcf sin edo
- L 2t 2 )

and

| = £sec efor 0 e N tan-1 -

(1) M. Amr El-Sayed, P. J. Estrup, and R. Wolfgang, J. Phys. Chem., 62,
1356 (1958).

(2) M. Amr El-Sayed and R. Wolfgang, J. Am. Chem. Soc., 79, 3286
(1957).

(3) A. Gordus, M. Sauer, and J. Willard, ibid., 79, 3284 (1957).

(4) M. Amr El-Sayed, Ph.D. Thesis, Florida State University, 1959.

(5) P. J. Estrup and R. Wolfgang, J. Am. Chem. Soc., 82, 2661, 2665
(1960).

(6) J. Evans, J. Quinlan, M. Sauer, and J. Willard, J. Phys. Chem., 62,
1351 (1958).

(7) M. Sauer and J. Willard, ibid., 64, 359 (1960).

(8) J. K. Lee, B. Musgrave, and F. S. Rowland, J. Chem» Phya., 32, 1260
(1960); J. Phya, Chem., 64, 1950 (1960).

| = asec efor tan-1 -(T< e < tan-1 (2)
a
| = (E —L) sec 9for tan-1 £ ef
- L
R2= p2T a2-f- 2pa cos 4
We define S’ (p,£,l) by
dP@2) = ~ Pf S'(PED S
so that
d<>sin
ds'(p,$.1) dl = @

Now let Si(p£,T) refer to flights terminating in the
upper cylinder end, and *3(p,$,2) to flights terminating
in the cylinder wall from the upper end to the depth
£ Itisevident that

S'(p.EI) = + $2p,2l) + Si(pL —£D +

Sl(p,L-A,l) (5)
Equation 3 may be integrated to yield

m ~ik S ptfo PN ©
in which <§p,|,.2 = Si(p&T) + N2Ap,f2).

Evaluation of S(p,£,I) and P(Z).—From equations 2
and 4 we find

dsi = A A 2 d#

= ds2
22 2w $ 22/ IPT=~v2 2jt Y

which are to be integrated over appropriate ranges of $
consistent with the given values of p, £ andl. The
results are not given explicitly here, there being eight
different functional expressions for S(p£,l) corresponding
to different ranges of the arguments. When the results
for S(p,?,Z2) are incorporated in equation 6 to give P(l)
and the several integrals evaluated, however, the eases
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reduce to five. We convert the results to non-

dimensional form by the substitutions
I = 2uR L = 2XR P()dl = Q(u)du (8)

The distribution functions are given formally by the
relations

Qa

_J(uu) —.70.u) H(u,u) — H(fi,u)

u< Xm< 1

Qb=3 'Y, N0'Y + HN\,u) - 77(0,v)
X<u<l1
J(u,u) - JtVu* - 1, 1174
Qc = CI) : <) h 77(u,uj -
77(VV — 1) I<u<X 9)
Qd= —Qa+ Qb+ Qc l<u, X<m<VvT+x2
ge = 0 VT +T2< m
JXu) =
(X.u) oD
3+ 2X2- 18m2\/V - AVI + X2- .
12tan?
1 —4X2+ 4md sin“1l-yV - X2
4ira2
7704m) = 1 —2md7? (u, cos ~ 1-
(%m) 3irn2 ( ma7? ( u

1 —M F"M sl

Here F(k,4>) and Ek<t>) are elliptic integrals of the first
and second kinds, respectively.

Figure 2 shows a typical distribution curve, that for
X = 2, for a cylinder of length twice its diameter. As
would be expected, short flights are highly probable and
long flights are relatively unlikely. The most probable
path length is zero and the average path length approxi-
mately m = 0.45.

Recoil Loss.—Every triton which follows a flight of
length | (defined as above) less than the range r is lost
from the system. In terms of the relative range 7 =
r/2R the total recoil loss W(X,7) is therefore given by

W(X,y) = fj Q(X,u)du (10)

The results for TF(X,7), the recoil loss functions, maybe
defined formally by the expressions

W7 17(7,7) - 770,7) P(0.7
Wa = Y r W7,7) (,)+2X
7<x, 7<1
WB = , N(- -+ Vfryy) - H(0,7) +
1- X< 7< 1

27
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1 VG - UlVym- LT) + _
V(Vy2- 1,7) + 7A Ny 1< y< X (11
WD= —WA + WB+ Wc
1< 7, X< 7<\/l + X2
We =1 VI + x2<
TT(Xy) = [(3+ 2X2+ 6TV 72- X2 X

iry
Y/l + X2 —72—3(1 —4X2— 472 sin 'vV 2— X7

E(Xy) = popt [A- 72 f{?,cosw” -
L+ 72 E (7,cos 1-
\ 7

The limits of WAand Wc as X -*e 0, that is, the func-
tions —E(0,y) and —i/(V/72 — 1, 7) (which is — 7
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Fig. 3'—Recoil loss W as function of reduced range 7 and shape
factor A

F(0,l/y)), appropriate for infinitely long cylinders,
have been reported by Estrup and Wolfgang.6

Some illustrative results of computation of recoil loss
are given in Table | and shown in Fig. 3. The entries
in the last column of Table I, for X-*m c°, indicate the
error introduced by using the F.strup- Wolfgang ap-
proximation without correction.

Table I

Recoil Loss W as a Function of Reduced Range 7 and
Shape Factor A

7 a=05 1.0 20 5.0 10.0 ©
0.1000 0.1914 0.1456 0.1228 0.1090 0.1045 0.0999
1414 2655 2033  .1722  .1535  .1473  .1411
.2000 3652  .2821 2405  .2156  .2073  .1990
.2828 4955 3877  .3339  .3015  .2908  .2800
3742 6245 4960  .4318  .3932 3803  .3675
4472 7165  .5762 5060  .4638  .4498  .4357
5477 8238 6768  .6016  .5564  .5414  .5263
.6325 7526 . .6758 6297  .6144  .5990
7071 9253  .8122 7359  .6901  .6749  .6596
7746 8601  .7856  .7408  .7259  .7110
.8367 .8990  .8270  .7837  .7693  .7549
.8602 .9769 9123  .8415 .7990 .7848  .7706
.9055 9358  .8675 .8264 8128  .7991
.9487 9552 8895  .8500  .8369  .8237
1.0000 9738 9113  .8738  .8613  .8488
1.0541 9276  .8920  .8801  .8683
1.1043 19925 9391 9051  .8938  .8825
1.1180 1 0000 9418 9082 8971  .8859
1.1471 9471 9144 9035  .8926
1.1952 9546  .9232 9128  .9023
1.2910 9663  .9373 9276  .9179
1.4142 1.0000 9770 9505  .9416  .9328
1.5811 9866  .9629  .9550  .9471
1.8258 9952 9746 9678  .9609
2.2361 1.0000 9855 9799  .9743
2.6726 9915 9869  .9822
3.5355 9970  .9934  .9899
5.0000 1.0000 9975  .9950
7.0711 9993  .9975
10.0000 1.0000 .9987

Minimum Recoil Loss.—We seek that value of the
shape factor X (—L/2R) which gives a minimum recoil
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loss under the conditions of fixed range r and fixed
sample volume 1' (= ir/?-/.). Under these conditions
we have

X AF K X = Ky3 (12
- = — = or =
7 irrl y
in which the volume factor K is fixed.
We consider only cases WAand TFC for X ~ 7, which
are of the form

W(\,7) M)z’) + B{7) (13)

We determine the minimum in W by the conditions

daw daF
0

>0 14
d7 dy2 (14)

Thus we obtain the relationship between volume factor
K and shape factor for minimum recoil loss, X*, in para-
metric form with 7 viewed now merely as a convenient
parameter. The recoil loss is a minimum, IF*, for

£ = 34(7) —yA'{7) xX* = K73 (15)

provided that

yB"(Y)[3A{y) - yA'(y)] + B'(y) yA"(y) -

QyA'(y) + 127M4(7)] > 0 (16)

In these equations the prime indicates differentiation
with respect to 7, and A (7) and B(7) are defined by
reference to equations 13 and 11.

Table Il

Minimum Recoil Loss W* and Shape Factor for Minimum

Loss, A* as Functions of Volume Factor K, with Corre-

sponding Values of Recoil Loss lIfs for Spherical Sample
K xX* W* Ws K X* W* Ws

0 1.0000 1.1957 0.9871 0.9525 0.9558

0.0200 19.950 0.9994 1.3109 .9380 .9394 .9430
.0398 14.071 .9987 1.4350 9135 .9258 .9294
.0596 11.460 .9981 1.5382 .9008 .9148 .9185
.0792 9.899 .9975 1.8906 .8787 .8807 .8834
.0987 8.831 .9969 2.4503 .8663 .8358 .8359

.1182 8.040 .9963 3.406 .8616 7773 . 7730
.1567 6.927 .9950 4.162 .8619 7416 7345
.1949 6.163 .9938 5.258 .8640 .7005 .6902
.2326 5.595 .9925 6.945 .8682 .6527 .6388
. 2699 5.152 .9913 9.780 8747 .5963 5786
.3067 4.792 .9900 13.784 .8822 5428 .5223
.3790 4.238 .9875 16.931 .8869 5124 4906
4668 3.734 .9844 21.467 .8924 4788 4560
5515 3.357 .9813 28.424 .8988 4414 A177

.6331 3.058 .9783
7113 2.812 9752 0.9993
.8567 2.423 .9693 .9906

40.068 .9066 .3988 .3746
62.345 9163 .3491 .3252
82.474 9221 .3206 .2970

.9858 2121 .9636 9785 116.10 .9288 .2885 .2657
1.0952 1.870 .9582 .9668 180.30 .9369 2514 .2301
334.81 .9470 .2068 .1877
961.13 9611 1475 .1325

© 0 0

In Table Il are shown computed values of X*, the
shape factor for minimum recoil loss, as a function of
the volume factor K, along with the values of the mini-
mum recoil loss. Between K values of approximately
1.144 and 1.231, the recoil loss curve as a function of 7
at fixed K exhibits two minima and an intermediate
maximum; for the smaller K values the lower minimum
is that at the larger value of 7, hence for the larger
value of X* and for the larger K values the reverse is
true. In this range of K values, however, the recoil loss
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is so great that it is unlikely that many investigators
will be concerned with the choice.

For reasonably large values of K the recoil loss may
be made fairly small, and there is then, for X ~ 7,buta
single extremum, a minimum as listed.

In general, we note that small recoil loss corresponds
to large values of K, as would be expected. As K in-
creases above about 4, X* approaches unity, because for
large K the loss becomes proportional to the surface
area, and this is a minimum for X = 1. On the other
hand, if one must use small sample volumes and long
ranges, so that K is quite small, then minimum recoil
loss results from choice of long, thin cylinders, as again
would be predicted, and as K —m 0, X* —% <» The
actual minimum recoil loss under these conditions,
however, isvery large.

It is interesting that for most of the range of K values
commonly encountered, the minimizing value of X is
significantly less than unity. The ampoules used, how-
ever, generally have lengths greater than their diameters,
that is, possess shape factors Xlarger than unity.

Comparison with Spherical Case.—The distribution
and recoil loss functions for a spherical sample are very
easily found to be

ANION EXCHANGE OF METAL COMPLEXES. VIl
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QW =- (@ —u) 07«0 and Q(v) = 0

L 1< u

W) =~@—7 0~77~1 andW{y) =1
1< T @17)

where u and 7 are as defined earlier. Table Il also
contains values of Ws, the recoil loss for a spherical
sample. It may be seen that for values of the volume
factor K greater than approximately 2.45, that is,
sample volumes greater than approximately 1.92
(range),3 a spherical sample gives smaller recoil loss
than any cylindrical sample. In many experiments,
however, reactor designs or other experimental consid-
erations require a cylindrical sample. For very small
values of K, of course, spherical samples may have an
exorbitant recoil loss.
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Distribution measurements were made of tracer radioactive zinc ions between Dowex-1, quaternary am-
monium anion exchange resin, cross-linked by various amounts (2, 4, 8, 10, and 16%) of divinylbenzene, and
aqueous solutions of chlorides of lithium, sodium, ammonium, potassium, and cesium, and hydrochloric acid.

The invasion of the various electrolytes into the resins has also been measured.

Expressing the electrolyte

concentrations in terms of activity functions a = my+, and correcting the distribution coefficients for the elec-

trolyte invasion, yielded parallel curves for the variously cross-linked resins.

These may be described by a

single set of complex formation parameters for the aqueous solutions, the same for all alkali metal chlorides, and

one parameter dependent on the cross linking.

Introduction

Most distribution studies of trace metal ions between
anion exchangers in chloride form and aqueous solu-
tions were conducted with hydrochloric acid, but a few
give data also for other chlorides as the macro elec-
trolyte. It was found earlier3 that the distribution
coefficients vary from salt to salt. What was at first
believed to be a “LiCl effect” 3was later shown to be an
“HC1 effect,” since lithium chloride behaves as the
other alkali metal chlorides, whereas hydrochloric acid
behaves differently. The “HC1 effect” was explained
in terms of weak chloro-metallic acid formation in the

(1) Previous paper in series: Y. Marcus and |. Abrahamer, J. Inorg.
Nuclear Chem., 22, 141 (1961).

(2) Taken from part of a Ph.D. thesis submitted by (Mrs.) D. Maydan
to the Hebrew University, Jerusalem, March, 1962. Preliminary com-
munications: D. Paritzky and Y. Marcus, Bull. Res. Council Israel, 8A, 133
(1959); D. Maydan, ibid., 9A, 246 (1960); Y. Marcus and D. Maydan,
ibid.. 10A, 102 (1961). Cf. Israel A.E.C. Report IA-764 (1962).

(3) (a) Y. Marcus, Bull. Res. Council Israel, 4, 326 (1954); (b) K. A.
Kraus, F. Nelson, F. B. Clough, and R. C. Carlston, 3. Am. Chem. Soc., 77,
1391 (1955).

agueous phase45and in terms of differences in activity
coefficients3 and of ion pairing in the resin phase.67
No quantitative correlation of the results of the alkali
metal chlorides in general has been given, although they6
as well as substituted ammonium ions8 have been
studied. The following investigation attempts the
application of a general approach to this problem to the
zinc-chloride system. This system has been previously
studied by many workers469-11 giving scattered data
for different electrolytes and cross linkings. The present
workz2is a systematic study of these factors.

First it should be noted that the salts display in the
concentration range studied, 0.1 M to a few molar,

(4) K. A. Kraus and F. Nelsqn, Proc. 1st. Inti. Conf. Peaceful Uses At.
Energy, United Nations, Geneva, [, 113 (1956).

(5) Y. Marcus, J. Phys. Chem., 63, 1000 (1959).

(6) R. A. Horne, ibid., 61, 1651 (1957).

(7) B. Chu and R. M. Diamond, ibid., 63, 2021 (1959).

(8) R. A. Horne, ibid., 62, 873 (1958).

(9) B. Chu, Ph.D. Thesis, Cornell University, 1959.
(10) U. Schindewolf, Z. Elektrochem., 62, 335 (1958).
(11) Y. Marcus and C. D. Coryell, Bull. Res. Council Israel, 8A, 1 (1959).
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Fig. 1.—Zinc distribution coefficients, log D, vs. solution activ-
ity function, log a, for lithium chloride (upper part) and hydro-
chloric acid (lower part). Resin cross linking: O, 2%; =, 4%;
A, 8%; V, 10%, A, 16%.

loga,

Fig. 2.—Zinc distribution coefficients, log D, vs. solution activ-
ity function, log a, for sodium (left), potassium (middle), and
ammonium (right) chlorides. Symbols as in Fig. 1.

non-ideal behavior specific for every salt. Comparison
of salts should take these differences into account. This
was found to be best made using activity functions,
defined as a = aCci = mCci7£cci = MCCiyxcch The
activity function extending the Guggenheim conven-
tion to high concentrations, describes what may be
termed an “effective” activity of the ligand in the
given solution. Different concentrations of electrolytes
are required to produce a given “effective” activity,
according to their activity coefficients. This concept
was used by Bjerrum22and by Gamlen and Jordan13to

(12) J. Bjerrum, Kgl. Danske \idenskab. Selskab. Mat.-Fys. Medd., 22, 18
(1946).
(13) G. A. Gamlen and D. O. Jordan, J. Chem. Soc., 1435 (1953)«
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explain spectrophotometric measurements of the chlo-
ride complexes of copper and iron, by Poskanzerl4for
solvent extraction and by Marcus and Coryellll for
anion-exchange studies of complex formation in chloride
solutions.

Another point is the different resin-invasion properties
exhibited by the various electrolytes. At equilibrium
with concentrated solutions, the ligand in the resin
consists mainly of invading electrolyte. Hence again,
in order to obtain a given ligand activity function in
the resin, a, different concentrations of the various
electrolytes are required, according to their invasion
characteristics. Invasion measurements are, therefore,
needed for the same resin samples and electrolyte solu-
tions, as used for the tracer metal distribution experi-
ments.

Experimental

Materials.—Dowex-1 anion-exchange resins, either Bio-
Rad AG or Fluka purified grade, were used after additional
cycles of washing with acid and base, conversion to the chloride
form, washing with water, and final drying over Anhydrone.

The alkali metal chlorides and other reagents were of analytical
grade.

The zinc tracer used, Zne&Cl2, was supplied by O.R.N.L.
Its half-life, 245 days, and y-radiation make it well suited for
measurement in solution with the continuous flow method em-
ployed. The zinc concentration in the solutions, was kept within
10~5to 10“6 M, and loading of the resin below 0.1%. lodide
131 tracer was supplied by C.E.A., France, and wasp ractically
carrier-free.

Measurement of Invasion.— Invasion of electrolyte into the
resin was measured by the centrifugation method.’5 Resin
samples were shaken with the solutions overnight at room
temperature (20-25°) to ensure equilibrium. The decrease of
chloride concentration in the solution and the change in volume
served to calculate the amount of chloride invasion per gram of
dry resin. The concentration of invading cations mc+ was
calculated from this quantity and the water content of the resin,
and the total concentration of chloride ions mCr is the sum of it
and the capacity of the resin. The ligand activity function
in the resin is defined asa = mcr7+ and may be obtained from the
expressionil

a = amci-I2Znc+~'2 (1)

where values of a = w?cciytcci were calculated using density
data fromi6 and activity coefficients from Robinson and Stokes.17

Zinc Distribution Measurements.—A continuous flow method
was used, described previously by Aveston, Everest, and Wells.18
Because of its advantages over the usually used batch methods
it merits more widespread consideration. The main advantages
are the necessity of fewer weighing and pipetting operations, re-
ducing random errors, a check by observation on the recorder
that equilibrium has been reached, elimination of effects of ab-
sorption on the walls of vessels, easy thermostating, and a reduc-
tion in the work necessary for the accumulation of a large quan-
tity of distribution data. The distribution coefficients were
calculated from the equation

n (h0 — h)/(weight of resin)
h/(weight of solvent)

where hois the count rate shown on the recorder for the solution
of the tracer without resin and salt, and h is the rate in the
presence of the resin and at a molality m of salt. The increase
in volume of the solution with the addition of weighed amounts

(14) A. M. Poskanzer, Ph.D. Thesis, M.l.T., Cambridge, Mass., 1957.

(15) K. W. Pepper, D. Reichenberg, and D. K. Hale, ,/. Chem. Soc., 3129
(1952).

(16) C. N. Hodgman, Editor, “Handbook of Chemistry and Physies,"”
Chemical Rubber Publ. Co., Cleveland, Ohio, 1959, p. 1970.

(17) R. A. Robinson and R. H. Stokes, “Electrolyte Solutions,” Butter-
worths, London, 1955.

(18) J. Aveston, D. A. Everest, and R. A. Wells, J. Chem. Soc., 231
(1958).
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of salt to a given volume of water must be taken into account
since the counter “sees” a constant volume of solution. The
relative increase in volume was found to be approximately
(1 + 0.022 m) for all salts. The distribution coefficients re-
ported are (1 + 0.022 m)2 times higher than published values,
which are related to the volume of solution. The average
deviation of experimental points is 0.02 log units of D. Distri-
bution curves were determined from at least two runs. The
temperature was kept constantat 25 + 1°.

lodide Distribution Measurements.—These were made as
above for zinc.

Results

The resin ligand activity function a was found in
the invasion measurements to be almost independent
of cross linking for hydrochloric acid, but to increase
somewhat with cross linking for the alkali metal salts.
Except for hydrochloric acid, double logarithmic graphs
were linear over the range investigated, the slope of
the line decreasing slightly with increasing cross linking.

The distribution coefficients for zinc are shown in
Fig. 1and 2. There is seen to be a considerable spread
in the curves with varying cross linking for all elec-
trolytes studied, the distribution coefficients increasing
with the cross linking. Data for cesium were obtained
only with 8% cross-linked resin, and they are shown
in Fig. 3, A and B, where the distribution coefficients
for zinc, and the resin activity function, respectively,
are compared for all electrolytes studied with this
cross linking. Similar curves are obtained for the
other resins.

The distribution of iodide tracer between 8% cross-
linked resin and sodium and cesium chloride solutions
was measured, with results shown in Fig. 4. According
to Marcus and Coryell,11a singly charged anion such as
iodide should obey the relationship

log Di = log Ki + log a —log a 3)

hence a plot of log Di — log a vs. log a should give a
straight line with slope —1, independent of the nature
of the cation of the macro electrolyte. This is shown
to be true in this case in Fig. 4, the agreement being an
independent check of the values of a.

Similarly, Marcus and Coryellll showed that the
distribution coefficient of zinc should obey the relation-
ship

N
log Dzn = log Kzn + Vlog a - log Y2 P*"al (4)

where —p is the average charge of the zinc species in
the resin and Z Zn and ft*' are parameters independent
of a The value of p may be taken as 2, as Horne,
Holm, and Myers have shown at high loading.9 This
is confirmed by the dependence of the distribution co-
efficients on the cross linking@for tracer loading. The
function log Z)Zn — 2 log a, according to Marcus and
Coryell's theory, should be independent of the cation
of the macroelectrolyte, and the dependence on the
resin should be determined by the value of the param-
eter KZn. The curves were normalized to 8% cross
linking, using the differences A = log KzZn (X%) —
log ZZn(8%) = -0.38 for X = 2, - 0.12 for X = 4,
+0.11 for X = 10, and +0.64 for X = 16. Plots of
the normalized functions log D — 2log a — A vs. log a
for all the electrolytes and resins studied are shown in

(19) R. A. Horne, R. H. Holm, and M. D. Myers, J. Phys. Chen., 61,

1655 (1957).
(20) Y. Marcus and D. Maydan, ibid., 67, 983 (1963).
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Log a.

Fig. 3.—(A) Comparison of zinc distribution curves, log D vs.
log a, for various electrolytes and 8% cross-linked resin: O, HC1,;
e, LiCl; A, NaCl; V.KCI; A, NEUC1; O, CsCl. (B) Comparison
of resin activity function curves, log a vs. log a, for various elec-
trolytes and 8% cross-linked resin. Symbols as in Fig. 3A.

Log a
Fig. 4.—lodide distribution coefficients, log D. vs. solution
activity function, log a, for 8% cross-linked resin and = CsCl,
A NaCl. Full symbols: log D, open symbols: log D — log a;
line has slope —1.00.

Fig. 5. For the sake of clarity, only about one fifth of
all experimental points are shown.

Discussion

Figure 5 shows that the predictions of the theory are
confirmed, all the data falling on a single curve.2l

(21) It should be noted that it is important to use D and a values per-
taining to the same resin sample and the same concentration units. A
failure to do so (such as using a values from Marcusll and D values from
Horne6 led to erroneous results in a previous treatment of the zinc-chloride
system1l).
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Fig. 5.—Corrected and normalized distribution curve for zinc,
log D —21log a — Avs. loga. Symbols correspond to these in
Fig. 3. Asymptotes are drawn with slopes +2.00 and —2.00,
meeting at A; point B is on data curve with same abscissa as A.
Dashed curve calculated from constants given by Short and
Morris22 solid curve calculated from constants obtained by the
two parameter method in this work.

Fig. 6 —Charge number (average charge) of zinc chloride com-
plexes, t, vs. solution activity function, log a. Solid line, this
work; short dashes, Kraus and Nelson3l with Debye-Hiickel
correction; long dashes, same with additional linear term in
activity coefficient; <, calculated from Short and Morris2 O,
from Shchukarev, Lilich, and Latysheva23 +, from Kivalo and
Luoto.5

This shows that the secondary cation effect is due
mainly to differences in the invasion of the various
electrolytes. An exception to this are the data for
high concentrations of hydrochloric acid, the well
known “HC1 effect,” where an additional explanation
is necessary.

The normalized data can be analyzed according to
eq. 4 to give values of KZn and of the over-all stability
constants, referred to the neutral complex, 13*. The
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higher zinc chloride complexes have been studied by a
number of authors, who gave stability constants. The
constants given by Short and Morris,2 inserted in eq.
4 with an adjusted value of K Zn, describe the data fairly
well (dashed curve in Fig. 5); those of Shchukarev,
Lilich, and LatyshevaZ do so somewhat less well. It
is clearly seen that a doubly charged anionic complex
becomes important at higher concentrations of chloride
so that the sets of three constants given by Sillen and
Liljequist,22and by Kivalo and Luoto®are inadequate.

The data are not sufficiently accurate to permit the
calculation of four independent complexity constants
and may be best described by the two parameter method
of Dyrssen and Sillen.® These authors define an “aver-
age complexity constant” y and a “spreading factor”
X, which for the case of the zinc chloride complexes
become

V = "A (log ft' - log /3 2) (5)

X = log ft' - y2(log ft+i' - log ft-T) (6)

so that the complex formation constants may be ex-
pressed asZ

log ft' = iy —i*x ©)

According to the two parameter method,® the asymp-
totes to the experimental curve with slopes + 2.00
and —2.00 meet at the point A (Fig. 5), the coordinates
of which are given by

logaA= -y = -0.05

log Da = log Kzn+ 4x = 277 (8, 8a)

The point B on the data curve directly below this has
the ordinate value

log DB = log Kzn + 4x —
log 2+ (2 X 103 + 10“4] (9)

From eq. 8, 8a, and 9, the three parameters Kzn, vy,
and x may be obtained by curve fitting.8 The values
so obtained are log Kzn (8% cross linking) = 2.26,
y = 0.05, x = 0.127 (all £0.05).D The two parameter
approach does not permit a decision to be made on
which of the intermediate complexes ZnCl+, ZnClI2
and ZnClI3 , is relatively more important. As pointed
out, among others, by Wormser,3 data such as those
presented here may be interpreted in terms of only
some of all possible intermediate species.

Another approach, adopted by Kraus and Nelson, is
to calculate the charge number i

i = d(logDb —2loga)ld log a (20)

The results are shown in Fig. 6, compared with the

(22) E. L. Short and D. F. C. Morris, J. Inorg. Nuclear Chen., 18, 192
(1961).

(23) S. A. Shchukarev, L. S. Lilich, and V. A. Latysheva, Zh. Neorgan.
Khim., 1, 225 (1956).

(24) L. G. Sillen and B. Liljequist, Svensk Kerri. Tiaskr., 56, 85 (1944).

(25) P. Kivalo and R. Luoto, Suomen Kemistilehti, SQB, 163 (1957).

(26) D. Dyrssen and L. G. Sillen, Acta Chem. Scand., [, 663 (1953).

(27) In this series of papers unprimed constants refer to ligand numbers n,
primed constants to charge numbers i. For the zinc chloride system i =
n — 2, Pir = /3n//32

(28) L. G. Sillen, Acta Chem. Scand., 10, 186 (1956).

(29) For comparison, the values of log calculated from (7) and those
given by Short and Morris2 are: log 0i: 0.43, 0.73; log £2: 0.61, 0.49;
log /3. 0.53, —0.20; log 18 0.20, 0.18. The present data indicate ZnClj-
to be more important than Short and Morris suggest.

(30) Y. Wormser, Bull. soc. chim. France, 387 (1954).
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average charge obtained by Kraus and Nelson,3L from
their anion-exchange data. The latter authors con-
sider the invasion of the resin as negligible, hence they
obtain results which bear little resemblance to those of
other authors who studied the zinc chloride complexes.
One of their curves, which uses the Debye-Hiickel
correction for the aqueous phase has charges more posi-
tive than +2 at low concentrations, the other, which
adds a linear term to the activity coefficient correction,
tends towards infinite negative charge at higher con-
centrations. The anion-exchange data obtained in
the present work yield charges in line with those calcu-
lated from the publications which consider ZnCl4~2223
but not with those calculated with ZnCI3_  as the
highest complex.5

The agreement of the data for the various alkali
chlorides shows that the use of the activity function a
is reasonable. Difficulties are encountered when poly-
valent macro electrolytes are considered,® since the
mean ionic activity coefficient may not be the best
approximation to the ligand single ion activity coeffi-
cient. Ryan3 has criticized the use of the activity
function, finding that the absorbance of plutonium(VI)
solutions at 948 m/i was not the same for various ni-
trates at given values of a. Since there are no other

(31) K. A. Kraus and F. Nelson, “Anion Exchange Studies of Metal
Complexes,” in “The Structure of Electrolyte Solutions,” W. J. Hamer,
Editor, John Wiley and Sons, New York, N. Y., 1959.

(32) Y. Marcus, Acta Chem. Scand., 11, 619 (1957).

(33) J. L. Ryan, J. Phys. Chem., 65, 1099 (1961).
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data available at present and in view of the success
with chloride solutions found also by other workers,1214
no comment on the failure in nitrate solutions can now
be made.

Concerning the “HC1 effect,” the position is still
not clear. If the hypothesis of Chu and Diamond79
were correct, i.e., if hydrochloric acid formed ion pairs
to a much larger extent than lithium chloride in the
resin phase, the invasion curves for these two electro-
lytes should have shown larger differences than they ac-
tually do. A large part of the observed effect is ex-
plained when the activity function and invasion are
considered. However above 5 M hydrochloric acid,
the corrected curve for hydrochloric acid becomes
steeper than that for lithium chloride. As noted pre-
viously, the point of divergence is different for different
trace metals, being 0.2 M for cadmium,69 M for iron-
(11),3and 12 M for silver.& An explanation in terms
of specific interactions, such as formation of non-
absorbable, non-dissociated chloro-metallic acids, may
hold after all.
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Distribution coefficients for zinc, indium, iridium(l1l), and iodide tracers between sodium chloride solutions
and 2, 4, 8, 10, 16, and 24% cross-linked Dowex-1 quaternary ammonium anion-exchange resins have been ob-

tained.

The data, corrected for resin invasion and complex formation in solution, yield parameters for the
various resins, independent of the chloride concentration.

The dependence of these parameters on the cross link-

ing is much higher for the doubly charged zinc complex in the resin than for the singly charged resin species ob-

tained with indium, iridium(l11), and iodide.

This dependence is explained on the basis of ion pair formation

in the resin, using for the effective dielectric constant quantities calculated from the water contents of the various

resins.

Introduction

The general increase in selectivity of ion-exchange
resins with the cross linking is well known. Anionic
metal complexes have also been found to show higher
distribution coefficients for anion exchangers, the
higher the cross linking of the resin.}3~6 One reason
for this is the higher concentration of ligand generally
obtained in the more highly cross-linked resin. Ac-
count of this can be taken by normalizing to a constant
value of the resin ligand activity function d.16 It was

(1) Previous paper in series: Y. Marcus and D. Maydan, J. Phys. Chem.,
67, 979 (1963). Cf. Israel A.E.C. Report IA-779 (1962).

(2) Taken from part of a Ph.D. thesis submitted by (Mrs.) D. Maydan
to the Hebrew University, Jerusalem, March, 1962.

(3) R. H. Herber, K. Tongue, and J. W. Irvine, Jr., J. Am. Chem. Soc.,
77, 5840 (1955).

(4) J. Aveston, D. A. Everest, and R. A. Wells, J. Chem. Soc., 231 (1958).

(5) B. Chu, Ph.D. Thesis, Cornell mUniversity, 1959.

(6) Y. Marcus and C. D. Coryell, Bull. Res. Council Israel, 8A, 1 (1959).

found that even after this correction has been applied
there remains a cross-linking effect, which is different,
for various anions. This work gives a systematic study
of this effect, with an attempt to explain it in terms of
ion pairing in the resin phase.

Experimental

Materials.—The properties of the anion-exchange resins used,
Dowex-1, poly-(styrene(methylene trimethylammonium)), cross-
linked by divinylbenzene(DVB), have been determined and are
shown in Table I.

The zinc and iodide tracers used were the same as described
previously.l Indium-115 tracer was obtained from R.C.C.,
Amersham, England, and Ir-192 was obtained by irradiating
(NHAsIrCh in the Israel Research Reactor. The iridium tracer
was purified from 1r(1V) on an anion-exchange column.

Distribution Measurements.— These measurements were made
as described previously.1
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-1.0 -0.5 0.0 0.5
Log a.

Fig. 1.—Distribution coefficients for zinc, and indium, log D,
vs. solution activity function of sodium chloride, log a. Resin
cross linking: O, 2%; 0,4%; A, 8%; V, 10%; +, 16%.
Filled points and surrounded crosses are from Chu.5

Fig. 2.—Distribution coefficients for iodide and iridium(lll),
log D, vs. solution activity function of sodium chloride, log a
Symbols as in Fig. 1.

Results

The distribution coefficients of zinc, indium, iodide,
and irridium between the various resins and sodium
chloride solutions are shown in Fig. 1 and 2. The few
values available from the work of Chu6for these tracers
and sodium chloride solutions are also shown. Dis-
tribution curves for indium and zinc tracers and 24%
cross-linked resin were obtained, but because of the
low capacity of the resin are not comparable with the
other results.

It has been shown previously,16that the distribution
coefficient _O for a given tracer j may be expressed as

Table |
Dry Wet Water Equiv.

Cross  capacity, capacity, content, vol. Resin ligand
linking meq./g. meq./g. wt. % H20 ml./equiv. activity
nominal air water in water water function

% dried swollen swollen swollen log 3

DVB resin Cl- resin CI" resin CI" resin CI" oNedl = 1)

2 3.3 1.11 78.0 900 0.19

4 3.5 1.85 66.0 540 .30

8 3.2 1.90 58.5 525 .33
10 3.0 2.04 55.0 490 .36
16 2.00 48.0 500 .35
24" 1.10 20.0 905 (0.09)6

“ A gift of resin sample by Dr. Wheaton of the Dow Chemical
Corporation is gratefully acknowledged. bEstimated from an
extrapolation of the relation between a and the wet capacity for
the other resins. The invasion of this resin by electrolyte, even
in concentrated sodium chloride solutions, has been found to be
below the amount measurable.

function of the ligand activity function in the solution
a = WINaCl 7+NaCl &S
N —m

log Di = log Ki + Piloga - log X Pi*al (1)
—m

In this expression K-, is a parameter specific for the
tracer and the resin, but independent of a, p, is the
charge of the predominant species of the tracer in the
resin, and d is the resin ligand activity function. In
the case of anionic complexes, /V* are over-all complex
formation constants, referred to the neutral complex

whereas for a stable anion Bp~ like iodide, log
2fii* a*isreplaced by p log a.

The value of p for iodide is 1, for the zinc complex it
is 21and for the indium complex itis 1.7 Kraus, Nelson,
and Smith8 assumed that iridium(lll) is present as
IrCl&3- in chloride solutions, and would pass as such
into the resin, although only to a negligible extent,
because the resin prefers mononegative species. Con-
trary to their findings, however, Berman and McBryde9
found appreciable (log D up to 3.0) absorption of
Ir(111) from dilute hydrochloric acid, and in the pres-
ent work, too, considerable absorption was found from
sodium chloride solutions. Blasius, Preetz, and
SchmittD showed that in dilute chloride solutions
iridium(l11) is largely present as Ir(HD)2Cl4~. It has
been foundIlthat in general, many anions tend to exist
in the resin phase, which have a low effective dielectric
constant, not as the most highly charged anionic com-
plex, if they can easily shed off the last one or two li-
gands. Hence is assumed that for Ir(I11l) p = 1, and
this asssumption leads also to the reasonable result
that Ir(H2)2CI4_ is the main species in solution over
the concentration range studied, as will be seen below.

Using values of log d/* for zinc and of log a for sodium
chloride solutions obtained in the previous paper,1
values of log /V* for indium from the next paper,7
the values of pmgiven above and the experimental log
Dj data, the expressions

2
log Kzn = log DZh — 2 log a + log )12diiz.o'v 2)

(7) D. Maydan and Y. Marcus, J. Phys. Chem., 67, 987 (1963).

(8) K. A. Kraus, F. Nelson, and G. W. Smith, ibid., 58, 11 (1954).

(9) S.S.Berman and W. A. E. McBryde, Can. J. Chem., 36, 835 (1958)

(10) E. Blasius, W. Preetz, and R. Schmitt, 5. Inorg. Nuclear Chem., lJ,
115 (1961).

(11) Y. Marcus, unpublished results. Cf. Acta Chem. Scand., 11, 619
(1957); Bull. Res. Council Israel, 8A, 17 (1959); Israel A.E.C. Report R-20
(1959); A. Soneson, Acta Chem. Scand., 15, 1 (1961).
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log Ki = log Di — log a + log a (3)
1

log Ain = log Dm - log a + log Z Pta*)* al (4)
-3

log Am = log Dm — log a + log a (5)

were calculated, and are shown in Fig. 3. It is seen
that, by and large, Aj is independent of a, as expected
from the theory of Marcus and Coryell.6 It is further
seen that, indeed, iodide and iridium(lll) behave as
simple mononegative anions in the solutions. The
behavior of zinc and indium is discussed elsewhere.17
Last, it is seen that the dependence of the parameters
Aj (i.e.,, the distribution coefficients corrected for
changes in resin ligand activities, complex formation
in the solution, and competition for the ligand) on the
cross linking is slight for indium and iridium(lll),
somewhat higher for iodide, and very appreciable for
zinc.

Discussion

To explain the behavior shown by the various anions
and resins in Fig. 4, let us first consider the differences
exhibited by the resins (Table 1). The variation in
capacity, leading to a variation of a, has already been
taken into account by eq. 2-5. The differences in
equivalent volume, Feq, of the fully swollen resins,
although considerable, are related to only slight dif-
ferences in the distances between exchange sites. The
average distance d, expressed in A., is given by

d = 1086FejA0)Vl = 1.47Feq/3A.  (6)

and varies at most by 20%, and not in the same direc-
tion as the cross linking changes from low to high. The
distances, which are 12-14 A., are similar to the sum
of the diameters of the tracer anions and the (methylene
trimethyl) ammonium groups of the exchange sites,
or even slightly smaller, so that the inter-site distance
does not determine the distance of approach of the
anions to the positive charges of the sites. Thus, the
effect of cross linking is not due to differences in the
equivalent volume. Much larger variations in the
distances, as obtainable with low capacity resins, or
partly protonated weakly basis resins,4 are necessary
for this factor to be of importance.

The water content of the resin, on the other hand,
or more precisely the average composition of the resin
in terms of organic matter and water, seems to play a
major role. A number of authors have explained in a
qualitative manner various phenomena in the resin
phase in terms of ion-pair formation, depending on the
low effective dielectric constant in the resin.5]1214 An
estimate of this dielectric constant can be made by
comparison to mixed solvents, like water-dioxane mix-
tures. Over not too short distances, such as those char-
acteristic of Bjerrum’s treatment of ion pairing, the
mixture of resin matrix and water is no less homogeneous
than a dioxane-water solution. Equating the effective
dielectric constants of the resins to those of dioxane-
water mixtures of the same water content on a weight
basis, the estimates in Table Il were obtained. These
values are in the range where association reactions

(12) S. A. Rice and F. E. Harris, Z. physik. Chem. (Frankfurt), 8, 314
(1956).

(13) S. Lindenbaum, C. F. Jumper, and G. G. Boyd, J. Phys. Chem., 63,

1924 (1959).
(143 R. A. Horne, R. H. Holm, and M. D. Myers, ibid., 61, 1661 (1957).

UHUWMffIJIfl muiTiDininm

Cross Linking in Anion Exchange of M etal 985

' -1.0 -0.5 0.0 0.5

Log a,

Fig. 3.—The parameter log A, for zinc, iodide, indium, and
iridium(l11) tracers vs. solution activity function of sodium
chloride, log a. Symbols asin Fig. 1. Lines are average values.

Fig. 4.—The parameter log Aj for zinc, V ;iodide, A; indium,
G; and iridium(l11), O, tracers vs. the reciprocal of the effective
dielectric constants of the resins, 100/f. Points are average
values from Fig. 4; lines are calculated from eq. 9a.

leading to ion-pair formation have been studied.
Denison and Ramsay,b found for instance that for
tetraisoamylammonium nitrate, which is similar to the
ions involved in the present study, the logarithm of the
association constant shows a simple inverse propor-
tionality to the dielectric constant of the medium.
It is thus likely that the association in the resin may
be similarly described.

(15) J. T. Denison and J. B. Ramsay, J. Am. Chem. Soc., 77, 2615 (1955).
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Table Il

Estimates of the Dielectric Constants of Anion-E xchange

Resins
Cross Effective Effective
linking Water Effective radius radius
nominal % content, dielectric of chloride of iodide
DVB wt. % constant rei, A. n, A
2 78.0 59 3.20 3.22
4 66.0 49 3.11 3.16
8 58.5 42 3.07 3.13
10 55.0 38 3.04 3.10
16 48.0 33 3.98 3.06
24 20.0 10

Another phenomenon connected with the changes
in the water content of the resin is the dehydration of
highly hydrated ions. Anions, with which the present
work is concerned, are less prone to dehydration; still
it should be observable with chloride and, somewhat
less with iodide ions. As a rough approximation, it
may be assumed that the volume of the hydration shell
is proportional to the relative water content of the
resin. Hence the radius of the ion in the resin will
be given by the expression f = rcryst + (% water con-
tent/100)13 X (rchyd — reryst). The values calculated
for chloride and iodide, using radii r°hyd reported by
Nightingale, Bare shown in Table I1.

Consider now the reactions leading to the distribu-
tion of the tracer anion

Bp~+ P CI Bv~+ p Cl- AE 7
Br + pR +~i;p Ap (8)
where Bp~is either a stable anion such as I- or the

anionic complex predominant in the resin, MClp"mt,,
and Ke and AP are the equilibrium constants for the
exchange and ion-pairing reactions, respectively. Ac-
cording to Marcus and Coryell,6 the parameter K\
is proportional to AEAP. The constant AE may be
calculated using a process in which Bp~ is transfered
in a Born cycle through the gas phase from a medium
(water) of dielectric constant e to a medium of di-
electric constant e and p chloride ions are transfered
in the opposite direction, taking changes in the radii
into account.Z7 The constant Kp may be calculated
from Fuoss’' extensionB8 of Denison and Ramsay’'sb
derivation. The expression obtained is

log K-, = const. + log AB+ log AP = log AB> —
0.4343-108e2 V. P \
2KT p rci fcild

. . 04343T0®E 1
_______ X5 O

log Aj = log Aj° +

(9a)

where log A,0consists of terms independent of the radii
and dielectric constants, d is the closest distance of
approach of anion and cation, and rs, rci, rB, and fG
the hydrated and partly dehydrated radii of the anions,
all in A. The second term in the brackets in eq.
9a is a relatively small correction term to 1/d. Values
of rci = 3.32 A. and ri = 3.31 A. were taken from
Nightingale, values of fci and fj from Table II.
Approximate values for fB, assumed equal to rB for
non-hydrated complex anions, were calculated from the
tetrahedral radii, and are 3.4 A. for indium and iridium
and 3.3 A. for zinc, and values of & were obtained by
adding the radius of the tétraméthylammonium cation,
2.8 A., to these radii.

The values of log Aj obtained from eq. 2-5 are
plotted vs. the reciprocal effective dielectric constant
in the resin,¥!, in Fig. 4. Curves calculated from eq.
9a are also shown, using arbitrary values for log A°j.
The slopes of the calculated curves are found to agree
with the experimental points. Even in view of the
many approximations made, the agreement means that
the effects of dehydration, and in particular ion pairing
in the resin medium of low effective dielectric constant,
can explain the cross-linking effect quantitatively.

The value of p influences the slope of the lines in
Fig. 4 considerably. In fact, the above considerations
should permit one to decide on its value from the spread
in the log D vs. log a curves for various cross linkings,
since the differences in the (hydrated, or partly de-
hydrated) radii of the various anions are not so large
as to confuse the picture. On this basis, too, the pre-
dominant complex for iridium(l1l) in the resin should
be mononegative.
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Distribution measurements were made of tracer indium ions between Dowex-1, quaternary ammonium anion-

exchange resin chloride, and aqueous solutions of sodium chloride.

Correcting the distribution data for elec-

trolyte invasion permitted calculation of complex formation parameters for the indium-chloride system. The
same set of parameters describes also the liquid distribution data obtained with triisoéctylammonium chloride in

xylene and sodium chloride and dilute hydrochloric acid solutions.

The species predominant in the resin phase is

InCl4~, those in the liquid amine phase are RInCh and R3InClg dependent on concentration; the difference is at-
tributed to differences in the effective dielectric constants of the media.

Introduction

The indium chloride complex system shows interest-
ing features that make the study of the anionic species
formed of special importance. Although it is formally
similar to, e.g.,, the iron(ll1l) and gallium systems,
indium shows much lower distribution coefficients
both in anion exchange3 and solvent extraction.45
This may be due to a tendency to form anionic com-
plexes higher than InCl4_, the species involved in the
extraction by ether or similar solvents, or in anion
exchange.3 Indeed, Woodward and Taylor6 found
that the Raman spectrum of concentrated aqueous
solutions of indium chloride, containing up to 15 M
hydrochloric acid, indicates the absence of significant
quantities of InCl4_ in these solutions. They sug-
gested that INCL2 and InCl63 should be the predomi-
nant species. Solvent extraction measurements,78
however, gave such small values for the formation
constants of 11CI3 and InCl4~, that the probability
for higher complexes would be negligible. An alterna-
tive explanation of the low distribution coefficients
and the Raman results would be a possible tendency of
indium to retain octahedral coordination, so that the
probability of the reaction

mci3dh2)3+ ci- mci4 + 3HD (i)

which is very high for, e.g., gold or gallium, and high
for iron(l11), would be low for indium (and iridium-
(111)1, having to compete with the reaction

MC13HD)3+ CI” MCI4AHD)2 + HD (2)

where the octahedral, hydrated species, show prefer-
ence for the aqueous phase, interacting with the water
much more than the tetrahedral MC14~.

Published anion-exchange data for indium are
scant,39Dand do not permit detailed analysis in terms
of the species involved. Additional data are therefore
desirable. Another fruitful approach to the study of
the higher chloride complexes is extraction by liquid

(1) Previous paper in series: IX. Y. Marcus and D. Maydan, J. Phys.
Chem., 67, 983 (1963). Preliminary communication: D. Maydan, Bull. Res.
Council Israel, 10A, 91 (1961). Cf. Israel AEC Report I1A-780 (1962).

(2) Taken from a part of a Ph.D. thesis submitted by (Mrs.) D. Maydan
to the Hebrew University, Jerusalem, March, 1962.

(3) K. A. Kraus, F. Nelson, and G. W. Smith, J. Phys. Chem., 58, 11
(1954).

(4) R. M. Diamond, ibid., 61, 1522 (1957).

(5) H. Irving and F. J. C. Rossotti, J. Chem. Soc., 1946 (1955).

(6) L. A. Woodward and M. J. Taylor, ibid., 4473 (1960).

(7) R. J. Dietz, Jr., Ph.D. Thesis, M.l.T., 1958.

(8) J. S. Mendez, Ph.D. Thesis, M.I.T., 1959.

(9) E. P. Tsintsevich, I. P. Alimarin, and L. I. Nikolaeva, Vestn. Moskev.
Univ. Ser. Mat., Mekh., Astron., Fis. i Khim., 14, No. 2, 189 (1959).

(10) N. Sunden, Svensk Kem. Tidskr., 66, 173 (1954).

anion exchangers, i.e., long chain amines. Their use
has been shown to yield information on the species
in both the organic and aqueous phases.11-2 Some
amine extraction data were found also for indium
chloride.184 The present work is a detailed study of
the formation of the higher indium chloride complexes
using anion exchange® and amine extraction tech-
niques.

Experimental

Materials.—The resins and Inli4 tracers used have been de-
scribed previously.l6 The triisooctylamine, (TIOA, R3N)
kindly furnished by Dr. Kertes of the Hebrew University,
Jerusalem, was purified by distillation, and was found by titra-
tion to be 98% pure. The amine was neutralized with 2 M
hydrochloric acid, washed with water, and pre-equilibrated with
the solution used for the indium distribution measurements.

Methods.—Anion-exchange distribution measurements were
made by the continuous flow method previously described.16
Amine extraction measurements were made by batch equilibra-
tion for 24 hr. of the amine at a given concentration in xylene,
with aqueous solutions of hydrochloric acid or sodium chloride
containing the indium tracer. Aliquots of both phases were
counted in a well scintillation counter after phase separation
by centrifugation. Loading experiments were made by de-
termining the gain of weight of a resin column after percolating
through a large excess of indium chloride solutions in dilute
hydrochloric acid, correcting for interstitial and imbibed solu-
tion.

Results

The distribution data for indium between sodium
chloride solutions and anion-exchange resins of various
cross linkings have been given in the previous paper.1l
Distribution coefficients given by Suden® for sodium
chloride solutions were obtained with the resin Amber-
lite IRA-400 for which no invasion data are available,
so that no comparison can be made. The few data
given by ChuTare in good agreement with ours.

The distribution data for indium between TIOA
hydrochloride in xylene and hydrochloric acid and
sodium chloride solutions are shown in Fig. 1 and 2, re-
spectively, as function of amine concentration, and in
Fig. 3 as function of the chloride activity function a
Data by White, Kelly, and Li for tri-n-octylamine
are shown for comparison; they agree well with the
present data. Values obtained by Nakagawal3 for

(11) U. Schindewolf, Z. Elektrochem., 62, 335 (1958).

(12) K. A Allen, J. Am. Chem. Soc., 80, 4133 (1958).

(13) G. Nakagawa, J. Chem. Soc. Japan, Pure Chem. Sect., 81, 1533
(1960)

(14) J. M. White, P. Kelly, and N. C. Li, J. Inorg. Nuclear Chem., 16, 337
(1961)

(15) Y. Marcus and C. D. Coryell, Bull. Res. Council Israel, 8A, 1
(1959).

(16) Y. Marcus and D. Maydan, J. Phys. Chem., 67, 979 (1963).
(17) B. Chu, Ph.D. Thesis, Cornell University, 1959.
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Fig. 1.—Distribution of indium tracer between triisodctyl-
ammonium chloride in xylene and hydrochloric acid, as function
of molar amine concentration. Concentration of HC1: O, 0.075
M; <, 0.10M; A, 025M; A, 050M; V,075M; v, 185M;
O, 30M; ®, 40M; + 9.0M. Curves are calculated from eq.
10.

Fig. 2.—Distribution of indium tracer between triisooctyl-
ammonium chloride in xylene and sodium chloride solutions, as
function of molar amine concentration. Concentration of NaCl:
0,0.10M; =, 20M; A, 3.0M; V, 40M. Curves are calculated
from eq. 10.

the secondary amine Amberlite LA-1 (not shown)
differ considerably.

Loading experiments with 0.1,0.2, and 0.5 M indium
chloride in equimolar hydrochloric acid showed 1.23,
1.07, and 0.86 equivalents of resin per mole of indium
chloride, respectively, i.e., formation of R+InCL-.

Vol. 67

It has been shownBb that the anion-exchange distri-
bution coefficients D may be expressed as a function of
the ligand activity function a = mNaCi7+Naci as

JV-3
logD = logK + ploga—Ilog E fit*al (3)
-3

K is a parameter independent of a and characteristic
of the tracer and the resin, —p is the charge of the pre-
dominant species of the tracer in the resin, and a is the
resin ligand activity function. The parameters 0/*
are over-all complex formation constants, referred to
the neutral complex InCI3

The value of p at high loading and macro concentra-
tions of indium was found to be one, and it is assumed
that the same value holds also at tracer concentrations
of indium. Taking values of log a from previous work, 5
and correcting for changes in cross linking by normaliz-
ing to 8% cross-linked resin,1 Bvalues of

log D —loga —A = log K (8% cross linking) —
log 2 IVV (4

as function of log a were obtained, and are shown in
Fig. 4. The points are seen to fall on a single curve,
which may be analyzed in terms of the parameters K
and P/*. The initial and final slopes of the curve in
the range of measurement are +1.5 and —0.7, indi-
cating the presence of the complexes InCl2+, InCL+,
InCL, and InCl4~ (neglecting possible coordinatively
bound water), with no free In3+ions. Use of iterative
curve fitting® gave the following values of the param-
eters

log K (8%) = 1.00 + 0.02
log++* = -0.50 = 0.05;
log/LT* = -0.45 = 0.05; (log do™ = 0.00);

+

log /3+i* = - 16 + 0.1

and a curve calculated with them is seen in Fig. 4 to
describe the data adequately.

The amine extraction data can be described by con-
sidering the reaction

InNCI3+ g RClor < _ Rq InCI3+s0r (5)

in a way formally similar to the one used in anion ex-
change.’ Neglecting as a first approximation non-
ideality of the organic phase, the distribution coefficient
for indium may be expressed as

log D' = log K" + qlog (RC1) —
log'if d/*«1 (6)
-3

With this assumption, d log K' (RCl)«/d log a = 0,
and hence D' will be the same function of a at a given
value of (RC1) as log D — log a, givenineq. 4. Using
the parameters calculated from the anion-exchange
data, and in addition log d-V* ~ —3, the curve drawn
in Fig. 3 is obtained, in reasonable agreement with
the data, except at very high concentrations of sodium
chloride and in particular hydrochloric acid. The
assumption 5 log (RCIl)/d log a = 0 is no doubt not
valid at these concentrations, since it has been shown
that additional hydrochloric acid above the amount
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Fig. 3.—Distribution of indium tracer between 0.10 M triisooctylammonium chloride in xylene and sodium chloride A and hy-

drochloric acid O solutions, as function of chloride activity function a. =,

data from White, Kelly, and Lil4 ©, points derived

from polarographic data of Schufle, Stubbs, and Witman22 according to eq. 11, with const. = 3.50. Curve calculated from eq. 10.

required for neutralization, reacts with the amine,
above about 3 M hydrochloric acid.B
On the other hand, the differentiation

( dlog D' \

\d log (RCI)/0 ¢ ™

will yield the number of amine hydrochloride molecules
reacting with one indium chloride molecule. Figures
1 and 2 show that this quantity is not constant. Over
a certain range, q approximates 2, as White, Kelly
and Li# concluded from rather few experimental
points. However, it is seen that g tends toward
the limiting values 1 and 3 as the concentration of
amine hydrochloride tends towards very small or very
large values. Thus, depending on the amine hydro-
chloride concentration the two following reactions take
place

InCI3 + RClor RInChor AY (8)
InCI3+ 3RClar Y~ RalnCbor AY 9)

with the distribution coefficient obeying the relationship

log D = log AY + log (RC1) +

log (i + (RCi)2 - logNz ft'Vv (10)
The values obtained by extrapolation are log K/ =

10 = 01 and log K/ = 3.1 + 0.1. Curves calculated
(18) U. Bertocci and G. Rolandi, ,/. Inorg. Nuclear Chern., 23, 323 (1961).

Fig. 4.—Distribution of indium tracer between anion-exchange
resins and alkali chloride solutions, corrected for resin invasion
and differences in cross linking, as function of chloride activity
function. 0O, datal indicating range of points for various cross-
linking. Data from Chulz. e, for NaCl, O, for LiCl. Curve cal-
culated from eq. 10.

with these two constants and the /V* constants re-
ported above are seen in Fig. 1 and 2 to agree with the
data. At high hydrochloric acid concentrations the
slope g becomes smaller, and does not reach an upper
limiting value of three. This may be attributed to
formation of species such as RZHInCI6 and RH2ANCIG,
in addition to the non-ideality of the solutions.

Discussion

Both the anion exchange and the extraction data
indicate that in the range of concentrations studied,
i.e,, up to ca. 6 M lithium chloride, no anionic species
higher than InCL - are formed in the aqueous phase.
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The stability of the complexes found in this work may
be compared to the findings of other workers in Table
I. A critical survey by Carleson and Irving® showed

Tabite |
Author Method, conditions log 8-,"* log R-d* log Rd*
Carleson®d Cation exchange, 20°,
0.69 M H(C104 + CI)
medium, pH 0.16 -1.82 -0.43
Dietz7 Ether extraction, varying
HC1 medium 53 -1.26
Mendez8 Nitrobenzene extraction,
varying HC1 medium 32 -1.12
Thiswork Anion exchange, amine
extraction, varying
HC1 and NaCl media -0.50 - 45 -1.6

that earlier values of constants for formation of InCl2+
and 11CI3 probably are incorrect. In particular, the
polarographic work of Schufle, Stubbs, and Witman22
may be reevaluated, taking account of the irreversi-
bility of the wave in absence of chloride.Z Referring
the half wave potentials E,Z, in mv., to the extrapo-
lated value for zero hydrochloric acid concentrationZ3
instead of to the perchlorate solution,2 permits the
calculation of the left side of the eq.

— log 2p/*al = const. + 3log a —
3 (E.A- AV)/0-059 (11)

as function of log a, giving values agreeing with those
obtained in the present work (Fig. 3). The present
work leads to the conclusion that InCI2+ is relatively
less important than found by Carleson, while InCI3

(19) B. G. F. Carleson and H. Irving, J. Chem. Soc., 4390 (1954).

(20) The values reported by Carleson19 are valid for constant ionic
strength, and hence are not truly j3»* values. To convert them, —i log
7+HCI at ionic strength 0.69 was added to the constants.2L

(21) G. P. Haigt, Jr., J. Zoltevicz, and W. Evans, Acta Chem. Scand., 16,
311 (1962).

(22) J. A. Schufle, M. F. Stubbs, and R. E. Witman, J. Am. Chem. Soc.,
73, 1013 (1951).

(23) E. D. Moorhead and W. M. MacNevin, Anal. Chem., 34, 269 (1962).
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is more important than found by Dietz and Mendez.
In any case, this work agrees with previous work in
showing the absence of InCI32_and InCL3- in aqueous
solutions.

If in aqueous solutions higher anionic complexes are
not formed, it is reasonable that this would also be the
case in the anion-exchange resin phase, with its lower
effective dielectric constant, because of the repulsion
of the negative charges. This argument holds, how-
ever, only if the species are ionic, as they probably
are at the dielectric constants encountered in the resin
and aqueous solutions. In xylene solutions of tri-
isooctylammonium chloride, however, the dielectric
constant is presumably so low that no ionic dissociation
occurs. Under such conditions it is conceivable that
amine hydrochloride molecules react with neutral
indium chloride molecules to give neutral species with
more than four chloride ligands. If indeed indium
tends to retain hexacoordination, the speciesRIn(H2)2
Cl4and RInCL are likely in the organic phase (with
possibly some of the intermediate R2n(H2 )CI5,
although the present results do not require its con-
sideration). The important point here is, that con-
trary to former belief,1124 it is not possible to conclude
from the species found in the organic phase in amine
extraction experiments on the species predominant in
the resin in the corresponding anion-exchange experi-
ments. The different mechanisms of distribution, due
to great differences in the effective dielectric constant,
would make such a direct comparison generally invalid.

Acknowledgments.—The authors thank Miss S.
Yitshaki and Mrs. N. Bauman for technical help in
carrying out the experiments. D. M. thanks Prof.
G. Stein of the Hebrew University, Jerusalem, and
the Scientific Director, Israel Atomic Energy Commis-
sion, for making possible the use of the work as part of
a Ph.D. thesis.

(24) Y. Marcus, Bull. Res. Council Israel, 8A, 17 (1959).

ION-EXCHANGE

MATERIALS:

By Lawrence Dresner and Kurt A. Kraus

Oak Ridge National Laboratory, Oak Ridge, Tennessee
Received August 20, 1962

A theoretical analysis is given of the salt filtering properties of microporous bodies composed of particles with

ion-exchange active surfaces.

The computations are based on solutions of the Poisson-Boltzmann equation

for uniformly charged cylindrical micropores and for a regular lattice of charged rods; point charges are as-

sumed for the interstitial solution.
of effective pore radius.

lon-exchange materials have long been known to
have the property of excluding electrolytes. In
general, the concentration of invading electrolyte in
an ion exchanger is less than in the surrounding aqueous
phase provided the concentration of the latter is not
too high. The ability of exchangers to exclude elec-
trolytes forms the basis of the ion exclusion process2

1) Work performed for the Office of Saline Water, U. S. Department of

the Interior, at the Oak Ridge National Laboratory, Oak Ridge, Tennessee,
operated by Union Carbide Corporation for the U. S. Atomic Energy
Commission.

The results are discussed in terms of anticipated salt rejection as a function

and of the electrodialysis method for desalination. It
should also be useable for desalination in a hyperfiltra-
tion (reverse osmosis) method, since the relative trans-
port of water and salts through an exchanger membrane
should be closely related to their relative amounts in
the membrane. Salt filtration by ion-exchange mem-
branes was discussed in considerable detail, and with
good coverage of the earlier literature, by McKelvey,

) See e.g.,, R. M. Wheaton and W. C. Bauman, Ind. Eng. Chem., 45,

228 (1953); Ann. N. Y. Acad. Sci., 57, 159 (1953).
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Spiegler, and Wyllie.3 These authors studied filtration
of NaCl solutions (0.01 to 1 M) and CacCl2 solutions
(1 M) with commercial membranes of the type used in
electrodialysis equipment. They found reasonably
good salt rejection but extremely low flow rates at
pressures of 1000 p.s.i.

It thus appeared of interest to examine the principles
of salt screening by somewhat more “porous” materials
and, in particular, to evaluate the properties of micro-
porous bodies consisting of small surface-charged
(ion-exchange active) particles. Such a configuration
may be expected to act as a “salt filter” which combines
reasonable salt rejection with good flow. Even a
relatively small increase in the effective pore size of a
“salt filter” compared with the effective pore size of an
ion-exchange membrane should cause considerable in-
crease in flow, since, for example, according to Pois-
seuille’s law, laminar flow varies with the fourth power
of the pore radius.

1. Thermodynamic Considerations.—The exclusion
of electrolytes from ion-exchange materials can readily
be understood by considering the condition of equi-
librium for any component J

V3 = M) (1)

where n is the chemical potential and the subscript (r)
designates the resin phase. When the reference states
of J in both phases are the same, eq. 1yields

aj =

«Hr) 2)

where a is the activity of J.

Equation 2 holds point by point in each phase and
across the phase boundary. When J is a 1-1 elec-
trolyte, then

= mur/m~rly~rl 2

©)

where m denotes concentration in grams per kg. of
water, y+ denotes the mean activity coefficient, and
the subscripts 1 and 2 denote counter- and co-ions,
respectively. The primes on mi(f and m2Zr are to
remind the reader that the actual ionic concentrations
in the exchanger phase may be strongly non-uniform
functions of position. Associated with the actual con-
centrations is a mean activity coefficient y+(r/ as-
sumed space-independent. A more convenient formu-
lation of the equilibrium condition (2) entirely in terms
of space-independent (stoichiometric) quantities is

(4)

where the unprimed concentrations ml{r) and w2f) are
spatial averages of mi(r¥ and m2r/ over the liquid-
filled volume of the exchanger phase or porous body
and 7%(r) is the associated mean activity coefficient.

In addition to eq. 4, the average concentrations in
the two phases satisfy the electroneutrality require-
ments

TOIMZ7 i2 = OTI(rmZr)T(r)2

mi = m2= m3 (5a)

mH) = m2r, + Wotr) (5b)

where mo(r) is the average concentration of fixed ions
in the exchanger and is equal to its capacity. Equa-

®3) J. G. McKelvey, K. S. Spiegler, and M. R. J. Wyllie, Chem. Eng.
Progr. Symposium Ser., 55, No. 24, 199 (1959).
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tions 4 and 5 can be solved for the ionic concentrations
in the resin and yield4

«@HD = (73radn) + V/((7ImQN)2+ TOA7+2y+(r)d
(6a)

mnr) = -(y 2mo() + V ((7 2mo(r))2 + m j2(7+27+*cr)2

(6b)

When the capacity of the exchanger mo(r) is high
enough or the external electrolyte concentration m} is
low enough, the second term in the square root of eq.
6 will be small compared to the first, and eq. 6 may be
written with good accuracy as

~(r)

~Qn) (7a)

™J2 f 72\

ND = - ( -
( ~O(r) \Ti(r) g/)

(7b)

Another form of the condition of validity of eq. 7 is
m2r << wio{). Since m2(r), the co-ion concentration,
measures electrolyte invasion relative to water, it
follows from eq. 6 or 7 that membranes of high capacity
should be the most effective in desalination.

The exclusion of ions from a microporous “salt filter”
is also described by eq. 6 or 7. However, in this case,
the ratio 72 7+(r)2 may be much larger than unity
if the interstitial pores have radii somewhat greater
than the thickness of the diffuse counterion layer near
the surface of bed particles. (However, if the pore
radius is very much larger or very much smaller than
the thickness of the diffuse layer, 7+2 7+(r>2 is near
unity.) This increase in the ratio 7+2 7xIr)2 is due
to a decrease in the mean activity coefficient y=(r)
caused by the strong spatial non-uniformity of the
counterion concentration.

The spatial non-uniformity of the counterion distri-
bution will be assumed to be electrostatic in origin,
i.e., to arise from the balance of the electrostatic attrac-
tion of the counterions to the bed particles and the
tendency of the counterions to diffuse away from regions
of high concentration. The electrostatic contribution
to the mean activity coefficient 7x() for point-ions
can be calculated by well known techniques using the
Poisson-Boltzmann equation, if the distribution of
fixed charges m,(r) is known. In sections 2, 3, 4, and
5 of this paper two charge distributions (cylindrical
charged pores and a lattice of charged rods) are analyzed
and explicit formulas found for the electrostatic con-
tribution to 7+(r)2 It is hoped that these computa-
tions also characterize porous beds of comparable sur-
face-to-volume ratio. In section 6 these calculations
are used to establish the parameters of suitable “salt
filters.”

2. Equations for the lon Distribution in a Porous
Exchanger.—The spatial variations of the mobile
co- and counterion concentrations are related to the
electric potential ¢ by Boltzmann’s relation, which
can be written in a suitably normalized form as

p —zie<t>/KT

ey — woiw [ o—zietfitkTr T o — a1 (8)

4) K. H. Meyer and J. F. Sievers, Helv. Chim. Acta, 19, 649 (1936);
T. Teorell, Proc. Soc. Exper. Biol. Ned., 33, 282 (1935), Trans. Faraday Soc.,
33, 1053 (1937), Z. Elektrochem., 55, 460 (1951).
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where 2\ is the valence of ions of type i (= + 1), kis
Boltzmann’'s constant, T is the absolute temperature,
and the braces denote a spatial average over the liquid-
filled volume of the microporous bed. According to
eq. 8

| t_ . mIMm3Zr)
mUD m2() —-ziet/KT"-zie™/KTy w

From eq. 3, 4, 8, and 9 it follows that

TW7T£(r)2= {e-™M*AT)(e-™*/AKT)  (10)

A similar expression has been derived by Marcus5 in
an analysis of thermodynamic properties of polyelec-
trolytes. He shows furthermore that since = —22
the product of averages on the right hand side of eq. 10
must always be 2:1. In effect this means that the
departure of the mobile ion spatial distributions from
uniformity always abets the invasion of the bed by
co-ions, since when < is spatially uniform, Y+(r/ 2
T+(r>2 = 1.

The electric potential <€ is related to the ionic con-
centrations by Poisson’s law6

VZf = - (mi(r)) — mz(r/) + — mo(r)' (U)
e

where p is the local density of the water, eis the dielec-
tric constant, and mo(r)' is the local fixed charge con-
centration. If we introduce the variable Y = —2ies™
kT for convenience, and combine eq. 6, 8, and 10 with
eg. 11, we find the following form of the Poisson-
Boltzmann equation for p

e2nQ(rip
2kTe

VvV

2mjY+ 2ml(r)r
TOO0(r)7+(0 mo _
(12)

The solution of eq. 12 for and the calculation of
the important product (eX>e_7 in general is diffi-
cult. In the case of good co-ion exclusion from the
microporous bed, simple results are accessible.

3. The Case of Good Exclusion.—n the case of
good exclusion m2r) << wio(r). It follows from eq. 5
and 10 then that the quantity (2mJY+/mo(™N)7(r),)2
(ep(e~4) must be << 1 If we neglect this quan-
tity in eq. 12, it simplifies greatly to

ewi0(np / mQ()'\ s
kTt \{e*) ma) ) (13
If we introduce the variables
f = ¥V—In(e% (14a)
£2 o (14b)

kTt

where r is the radius vector, eq. 13 becomes

(5) R. A Marcus, J. Chem Phys,, 23, 1057 (1955).

(G) The electrical units are the rationalized meter-kilogram-second-
coulomb units described by J. A. Stratton, “Electromagnetic Theory,”
McGraw-Hill Book Co., New York, N. Y., 1941.
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7720(r)
f has the properties
(ef>=1 (16a)
(e-f) = = Yim'VTim2 (16b)

In order to solve eq. 15 explicitly, the distribution
wr(r)' of fixed charges in the bed must be specified.
All interesting distributions have the common feature
that the fixed charges are localized in or on the bed
particles and are not present in the interstitial pores.
In such cases, f obeys the source-free equation

VjF = ef 17)

in the interstitial pores, the source mhP being intro-
duced through an appropriately chosen boundary
condition.

The earliest and most general solution known to eq.
17 is due to Liouville.7

Liouville’s solution applies to two dimensions and
has the form

[0tA™*
\ox)

(auVv
+ \0 )
" (18)
w2+ V2+ 1)2
where u + iv = f(x + iy), ¢2= x2+ y2 and/ is an
arbitrary analytic function. In the case of cylindrical
symmetry, Walker8has shown that this solution can be
written

f=-2In@'SiR+ a?-?) + In[-8 B - 1) (19
where a and d are arbitrary constants. Lemke9
Fuoss, et al.,0and Alfrey, et al.,n have obtained the
same solution by solving eq. 17 directly in cylindrical
coordinates.

In view of the accessibility of the cylindrically sym-
metric solution eq. 19, we shall analyze in detail the
following two cylindrically symmetric models of the
fixed charge distribution:

(i) The fixed charges are confined to a surface layer
of density a on the inner surface of cylindrical pores of
radius R. Solution can only penetrate the interior of
the pores; the rest of the bed is impenetrable.

(i) The fixed charges are disposed in a square lattice
of cylindrical charges of density X per unit length and
spacing R V & and solution can penetrate all of the bed
between them. This model is on the face of it not
cylindrically symmetric. By making a Wigner-Seitz
type of approximation explained in detail in section 5,
a truly cylindrically symmetric problem can be ob-
tained to which the solution eq. 19 can be directly ap-
plied. The model then becomes similar to that used
by Fuoss, et al.,0and by Alfrey, et al.,n in their studies
of counterion distributions around rod-shaped poly-
electrolytes.

4. The Pore Model.—The boundary conditions
determining the constants a and d in the pore model

(7) J. Liouville, J. de Mathem. [1], 18, 71 (1853).
(8) G. W. Walker, proc. Roy. Soc. (London), Adl, 410 (1915).
(9) H. Lemke, J. math., 142, No. 2, 118 (1913).

(10) R. M. Euoss, A. Katchalsky, and S. Lifson, Proc. Natl. Acad. Sci.,
31, 579 (1951).

(11) T. Alfrey, P. W. Berg, and H. Morawetz, J. Polymer Sci., 7, 543
(1951).
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are these: (a) f is regular everywhere inside the pore,
and (b) (df/d£)j=jR =) OAHr, where £R is the value of
£ corresponding to r = R. The boundary condition
(b) can be obtained as follows: Outside the pore the
electric field vanishes by a simple application of Gauss's
law; just inside the pore surface the electric field is
equal to (oy'e)n where n is the inward normal to the
pore surface. Thus (d$/dr),.=K = al«, from which
(b) easily follows by noting that wio(Np = 2\aJ/eR.
From (a) it follows by integrating eq. 17 over an
infinitesimal cylinder of radius £ around £ = 0 that

lim ~AQa 131+ (2 —8)akls3

20
£->0 L- " (20)

Only if 8 = 2 or 0 is the limit on the right zero. Using
either of these values and redefining the arbitrary con-
stant a for convenience by b\/—8 or (bV -8)“]
respectively, we can write

f=-21C-1) <2
By application of condition (b) we find that
b2= 1+ (V9£Lr2 (22)
A simple integration shows that

r I+ (V9Er2+ (v,)((y 9EB)
} 1+ (V9£r2 n

5. The Lattice Model.—The charge lattice can be
decomposed into identical, non-overlapping squares
of side RV-r, each centered on a charged cylinder. At
corresponding points in each of these squares f is the
same. If we integrate (15) over any such square, we
find that the surface integral of the normal derivative
of f must vanish. If we now make the Wigner-Seitz
assumption2 that replacing this square by a circle of
equal area (radius R) will affect the results of our
calculation only slightly, we arrive at the boundary
condition

(24a)

For simplicity we first treat the case in which the radius
of the charged cylinder is zero, i.e., the case of line

charges. In this case application of Gauss’s law gives
hm / df\
= - (72£r2 (24b)
£- 0V dE/

The coefficient a in eq. 19 may be determined in
terms of 8 using the boundary condition (24a)

a~ = g AL« (25)

8
With this value (e f) can be found in terms of 0 by
simple integration, viz.
,-rv = &2y 2+1171 (26)
8 @1+ ©@E- ®CB- 0

(12) F. Seizand E. P. Wigner, pnys. Rrev., 43, 804 (1933).
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(8 can be determined from eq. 24b.

({1{»)" -
(2 - 8)EEFT -

To begin with

df (i/te)2-"
0 (E/EK) 2~

27)

0)

so that
lim
£~O

(12Er2= -2/3 Re 8< 1 (28a)

= -2(2 — 98 Re 8 > 1 (28b)

Since the extreme left hand side of eq. 28 is real, 8 is
real ifRe8 ~ 1 In fact
¢ 2

g =~ Re8< 1 (29a)

2-y Re8> 1 (29b)

In either case R must be < 2. Since eq. 26 is invariant

to the substitution 8 —m2 — 8 when fR < 2

12 + 28 - 82
8)(3 -

, = £r2
; 8 101 + 0)(2 -

fr < 2
8) . =¢r24

(30)
When £r > 2, the only value for Re 8 is unity; thus

at most 8 = 1 + *«, where @ is real. In this case
£r2 13 + o2
8 X 1+ @@+ a@ G
and
lim [/ df\ lim
- (7T26r2=j_ 0 («”N) = £ 70[-2(1 + @ X

(E/Er)1+1m -

@ - foo) (E/EQ) 1+ -

(EJER) 1~ i" 1

1+ ioEENL<I (]
By substituting

X = In (33)

equation 32 for determining @ can be written

£r2 _ lim

(34)
4 T->co\I+C0O COot QM

Now for every finite x there is a value of cx < #
such that the bracketed quantity on the right hand
side of eq. 34 equals £R24.13 As x becomes larger but
remains finite, this value of @draws closer and closer
from below to af, the smallest value of @at which 1 +
® cot ax vanishes. The larger x is, the closer a is
to * Thus as x grows without bound, adand there-
fore @ approach zero but in such a way as to satisfy
ed. 34. Thus finally

<o k> 2 (35)

When £R = 2, expressions 30 and 35 coincide.
The procedure just outlined for the calculation of
(e~r) can also be used when the charged cylinders

(13) The restriction of wx to value < wis to ensure that the argument of
the logarithm in eq. 19 never vanishes, i..., that f is never singular.
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i?e
Fig. 1.—The factor (e~f) which corrects the square of the
salt concentration in the exterior solution for the non-uniform
counterion distribution plotted against Jr, the dimensionless pore
or cell radius. The ratios {»/Jr attached to the lattice model
curves are the ratios of the dimensionless charge-cylinder radii
Jo to the dimensionless cell radii JR

have a finite radius RQ, although the resulting formulas
are more complicated. Equation 28b must now be
written

-(71) (&*-&%) (24b")

\ dj/j=jo"
where fo is the value of £ corresponding to RO. When

Ro ¢ 0, it is convenient to take 3= 1 + iwA in terms
of ©

£rd 13+ @ £04

<e-7> = X
8Er2- A LA+ ad) (@ + af fRAaP
_ (2 — 40D cos (2corf) + (aB— 500) sin (2cox’)
1+ @4+ @
(350
where © now satisfies the equation
V £ 2 1+ Cco2 (34‘)
(V)er2- 203, ® cot cox'
and x' is defined as
, . fr
X'=Ini=)=m (330

In the preceding equations cox' is real and < t as long
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as the left hand side of eq. 34" is > x'/(x' + 1); other-
wise it is pure imaginary. The results given in eq. 30,
35, and 35' for (e-f) have been given previously by
Marcus.6

6. Discussion and Numerical Examples.—The
quantity e2ro(p/kTe is the square of Debye’s recipro-
cal length for the relevant average fixed ion concentra-
tion. At 15° and in vacuo (e = e = 8.854 X 10~12
farad/meter)

rl -= 7292 A.
Kl &

so that for the typical conditions c/eo = 80 and n0(r)P
= 10 moles/liter
e2maMp
kTe

(36a)

0.549 A.”2 (36b)

Since in what follows interest will mainly be focused on
pore and cell radii in the 10 to 100 A. range, only values
of £r up to 50 will be considered. Shown in Fig. 1 are
values of (e~r) plotted vs. £R for both the pore and
lattice models. The general trend of these curves can
be understood as follows: For small values of £r in
either the pore or lattice models or for values of £dEr
near unity in the lattice model, (e-f) is near unity.
This behavior is a reflection of the fact that the scale
of distance over which appreciable changes in f can
occur is about one unit of f. Thus for £Ror £r —f0<<
1, f must be nearly uniform. Furthermore, the more
spread out the fixed charge distribution, the lower
(e-f) will be in general. Thus for large £r, the value
of (e-f) for the line-charge lattice model (fo = 0)
exceeds that for the pore model by about an order of
magnitude because the former refers to a line charge
whereas in the latter the same charge is spread over the
pore surface. By the same token (e~f) is doubtless
larger in a cubic lattice of point charges than in a square
lattice of line charges with the same momP and the
same lattice spacing.

The curve marked “Pore Model” in Fig. 1 lies very
close to the curve of the lattice model marked “£dfr =
0.5.” If £dEr were about 0.46, the lattice and pore
model curves would nearly coincide. This example is
only one drawn from the following rule of equivalence
between the pore and lattice models: For any given
value of £dEr there is a nearly linear relation between
£r and Lr, where £r - is the value of £r for the capillary
with the same value of (e~f) as the cell considered
(see Fig. 2). Shown in Fig. 3 is the ratio £r /£ r plotted
against f0Er. In addition three other curves are
shown in Fig. 3 based on (i) equal volume-to-surface
ratios for the cell and its equivalent pore

Er'/Er (Erlfo) — (EolEr) (37)
(ii) equal volumes, and (iii) equal surfaces. For
fdEr 0.8 (which corresponds to a void fraction of

36% or less in the cell) the value of £r'/Er obtained
from eq. 37 (equal volume-to-surface ratios) agrees well
with the exact value. This is fortunate, because a
cell and a capillary with the same volume-to-surface
ratio have similar fluid flow properties.

The results of the pore model in the case of good
exclusion can be expressed in a particularly useful way
as follows: eq. 7b can be written with the help of eq.
16b as
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WIAHW()

Teage €0 (38)

if, as is henceforth assumed, y+(r)’'2 = 1. For con-
venience, let us introduce the distance hi» defined by

£Rc _ mo(Nr2)

. (39)
24 y+2mj2

In terms of R, the pore radius R may be written as

R _ IR _ Nsr224

(40)
Ao ¢ “* (e-f)
From (39) it follows that R,, is given by
24kTe m2Ar>
S (41a)
e2 yidnjp

and is independent of mom and a function only of
7+2njdm2r). When p = 1g./cm.3 T = 15° ele0 =
80, and m2) and mj are expressed in moles/kg. water,
eq. 41a can be written

Ro = 20.9 (722mjdm2Ar)- /! A.  (41b)

According to eq. 38 and 40 to each value of £R there
correspond unique values of mo(Hm2Ar)/y £anj2 and
R/R,. Thus these latter quantities are connected
by a unique relationship which is shown in Fig. 4.
One interesting conclusion which Fig. 4 shows clearly
is that it is futile to increase mom once it has reached
a value several times the quantity 7+2nj2Zm2r). On
the other hand, if it is not as large as yx2nj2m 2r), the
desired degree of exclusion can never be achieved.
Finally, Fig. 4 shows that given y+mj and m2r), the

Fig. 2—The effective dimensionless pore radius | R' of the pore

having the same value of ("0 as a lattice cell with a dimension-
less charge-cylinder radius |Oand a dimensionless cell radius .
plotted against | R.
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0 0.2 0.4 0.6 0.8 1.0
Eo/Eff m

Fig. 3.—The ratio | R'/|R plotted against the ratio |0 | R, where
In" is the effective dimensionless pore radius of the pore having
the same value of certain quantities as a lattice cell with a dimen-
sionless charge-cylinder radius o and a dimensionless cell radius
|r. The curve marked “exact” refers to equal values of the
correction factor (g“f).

Fig. 4—The ratio of the pore radius R to the limiting pore
radius Ro defined in eq, 41 plotted against () in the case of good
exclusion. The abscissa also equals the ratio of the capacity
nmom to the limiting capacity *yzinl/mr;.

quantity Ra represents the largest pore radius com-
patible with the desired salt exclusion.

Using Fig. 4, the following kind of typical design
problem can easily be solved. Given a feed water of
salinity 7+mj and a bed material of surface charge
density a (unit charges/cm.2, what must the pore
size R be to maintain a salt concentration m2r) in the
porous bed? For right cylindrical pores, mom, a>and
R are related by the equation

2a

R (42a)

m 0(r)P

or its equivalent

R it 207 (azb)
Ra [7+2mj2m 2Ar)] [P7+2m j2-m2(r)]

The intersection of the hyperbola (42b) with the curve
in Fig. 4 gives the desired pore radius R and fixed ion
concentration mo().

Shown in Table | are some results for the typical
cases a = 0.04 A.-2, m2Q) = 0.01 mole/kg. water,
and 7+mj = 0.025, 0.05, 0.1, and 0.5 mole/kg. water
(p has been taken as 1g./cm.3. It is clear from these
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results that porous bed salt filters will only be useful
for treating waters of low original salinity. It is inter-
esting to note that in all these cases R is quite close
tohL.

Table |

Parameters of Porous Bed Salt Filters for Which a =
0.04 A-2, T = 150, p = 1g./cm.3 e/to = 80, and m2() = 0.01
Mole/ kg. Water According to the Po.re M odel

hese results fare baéed on a Do nag exclysion in which the
g/ ﬁ&l’t% rom Ideality considered are the electrostatic n-
teractio the point counterions.

y~mj, mole/kg. Reg, A R A mo(r), mole/kg.
0.025 84 & 1.7
05 4 4 3.3
-1 il 2 6.7
5 4.2 3.2 43

Consider next the energy W consumed in viscous
flow per unit volume of water traversing the filter, which
can be estimated as follows. W is equal to the pres-
sure drop P across the filter. In the pore model, if we
assume Poisseuille flow in the pores purely for the sake
of argument, W can be written

W = 87k (43)

where 1j is viscosity of the water, d the filter thickness,
and q the volume of water put through the filter in unit

time. If we use R,, in place of R, eq. 43 can be written
W o« vdgpz 7. Ani4 (44)
m2r)2

the factor of proportionality being a combination of
various physical constants. Thus for fixed m2r), the
energy consumed per unit throughput varies as the
fourth power of the mean activity of the salt in the feed
water. (An integration over the parabolic velocity
profile characteristic of Poisseuille flow shows the prod-
uct water salinity to be (3 9m2r>when £R )8> 1).
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These conclusions apply to lattice cells with a void
fraction of about 36% or less if the relation

Rr R Ra

45
R Ro R (4)

is used between the equivalent capillary radius R,
the cell radius R, and the charge radius RO, and if the
fixed charge in the lattice model arises from a surface
density a on the cylinder of radius RO. This can be
shown as follows: In the lattice model, mQF)P is given
by the equation

ZKGRq 2(7 2a 16
mP R+ - P@ (RZRQ - RO RO
Thus mo(TP is the same as in the related capillary. In
such a case, eq. 45 becomes identical with eq. 37 and
the lattice cell and the equivalent capillary have the
same value of (e-r). Thus when R'/R, calculated
from eq. 45 and 41 is plotted against (e_r) for the
lattice cell, the curve of Fig. 4 is again obtained.
Secondly, the geometric relation (46) between mo(r)p
and the radius R' from eq. 45 is identical with eq. 42.
Thus to each capillary radius R" determined by a given
a and 7+2nj2m ) there corresponds a manifold of
lattice cells (with void fractions not exceeding 36%)
whose parameters R and RO must satisfy eq. 45.

This is a very satisfactory state of affairs, first be-
cause the lattice model is presumably a much better
replica of a porous bed than the capillary model, and
second because a good way to compare these two dissimi-
lar models is through eq. 45 which says that the volume-
to-surface ratio is the same in both models. It is plausi-
ble to expect that to every capillary radius R' deter-
mined by a a and a ratio 7+2nj2m 21) there corresponds
a porous bed with a volume-to-surface ratio equal to
R'/72.

Acknowledgment.—We wish to extend our heartfelt
gratitude to Prof. George Scatchard for a series of il-
luminating discussions.
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Introduction

The structure and the temperature of disappearance
of lattice defects in metals which were subjected to
cold-working, etc., have been studied in recent years
by measuring the rate of release of defect energy (AP),1
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changes of density (D), extra-resistivity (Ap), and hard-
ness (H) on annealing.1 Typical behavior of twisted

(1) L. M. Clarebrough, M. E. Hargreaves, and G. W. West, Proc. Roy.
Soc. (London), A232, 252 (1955); Phil. Mag., 1, 528 (1956); W. Boas,
“ Defects in Crystalline Solids,” The Physical Society, 1955, p. 212.
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nickel (only the AP’ curve is that of a ground specimen)
is shown in Fig. 1. Changes on annealing take place
in two (or three) temperature ranges, i.e., Tv (ca.
200-330°) and Tv (~400-750°), differing sample by
sample) and the range centered at 100°, which was sug-
gested to be due to the disappearance of interstitials.2-4
Nothing is known of the relation between these defects
and catalysis. A gradual decrease in the breadth of
X-ray diffraction line is observed between room tem-
perature-3000 and a sudden change at 515-550°,
and the hardness of cold-worked nickel was reported
to decrease at 550-750°.5

The change at Tv is believed to be due to the dis-
appearance of vacancies.M At Tv recrystallization and
a sudden decrease in hardness are noted and these
changes have been attributed to the disappearance
of dislocations.

As the concentration of defects increases with the
degree of cold-working, stronger interactions among
them are naturally expected, i.e., the formation of
divacancies, clusters, vacancy-dislocation complexes
and dislocation networks. These give rise to the de-
pression of Teas follows:

Cu. —Discussed in a previous paper.7

Pt.—7'n found by Kishimoto8 from the measure-
ment of the thermoelectric force is centered at 530
and 450° for 68 and 88% compressed specimens, re-
spectively.

Ni.—The rate of release of defect energy, AP for a
specimen deformed in torsion to nd/l = 1.87, wheren =
number of turns, d = diameter of wire or cylinder, and
| = gage length, and AP' for a powder specimen of
equal purity prepared by grinding, and recovery of
density of specimens subjected to various degrees of
working are shown in Fig. 1. On the other hand, TD
is elevated remarkably by the existence of impurities
as shown in Table I.

Table |
The Temperature Corresponding to the Maximum of AP
as the Function of the Degree of Cold-W orking and the

Content of Impurities

Purity (%) 99.6 99.85 99.96
Cold-working  Pulverized: 500° 70% Compressed: 70% Compressed:
(APO 520° 325°
Twisted Twisted
nd/l = 2.34: 610° nd/I = 2.01:
450° (APo)

nd/l = 1.87:
630-660° (AP)

Tvremains nearly constant irrespective of the method
of preparation or the degree of working.68 Depression
of 7d results in an unavoidable overlapping of Tv and
Tv asseenin Table 1and Fig. 1, especially in the density
recovery curve. (In the lower part of Tv, rearrange-
ment of dislocations may also occur.)

In order to establish unquestionably the relation
between lattice defects and active centers in metal
catalysts, therefore, it is necessary to employ the iden-

(2) D. Mitchell and F. D. Haig, Phil. Mag., 2, 15 (1957).

(3) L. M. Clarebrough, M. E. Hargreaves, M. H. Loretto, and G. W.
West, Acta Met., 8, 797 (1960).

(4) A. Sosin and J. A. Brinkman, ibid., 7, 478 (1959).

(5) J. E. Wilson and L. Thomassen, Trans. AIME, 22, 769 (1934).

(6) “Vacancies and Other Point Defects in Metals and Alloys,” The
Institute of Metals, London, 1958.

(7) 1. Uhara, S. Yanagimoto, K. Tani, G. Adachi, and S. Teratani, J.
Phys. Chem., 66, 2691 (1962).

(8) S. Kishimoto, to be published.
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Fig. 1.—The rate of release of strain energy (AP), changes of
density (/)), extra-resistivity (Ap), and hardness (H) as functions
of annealing temp, for Ni (99.6%) deformed in torsion to nd/l =
1.87 (Clarebrough, et 02.1). AP = the rate of release of strain
energy for Ni powder (Mitchell, el al.2. APa = that of twisted
Ni (99.85%, nd/lI = 2.01) (Clarebrough, et al.3.

Fig. 2.— Catalytic activities (scales being arbitrary) of cold-
worked Ni(l) as functions of annealing temps. A = hydrogena-
tion of cinnamic acid by twisted (=) and compressed (O) Ni.
E = dehydrogenation of ethanol (A). W = hydrogenation of
C2H4 by Ni foil (Eckell)18(®). K, and K2 = temp, ranges for
sudden decrease of thermoelectric force of Ni(l), corresponding
to Tv and Td, respectively.9

tical specimens or at least specimens of the same ma-
terial slightly cold-worked for the measurements of
both physical properties and catalytic activities.

The thermoelectric force, S, also is sensitive to the
presence and disappearance of lattice defects. Since
the measurement of S can be performed easily with
small quantities of specimens, it offers a convenient
and effective method for studies of this field as shown
by Kishimoto.89 In Fig. 2 and 3, the temperature
ranges corresponding to Tv and Tv for sudden changes

(9) S. Kishimoto, J. Phys. Chem., 66, 2694 (1962).
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in S on annealing cold-worked nickel (sample 1) de-
termined by Kishimoto are represented with the hori-
zontal lines, Ki and K2 For sample Il which is less
pure than (1), no reliable data on S can be obtained
because of large fluctuations probably owing to non-
uniform distribution of impurities. It is, therefore,
necessary to employ samples of high purity for this
method.

Instead, TD of sample Il was determined from the
change of hardness on annealing (measured by K.
Iwasaki with a micro-Vickers hardness tester) as shown
in Fig. 4, H.

Uhara and co-workers® have studied the relation
between lattice defects and active centers in metallic
catalysts and established experimentally that the ends
of dislocations at the surface are the active centers of
copper catalyst for the decomposition of diazonium
salt710 and the dehydrogenation of ethanol.7 They also
reported preliminarily that in the case of nickel catalysts
the active centers are surface point defects for some
reactions and these are both point defects and ends of
dislocations at the surface for some other reactions.l
In this paper, details of experimental evidence for the
conclusion concerning the structure of active centers
in nickel are given.

(10) I. Uhara, S. Yanagimoto, IC. Tani, and G. Adachi, Nature, 192, 867
(1961).

(11) I. Uhara, T. Hikino, Y. Numata, H. Hamada, and Y. Kageyama,
J. Phys. Chem., 66, 1374 (1962).
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Experimental

Two samples of nickel wire containing the following impurities
(in per cent) were employed. Ni(l): 0.009 C, 0.011 Si, 0.001 S,
0.092 Mn, 0.022 Cu, and 0.033 Fe. Ni(ll): 0.023 C, 0.07 Si,
and 0.006 P, other elements being unknown. Wire was an-
nealed at 800° in hydrogen atmosphere for 1 hr. and twisted or
rolled in air slowly so as to prevent temperature elevation; the
degree of working being represented by nd/l or by the degree
of compression defined by 100(d— &)/d, where S = the thickness
of the resulting plate. The change of catalytic activity of cold-
worked metals due to annealing at various temperaturesi2 may be
studied by the following methods: (i) pieces of specimens cold-
worked under conditions as identical as possible are divided into
several groups and each group is annealed at different tempera-
tures. (ii) a group of pieces is employed throughout a series of
experiments by repeating annealing at increasing temperatures
followed by the activity measurement. Although the latter
is excellent in avoiding fluctuations of data (see below) and in
keeping the experimental conditions constant, it is applicable
only when poisoning is absent or at least recovery from it is easy
on repeated catalytic reactions. A large number of pieces of
cold-worked catalysts must be employed to avoid the fluctuation
of activity due to non-uniformity of cold-working and of distri-
bution of impurity, since their influence on the generation and
disappearance of lattice defects cannot be neglected. The
activity of catalysts employed in our research was much less
than that of the usual catalyst; therefore, special devices are
frequently necessary for determining the yield and for the selec-
tion of experimental conditions. The reproducibility of results
was ascertained for reactions (A), (B), and (C).

(A) Hydrogenation of frans-Cinnamic acid.—Ni(l) was (a)
twisted (nd/lI = 0.21) or (b) 78% compressed (the apparent
surface area = 3.65 cm.2) and then polished with emery paper
in water. One cc. of 0.45 N alcoholic solution of cinnamic acid
(extra pure) was put in Warburg's apparatus and the hydrogen
uptake was measured at 25°.

(8) Dehydrogenation of Ethanol.—Ni(l) wire (total surface
area = 15.7 cm.2 was twisted (nd/l = 0.25) without previous
annealing, washed with pure alcohol, dried and put in hydrogen
at 200° over 1 hr. to remove the oxide layer at the surface. Pure
nitrogen saturated with ethanol vapor free from aldehyde at
30° was sent on the catalyst at 200° at the rate of 11./hr. for 2
hr. Aldehyde produced was dissolved in cold water and the
yield was determined colorimetrically with m-phenylenediamine.13
After the reaction the catalyst was annealed in a flow of nitrogen
at a higher temperature for 1 hr., put in hydrogen overnight and
then the activity measured again, etc. The catalyst was not
exposed to air throughout the experiment.

(C) Decomposition of Hydrogen Peroxide.—Niekel(ll) wire
(the surface area = 3.22 sq. cm.) was twisted (nd/l = 0.41)
and thrown into 30% hydrogen peroxide solution in Warburg's
apparatus at 20°.

(D) Para-ortho Conversion of Hydrogen.—Seventy-four per
cent compressed nickel(l) (the apparent surface area = 15
cm.2) was polished with emery paper in acetone, washed with
alcohol and acetone and dried by evacuation to 10~6 mm. at
150°. Hydrogen purified by passing through a palladium tube was
adsorbed at liquid nitrogen temperature on active carbon which
had been degassed at 300° to 10-6 mm. The resulting hydrogen
contains 50.4% of the para-form. The rate of conversion to the
ortho-form was measured at 150°, where the equilibrium con-
tent of para-hydrogen is 25.0%, with a Pirani gage with platinum
wire in a bath maintained at —110°. The catalyst was annealed
in the reaction vessel without contact with air. Hydrogen
(15-19 mm.) was circulated constantly in the vessel with a mer-
cury pump.

(E) Electrolytic Generation of Hydrogen.—Hydrogen over-
voltage (7th) was measured at 25° in 0.12 N HC1 solution and
compared at a current density of 10-4 amp./cm.2 A twisted
specimen of nickel(ll)(rad/Z = 0.217) was employed as the
cathode. Even when it was brought in contact with air a con-
stant value of jth was obtained after flowing a weak current by
which adsorbed oxygen was probably removed.

Results

The catalytic activity of nickel (I or Il) cold-worked

(12) Cooling after annealing must be slow to avoid the generation of lattice
defects due to quenching.

(13) B. Richard, Anal. Chem., 20, 922 (1948); J. Bailey, Ind. Eng. Chem.,
Anal. Ed., 13, 834 (1941).
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and annealed at various temperatures is shown in
Fig. 2, 3, and 4 on arbitrary scales together with Kx
and Ki for S measured with sample | and H for sample
1.

(A)cthch=chcozh + h2= cth&chZhZXon,
(Fig. 2, A). About 0.6 41 of hydrogen was absorbed
in min. when the catalyst was not annealed.

(B) CHEOH = CHXHO + H2 (Fig. 2, B).—At
200° the formation of ethylene and ether is negligible
and the decomposition of aldehyde to carbon monoxide
was also not detected. The reproducibility of the ac-
tivity was shown as follows :

Experiment Relative activity Treatment after catalytic reacn.
1 0.50 Put in hydrogen flow overnight
2 .48 Put in hydrogen flow overnight
3 .50 Immediately after 3rd experi-
ment without sending hy-
drogen
4 .10 Put in hydrogen flow overnight
(poisoning by
aldehyde ?)
5 0.52 Put in hydrogen flow for 2 days
6 t72

The activity observed after putting in hydrogen flow
overnight was compared. By the catalyst not an-
nealed 24 X 10~6 mole of aldehyde was formed,
about half at the point defects and another half at the
ends of dislocations at the surface as discussed below.

(C) 2HD2 = 2HD + 02 (Fig. 4, C). About 10
¢d. of oxygen was evolved in 40 min. by the catalyst
not annealed

(D) Para-H2 = ortho-H2 (Fig. 3, D)- This reaction
proceeded according to a first-order rate equation and
the rate constant was 0.13 when the catalyst annealed
at 200° was employed.

(E) 2H+aqg->H2 (Fig. 4, E).—Lowering of 7&h due
to mechanical working such as grinding has been ex-
plained in terms of increase of the surface area, and
consequently, of depression of the current density.
But we know that even the surface area of reduced
nickel (powder) does not change on annealing over
Tv,4while 7h of cold-worked metal with far less rough-
ness of the surface increases suddenly on annealing at
this temperature. Since the change at the cathode is
also a sort of catalytic reaction, it may be most rational
to explain it in an analogous manner as in cases (A) ~
(D).

Tabte Il
The Sintering Temperature (T'ai and Tai) of Cold-worked
Nickel (Samples | and Il)

Reaction Sample Tai (°C.) Ta2 (°c.)
A 1 150-270 400-600
B | 200-300 460-540
C 1 300-400 630-720
D | ~200-300 400-500
E 11 220-300 S1Q-ca. 700
Physical
properties 7d
S | 200-250 (A') 400-«/.. 600 (K2
H 1 500-cu. 800
Discussion

The comparison of these results with Fig. 1 indicates
that the decrease of catalytic activities generally
takes place in two temperature ranges, i.e., Tai and

(14) S. lijima, Rev. Phys. Chem. Japan, 14, 128 (1940).
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7#2 in concurrent with the disappearance of vacancies
and dislocations at Tvand Td, respectively, in the bulk
metal. The coincidence of Tai with Tv, and Ta2with
Td is fairly good when they are measured with an
identical specimen or at least specimens of the same
material, as seen in the Table Il and Fig. 2, 3, and 4.
It has frequently been assumed that the surface of
nickel catalyst is perfect and the only heterogeneity
comes from the variety of appearing crystal faces, and
that sintering is explained only in terms of the decrease
of the surface area. But the change of the area due to
annealing over Tv and in some cases at Td was shown
to be quite small compared with the decrease of activi-
ties even for ordinary catalysts with the highly de-
veloped surface so long as they are non-porous, e.g.,
the van der Waals adsorption area of reduced nickel
does not decrease on annealing at 380°,4 and that of
deposited copper is almost invariable on annealing over
TD.D The concurrent change of the catalytic activity
with various physical properties of the bulk metal
indicates that the sintering of catalysts is not a mere
shrinkage of the area but a qualitative and structural
change given rise by the disappearance of (surface)
lattice defects. The stepwise decrease of the activities
demonstrates this most clearly.88 Accordingly, we
may conclude that the active centers annealed at T
are the terminations of dislocations at the surface.

The approximate coincidence of Tai and Tv indicates
that Tai is substantially concerned with the disap-
pearance of point defects. Since the active centers of
the catalyst exist, of course, at the surface they must
be surface point defects (P), although nothing is known
of the physical nature of them so far. Of P in the
catalyst with a slightly deformed structure and with
low concentration of the lattice defects as studied in
our research, the simplest type, i.e., a surface vacancy
(Sv) with one atomic size, and a projecting atom
(Pr) may predominate over other complex types of
defects. It has been considered that at Tv vacancies
begin to migrate to dislocations, to grain boundaries
or to the surface, where they are absorbed or disappear.
When a vacancy comes to a plane surface it will form
Sv. If a considerable part of the surface is covered
with Sv, the remaining part of the surface will form Pr
in a dispersed state, hence vacancies in the bulk and P
at the surface are not independent and various types
of interaction including mutual annihilation are con-
ceivable. At the temperature where the surface
migration of P become possible, 1:1 annihilation of Sv
and Pr resulting in the formation of a plane surface,
or agglomeration of Sv (or Pr) only or combination
with dislocations may occur. This temperature may
probably correspond to Tai- It may be supposed
that the surface migration is easier than the bulk
migration of vacancies, hence that Tai is somewhat
lower than Tv. |If so, catalysts must lose all of their
activity originating from P when they are annealed
at the temperature range between Tai and Tv, then the

(15) Crystalline nickel powder prepared bv complete evaporation of
amalgam is perfectly inactive for the hydrogenation of benzene, indicating
the essential importance of the presence of surface defects.16 Heterogeneity
oi the surface of nickel catalyst was demonstrated also from the analysis of
the data of hydrogen adsorption.T7

(16) P. Zemsch and F. Lihl, Z. Elektrochem., 56, 985 (1952).

(17) (a) H. S. Taylor, Advan. Catalysis, I, 1 (1948); A. Eucken and W.
ITunsmann, Z. pbysik. Chem., B44, 163 (1939); (b) T. Takaishi. ibid,, 14,
3/4, 164 (1958).
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activities will be partly recovered by the migration of
vacancies to the surface on heating to Tv. As a matter
of fact, however, no example of catalysts which behave
in such a way when they are sintered is known. In
our research, also, no distinct difference between Tai
and Tvis observable. Consequently, we may conclude
that TAi is practically equal to Tv, and that the active
centers annealed at r .. are the surface point defects
which coexist and vanish together with vacancies in
the bulk metal. A method of assigning Sv or Pr to
the active center for individual reaction may be
shortly reported.

According to Eckell,Brolled nickel (foil) lost most of
the activity for the hydrogenation of ethylene on an-
nealing at 275° and completely at 300° (Fig. 2, W).
This may be interpreted to mean that the active center
for this reaction is some kind of P, contrary to Cratty
and Granato’s postulate®which attributed it to a dislo-
cation.

Contribution of the normal surface to the activities
of nickel is almost negligible or at most only a few
per cent in every case so far studied.

With the increasing degree of cold-working, separa-
tion of Tvand Td (hence that of Tai and Ta? becomes
diffuse resulting in only continuous decrease of activity
with increasing temperature of annealing, as observed
in the case of nickel foil, which is, of course, prepared
by heavy rolling, for para-ortho conversion of hydrogen-
(ca. 200-500°)D(Fig. 3, Z).

Generation of Active Centers

Various procedures other than the mechanical one
are known to generate active centers in metals.

(i) Irradiation.—When annealed nickel is irradiated
with thermal neutrons (1.5 X 10Bcm.2J it gained
catalytic activity of nearly the same magnitude as that
of the cold-worked one for the decomposition of hydro-
gen peroxide. If the annealing experiment is per-
formed the sort of the active center generated may
be determined.

(if) Electrodeposition.—By means of electrolysis
under high current density (>0.1 amp./cm.2 catalyti-
cally active metals are obtained. They contain im-
purities as oxide, hydroxide, etc., and distortion of the
structure is shown by means of the X-ray method.2L
The existence of dislocations is estimated from their
high hardness and was ascertained in the case of copper
from the catalytic activity characteristic of disloca-
tions.7 The generation of point defects during elec-
trolysis can be demonstrated by the catalytic activity
of electro-deposited nickel for the hydrogenation of
ethylene observed by Umemura.2

(iii) Reduction of Salt with Base Metals.—Copper
powder containing many dislocations can be obtained
by means of the reaction of copper sulfate solution
with zinc dust.7 Urushibara, et al.,23 prepared a nickel
catalyst with a high activity by means of the reaction
of nickel chloride solution with zinc dust. It can be
utilized for many catalytic reactions, hence it is certain
that it contains both P and dislocations.

(iv) Quenching.—In the study of the catalytic

(18) J. Eckell, Z. Elektrochem., 39, 433 (1933).

(19) L. E. Cratty, Jr., and A. V. Granato, J. Chem. Phys., 26, 96 (1957).

(20) E. Cremer and R. Kerber, Advan. Catalysis, V11, 82 (1955).

(21) W. Blum and C. Kasper, Discussions Faraday Soc., 31, 1203 (1935);
C. Il. Desch, ibid., 31, 1043 (1935); D. J. Macnaughtan and A. W. Hotlier-
sall, ibid., 31, 1168 (1935).

(22) K. Umemura, Bull. Univ. Osaka Pref., A9, 91 (1960).
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decomposition of formic acid by nickel Duell and
Robertson2found the generation of very high activities
after flashing them at high temperature and attributed
it to surface vacancies acting as active catalytic sites.
It is well known that vacancies are generated during
quenching (including radiation quenching), hence the
formation of P (Pr and Sv) also is quite conceivable.

) Purely Chemical Method (Ordinary Catalysts).
Ordinary catalysts are prepared chemically and display
much higher activity than the cold-worked metals.
They are considered to have highly distorted structures
analogous to that of the extremely cold-worked speci-
mens discussed above, in view of the diffuseness of
X-ray diffraction pattern, abnormally high chemical
activity (pyrophoricity, etc.), energy content and heat
of adsorption, and low density. For example, density
of copper twisted to nd/lI = 1.8 is less than that of the
normal one (8.93) by 0.025%,1whereas that of a sample
of reduced copper is less by 2.5% ,% and even a value,
as low as 7.6 was reported. The density of nickel
twisted (nd/lI = 1.41) is less than that of the normal
metal (8.90) by 0.045% (Fig. 1), whereas that of re-
duced catalyst is sometimes less than 8.0, although the
existence of macroscopic voids may be suspected, too.Z
Clustering of lattice defects and strong interactions
among them result in overlapping of Tv and Td, or
Tai and TA2 and consequently a continuous sintering
(at T9) curve as shown by curves X (nickel catalyst
reduced at 300°)Band Y (catalyst reduced at 340°)D
in Fig. 3 for para-ortho conversion of hydrogen. Their
active centers may substantially be the same as those
generated at the surface of metals by cold-working,
considering the approximate coincidence of Ts with
TAi (or Tv) and TA2 (or TD), although the possibility
cannot be denied that two or more lattice defects com-
bine to form complex active centers with new functions
when the concentration of defects is high. Estimation
of the structure of active centers is possible from Ts
value for some reaction, e.g., since nickel catalyst
loses most of the activity for the hydrogenation of
benzene at ca. 350°,3the active center may be P.

If the distortion of the crystal lattice is extreme as in
the case of Raney nickel, the structure becomes nearly
amorphous and hence the terms, vacancy and disloca-
tion, which have been defined for defects in a nearly
perfect crystal, lose their strict sense, and their proper-
ties may be different from those of isolated ones. In
such a case, assignment of active centers to individual
lattice defects is difficult. Although it was also
found in some cases that the activity remains after
annealing at temperatures higher than Tv or Td,
especially when the catalyst is supported, their physical
conditions are too complex to be explained now.

At the present stage of our knowledge, we must,
first of all, assign active centers to individual surface
defects for each reaction employing slightly distorted
crystals, though experimental difficulties owing to

(23) Y. Urushibara and S. Nishimura, Bull. Chem. Soc. Japan, 27, 480
(1954); Y. Urushibara, S. Nishimura, and H. Uehara, ibid., 28, 446 (1955).

(24) M. J. Duell and A. J. Robertson, Trans. Faraday Soc., 56, 1416
(1960).

(25) R. N. Pease, J. Am. Chem. Soc., 45, 2296 (1923).

(26) il. Audibert and A. Raineau, Compt. rend., 197, 596 (1933).

(27) J. W. Mellor, “A Comprehensive Treatise on Inorganic and Theoreti-
cal Chemistry,” Vol. XV, London, 1936, pp. 52, 53.

(28) E. Fajans, Z. physik. Chem., B28, 252 (1935).

(29) G. Tammann, Z. anorg. allgem. Chem., 224, 25 (1935).
(30) F. Lihl and P. Zemsch, Z. Elektrochem., 56, 979 (1952).
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their low catalytic activity are sometimes unavoidable.
Our present circumstance is quite analogous to the
study of the solution, in which a dilute solution was
studied at first with success because of the simplicity
of the physical condition of the state treated.
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Surface conduction of a NaCl crystal in HD vapor may be due to (1) individual adsorbed semi-hydrated ions,
and/or (2) saturated NaCl solution formed by virtue of capillary condensations in grooves on the surface of the

crystal.
1-hexanol.

In the latter case, the conductance is supposed to be decreased by the presence of a detergent, e.g.,

Samples having a low conductance show no appreciable effect of the presence of hexanol.
duction through adsorbed semi-hydrated ions seems to prevail.
effect of the presence of hexanol supposedly due to conduction in grooves.

So con-
Samples having a higher conductance show an
Formulating the law of mass action

for the formation of adsorbed semi-hydrated ions, one may calculate the average number of HD molecules of

adsorbed semi-hydrated cations and anions.

A value of 3 is found at low humidities, whereas a value of about

10 corresponding to a second hydration shell is found at high humidities.

Theoretical

It is well known that the resistance of a solid insula-
tor, e.g., glass, decreases markedly with increasing hu-
midity of the surrounding atmosphere.1-7 This is usu-
ally ascribed to the occurrence of conduction along the
surface of the solid. It is the objective of this paper to
try to clarify the nature of this kind of surface conduc-
tion. To this end, it seems expedient to investigate a
simple salt, e.g., NaCl, rather than glass whose struc-
ture is rather involved and where hysteresis phenomena
prevail.

In the absence of HA, surface conduction may occur
by the movement of individual adsorbed ions, or ion va-
cancies in the outermost lattice plane. At room tem-
perature, such defects are supposedly very rare because
of their high energy content and accordingly surface
conductance in a dry atmosphere is very low. In the
presence of HD vapor, two limiting mechanisms of sur-
face conduction may be anticipated, viz., (1) conduction
due to the formation of individual adsorbed semi-hy-
drated ions schematically shown in Fig. 1 with an
energy content much lower than that of adsorbed non-
hydrated ions and (2) conduction through a saturated
NacCl solution formed by virtue of capillary condensa-
tion of water vapor in sufficiently narrow grooves shown
schematically in Fig. 2. In what follows the character-
istics of each limiting case are discussed. Intermediate
conditions are considered below.

(1) The formation of adsorbed semi-hydrated ions
may be described by the equation

NaCl(s) + (wi + T®HD(g) =
Na(OH2mi+(ad) + CI(HD)n2 (ad) (1)

where T4 and w2, respectively, are the numbers of HD
molecules associated with individual cations and anions

(1) J. S. Dryden and P. T. Wilson, Austral. J. Appl. Sci., 1, 97 (1950).

(2) M. Kantzer, Bull. inst. verre, No. 5, 11 (1946).

(3) P. Le Clerc, Silicates Ind., 19, 237 (1954).

(4) K. Kawasaki, K. Kanou, and Y. Sekita, J. Phys. Soc. Japan, 2, 222
(1958).

(5) N. Chirkov, Russ. J. Phys. Chem., 21, 1303 (1947).

(6) W. A. Yager and S. O. Morgan, J. Phys. Chem., 35, 2026 (1931).

(7) A. Ya. Kuznetsov, Zh. Fiz. Khirn., 27, 657 (1953).

sitting on the surface of the bulk crystal showm sche-
matically in Fig. 1. In general, one has to expect simul-
taneous formation of adsorbed ions involving a variety
of hydration numbers, i.e., mi = 1,23. . .and m2 =
1,2,3. . .For the sake of simplicity, one may tenta-
tively assume that ions with particular hydration num-
bers nii* and m2* prevail. Then nearly equal numbers
of adsorbed cations with toi*H2 molecules and ad-
sorbed anions with m2*H2 molecules are formed in ac-
cord with eq. 1. Denoting their concentrations in mole
per unit surface area by F, assuming low surface cover-
age of the adsorbed ions, and applying the ideal law of
mass action to the reaction stated in eq. 1, one has

T2/pmi*+mP = R (2)

where p is the HD partial pressure and A is a constant.

In the case of low surface coverage, one may assume
constant mobilities of the adsorbed ions so that the
conductance becomes essentially proportional to the
surface concentration T. Thus, under conditions where
the volume conductance can be neglected, the conduct-
ance of a sample of given dimensions, i.e., the recipro-
cal of the resistance R is expected to be proportional to
F, whereupon it follows with the help of eq. 2 that

I/R = const pm 3)
where
TO= VATG* + w2) 4

is the average number of water molecules found in the

hydration shells of adsorbed cations and anions. Tak-
ing logarithms of both sides of eq. 3, one has
log (I/R) = wlog p + const (5)

Thus, measuring the resistance of a NaCl crystal at
different water vapor partial pressures and plotting log
1/R vs. log p, one may expect a straight line. Actually,
deviations from a straight line may occur because of the
occurrence of a variety of adsorbed ionic species with
different numbers of HZD molecules in the hydration
shell, in particular because of the occurrence of a second
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Gas i 1 = 2MyRT (7)
fi r2 erV
where the humidity exponent, y, is defined by
H2°Na+0H?2 Q"2 cr Ho
y= - 2~ in(/p°) = - log (p/p°) (8)
NacCl with the inverse relation

Fig. 1.—NacCl crystal with adsorbed semi-hydrated Na+and CI-
ions.

Fig. 2 —NacCl crystal with grooves partially filled with saturated
NaCl solution.

hydration shell when the HZX partial pressure ap-
proaches the value over a saturated NaCl solution as is
discussed below. Evenifaplotlog (1/R) vs. log p may be
fitted by a straight line within a certain range, the model
underlying eq. 1 to 5 is not necessarily confirmed, since
other models may also be compatible with the experi-
mental results.

(2) On the other hand, one may assume that conduc-
tion along the surface takes place mainly through
grooves containing saturated NaCl solution as shown
schematically in Fig. 2. The higher the H2D partial
pressure, the greater is the radius of curvature of a
liquid coexisting with the gas phase according to the
Gibbs-Thomson formula. Consequently, upon in-
creasing the H2X partial pressure, grooves become
filled to a greater height with saturated NaCl solution
and the conductance increases accordingly. Under
these conditions, the relation between conductance and
H2D partial pressure is not a simple function involving
only thermodynamic quantities but depends decisively
on the roughness of the surface on a quasi-molecular
scale. Thus a dependence of the conductance on the
kind of surface preparation of a sample is to be expected.

To test the occurrence of surface conduction through
grooves partially filled with saturated NaCl solution,
one may investigate the effect resulting from the pres-
ence of a detergent added to the gas phase which lowers
the surface tension of the liquid phase, e.g., hexanol.8
According to the Gibbs-Thomson formula, one has for
a surface concave toward the gas phase9

In (6)

where p is the HD partial pressure over a saturated
NaCl solution with ri and r2 as the principal radii of
curvature ol the surface, p° the vapor pressure for a
plane surface, a the surface tension of the solution, V
the partial molar volume of H2 in the solution, R the
gas constant, and T the temperature. From eq. 6 it
follows, that the sum of the reciprocals of the principal
radii of curvature of the liquid phase coexisting with the
gas phase of given humidity is

(8) C. C. Addison. J. Chew. Soc., 98 (1945).

(9) G. N. Lewis and M. Randall, “Thermodynamics,” revised by K. S.

Pitzer and L. Brewer, Second Edition, McGraw-Hill Book Co., New York,
N. Y., 1961, p. 482.

p = p° X 10~9 9)

For the same value of the right-hand member of eq.
7 without and with a detergent such as hexanol, one has
equal values of (/n + 1/r2 corresponding to equal
fractions of grooves filled with saturated NaCl solution
and accordingly equal conductances without and with
detergent, if effects resulting from changes in the con-
tact angle and from changes in the specific conductivity
of the liquid are ignored. Hence, upon decreasing the
surface tension of a saturated NaCl solution from a to
a' by the presence of a detergent, the value of y* with
detergent and the value y without detergent for the
same conductance of the sample are supposed to obey
the relation

(V) = - (10)

Assume that without detergent one has measured a
certain resistance R for p/p° = 0.5 corresponding to
y = 0.3. Then, upon adding detergent and lowering
the surface tension to a' = 1 2rone may expect to meas-
ure the same resistance R aty = 0.15 corresponding to
p/p° = 0.71, i.e., at a considerably higher relative hu-
midity. A test of this prediction provides a possibility
to check whether conductance in grooves filled with
saturated NacCl solution is significant. The actual dif-
ference between y and y' may be even greater because
fory = 0.3, i.e, p/p° = 0.5 and r2= @ the radius r2is
as low as 7 X 10~8cm., i.e., of the order of atomic di-
mensions and, therefore, a considerable fraction of the
liquid in a groove may consist of detergent and may
practically not contribute to the conductance.

Apart from experimental difficulties it must be rea-
lized that at high relative humidities corresponding to
the presence of large numbers of adsorbed ions the con-
ceptual difference between the two mechanisms formu-
lated as limiting cases tends to vanish. Thus it may
not be possible to distinguish unambiguously between
the two mechanisms outlined above.

Experimental

For the resistance measurements NacCl bars of nearly quadratic
cross section with four loops of silver wire as leads were used.
The outer leads carried the current provided by a battery passing
a calibrated resistor of appropriate seize, 10s, 109 1010 or 10u
ohms, in series. The voltages between the inner leads and across
the calibrated resistor were measured with the help of a potenti-
ometer and a fiber electrometer as a null instrument.

Single crystals of NaCl were obtained from Ernst Leitz,
G.m.b.H., Wetzlar, Germany. All samples were prepared as:

(1) Bars, 1 X 1 X 2 cm., were cleaved from the supplied
crystals.

(2) Grooves for the silver leads were cut in the bars.

(3) The bars were polished on wet silk cloth, rinsed with
H20, and then with ethanol.

(4) Silver wires as leads were wrapped around the crystals
and the samples were wiped clean with tissue paper.

(5) Samples were dried for about 12 hr. at 115°.
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Fig. 3.—Log (1/R) vs. log (p/pl) for 3 NaCl samples in static
atmosphere at high humidities and 22.4°.

-80 4

Fig. 4.—Log (1/1?) vs. log (p/p°) for 3 NaCl samples in dynamic
atmosphere at low humidities at 9.8°.

To provide definite H2 partial pressures, first a static method
was used. The sample with leads was installed at the top of an
evacuated vessel kept at 22.4°, whereas the lower end of the
vessel containing liquid water was kept at predetermined lower
temperatures ranging from 9 to 15°. Further runs were made
with a dynamic method by passing mixtures of dry nitrogen and
nitrogen saturated with water at 20.3° along the sample having a
temperature of 9.8°. Upon passing mixtures of dry nitrogen,
nitrogen saturated with water, and nitrogen saturated with 1-
hexanol, measurements in the presence of a detergent were made.
In these runs the ratio of the partial pressures of water and 1-
hexanol was about 18 as found over a saturated solution of 1-
hexanol in H20 with a surface tension of 30 dynes/cm.8

Discussion

Figures 3 and 4 show representative results obtained
ior different samples with the help of the static and the
dynamic method, respectively. The observed points of
plots log(l/i?) vs. log (p/p°) may be fitted by straight
lines. For the rangey = 0 to 0.25 covered in runs with
the static method shown in Fig. 3, one has

d log (1/R)
d log (p/p°)

In contrast, runs for the rangey = 0.2 to 0.45 made with
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Fig. 5.—Tog (1//?) vs. log (p/p°) for a NaCl sample in dynamic
atmosphere covering a large humidity range at 9 8°.

Fig. 6.—Log (1/7?) vs log {p/p°) for NaCl sample | in HD (O)
and HXG + 1-hexanol (X) vapor at 9.8°.

__________ ~a 1°9O (~p»): -y.

Fig. 7.—-Log (1/7?) vs log (p/p") for NaCl sample Il in HD (O)
and HD + 1-hexanol (X) vapor at 9.8°.

the help of the dynamic method and shown in Fig. 4
yield

d log (1/R)

d log (p/p°)

Results obtained with the dynamic method for a rela-
tively wide range of humidity are plotted in Fig. 5 and

(12)
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show the change in slope with increasing HD partial
pressure for one particular sample.

Results for two different samples without and with
1-hexanol as detergent are shown in Fig. 6 and 7. The
log (I/R) vs. (p/p°) curve for the first sample shown in
Fig. 6 is practically not shifted by the presence of 1-
hexanol in contradistinction to the prediction in eq. 10,
whereas a shift qualitatively in accord with eq. 10 is
found for the second sample, see Fig. 7. Thus surface
conduction in grooves partially filled with saturated
NaCl solution is seemingly insignificant for the first
sample but significant for the second sample. This is
in accord with the fact that for equal HD partial pres-
sures the conductance of the second sample was about
102 times greater than that of the first sample. Like-
wise differences between the results for different sam-
ples shown in Fig. 3 and 4 and differences in the results
for repolished samples suggest that in addition to sur-
face conduction via adsorbed ions, conduction was due
in part to a second mechanism involving conduction in
grooves whose contribution is supposed to depend on
details of the surface preparation beyond the control
exercised in the present research.

Disregarding the contribution of conduction in
grooves for samples having a high resistance, one may
tentatively identify the values of d log (Vi?)/d log
(p/p°) reported in eq. 11 and 12 with the average num-
ber m of HD molecules present in the hydration shell
of adsorbed cations and anions in accord with eq. 5.
The value of m = 3 found for the low-humidity range
(y = 0.2 to 0.45) is essentially in accord with the con-
cept of adsorbed ions with a hydration shell only on the
outer side where the individual hydration number
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mi* and m2* of cations and anions, respectively, may be
3and 3,or4and 2, or 2and 4, etc. The value of about
10 found for high humidities (y = 0 to 0.2) indicates the
presence of a second hydration shell.

The foregoing calculations are based on the presuppo-
sition that the surface coverage of adsorbed ions is low.
This can be confirmed by the following estimate. The
surface conductance /R may be written as

1 nuec
R~ ~1T

where n is the number of adsorbed ions per unit area
(cm.2), u is the mobility supposedly about equal to that
of ions in aqueous solution (= 5X 10-4 cm.2volt sec.),
e = 1.6 X 10-19 coulomb is the electronic charge, C = 4
is the circumference of the sample, and L = 0.5 is
the distance between the probes. Thus n is found to be
of the order of 1.5 X 10u ions per cm.2for R = 100
ohms, or 1.5 X 10Rions per cm.2for R = 1090hms,
which is much less than the number of ions on a close-
packed 100 plane of a NaCl crystal (= 1.3 X 10bions/
cm.?. Assuming a higher mobility of adsorbed ions,
one obtains an even lower surface coverage.

Although surface conduction of glass is a more in-
volved phenomenon, as has been mentioned above, it is
noteworthy that plots log (I/R) vs. log (p/p°) of results
reported by various investigators46also yield essentially
straight lines with slopes corresponding to values of d log
(I/R)/A log (p/p°) between 9 and 18.
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METHYL RADICAL PRODUCTION IN THE RADIOLYSIS OF HYDROCARBONS:
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Radioiodine scavenging methods have been employed in the radiolysis of liquid hydrocarbons to examine details
of the production and reaction of methyl radicals. Carrier-free chromatographic separation of the radio-methyl
iodide has enabled studies to be carried out at iodine concentrations down to 5 X 10-7 M. In the radiolysis
of 2,2,4-trimetl ylpentane-iodine solutions at room temperature the methyl iodide yield is shown to be inde-
pendent of iodine concentration above 10“5 M. Competition between the scavenging reaction and abstraction
of hydrogen frcm the solvent by the methyl radicals is observed in the region of 10“6 M. In the absence of
iodine the methane yield is shown to be dependent on absorbed dose rate in the region of 107 rads/hr. At this
dose rate the abstraction process competes effectively with the reaction between methyl radicals and other alkyl
radicals. Measurement of the competition rates of the above reactions, together with rate information from
paramagnetic resonance experiments, allows an estimate to be made of the absolute second-order rate constant
for the reaction of methyl radicals with molecular iodine. This rate constant is shown to be of the same order
of magnitude as that for reaction of free radicals with one another. A survey of methyl radical production from
various hydrocarbons has shown that carbon-methyl bond rupture deviates substantially from that predicted
by a simple monel involving only a statistical consideration of the number of methyl groups in the molecule. The
yields are found to be very markedly dependent on specific details of the structure of the species being irradiated.
For individual homologous series the methyl radical yields are observed to be decreasing monotonic functions of
the chain length of the hydrocarbon. For the paraffins and isoparaffins the yield is proportional to the inverse
square of the number of carbon-carbon bonds in the molecule. By a generalization of this relationship, an
empirical rule has been developed which allows reasonable quantitative estimates to be made for the methyl
radical yields from even highly branched hydrocarbons.

Introduction

Extensive studies have previously been carried out in
which iodine has been used to scavenge radicals pro-

1) Supported, in part, by the U. S. Atomic Energy Commission. Pre-

sented at the 139th National Meeting of the American Chemical Society,
St. Louis, Missouri, March, 1961.

duced in hydrocarbons by ionizing radiations. This

work has been summarized in a previous review.2

These studies have shown in general that about five

radicals are produced in liquid aliphatic hydrocarbons

per 100 e.v. of absorbed energy. Except for the very
(2) R. H. Schuler, J. Phys. Chem., 62, 37 (1958).
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early work of Gevantman and Williams®and a number
of more recent studies4-7 little attention has been paid
to the identity of the individual iodide products.8
Most of this work has been carried out at relatively
high iodine concentrations. Currently available gas
chromatographic methods provide an extremely at-
tractive means of separating organic iodides and allow
attention to be focused on details of the reactions of the
individual radicals. The incorporation of radioiodine
tracer methodology makes it possible to carry out
studies at very low scavenger concentrations. The
present investigation shows that direct measurements
of the competition between reactions of the radicals
with the scavenger and with the organic substrate is
feasible even though this competition occurs at scav-
enger concentrations of the order of 10-6 M. At-
tention is focused here on the production and re-
actions of methyl radicals in the radiolysis of the
simpler aliphatic hydrocarbons.

Experimental

Hydrocarbons.— Hydrocarbons used were either Phillips
Research Grade or, where indicated in Table Il, samples from
the American Petroleum Institute collection. The Phillips
hydrocarbons were passed through a silica gel column to remove
possible olefinic impurities. Before irradiation the samples were
frozen and degassed at least three times to remove dissolved
air (oxygen). The concentration of dissolved air was less than
the detectability limit of the gas analysis apparatus (10-6 M).
Butane was handled on a vacuum line and was irradiated as a
liquid at room temperature under its own vapor pressure.

Radioiodine.— lodine-131, obtained as the iodide from Oak
Ridge National Laboratory, was evaporated to dryness and
exchanged with an appropriate amount of molecular iodine.
The resultant radioiodine was sublimed to storage ampoules
on a vacuum line. The specific activity of the iodine was ad-
justed so that it would be convenient for counting at the concen-
trations employed in the individual experiments. The maximum
specific activity, which was used only in the case of the most
dilute solutions, was approximately 50 me./mmole of iodine.
Even at this high a specific activity the background reaction due
to self-radiolysis was only of the order of 1% per day and was con-
sidered negligible for the short contact times used.

Samples of a known concentration of iodine in the desired
hydrocarbon were prepared from weighed amounts of the radio-
iodine with appropriate dilutions being made for work at lower
concentrations. Where there was question of the loss of iodine
due to adsorption on the walls of the vessel, the concentration of
iodine was determined by comparison of the measured activity
with samples where additional carrier was added before dilution.
Dilutions were conveniently made for the small volumes em-
ployed with calibrated micropipets. The experiments with
APl hydrocarbons (and liquid butane) were accomplished
with a minimum amount of sample by dissolving 0.5-1.0 mg. of
iodine of known specific activity in 1 ec. of the hydrocarbon.
The iodine concentration was then determined from measure-
ment of the activity of the sample. The concentration in these
cases (2 — 4 X 10“3 M) is somewhat higher than in the experi-
ments on the more readily available hydrocarbons.

Irradiations.—The majority of irradiations were carried out
at room temperature with cobalt-60 y-radiations inside an annular
source at an absorbed dose rate of 250,000 rads/hr. In the ex-
periments on very dilute solutions of iodine in 2,2,4-trimethyl-
pentane, where the total dose was as little as 30 rads, irradiations
were carried out either in a cobalt source at a dose rate of 50,000

(3) L. Gevantman and R. R. Williams, Jr., J. Phys. Chem., 56, 569 (1952).

(4) C. E. McCauley and R. H. Schuler, J. Am. Chem. Soc., 73, 4008
(1957).

(5) G. A. Muccini and R. H. Schuler, J. Phys. Chem., 64, 1436 (1960).

(6) H. A. Dewhurst, ibid., 62, 15 (1958); J. Am. Chem. Soc., 80, 5607
0958).

(7) K. H. Napier and J. H. Green, Proc. Australasian Conf. Radiation
Biol., 2, 87 (1959); J. Dauphin, Proc. Conf. Use Radioisotopes Physical
Sci. Ind., 111, 471 (1962).

(8) Holroyd and Klein have very recently developed a method for the
identification of the various radicals formed using ethylene-Cl4as a scavenger;
cf. R. A. Holroyd and G. W. Klein, J. Am. Chem. Soc., 84, 4000 (1962).
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rads/hr. or with 3-mev. X-rays from a Van de Graaff accelerator
at dose rates of from 5000 to 50,000 rads/hr. Absorbed dose
rates in the various geometries were measured with the Fricke
(ferrous sulfate) dosimeter. In calculating the energy absorbed
in the individual hydrocarbons it was assumed that absorbed
dose was proportional to the electron density of the hydrocarbon.
Radiation yields are given in terms of G, i.e., molecules per 100
e.v. of absorbed energy.

Methane production measurements were carried out with the
above sources and in addition at lower dose rates with a 100-
curie cobalt-60 point source (in one instance at 110 rads/hr.)
and at higher dose rates with 2.38 mev. electrons from the Van
de Graaff accelerator. In the latter case absolute yields were
measured by the charge-input method.9 The absorbed dose
was ~8 X 10Be.v./cc. for each of the fast electron experiments
(electron currents were from 10-5 to 10-9 amp. and the cor-
responding irradiation periods from 1 to 10,000 sec.).

Methyl lodide Measurements.—After irradiation samples
were chromatographed at room temperature on a 250-cm. column
packed with fire brick impregnated with 25% of its weight of
silicone grease. A known volume of the sample (usually 0.5
cc.) was injected into a fore-column (50 cm.) which served to
retain the unreacted iodine and the high boiling iodine-containing
components produced as a result of the radiolysis. This stripping
column was repacked between runs. Since only the lower alkyl
iodides (up through the butyl iodides) were normally passed by
this short section of column during the periods used for elution,
the main chromatographic column was never subjected to con-
tamination with samples which might contribute to the back-
ground in later runs. Blank runs carried out in this way were
always negative. The radio-methyl iodide in the effluent stream
mes trapped in a tube containing 3 cc. of 2,2,4-trimethylpentane
chilled to Dry Ice temperature. It was shown, by placing two
such tubes in sequence, that none of the active sample passed
the first trap.

Methyl iodide is the lowest boiling organic iodide and the first
one expected to come off the column. A typical example of the
separation attainable is illustrated in Fig. 1 taken from an ex-
periment in which a partially eluted column was scanned with a
scintillation probe. Under the conditions employed here the
elution times of methyl, vinyl, and ethyl iodides were 17, 30,
and 47 min., respectively. Fractionation experiments in which
separate methyl and vinyl iodide fractions were collected showed
that except for certain cases where the methyl iodide component
was extremely low, i.e., cyclopentane and cyclohexane, the vinyl
iodide contribution was entirely negligible. In the majority
of the experiments elution was carried out for a period of 33 min.
which was shown in conventional chromatographic equipment
to be sufficient to collect all of the methyl iodide. Since methyl
iodide tends to tail quite badly when large samples of hydro-
carbon are employed, this radiochemical procedure has a signifi-
cant advantage over standard chromatographic detection methods
in that the accumulated activity gives a direct quantitative
measure of the total amount of the component under study.
There is no base line ambiguity. In addition the method is,
of course, highly sensitive as is illustrated by the fact that in one
case (at the lowest concentration reported here) measurements
were made on a sample which contained only 5 X 10~12 mole
of methyl iodide and which received a total dose of only 30 rads.

In a number of preliminary experiments attempts were made to
separate the unreacted iodine from the sample by thiosulfate
extraction and by treatment with mercury. The results were,
however, somewhat erratic due to the solubility of methyl iodide
in water in the first case and due to the formation of a suspension
of mercuric iodide in the hydrocarbon in the second case. Ex-
periments in which carrier methyl iodide was added before
separation also gave erratic results due to exchange of activity
between the unreacted iodine and the carrier. Separation of
methyl iodide without the addition of inactive carrier, as de-
scribed here, appears to be free from difficulties.

The collection tubes in which the samples were trapped could
be placed directly in a well-type scintillation counter. The
amount of methyl iodide formed was determined from the activity
of the trapped sample and the known specific activity of the iodine
used in the experiment. In a number of cases the irradiated
samples were washed with sodium thiosulfate solution and the
total yield of organic iodide was also determined.

Methane Measurements.— Methane yields were determined

© R H Sthuer ad A Q Allen, J. Chem Phys, 24, 56 (1959).
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Fig. 1—Scan of partially eluted chromatographic column
showing separation of the methyl iodide component from the
higher alkyl iodides for an irradiated solution of iodine in 2,2,4-
trimethylpentane. Area under methyl iodide peak is 13% of
total.

Fig. 2.—Methyl iodide production in 2,2,4-trimethylpentane
containing (A), 5 X 10 M 12 and (O), 5 X 10~3M 12 The
arrow indicates the dose at which iodine is depleted in the more
dilute solution.

Fig. 3.—The dependence of methyl iodide yield on iodine con-
centration. The flagged circles represent the yields from the data
of Fig. 2. Solid curve is calculated on the assumption that
(7(CH3) = 0.69 and that fci/ffo = 7 X 10~2

Robert Il. Schuler and Robert R. lvuntz
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by conventional vacuum line techniques.l0 The hydrogen-
methane fraction was pumped from the sample at —196° and
analyzed by combustion on copper oxide at 575°. These com-
bustion analyses were supplemented by mass spectrometry in a
number of cases. A total of five degassings were employed in
the removal of methane (approximately 80% of the residual
methane was recovered in each degassing). In the case of 2,2,4-
trimethylpentane, 1 to 5 micromoles of methane were collected
from asample volume of 10 cc. in the case of the 7-ray experiments
and 20 cc. in the fast electron experiments. This methane was
in the presence of about twice its volume of hydrogen. The
amount of methane obtained from most of the other hydro-
carbons was even smaller and the proportion of hydrogen greater.

Competitive Reactions of Methyl Radicals

Scavenging by lodine.—Because a reasonably large
methyl radical yield was expected from previous
experiments on 2,2,4-trimethylpentane,2 this sub-
stance was chosen for the detailed studies reported
here. A number of experiments were carried out at
iodine concentrations of 5 X 10-4 and 5 X 10-3 M.
These show, as is indicated in Fig. 2, that methyl
iodide builds up with a constant yield until the iodine
is nearly exhausted. This is then followed by a de-
crease in the methyl iodide concentration, as expected
from previous work on methyl iodide solutions.1l
All subsequent irradiations were adjusted so that no
more than 75% of the iodine would react during the
experiment and usually considerably less. The ob-
served yields of methyl iodide are given in Fig. 3 as a
function of iodine concentration. The yield is in-
dependent of concentration from 10-6 to 10~2 M.
At higher concentrations a very slight rise is noted.
This rise is, however, much less than was observed
for the total organic iodide formed in the cyclohexane
system12 but is consistent with the work on butane4
where an analogous increase was found to be due to the
production of high molecular weight iodine-containing
products. One conventional determination of the
amount of methyl iodide formed was made at 4 X
10“2 M with chromatographic apparatus employing
thermal conductivity detection. The observed yield,
0.77, agrees well with that expected from the curve
of Fig. 3.

The decrease in methyl iodide yield at iodine con-
centrations below 10~5M is very probably due to the
competition of the hydrogen abstraction reaction3

CH3 + RH —” CH4+ R- 1)
with the scavenging reaction

OH» + I*—>CH3 + I- (2)

The solid curve in Fig. 3 is that calculated for a simple
competition with the ratio fci//c2 being taken as 7 X
10-8, the 2,2,4-trimethylpentane concentration as
6.0 M and the yield of methyl iodide at high concen-
trations as 0.69. The correspondence between the
experimental yields and the calculated sigmoidal
curve shows reasonable consistency with the assump-

(10) Cf. R. H. Schuler and C, T. Chmiel, J. Am. Chem. Soc., 75, 3792
(1953).

(11) R. H. Schuler, J. Phys. Chem., 61, 1472 (1957).

(12) R. W. Fessenden and R. H. Schuler, J. Am. Chem. Soc., 79, 273
(1957).

(13) Szwarc and co-workers in recent years have studied the competition
for thermally produced methyl radicals between the abstraction of hydrogen
from liquid 2,2,4-trimethylpentane and reaction with olefins. See, for ex-
ample, R. P. Buckley and M. Szwarc, Proc. Roy. Soc. (London), A240, 396
(1957). In general they find that olefins are relatively unreactive as methyl
radical scavengers and compete with the abstraction process only at quite
high concentrations.
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tion of a simple competition. Since reaction 1 results
only in the change of the identity of the radicals and
not in the total number, the organic iodide yield should
be independent of the occurrence of this reaction.2
No decrease was observed in the total yield even at
the lowest iodine concentration so that reaction of the
radicals with possible residual oxygen does not seem
to be important. The reaction competing with
scavenging might, however, involve impurities rather
than the solvent proper. In fact, measurements given
in Table | show a very slight induction period for
methane formation in the absence of iodine. If this
is the case then the 7 X 10-8 value given above will
only be an upper limit to the ratio ki/k2 The discus-
sion below indicates that the actual value cannot be
very much lower.

A number of experiments were also carried out at 75°
with iodine concentrations in the region of 5 X 10-7
to 5 X 10-6 M. The results scatter considerably
more than the data given in Fig. 2 but do show a drop
in the methyl iodide yield in the region of 1.5 X 10-6
M iodine, i.e., at about a threefold higher concentra-
tion than at room temperature. Unfortunately the
rate constant ratio cannot be determined with suf-
ficient accuracy over the fairly narrow temperature
range available to measure directly the activation
energy difference between reactions 1 and 2.

Scavenging by Hydrocarbon Radicals.—Elementary
considerations of the steady state radical concentra-
tions maintained during radiolysisM indicate that at
readily available absorbed dose rates these concentra-
tions are of the order of magnitude at which scavenging
of methyl radicals is observed with iodine. It is
expected then that in the absence of scavenger one
should be able to observe the competition between
reaction 1 and reaction of methyl radicals with other
radicals, i.e.

CHr + R- —w»RCHS (3a)

To illustrate this, detailed studies of the dose rate
dependence of the formation of methane from 2,2,4-
trimethylpentane have been carried out with cobalt-60
7-radiations and with Van de Graaff electrons.b
The observed yields are reported in Fig. 4 as a function
of the dose rate and of the corresponding steady state
radical concentration. This radical concentration is
calculated from the known rate of radical production
(10DG/N moles 1.-1 sec.-1 whereD is rate of energy
absorption in e.v. cc.-1 sec.-1 and G is taken as 5) and
a second-order rate constant (k-g) of 1091 mole-1 sec.-1
for the bimolecular disappearance of radicals as esti-
mated from e.s.r. steady state experiments.’6 In
calculating the radical concentrations for the fast

(14) VR- W. Fessenden and R. H. Schuler, J, Chem. Phys., 33, 935 (1960).

(15) H. A. Dewhurst, J. Am. Chem. Soc., 8 , 5607 (1958), reports G-
(CH4 = 0.7 for fast electrons and Knight, el al. (J. A. Knight, R. L. Mc-
Daniel, R. C. Palmer, and F. Sicilio, J. Phys. Chem., 65, 2109 (1961)) report
G(CHi) = 1.1 for X-rays at 10f rads/hr.

(16) No e.s.r. absorption signals were observed in 2,2,4-trimethylpentane
at room temperature in experiments similar to.lout at somewhat lower
sensitivity than those reported in reference 14. At —40° signals due pre-
dominantly to /-butyl and neopentyl radicals were found. Although it is
not possible, for various reasons, to determine accurately the total radical
concentration in this case, an estimate of 1091 mole“1sec.“1for the rate
constant at room temperature is reasonably in accord with the above quali-
tative e.s.r. observations. The calculated radical concentrations are, of
course, inversely proportional to the square root of this assumed rate con-

stant. The various possible competitive reactions of methyl radicals pre-
sumably do not affect this average rate constant to any significant extent.
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Fig. 4.—Methane production in the radiolysis of 2,2,4-tri-
methylpentane: O, 2.38 mev. electrons; 0, same, sample stirred
during irradiation; HJ}36.8 mev. heliumions; A, cobalt-60 y-rays.
The radical concentration is taken as 2.9 X 10-16 D42 (D in e.v.
cc.-1 sec.-1) and the solid curve is calculated as described in the
text.

Table |
Effect of lodine on Methane and Hydrogen Production
from 2,2,4-Trimethylpentane
Irradiation period,®

12concn. min, (?(H7) 6 G(CH.)
0 45 2.39 1.09
0 88.5 2.29 1.12
0 1420 1.93 1.14
10-s M 46 1.85 0.49
10-3 M 80 1.88 .50
10-2 M 196 1.37 51

At an absorbed dose rate of ~2 X O v cc.-1 min,
bA hydrogen yield of 2.45 was observed in the y-ray experiment
at 110 rads/hr. The average of the hydrogen yields from the
Van de Graaff determinations was 2.42 at an absorbed dose of
8 X 10Is e.v./cc. The hydrogen yield observed in the helium
ion experiment was 2.44 at an absorbed dose of 3 X 1019e.v./cc.

electron experiments the dose rate has been averaged
over the irradiation zone (1.8 cc.). Because of the
square root dependence of the radical concentration
on dose rate, minor variations in the dose rate have
only a very small effect on the averaging of the con-
centration. At the dose rates employed in these
experiments the mean lifetime of the radicals is of the
order of millisecondsX so that a major fraction of the
reaction occurs in the irradiation zone before diffusion
or stirring can distribute the radicals over the bulk
of the sample. A small fraction of the reaction will of
course occur in a fringe zone at lower concentration.
The energy dissipated here is however quite small and
it is assumed that the contribution to the methane
production in this region is not significant.

At very low dose rates, where abstraction predomi-
nates, the observed methane yield is expected to be
equal to the sum of the methyl radical yield (which
produces methane by reaction 1) and the molecular
methane formed by non-radical processes. This latter
quantity was determined to be 0.50 from measurement
of the methane yield in the presence of iodine (cf.
Table 1). At high dose rates methane is expected to
decrease to the molecular yield if all methyl radicals
disappear by reaction 3a. A considerably higher yield
of methane is however observed at the highest absorbed
dose rate employed (6 X 109rads/hr.) indicating that
methyl radicals in part disproportionate upon reaction
with the other radicals present. An approximate ex-
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CH3 + A- —> CH4+ R(—H) (3b)

trapolation of the data at high dose rates indicates that
the sum of the molecular yield and that due to (3b) is
0.78. By difference the yield for (3b) is estimated
as 0.28 and for (3a) as 0.69 — 0.28 = 0.41. The ratio
of rate constants of disproportionation to recombina-
tion, 0.68, is reasonable in view of the fact that methyl
radicals react to a large extent with secondary and
tertiary radicals. The production of methane by
disproportionation of methyl and ¢-butyl radicals has
been noted in studies of the radiolysis of liquid neo-
pentane. 7

With the low dose rate limit being set at 1.19 and
the high dose rate limit being set at 0.78 by the above
arguments, the yields in the transitional region must
be given by a sigmoidal curve which describes the
competition between reactions 1 and 3. It is seen
that the expected transition occurs in the region of
2 X 10Te.w. cc.”1sec.“1(2 X 107rads/hr.) at which
the steady state radical concentration is estimated to
be 1.4 X 10“7M. The curve given in Fig. 4 is that
calculated from the above limits with fci//c3 being
taken as 2.4 X 10“8 (or kje™M/k~ = 7.6 X 10“4
(L mole-1 sec* )72, kR is assumed to be constant).

The measurement of the competitive rates of both
reactions 2 and 3 with respect to reaction 1 allows us
in turn to interrelate their rate constants

kikn™/k-i = 1.1 X 104 (L mole“ 1sec.” )12
or based on A/r = 1091 mole* 1sec-1
k2/k$ = 0.3

If we assume that k3 is similar to the second-order
rate constant for the larger radicals, as is very prob-
ably the case since the e.s.r. experiments indicate
that all reactions are diffusion controlled, then the rate
constant for the reacuon of methyl radicals with iodine
molecules may be estimated as 3 X 10s1 mole-1 sec.-1
at room temperature in liquid 2,2,4-trimethylpentane.
Because of the possible influence of impurities on the
measurement of ki/Zk2 as mentioned above, this value
of k2Zmust be regarded as a lower limit.

Both reactions 2 and 3 are diffusion controlled.
Comparison of the significance of the relative rate
constants involves consideration of the encounter
frequencies for the reacting species; methyl radicals
and iodine atoms in the first instance and methyl
radicals and larger alkyl radicals (e.g., i-butyl radicals)
in the second instance. However, these frequencies
should be quite similar since the burden of the diffusion
is largely carried by the methyl radicals. If one as-
sumes that the diffusion coefficients for the various
species under consideration are proportional to the
reciprocal square root of the reduced mass of the solute-
solvent system then reaction 3 should be favored over
2 by only 10%. While the indicated difference be-
tween k2 and h is somewhat larger the efficiency of
reaction per encounter seems to be well within a factor
of ten of unity and probably in fact is very close to
unity. Little or nc activation energy or entropy
seems to be involved in (2) although a small term from
this source would be masked by the larger activation
energy for diffusion of the reactants (~2 kcal./molel.

(17) R Holroyd, J. Prya. Chem, 66, 1352 (1961).
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From the above-measured competitive rates (and
again an assumed value of 1091 mole-1 sec.” 1for /c3
an absolute rate constant of 20 1 mole-1 sec.” 1can be
given for the abstraction of hydrogen by methyl
radicals from 2,2,4-trimethylpentane at room tempera-
ture. This reaction involves the reaction of methyl
radicals with the surrounding solvent molecules and is
therefore not diffusion controlled. If we take the
appropriate frequency here to be 2 X 1011 1 mole“1
sec.” 1then a collision efficiency of 10“ Dis estimated for
(1). This value is quite reasonable for the abstraction
of hydrogen from a branched chain hydrocarbon by
methyl radicals.® If the steric factor is assumed to be
2 X 10" 4then this corresponds to an activation energy
of 8.5 kcal./mole.

Since reaction 2 is diffusion controlled while re-
action 1 is not the temperature coefficient of their
competition is somewhat smaller than that expected
if one considersonly the large difference in activation
energies involved in the reactions themselves. Actually
the temperature coefficient should correspond to an
effective activation energy difference of about 6 kcal./
mole. Thus an increase in temperature from 25 to
75° should lead to an increase of the iodine concentra-
tion at which (1) and (2) are found to compete by a
factor of about 4. This is approximately as found
within the relatively large error involved in measuring
this difference.

Methyl Radical Yields

The results of a survey of the methyl radical yields
from a large number of liquid hydrocarbons are given
in Tables Il and Ill. For the Phillips hydrocarbons
measurements were made at both 0.5 X 10“3 M
and 1.0 X 10“3M with, for the most part, excellent
internal agreement. Typical results obtained were,
for example, for 2-methylbutane G(CH3) = 0.387 and
0.396, for 2-methylpentane G(CH3) = 0.272 and 0.263
and for 3-methylpentane (7(CH3) = 0.156 and 0.151.
A yield of 0.278 was obtained in two experiments on
liquid butane. This is somewhat smaller than the
previous estimate of 0.44but is regarded as being con-
siderably more significant since carriers were not used
here. It will be noted that a large scatter in the methyl
iodide determinations, presumably because of a
relatively rapid exchange between radioiodine present
and the added carrier methyl iodide, was observed in
the previous work. The higher alkyl iodides are ap-
parently not as subject to this troublesome exchange.
For the API samples a single determination was made
at an iodine concentration in the region of 2-4 X
10“3 M. Since the work on 2,24-trimethylpentane
shows that competing reactions occur in the pure
material only at much lower scavenger concentrations
there appears to be little reason to question the efficacy
of the scavenging in any of the cases under
study here.

For a number of hydrocarbons methane measure-
ments were made both in the absence and in the pres-
ence of 10“3 M iodine (cf. Table 1V). At this con-
centration the iodine is used up rapidly and only

(18) D. C. Douglass and D. W. McCall, ibid., 62, 1102 (1958); D. W.
McCall, D. C. Douglass, and E. A. Anderson, J. Chem. Phys., 31, 1555
(1959).

(19) Cf., for example, the summary by S. W. Benson, “The Foundations
of Chemical Kinetics,” McGraw-Hill Book Co., Inc., New Yorkf N; Y;}
1960, p. 296k
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Tabie Il

Methyl Radical Yields from Paraffins

G(CHr)
Empirical®  Experimental
C4410 Butane 0.227 0.278
c5h,2 Pentane 128 . 139
2-Methylbutane 412 .392
CeHi4 Hexane .082 .077
2-Methylpentane .264 .268
3-Methylpentane 122" .154
2,2-Dimethylbutane .987 .987
2,3-Dimethylbutane 446" 344
c7h 16 Heptane .057 .054
2-Methylhexane®> .183 181
2,4-Dimethylpentane .310" .284
3,3-Dimethylpentane6 212" .343
ch B8 Octane .042 .042
2-Methylheptane6 135 .135
3-Methylheptane6 .063" .071
4-Methylheptane6 .063" .064
2,2,4-Trimethylpentane .597" .686e
2,3,4-Trimethylpentane 8 .187
CdTo Nonane .032 .032
2,2,5-Trimethylhexane @ .485
2,2,4,4-Tetramethylpen tane™ 740" 712
2,3,3,4-Tet*amethylpentane, 261" .243
ClH2 Decane .025 .026
CllH24 Undecane .020 .019
2-Methyldecane6 .066 .074
CcrIi®d 2,2,4,6,6-Pentamethylheptane’  .400" .425
Ci3H28 Tridecane .014 .016
CUHD Tetradecane6 .012 .014
C#li% Hexadecane" .009 .014

“From eq. IV. bAmerican Petroleum Institute sample;
iodine concentration 2-4 X 10~3 M; all others the average of

determinations at 0.5 and 1.0 X 10-3 M. c¢From Fig. 3. " Em-
pirical estimates independent of eq. I, I, and III.
Tabte Il
Methyl Radical Yields from Cycloparaffins
G(CI-L-)
Em-  Experi-
pirical" mental
Cyclopentane (0.015; 0.021;
.019; .017;
.021% 0 0.019
Methylcyclopentane ( .057; .062) 0.041 .060
Cyclohexane ( .003; .005) O .004
Methylcyelohexane .037; .038) .02S .038
cis-1,2-Dimethylcyclohexane ( .049) .042 .049
trans-\,2-Dimethylcyclohexane ( .044) .042 .044
1,1,3-Trimethylcyclopentane” ( .117; 0.131) .135 124
aFrom eq. IV. 6Results of individual experiments. ¢ Ameri-

can Petroleum Institute sample.

limited exposures (<250,000 rads) are possible. The
analytical accuracy is correspondingly poor. With
careful degassing the inherent error involved in the
measurement of (?(CH4 is of the order of 0.02 to 0.04.
In many cases this is a relatively large fraction of the
observed yield and particularly of the difference be-
tween the measurements made in the presence and in
the absence of iodine. Hydrogen determinations,
which were made incidental to the methane measure-
ments, are also given in the table. It will be noted that
in the majority of cases the presence of 10-3 M iodine
during the irradiation reduces the hydrogen yield by
only 10- 20%.

It is evident from the data of Table IV that 40-50%
of the methane production is not affected by the
presence of iodine and is presumably formed in non-
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Fig. 5.—Methyl radical yields from the normal paraffins (G)
and isoparaffins (A ) as a function of the number of carbon-carbon
bonds in the hydrocarbon. Lines are of slope —2.

Table IV
Hydrogen and Methane Yields’'
G(H.) G(CI-L)
12 12 12 12
ab- pres- ab- pres-
sent  ent&  sent ent& A(OH4 G(CH3)c
Pentane 5.04 d 0.25 d 0.14
2-Methylbutane 3.86 3.40 0.75 0.36 0.39 0.39
2,2-Dimethylpropane 2.40e 1.05" 3.76e 1.66e 2.10e 2.3e
2-Methylpentane 4.02  3.77 0.33 0.14 0.19 0.27
3-Methylpentane 3.87 3.50 0.26 .10 .16 .15
2,2-Dimethylbutane 2.58 1.64 1.56 .76 .80 .99
2,3-Dirnethylbutane 3.26 2.87 0.43 .23 .20 .34
2,4-Dimethylpentane 3.74 285 .54 .28 .26 .28
Octane 459a d .08a ¢ .04
2,2,A4-Trimethylpentane 2.34 1.88 112 0.50 .62 .69
2,3,4-Trimethylpentane 2.72 2.40 0.30 .17 13 .19
2,2,5-Trimethylhexane  2.43 2.18 0.89 .40 .49 .49

“ Measurements made at doses of --'150,000 rads (9 X 1018
e.v./g.) and at a dose rate of 250,000 rads/hr. except for octane
where the dose was 4 X 10f rads. bAt an iodine concentration
of '~1.0 X I« 3 M. ‘From Table Il. dNot determined.
*From ref. 17.

radical processes. The methane yields measured in
the absence of iodine are correspondingly larger than
the methyl radical yields determined in the scavenging
experiments. In general the ratio of the yield of molec-
ular methane to that of methyl radidals is in the range
of 0.6 to 0.9 and is not dependent on the structure of
the parent molecule in any obvious fashion. As ex-
pected from the more extensive studies on 2,2,4-tri-
methylpentane, the difference between the methane
yields in the absence and in the presence of iodine at
the absorbed dose rates employed here is, within
experimental error, similar to (and presumably slightly
smaller than) the methyl radical yields measured in
the scavenging experiments.

One of the objectives of the present study was the
examination of possible correlations of the radiation
chemical yields of methyl radicals with the detailed
structure of the parent hydrocarbon. It should be
pointed out that since, except for neopentane, the
methyl radical production represents only a small
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fraction of the total radical production (<20%) any
correlation of frequency of bond rupture with structure,
if it exists, should become readily observable experi-
mentally. An examination of the data of Table Il
shows that the methyl radical yields from the normal
and 2-methyl paraffins decrease monotonically as the
carbon chain is lengthened. This is qualitatively in
accord with the early suggestion of Burtond that the
frequency of rupture of the end groups in the normal
alkanes should correspond to the fractional importance
of these bonds in the molecule. A more detailed study
of the data, however, shows that the yields drop off
somewhat more rapidly than would be indicated by
direct proportionality. The logarithmic plot of the
methyl radical yield against the number of carbon-
carbon bonds (n — 1) given in Fig. 5 shows that the
slope of the dependence has the interesting value of
—2. For these two series of hydrocarbons, there-
fore, the methyl radical yields can be expressed by
the empirical relationships

_ 2.04
(?(CH,-) normel paraffins in — )2 m

and

6.60
G(CH,-) 2-methyl paraffins n- 12 )]

where n is the carbon number of the parent molecule.
Except for butane (and for what appears to be an
anomalously high observation on hexadecane) the meas-
ured yields correspond to those given by | and Il quite
well, i.e., within 10%. Even in the case of butane,
which might well be expected to be atypical because of
its small size, the indicated difference is only 20%.

A more generalized empirical relationship can be
developed from the above if we assume that the various
branched hydrocarbons contain three types of methyl
groups: type A where no other methyl groups are
attached to the same carbon atom, type B where one
other methyl group and type C where two other methyl
groups are attached. Thus the normal paraffins con-
tain two type A methyl groups to each of which may
be assigned a yield of 1.02/(ra —1)2 If we assume that
this yield applies to the omega methyl group in the
case of the 2-methyl paraffins then we obtain a contri-
bution of 2.79/(ft — I)2for each of the type B methyl
groups present. If we further assume that the (ft —
1)~2 dependence applies to the 2,2-dimethyl paraffins
then we can give

24.69

 — 12 ()

G(CH,-)2,2-dimethyl paraffins
from the measurement on 2,2-dimethylbutane. Equa-
tion 11l indicates a contribution of 7.89/(ft — 1)2
for type C methyl groups. For whatever significance
it might be it is interesting to note that the ratio of
type C to type A coefficients is very nearly the square
of the ratio of type B to type A coefficients. Neopen-
tane (2,2-dimethylpropane) is of course the singular
example of a tetramethyl substituted carbon. Here
the contribution assigned to each methyl group may
be expressed as 9.2/(n — 1)2 A slight increase of the
coefficient over type C methyl groups is noted although

(20 M Burton, J. Phys. Colloid Chem, 51, 786 (1947).
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the effect of increased substitution is seen to be satu-
rating due to the fact that methyl radical formation
represents the predominant mode of rupture in this
case.

Tire methyl radical yields obtained from the various
hydrocarbons can be summarized by a single empirical
relationship of the form

G(CTIr) = t—1—

[1.02a + 2.796 + 7.89€]
® —1-

(V)
where a, b, and ¢ are the numbers of type A, B, and C
methyl groups, respectively present. The vyields
predicted by IV are given in Tables Il and 111 and are
seen to correspond rather well to the experimental
measurements. The agreement for the normal and
2-methyl paraffins and for 2,2-dimethylbutane of
course only again reflects relations I, Il, and 11l given
above. Twelve of the branched hydrocarbons (indi-
cated by superscript d in the table) may however be
regarded as independent checks on the estimates made
from IV. Of these twelve seven agree within 15%
and of these seven three agree within 5%. The major
discrepancy noted is with 3,3-dimethylpentane where
the yield is 62% larger than predicted. This, together
with the fact that the experimental yield for 3-methyl-
pentane is similarly high by 26%, suggests that addi-
tional small terms should be added to IV to cover cases
where ethyl groups are attached to the same carbon
atom as the methyl groups under consideration. The
experimental values for 2,3-dimethylbutane and for
2,3,4-trimethylpentane are lower than the predicted
ones by about 25%. Embarrassingly the next most
important discrepancy (16%) occurs with the much-
studied 2,2,4-trimethylpentane. It will be noted how-
ever that the difference for 2,2,5-trimethylhexane,
which has a methyl configuration similar to 2,2,.4-
trimethylpentane, isonly 6%.

It is seen from the above that where more than one
methyl group is attached to a particular carbon atom
each influences the others in such a way as to mutually
enhance the total production of methyl radicals. The
effect is very pronounced. Thus 2,2,4,4-tetramethyl-
pentane, which has six type C methyl groups, has an
approximately threefold greater methyl radical yield
than 2,3,3,4-tetramethylpentane, which has six type
B methyl groups. In a similar fashion the yield from
2,3-dimethylbutane is found to be considerably lower
than that from 2,2-dimethylbutane. Comparisons of
the yields from 2-methylpentane and 3-methylpentane
and from the series, 2-methylheptane, 3-methylheptane
and 4-methylheptane, illustrate the relative importance
of type B and type A methyl groups in otherwise
similar systems. It will be particularly noted that in
the case of 4-methylheptane, where the branch is very
well isolated from the other ends of the molecule, that
the corresp